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For over 35 years, biological scientists have come to rely on the research protocols and
methodologies in the critically acclaimedMethods in Molecular Biology series. The series was
the first to introduce the step-by-step protocols approach that has become the standard in all
biomedical protocol publishing. Each protocol is provided in readily-reproducible step-by-
step fashion, opening with an introductory overview, a list of the materials and reagents
needed to complete the experiment, and followed by a detailed procedure that is supported
with a helpful notes section offering tips and tricks of the trade as well as troubleshooting
advice. These hallmark features were introduced by series editor Dr. John Walker and
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series. Tested and trusted, comprehensive and reliable, all protocols from the series are
indexed in PubMed.
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Preface

Myofibroblasts are activated mesenchymal cells that orchestrate wound healing responses to
tissue damage by producing growth factors and extracellular matrix (ECM) and contracting
the neo-ECM into mechanically stabilizing scar tissue. The outcome of these activities in
physiologically controlled conditions is promoting tissue regenerative processes and repair.
However, persistent and excessive myofibroblast activities drive physiological tissue repair
into the development of pathological fibrosis. Fibrosis can affect virtually every organ in our
body and is a terminal condition of various human diseases, including idiopathic pulmonary
fibrosis, systemic sclerosis, cardiac fibrosis, liver cirrhosis, progressive kidney disease, and
desmoplastic tumors.

Fibrotic scars disfigure and immobilize skin and fascia of patients with burns, suffering
from severe trauma, or being affected by Dupuytren’s disease. On the contrary, diminished
myofibroblast activities underlie impaired healing of skin wounds of elderly and/or diabetic
individuals, resulting in chronically open wounds. Given their central effector role, myofi-
broblasts have become prime targets for therapeutic treatment of organ fibrosis or chronic
wounds. In this volume, leading academic scientists discuss the fundamentals of myofibro-
blast biology in tissue repair, fibrosis, and tumors as well as cutting-edge laboratory methods
used to investigate myofibroblast functions in physiological and pathological settings
in vitro and in vivo. This volume is divided into three sections. Part I focuses on fundamental
methods to study myofibroblast biology and covers topics such as methods for detecting
myofibroblasts and senescent myofibroblasts in cell culture and histology, single-cell RNA
sequencing to identify myofibroblast subsets in fibrotic tissues, and functional assays to
assess TGF-β activation, myofibroblast apoptosis, or matrix deposition and cross-linking.
Part II discusses methods to investigate the mechanobiology of myofibroblasts in vitro,
including the fabrication of functional hydrogels with tunable stiffness, the use of atomic
force microscopy to characterize matrix and cellular stiffness, as well as molecular assays to
assess fibroblast mechanotransduction pathways and durotaxis. Part III describes multiple
animal models to investigate myofibroblast functions across organs in vivo as well as human
organoid systems, precision tissue slices, and decellularized 3D tissue scaffolds to assess
myofibroblast functions in relevant human ex vivo models.

Toronto, ON, Canada Boris Hinz
Boston, MA, USA David Lagares
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Chapter 1

50 Years of Myofibroblasts: How the Myofibroblast Concept
Evolved

Giulio Gabbiani

Abstract

Myofibroblasts are key cells in mediating normal wound contraction and promoting connective tissue
deformations characteristic of fibrosis and scarring. Five decades ago, myofibroblasts were discovered in
electron micrographs of wound granulation tissue as fibroblastic cells containing microfilaments that are
organized in bundles like those present in smooth muscle. The contractile function of myofibroblasts was
demonstrated by measuring the contraction of strips of granulation tissue in response to smooth muscle
agonists and in cell culture. Although formation of contractile bundles already defines the myofibroblast,
neo-expression of α-smooth muscle actin (α-SMA) in fibroblastic cells has become the most widely used
myofibroblast marker. Because α-SMA incorporation into stress fibers mediates enhanced fibroblast con-
traction, it has been proposed and successfully tested as a drug target in therapeutic approaches to reduce
tissue contractures. Other anti-fibrosis strategies target growth factor-, extracellular matrix-, and mechani-
cal stress-induced pathways of myofibroblast activation from various precursors or aim to induce myofi-
broblast apoptosis. To understand the involved mechanisms of myofibroblast formation and function,
critical experimental tools and animal models have been developed, which are made available in this
collection of protocols by experts in the field.

Key words TGF-β1, α-Smooth muscle actin, Stress fiber, Myofibroblast origin, Actin, Myosin,
Extracellular matrix, Wound healing, Fibrosis

The discovery of the myofibroblast originated from the unexpected
electron microscopic observation that, contrary to fibroblasts of
normal tissues, granulation tissue fibroblasts contain important
amounts of microfilaments, organized in bundles similar to those
present in smooth muscle, suggesting that they have acquired
contractile features [1]. Later it was shown that strips of granula-
tion tissue can contract or relax upon stimulation with agents
capable to contract or relax smooth muscle tissue [2, 3]. It was
also shown by means of a specific monoclonal antibody that granu-
lation tissue fibroblasts, for which the name myofibroblasts was
proposed, express α-smooth muscle actin, the actin isoform
expressed in smooth muscle cells and very abundant in vascular
smooth muscle cells [4, 5]. Later, it has been shown that α-smooth
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muscle actin not only represents a good marker of the myofibro-
blast but is also instrumental in force generation by these cells [6]
(Fig. 1).

The acceptance of the myofibroblast as a new connective tissue
cell ended a long-lasting dispute about whether granulation tissue
contraction is due to active cellular contraction or rearrangement of
extracellular matrix, obviously in favor of the first hypothesis. These
observations, together with the work of many laboratories around
the world, contributed to the definition and description of the
cellular apparatus responsible for the mechanical activity of
non-muscle cells called cytoskeleton that was not known before
the second half of the twentieth century [7]; now the biology of the
cytoskeleton is a well-established cell biology topic and a chapter on
cytoskeleton is present in every cell biology textbook. Myofibro-
blast contraction depends on classical contractile proteins, but is
regulated differently from smooth muscle cell contraction and is
mediated through Rho/Rho kinase; cytoskeletal structures, such as
vinculin and tensin containing focal adhesions, allow force trans-
mission to the extracellular matrix, thus resulting in creation of the
tension that regulates tissue remodeling [8].

The regulation of the fibroblast-myofibroblast transition
depends on many factors such as the presence of transforming
growth factor β1 (TGF-β1) [9, 10], specific extracellular matrix
proteins, such as the splice variant ED-A of cellular fibronectin
[11] and local mechanical forces [12, 13]. Myofibroblasts may
exhibit different phenotypes: in particular, one can distinguish
proto-myofibroblasts which are equipped with many filaments but
do not express α-smooth muscle actin and well-developed myofi-
broblasts whose filaments are rich in α-smooth muscle actin. Proto-
myofibroblasts are present in certain normal structures, such as the
wall of pulmonary alveoli and appear at the beginning of wound
healing and fibrotic lesions; well-developed myofibroblasts are typ-
ical of granulation tissue and fibrotic lesions [3, 7].

The presence of myofibroblasts has been established in devel-
oping tissues, in normal tissues, and in all pathological situation
characterized by tissue remodeling, in particular fibrotic diseases,
such as fibromatoses, liver cirrhosis, and pulmonary and renal
fibrosis [14], thus suggesting that the myofibroblast represents
the main responsible cell for normal and pathological tissue remo-
deling. The origin of myofibroblasts has been the subject of inten-
sive studies that surprisingly have shown a large spectrum of
sources, from the local fibroblast population to the local epithelial
and endothelial cells (epithelial- and endothelial-mesenchymal
transition) and to bone marrow-derived circulating precursors,
called fibrocytes [3, 14]; the origin of myofibroblasts from
non-muscle cells has been recently confirmed by cell lineage tracing
[15]. Myofibroblast origin varies according to the organ and the
biological or pathological process. When myofibroblasts are no
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more needed, they disappear mainly through apoptosis, such as in
the transition between granulation tissue and the scar during the
evolution of wound healing [16, 17].

Fig. 1 Myofibroblast features and molecular targets. The minimal definition for a tissue myofibroblast is a
fibroblastic (collagen-producing) cell with contractile features (stress fibers) and the ability to transmit force to
the extracellular matrix. Because fibroblasts in standard cell culture always develop stress fibers, the term
“proto-myofibroblast” has been proposed. Proto-myofibroblasts are a pre-stage of the fully activated
myofibroblast, characterized by expression of α-smooth muscle actin (α-SMA) in stress fibers. Discriminating
features of vimentin-positive and α-SMA-positive myofibroblasts to smooth muscle (express α-SMA and
vimentin) and endothelial cells (express vimentin) are the lack of desmin and endothelial cell protein CD31.
The scheme summarizes the topics of myofibroblast biology covered in this methods collection. Schemes
were provided by B. Hinz (University of Toronto) using biorender (biorender.com)
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An important aspect of myofibroblast research is the interac-
tions between myofibroblasts and inflammatory or epithelial cells,
thus opening the perspective of finding new therapeutic approaches
to fibrotic diseases. In this respect, it has been recently reported that
extracellular matrix deformation caused by myofibroblasts can sig-
nificantly increase the migration speed of macrophages which could
play a role in fibrotic lesions evolution [18]. Another mechanism of
crosstalk is represented by communication through soluble factors,
studied by using supernatant of different cultured cells. In an
in vitro model of stroma-melanoma interactions, it has been
shown that a supernatant of cultured proto-myofibroblasts, but
not a supernatant of myofibroblasts, exerts a toxic action on mela-
noma cells, thus indicating a possible therapeutic strategy for this
tumor [19].

As we have seen, the progress of the knowledge on myofibro-
blast biology and on the myofibroblast role in experimental and
human pathology have been impressive during the half century
elapsed from its discovery; however, a large amount of work will
be needed in the next years in order to more deeply understand the
processes at the basis of myofibroblast function; moreover there is a
great need to find therapeutic strategies against diseases in which
the myofibroblast plays a crucial role. This methodological book
presenting numerous techniques and models to study the myofi-
broblast (Fig. 1) will be in my opinion instrumental in both cases,
furnishing the basis for new, hopefully important discoveries.
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Part I

Fundamental Methods to Study Myofibroblast Biology



Chapter 2

Myofibroblast Functions in Tissue Repair and Fibrosis: An
Introduction

Victor J. Thannickal

Abstract

Our understanding of myofibroblast biology has advanced over the past two decades, and the seemingly
antagonistic roles of these cells in both normal tissue repair and fibrotic diseases are better reconciled. An
age-related loss of cellular plasticity that results in impaired capacity for de-differentiation and apoptosis
susceptibility may predispose individuals to non-resolving and progressive fibrotic disorders involving
diverse organ systems.

Key words Fibroblast, Injury, Regeneration, Apoptosis, Aging, Extracellular matrix

1 Myofibroblasts in Repair and Fibrosis

To grasp a more complete understanding of the biology of myofi-
broblasts, it may be useful to ask the “why” question before delving
into the more experimentally tenable “how” questions. Why do
myofibroblasts exist? How do myofibroblasts participate in tissue
repair and fibrosis? While readers of this book are likely to be more
interested in the latter question for pragmatic reasons, I posit that a
teleological construct of the “why” can be useful to investigators in
this field. Dismissing the question of why myofibroblasts exist in
nature as philosophical rumination, untenable to the scientific
method, may limit the formulation, and ultimately the impact, of
experimental studies that test hypotheses of the “how.” I have
previously attempted to discuss the ultimate and proximate causa-
tion of tissue/organ fibrosis as an evolutionary trade-off that is
subject to the loss of selective pressure in post-reproductive
years [1].

There is now extensive experimental evidence supporting a
fundamental role of myofibroblasts in both tissue repair and fibrosis.
Fundamentally, tissue repair generally connotes a beneficial and
desirable process, likely emerging from an adaptive response to
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injury that results in restoration of cellular homeostasis, tissue
architecture, and organ function. Fibrosis, on the other hand,
typically denotes a pathologic process and a potentially crippling
disorder that results from a maladaptive response to tissue injury.
How do we reconcile these different roles for myofibroblasts in
physiological repair versus pathological fibrosis? Alternatively, how
does an adaptive response become maladaptive in the context of a
pathological disease process? The answer to these questions may lie
in understanding myofibroblast plasticity, the loss of which may
convert an adaptive, physiological response to a maladaptive, path-
ological process.

2 Myofibroblast Plasticity

Normal tissue-repair responses are complex, multicellular processes
that involve activation of resident stem cells to replace damaged
cells and the recruitment of both resident mesenchymal progeni-
tors and non-resident bone marrow-derived immune cells.
Immune cell trafficking may serve several functions, including the
surveillance of tissues for microbes that may have gained entry
through disrupted epithelium, and the eventual phagocytic clear-
ance of these microbes as well as remaining cellular debris/corpses.
Normal wound healing, by definition, requires the regulated and
orchestrated downregulation and “resolution” of these immune/
inflammatory responses [2]. Similarly, the orchestrated and regu-
lated resolution of repair responses involving tissue-resident mes-
enchymal progenitor cells are essential to normal tissue repair [3].

Despite a great deal of interest in the varied origins/sources of
myofibroblasts [4], most recent studies support the concept that
the majority of wound-associated myofibroblasts are derived from
local, tissue-resident mesenchymal progenitors [5–7]. The ques-
tion of whether the origin of myofibroblasts may determine its
plasticity, defined here as the capacity for differentiation and
de-differentiation, has not received much attention and remains
unclear. The heterogeneity of fibroblasts and their plasticity has
been long recognized from early ultrastructural studies [8]. While
the capacity of fibroblasts to differentiate into multiple mesenchy-
mal cell types, including adipocytes, chondrocytes, osteocytes, and
myofibroblasts, has been appreciated for many years [9, 10], the
concept that myofibroblasts may de-differentiate back to a less
differentiated progenitor or to another mesenchymal lineage alto-
gether is more recent [11–13].
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3 Myofibroblast Apoptosis

Myofibroblast susceptibility to apoptosis could also be viewed
within an expanded definition of “plasticity.” After all, the property
of cells to undergo spatially and temporally regulated apoptosis
within (re)modeling tissues/organs is essential for organ develop-
ment and normal tissue repair [14, 15]. The observation that
apoptosis of myofibroblasts heralds the resolution of granulation
tissue during wound healing was described over 25 years ago [16],
and an understanding of the cellular and molecular events that
regulate this critical process has advanced in recent years [17]. In
contrast, the persistence and accumulation of an apoptosis-resistant
myofibroblast phenotype is a consistent finding in almost all fibrotic
diseases [17]. It is not surprising, then, that targeting this recalci-
trant apoptosis-resistant myofibroblast phenotype has emerged as
an attractive therapeutic target in organ fibrosis.

The development of effective therapeutics that target patho-
logical myofibroblasts requires an understanding of: (a) the
mechanisms that enable these cells to evade apoptotic signals
(a cell autonomous property) and (b) the microenvironmental
factors that favor survival over apoptosis in responsive cells
(a nonautonomous mechanism). There is evidence for both cell
autonomous and nonautonomous mechanisms could contribute to
the persistence of myofibroblasts in fibrotic disorders [3, 17]. Here,
I will briefly introduce one example of each, as these concepts are
discussed in more detail in the chapters that follow.

Cellular senescence is an intrinsic property of cells that also
acquire an apoptosis-resistant phenotype. Targeting myofibroblast
senescence has been shown to be effective in preclinical animal
models of lung fibrosis [18, 19]; a senolytic cocktail of dasatinib
and quercetin appears to be well tolerated and potentially beneficial
in a preliminary study of human subjects with idiopathic pulmonary
fibrosis (IPF) [20]. Our group was the first to report on the
feasibility of targeting this senescent, apoptosis-resistant phenotype
of myofibroblasts by modulating redox imbalance involving both
the reactive oxygen species (ROS)-generating enzyme, NADPH
oxidase 4 (Nox4), and the Nrf2-dependent antioxidant response
pathway [18]. Interestingly, Nox4 has been implicated both in
suppressing Nrf2 activation [21, 22] and in inducing (myo)-
fibroblast senescence [23–25].

The cellular microenvironment, in a cell nonautonomous man-
ner, may influence the apoptosis susceptibility of myofibroblasts.
Although this involves soluble pro-survival growth factors such as
TGF-beta [26, 27], the biomechanical properties of the insoluble
extracellular matrix (ECM) may also signal apoptosis-resistant and
pro-survival pathways in myofibroblasts [28–30]. Several chapters
in this series will address molecular methods on how to study the
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contractile and adhesive properties of myofibroblasts, as well as the
biochemical and biomechanical properties of the
surrounding ECM.

4 Reversibility of Fibrosis

The concept of myofibroblast plasticity and apoptosis susceptibility
inform, in many ways, a paradigm shift in how we think about
fibrosis. While fibrosis has traditionally been thought to represent
an irreversible disease process, emerging data suggest that many
forms of fibrosis are reversible or, at the very least, regress
[3, 31]. Examples of the capacity of myofibroblasts to revert to a
non-fibrogenic precursor has been demonstrated in the liver [32]
and the lung [11, 33]. Therapeutic strategies that lower the thresh-
old for myofibroblast apoptosis are effective in reversing established
lung fibrosis in experimental animal models [18, 28, 34, 35]. Inter-
estingly, the drug metformin may induce fibrosis regression by
mechanisms that involve myofibroblast de-differentiation [36]
and by recovery of apoptosis susceptibility [34]. Thus, strategies
that target the cell intrinsic properties of myofibroblasts or the
microenvironmental cues that regulate cellular plasticity and/or
apoptosis may be effective in mediating fibrosis regression/reversal,
resulting in the potential to not only arrest disease progression but
also recover physiological organ function.

5 Teleology Informs Biology and Therapeutic Opportunity

Ignoring the teleological “why” in deference to the mechanistic
“how” questions as they relate to myofibroblast biology may
deprive us of exciting novel opportunities to target the pathological
role of myofibroblasts in fibrotic diseases. Like many genes and
signaling pathways, cellular phenotypes emerged through evolu-
tion to serve adaptive functions that were permissive for survival
and reproductive success of the organism. This beneficial role early
in life may become corrupted to serve disease-promoting roles in
post-reproductive life when there are changes in the cellular micro-
environment and accumulated intrinsic cell damage, both of which
reduce cellular plasticity. These seemingly antagonistic pleiotropic
functions of myofibroblasts may best explain their roles in both
tissue repair and fibrosis.
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Chapter 3

Myofibroblast Markers and Microscopy Detection Methods
in Cell Culture and Histology

Fereshteh S. Younesi, Dong Ok Son, Joao Firmino, and Boris Hinz

Abstract

The identification of myofibroblasts is essential for mechanistic in vitro studies, cell-based drug tests, and to
assess the level of fibrosis in experimental animal or human fibrosis. The name myo-fibroblast was chosen in
1971 to express that the formation of contractile features-stress fibers is the essential criterion to define
these cells. Additional neo-expression of α-smooth muscle actin (α-SMA) in stress fibers has become the
most widely used molecular marker. Here, we briefly introduce the concept of different myofibroblast
activation states, of which the highly contractile α-SMA-positive phenotype represents a most advanced
functional stage. We provide targeted immunofluorescence protocols to assess this phenotype, and publicly
accessible image analysis tools to quantify the level of myofibroblast activation in culture and in tissues.

Key words α-Smooth muscle actin, Stress fibers, ED-A fibronectin, Image analysis, Myofibroblast
phenotype, Molecular markers, Immunofluorescence, Microscopy

1 Introduction

“Fibroblasts” comprise heterogeneous populations of connective
tissue cells that reside in all organs as true multitaskers. In homeo-
stasis, the major role of fibroblasts is to maintain the integrity of the
tissue architecture and cell niches by secreting collagen-rich extra-
cellular matrix (ECM) [1, 2]. In conditions of injury and inflam-
mation, fibroblastic cells upregulate their ECM secretion and
acquire novel remodeling activities to repair tissue defects and
re-establish homeostasis. This change in function and phenotype
is called myofibroblast activation [3]. When activation persists
beyond the normal phase of tissue repair, a fibrotic state is reached,
which has often severe consequences for organ function [4, 5].

Myofibroblasts were discovered five decades ago in rat wound
granulation tissues and their name was chosen based on morpho-
logical features shared between ECM-producing fibroblasts and
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contractile smooth muscle cells [6]. Myofibroblast activation from
traditionally called “quiescent” fibroblasts and other mesenchymal
cell sources is nowadays understood as a continuous process with
intermediate phenotypes [7] (Fig. 1a). As part of the tissue repair
program, activated fibroblasts initially migrate to sites of injury
where they proliferate and start producing ECM rich in collagen
types I and III [8]. This migratory and consequently already force-
producing phenotype has been named “proto-myofibroblast”—
based on the development of contractile bundles of filamentous
actin and myosin, called stress fibers [7]. The stress fiber actin
content of proto-myofibroblasts is largely composed of
β-cytoplasmic actin filaments (Fig. 1b). The next myofibroblast
activation stage is characterized by de novo expression of
α-smooth muscle actin (α-SMA). Gradual incorporation of
α-SMA into stress fibers grants them higher contractile activity

Fig. 1 Myofibroblast activation stages. (a) Schematic summary of myofibroblast activation stages and
features. Scheme was produced with Biorender (biorender.com). (b) Immunofluorescence assessment of
myofibroblast activation stages. Mouse embryonic fibroblasts were cultured on fibronectin-coated tissue
culture plastic, except the first picture where fibronectin-coated soft polyacrylamide gels (elastic modulus of
1.0 kPa) were used as culture substrate. Cells were fixed and stained using antibodies against β-cytoplasmic
actin (green) and α-SMA (red), and counterstained for nuclear DNA (blue). Insets blend out the green channel
to highlight the organization level of α-SMA in the indicated region. Scale bar: 15μm. Abbreviations: α-SMA
α-smooth muscle actin, CD cluster of differentiation, ED-A FN extradomain A fibronectin
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than comparable levels of other actin isoforms [9]. The molecular
and structural basis for higher contraction of α-SMA-positive versus
α-SMA-negative stress fibers is not entirely understood. However,
interfering with the α-SMA-specific N-terminus (which is the epi-
tope for all α-SMA-specific antibodies) selectively removes α-SMA
from stress fibers and reduces (but not completely abolishes) myo-
fibroblast contraction [10–12]. From a metabolic and energetic
perspective, it is unlikely that a highly contractile α-SMA-positive
myofibroblast continues to produce and secrete high amounts of
ECM. It is also reasonable to assume that the contractile phenotype
pursues the ECM-producing stage since only ECM that is present
can be contracted. In a close mechanical feedback loop, the degree
of myofibroblast activation depends on the remodeling state of the
ECM, which is “sensed” as intracellular stress caused by pulling on
an increasingly “stiff” ECM [3, 13]. Consistently, recent single cell
RNA sequencing data suggest that fibroblasts sorted for collagen αI
promoter activity from fibrotic mouse lungs exhibit low α-SMA
expression levels [14, 15] and that myofibroblasts exist in a spec-
trum of activation states [16].

If myofibroblast activation is a gradual process, how can we
detect them in cultured cells and/or tissues and for which pur-
poses? Identification of myofibroblasts is important from both a
clinical and a research perspective. Localization and quantification
of myofibroblast abundance is a widely used diagnostic tool to
detect and rate the progress of fibrosis in various organs, including
the stromal reaction to epithelial tumors [17–19]. In experimental
animal models of fibrosis, myofibroblast accumulation is a direct
measure for fibrosis severity, and identification of myofibroblasts
helps to trace their cell origins [16, 20]. In vitro systems to study
the mechanisms of myofibroblast activation or to screen anti-
fibrotic compounds in industrial settings all depend on reliable
and quantitative myofibroblast phenotyping. Here, we present
detailed protocols to identify myofibroblasts in cultured cells and
histological tissue sections using antibody staining protocols for
immunofluorescence (IF) light microscopy imaging. More elabo-
rate protocols and comparisons between different staining proce-
dures have been published before [21]. We further provide image
analysis routines to quantify myofibroblast accumulation using the
open-source software Fiji [22].

Since there is no known unique myofibroblast marker, due to
the heterogeneity of myofibroblast precursors and of myofibroblast
activation states, which protein target should we aim for? One must
revert to the original definition of the phenotype, where “myo”
refers to the newly acquired contractile function during the activa-
tion process. The (ultra-)structural hallmark of fibroblast contrac-
tion is the formation of F-actin stress fibers as discussed above
[6]. Stress fibers are containing high amounts of filamentous (F)-
actin, which is discriminated from globular G-actin by using the F-
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actin-specific probe phalloidin, conjugated with a fluorochrome
(Fig. 2a). In strict terms, phalloidin-positive fibroblastic cells are
myofibroblasts and the intensity of phalloidin staining provides one
measure for myofibroblast activation in vitro and in sections of
frozen tissue [23]. However, all fibroblastic cells in standard cell
culture will form F-actin stress fibers upon contact with stiff tissue
culture surfaces which typically makes phalloidin staining alone a
blunt tool. Thus, in these culture conditions and in tissues, expres-
sion of α-SMA in stress fibers has become the most commonly used

Fig. 2 Identification of myofibroblasts using α-SMA and exclusion markers. (a) 3T3 fibroblasts cultured on
tissue culture plastic and treated for 4 days with TGF-β1 were stained for α-SMA (red), filamentous actin
(phalloidin-green), and extracellular matrix protein fibronectin. (b) Fibrotic porcine right ventricular heart tissue
was obtained after pulmonary vein banding, sectioned, and stained for the myofibroblast marker α-SMA (red),
mesenchymal marker vimentin (green), and muscle (here: cardiac and smooth muscle) marker desmin (blue).
(c) Granulation tissue from 9-day-old full-thickness rat wounds was sectioned and stained for α-SMA (red),
endothelial cell marker CD31 (green), and muscle (here: smooth muscle) marker desmin (blue). All scale bars:
50μm. Abbreviations: α-SMA α-smooth muscle actin, TGF-β1 transforming growth factor-β1 CD cluster of
differentiation
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molecular marker for myofibroblasts, and excellent monoclonal
antibodies have been developed to discriminate between the spe-
cific N-termini of the different actin isoforms [24–26].

Two important considerations must be made when using
α-SMA as molecular myofibroblast marker: (1) Only α-SMA loca-
lized to stress fiber qualifies as a myofibroblast marker. α-SMA can
be expressed in noncontractile, stress-fiber negative cell states and
remain as soluble α-SMA monomers (G-actin) without being
incorporated into stress fibers (Fig. 1b). For instance, perivascular
pericytes and bone-marrow-resident mesenchymal stromal cells
have long been described to express α-SMA but are noncontractile
in their normal (i.e., nonactivated) state [27–30]. During myofi-
broblast activation, α-SMA is expressed first and then gradually
recruited to stress fibers, which may depend on the expression of
additional stress fiber components, such as specific tropomyosin
isoforms [31]. Therefore, we recommend to always co-stain with
phalloidin or use a morphological assessment of stress fiber α-SMA
(see Subheadings 3.2 and 3.5).

(2) Expression of α-SMA is not unique to myofibroblasts in
tissues and in some primary tissue cell cultures at low passages. For
instance, vascular smooth muscle cells express similar or higher
levels of α-SMA compared to myofibroblasts, making discrimina-
tion based on α-SMA alone difficult. Hence, exclusion markers are
required to distinguish between myofibroblasts, smooth muscle
cells, and pericytes—all of which are α-SMA-positive [32]. Smooth
muscle markers that are not expressed by myofibroblasts include
desmin, smooth muscle myosin heavy chain, h-caldesmon, and
smoothelin [32]. In culture, smooth muscle cells rapidly lose
these muscle markers and become morphologically indistinguish-
able from myofibroblasts [33]. Vimentin usually fails as a discrimi-
nator since endothelial cells, smooth muscle, and some
inflammatory cell populations all express this “fibroblast-specific”
intermediate filament protein [32]. To identify myofibroblasts in
fibrotic or neoplastic tissues, we recommend co-staining for desmin
(an ubiquitous marker for muscle cells but not myofibroblasts),
CD31 or VE-cadherin (specifically labels endothelial cells which
associate with vessels), and α-SMA (myofibroblasts and smooth
muscle) (see Subheading 3.4) [32, 34].

Of course, there are numerous other “myofibroblast markers”
with different levels of usefulness depending on whether assessing a
cell culture condition or tissue histology, including proteins of the
myofibroblast ECM. In addition to collagen type I, the most
frequently used proteins associating with the myofibroblast ECM
include the extradomain-A (ED-A) splice variant of fibronectin,
tenascin-C, CCN2 (formerly called connective tissue growth factor,
CTGF), and periostin [8, 35–38]. Because they are typically stable
for days, weeks, and even months, ECM proteins are an excellent
indicator of past myofibroblast maturation stages. However, the
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minimal message you should take home from this introduction is
that cells without contractile bundles may have been or will in
future become myofibroblasts, but they are not myofibroblasts at
the time of assessment.

2 Materials

2.1 Cell Culture

and Preparation

1. Adherent fibroblastic cells of your choice (see Note 1).

2. Multi-well chamber slides, 22 � 22 mm coverslips or 25 mm
diameter round coverslips placed in 35 mm diameter tissue
culture plastic ware (see Note 2).

3. Dulbecco’s Modified Eagle Medium (DMEM) or other
recommended fibroblast culture medium, supplemented with
penicillin/streptomycin (100 U/mL for each), and 10% fetal
bovine serum (FBS) (see Note 3).

4. Trypsin-ethylenediaminetetraacetic acid (EDTA) (0.25%).

5. Sterile phosphate-buffered saline (PBS): 150 mM NaCl,
8.06 mM Na2HPO4, 1.74 mM NaH2PO4, adjust pH with
1 M NaOH to pH 7.4.

6. Gelatin (e.g., 1 mg/mL stock solution), fibronectin (e.g.,
1 mg/mL stock solution), or collagen type I (e.g., 2.3 mg/
mL stock solution) for surface coating (see Note 2).

7. Human transforming growth factor-β1 (TGF-β1) (seeNote 4).

2.2 IF Staining

of Cultured Cells

1. PBS buffer, pH 7.4.

2. Cell fixation buffer: 3% paraformaldehyde (PFA) in PBS (w/v)
(see Note 5).

3. Cell permeabilization buffer: 0.2% Triton X-100 in PBS (see
Note 6).

4. Blocking buffer: 3% bovine serum albumin (BSA) in PBS. BSA
can be substituted with skim milk powder for most antibodies
except those directed against phosphoproteins.

5. Antibody dilution buffer: 0.02% Triton X-100 with 0.2% BSA
in PBS.

6. Washing buffer: 0.02% Triton X-100 in PBS.

7. Primary antibodies, e.g., anti-α-SMA (clone 1A4, mouse
IgG2a), anti-fibronectin antibody (rabbit polyclonal), anti-
ED-A fibronectin (clone IST-9, mouse IgG1, not reactive to
mouse tissues or cells) (see Note 7).

8. Fluorochrome-conjugated secondary antibodies, e.g., Alexa
Fluor 568 goat anti-mouse IgG2a to detect α-SMA, Alexa
Fluor 488 goat anti-mouse IgG1 to detect ED-A fibronectin,
or Alexa Fluor 488 goat anti-rabbit to detect total fibronectin.
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9. Alexa Fluor 647-conjugated Phalloidin to detect F-actin and
40,6-diamidino-2-phenylindole dihydrochloride (DAPI) or
Hoechst to stain DNA in cell nuclei (see Note 8).

10. Mounting media suitable to preserve fluorochromes (e.g.,
Fluoromount-G).

11. 76 � 26 mm microscope slides (to mount cells grown on
22 � 22 or 24 mm diameter coverslips) or 22 � 50 mm glass
coverslips (to mount cells grown on multi-chamber slides).

2.3 Tissue

Preparation

2.3.1 Tissue Fixation

1. PBS buffer, pH 7.4.

2. 3% PFA in PBS.

3. 70% Ethanol.

4. 50 mL Reaction tubes.

2.3.2 Tissue Embedding 1. Paraffin embedding molds.

2. 100% Isopentane (2-methylbutane) in a glass beaker.

3. Liquid nitrogen.

4. Microtome.

5. 76 � 26 mm Microscope slides.

2.4 IF Staining

of Fixed Tissues

1. Xylene.

2. 100% Ethanol.

3. Distilled water.

4. Citrate buffer: 10 mM sodium citrate in distilled water; adjust
with HCl to pH 6.0.

5. Tris-buffered saline (TBS) buffer: 20 mM Tris, 150 mMNaCl;
adjust with HCl to pH 7.4.

6. BSA.

7. Triton X-100.

8. Primary antibodies, e.g., anti-α-SMA (clone 1A4, mouse
IgG2a), anti-CD31 antibody (rabbit polyclonal) or anti-
vimentin antibody (rabbit polyclonal), and anti-desmin anti-
body (clone D33, mouse IgG1).

9. Fluorochrome-conjugated secondary antibodies, e.g., Alexa
Fluor 488 goat anti-mouse IgG2a to detect the anti--
α-SMA primary antibody, Alexa Fluor 568 goat anti-rabbit
IgG to detect anti-CD31, and Alexa Fluor 647 goat anti-
mouse IgG1 to detect anti-desmin.

10. Staining tray with lids, lined with wet tissue papers to maintain
humidity.

11. 22 � 50 mm Glass coverslips.

12. Mounting media suitable to preserve fluorochromes (e.g.,
Fluoromount-G).
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2.5 Image Analysis 1. Laptop or desktop computer, ideally with �8 GB RAM.

2. Fiji open-source software (https://imagej.net/Fiji/
Downloads).

3. Macros for α-SMA expression analysis (available for download
from https://github.com/CAMiLoD-UofT/alphaSMA-
measurements).

3 Methods

3.1 Cell Culture TGF-β1 is the most potent inducer of myofibroblast activation
in vivo and in vitro and widely applied to induce α-SMA expression
in various cultured cells in a dose- and time-dependent manner
[39, 40] (Fig. 2a). Depending on FBS batches, TGF-β1 concentra-
tions may need to be adapted to achieve the desired effect (seeNote
3) but in our hands, incubation with 2 ng/mLTGF-β1 for 72–96 h
usually suffices to enhance α-SMA protein expression in human, rat,
and mouse fibroblasts. To reduce interference of serum compo-
nents with myofibroblast activation (see Note 3), FBS content can
be reduced to 2% during the time of TGF-β1 treatment if cells
tolerate low serum levels. Some fibroblast types can spontaneously
(i.e., without addition of TGF-β1) activate into myofibroblasts in
low serum conditions as part of cellular stress responses [41].

1. Grow fibroblasts in standard culture medium containing 10%
FBS for weekly passaging. Primary fibroblasts should be used
no later than passage 5. Primary mouse fibroblasts can enter
growth crisis and senescence early during passaging (passage
2–3), which can be delayed by increasing FBS content to 20%
or growth under hypoxic (2–5% O2) growth conditions (see
Note 9). Always carefully monitor fibroblast morphologies and
growth rates over passages—deviation from the norm always
indicates shifts in fibroblast programs.

2. Either use uncoated tissue culture plastic surfaces or coat glass
surfaces with adhesive proteins (e.g., fibronectin, gelatin, or
collagen type I) diluted to 2μg/cm2 in cell culture medium
without FBS or PBS for at least 1 h; overnight coating is
possible (see Note 2). Before seeding cells, aspirate coating
solution gently—do not wash.

3. Trypsinize cells, count, and resuspend in medium 10% FBS.
Plate cells to achieve ideally 30–50% confluence at the time of
fixation and individually growing cells for better automatic
quantification (see Subheading 3.5).

4. After cell attachment (at least 6 h, best overnight), replace
media with fresh growth medium supplemented with FBS at
the chosen percentage (see Note 3 and above) with 2 ng/mL
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TGF-β1 to induce myofibroblast activation and without TGF-β
1 for untreated controls (see Note 10).

5. Grow cells for at least another 72 h or up to one week in 21%
O2, 5% CO2, and 37 �C incubators. If the cell culture time is no
longer than 5 days, intermittent medium change with freshly
added TGF-β1 may not be required; the TGF-β1 effect will last
for up to 5 days [42]. α-SMA protein expression peaks around
day 4 following TGF-β1 treatment [38, 39].

3.2 IF Staining

of Fixed Cells

Fixation and permeabilization are essential steps for IF staining.
However, the fixation and permeabilization buffer, and the order of
the fixation and permeabilization steps can vary based on the target
proteins and their location in order to optimize the resolution and
clarity of distinct structures [43]. For IF staining of the standard
myofibroblasts markers α-SMA, F-actin, and fibronectin in fixed
cells (Fig. 2a), use a simple protocol:

1. Aspirate medium and wash the cells gently with pre-warmed
PBS twice at room temperature (RT) (seeNote 11). Do not let
samples dry at any of the following steps until samples are
mounted.

2. Fix cells in 3% PFA for 10 min at RT.

3. Carefully rinse with PBS for 10 min three times (see Note 12).

4. Permeabilize cells in permeabilization buffer for 5 min at RT.

5. Rinse cells with PBS for 10 min three times.

6. Incubate cells with blocking buffer for 1 h at RT to reduce
nonspecific antibody binding. This step is optional and
depends on the specificity of antibodies. Incubation with
blocking buffer and adding BSA to the antibody dilution buffer
(final concentration 0.2%) can reduce nonspecific antibody
bindings. The antibody combination suggested in this protocol
usually does not require BSA at any step.

7. Rinse twice with PBS for 5 min.

8. If your cells were grown in a multi-well chamber slide, take off
the removable well cast now, which will allow you to work with
smaller volumes of antibody (~25μL/well instead of ~100μL/
well when keeping the cast).

9. Mix all primary antibodies in one micro reaction tube in dilu-
tion buffer on ice: anti-α-SMA (5μg/mL), anti-fibronectin
(2.5μg/mL), or anti-ED-A fibronectin (10μg/mL) (see Note
13).

10. Incubate cells with diluted primary antibody solution (25μL
per well of an 8-well chamber slide or 50μL per 22 � 22 or
25 mm diameter coverslip) for 60 min at RT (see Note 14).
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Omit this step in one control sample to test nonspecific sec-
ondary antibody binding.

11. Wash samples with washing buffer (PBS buffer contain-
ing 0.02% Triton X-100) for 10 min three times at RT.

12. Prepare all fluorochrome-conjugated secondary antibodies
(10μg/mL) along with fluorochrome-conjugated phalloidin
(3 U/mL) and DAPI (5–10μg/mL) in dilution buffer in one
vial and mix well (see Note 15). Continue all the following
steps protected from direct strong light to reduce fluoro-
chrome bleaching.

13. Incubate samples with antibodies in dilution buffer prepared at
step 12 for 60 min at RT with volumes defined in step 8.

14. Gently wash samples with washing buffer for 10 min three
times at RT.

15. Carefully aspirate excess liquid off, without letting the
sample dry.

16. Pipette one drop of mounting media (e.g., 20μL per previous
of an 8-well chamber slide; 50μL for 22 � 22 or 25 mm
diameter coverslips) into the center of the sample.

17. If cells were grown on the slide, e.g., on multi-well chamber
slides: Place a clean 50 � 26 mm coverslip at the slide edge at
60� angle and slowly lower the coverslip onto the mounting
medium using tweezers.

18. If cells were grown on coverslips: Using the same procedure,
lower the coverslip with cells facing down onto a clean
76 � 26 mm microscopy slide (see Note 16).

19. Polymerize the mounting media at RT overnight protected
from light. Store samples afterward for several months or
even years at 4 �C, protected from light.

3.3 Tissue

Preparation

3.3.1 Fixing

and Paraffin-Embedding

1. Fix freshly dissected tissue samples with 3% PFA (or 10% for-
malin) (see Notes 5 and 17) for 24–48 h at RT to preserve
tissue morphology and retain the antigenicity of the target
molecules (see Note 18).

2. Wash tissues with PBS for 10 min three times and keep the
samples in 70% ethanol at RT until moving to the next step.

3. Trim fixed tissues into the appropriate size and shape and place
in embedding cassettes.

4. Dehydrate tissues gradually through graded ethanol: incubate
with 70% ethanol twice for 1 h, then 95% ethanol twice for 1 h,
followed by 100% ethanol twice for 1 h at RT.

5. Immerse tissues in xylene overnight at RT, followed by addi-
tional incubation with fresh xylene for 1 h at RT.
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6. Infiltrate tissues with wax at 58 �C for 1 h three times with the
last infiltration step performed under vacuum. If residues of
xylene are remaining, add another wax infiltration step for 1 h
under vacuum.

7. Open the cassette to view the tissue sample and choose a
paraffin mold that best corresponds to the size of the tissue. A
margin of at least 2 mm of paraffin surrounding all sides of the
tissue gives best support during sample cutting.

8. Place a small amount of molten paraffin in the mold. Using
warm forceps, transfer the tissue into a mold and orient as
desired.

9. Transfer the mold to a cold plate, and gently press tissue flat.
Add the labeled tissue cassette on top of the mold.

10. Dispense enough hot paraffin to the mold until the face of the
plastic cassette is covered.

11. Cool the paraffin for 30 min and remove the paraffin block
from the mold (see Note 19). It will be stable for several years,
even decades once the tissue is embedded.

3.3.2 Sectioning Tissues 1. Turn on the water bath containing distilled water and set to
42 �C.

2. Trim paraffin blocks as necessary and place the paraffin blocks
to be sectioned on ice.

3. Place a fresh blade on the microtome. Replace blade if cutting is
not smooth.

4. Section the paraffin-embedded tissues in 2–10μm thickness
(5μm is commonly used) using the microtome.

5. Pick up ribbons of consecutive sections with forceps and float
on water in the water bath at 42 �C (see Note 20).

6. Mount the sections onto positively charged microscope slides
(see Note 21).

7. Allow sections to air dry for 30 min at RT. Then bake slides at
37 �C overnight or 30 min at 60 ˚C to bond the tissue to the
glass. Slides can be stored at RT.

3.4 Immunostaining

of Fixed Tissues

1. Deparaffinize tissue sections in xylene for 5 min twice at RT,
followed by rehydrating tissue sections with graded ethanol
diluted in distilled water to 100% (twice), 95%, and 70% for
5 min each at RT (see Note 22).

2. Keep samples in distilled water at RT until citrate buffer is
ready.

3. Perform antigen retrieval to unmask the antigenic sites using
95–100 �C citrate buffer at pH 6.0 for 15 min.
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4. Cool the slides at RT in the same citrate buffer down to 40 �C
by leaving the samples for 20–40 min at RT, depending on the
volume of buffer. Then rinse in TBS buffer containing 0.025%
Triton X-100 (TBS-T) twice for 5 min.

5. Draw a hydrophobic barrier using a barrier pen around the
tissue.

6. Apply blocking buffer (1% BSA+10% normal goat serum in
TBS) on tissue sections and incubate in a humidified chamber
for 1 h at RT.

7. Mix all primary antibodies in one micro reaction tube in 1%
BSA-TBS on ice: anti α-SMA (5μg/mL), anti-desmin (50μg/
mL) and anti-CD31 (50μg/mL) or vimentin (10μg/mL) (see
Note 13) (Fig. 2b, c).

8. Remove blocking buffer and incubate samples with diluted
primary antibodies (prepared at step 7) overnight at 4 �C.

9. Wash slides for 10 min three times with TBS-T.

10. Mix all fluorochrome-conjugated secondary antibodies
(2.5–5μg/mL) and DAPI (1μg/mL) in 1% BSA-TBS in one
vial (seeNote 15). Continue all following steps protected from
direct strong light to reduce fluorochrome bleaching.

11. Incubate slides with the mixture of secondary antibodies and
DAPI (prepared in step 10) for 1 h at RT protected from light.

12. Wash slides for 10 min three times with TBS-T at RT.

13. Mount stained tissues with an anti-fade mounting media. Poly-
merize the mounting media overnight at RT and store samples
at 4 �C in dark.

3.5 Image Analysis In this section, we are providing macro routines using the open-
source image analysis platform Fiji [22] that consider both staining
levels (average pixel intensity) and structure/alignment (coher-
ency) of the fibrous cell morphology. To identify individual cells,
cell boundary markers such as plasma membrane markers or phal-
loidin should be used. The advantage of assessing cells in the image
field individually for their myofibroblast character is to obtain
information on myofibroblast heterogeneity and different levels of
activation. A widely used quantitative parameter for the assessment
of myofibroblast activation in culture is the “percentage of myofi-
broblasts.” To obtain this value, one must make a binary decision
for every cell in the image field: is this a myofibroblast—yes or no?
For some, including the authors, this decision can become an
almost philosophical question that is much more difficult to answer
than it may seem. As elaborated in the introduction, we consider
formation of stress fibers as the single most important criterion to
identify activated myofibroblasts. In culture, additional expression
of α-SMA in stress fibers has been proven to be the more
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meaningful myofibroblast marker because all fibroblasts in standard
culture form stress fibers (Fig. 1). For all practical aspects, we thus
define in vitro myofibroblasts as fibroblastic cells expressing α-SMA
in stress fibers. For image processing data post-analysis, a “cut-off”
decision still needs to be made based on the minimum amount of
structure that defines α-SMA-positive stress fibers in a cell. In the
following section and the notes, we provide some guidance how to
determine this threshold. However, eventually the user is left with
the power and the dilemma to make the decision and properly
report in publications how it was made.

In highly confluent cell monolayers, it will be difficult if not
impossible to identify single cell boundaries, even by eye. For these
conditions, we are providing a routine that disregards single cell
features and segments images based on cell nuclei positions. Alter-
natively, the user can choose to analyze whole images for α-SMA
intensity and structure rather than identifying individual cells. The
outcome is an average myofibroblast behavior per image and infor-
mation on myofibroblast heterogeneity is lost. As a rule, highly
confluent cultures are not recommended for automated image
analysis.

To quantify myofibroblasts in tissues, stress fiber structure is
often not resolved from low magnification images (<40� objec-
tives) or cannot be attributed to single cells due to high cell den-
sities in fibrotic tissues. We provide two simple and robust
procedures that rely on the users (1) to include regions of interest
(ROI) within the tissue to then quantify α-SMA intensity per tissue
area or (2) to identify ROIs in the image field that should be
excluded from this analysis (e.g., vessels).

3.5.1 Quantification

of α-SMA Expression

in Cultured Cells Using Fiji

1. Take pictures using an epifluorescence or confocal microscope
(see Note 23). Per fluorescence channel, use the same settings
for exposure time (epifluorescence) or laser intensity (confocal)
across all samples, e.g., control samples and TGF-β1-treated
samples.

2. The described quantification procedures and automated rou-
tines (macros) are based on three-channel images with α-SMA
staining in channel 1 (red); F-actin in channel 2 (green), and
DAPI in channel 3 (blue). If you are using a different channel
distribution, you will need to change the channel attribution in
the macros (see Note 24).

3. Save images in the recommended commercial acquisition for-
mat of your microscope (e.g.,*.czi for images taken with Zeiss
microscopes), which contains metadata such as image scaling
and attributes one distinct channel per “color” (see Note 25).
We do NOT recommend quantifying RGB TIF images,
although the macros will be able to read and process this format
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(see important Note 26). You cannot quantify image filetypes
which may contain compressed data (e.g., JPG).

4. Place all images you want to process as one batch in one folder,
which are typically all images from one experimental condition.

5. Install Fiji: Install the Fiji image processing package (https://
fiji.sc/#download), and Java (https://www.java.com/en/
download/). Make sure to work with the most recent versions
of Fiji (V1.52p or higher) and Java (V1.8.0_172).

6. Update and install required plugins in Fiji: Start Fiji and from
the main menu choose “Help -› Update...”. (Do NOT select
“Update ImageJ. . .”) Confirm any user prompts that are
asked during the process. Then click on the now available
“Manage update sites” button. Activate the checkbox next to
“BIG-EPFL”, “ImageJ”, “Fiji”, “Java8”, “IJPB-plugins”,
“PTBIOP”, and “Bio-Formats”. Then hit the “Close” button,
followed by “Apply changes.” Restart Fiji.

7. Change or verify settings of the “Bio-Formats” dialog box: In
the Fiji menu bar, select: “Plugins ! Bioformats ! Bioformats
Plugins Configuration”. Then select the “Formats” tab and
highlight your file format (e.g., Zeiss CZI) in the list. Activate
the “Windowless” checkbox and close the configuration
window.

8. Download the following macros from https://github.com/
CAMiLoD-UofT/alphaSMA-measurements and store in a
folder of your choice: “CellAnalysis_ManualROI.ijm”, “CellA-
nalysis_Individual.ijm”, and “CellAnalysis_Voronoi.ijm”.

9. To open a macro of your choice: File -› Open, browse the macro
folder and select the macro file—or simply drag the macro file
from the folder onto the Fiji menu.

10. Select the best macro for your condition (Fig. 3a): “CellAna-
lysis_ManualROI.ijm” will generate data with highest confi-
dence but also requires time-consuming manual user input (see
Note 27). The macro “CellAnalysis_Individual.ijm” will only
be suitable for conditions where cells grow isolated and do not
touch each other (see Note 28). If your biological question
requires confluent cell cultures, “CellAnalysis_Voronoi.ijm”
can be the macro of your choice to analyze image segments
based on cell nuclei positions (see Note 29). All these macros
deliver information per ROI, which is a cell or an image seg-
ment that includes a nucleus. Alternatively, you can use
“CellAnalysis_Individual.ijm” for confluent cultures to obtain
values that apply to the whole image (see Note 30). It is not
advisable to directly compare data produced with different
macros. It is good practice to test the macro on one or two
images before processing a batch fully automated. Some
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Fig. 3 Myofibroblast quantification in culture. (a) Workflow to quantify myofibroblast features from cultured
cells, immunostained for α-SMA (red), filamentous actin (phalloidin-green), and DNA (DAPI, blue). (b) Shown
are examples of fibroblasts in different culture densities and respective examples of the analysis process (top
to bottom) using the three provided macros. Scale bar: 50μm. (c) The α-SMA channel (red) from the case
presented for Macro 3 in (b) is shown as example how to determine the percentage of myofibroblasts from
imaging data. Four cells from the image were selected to satisfy a minimum criterion for being “α-SMA stress
fiber-positive” (C1–C4, yellow outlines). The respective coherency raw integrated density values were
extracted from the coherency picture, divided by ROI area, and averages calculated in the data table (here:
0.246; see also Table 1). This value serves as the threshold to categorizing cells into “α-SMA stress fiber-
positive” myofibroblast (M1–M3, green outlines, average: 0.671) or “α-SMA stress fiber-negative” fibroblast
(F1–F3, blue outlines, average: 0.221) (Table 1 for better visibility)
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parameters may need adjustment in the macro, such as thresh-
olding and Gaussian blurring of nuclei (see Note 31).

11. Change image channel attribution in the macro if needed (see
Note 24) and save the macro.

12. Click “Run” in the open macro window (bottom left button)
and follow the instructions given on screen. The macro will ask
you to calibrate your image (pixel-to-μm conversion factor) for
every batch if the file format is *.tif. Microscopy software image
formats will contain calibration information in the associated
metadata. Measurements are dependent on the real dimensions
of the sample (e.g., to identify nuclei and cells by their size).

13. For every processed image, all macros will produce: one zip file
containing all ROI data, one PNG image with “burned-in”
ROI overlay, and one PNG representation of the coherency
data where high structure is shown as high intensity (bright-
ness) (Fig. 3b). In addition, you will find one csv file per batch
with data representing α-SMA intensity, α-SMA fibrous orga-
nization and alignment (coherency) and nuclei count per
image. The csv file can be opened and organized using Excel
(see Note 32). “Mean” (the sum of the gray values of all the
pixels in the selection divided by the number of pixels; column
D in the csv file) is the meaningful parameter for α-SMA
intensity and “RawIntDen” (the sum of the coherency values
of the pixels in the image or selection; column F in the csv file)
should be used to represent the coherency value and divided by
area (column C in the csv file). IntDens is the product of Area
and Mean Gray/Coherency Value and not used in our analysis.

14. From the data table, calculate the percentages of myofibro-
blasts per image by dividing the number of ROIs including a
myofibroblast by the total number of ROIs selected on the
image (see Note 33). To determine the cut-off for a cell/ROI
being considered as myofibroblast, we suggest the following
calibration step: Select 5–10 cells from your image batch that
satisfy your minimum criterion for being “α-SMA stress fiber-
positive” and extract the respective coherency raw integrated
density values from the data table. Use the average of these
values as your threshold to categorizing cells into “α-SMA
stress fiber-positive” (myofibroblast) or “α-SMA stress fiber-
negative” (not a myofibroblast) (Fig. 3c). Quantification
examples using fibroblasts from different species and organs
with and without TGF-β1 treatment are provided in Fig. 4.

3.5.2 Quantification

of Myofibroblasts in Tissue

The most widely used marker of myofibroblast α-SMA is also
expressed in smooth muscle cells and pericytes. Therefore, myofi-
broblasts in tissue can be discriminated by being positive for α-SMA
and negative for the muscle marker desmin and/or CD31 which is
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a marker of vascular endothelial cells. Myofibroblast content can be
quantified from respectively stained tissue sections by subtracting
the desmin and/or CD31 positive area from the total α-SMA area.
This process is difficult to perform in a fully automated fashion if
not using machine-learning software. We here provide two simple
macro routines that provide maximum user control and high data
confidence (Fig. 5).

1. Take pictures using an epifluorescence or confocal microscope
(see Notes 23 and 34). Per fluorescence channel, use the same
settings for exposure time (epifluorescence) or laser intensity
(confocal) across all samples.

2. The described quantification procedures and automated rou-
tines (macros) are based on three-channel images with α-SMA
staining in channel 1 (red); CD 31 in channel 2 (green), desmin
in channel 3 (blue), and DAPI in channel 4 (white). If you are
using a different channel distribution, you will need to change
the channel attribution in the macro (see Note 35).

Fig. 4 Myofibroblast heterogeneity in cell cultures. (a) Primary and lineage fibroblasts from different species
were cultured on tissue culture plastic with and without TGF-β1 for 4 days. Cells were then stained for α-SMA
(red), filamentous actin (phalloidin-green), the extracellular matrix protein ED-A FN, and DNA (DAPI, white).
Scale bar: 50μm. (b) Example pictures were quantified for average α-SMA intensity per cell and the
percentage of α-SMA stress fiber-positive myofibroblasts using the “CellAnalysis_ManualROI.ijm” macro as
described in Subheading 3.5.1. Every data point in the graphs represents values from one cell in the example
images; standard deviation error bars are shown wit asterisks indicating statistical significance (*p � 0.05,
**p � 0.01, unpaired Student t-test). Abbreviations: α-SMA α-smooth muscle actin, ED-A FN extradomain A
fibronectin, NIH National Institutes of Health, MLF mouse lung fibroblast, REF rat embryonic fibroblast. BJ and
IMR are cell batch/type identifiers
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3. Save images in the recommended commercial acquisition for-
mat (e.g.,*.czi for images taken with Zeiss microscopes), which
contains metadata and attributes one distinct channel per
“color.” Note that four channels cannot be unmixed from
TIF images and this format is thus not supported by the
macro (see Notes 25 and 26).

Fig. 5 Myofibroblast quantification from tissue sections. (a) Paraffin-embedded rodent normal skin and
myofibroblast-populated 9-day-old wound granulation tissues was sectioned and stained for the myofibroblast
marker α-SMA (red), endothelial cell marker CD31 (green), muscle marker desmin (blue), and nuclei (DAPI,
white). Desmin stains vascular smooth muscle cells but not myofibroblasts in these examples. Macro analysis
shown in panel A works on the principle of selecting regions of interest (ROI) (processing step 1) that are then
excluded from the analysis (processing step 2, symbolized by blacking the excluded regions). (b) Shown are
sections from connective tissue forming at the surface of silicone spheres implanted under the skin of rodents,
either untreated (myofibroblast-populated) or treated with a myofibroblast-suppressing coating (anti-fibrosis
treatment). The silicone surface is not shown and marked by the top of the image. Macro analysis shown in
panel B works on the principle of selecting ROIs that are included for analysis; here the dense fibrous capsule
forming around the implant (processing step 1). All non-selected image regions (here: loose subcutaneous
connective tissue) are then excluded from the analysis (processing step 2, symbolized by blacking the
excluded regions). Scale bar: 50μm. Abbreviations: α-SMA α-smooth muscle actin, CD cluster of
differentiation
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4. Place all images that you want to process as one batch (typically
all images from one experimental condition) in one folder.

5. Follow steps 5–7 as outlined in Subheading 3.5.1 to install Fiji
and required plugins.

Table 1
Quantification of example images shown in Fig. 3c

Cell
Label

Cell
#Type Parameter

ROI
Area Mean IntDen RawIntDen

RawIntDens/
Area Average

C1 Control
threshold

Coherency 28,969 0.253 7331 7331 0.253

C2 Control
threshold

Coherency 6221 0.22 1369 1369 0.220

C3 Control
threshold

Coherency 13,171 0.287 3783 3783 0.287

C4 Control
threshold

Coherency 7780 0.223 1737 1737 0.223 0.246

F1 Fibroblast Coherency 9640 0.222 2142 2142 0.222

F2 Fibroblast Coherency 2989 0.21 629 629 0.210

F3 Fibroblast Coherency 13,210 0.229 3028 3028 0.229 0.221

M1 Myofibroblast Coherency 17,581 0.589 10,351 10,351 0.589

M2 Myofibroblast Coherency 13,741 0.675 9275 9275 0.675

M3 Myofibroblast Coherency 14,638 0.749 10,963 10,963 0.749 0.671

Mean Average

C1 Control
threshold

Intensity 28,969 31.03 898,913 898,913 31.0

C2 Control
threshold

Intensity 6221 32.294 200,898 200,898 32.3

C3 Control
threshold

Intensity 13,171 35.981 473,902 473,902 36.0

C4 Control
threshold

Intensity 7780 34.834 271,011 271,011 34.8 33.5

F1 Fibroblast Intensity 9640 26.854 258,874 258,874 26.9

F2 Fibroblast Intensity 2989 28.171 84,203 84,203 28.2

F3 Fibroblast Intensity 13,210 34.122 450,747 450,747 34.1 29.7

M1 Myofibroblast Intensity 17,581 52.689 926,334 926,334 52.7

M2 Myofibroblast Intensity 13,741 64.436 885,420 885,420 64.4

M3 Myofibroblast Intensity 14,638 62.767 918,781 918,781 62.8 60.0
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6. Download the macro “TissueAnalysis_manualROI.ijm” and
“Tissue Analysis_exclusionROIs.ijm” from https://github.
com/CAMiLoD-UofT/alphaSMA-measurements and store
in a folder of your choice.

7. To start Fiji and open the macro: File -› Open, browse the folder
containing the macro and select “Tissue Analysis_exclusion-
ROIs.ijm (analyzes the image for α-SMA content, except for
what is included in ROIs) (Fig. 5a) or TissueAnalysis_manual-
ROI.ijm” (analyzes selected ROIs for α-SMA content)
(Fig. 5b).

8. Change image channel attribution in the macro if required (see
Note 35) and save the macro.

9. Click “Run” in the open macro window (bottom left button)
and follow the instructions given on screen.

10. Select “Input directory” and “Output directory” from your
folders. Type in your “File suffix” (e.g., .czi) and click “OK.”
You will see your one of images and message window for the
action required.

11. When using “TissueAnalysis_manualROI.ijm,” draw ROIs
manually around image areas that you want to have analyzed
for α-SMA intensity, using the freehand selection tool follow-
ing the instruction given on the screen. You can draw multiple
ROIs in one image but must press “t” on your keyboard after
every ROI. Press “OK” once done with ROI drawing. Repeat
this procedure following the instruction given on the screen
until your batch is completed.

12. When using “Tissue Analysis_exclusionROIs.ijm,” draw your
ROIs to exclude desmin (smooth muscle) and CD31 (endo-
thelial cells) positive areas which are vessels (see Note 36).

13. Find results in the folder designated as “Output directory” in
step 10. For every processed image, both macros will produce:
one zip file containing all ROI data, one PNG image with
“burned-in” ROI overlay. You will also find a csv file per
batch with data representing α-SMA intensity. Column B con-
tains your original sample labels which help you define data/
sample. “Mean” (column D in the csv file) is the meaningful
parameter for α-SMA intensity. Calculate the average of these
mean values when you draw multiple ROIs with TissueAnaly-
sis_manualROI.ijm macro.

4 Notes

1. Fibroblastic cells derived from different organs and species have
characteristic and reproducible baseline levels of α-SMA
expression in any given culture condition [44]. From our expe-
rience, baseline α-SMA expression increases in primary across
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species for the same tissue origin: human, rat, and mouse
(Fig. 4). Immortalized cell lines are often not well suited to
study myofibroblast biology—being immortal and highly pro-
liferative is not conducive to the contractile myofibroblast phe-
notype [13]. We here used commercially available human
foreskin fibroblasts (BJ, ATCC® CRL-2522™) (20–40%
α-SMA-positive at baseline), human fetal lung fibroblasts
(IMR-90, ATCC® CCL-186™) (30–50% α-SMA-positive at
baseline in 10% FBS-containing standard medium), primary rat
lung fibroblasts (RLFs) (~30–60% α-SMA-positive at baseline)
[9], rat embryonic fibroblasts (REF-52) (10–30%
α-SMA-positive at baseline) [45], primary mouse lung fibro-
blasts (MLF) (20–50% α-SMA-positive at baseline) [46], and
lineage NIH 3T3 fibroblast (NIH/3T3 ATCC®CRL-1658™)
(5–20% α-SMA-positive at baseline). Percentage values will
depend on the specific culture conditions established in other
laboratories (e.g., serum content, growth time, cell density).

2. Fibroblastic cells adhere and spread better on tissue culture
plastic surfaces compared to glass. Adhesiveness of plastic and
glass culture ware can vary considerably between batches and
manufactures which will affect myofibroblast phenotype. When
using glass surfaces, pre-coating with ECM proteins like fibro-
nectin, gelatin, or collagen type I (typically 2μg/cm2) is recom-
mended. Do not coat with poly-L-lysin which may promote cell
attachment but will prevent integrin engagement.

3. Different FBS batches have different effects on baseline myofi-
broblast activation (α-SMA expression). You must re-establish
baselines when switching batches. One of the main factors in
serum antagonizing myofibroblast activation and TGF-β1
action (see Note 4) is fibroblast growth factor 2 (FGF-2),
which enhances fibroblast proliferation [47].

4. Different vendors sell differently prepared TGF-β1 for cell
culture applications with batch-to-batch differences. All
require initial testing for myofibroblast activation responses in
concentrations series at first use. Typically, recombinant TGF-β
1 is produced and sold as the latent pre-form, desiccated with
citric acid salts added. Solubilization of the powder will auto-
matically acidify the solution and activate latent TGF-β1. Be
aware that active TGF-β1 loves to absorb to surfaces, ECM,
and serum proteins which is why it is used in nM concentra-
tions in cell culture but acts on cells in the pM range. Our lab
and others have alternatively used the active TGF-β isoforms
TGF-β2 and TGF-β3 with similar effects in vitro [48].

5. Dissolve 30 g PFA at 90 �C in 800 mL distilled water, add
NaOH (32%) to clear the solution, add 100 mL of 10-times
concentrated PBS, and adjust solution to pH 7.4 using
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indicator paper. Do not use pH electrodes. Adjust volume to
1 L with additional distilled water. Store aliquots of 10–40 mL
at �20 �C. Commercial soluble PFA can be used for conve-
nience. PFA is toxic, which requires working with face masks
and under fume hood at all stages of usages. Use hazardous
waste container for the disposal of PFA.

6. Triton-X 100 is difficult to handle in its pure viscous form and
it is not stable in high dilutions (e.g., 0.2%). Prepare 20% stock
solution and keep at RT.

7. The 1A4 clone is derived from the original hybridoma pro-
duced and published by the Gabbiani lab [49]. Epitope for this
antibody is the acetylated N-terminal sequence of α-SMA,
which is different and discriminating among all actin isoforms
[25]. Different vendors use different procedures to affinity-
purify their product (or not); we can recommend this clone
distributed by Sigma and Dako from personal testing. How-
ever, other vendors’ products may work as well. Polyclonal
rabbit antibodies are also commercially available. The IST-9
antibody is specific against the ED-A splice variant of fibronec-
tin [50]; like for α-SMA multiple vendors distribute this clone
and we have successfully worked with the antibody from Santa
Cruz. Be aware that this antibody does not react with mouse
ED-A fibronectin, which is why we have added total fibronectin
as alternative to the mix.

8. Hoechst and DAPI are both popular for nuclear-specific stain-
ing of living or fixed cells and tissues. The dyes have minimal
fluorescence in solution but become brightly fluorescent upon
binding to DNA. Hoechst dyes are highly cell membrane per-
meant and they are typically used for staining at 1μg/mL.
DAPI is less cell membrane permeant than Hoechst dyes and
must be used at a higher concentration (usually 10μg/mL) for
live cell staining. However, 1μg/mL of DAPI is enough for
permeabilized cell staining. Hoechst and DAPI are extremely
stable in water at 10 mg/mL and can be stored at 4 �C for years
if they are protected from light.

9. Growth conditions that enhance fibroblast growth (e.g., hyp-
oxia, high FBS concentrations, addition of growth factors such
as FGF-2) most often reduce baseline myofibroblast activation
levels [45, 47, 51]. High proliferation is not conducive to the
contractile myofibroblast phenotype. Furthermore, cell density
can dramatically—and often unpredictably—affect myofibro-
blast activation.

10. It is not required but recommended to change medium once
fibroblasts have attached for two reasons: (a) to remove
non-adherent cells and (b) to have one last control of successful
cell seeding before adding expensive TGF-β1.

38 Fereshteh S. Younesi et al.



11. Washing is required. Keep living cells as undisturbed as possible
by gently washing in serum-free medium or PBS that have been
pre-warmed to at least RT. Do NOT use PBS buffers pre-made
for cell culture, which typically are Ca2+ and Mg2+ free to
weaken bivalent cation-dependent integrin adhesions and
detach cells. Never pipette directly onto the cells as this may
dislodge them even after fixation; apply solutions to the culture
vessel walls.

12. Possible steps to suspend the protocol: After fixation, samples
can be kept in PBS for approximately 1 week in sterile condi-
tions at 4 �C. Because of possible epitope degradation, it is not
recommended to store samples for longer periods or to store
already-permeabilized cells before the staining procedure.

13. All primary antibodies can be combined in dilution buffer in
one vial as long as they are from different species (e.g., mouse,
rabbit, rat, and goat) or different isotypes (e.g., combinations
of mouse IgG2a, mouse IgG1, and mouse IgG2b). If you are
working with a new antibody for the first time, prepare primary
antibody staining solution according to the manufacturer’s
instruction or at 10μg/mL. Most antibodies are sold at
1 mg/mL stock concentration and usually used at 1:100 dilu-
tion. Testing a broad range of antibody concentrations is also a
good idea; test your primary antibody with a series of dilutions
around the recommended concentration while keeping the
secondary antibody concentration constant.

14. Incubation of primary antibodies overnight in 4 �C can some-
times help to improve the quality of IF staining. To decrease
the risk of sample drying, put samples into small petri dishes
along with wet tissue. However, good antibodies like the ones
suggested here yield efficient staining already after 30 min
incubation at RT.

15. Secondary antibodies must be specific against primary antibo-
dies and the spectra of the fluorochromes must be separable by
the microscopy setup. For observing samples through the
microscope eyepieces (instead of cameras), fluorochromes
emitting in the far-red are difficult to see with the naked eye.

16. For the selection of proper mounting media, different criteria
should be considered, such as refractive index, which should be
close to that of glass, polymerization degree, and fluorochrome
preservation which are all important factors for preserving
samples without changing staining properties [52]. Anti-fade
mounting media, such as Fluoromount-G, do not fully poly-
merize but preserve fluorochrome intensity. With manual dex-
terity, you can always gently squish the coverslip against the
glass to remove excess medium. Without manual dexterity, you
will squish your cells.
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17. Formalin, like PFA (see Note 5), should be handled with
caution under a chemical hood. Formalin is a suspected carcin-
ogen that can also irritate the eye, skin, and respiratory tracts.
While PFA has not been identified as a carcinogen, it can affect
lung and kidneys when inhaled and may be absorbed through
the skin. Alcohol-based fixatives generally do not well preserve
morphology but may be useful to preserve specific epitopes or
for specific stains such as BrdU.

18. Make sure you have enough fixative to cover tissues (10–20
times volume). For example, use 1–2mL of fixative per 100 mg
of tissue. Fixation for 24–48 h can be applied for most tissues
but the ideal fixation time will depend on tissue size. Over-
fixation can mask the epitope. Antigen retrieval processes can
overcome epitope masking, but there may be no signal even
after antigen retrieval if the tissue has been fixed for too long.
Under-fixation can cause uneven staining; strong signal on the
edges and no/weak signal in the center of tissue sections.

19. When the paraffin block is completely cooled and hardened, it
can be easily popped out of the mold and should not stick. If
tissues are not well aligned or cracks appear in the paraffin wax,
melt again and re-embed.

20. The water bath should be kept at 40–50 �Cwith distilled water.
A warm water bath is used to float paraffin ribbons, stretch the
sections, and remove wrinkles prior to being mounted onto a
glass slide. If the water bath is too cold, wrinkles will not be
removed in tissue sections. If the water bath is too hot, paraffin
sections may melt and change tissue morphology. For fatty
tissue, such as breast or brain, water temperature may need to
be reduced.

21. Most animal tissues have a negative charge, owing to a small
excess of acidic over basic amino acids in the structural pro-
teins. Therefore, tissue samples are adhering well to the posi-
tively charged slide surface. Glass surfaces can be treated for a
positive charge by coating the slide with a basic polymer or by a
chemical reaction that leaves amino groups linked by covalent
bonds to the silicon atoms of the glass.

22. Before moving to ethanol grades step, make sure to completely
deparaffinize the sections. Additional 5 min incubation with
Xylene will be required if the sections still have traces of paraf-
fin. Uncompleted deparaffinization will give you high auto-
fluorescence background. Xylene should be handled with
caution under a chemical hood. Inhaling of xylene can cause
headache, dizziness, nausea, and drowsiness.

23. There are different types of fluorescence microscopy which can
be selected according to their availability and biological ques-
tions. Confocal microscopy is appropriate for generating
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images with higher spatial and axial resolution and quality. Use
a microscope with filters optimized for your choice of fluoro-
chromes. Band-pass filters which collect emissions within a
specific range may be more useful than long-pass filter sets
which collect all emissions past a certain wavelength. The
narrower the range of the band-pass filter, the better it can
separate fluorophores with close emission spectra. Make sure to
take only high-quality images with all segments of the image in
focus. Always work with the optimal “Nyquist” resolution that
most confocal microscope will suggest by default. Image anal-
ysis can turn image information into quantitative data, but it
cannot do miracles: garbage-in-garbage-out.

24. To reattribute channel numbers to nuclei, α-SMA and phalloi-
din in the macro, open the respective macro in Fiji. Search for
all comment text containing “//Change channel here” and
edit preceding text. For instance, “run(“Duplicate. . .”, “dupli-
cate channels ¼ 3-3 title ¼ Nuclei”)” will become “run
(“Duplicate...”, “duplicate channels ¼ 1-1 title ¼ Nuclei”),”
if your nuclear staining is in channel 1 instead of channel 3.

25. Some commercial software uses pyramidal file formats rather
than storing individual image files (e.g., LIFF formats from
Leica microscopes). These formats cannot be directly read by
the Fiji Bioformats plugin. One solution is to batch export
3-channel images from the commercial software as TIF files,
which will be recognized and processed by the macros. See
Note 26 for important limitations and danger of this approach.

26. ATTENTION!!! From three-channel images with a red, green,
and blue channel, commercial image acquisition software will
be able to export RGB TIF images, where every color channel
contains one “clean” 8-bit (grayscale) image of your respective
staining. However, any other RGB TIF images may have infor-
mation of one structure appearing in multiple channels (e.g.,
nuclei may appear in the green and blue channel). You will not
be able to quantify these images. You also cannot use TIFF
images that have been produced from more than three original
channels. One quick test for the suitability of RGB images for
quantification is as follows: Open RGB TIF image with Fiji.
Then: “Image!Color! Split channels.” If the resulting three
8-bit grayscale images do not contain perfectly separated
α-SMA, F-actin, and nuclei signals, DO NOT PROCEED
with quantification.

27. The macro “CellAnalysis_ManualROI.ijm” requires the user
to manually outline cells based on a blurred image of the
phalloidin channel (Fig. 3b, “Macro 1”). Do not forget to
press the key “t” on your keyboard after drawing every outline
(ROI). Intensity and alignment (coherency) of α-SMA-positive
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structures will be measured only over the defined ROIs. Con-
sequently, including too much cell-free area can skew the
results—rather go smaller than too large with your ROIs.
This macro provides highest control over the analysis but is
also the most time-consuming.

28. The macro “CellAnalysis_Individual.ijm” will process all
images in the defined folder without any user input (Fig. 3b,
“Macro 2”). It is critical that cells in the image do not touch to
be recognized as individual cells. Touching cells will be recog-
nized as one ROI (i.e., cell) and treated as such. This may be
acceptable in conditions where there is little heterogeneity in
α-SMA expression within one picture.

29. The macro “CellAnalysis_Voronoi.ijm” is to be used with care
and only with 100% confluent cultures if your biological ques-
tion does not allow working with lower cell densities (Fig. 3b,
“Macro 3”). At high cell densities, it may not be possible to
discriminate cell boundaries even by eye and manually drawing
ROIs will become arbitrary in addition to be very time-
consuming. This macro is based on the principle that individual
nuclei will be automatically detected and used to segment the
image into ROIs where nuclei are at equal distances. ROIs do
NOT correspond to single cells in this approach but to image
segments and respective data will have to be reported accord-
ingly. This macro is highly dependent on proper detection of
nuclei and you may need to adjust the respective parameters
(see Note 31).

30. Another option to analyze highly confluent cultures is “ignor-
ing” heterogeneity of α-SMA between different cells within
one image field. Using the macro “CellAnalysis_Individual.
ijm” on dense cultures will generate one ROI that outlines all
cells within the image. This is the only condition, where you
should divide α-SMA intensity and coherency by the total
nuclear count in the image if you chose to normalize for cell
numbers (seeNote 33). The outcome of this analysis will be the
average α-SMA intensity and coherency over all cells in the
image.

31. The macros are designed to allow different conditions and
image resolutions. However, they may not serve all resolu-
tions/magnifications, illuminations, signal-to-noise ratios
equally well. You may be required to adjust parameters within
the macro code. Critical procedures are “setAutoThreshold
(“thresholding_type dark”)"; “Analyze Particles. . .”, “size¼0-
Infinity exclude add”); (“Gaussian Blur. . .”, “sigma¼10”) and
parameters in italics may need to be changed. The reader is
referred to the numerous Fiji forums and the Fiji help function
for more details.

42 Fereshteh S. Younesi et al.



32. All macros generate data for the following parameters (identi-
fier in column B): α-SMA intensity (suffix “-alphaSMA” in
column B) which ignores whether α-SMA signal is diffuse or
structured; coherency (suffix “-Coherency” in column B),
which is a measure of fibrous structure, alignment, and inten-
sity; and nuclei count per image (suffix “-Nuclei” in column B).
Numbers following the colon in column B identify the individ-
ual ROIs. The continuous logging of data into rows may not
be conducive to subsequent data analysis but restructuring is
simple in Excel by using the identifiers in column B: (1) Insert
empty column right of column B and then select column
B. (2) In the “Data” tab, select “text to
columns”!Delimited!next!other: ‘:’!Finish. (3) Insert
empty column right of column B and then select column
B. (4) In the “Data” tab, select “text to
columns”!Delimited!next!other: ‘-’!Finish. (5) Select full
table and in the “Data” tab, select “Sort”!sort by column
C!OK. Take it from there.

33. IMPORTANT: Divide the number of α-SMA stress-fiber-posi-
tive or -negative ROIs by the number of ROIs in the image,
NOT by the nuclear count per image which will be different if
not all cells in the image are outlined by ROIs. “Coherency” is
a relative parameter and absolute values will vary according to
your imaging conditions. Be aware that any calibration step to
threshold for α-SMA stress fiber-positive content in ROIs will
introduce some user bias. You can reduce bias by asking a
“blinded” (but not blind) colleague to identify α-SMA stress
fiber-positive cells in the calibration image. Proper reporting of
your chosen criteria and consistent application of these criteria
across compared conditions will be essential. For an unbiased
approach, you may report histograms with cells falling into
classes of coherency value ranges. Alternatively, calculate
averages of the raw coherency values per condition and express
your results as percentage (x-fold) of your biological control.

34. Multiple tissue components such as red blood cells, elastin, and
collagen can generate strong fluorescent signals making it dif-
ficult to discern between specific signal and background. With-
out proper controls, complex background autofluorescence
can lead to misinterpretation of image data and generation of
false positive results. Always include a negative control which
incubated only with secondary antibody.

35. Search for comment text containing “//Change channel here”
and change to the channel you want. For instance, “run
(“Duplicate. . .”, “title¼alphaSMA duplicate channels¼200)”
will become “run(“Duplicate. . .”, “title¼alphaSMA duplicate
channels¼1”),” if your α-SMA staining is in channel 1 instead
of channel 2.
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36. The macro also offers an automated threshold function to
exclude areas from the analysis that are not covered by tissue
(negative in all channels). To activate this function, remove “/
*” and “*/” as described in the line 42 in the macro “Tissue
Analysis_exclusionROIs.ijm.” Change the threshold value
depending on your image sets. Try with the average threshold
value of your images.
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Chapter 4

Fibroblast and Myofibroblast Subtypes: Single Cell
Sequencing

Hesham Soliman, Lin Wei Tung, and Fabio M. V. Rossi

Abstract

The stroma constitutes the structural framework of an organ and plays crucial roles in health and following
organ damage. The major player of the stroma with respect to extracellular matrix deposition, maintenance,
and remodeling is the fibroblast and its activated derivative, the myofibroblast. It has long been recognized
that there is considerable variability to the fibroblast phenotype. The recent advent of new single cell
“omics” technologies has revolutionized our understanding and appreciation of cellular heterogeneity of
fibroblasts been revolutionized. With these tools, the nature and defining characteristics of the cells
comprising the stroma is finally being defined not just through a few markers, but by taking a wholistic
look at transcriptional programs. It is now apparent that stromal cells are not only transcriptionally diverse,
but also functionally, epigenetically, and spatially heterogeneous. Studying populations at single cell
resolution has enabled identification of new clusters of cells with unique transcriptional signatures. Whether
these clusters truly represent distinct subpopulations or different states of the same population remains to
be clarified. In this chapter, we first describe a procedure for purification and preparation of a single cell
suspension from tissue samples (in this case the heart) for single cell RNA sequencing. We also describe
preparation of high-quality tissue sections for spatial transcriptomics. Secondly, we outline a workflow for
computational analysis of single cell RNA sequencing and spatial transcriptomics data, as well as integrating
them together, to explore the heterogeneity within fibroblasts/myofibroblasts and identify different sub-
types and their locations in the heart.

Key words Single cell RNA sequencing, Spatial transcriptomics, Fibroblasts and myofibroblast sub-
sets, Visium, 10� Genomics, Computational analysis, Heart

1 Introduction

Fibroblasts and myofibroblasts play a key role in health and disease
as the main extracellular matrix (ECM)-producing cells. The ECM
not only provides structural support to maintain the integrity of the
organ, but also plays essential roles in inter- and intracellular signal-
ing either by transducing biochemical or mechanical cues [1–
5]. Myofibroblasts were first identified by Giulio Gabbiani and
coworkers in 1971 [6] as ECM-producing cells that also possess a
contractile phenotype and are usually characterized by the
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expression of alpha smooth muscle actin (α-SMA) [7]. These cells
are induced in granulation tissue following injury and are believed
to be generally absent in healthy undamaged organs [8].

The diversity of fibroblasts has been described since long ago,
especially those derived from different organs. Although it was
quite evident that fibroblasts possessed discriminating organ-
specific properties [9], an appreciation of fibroblast heterogeneity
within organs and tissues developed only recently with the advent
of newer technologies. Results generated with these new technol-
ogies support that fibroblasts are functionally, transcriptionally,
epigenetically, and spatially heterogeneous within the same organ.
This heterogeneity increases even more following damage [2, 9].

Single cell RNA sequencing (scRNAseq) has the ability to
transcriptionally profile each cell separately using different
approaches, unlike bulk RNA sequencing where the readout of
any gene is an average of all cell populations, including populations
that may not even express the gene [10–12]. Additionally, scRNA-
seq enables unbiased clustering of cell populations into transcrip-
tionally distinct clusters, which facilitates dissecting heterogeneity
and identification of rare populations or multiple activation, meta-
bolic, and functional cell states within the same population [10–
13]. Moreover, cell lineage relationships between different clusters
may be inferred by performing trajectory analysis [12–16].

There are several different platforms for performing scRNAseq,
each with its own advantages and disadvantages [11, 12]. One of
the most important differences among the various techniques is the
extent of transcript coverage. While there are methods that produce
(nearly) full-length transcript coverage, such as SMART-seq [2],
SUPeR-seq, and MATQ-seq, other techniques cover only the 30,
such as Drop-seq, InDrop, chromium sequencing, Cel-seq [2], and
SPLiT-seq, or only the 50 end such as STRT-seq [17–24]. Full-
length scRNAseq methods are more appropriate for studying alter-
native splice variants, transcriptome annotation, and analysis of
allele-specific expression using single nucleotide polymorphisms
owing to the superiority of their transcript coverage
[11, 12]. These methods, especially SMART-seq2 and MATQ-
seq, also seem to possess greater sensitivity as they can detect a
greater number of genes per cell, as well as lower dropout proba-
bility, the probability of failing to detect a gene that is biologically
expressed in a cell due to technical limitations [11]. Conversely, 30

and 50 end RNA sequencing protocols sacrifice full-length coverage
in order to substantially increase the throughput of library genera-
tion by orders of magnitude using multiplexing cDNA amplifica-
tion after tagging cells with cell-specific barcodes [17–19, 21,
25]. This approach also permits the use of unique molecular iden-
tifiers (UMI), which are unique random oligonucleotide tags that
label individual mRNA molecules, enabling their detection and
quantification. Use of UMI is very important to identify amplified
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fragments and therefore correct for amplification bias [26]. Similar
to UMIs, cell hashing, a recently established method of “multiplet”
detection by Stoeckius et al., further reduces errors arising from
pooling samples in droplet-based systems [27]. Prior to sample
pooling, cells are labeled with sample-specific hashtag antibodies
against surface proteins. Sequencing of these hashtag oligoes
(HTOs) will distinguish cross-sample multiplets from singlets. In
addition, 30 and 50 end sequencing methods reduce sequencing
costs per cell compared to full-length protocols [11]. This advan-
tage, in addition to their higher throughput, makes them more
suitable for identification of rare subpopulations in complex tissues
in health and disease. In this chapter, we focus on the 10� Geno-
mics Chromium™ system as it is the most commonly used platform
optimized for high throughput and cost effectiveness [11].

2 Materials

Prepare all solutions using ultrapure water and analytical grade
reagents.

2.1 Digestion

of Heart to Purify

Myo(Fibroblasts)

1. Platelet-derived growth factor receptor alpha (Pdgfra)
H2BeGFP mice, B6.129S4-Pdgfratm11(EGFP)Sor/J (Jax
stock number 007669), or C57Bl/6J mice (Jax stock number
000664).

2. Surgical tools.

3. Avertin (tribromoethanol): Prepare a 1.25%, v/v working solu-
tion by mixing 2.5 g of 2,2,2-tribromoethanol with 5 mL of
tert-amyl alcohol and dissolving it in 200 mL of water using a
magnetic stirrer. Make sure the tribromoethanol is fully dis-
solved. This probably may take overnight stirring. The pH of
final working solution should be >5; pH <5 is toxic.

4. 10 mL syringes.

5. 1 mL syringes.

6. Syringe needles 23 gauge (G) or 26G.

7. Centrifuge.

8. Tube rotator.

9. Phosphate-buffered saline (PBS), pH 7.4: To prepare 1 L of 1�
PBS, dissolve 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and
0.24 g KH2PO4 in 800 mL of ultrapure water. Adjust pH to
7.4 using HCl and complete to 1 L with ultrapure water.

10. N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid
(TES) buffer: 50 mM TES, titrated with NaOH to reach
pH 7.4 and then sterile filtered.
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11. Hank’s balanced salt solution (HBSS): dissolve 8.0 g NaCl,
0.4 g KCl, 0.14 g CaCl2, 0.1 g MgSO4l7H2O, 0.1 g
MgCl2�6H2O, 0.06 g Na2HPO4.2H2O, 0.06 g KH2PO4,
1.0 g glucose, and 0.35 g NaHCO3 in 1000 mL of ultrapure
water and sterile filter.

12. HEPES-buffered saline: 50 mM HEPES/KOH, 150 mM
NaCl, pH 7.4.

13. Ice.

14. Collagenase from Clostridium histolyticum type II solution:
prepare solution in phosphate-buffered saline (PBS; pH 7.4) or
N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid
(TES) buffer containing 50 mM TES (pH 7.4). Dissolve
enough powder to make a solution with activity of 2.5 collagen
digestion units (CDU)/mL. Sterile filter with 0.22μm mem-
brane filter (see Note 1).

15. Collagenase D from Clostridium histolyticum solution: pre-
pare solution in phosphate-buffered saline (PBS; pH ¼ 7.4) or
Hank’s balanced salt solution (HBSS). Dissolve enough pow-
der to make a solution with activity of three collagen digestion
units/mL. Sterile filter with 0.22μm membrane filter (see
Note 2).

16. Dispase II solution: dissolve the lyophilized dispase II enzyme
in HEPES-buffered saline (50 mM HEPES/KOH pH 7.4,
150 mM NaCl) to make a working solution with activity of
2.4 U/mL (see Note 2). Sterile filter with 0.22μm membrane
filter (see Note 3).

17. CaCl2 solution: prepare a 10 mM stock (100�) solution in
water. Sterile filter with 0.22μm membrane filter and aliquot
and store at room temperature. Solutions are stable for up to
6 months at room temperature.

18. 40μm cell strainers.

19. Fluorescence-activated cell sorting (FACS buffer): prepare in
PBS by adding 2 mM EDTA and 2% fetal bovine serum (FBS).
Sterile filter with 0.22μm membrane filter. Solutions are stable
for up to 1–2 weeks at 2–8 �C. Store FBS at �20 �C.

20. 15 mL and 50 mL cylindrical tubes.

21. Siliconized centrifuge tubes.

22. Disposable bulb pipettes.

23. Eppendorf tubes (1.8 mL and 0.2 mL).

24. Hemocytometer.

25. Trypan blue solution: 0.4% solution prepared in PBS and sterile
filtered.
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2.2 Fluorescence-

Activated Cell Sorting

(FACS) of (Myo)

Fibroblasts

for scRNAseq

1. FACS machine.

2. Polypropylene 5-mL round-bottom FACS tubes.

3. Polystyrene 5-mL round-bottom FACS tubes with cell strainer
snap caps.

4. Hoechst 33342 solution: prepare in ultrapure water as 20 mM
stock solution and dilute to a 4μMworking solution. Solutions
could be stored for up to 6 months at 2–8 �C. Store in �20 �C
for longer durations. Protect solutions from light (seeNote 4).

5. Propidium iodide (PI) solution: prepare in ultrapure water as
1 mg/mL stock solution and dilute to 1–2μg/mL working
solution. Solutions could be stored for at least 6 months at
2–8 �C. Store in�20 �C for longer durations. Protect solutions
from light (see Note 5).

6. Sorting media: prepare with Dulbecco’s minimum essential
medium (DMEM) supplemented with 20% FBS, 2 mM L-glu-
tamine, 1% (v/v) penicillin/streptomycin.

7. Fluorochrome-conjugated anti-CD45-APC or anti-CD45-
FITC antibody (clone 30-F11, 1:500 and 1:1000,
respectively).

8. Fluorochrome-conjugated anti-CD31-APC or anti-CD31-
FITC antibody (clone MEC13.3, 1:300).

9. Barcoded hashing antibodies against mouse major histocom-
patibility I (MHC I) and CD45 proteins (Totalseq®, A301-
A304, Biolegened; 1μg/106 cells in 100μL volume).

2.3 Preparation

of Tissue Sections

for Spatial

Transcriptomic

Profiling

1. Platelet-derived growth factor receptor alpha (Pdgfra)
H2BeGFP mice, B6.129S4-Pdgfratm11(EGFP)Sor/J (Jax
stock number 007669), or C57Bl/6J mice (Jax stock number
000664).

2. PBS.

3. Ice.

4. Disposable plastic cryomold.

5. Optimal cutting temperature (OCT) compound, which is a
medium for frozen tissue specimens to ensure optimal cutting
temperature.

6. Metal canister.

7. Isopentane.

8. Liquid nitrogen.

9. Sealable plastic bag.

10. Cylindrical slide holder with a tight cap.

11. Paintbrush.

12. Anti-roll plate.

13. Visium® spatial gene expression slide.
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2.4 Computational

Analysis of scRNAseq

and Spatial

Transcriptomics

to Identify Fibroblast

Subsets

All the computational analyses in the rest of this chapter are per-
formed in R, with required packages and sample data.

1. R language and environment for statistical computing and
graphics: available as free software to download from the offi-
cial website of R project: https://www.r-project.org/.

2. Download R language version 3.4 or later.

3. RStudio: an integrated development environment (IDE) for R
that can be downloaded from: https://rstudio.com/products/
rstudio/.

4. Seurat: R toolkit for single cell transcriptomic analysis is
designed for the quality control and analysis of scRNAseq
data, as well as integrating scRNAseq data with other types of
data such as spatial transcriptomics to explore cellular hetero-
geneity [16, 28]. Seurat package version 3.2 or above is
required for spatial transcriptomic analysis and is available on
Comprehensive R Archive Network (CRAN): https://cran.r-
project.org/.

3 Methods

3.1 Digestion

of Heart to Purify

Myo(Fibroblasts)

1. Induce terminal anesthesia in the mouse by injecting Avertin
(tribromoethanol; 400 mg/kg) intraperitoneally and wait until
animal reaches surgical anesthesia. Test reflexes by toe pinching
(see Note 6).

2. Make a small vertical incision inferior to the xiphoid process
and cut through skin and muscle. Gently cut through dia-
phragm and ribs in the way to expose the heart.

3. Make a small incision in the right atrium and gently perfuse the
heart with 5–10 mL of cold PBS by inserting a syringe needle
(preferably 23–26 gauge) in the left ventricle through the apex
(see Note 7).

4. Gently excise the heart, rinse in cold PBS on ice, remove atria if
not needed, and clean from surrounding attached tissues.

5. Gently cut the ventricles into 2–3 mm pieces and place them in
an Eppendorf tube (see Note 8).

6. Activate the collagenase type II solution by adding 10μL of
10 mMCaCl2 for every 1 mL of enzyme solution. Mix well and
add 500μL per heart of the activated enzyme solution to the
cardiac tissue pieces.

7. Incubate at 37 �C for 30 min while gently rotating using a tube
rotator.

8. After the 30 min incubation, gently mechanically dissociate/
loosen any undigested tissue and mix the tissue (see Note 9).

54 Hesham Soliman et al.

https://www.r-project.org/
https://rstudio.com/products/rstudio/
https://rstudio.com/products/rstudio/
https://cran.r-project.org/
https://cran.r-project.org/


9. Add 5 mL of ice-cold PBS and centrifuge at 850 rpm for 5 min
at 4 �C to pellet the cells, then decant the supernatant.

10. Repeat step 9 one more time.

11. During the spinning step, mix 500μL of collagenase D solution
with 500μL of dispase II solution per heart and activate by
adding 10μL of 10 mM CaCl2 for every 1 mL of the collage-
nase D/dispase II solution.

12. Resuspend the cells in the collagenase D/dispase II solution
(1 mL per heart) and incubate for 60 min at 37 �C while gently
rotating using a tube rotator (see Note 10).

13. After 60 min, add 5 mL of FACS buffer and mix gently but
thoroughly with a disposable bulb pipet (see Note 11).

14. Filter the cell suspension through a 40μm cell strainer placed
on top of a 50 mL conical tube.

15. Wash the tube where the cell suspension was in and the cell
strainer with another 5 mL of FACS buffer and add them to
the cell suspension.

16. Centrifuge at 500 � g for 5 min at 4 �C to pellet the cells, then
decant the supernatant (see Note 12).

17. Repeat step 16 one more time.

18. Proceed immediately with the FACS protocol detailed below.

3.2 Fluorescence-

Activated Cell Sorting

(FACS) of (Myo)

Fibroblasts

for scRNAseq

1. Incubate with the conjugated CD45 and CD31 antibodies in
2 mL of FACS buffer for 20–30 min on ice (see Note 13).

2. Wash twice with FACS buffer, spinning at 500 � g for 5 min at
4 �C and decanting supernatant after each wash.

3. Reconstitute cells with 500μL FACS buffer containing
Hoechst 33342 (4μM) and propidium iodide (1 mg/mL)
and incubate for 15 min.

4. Filter the cell suspension into a 5-mL round-bottom FACS
tube with 35μm cell strainer snap cap (see Note 14).

5. Insert the sample in a FACS machine and start acquiring
events. Gate cells based on their forward and side scatter (see
Note 15).

6. Then gate on the PI negative and Hoechst 33342 mid events
(see Note 16).

7. Gate on CD31/CD45 negative and GFP positive (if using
Pdgfra H2BeGFP mice) events and collect those cells. Alterna-
tively, all cells from step 6 may be collected if immune and
endothelial cells are to be included in the scRNAseq. If C57Bl/
6J mice are used instead, then either a fluorescently labeled
anti-PDGFRa antibody could be used or more simply all cells
that are CD31/CD45 negative may be collected. In the latter
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case, identification of fibroblasts would be then performed
computationally by analyzing the RNA sequencing results (see
Note 17).

8. Collect cells in polypropylene or polystyrene 5-mL round-bot-
tom FACS tubes containing 1 mL sorting buffer for a
preliminary sort.

9. Perform a second sort with the collected cells. More stringent
gating strategy and gates should be used this time to increase
purity of the cell suspension and remove debris. If the target
cell population is known to be fragile or cell numbers are low in
case of rare populations, then we recommend omitting the
preliminary sort.

10. Collect cells in 35μL of sterile filtered sorting media in a
microcentrifuge tube.

11. Mix the sorted cell suspension well with trypan blue solution in
a 1:1 ratio. Load 20μL to a hemocytometer and count viable
cells per μL (see Note 18).

12. Calculate the volume required to reach the target number of
cells intended to be recovered and sequenced (see Note 19).

3.3 Preparation

of Tissue Sections

for Spatial

Transcriptomic

Profiling

1. Perform steps 1–4 as described in Subheading 3.1.

2. Once the heart is harvested and washed with cold PBS, make
sure to remove any excess connective tissue and any attached
unwanted tissue.

3. Embed the heart in a disposable plastic cryomold filled with
Optimal cutting temperature (OCT) compound, which is a
medium for frozen tissue specimens to ensure optimal cutting
temperature. Note the heart orientation in OCT (seeNote 20).

4. Freeze the embedded heart by slowly lowering the cryomold
into a metal canister of isopentane chilled by liquid nitrogen
(see Note 21).

5. Store the frozen blocks in a sealable bag at �80 �C overnight
and seal the bag.

6. Prepare the cryostat and mount the tissue block in the correct
orientation for cross-sections (see Note 22).

7. Remove the OCT until the tissue is visible. Resize the tissue
block to nomore than 6.5mm� 6.5 mm by cutting awayOCT
around the tissue (see Note 23).

8. Cut sections of 10μm thickness using an anti-roll plate (see
Note 24).

9. To adhere sections onto the capture area of a Visium slide, the
slide is positioned very close to the section, within a few milli-
meters, while being held from the edges with the thumbs and
middle fingers and the index finger is placed on the back of the
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slide where the 6.5 � 6.5 mm capture area is, to melt the
section as it adheres to the slide. Keep the slide on the cryobar
in the cryostat until sectioning is completed. Use a paintbrush
to carefully move sections on the stage if needed (seeNote 25).

10. Quickly transfer the slides in a sealable conical slide holder to
store at �80 �C (see Note 26).

3.4 Computational

Analysis of scRNAseq

to Identify Fibroblast

Subsets

This section describes a general workflow to analyze scRNAseq data
obtained using the 10� Genomics platform with Seurat. We will
use a dataset that we published recently [14] and is publicly avail-
able (Gene Expression Omnibus [GEO: GSE141929]). The data-
set was generated from scRNAseq of FACS-sorted Pdgfra
H2BeGFP+ cells from healthy hearts and hearts that underwent
left anterior descending coronary artery (LAD) ligation and col-
lected 7 d later. LAD ligation is a model of acute myocardial
infarction that leads to death of myocardium and subsequent
replacement by scar tissue. This injury model also allows the study-
ing of fibroblast and myofibroblast heterogeneity following dam-
age. The workflow provides preprocessing steps, including data
retrieval, HTO demultiplexing, and quality control (QC), followed
by a series of user-dependent exploratory analyses. Principal com-
ponent analysis (PCA) is a linear dimensionality reduction tech-
nique that summarizes data by finding fitted dimensions through a
collection of points while preserving data variance. From the PCA
space, cells are clustered using K-nearest neighbors, an algorithm
that classifies groups of data points based on similarity. Cell clusters
are projected into two dimensions with uniform manifold approxi-
mation and projection (UMAP), a non-linear dimensionality
reduction algorithm, to illustrate global similarity among clusters
[29]. The workflow also provides downstream analyses such as
differential gene expression and various graphical representations
of data.

1. To install the latest version of Seurat, enter in R or RStudio and
perform the command:

install.packages("Seurat")

2. Likewise, install all other required software packages:

install.packages("dplyr")

install.packages("RColorBrewer")

install.packages("ggplot2")

install.packages("cowplot")

3. Load all required packages:

library(Seurat)

library(dplyr)
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library(ggplot2)

library(RColorBrewer)

library(cowplot)

4. Use Read10� to load the feature-barcode matrix outputted by
the 10� Genomics pipeline, Cell Ranger, into R by setting the
directory to the appropriate file location. This will create two
matrices, one for gene expression and the other for HTOs.
Users may skip demultiplexing with HTOs if not applicable
(steps 7–12).

sampleData <- Read10X(data.dir = "E:/Springer review/Sample

data")

5. Optional: If merging or integration of multiple datasets is
required, prefix cell barcodes with sample-specific names as
some may be shared across datasets.

colnames(x = exprData) <- paste("sameplData", colnames(x =

exprData), sep = "_")

colnames(x = HTOData) <- paste("sameplData", colnames(x =

HTOData), sep = "_")

6. Convert the gene expression matrix to a Seurat object with
CreateSeuratObject (see Note 27).

exprData <- CreateSeuratObject(counts = sampleData$‘Gene

Expression‘, min.cells = 3, min.features = 200, project =

"sampleData")

7. Subset the HTO matrix using cell barcodes shared with the
gene expression matrix.

sharedCells <- intersect(colnames(exprData),

colnames(sampleData$‘Antibody Capture‘))

HTOData <- sampleData$‘Antibody Capture‘[, sharedCells]

8. To process HTO data, append the HTO matrix to the Seurat
object using CreateAssayobject and normalize HTOs with
NormalizeData via center log-ratio transformation (CLR).
Compute for HTO thresholds and annotate cells as doublets,
negatives, and singlets with HTODemux (see Note 28).

exprData[["HTO"]] <- CreateAssayObject(counts = HTOData)

exprData <- NormalizeData(exprData, assay = "HTO",

normalization.method = "CLR")

exprData <- HTODemux(exprData, assay = "HTO", positive.quan-

tile = 0.99)

table(exprData$HTO_classification.global)
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9. To visualize HTO levels and annotations, set the active identi-
fication to the highest HTO of each cell and active assay to the
HTO matrix. Cells are identified and allotted to groups based
on the highest HTO detected. HTO levels of each group and
their exclusivity can be visualized with a ridge plot (Fig. 1a).

Idents(exprData) <- "HTO_maxID"

exprData@active.assay <- "HTO"

RidgePlot(exprData, assay = "HTO", features =

rownames(exprData[["HTO"]])[1:4], ncol = 2, group.by =

"HTO_maxID")

10. The distribution of annotations (doublets, negatives, and sing-
lets) can be shown using a violin plot (Fig. 1b).

VlnPlot(exprData, features = "nCount_RNA", pt.size = 0.1, log

= TRUE)

11. To show the relationship between annotations and HTO
levels, HTO-based distance matrix is computed to generate
t-distributed stochastic neighbor embedding (tSNE) plots col-
ored by the HTO identification of each cell together with the
annotation (Fig. 1a, d).

hto.dist.mtx <- as.matrix(dist(t(GetAssayData(object = ex-

prData,

Fig. 1 Demultiplexing with HTOs. (a) Ridge plot depicting the level of HTOs detected across groups. (b) Violin
plot depicting the distribution of HTO annotations. (c) tSNE plot colored by annotations. (d) tSNE plot colored by
HTO groups
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assay = "HTO"))))

exprData_tSNE <- RunTSNE(exprData, distance.matrix = hto.dist.

mtx,

perplexity = 100)

DimPlot(exprData_tSNE, group.by = "HTO_classification.glo-

bal")

DimPlot(exprData_tSNE)

12. To subset out negatives and doublets, set the active identifica-
tion to HTO annotations and filter for singlets with subset (see
Note 28). This marks the end of demultiplexing with HTOs.
Be sure to set the active assay back to gene expression and
return cell identifications to default before moving onto the
next step.

Idents(exprData) <- "HTO_classification.global"

exprData <- subset(exprData, idents = "Singlet")

exprData@active.assay <- "RNA"

Idents(exprData) <- "orig.ident"

13. In addition to HTOs, low-quality cells are filtered out based on
three metrics: number of expressed genes/cell (nFeature_-
RNA), number of total counts/cell (nCount_RNA), and %
mitochondrial gene counts/cell (percent.mt). PercentageFea-
tureSet is used to compute and store percent.mt in the Seurat
object (see Note 29). Distribution of each metric can be visua-
lized with a violin plot (Fig. 2a). Similarly, the relationship
between two metrics can be summarized with a scatter plot
(Fig. 2b). With subset, users may choose thresholds to remove
potential noise/outliers (see Note 30).

exprData[["percent.mt"]] <- PercentageFeatureSet(exprDa-

ta, pattern

= "^mt-")

VlnPlot(exprData, features = c("nFeature_RNA", "nCount_RNA",

Fig. 2 QC of scRNAseq gene expression data. (a) Violin plot summarizing the distribution of QC metrics. (b)
Scatter plot showing the relationship between QC metrics
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"percent.mt"), ncol = 3)

plot1 <- FeatureScatter(exprData, feature1 = "nCount_RNA",

feature2 = "percent.mt")

plot2 <- FeatureScatter(exprData, feature1 = "nCount_RNA",

feature2 = "nFeature_RNA")

CombinePlots(plots = list(plot1, plot2))

exprData <- subset(exprData, subset = nFeature_RNA > 200 &

percent.mt < 10 & nCount_RNA < 25000)

14. Optional: Adaptively-thresholded low rank approximation
(ALRA) is a method based on low-rank approximation for
imputing technical dropouts (transcripts that are expressed,
usually at low levels, but that are not detected by the platform,
10�Genomics platform in this case, and hence assigned a zero
expression value) in scRNAseq data [30], while preserving
genes not biologically expressed (biological zeros) at zero
levels. Here we show the imputed expression for fibroblast
activation protein (Fap), a proposed marker of activated fibro-
blasts [31], is increased by ALRA (Fig. 3a).

exprData.ALRA <- RunALRA(object = exprData)

a&lt;-RidgePlot(exprData, features = "Fap")) + NoLegend()

b&lt;-RidgePlot(exprData.ALRA, features = "Fap")) + NoLegend

()

a + b

Fig. 3 Imputed expression by ALRA. (a) Ridge plot showing the expression of Fap before and after imputation
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15. Count normalization is applied to individual cells using Nor-
malizeData. The default method of normalization involves
standardizing counts per gene to total counts per cell, followed
by scaling to a factor of 10,000 and natural-log transformation.

exprData <- NormalizeData(exprData, normalization.method =

"LogNormalize", scale.factor = 10000)

16. To identify the top variable genes in the dataset, FindVariable-
Features is used. The default method involves variance-
stabilization transformation to compute standardized variance
of gene expression and selects the top 2000 variable genes,
which will be used for PCA in step 19.

exprData <- FindVariableFeatures(exprData, selection.method =

"vst", nfeatures = 2000)

17. Optional: The Seurat workflow also includes several methods
to analyze multiple scRNAseq datasets. In cases where variables
such as experimental conditions are different, integration aims
to identify cells of similar type and state based on mutual
nearest neighbors [16]. This approach establishes pairing of
cells, or “anchors,” across datasets in a shared space (see
Note 31).

anchors <- FindIntegrationAnchors(object.list = list(control,

experimental), dims = 1:20)

exprData <- IntegrateData(anchorset = anchors, dims = 1:20)

18. As a prerequisite for PCA, genes are scaled using ScaleData.
Effects associated with technical features such as
“nCount_RNA” and “percent.mt” can be regressed out if
supplied to the argument “vars.to.regress” (see Note 32).

exprData <- ScaleData(exprData, vars.to.regress = c("percent.

mt",

"nCount_RNA"), features = rownames(exprData), block.size =

2000)

19. To compute PCA, perform RunPCA and plot the percentage
of variance in data explained by each component using Elbow-
Plot (Fig. 4a). The inflection point, the “elbow,” indicates the
number of dimensions where most of the data variance is
captured. This value will be supplied to clustering (step 20)
and dimensionality reduction via UMAP (step 21). In this
workflow, 20 PCs are selected.

exprData <- RunPCA(exprData, features = VariableFeatures

(object =

exprData), npcs = 30, verbose = F)

ElbowPlot(exprData, ndims = 30)
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20. Cluster cells using FindNeighbors and FindClusters (see Note
33). Specify the number of components determined in the
previous step for “dims.” Increasing “resolution” in FindClus-
ters will result in more communities during the optimization of
modularity, and thus increase the number of clusters.

exprData <- FindNeighbors(exprData, dims = 1:20, verbose =

F)

exprData <- FindClusters(exprData, resolution = 0.8, verbose =

F)

21. To portray clusters in two dimensions, UMAP is performed
with RunUMAP, which is subsequently plotted with DimPlot
(see Fig. 5a). Likewise, supply “dims” with the appropriate
number of components. UMAP can also be colored by HTO
identification (Fig. 5b). The separation between HTOs 1&2
versus 3&4 reflects the hashing procedure where cells from
damaged hearts are hashed with 1&2 and those from healthy
hearts are hashed with 3&4.

Fig. 5 Clustering and dimensionality reduction with UMAP. (a) UMAP displaying clustering of cells. (b) UMAP
colored by HTO identification

Fig. 4 PCA. (a) Elbow plot depicting the % of data variability accounted by each PC
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exprData <- RunUMAP(exprData, dims = 1:20, verbose = F)

DimPlot(exprData, reduction = "umap", label = TRUE, pt.size =

1,

repel = T, label.size = 6)

DimPlot(exprData, reduction = "umap", label = TRUE, pt.size =

1,

repel = T, label.size = 6, group.by = "HTO_maxID”)

22. Optional: The processed Seurat object can be saved and loaded
with saveRDS and readRDS, respectively.

saveRDS(exprData, file = "E:/Springer review/Sample

analysis/computed_Seurat_object.rds")

exprData <- readRDS(file = "E:/Springer review/Sample

analysis/computed_Seurat_object.rds")

23. Normalized expression of genes across clusters is best pre-
sented using FeaturePlot to identify cell types and states
(Fig. 6a). Here we show the expression of markers associated
with fibro/adipogenic progenitors (FAPs) and/or their more
fibrogenic progeny, the fibroblasts/myofibroblasts (Fib) [4, 9]
fibroblast.

genesList = c("Pdgfra", "Col1a1", "Postn", "Acta2")

FeaturePlot(exprData, features = genesList, pt.size = 0.25,

reduction = "umap", min.cutoff = 0, max.cutoff = "q99", cols =

c("lightgrey", "blue"), ncol = 2)

24. Names are assigned to the clusters in the order from 0th to nth
cluster and plotted on the UMAP (Fig. 6b). Users may wish to
relevel the annotations to order them on the UMAP (code not
shown).

new.cluster.ids <- c("FAP-1", "Fib-1", "FAP-2", "FAP-3",

"FAP-4",

"Fib-2", "FAP-5", "FAP-6", "FAP-7", "Fib-3", "Fib-4")

names(new.cluster.ids) <- levels(exprData)

exprData <- RenameIdents(exprData, new.cluster.ids)

DimPlot(exprData, reduction = "umap", label = TRUE, pt.size =

1,

label.size = 6)

25. Other plots for visualizing gene expression can be generated as
such (Fig. 7a–c):

# Violin plot

VlnPlot(object = exprData, features = genesList, same.y.lims =

TRUE, sort = F, ncol = 4)

# Ridgeplot

RidgePlot(exprData, features = genesList, same.y.lims = T,

ncol = 4)
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Fig. 6 Assignment of cell type and/or state based on marker expression. (a) Feature plots depicting markers
associated with FAPs and/or fibroblast/myofibroblasts (Fib). (b) UMAP of the annotated clusters
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# Heatmap of scaled genes

DoHeatmap(subset(exprData, downsample = 100), features =

genesList, size = 3)

26. Differential gene expression between selected individual or
groups of clusters is computed with FindMarkers. Arguments
“ident.1” and “ident.2” are used to specify groups of compari-
son. In the example below, FAP-1 is compared with FAP-2. On
the other hand, FindAllMarkers computes for differentially
expressed genes (DEGs) for each cluster vs. all other clusters.
“min.pct” can be adjusted to test for genes expressed by at least

Fig. 7 Different types of visualizations on marker expression. (a) Violin plot displaying normalized expression of
selected markers. (b) Ridge plot displaying normalized expression of markers. (c) Heatmap displaying scaled
expression of markers
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a certain % of cells per cluster. Setting “only.pos” to true will
return only positive DEGs. Users may check the expression of
DEGs on feature plots.

clusterMarkers <- FindMarkers(exprData, ident.1 = c("FAP-

1"),

ident.2 = c("FAP-2"),

min.pct = 0.25, only.pos = T)

allClusterMarkers <- FindAllMarkers(exprData, only.pos =

TRUE,

min.pct = 0.25, logfc.threshold = 0.25, verbose = F)

27. Specific clusters can be subsetted with SubsetData and must be
reanalyzed starting from step 16.

subsettedData <- SubsetData(object = exprData, ident.use = c

("FAP-1", "FAP-2", "FAP-3"))

3.5 Spatial

Transcriptomic

Analysis with Visium

This section describes a workflow for analysis of spatially resolved
RNA sequencing data obtained using the 10� Genomics spatial
transcriptomics platform, Visium. Similar to the workflow on the
analysis of scRNAseq data described in Subheading 3.4, the work-
flow provides steps in processing spatial transcriptomic data, fol-
lowed by basic exploratory analyses. However, instead of log
normalization, a recent normalization method by Hafemeister and
Satija [32], SCTransform, is adopted here. SCTransform models
gene expression with regularized negative binomial regression and
outperforms the standard approach of log normalization as the latter
does not take biological heterogeneity across the tissue into account.
In addition to differential gene expression, the identification of
spatially variable genes (SVGs) across regions of the tissue is also
described. It is important to note that each spot on the Visium slide
does not represent a single cell. In fact, each spot is 55μm in diameter
and may include a variable number of cells depending on the size of
cells in the tissue. We will use a dataset generated from a heart 7 days
after being subjected to ischemic injury by LAD ligation.

1. If all packages are installed as described in Subheading 3.4, load
the required packages:

library(Seurat)

library(dplyr)

library(ggplot2)

library(RColorBrewer)

library(cowplot)

2. First, load the image and filtered gene-spot matrix from the
appropriate directory with Read10�_Image and Load10�_-
Spatial, respectively (see Note 34).

mage_dir <- ’E:/Springer review/Visium sample data/spa-

tial’
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Read10X_Image(image.dir=image_dir, filter.matrix = TRUE)

data_dir <- ’E:/Springer review/Visium sample

data/spatial/gene_spot_matrix’

Spatial_Heart<-Load10X_Spatial(data.dir = data_dir,

assay="Spatial", filename = "filtered_feature_bc_matrix.h5",

slice

= "Spatial_Heart", filter.matrix = T)

3. To observe the variation in the number of expressed genes/
spot (nFeature_Spatial) and number of total counts/spot
(nCount_Spatial) across the dataset, we can look at their
distributions using a violin plot or a spatial feature plot
(Fig. 8a, b).

p1<-VlnPlot(object = Spatial_Heart, features =

c("nFeature_Spatial"), ncol = 2)+FontSize(0)+NoLegend()

p2<-VlnPlot(object = Spatial_Heart, features =

c("nCount_Spatial"))+FontSize(0)+NoLegend()

Fig. 8 QC of Visium gene expression data and PCA. (a) Violin plot summarizing the distribution of QC metrics.
(b) Spatial feature plot displaying QC metrics on the tissue section. (c) PCA elbow plot depicting % data
variability accounted PCs
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plot(p1+p2)

p3<-SpatialFeaturePlot(Spatial_Heart, features =

"nFeature_Spatial", pt.size.factor = 2) + theme(legend.posi-

tion =

"right")

p4<-SpatialFeaturePlot(Spatial_Heart, features = "nCount_Spa-

tial",

pt.size.factor = 2) + theme(legend.position = "right")

p3+p4

4. To normalize data, SCTransform is performed. This function
also substitutes the ScaleData and FindVariableFeatures func-
tions (see Note 35).

Spatial_Heart <- SCTransform(Spatial_Heart, assay = "Spatial",

verbose = FALSE)

5. Next, PCA is computed on the SCTassay, which stores normal-
ized counts after SCTransform. To optimize the number of
PCs for downstream steps, plot the % data variance accounted
by PCs with ElbowPlot (Fig. 8c).

Spatial_Heart <- RunPCA(Spatial_Heart, assay = "SCT",

verbose = FALSE)

p5<-ElbowPlot(object = Spatial_Heart, ndims = 50)

p5

6. Visium spots are clustered using the FindNeighbors and
FindClusters functions.

Spatial_Heart <- FindNeighbors(Spatial_Heart, reduction =

"pca", dims = 1:20, nn.method = "rann", annoy.metric =

"euclidean")

Spatial_Heart <- FindClusters(Spatial_Heart, verbose = FALSE)

7. To project clusters into two dimensions, RunUMAP is per-
formed, followed by DimPlot and SpatialDimPlot to plot clus-
ters on the UMAP and tissue section, respectively (Fig. 9a) (see
Note 36).

Spatial_Heart <- RunUMAP(Spatial_Heart, reduction = "pca",

dims =

1:20, verbose = FALSE)

p6 <- DimPlot(Spatial_Heart, reduction = "umap", label =

TRUE,

pt.size = 1, label.size=6) + NoLegend()

p7 <- SpatialDimPlot(Spatial_Heart, label = T, label.size =

4,

crop = T, alpha = c(0.1, 1.5), pt.size.factor = 2, stroke =

0.1) +

NoLegend()

p6+p7
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8. To visualize each cluster separately, we can supply the argument
“cell.highlight” in SpatialDimPlot with cluster annotations
(Fig. 9b).

SpatialDimPlot(Spatial_Heart, cells.highlight =

cellsByIdentities(object = Spatial_Heart), facet.highlight =

TRUE,

crop = T, ncol=3,alpha = c(0.1, 1.5), pt.size.factor = 2, stroke

=

0.5)

Fig. 9 Clustering, UMAP, and annotated tissue section. (a) UMAP displaying clustering of spots (left) and tissue
section overlaid with clustered spots (right). (b) Highlighting spots of each cluster on the tissue section
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9. Normalized expression of marker genes described in Subhead-
ing 3.4 can be explored with FeaturePlot and SpatialFeature-
Plot (Fig. 10a, b).

genesList = c("Pdgfra", "Col1a1", "Postn", "Acta2")

p8 <- SpatialFeaturePlot(object = Spatial_Heart, features =

genesList, alpha = c(0.1, 1.5), crop = T, pt.size.factor = 2,

stroke = 0.1, max.cutoff = "q99", combine = F)

for(i in 1:length(p8)) {

p8[[i]] &lt;- p8[[i]] + scale_fill_gradient(low= "yellow",

high =

"red3")

}

cowplot::plot_grid(plotlist = p8)

FeaturePlot(Spatial_Heart, features = genesList, pt.size =

0.25,

reduction = "umap", min.cutoff = 0, max.cutoff = "q99", cols =

c("lightgrey", "blue"), ncol = 2)

10. To determine DEGs among clusters, FindMarkers is applied.
In the example below, DEGs in cluster 4, the infarction zone,
are obtained from the comparison against all other clusters.
However, groups can be specified if supplied to both “ident.1”
and “ident.2.” The expression of DEGs is checked with Spa-
tialFeaturePlot and FeaturePlot. Only the top 6 DEGs are
plotted here (Fig. 11a, b).

Spatial_Heart_c4 <- FindMarkers(Spatial_Heart, ident.1 =

4,

verbose = F)

p9<-SpatialFeaturePlot(object = Spatial_Heart, features =

rownames(Spatial_Heart_c4)[1:6], alpha = c(0.1, 1.5), max.

cutoff =

"q99", combine = F)

for(i in 1:length(p9)) {

p9[[i]] &lt;- p9[[i]]+scale_fill_gradient(low = "yellow",

high =

"red3")+theme(legend.position = "right")

}

cowplot::plot_grid(plotlist = p9)

FeaturePlot(Spatial_Heart, features =

rownames(Spatial_Heart_c4[1:6,]), pt.size = 0.25, reduction =

"umap", min.cutoff = 0, max.cutoff = "q99", cols = c("light-

grey",

"blue"), ncol = 3)

11. To determine SVGs, FindSpatiallyVariableFeatures is applied.
Likewise, their expression is checked with SpatialFeaturePlot
and FeaturePlot. Only the top 8 SVGs are plotted here
(Fig. 12a, b).
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Fig. 10 Visualizing the expression of markers. (a) Feature plots depicting the expression of markers on UMAP.
(b) Expression of markers depicted on the tissue section
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Fig. 11 Visualizing the expression of DEGs. (a) Feature plots depicting the expression of the top six DEGs in
cluster 4 on the UMAP. (b) Expression of DEGs on the tissue section
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Fig. 12 Visualizing the expression of SVGs. (a) Feature plots depicting the expression of the top eight SVGs in
cluster 4 on the UMAP. (b) Expression of SVGs on the tissue section
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Spatial_Heart <- FindSpatiallyVariableFeatures(Spatial_-

Heart,

assay = "SCT", features = VariableFeatures(Spatial_Heart)

[1:1000],

selection.method = "markvariogram")

Heart_var <- head(SpatiallyVariableFeatures(Spatial_Heart,

selection.method = "markvariogram"), 8)

p10<-SpatialFeaturePlot(Spatial_Heart, features = Heart_var,

alpha = c(0.1, 1.5), combine = F)

for(i in 1:length(p10)) {

p10[[i]] &lt;- p10[[i]] + scale_fill_gradient(low= "yellow",

high

= "red3")+theme(legend.position = "right")

}

cowplot::plot_grid(plotlist = p10, ncol = 4)

FeaturePlot(Spatial_Heart, features = Heart_var, pt.size =

0.25,

reduction = "umap", min.cutoff = 0, max.cutoff = "q99", cols =

c("lightgrey", "blue"), ncol = 4)

12. Optional: If multiple Visium datasets are present and the user
wishes to compare them, they can be merged with the merge
function after SCTransform. Prior to merging, we add a new
column called “group” to the metadata of each object to
distinguish them after merging. Here we merge the section
processed above with another section from the same damaged
heart and compute for the top variable genes separately before
appending to the merged object. This second section derived
from an area closer to the apex of the heart (see Note 37).
Steps 5–9 are repeated with the merged object (code not
shown) (Fig. 13).

Spatial_Heart@meta.data$group <- "Spatial_Heart"

Spatial_Heart2@meta.data$group <- "Spatial_Heart2"

Spatial_Heart_merge <- merge(Spatial_Heart,Spatial_Heart2)

VariableFeatures(Spatial_Heart_merge) <-

c(VariableFeatures(Spatial_Heart),

VariableFeatures(Spatial_Heart2))

13. Optional: Clusters of interest in a merged object can be sub-
setted and examined in the absence of other clusters. In the
example below, clusters associated with the infarction and peri-
infarction zones are subsetted (Fig. 14a) (see Note 38).

Infarction <- subset(Spatial_Heart_merge, idents = c(4,5,7))

SpatialDimPlot(Infarction, crop = T, label = TRUE, pt.size.

factor = 2, alpha = c(0.1,1.5), stroke = 0.1)
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Fig. 13 Merging of Visium datasets. (a) UMAP of clusters on merged data. (b) UMAP of merged data colored by
tissue section. (c) Clusters projected onto the tissue sections. (d) Expression of markers depicted on the tissue
section
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3.6 Integration

of scRNAseq

and Spatial

Transcriptomics

Datasets

Although each data point consists of multiple cells that fit in indi-
vidual Visium spot, Seurat offers “anchor-based” integration
(described in step 17 of Subheading 3.4) between Visium and
scRNAseq datasets. This involves a probabilistic approach that
transfers information such as cell annotations from a reference
(scRNAseq) dataset to a query (Visium) dataset. In the example
below, we loaded the processed Seurat objects from Subheadings
3.4 and 3.5 (code not shown) and applied integration. These are
data collected from the same time point after LAD ligation.

1. To integrate scRNAseq and Visium datasets, perform label
transfer with FindTransferAnchors and TransferData. This cre-
ates an assay containing the prediction scores that a class (cell
annotation) is mapped to each Visium spot.

anchors <- FindTransferAnchors(reference = exprData, query

=

Spatial_Heart, normalization.method = "SCT")

predictions.assay <- TransferData(anchorset = anchors, refdata

=

exprData$seurat_clusters, prediction.assay = TRUE,

weight.reduction = Spatial_Heart[["pca"]])

2. Append the prediction assay to the integrated object and set it
as the default assay for downstream analyses.

Spatial_Heart[["predictions"]] <- predictions.assay

DefaultAssay(Spatial_Heart) <- "predictions"

Fig. 14 Visualizing subsetted clusters of merged Visium data. (a) Subsetted clusters projected on tissue
sections
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3. Plot the prediction scores for specific cell annotations using
SpatialFeaturePlot. Here, we plot the prediction scores of
selected FAP and fibroblast clusters (Fig. 15a, b).

Fig. 15 Prediction scores of cell annotations. Prediction scores of selected FAP (a) and Fib (b) clusters on the
tissue section
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SpatialFeaturePlot(Spatial_Heart, features = c(“FAP-3”,

“FAP-6”),

pt.size.factor = 2, ncol = 2, crop = TRUE, alpha = c(0.1,1.5),

stroke=0.1, max.cutoff = "q99")

SpatialFeaturePlot(Spatial_Heart, features = c("Fib-1","

Fib-2"),

pt.size.factor = 2, ncol = 2, crop = TRUE, alpha = c(0.1,1.5),

stroke=0.1, max.cutoff = "q99")

4 Notes

1. One collagen digestion unit is defined as the amount that
liberates peptides from collagen from bovine Achilles tendon
equivalent in ninhydrin color to 1μmol of leucine in 5 h at
pH 7.4 at 37 �C in the presence of calcium ions. Calcium
chloride is added fresh just before use to activate the enzyme.
After preparing Collagenase II solution, aliquot and store at
�20 �C.

2. It is recommended that only the amount of lyophilizate needed
for immediate use be reconstituted. The reconstituted Colla-
genase D solution can be stored at �15 to �25 �C for up to
1 week. Avoid repeated freezing and thawing since activity
decreases after reconstitution.

3. One unit of Dispase II is the enzyme activity which liberates
Folin-positive amino acids and peptides (react with Folin-
Ciocalteu reagent) corresponding to 1μmol (181μg) tyrosine
in 1 min under assay conditions at pH 7.5 and 37 �C. Recon-
stituted solutions are stable at 2–8 �C for up to 2 weeks. For
longer storage periods, aliquot and store at �20 �C.

4. Do not use PBS to reconstitute Hoechst 33342 to prepare
stock solution as it may precipitate. However, PBS can be
used to dilute working solutions of Hoechst 33342. Hoechst
33342 is a potential mutagen and should be handled with care.
The dye must be disposed of safely and in accordance with
applicable local regulations.

5. Propidium iodide is a potential mutagen and should be han-
dled with care. The dye must be disposed of safely and in
accordance with applicable local regulations.

6. Avertin is preferred over CO2 and cervical dislocation as we
find that the viability of dissociated cells is much better.

7. This step is best performed quickly to prevent the formation of
intramural clots which reduce the viability of cells. Do not use
forceps while trying to insert the needle in the apex of the heart
as this will damage the outer surface of the heart.
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8. The purpose of cutting into small pieces is to expose as much
tissue as possible to the enzyme solutions. However, do not
exaggerate cutting the heart as this will lead to excessive diges-
tion of tissue when incubated with the enzyme solutions.

9. The purpose of this step is to loosen any undigested tissue to
allow for the second enzyme solution to penetrate and dissoci-
ate further. This step is best done using the flat end of a 1 mL
syringe plunger to gently mash the tissue after putting it in a
small well/dish.

10. Ensure that at the beginning of the second digestion step with
collagenase D/dispase II that you have loose tissue pieces
instead of completely dissociated cells in suspension as this
may lead to over digestion and poor viability.

11. After adding FACS buffer, you may observe that some cells
clump together. If this happens, gently disperse the clump with
a disposable bulb pipet.

12. We find that transferring the cell suspension back to a 15 mL
tube following filtration and before spinning makes it much
easier to observe the cell pellet.

13. 1 mL of cell suspension should contain approximately 1–2 mil-
lion cells.

14. Pre-wetting the filter caps with two drops of FACS buffer is
important to facilitate the filtration step.

15. Fibroblasts are situated between on 25,000–150,000 in the
FSC axis. Gate on events in this range.

16. Viable cells are not permeable for PI. The Hoechst negative
events are probably cell debris and the Hoechst high events are
probably doublets.

17. Anti-PDGFRa antibodies do not always produce satisfactory
staining. Make sure that you use a recently opened vial within a
month that has been properly stored according to the manu-
facturer’s instructions.

18. The recommended cell suspension concentration as specified
by 10� Genomics is 700–1200 cells per μL of at least 70%
viability. If the concentration is lower, spin the cells down at
500 � g for 5 min at 4 �C and adjust volume to reach desired
concentration. If the suspension is too concentrated, add more
sorting media to reach desired concentration.

19. The final volume that contains the desired number of cells
depends on the cell viability, concentration of the cell suspen-
sion, and the efficiency of cell capture in droplets which is
approximately 50–65%. For example, if the target number of
cells for sequencing is 10,000 cells and the cell suspension
concentration is 700 cell/μL with a 70% viability, the volume
needed would be approximately 40μL of cell suspension
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assuming a 50% cell capture. The maximum volume of cell
suspension that could be loaded is 46.6μL but the volume
may change with newer versions of the single cell kit.

20. Be sure to submerge the tissue completely in OCT and remove
any air bubble with a needle to avoid cracks during sectioning.

21. Allow the OCT to freeze slowly from the bottom up. Do not
submerge the cryomold completely until the whole block is
frozen.

22. Begin with a chamber and objective temperature of �20 �C
and �23 �C, respectively, and adjust according to the integrity
of sections. Ensure all tools and slides are precooled in the
cryostat chamber prior to sectioning.

23. Resizing the block is necessary to prevent sections from over-
lapping on the Visium slide, which may interfere with tissue
permeabilization and mRNA capture. If the embedded tissue is
larger than 6.5� 6.5mm, then make an incision in the block to
split the tissue to the required size.

24. If the sections are cracked, increase the objective and chamber
temperature. Likewise, reduce the temperature if the sections
are crumpled. Adjust the temperature until sections appear flat
and undamaged. A slice thickness of 10μm is recommended for
the heart. For other tissues, optimization may be required to
determine the optimum thickness.

25. Avoid any contact with the slide surface. Complete adherence
to the slide may take 15–45 s. Practice with plain glass slides as
needed.

26. Do not expose the slide to room temperature and try to quickly
transfer the slide from the cryostat to the �80 �C freezer,
making sure that the slide holder is closed tightly.

27. Thresholds can be supplied to “min.cells” and “min.features”
to remove lowly expressed genes and cells expressing few
genes, respectively.

28. The default threshold determining HTO detection is set at the
99% quantile for eachHTO. Negatives are cells that do not pass
the threshold on any of the HTO. Singlets are cells that pass
the threshold for one of the HTOs. Doublets are cells positive
for more than one HTO, indicating the presence of multiple
cells in the same gel bead in emulsion (GEM) during library
preparation.

29. percent.mt is an indicator of cell stress and viability. In apopto-
tic/lysed cells, cytoplasmic transcripts are released and
degraded due to disrupted cellular membrane. However, mito-
chondrial transcripts may remain intact within the mitochon-
dria. As a result, partitioning of lysed cells during GEM
formation will likely lead to an increased detection of mito-
chondrial transcripts.
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30. Removal of noise such as low-quality cells and lowly expressed
genes may improve cell clustering. Multiplets, multiple cells
partitioned into the same GEM, are undiscernible from cells in
an activated state as both scenarios may manifest in high cellu-
lar counts. If cell hashing is applied, previous steps on
HTO-based preprocessing will remove multiplets. We recom-
mend users to apply soft thresholds to remove noticeable
outliers.

31. One scenario of applying integration maybe the comparison
between control and experimental datasets, as shown in the
example. Users may also try SCTransform, another workflow
that aims to remove technical differences while maintaining
biological heterogeneity across datasets.

32. By default, ScaleData scales the variable genes identified in step
15 if the “feature” argument is not supplied. Unscaled genes
cannot be plotted on the heatmap, and thus scaling all genes
may be of interest to users. Regression of technical features is
demanding in terms of computational power. Users may
choose to bypass “vars.to.regress” or remove specific technical
feature and examine the differences.

33. Clustering of cells in Seurat applies the K-nearest neighbor
approach on Euclidean distance in PCA space. Iterative group-
ing of cells via Louvain method of community detection is used
to optimize the number of clusters.

34. Unlike scRNAseq data, each data point in Visium data is a spot
rather than an individual cell, and thus the gene expression
matrix manifests as a “gene-spot matrix” rather than a “gene-
cell matrix.” In addition to the gene-spot matrices, the output
of the Space Ranger pipeline includes a spatial folder that
contains the image of the tissue section that was sequenced.

35. The SCTransform function normalizes the data, detects vari-
able features, and stores the data in the SCT assay.

36. The argument “pt.size.factor” determines the size of the spots
on the tissue, the argument alpha determines the minimum
and maximum opacity of the points and the argument stroke
controls the width of the border around the spots.

37. By combining different sections from the same damaged heart,
we can study how gene expression in fibroblasts changes with
the severity of damage at different regions of the heart. Data
for the second tissue section was loaded and processed as that
of the first tissue section.

38. Notice that the cluster numbers have changed when the sec-
tion was merged with another section and re-clustering was
performed so that before combining the infarct zone was
cluster 4, while after merging the infarct zone became cluster 5.
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Chapter 5

Myofibroblast Adhesome Analysis by Mass Spectrometry

Christopher A. McCulloch

Abstract

Myofibroblasts form adhesions to their underlying extracellular matrices, which is an essential step in their
formation and differentiation. These adhesions comprise protein-rich aggregates of a wide variety of
signaling, cytoskeletal, cell adhesion, and matrix proteins that interact with one another to enable bidirec-
tional flow of information between the cell and the surrounding extracellular matrix. The concentrated
repertoire of the proteins in matrix adhesions of myofibroblasts (i.e., over 450 different proteins) and their
important role in regulating the metabolic activities of myofibroblasts, has motivated in-depth analysis of
their protein complement and how this repertoire is influenced by experimental conditions.
In this protocol I describe in detail: (1) the method for isolating focal adhesion-associated proteins using

matrix ligand-bound magnetite beads; (2) the method for eluting the proteins from the beads and their
preparation for mass spectrometry (Fig. 1). I also briefly consider the mass spectrometry methods including
the use of isobaric tags to enable multifactorial experiments and the analysis of the identified proteins. I
consider the advantages of these approaches, and the challenges and pitfalls that are encountered with these
methods.

Key words Focal adhesions, Fibroblasts, Mass spectrometry, Isobaric tags, Signaling, Extracellular
matrix

1 Introduction

Anchorage-dependent cells rely on adhesion to extracellular matrix
ligands for their growth, metabolism, and determination of fate,
which include differentiation pathways. Myofibroblasts are
anchorage-dependent cells that use chemical and mechanical sig-
nals derived from extracellular matrix ligands to inform their for-
mation, function, and future. Many of the signals that flow through
adhesions are dependent on the composition of the protein reper-
toire in the adhesions which these cells express. Therefore, a
detailed understanding of the proteins in adhesions, the so-called
“myofibroblast adhesome,” could enable new insights into the
signaling systems that regulate the metabolism and fate of these
cells.

Boris Hinz and David Lagares (eds.), Myofibroblasts: Methods and Protocols, Methods in Molecular Biology, vol. 2299,
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Cell adhesions exhibit considerable heterogeneity both within
and between different cell types. Indeed, within a single cell after
plating on a specific matrix ligand, there is an ordered repertoire of
proteins that changes over time. The adhesions that form in
response to substrate adherence in cultured cells are called “focal
adhesions,” which are actin-enriched organelles exhibited by a wide
variety of cell types including fibroblasts, endothelial cells, synovio-
cytes, and chondrocytes [1]. Focal adhesions is the collective name
of highly dynamic organelles that mature through stages that
include focal contacts, focal adhesions, and fibrillar adhesions,
each with a distinctive appearance and molecular composition
[2]. This dynamic nature of focal adhesions is readily observed in
fibroblasts adhering to a substratum coated with collagen or fibro-
nectin; the cells will adhere, spread, and form progressively more
“mature” focal adhesions after plating [3, 4].

Fig. 1 Diagram to illustrate the steps involved in the preparation of focal adhesion proteins that can be
analyzed by mass spectrometry. Collagen-coated magnetite beads are incubated with cultured fibroblasts. On
their dorsal surface, cells form focal adhesion-like structures around the fibrillar collagen-coated beads that
can either be based on integrin-mediated attachment or on discoidin domain receptors (DDR, not consid-
ered here). The cells with attached beads are lysed in cytoskeletal extraction and dissociation buffer (CKSB)
and using a permanent magnet, the proteins and cell components that are not part of the adhesion complex
are washed away. Subsequent steps for analysis of the adhesion proteins by mass spectrometry and
functional analysis by siRNA are shown on the lower right. Figure edits by M. Lodyga and B. Hinz (Faculty
of Dentistry, University of Toronto) using Biorender (biorender.com)
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In the context of signaling and the control of the myofibro-
blastic phenotype, it is worth noting that spatial co-localization of
interacting signaling molecules provides a pivotal regulatory locus
for signal transduction. Once thought to be strictly structural
adhesive complexes, focal adhesions are now recognized for their
role in signal transduction [2, 5]. For example, a very large number
of signaling and structural molecules have been detected in nascent
focal adhesions [6, 7], which include the interleukin 1 receptor
[8]. Engagement of interleukin-1RI by interleukin-1β leads to
tyrosine phosphorylation of the focal adhesion proteins talin [9]
and focal adhesion kinase [10]. Interleukin-1-induced Ca2+ flux
and activation of the canonical Ras-Raf-MEK- ERK signaling path-
way also require focal adhesions [11]. These conditions correlate
with maximal interleukin-1-induced activation of the extracellular
signal-regulated kinase activation, secretion of matrix metallopro-
teinases, and promotion of the myofibroblast phenotype itself.

Cognizant of the complex collection of proteins in focal adhe-
sions that contribute to adhesive, structural, and signaling pro-
cesses, we developed specialized fractionation and proteomic
methods to examine the proteins in these structures that regulate
interleukin-1 signaling. We focused on interleukin-1 signaling
because in fibroblasts, chondrocytes, and synoviocytes, the trans-
duction of interleukin-1 signaling relies on the a priori formation of
focal adhesions by the target cells [10]. We first devised a prepara-
tive method to isolate adhesion-associated proteins [12] and tested
the efficacy of this system in the purification of known focal adhe-
sion proteins [13]. We then used this preparative method to look
for novel proteins that were enriched in focal adhesions of fibro-
blasts and discovered that the actin capping protein was indeed
enriched in focal adhesions [7] and played fundamental roles in
regulating focal adhesion-dependent cell migration and collagen
remodeling.

Other methods for preparation of cell adhesions have been
developed and the interested experimentalist should consult the
interesting approach devised by Waterman and colleagues [14] for
a discussion of how this method enables purification of these struc-
tures. We should emphasize here that any preparative method
provides a somewhat biased glimpse into which subset of proteins
may be expressed in the organelle of interest. The method
described here almost certainly does not capture the whole reper-
toire of focal adhesion proteins and may under- or over-report
certain proteins. As is indicated in the accompanying notes section
of this chapter, the interested investigator is encouraged to opti-
mize certain key steps of the protocol for her/his own special needs
and choice of cell type. Notably, the structures that form in
response to collagen or fibronectin-coated beads are not the same
as the structures that form on planar solid supports, such as a glass
surface coated with collagen. Thus, it is probably most accurate to
describe these structures as focal adhesion-like structures.
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2 Materials

We suggest that all solutions that are needed should be prepared
using ultrapure water and analytical grade reagents. All reagents
should be prepared and stored at room temperature unless indi-
cated otherwise. From the standpoint of laboratory safety, it is
essential that all locally applicable regulations for the disposal of
wastes should be followed.

2.1 Coated Bead

Preparations

1. Magnetite (ferric oxide) beads (<5 μm in diameter) (see
Note 1).

2. Bovine type I collagen stock solution: 6 mg/mL (e.g.,
Advanced Biomatrix) in acetic acid, pH ¼ 1. Store at 4 �C,
for bead preparations the final concentration should be
1 mg/mL (see Note 2).

3. NaOH (1 N): used for neutralization of acidified collagen.

4. Phosphate-buffered saline (PBS): 150 mM NaCl, 8.06 mM
Na2HPO4, 1.74 mM NaH2PO4, adjust pH with 1 M NaOH,
0.9 mM CaCl2 to pH 7.4.

5. Electronic particle counting device (e.g., Coulter Channelyzer,
Coulter Electronics, Hialeah, FL).

6. Porcine plasma fibronectin: 1 μg/mL in PBS, pH ¼ 7.4.

7. Bovine serum albumin (BSA): 1 mg/mL in PBS, pH ¼ 7.4.

8. Poly-L-lysine: 1 mg/mL in PBS, pH ¼ 7.4 (see Note 3).

9. Antibodies to detect collagen coating: type I collagen (i.e.,
rabbit anti-bovine antiserum; Fisher Scientific) and a tetra-
methylrhodamine B isothiocyanate-conjugated donkey anti-
rabbit second antibody (e.g., Jackson Laboratories).

2.2 Protein

Preparation

and Elution from

Beads

1. Cytoskeleton extraction and dissociation buffer: 0.5% Triton
X-100, 50 mMNaCl, 300 mM sucrose, 3 mMMgCl2, 20 μg/
mL aprotinin, 1 μg/mL leupeptin, 1 μg/mL pepstatin, 1 mM
PMSF, and 10 mM PIPES, at pH 6.8.

2. Laemmli sample buffer (2�): 4% SDS, 20% glycerol, 0.004%
bromphenol blue, 0.125 M Tris–Cl, pH 6.8, 10%
2-mercaptoethanol, add immediately before use.

3. Carbonate buffer: 25 mM NH4HCO3, pH 7.5.

4. Magnet: high flux density ceramic bar magnet, 600 � 400 � 100

(here purchased form Jobmaster Magnets Canada Inc., 1420
Cornwall, Units 1&2, Oakville, Ontario) (see Note 4).

5. Dulbecco’s minimal essential medium (DMEM) or α-minimal
essential medium (α-MEM) for fibroblast culture.

6. Tabletop vortexer.
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7. Cell culture scraper.

8. Laemmli buffer.

2.3 Preparation

for Mass Spectrometry

1. 10 mM dithiothreitol (DTT).

2. Iodoacetamide solution: (55 mM), prepare fresh immediately
prior to use; protect from light.

3. Trypsin solution: 10 mg/mL in carbonate buffer at pH ¼ 8.0.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Bead

Preparations

1. Collagen solution (1 mL of 6 mg/mL) is neutralized to pH 7.4
with 100 μL of 1 N NaOH. Under these conditions, the
collagen will polymerize around the beads (see Note 5).

2. Magnetite beads (0.4 g) are incubated for 1 h with 1 mL of
bovine type I collagen solution (6 mg/mL) at a final concen-
tration of 1 mg/mL in PBS (pH 7.4) at 37 �C to induce
collagen fibril assembly on beads.

3. The beads are sonicated with a sonifier to eliminate clumps.

4. Analysis of bead size is performed with an electronic particle
counting device (see Note 6).

5. Beads are rinsed in PBS, washed three times, and resuspended
in calcium-free PBS.

6. Verification of collagen coating on beads is performed using an
antibody to type I collagen and a tetramethyl rhodamine B
isothiocyanate-conjugated donkey anti-rabbit second antibody.
Collagen-coated beads are imaged by fluorescence microscopy
to ensure that there is binding of collagen to the beads.

7. For some experiments in which investigators wish to examine
fibronectin-induced focal adhesions, porcine plasma fibronec-
tin can be used at 1 ug/mL in phosphate-buffered saline
(pH ¼ 7.4), which is used for bead incubations with 0.4 g of
magnetite beads. The beads are incubated with the fibronectin
coating solution for 30 min at 37 �C.

8. To facilitate distinction of proteins that are not involved in
specific collagen adhesion, a separate sample of magnetite
beads (0.4 g) are coated with BSA (0.15% in PBS at 37 �C for
30 min).

9. As an additional control, a third sample of magnetite beads is
prepared by incubation with poly-L-lysine (1 mg/mL in PBS at
37 �C for 30 min). This molecule is highly adherent to cells but
does not induce the formation of focal adhesions.
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10. Evaporator or lyophilizer.

11. Reversed phase high-performance liquid chromatography
(RP-HPLC) or ZIP tips (e.g., Millipore).

3.2 Protein

Preparation

and Elution from

Beads

1. Cells of interest (e.g., human gingival fibroblasts or any cell
type that is known to form focal adhesions in culture) are
grown in either α-MEM or DMEM containing 10% fetal
bovine serum and antibiotics. These culture conditions may
need to be adjusted depending on the normal cell culture
requirements of the cells of interest.

2. Prior to the bead incubation step (see below), cells are incu-
bated at ~104 cells per cm2 of culture ware plastic and prefera-
bly in 100 mm diameter dishes for 3 h prior to bead incubation
(see Note 7).

3. Collagen-coated magnetite beads (0.4 g) are incubated for 1 h
with fibroblast cultures (or other cell types of interest). Note
that the beads are gently added to the cells, which means that
they will attach to the dorsal surface of the cells. For compar-
isons with collagen, fibronectin-coated beads may be used here.
For the determination of the specificity of the focal adhesion
preparations, instead of collagen-coated beads, BSA or poly-L-
lysine-coated beads may be used and the data obtained with
these nonspecific controls is compared with the collagen or
fibronectin-coated beads (see Note 8).

4. If investigators wish to examine the effect of a certain cell
treatment (e.g., interleukin-1β, TGF-β) on the myofibroblast
adhesome, then the treatment(s) can be added at this time
directly to the cell cultures.

5. After any treatments are completed, cells are washed twice with
cold (4 �C) PBS to remove unbound or loosely bound beads.

6. A conventional cell culture scraper is used to physically dislodge
the cells with the attached beads from the bottom of the culture
dish. The scraped cells are incubated with cytoskeleton extrac-
tion buffer (1 mL for a 100 mm dish) at 4 �C.

7. The scraped cells and the cytoskeleton extraction buffer are
suctioned from the bottom of the dish, placed in a 1.5 mL
Eppendorf type of tube and vortexed for 30 s with a tabletop
vortexer at room temperature.

8. The beads are isolated from the lysate using a high flux density
magnet in which the pole face of the magnet is placed in direct
contact with the Eppendorf tube (see Note 9). The tube is
maintained in contact with the magnet as the cytoskeleton
extraction buffer is suctioned away.

9. Fresh, 4 �C cold cytoskeleton buffer (1 mL) is added to the
tube, vortexed for 30 s, and the application of the magnet to
the side of the tube is repeated, which is followed by the
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suctioning away of the cytoskeleton extraction buffer. This step
should be repeated so that the beads undergo three separate
wash procedures (see Note 10).

10. The bead-associated proteins produced by this process are
removed by boiling in Laemmli buffer (1 mL) for 10 min.
Proteins can also be eluted from beads using 50 mM glycine
buffer (pH 2.3–2.5) for 36 h. The choice of which procedure
to use will depend upon the extent of protein linearization that
is desired for mass spectrometry, which is greater with the
Laemmli buffer.

11. The beads are separated from the buffer by the application of
the magnet to the side of the tube as indicated in point #
7 above followed by the suctioning away of the Laemmli
buffer.

12. The proteins that are eluted from the beads are dialyzed for
36 h in 1 mL carbonate buffer pH 7.5.

13. The concentration of the protein in the sample tubes is ana-
lyzed with standard, commercially available bicinchoninic acid
(BCA) or Bradford assays.

3.3 Protein Analysis

by Mass Spectrometry

1. It may be necessary, based on the abundance of disulfide bonds
that are anticipated in the proteins of interest, to reduce disul-
fide bonds and to alkylate free cysteine residues (see Note 11).

2. The procedure for reduction of disulfide bonds can be done by
adding DTT to the sample at a final concentration of 10 mM
and incubate for 30 min at room temperature with agitation
(e.g., end-over-end rotation, vortexing, sonication, or
shaking).

3. Add iodoacetamide to a final concentration of 10 mM final and
incubate at room temperature in the dark for 30 min.

4. To create protein fragments that can be analyzed by mass
spectrometry, add trypsin at a final concentration of 1 μg/
20 μg eluted target protein in 1 mL; pH ¼ 8.0 in 1.5 mL
Eppendorf tubes. The protein samples are digested by the
trypsin solution and rotated overnight at 37 �C. Trypsin cleaves
proteins into peptides with an average size of 700–1500 dal-
tons, which is in the ideal range for mass spectrometry (see
Note 12).

5. The digest is allowed to cool to room temperature and the
digestion is stopped by acidification with acetic acid to 0.1%
(vol/vol) followed by air drying with an evaporator or
lyophilizer.

6. Lyophilized samples may be further processed by liquid chro-
matography as is routinely used prior to mass spectrometry to
remove salt (which complicates the mass spectrometry analysis
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of the charged peptides) and reduces the complexity of the
sample. One commonly used method employs reversed-phase
high performance liquid chromatography which concentrates
and desalts intact proteins, either on its own or downstream
from other types of chromatographic separations. Reversed
phase (RP)-HPLC is a popular choice for proteomic work-
flows, as the mobile phases, which are volatile, are compatible
with mass spectroscopy and may also be easily removed via
vacuum centrifugation, if necessary. Alternatively, ZIP tips can
be used to remove salts and Tris, which also complicates the
mass spectrometry analysis.

7. The samples are analyzed by liquid chromatography-
electrospray ionization tandem mass spectrometry system that
is available through most institutional Mass Spectrometry
Facilities. Details on the actual mass spectrometry analysis of
these samples is not discussed in detail here as interested users
should contact their own local facilities and discuss in detail
their biological problem, their expected fractionation approach
(discussed in detail above), and what components of the analy-
sis will be undertaken by the mass spectrometry facility. Some
facilities, for example, will conduct the preparation of the tryp-
tic digests.

8. Scaffold 4.0 (Proteome Software, Portland, OR) is used for
analyzing search results, calculating p values for each peptide
match, matching peptide spectra, and enabling comparison
between the collagen, fibronectin, BSA and poly-L-lysine-
coated bead preparations and other experimental factors,
including soluble cytokines that drive myofibroblast differenti-
ation (e.g., TGF-β) (see Note 13).

9. Data from these runs are analyzed using the National Center
for Biotechnology Information (NCBI) database and the
MASCOT search engine. Scaffold 2.0 proteome software
(Portland, OR, USA) is used to analyze the search results.

10. Only proteins that can be positively identified from the tryptic
peptides with high certainty (>95%) and that show at least a
twofold increase in the number of positively identified peptides
are generally considered worthy of subsequent confirmation
with conventional biochemical (i.e., immunoblot) and/or
immunohistochemical assessments.

4 Notes

1. The use of ferric oxide (magnetite) beads for physical separa-
tion of the focal adhesion-associated proteins is central to this
protocol, and accordingly the choice of the source of the ferric
oxide beads is an important consideration. The ferric oxide
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particles that can be obtained from Sigma provide the highest
ferric oxide content of any manufacturer, but the particle size
distribution is very broad. In contrast, Dynabeads (Fisher Sci-
entific) have much lower ferric oxide content (and therefore
lower magnetic moment) but their size distribution is narrow.
We have prepared focal adhesion proteins using both manufac-
turers’ particles and those produced by Bangs Laboratories
(Fishers, IN) who produce beads of a wide range of different
sizes and with different magnetite content. Because of the
greatly reduced cost of the Sigma beads, it may be worthwhile
starting with these beads, and then depending on the consis-
tency of the focal adhesion protein preparations as determined
by comparisons of the protein complements from replicate
analysis, it may be worth trying more homogeneous-sized
bead populations.

2. Collagen solutions derived from bovine skin or rat tail are
widely available from several different manufacturers (e.g.,
Advanced Biomatrix, Roche). If a working solution of 1 mg/
mL of collagen in aqueous solution can be produced and with
appropriate neutralization, routinely polymerize on the bead
surface, there is no pressing need to try different
manufacturers.

3. Poly-L-lysine and BSA are used as coating solutions to assess
nonspecific protein aggregation to the beads. With any prepar-
ative procedure, there will be considerable nonspecific signals
that are generated which will be more apparent upon analysis of
the bead-associated proteins. This point will be considered later
in the analysis of the proteins that are detected. In our experi-
ence, we have seen classical focal adhesion proteins (e.g., vin-
culin) in beads coated with bovine serum albumin while the
proteins seen with beads coated with poly-L-lysine were consis-
tent with nonspecific adherence since we did not see recruit-
ment of classical, focal adhesion proteins. In addition, if
integrin receptors for the ligand of interest (e.g., collagen) are
limited in the cells undergoing analysis, it is worthwhile plating
the cells on poly-L-lysine prior to the addition of the collagen-
coated beads on the dorsal surfaces of the cells. With this
approach, when collagen receptors are limiting, they are not
involved in cell attachment of the ventral surface of the cell and
are therefore more available for binding to collagen-coated
beads on the dorsal surface.

4. The magnet is used to physically restrict the magnetite beads
(which are covered with focal adhesion proteins) to the side of
the Eppendorf tube during the wash steps. As it is important
that the beads are not inadvertently removed during washing,
the magnet should be powerful enough to retain the beads
firmly in place. The magnets from Jobmaster are ceramic
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magnets and exhibit very high flux density. The Eppendorf
tube can be held right against the side of the magnet during
the washing stage, which will ensure no bead loss.

5. The excessive clumping of beads when bound to the surface of
the cells will compromise the utility of the preparation of the
proteins. Ideally, the beads should be monodisperse [12]. If the
beads are clumping excessively, then the sonification step (Sub-
heading 3.1) should be prolonged and the intensity of the
sonification should be increased until clumping is eliminated.

6. Beads obtained from Sigma typically exhibit a heterogeneous
size distribution with a pronounced modal peak at 5 μm,
although there may be many particles with smaller diameters.
For assessing the size distribution of the beads, if a particle
analyzer is not available, then some estimates of the size distri-
bution can be made with a microscope equipped with a 40�
objective lens.

7. It is not advisable to use closed flasks for these experiments,
which will restrict the use of cell scrapers. Instead, 100 mm
dishes should be used as they have open access for complete
scraping of the cells from the bottom of the dish.

8. Individuals who contemplate the use of this approach for anal-
ysis of the myofibroblast adhesome may wish to establish mul-
tifactorial experiments to improve the specificity of the mass
spectrometry analysis. To improve specificity, it is recom-
mended to include for each experimental run, at least one
nonspecific control using poly-L-lysine and/or bovine serum
albumin-coated beads. Comparisons of the peptide count data
sets from these two controls and extracellular matrix ligand
positive sample (e.g., collagen or fibronectin) will provide
insights into which proteins are specific to the adhesions (i.e.,
present in the collagen or fibronectin bead data) but will not be
seen in the nonspecific controls. This approach can be greatly
extended through the use of tandem mass tag mass spectrome-
try in which isobaric tags [7, 15] are used to label the lysates
from the different experimental groups. Subsequently, data
analysis can be used to quantitatively assess the proteins that
are specifically expressed in focal adhesions.

9. The ceramic magnet is used to generate tensile force that pulls
the magnetite beads to the side of the tube in which the cell
lysates are incubated. For all experiments the pole face of the
magnet is parallel with and in direct contact with the side of the
tube containing the cell lysate. At this distance, the field
strength is ~400 Gauss (G) with a vertical gradient of
~100 G/cm as measured by a fluxgate magnetometer (Job-
master, Oakville, ON).
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10. During adhesion of cells to beads, adhesion-associated proteins
organize around the beads. The nonspecific attachment of
beads to cells is, in the first instance, reduced with the wash
steps. The number of wash steps may need to be optimized
depending on the cell type so that a balance is obtained in
which specific bead attachment is maximized and excessive,
indiscriminate bead detachment is minimized. Further, the
use of the cytoskeleton buffer as described and the magnetic
isolation that is accompanied by additional wash steps needs to
be optimized to enable specific protein attachment to beads,
but without wholesale loss of all bound beads.

11. Reduction and alkylation are not absolutely required prior to
trypsin cleavage but this approach will enhance sequence cov-
erage of the proteins. Further, these treatments will help to
unfold the protein, which facilitates the cleavage. The concen-
trations and incubation times for DTT and iodoacetamide may
vary depending on the amount of protein to be treated but the
usual concentrations are 5–10 mM for DTT and 10–50 mM
for iodoacetamide. Incubation times may range from 5 min to
1 h for the reduction step and 10 min to 1 h for the alkylation
step. The reduction can be performed at room temperature,
37 �C or 56 �C. These parameters will need to be optimized
depending on the nature of the protein sample.

12. The amount of trypsin needed for digestion will vary depend-
ing on the amount of protein that is in the sample and what is
the expected speed of digestion. Many commercial vendors sell
proteomics-grade trypsin in aliquots (e.g., 1–25 μg vials),
which obviate the need to weigh out the enzyme. Second, it
is helpful to reduce the tendency for the trypsin to undergo
autolysis. If this occurs, extra peaks will be added to the mass
spectrometry spectra. It is always a good idea to use the mini-
mum amount of trypsin. In general, a ratio of 1:20 (w/w) will
be enough for complete digestion of 10 μg protein within
4–8 h. If the concentration of protein in the sample is quite
high, or if trypsin cannot easily obtain access to cleavage sites
(e.g., poor solubility), it may help to add a second aliquot of
trypsin. As trypsin activity is optimized at pH ¼ 8.0, the pH of
the solution should be examined prior to the addition of the
enzyme.

13. Depending on the experimental conditions in the culture (e.g.,
addition of vehicle or stimulant of a specific cell function, such
as interleukin-1) and as mentioned above, the bead-associated
proteins can be compared by tandemmass spectrometry. How-
ever, this approach generates considerable uncertainty because,
even with the use of negative control coatings (i.e., poly-L-
lysine, bovine serum albumin), because there are so many
peptides, the probability of correct identification (i.e., >95%)
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may be compromised. However, as described earlier [7], this
problem can largely be overcome in which cultures are differ-
entially labeled with isobaric tags that are specific for each
treatment. Up to 12 different tags (different molecular mass)
are now widely available (e.g., Applied Biosystems) for the
conduct of these types of experiments. Based on these types
of experimental designs and comparative analyses, it is possible
to detect a much smaller population of proteins that are differ-
entially recruited to adhesion complexes under those specific
conditions. The functional importance of the differentially
recruited proteins can be examined by knockdown of specific
proteins using RNA interference of cultured cells. Further,
using specialized imaging methods, such as total internal
reflection fluorescence microscopy, the localization and
recruitment of newly identified proteins into focal adhesion
structures can be examined at very high z-axis resolution in
cultured cells.
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Chapter 6

Myofibroblast TGF-β Activation Measurement In Vitro

Joanne Porte, Gisli Jenkins, and Amanda L. Tatler

Abstract

Myofibroblasts are critical to processes involved in normal wound healing and during pathological fibrosis.
They transdifferentiate from fibroblasts, and in doing so become contractile and capable of secreting large
amounts of extracellular matrix proteins. Transforming growth factor-beta (TGFβ) is a key cytokine
involved in wound healing and fibrogenesis. TGFβ signaling has long been the subject of experimental
therapeutic approaches to inhibit fibrosis in a variety of organ systems. Inhibition of TGFβ can reduce
myofibroblast transdifferentiation, contractility, and matrix production. Importantly, TGFβ is released from
cells and sequestered in the extracellular matrix in a latent form that requires activation for biological
function. There have been multiple mechanisms of TGFβ activation described in a variety of cell types and in
cell free systems; however, myofibroblasts have previously been shown to activate TGFβ via cell surface
integrins, particularly αvβ5 integrins. This chapter will provide detailed protocols for accurately measuring
activation of TGFβ by myofibroblasts in vitro. Levels of active TGFβ usually represent a small proportion of
the total amount of latent TGFβ present in the matrix. Methods to measure active TGFβ therefore need to
be sensitive and specific to detect the active cytokine only.

Key words Integrins, Latent transforming growth factor-β, Latency-associated peptide, Fibrosis

1 Introduction

The ubiquitously expressed cytokine transforming growth factor-β
(TGFβ) is critical to wound healing processes and fibrogenesis. It is
a pluripotent cytokine that has a wide variety of effects ranging from
promoting extracellular matrix production and angiogenesis, influ-
encing cellular proliferation and apoptosis, and suppressing inflam-
mation and the immune system. The crucial role of TGFβ signaling
in fibrosis is highlighted by the many diverse ways in which the
pathway is being targeted as a potential anti-fibrotic therapy [1].

All three mammalian isoforms of TGFβ undergo posttransla-
tional processing during which the pro-peptide is cleaved from the
active cytokine homodimer [2]. The propeptide, also known as the
latency-associated peptide (LAP), binds to the active cytokine
homodimer via a non-covalent interaction, rendering the homo-
dimer inactive. The latent TGFβ complex, also known as the small

Boris Hinz and David Lagares (eds.), Myofibroblasts: Methods and Protocols, Methods in Molecular Biology, vol. 2299,
https://doi.org/10.1007/978-1-0716-1382-5_6, © Springer Science+Business Media, LLC, part of Springer Nature 2021

99

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1382-5_6&domain=pdf
https://doi.org/10.1007/978-1-0716-1382-5_6#DOI


latent complex, then binds to latent TGFβ binding proteins
(LTBP) to form the large latent complex prior to release from the
cell [3]. LTBPs serve to tether the large latent complex to extracel-
lular matrix proteins. It is the extracellular activation of latent TGFβ
that limits the bioavailability of TGFβ [4].

There have been many mechanisms of TGFβ activation
described in vitro including extremes of the physical environment
such as temperature and pH, and proteolytic cleavage of the latent
complex to liberate the active TGFβ homodimer [5]. Additionally,
some proteins have been shown to activate TGFβ by inducing a
conformational change in the latent complex to either liberate the
active homodimer or allow binding of active TGFβ1 to its cell
surface receptor to initiate signaling. Such proteins include
thrombospondin-1 and certain αv containing integrins [6–9]. In
vivo the primary mechanism of TGFβ activation is via integrins, as
multiple complex in vivo studies have demonstrated that interrupt-
ing integrin-mediated TGFβ activation has profound effects on
both development and fibrotic processes [10, 11]. Integrin-
mediated TGFβ activation also represents a feed-forward pathway
as it has been shown to regulate expression of at least one of the key
TGFβ activating integrins [12].

TGFβ is critical for the function of myofibroblasts. It induces
their transdifferentiation from fibroblasts, thereby enhancing their
contractility, and increases the synthesis and secretion of extracellu-
lar matrix proteins leading to matrix deposition [13]. Myofibro-
blasts are capable of activating TGFβ, and activation of their own
endogenous TGFβ is thought to be crucial in their transdifferentia-
tion [14]. Increased mechanical tension and/or contraction results
in integrin-mediated TGFβ activation by myofibroblasts, specifi-
cally via the αvβ3 and αvβ5 integrins [8]. Furthermore, myofibro-
blasts can activate TGFβ via αvβ5 integrins in response to
exogenous stimuli [15].

Due to the relatively small proportion of total TGFβ that gets
activated and the fact that once released TGFβ is rapidly bound to
its high-affinity cell surface receptors, specific methods of measur-
ing TGFβ activation have been developed. Such methods allow the
accurate detection of only the active portion of TGFβ enabling the
researcher to be confident that the TGFβ they are measuring is
biologically active. This chapter describes the methods that can be
employed to detect TGFβ accurately and sensitively that is activated
by myofibroblasts but can also be applied to most in vitro cell
cultures. Such methods include using a transformed mink lung
cells (TMLC) reporter cell assay and measuring downstream
TGFβ signaling pathways as a proxy for directly measuring active
TGFβ levels.

The TMLC reporter cell assay has become a widely used,
sensitive assay for measuring TGFβ activation in vitro [7, 9, 16–
22]. The assay utilizes mink lung epithelial cells stably transfected
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with a plasminogen-activator inhibitor-1 (PAI-1) promoter driving
a firefly luciferase gene, which allows the detection of active TGFβ
by measuring luciferase activity [23]. The response of TMLCs to all
three isoforms of TGFβ is highly specific and they show no response
to other inducers of PAI-1 [23]. The assay can be performed using
either conditioned media from other cells or tissue samples to
stimulate the TMLCs and quantify the amount of active TGFβ
present in the sample [16]. Alternatively, the TMLCs can be used
in a coculture assay with myofibroblasts (or other cell types) to
sensitively measure integrin-mediated TGFβ activation where any
active TGFβ is so rapidly bound to the TGFβ receptor that it may
not be detectable in conditioned media samples [9, 21]. In both
applications the use of a TGFβ1 standard curve acts as a positive
control for the assay and allows for the quantification of TGFβ
concentrations activated. The TMLC assay is somewhat limited
when using some inhibitors as they can have an effect on the
PAI-1 promoter independently of the TGFβ receptor (personal
observation) or can affect viability of the TMLCs [21]; therefore
it is crucial to include an experimental control that directly tests
inhibitors on the response of the TMLCs without the presence of
an additional cell type in coculture.

Smad2 is a TGFβ signaling molecule that becomes phosphory-
lated following the binding of TGFβ to its cell surface receptor.
Phosphorylation of Smad2 is specific to TGFβ signaling and does
not occur in response to signaling cascades initiated by other mem-
bers of the TGFβ superfamily of proteins. Levels of phosphorylated
Smad2 (PSmad2) can be detected either semiquantitatively by
western blotting or quantitatively by commercially available
ELISA kits. The advantage of measuring PSmad2 levels over the
TMLC assay is that the sensitivity is increased due to not relying on
the proximity of the TMLC reporter cells to the myofibroblasts.

Each of the following methods has been included in a previous
Methods in Molecular Biology book chapter [24].

2 Materials

2.1 Materials for

Transformed Mink

Lung Cell

(TMLC) Assay

1. TMLC culture medium: Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% (v/v) fetal calf serum,
4 mM L-glutamine, and 250 μg/mL G418 antibiotic.

2. Cell culture equipment and supplies (incubator, bio-safety cab-
inet, cell culture dishes, pipettes, etc.).

3. Recombinant TGFβ.
4. Luciferase assay kit: most products contain cell lysis buffer,

luciferase assay substrate, and luciferase assay buffer (we use
the Luciferase Assay System from Promega).
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5. White opaque plate.

6. Luminometer.

2.2 Materials for

Phosphorylated

Smad2 Western

Blotting

1. Recombinant TGFβ.
2. Protein molecular weight marker (we use Rainbow molecular

weight marker).

3. Polyacrylamide gel casting apparatus.

4. Electrophoresis apparatus.

5. Transfer apparatus.

6. Phosphate-buffered saline (PBS): 150 mM NaCl, 8.06 mM
Na2HPO4, 1.74 mM NaH2PO4, adjust pH with 1 M NaOH
to pH 7.4.

7. Lysis buffer: 20 mM Tris–HCl, pH 7.4, 137 mM NaCl, 1%
Triton X-100, 2 mM ethylenediaminetetraacetic acid (EDTA),
10% (w/v) glycerol, 25 mM β-glycerophosphate, 1 mM
NaVO4. Just prior to use, add protease inhibitor cocktail
(we use P1860 from Sigma Aldrich) and phosphatase inhibitor
cocktail (we use #37492 from Active Motif).

8. Cell scraper.

9. SDS-PAGE gels can be purchased pre-casted, or casted in
advance using the following reagents: 30% bis acrylamide,
distilled H2O, ammonium persulfate, tetramethyl ethylenedia-
mine (TEMED).

10. Buffer 1: 1.5 M Tris–HCl, 0.4% SDS, pH 8.8.

11. Buffer 2: 0.5 M Tris–HCl, 0.4% SDS, pH 6.8.

12. Tris-buffered saline (TBS) supplemented with Tween-20
(TBS-T): 25 mM Tris pH 7.4–7.6, 150 mM NaCl, 0.1%
(v/v) Tween-20.

13. Blocking solution: 5% (v/v) non-fat milk diluted in TBS-T.

14. Laemmli buffer: 125 mM Tris–HCl, pH 6.8, 20% (v/v) glyc-
erol, 2% (w/v) sodium dodecyl sulfate (SDS), 2 mg/mL bro-
mophenol blue. Just before use, add 60 μL/mL
β-mercaptoethanol.

15. Running buffer: 25 mM Tris, 190 mM glycine, 0.1%
(w/v) SDS.

16. Transfer buffer: 25 mM Tris, 190 mM glycine and 20% (v/v)
methanol.

17. Polyvinylidene difluoride (PVDF) membrane.

18. Primary antibody anti-Phospho-Smad2 (we use an.d anti-
Ser456/467, #3108 from Cell Signaling, diluted 1:1000 in
blocking solution).
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19. Secondary antibody conjugated to horseradish peroxidase
(we use a goat anti-rabbit-HRP #P0448 from Dako, diluted
to 333 μg/mL with blocking solution).

20. Saran wrap.

21. Dark room.

22. X-ray film cassette.

23. Tape.

24. Developing fluid.

25. Fixer solution.

26. Marker pen.

27. Electrogenerated chemiluminescence (ECL) western blotting
detection liquid.

28. ECL Hyperfilm.

3 Methods

3.1 Method for

Transformed Mink

Lung Cell

(TMLC) Assay

3.1.1 Measurement of

Global TGFβ Activity in

Conditioned Medium

1. Maintain TMLCs in TMLC culture medium at 37 �C, 5% CO2.

2. Trypsinize TMLCs, resuspend them in growth supplement-
free DMEM, and count cells using a hemocytometer.

3. Seed the TMLC in a 96-well plate at a density of 1� 105 cells/
well and allow them to adhere for 3 h at 37 �C, 5% CO2.

4. Conditioned media from either in vitro cell experiments (see
Note 1).

5. Prepare a little more than 300 μL of each standard: dilute
recombinant TGFβ to 250, 500, and 1000 ng/mL in growth
supplement-free DMEM.

6. Aspirate and discard the TMLC medium from step 3 and add
100 μL of the test samples and TGFβ1 standards in triplicate to
the plate.

7. Incubate the plate at 37 �C, 5% CO2 for 16 h.

8. Remove the medium by aspiration.

9. Wash the wells with PBS and remove all liquid.

10. Add 50 μL of 1� reporter lysis buffer per well to disrupt the
cells (see Note 2).

11. Transfer the cell lysates to a white opaque plate.

12. Analyze using a luminometer: inject 100 μL of luciferase sub-
strate into each well prior to the luminescence measurement.

13. Calculate TGFβ concentration in test samples based on the
standard curve obtained from reading of standards run in
parallel.
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3.1.2 Measurement of

Integrin-Mediated TGFβ

Activation by TMLC

Coculture Assay

1. Culture the experimental cell of interest in a 96-well plate until
fully confluent.

2. Maintain TMLC cells in TMLC culture medium at 37 �C, 5%
CO2.

3. Switch the experimental cells’ medium to supplement-free
medium for 24 h to induce a growth arrest.

4. Trypsinize the TMLCs, count them using a hemocytometer,
and resuspend them in growth supplement-free medium at a
cell density of 0.5 � 106 cells/mL.

5. Aspirate the medium from the experimental cells and seed
TMLCs directly on top by adding 100 μL/well of the cell
suspension prepared in step 4.

6. Prepare the test samples and standards: dilute test compounds
in serum-free DMEM to the desired concentration. Prepare a
TGFβ standard curve by diluting recombinant TGFβ1 in
serum-free DMEM to 500, 1000, and 2000 ng/mL.

7. Add 100 μL of the test samples and TGFβ1 standards to the
plate, in triplicate.

8. Incubate the plate at 37 �C, 5% CO2 for 16 h.

9. Remove all media by aspiration and wash all wells with PBS,
removing all liquids.

10. Add 50 μL of 1� reporter lysis buffer per well to disrupt the
cells (see Note 2).

11. Transfer cell lysates to a white opaque plate.

12. Analyze using a luminometer. Inject 100 μL of luciferase sub-
strate into each well prior to the luminescence measurement.

13. Calculate TGFβ concentration in test samples based on the
standard curve obtained from reading of standards run in
parallel.

3.2 Method for

Measurement of

pSMAD2 by Western

Blotting

1. In vitro experiments on growth arrested (i.e., cultured 24 h in
serum-free medium) test cells are performed in duplicate in
12-well plates.

2. Stimulate two wells with 2 ng/mL TGFβ1 as a positive control
for the assay. Incubate the cells for 4 h at 37 �C, 5% CO2.

3. Place the plates on ice, remove the culture medium, and wash
the wells in ice-cold sterile PBS.

4. Add 50 μL ice-cold lysis buffer to each well, ensuring that all
cells are covered, and crap the monolayer with a cell scraper.

5. Collect samples from each well pooling the samples from dupli-
cate wells, thus giving a final volume of 100 μL per treatment.

6. Quantify the protein concentration of each sample using a
protein assay kit. Calculate volume of samples required to
yield 100 μg protein.
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7. Set up a 10% polyacrylamide gel either by using purchased
pre-casted gels (then proceed directly to step 9) or by prepar-
ing gels according to the following steps:

8. Prepare a 10% polyacrylamide resolving gel by mixing 6.66 mL
of 30% Bis acrylamide, 5.2 mL Buffer 1 mL, and 7.92 mL
distilled H2O. Add 200 μL of 10% ammonium persulfate and
50 μL of TEMED just prior to casting the gel.

9. Pour the resolving gel between the glass plates of the gel
casting apparatus, leaving a 1.5 cm gap between the top level
of the resolving gel and the top of the plates. Gently pipet 1 mL
of water on top of the resolving gel to prevent gel from
crusting.

10. Incubate at room temperature (RT) until the polyacrylamide
resolving gel is set (see Note 3).

11. Pour off the water.

12. Prepare a polyacrylamide stacking gel by mixing 1.3 mL 30%
bis acrylamide, 2.5 mL buffer 2 mL, and 6.1 mL distilled
H2O. Add 50 μL of 10% ammonium persulfate and 10 μL of
TEMED just prior to casting the gel.

13. Pour the stacking gel onto the solidified resolving gel up to the
top of the glass plates; insert a plastic comb to produce wells
and allow the gel to solidify at RT.

14. Gently remove the comb.

15. Insert the polyacrylamide gel into the electrophoresis tank and
add 1� running buffer to the middle compartment and to the
outside compartment of the tank.

16. Mix the corresponding volume of 100 μg of each protein lysate
1:3 (v/v) with Laemmli buffer in a microtube and heat samples
to 95 �C for 5 min.

17. Briefly centrifuge the microtubes, and pipet the samples into
the wells of the polyacrylamide gel. Add 8 μL of molecular
weight markers to one well of the gel from control.

18. Apply 150 mV across the gel for 90 min.

19. Cut a PVDF membrane and filter paper to the polyacrylamide
gel’s dimensions.

20. Activate the PVDF membrane by soaking it in methanol for
30 s and then in tap water.

21. Soak the electrophoresed gel, PVDF membrane and all
sponges and filter paper to be used in the transfer in transfer
buffer for 2 min.

22. Lay the electrophoresed gel onto the PVDF membrane and
insert the assembly into the transfer apparatus sandwiched
between filter paper and a sponge layer. Prior to closing the
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transfer cassette, gently run a roller over the “sandwich” to
expel air bubbles, which can interfere with efficient transfer of
the proteins to the PVDF membrane.

23. Place the transfer assembly into the transfer tank containing
ice-cold transfer buffer, ensuring the terminals are loaded in
the correct orientation (i.e., cathode to cathode) (see Note 4).

24. Insert an ice block into the tank (see Note 5) and apply 110 V
through the transfer apparatus for 35 min.

25. Disassemble the transfer assembly and incubate the membrane
in blocking solution on a rocker for 1 hour at RT.

26. Wash the membrane three times with TBS-T for 5 min
each time.

27. Apply the primary antibody diluted in blocking solution to the
membrane and incubate overnight at 4 �C on a rocker.

28. Wash the membrane three times with TBS-T for 5 min
each time.

29. Apply the secondary antibody diluted in blocking solution to
the membrane and incubate for 1 h on a rocker at RT.

30. Wash the membrane three times with TBS-T for 5 min
each time.

31. Prepare the ECL detection reagent by mixing equal volumes of
Reagent 1 and Reagent 2.

32. Blot excess liquid from the membrane and apply the ECL
reagent to the protein side of the membrane. Incubate for 45 s.

33. Blot ECL detection reagent from the membrane and wrap the
membrane in Saranwrap, ensuring that no air bubble is
trapped.

34. In a dark room, tape the wrapped membrane securely into an
X-Ray film cassette and lay a sheet of X-ray Hyperfilm on top of
the membrane. Close the cassette.

35. Expose the film to the membrane for an appropriate time until
a good signal is found (approximately 20–30min) (seeNote 6).

36. In the dark room, remove the film from the cassette and place it
in a tank of developing fluid (1:5 dilution in water) until bands
appear.

37. Transfer the film to a tank of water for 3 min to wash, then to a
tank of fixer solution (1:5 dilution in water) until the cloudy
background of the film appears clear.

38. Wash the film in water and allow it to dry.

39. Lay the dry film over the membrane and mark the presence of
the molecular weight markers on the film with a marker pen.
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4 Notes

1. Samples can be stored at �80 �C until the assay when they
should be thawed on ice. These samples are used neat in the
assay, or can be heated to 100 �C for 5 min, then cooled prior
to using in the assay to determine levels of total TGFβ (i.e.,
latent plus active) present [16].

2. Lysed plates can be stored at �80 �C until analysis.

3. To check if polyacrylamide resolving gel is set, gently tilt the gel
casting apparatus sideways: if the gel is set, the water will collect
in the corner but the gel’s upper level will not move and from a
straight line.

4. The SDS-denatured proteins are charged negatively. Therefore,
they will migrate toward the positive pole when current is
applied. The PVDF membrane should then be placed between
the gel and the positively charged electrode (i.e., the anode).

5. Where not available the transfer tank can be stood in ice to
ensure the transfer stays cool.

6. The appropriate time will need to be determined empirically as
membrane exposure can be repeated.
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Chapter 7

Contraction Measurements Using Three-Dimensional
Fibrillar Collagen Gel Lattices

James Griffith and William L. Berry

Abstract

The ability of cells to contract is an important feature of many cell types. Methods to quantitate changes in
the degree of contraction are important to study how cells respond to stimuli or change due to various
pathologies. Here we describe a method of embedding cells in three-dimensional collagen lattices to
measure contractile properties of cells in vitro.

Key words Collagen, Lattice, Contraction, NaHCO3, NaOH

1 Introduction

Myofibroblasts and vascular smooth muscle cells (VSMC) are
examples of two widely studied contractile cell types found in
nature. However, there are other cell types that can acquire a
contractile phenotype. Myofibroblasts are likely the primary cells
responsible for the deposition of collagen during the fibrotic pro-
cess. Myofibroblasts can form in response to a multitude of stimuli
and can be derived from many other differentiated cell types
[1]. However, vascular smooth muscle cells are also capable of
depositing collagen and have been implicated in fibrotic diseases
[2]. Although both of these cell types can remodel the extracellular
matrix (ECM) and are contractile [3], methods to assay changes in
contractile properties of cells are of great importance to study
biological processes and the development of specific diseases.

Here we describe methods that can be used to assess rapid
(free-floating) and/or delayed (attached lattice) contractile proper-
ties of cells. Free-floating lattices are more useful for measuring the
ability of cells to contract in the absence of mechanical tension,
whereas attached lattices are better at analyzing contraction under
the influence of mechanical tension [4]. These twomethods require
embedding cells in a collagen-rich solution that polymerizes while
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settling on a plastic tissue culture dish [5, 6]. It has been shown that
the ability of cells to contract either free-floating and/or attached
collagen lattices can be both cell type specific and cell signaling
dependent [7, 8]. Changes in contraction can occur through loss-
of-function and gain-of-function mechanisms. These changes can
be analyzed by measuring the diameter of collagen lattices over
time. In summary, these methods are critical for studying myofi-
broblast formation and function under various conditions.

2 Materials

2.1 Preparation

of Reagents

for Collagen Lattices

1. Prepare a filter-sterilized (0.1μm filter) 10� solution of your
desired growth media from powdered growth medium.

2. Based on the chosen growth medium, you should determine
the amount of sodium bicarbonate (NaHCO3) to make an
equivalent 10� solution to maintain physiological pH in a
5–10% CO2 environment (see Note 1).

3. Prepare a 0.1 N Solution of NaOH in water and filter sterilize
(0.1μm filter). This will be necessary to aid in neutralizing the
acidic collagen.

4. Stock concentration of rat tail collagen I (preferred EMD
Millipore 08-115) varies from lot to lot but is often between
3.5 and 4.5 mg/mL. The final desired concentration can be
adjusted based on experimental parameters. For simplification,
the sample calculations will assume a stock concentration of
4.0 mg/mL and a final working solution using 1 mg/mL
collagen.

5. Store prepared solutions at 4 �C until ready to use. These
solutions can be stored and used for many months if proper
sterile technique is maintained throughout preparation.

6. Tissue Culture Dishes (see Note 2).

2.2 Cell Culture 1. Cell line of choice.

2. Desired Growth Medium (Prepared in ultrapure water).

3. Plate warmer set to 37 �C.

2.3 Imaging 1. Olympus SZX16 Stereo Microscope with 0.5�Objective and a
color camera or comparable setup from another manufacturer.

2. CellSens for Olympus microscopes or other comparable image
acquisition software.

3. Microsoft Excel or comparable software for data collection and
analyses.
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3 Methods

Perform all steps in a tissue culture hood under sterile conditions.
Begin by warming up plates on a clean plate warmer set to 37 �C.
When working with collagen and final cell suspension use wide-
bore 1 mL tips. Standard 1 mL tips are too narrow to use efficiently.
We advise performing experiments in triplicate and repeated three
times with biological replicates.

3.1 Preparation

of Collagen Lattice

Solution

All steps for the collagen solution should be prepared on ice (4 �C)
and kept cold until plating. The example calculations below will be
sufficient for 12–14 collagen lattices using 0.250 mL of a 4 mL cell
suspension. Adjust volumes to fit your desired experiments.

1. Use a wide bore pipet tip to add collagen I to a prechilled
15 mL tube. The appropriate volume should be based on the
collagen concentration of the stock. If we were to use a final
volume of 4 mL, from a stock containing 4 mg/mL collagen I,
then we would use 1 mL to achieve 1 mg/mL in the final
mixture.

2. Add 0.1 N NaOH. Using 0.1 N NaOH you would add an
amount equal to the collagen multiplied by 0.2. In the pre-
sented example case, we would need 0.2 mL.

3. Add sterile-filtered 10� growth medium. The amount of 10�
used is determined by adding the volume of collagen and
NaOH, then multiplying by 0.1. (1 mL collagen + 0.2 mL
NaOH) � 0.1 ¼ 0.120 mL 10� medium.

4. Add equivalent volume of 10� NaHCO3. We would add an
amount equal to the 10� media –0.12 mL.

5. Agitate gently to mix solution. Do not vortex! Avoid bubble
formation.

6. Leave mixture on ice while cells are prepared.

3.2 Preparation

of Cells for Collagen

Lattices

1. Obtain cells by trypsinization or per usual laboratory methods
and collect in a 15 mL tube.

2. Centrifuge to pellet cell suspension and carefully aspirate
media.

3. Resuspend in growth media using whatever volume is neces-
sary to ease counting procedure.

4. Count cells using your preferred method. Adequate cell num-
ber for collagen lattices should be optimized for cell type,
growth conditions, and duration of experiment. As an example:
125,000 cells per milliliter final solution, or 31,250 per final
collagen lattice (0.25 mL).
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5. Resuspend in appropriate volume of growth media to achieve
desired cell concentration. This will be equal to the remainder
(2.56 mL) of the final collagen lattice cell suspension (4 mL)
minus the collagen mixture (1.44 mL).

6. Pipet thoroughly to obtain single cell suspension and then add
to the previously prepared collagen mixtures and keep on ice
until ready to plate. Mix very gently with a pipet to avoid
introducing bubbles. Do not vortex!

3.3 Seeding

the Lattices

1. Using a wide bore pipet tip seed 0.25 mL cell/collagen solu-
tion carefully to the center of a warm dish and gently cover with
lid (seeNote 3). If possible, keep the warming tray in the tissue
culture hood to maintain the plates at 37 �C (see Note 4).

2. Let collagen lattices sit undisturbed on warming tray for
5–10 min.

3. Move the lattices to an incubator under standard (5–10% CO2)
conditions for 1 h. It can be helpful to place dishes on a clean
pre-warmed tray to move all at once, rather than risk moving
them one at a time.

4. After 1 h incubation, gently add 2mL of warm growth medium
to the edge of dishes. Cold or room temperature media has
greater surface tension, potentially hindering complete immer-
sion of the lattice.

3.4 Release

and Measurement

1. Release collagen lattices immediately after 1 h incubation in
medium if performing free-floating lattice contraction assay.
Release later 4–5 days culture if performing fixed collagen
lattice contraction assays (recommended to preserve myofibro-
blast contractile features).

2. Use a scalpel to make small cuts along the edge of lattice.

3. Use a 200μL pipet to gently force media under and around cuts
until lattice is released.

4. Measure diameter and/or image immediately after release, and
additionally at specified time points. Depending on cell type
and experimental conditions, contraction can occur rapidly or
over a long period of time. It may be necessary to measure
every 5–10 min after release, or every few hours. In general, we
measure 0.5, 1, 3, 5, and 24 h after release (Fig. 1a, b).
Changes in the diameter of the lattice can be determined by
using a stereomicroscope equipped with a camera and software
capable of real-time measurements that are linked to the
changes in magnification because of focusing. Alternatively, a
ruler can be used. Values should be recorded for future ana-
lyses. We typically analyze our data as changes in the percent of
the original diameter.
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Fig. 1 Example Experiment Measuring Contraction of Treated Cells Grown in Fixed Collagen Lattices. Cells
were cultured in an attached collagen lattice for 5 day in the presence of vehicle, TGFβ1, or PDGF-AA. Lattices
were released from the plate on day 5 using a scalpel blade. Panels (a) and (b) photographs and measure-
ments were taken at the indicated time points. Data is analyzed at a percent of the original diameter of the
lattice. Error bars indicate the standard deviation
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4 Notes

1. For DMEM, 3.7 g/L NaHCO3 will provide a pH of 7.4 in a
10% CO2 environment.

2. We recommend using plates from TPP.

3. Be extra careful to do this step as delicately as possible to
produce perfectly circular lattices. An unfortunate bump can
distort the lattice for the remainder of the experiment, impact-
ing any measurements.

4. It may be worthwhile to make extra dishes to test collagen
stability.
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Chapter 8

Techniques to Assess Collagen Synthesis, Deposition,
and Cross-Linking In Vitro

Tamara Rosell-Garcı́a and Fernando Rodriguez-Pascual

Abstract

Synthesis, deposition, and cross-linking of collagen are hallmarks of fibroblast to myofibroblast differentia-
tion. Standard methods for determining collagen from tissue samples are not directly applicable to cell
culture conditions, where the overall synthesis and deposition of collagen is clearly unfavorable, mainly due
to quantity limitations and dilution of required extracellular remodeling factors. In this chapter, we describe
the methods we have established to analyze collagen production and deposition into the extracellular matrix
by cultured myo/fibroblasts, as well as to determine lysyl oxidase (LOX) activity in cell supernatants as an
index of the capacity of the cell to cross-link collagen in vitro.

Key words Collagen deposition, Collagen cross-linking, Lysyl oxidase, Extracellular matrix,
Fibroblast

1 Introduction

Collagens are the most abundant extracellular matrix proteins and
fundamental to providing the connective tissues with their bio-
mechanical properties. In vertebrates, 28 types of collagens have
been described (I–XXVIII) and classified into several families,
including the fibrillary collagens (I–III, V, XI XXIV, and XXVII)
and the basement membrane collagen IV (reviewed in [1]). An
important part of the knowledge on the biochemical and structural
features of collagen has been obtained from studies with animal or
human tissue samples, where collagen constitutes more than 80% of
the organic matter. Using this material, investigations dating back
half a century and more have delineated that fibrillary collagens
form associations of three α-chains conforming the triple helical
structure, its most representative feature, flanked by short
non-helical segments, the telopeptides [2]. The abundance of col-
lagen in these samples facilitated also the analysis of the complex
repertoire of posttranslational modifications of collagen, including
prolyl- and lysyl-hydroxylation, glycosylation, lysine oxidation, and
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cross-linking [3–5]. Despite the substantial progress, a more pre-
cise information about the collagen biosynthetic process has
required studies with cultured cells, mainly fibroblasts, which have
provided (and still does) remarkable details of the intracellular
synthesis and chain association, the transit through the Golgi net-
work and extracellular secretion, and the proteolysis and cross-
linking that ultimately facilitate fibril assembly [6]. Giving the
quantity limitations intrinsic to cell culture methodologies, these
studies demand alternative approaches in order to analyze collagen
metabolism. This type of experiments features also an unfavorable
picture when assessing collagen deposition onto the insoluble
extracellular matrix, giving the fact that the diluted microenviron-
ment and the transitory nature of cell culture experimentation does
not favor the action of extracellular collagen remodeling enzymes
[7]. This is well illustrated when considering the formation of
collagen cross-links by the action of lysyl oxidases (LOX). These
covalent associations, important contributors to the stiffness of the
collagen fibril, are generated by LOX-mediated oxidation of lysine
(or hydroxylysine) residues within the telopeptide domains to the
corresponding aldehydes. In a second step, these telopeptide alde-
hydes spontaneously condense with helical lysines
(or hydroxylysines) to form immature cross-links, which further
react over months/years with other aldehydes or additional resi-
dues to form a variety of permanent cross-links [8]. When assaying
collagen cross-links from tissues, where the extracellular matrix is
fully formed, the analysis of cross-linking metabolites by HPLC
allows qualitative and quantitative characterization of the cross-
linking profile [9]. However, under cell culture conditions, this
process hardly progresses to advanced maturation products and
their minute amounts make difficult, if not impossible, to apply
HPLC methodology for the analysis. In this case, the determina-
tion of LOX activity in the cell supernatants provides a reliable
index of the capacity of the cells to cross-link collagen.

In this chapter, we describe the methods we have established to
analyze collagen synthesis and deposition by cultured myo/fibro-
blasts, as well as the analysis of LOX activity in cell supernatants.

2 Materials

We have established our methods with the human fibroblast cell
line CCD-19 Lu and the murine fibroblast cell line NIH 3T3,
where the former synthesizes and deposits increased amounts of
collagen under our experimental conditions. The method can nev-
ertheless be applied to any other cell type with the capacity to
express and secrete collagen to the extracellular medium, including
other primary or immortalized myo/fibroblasts, as well as kerati-
nocytes, tenocytes, or chondrocytes from diverse sources.
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2.1 Assessment of

Collagen Synthesis

and Deposition in

Cultured Fibroblasts

1. Human fibroblast cell line CCD-19Lu.

2. Mouse fibroblast cell line NIH 3T3.

3. Tissue Culture Dishes (100 mm).

4. Screw cap Eppendorf tubes (2 mL).

5. Cell culture media: Dulbecco’s Modified Eagle Medium
(DMEM) without phenol red, calf serum and supplements,
500 KDa dextran sulfate and L-ascorbic acid 2-phosphate.

6. Phosphate-buffered saline (PBS): 0.138 M NaCl, 0.0027 M
KCl, pH 7.4.

7. Transforming growth factor-β1 (TGF-β1).
8. Sircol™ Soluble Collagen Assay kit (Biocolor).

9. Acetic acid.

10. Pepsin.

11. Hydrochloric acid (HCl).

12. Sodium hydroxide (NaOH).

13. Acetate-citrate buffer (0.140 M citric acid, 0.453 M sodium
acetate).

14. Chloramin-T.

15. 4-(Dimethylamino) benzaldehyde (DMAB).

16. Hydroxyproline.

17. Absorbance multiplate reader (570 nm wavelength).

18. Centrifuge.

19. Block heater.

2.2 Analysis of Lysyl

Oxidase (LOX) Activity

in Cell Supernatants

1. Amicon-Ultra 4 centrifugal filters (Ultracel-10K).

2. Lysyl oxidase activity assay kit (Fluorometric, Abcam).

3. β-Aminopropionitrile (BAPN) monofumarate.

4. Fluorescence multiplate reader (excitation and emission wave-
lengths of 525 and 580–640 nm)

3 Methods

3.1 Assessment of

Collagen Synthesis

and Deposition in

Cultured Fibroblasts

Consistent with the amounts of collagen expected to be produced
by cultured fibroblasts, we have set up colorimetric-based detection
methods for the analysis of the synthesis and deposition of collagen.
Sircol™, a dye binding to the Gly-X-Y tripeptides within the helical
structure, is the only commercially available reagent reported to
show enough sensitivity to accurately quantify the levels of soluble
collagen from cell preparations. Extraction procedures, as described
here, are established to convert the various fractions representing
the sequential steps in the collagen biosynthetic process in a form
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suitable for the analysis with Sircol™ (Fig. 1) [10]. Finally, insolu-
ble collagen, not accessible to Sircol™ dye, is quantified by the
colorimetric measurement of hydroxyproline upon heat/acid
hydrolysis.

1. Seed fibroblasts on 100-mm dishes in culture until confluency.
This would require some days (almost a week) depending on
the starting passage ratio and the proliferative capacity of the
cell type used.

2. Prepare standard Dulbecco’s Modified Eagle Medium
(DMEM) media without serum and phenol red. Add
100 μg/mL 500 KDa dextran sulfate (D�S) and 29 μg/
mL L-ascorbic acid 2-phosphate (see Note 1). Wash cell plates
with phosphate-buffered saline (PBS) and incubate with 5 mL
of this medium for 2–4 days. Longer times can be assayed to
further increase collagen deposition but note that NIH 3T3
fibroblasts will die when cultured in low serum or serum-free
medium for extended periods of time. Consider the addition of
TGF-β1 at 5 ng/mL to increase the synthesis and deposition of
collagen.

3. Take cell supernatants and assay soluble collagen with Sircol™
Soluble Collagen Assay kit following manufacturer’s
instructions.

4. Scrap cell layers in 2 mL of acid-base buffer (0.5 M acetic acid)
in screw-cap Eppendorf Tubes and extract overnight at 4 �C
with agitation.

5. Centrifuge for 15 min at 9000 � g and assay supernatants for
acid-solubilized collagen with Sircol™ Soluble Collagen
Assay kit.

Fig. 1 Schematic flowchart summarizing the protocol established for the analysis of collagen synthesis and
deposition in culture fibroblasts. The method, as depicted here, allows for a quantitative determination of the
various fractions of collagen representing the sequential steps in the biosynthetic process. Cell supernatants
and acid- or pepsin-solubilized collagens are assayed using Sircol™, as the dye have access to the helical
portion of the molecule. More mature (cross-linked) pepsin-insoluble collagen must be broken down by heat/
acid hydrolysis and further assayed by the content of hydroxyproline
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6. Resuspend pellets in 0.5 mg/mL pepsin in 10 mM HCl for
overnight digestion at 4 �C with agitation.

7. Centrifuge again and save supernatants for assessment of
pepsin-solubilized collagen with Sircol™ Soluble Collagen
Assay kit. Resuspend pellets in 12 M HCl for overnight hydro-
lysis at 100 �C with agitation.

8. Neutralize samples with NaOH and analyze by hydroxyproline
assay [11, 12]. Hydroxyproline contained within samples is
oxidized by addition of 0.05 M chloramine T in acetate-citrate
buffer (0.140 M citric acid, 0.453 M sodium acetate, pH 6.5)
followed by incubation at room temperature for 20 min. Then,
add DMAB 1 M in 2-propanol/perchloric acid (2:1, v/v) and
mix extensively. Incubate at 65 �C for 20 min and then read
plate in a spectrophotometer at an absorbance wavelength
between 550 and 565 nm [2] (see Note 2).

3.2 Analysis of Lysyl

Oxidase (LOX) Activity

in Cell Supernatants

Enzyme reaction catalyzed by LOX results in the oxidation of
peptidyl lysine in collagens (and elastin) to the corresponding
aldehydes, the initiation products for the cross-linking formation.
Traditional methods to assess LOX-mediated reactions used acid/
heat hydrolysis of collagen samples coupled to detection and quan-
tification of cross-linking metabolites by HPLC [13]. This has been
the method of choice for tissue samples where there is almost no
limitation in the levels of collagen available for the analysis. Under
culture conditions, with cells expressing and depositing limited
amounts of collagen, HPLC-based technologies become problem-
atic. To overcome this constraint, Palamakumbura and Trackman
established a method that exploits the concomitant production of
hydrogen peroxide in the reaction catalyzed by LOX by using
Amplex red, a fluorometric probe specific for peroxide [14]. The
method provided a sensitive assay for monitoring LOX reactions in
samples from cultures. However, cellular sources for peroxide pro-
duction are countless, including mitochondrial respiratory chain,
the endoplasmic reticulum, the peroxisomes, and diverse oxidases.
Therefore, adequate controls must be considered to accurately
measure that peroxide coming specifically from LOX. What follows
is the protocol we have developed to analyze the LOX enzymatic
activity from supernatants of cultured fibroblasts (see Note 3).

1. Seed fibroblasts on 100-mm dishes in culture until confluency.
Wash cell plates with PBS and incubate with 5 mL of DMEM
media without serum and phenol red for 2–4 days.

2. Take cell supernatants and concentrate down to about 200 μL
using Amicon Ultracentrifugal filters.

3. Transfer 50 μL of concentrated supernatant to wells of a 96 black
well plate. Prepare controls with DMEM media only or with
preparations of recombinant LOX protein (for example, super-
natants from LOX-overexpressing cells) in the same way.
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4. Add into each well an equivalent volume of reaction mixture
containing a proprietary LOX substrate as well as horseradish
peroxidase and buffer (lysyl oxidase activity assay kit) (see
Note 4).

5. Insert plate in the fluorescence multiplate reader and take
measurements of fluorescence (excitation and emission wave-
lengths of 525 and 580–640 nm) every 3 min for a total period
of 18 min.

6. Remove plate from reader and add to each well a solution of the
LOX inhibitor, BAPN for a final concentration of 0.3 mM (see
Note 5).

7. Record fluorescence for an additional 18 min with measure-
ments every 3 min.

8. LOX enzymatic activity is expressed as fluorescence arbitrary
units/min from the slope of the traces of LOX-specific activity
obtained upon subtraction of the values measured in the pres-
ence of BAPN (Fig. 2) (see Note 6).

4 Notes

1. Addition of L-ascorbic acid 2-phosphate and dextran sulfate is
fundamental to provide conditions for cells to synthesize and
deposit collagen into the extracellular matrix. Ascorbic acid is a
cofactor required for several collagen-modifying enzymes,
including prolyl and lysyl hydroxylases [4]. Instead of

Fig. 2 Determination of lysyl oxidase (LOX) activity in cell supernatants. The figure shows an example of the
protocol established to determine LOX activity from samples A and B by fluorometry. The method is based on
the detection of peroxide, a product of the reaction catalyzed by LOX, using Amplex red. Specificity of the
assay is gained by performing a sequential determination of the peroxide production in the absence and
presence of the LOX inhibitor, β-aminopropionitrile (BAPN), and further subtraction of the peroxide coming
from non-LOX sources
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L-ascorbic acid, our protocol uses the oxidation resistant ana-
log, L-ascorbic acid 2-phosphate, thereby avoiding its replen-
ishment in the culture medium. On the other hand, dextran
sulfate has been described to promote collagen deposition into
the matrix based on the principle of macromolecular crowding
[15, 16]. In our hands, the addition of dextran sulfate increases
pepsin-soluble and insoluble fractions, both representing mat-
uration products of collagen, at the expense of the accumula-
tion of soluble collagen in the extracellular medium. In general,
as mentioned above, collagen synthesis and deposition is unfa-
vorable under culture conditions. In addition to macromolec-
ular “crowders,” overall production can be increased with
TGF-β1, with the exogenous addition of modifying enzymes
or under hypoxic conditions [10, 17–19].

2. Hydroxyproline can also be analyzed using an amino acid
analyzer, but, as mentioned above for Sircol™, the colorimetric
method is much more sensitive, and therefore more applicable
for cell culture samples.

3. Our protocol, as described here, performs well with cell super-
natants, which are supposed to express the mature form of the
LOX isoforms. Methods have also been reported to determine
LOX activity from cell extracts [20]. However, unprocessed
forms or lacking specific posttranslational modifications may
account for the intracellular expression of these enzymes,
therefore raising concerns on the validity of this type of mea-
surements. In these circumstances, in addition to LOX activity
assays, it is advisable to determine the expression levels of the
LOX isoforms by western blotting using specific antibodies
that recognize, for instance, the precursor and mature forms.

4. Instead of a commercial kit, a LOX enzymatic assay can be set
up by separately purchasing a LOX substrate, cadaverine or
benzylamine, horseradish peroxidase and the fluorometric
Amplex red probe, mounting the reaction in a 50 mM sodium
borate, pH 8.2 buffer. Nevertheless, the commercial LOX
activity assay kit used here provides a superior sensitivity com-
pared to homemade systems.

5. The addition of the LOX inhibitor, BAPN, serves as an internal
control for every sample, taking into account other sources for
hydrogen peroxide and the spontaneous oxidation of the fluo-
rescent probe.

6. Arbitrary units can be easily converted to enzymatic activity
(pmol or nmol of converted substrate/generated product per
minute) by performing a calibration curve with known
amounts of peroxide.
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Chapter 9

Methods for Studying Myofibroblast Apoptotic Pathways

Yan Zhou and David Lagares

Abstract

Evasion of apoptosis by myofibroblasts is a hallmark of fibrotic diseases, ultimately leading to persistent
myofibroblast activation, extracellular matrix (ECM) deposition, and remodeling. Targeting myofibroblast
apoptosis is emerging as a novel therapeutic strategy to reverse established fibrosis. We have recently
discovered that in the process of fibroblast-to-myofibroblast transdifferentiation driven by matrix stiffness,
the “mitochondrial priming” (readiness to undergo apoptosis) is dramatically increased in stiffness-
activated myofibroblasts. Thus, myofibroblasts, traditionally viewed as apoptosis-resistant cells, appear
poised to die when survival pathways are blocked, a cellular state we call “primed for death.” This
apoptosis-prone phenotype is driven by high levels of pro-apoptotic proteins loaded in myofibroblast’s
mitochondria, which require concomitant upregulation of pro-survival BCL-2 proteins to suppress mito-
chondrial apoptosis and ensure survival. Here, we describe a method called BH3 profiling which measures
myo/fibroblast apoptotic priming as well as their antiapoptotic dependencies for survival. In addition, we
describe how BH3 profiling can be used to predict myofibroblast responses to therapeutic agents targeting
pro-survival BCL-2 proteins, also known as BH3 mimetic drugs. Finally, we describe methods to assess
myofibroblast sensitivity to extrinsic apoptosis via Annexin V staining.

Key words Myofibroblasts, Apoptosis, Fibrosis, BH3 profiling, BH3 mimetic drugs, Annexin V

1 Introduction

Apoptosis, a form of programmed cell death, is a complex cellular
process tightly regulated by two interconnected molecular path-
ways: the extrinsic and intrinsic (mitochondrial) pathways. Dereg-
ulation in both extrinsic and intrinsic pathways of apoptosis are
associated with myofibroblast persistence and the development of
fibrosis. Here, we describe methods to assess myofibroblast apo-
ptosis pathways using Annexin V staining and the so-called BH3
profiling assay, a functional tool that predicts myofibroblast apo-
ptotic responses to peptide and drug treatments.
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1.1 Control

of Mitochondrial

Apoptosis by

the BCL-2 Family

of Proteins

The intrinsic or mitochondrial pathway of apoptosis is controlled
by more than fifteen members of the BCL-2 family of proteins,
categorized by their structure and function into pro-apoptotics,
antiapoptotics, BH3-only activators, and BH3-only sensitizers
[1, 2](Fig. 1). Functionally, the pro-apoptotic BCL-associated X
protein (BAX) and BCL-2 homologous antagonist/killer (BAK)
proteins, also known as “effectors,” are responsible for generating
pores in the outer mitochondrial membrane and inducing mito-
chondrial outer membrane permeabilization (MOMP). BAX/
BAK-mediated MOMP results in the release of cytochrome c and
subsequent activation of caspases, which execute the apoptotic
program [3]. Worth noting, the pro-apoptotic activities of BAX/-
BAK are tightly regulated by the so-called BH3-only “activator”
proteins including BCL-2-like protein 11 (BCL2L11; also known
as BIM) and BH3-interacting domain death agonist (BID), which
directly bind to and activate BAX/BAK to induce MOMP (Fig. 1).
Even in the presence of high levels of pro-apoptotic “effectors” and
“activators,” cells can still block mitochondrial apoptosis by upre-
gulating levels of “antiapoptotic” proteins such as BCL-2, BCL-W,
BCL-XL, BFL-1, and MCL-1 (also known as “pro-survivals”).
Antiapoptotic proteins directly bind to and sequester
pro-apoptotic activators BIM/BID (Fig. 1), thus preventing their

Fig. 1 The mitochondrial apoptosis pathway. In this simplified schematic, (1) cellular stress or damage signals
increase levels of proapoptotic proteins (BH3-only “activators” of apoptosis), (2) which can either activate BAX
and/or BAK (“effectors”) (3). Activation of BAX or BAK causes mitochondrial outer membrane permeabilization
(MOMP), resulting in the release of cytochrome c from mitochondria and consequent activation of caspases for
dismantling of the cell (4). Antiapoptotics (pro-survivals) can bind and sequester activators (antiapoptotics
such as BCL-2, BCL-XL or MCL-1) (5). BH3-only “Sensitizers” of apoptosis can be bound by pro-survival
proteins, releasing activators to activate BAX and/or BAK
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binding to BAX/BAK and initiation of mitochondrial apoptosis.
More recently, antiapoptotic proteins have been shown to bind and
inhibit effectors BAX/BAK as well [4–6]. The mitochondrial apo-
ptotic pathway is further regulated by another group of proteins
called “sensitizers,” a class of BH3-only proteins that bind and
sequester antiapoptotic proteins, thus indirectly promoting apo-
ptosis by freeing activators (Fig. 1) [7]. Together, the mitochon-
drial apoptotic pathway is tightly regulated by expression levels and
specific molecular interactions among effectors, activators, antia-
poptotic, and sensitizers, which control the so-called “mitochon-
drial priming” of a cell [7, 8].We have recently found that
fibroblast-to-myofibroblast differentiation induced by matrix stiff-
ness associates with increased mitochondrial priming, augmenting
the sensitivity of these cells to undergo apoptosis [9, 10].

1.2 Priming States Based on relative levels and interactions of effectors, activators,
pro-survivals, and sensitizers, mitochondrial priming (closeness to
the apoptosis threshold) can be divided into three major classes
(Fig. 2). Cells that lack functional BAX/BAK due to mutations,
insufficient expression, or homozygous deletion of both proteins
are unable to undergo MOMP (may still be able to die via the
extrinsic apoptosis pathway). These cells are considered “apoptosis
refractory.” A cell that has functional BAX/BAK but expresses
enough pro-survival proteins that can efficiently sequester activa-
tors BIM/BID is less likely to undergo apoptosis, or “unprimed.”
Finally, a cell that has functional BAX/BAK and is loaded with high
levels of activators BIM/BIM requires upregulation of specific

Fig. 2Mitochondrial priming states. Priming states can be divided into three major classes based on levels and
interactions among BCL-2 family of proteins: ① Apoptosis refractory; ② Unprimed; ③ Primed
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pro-survival factors that can sequester BIM/BID to ensure survival.
These cells are “primed” for apoptosis and die when the major
pro-survival factor is inhibited. In the context of fibrosis, we have
identified that quiescent fibroblasts appear to be unprimed while
stiffness-activated myofibroblasts display increased mitochondrial
priming [9]. Myofibroblasts are primed for death due to upregula-
tion of activator pro-apoptotic protein BIM, which is sequestered
by antiapoptotic protein BCL-XL, ensuring their survival. For these
studies, we applied BH3 profiling to determine myofibroblasts’
apoptotic priming and survival dependencies.

1.3 Overview of BH3

Profiling Assay

Expression levels of each individual BCL-2 family protein alone is
not enough to predict whether a cell will survive or undergo
apoptosis in response to cellular perturbations. In this regard,
BH3 profiling assay has been applied as a functional tool to deter-
mine the extent of MOMP that occurs in response to synthetic
pro-apoptotic peptides that bind to specific BCL-2 proteins
(Fig. 3). Peptides are derived from pro-apoptotic BH3-only pro-
teins, mimicking pro-apoptotic activities of full-length BH3-only
proteins. Digitonin is used to gently permeabilize the plasma mem-
brane while keeping the integrity of mitochondria intact. Permea-
bilized cells are exposed to BH3 peptides, which diffuse and bind to
mitochondrial BCL-2 proteins, modulating their activity. Upon
peptide exposure, paraformaldehyde is used to fix cells and termi-
nate peptide incubation. MOMP is now measured as a function of
cytochrome c retained within the mitochondria in response to
pro-apoptotic BH3 peptides, which is detected by immunostaining
and quantified by flow cytometry (Fig. 4). The more cytochrome c
released in response to BH3 peptide treatment, the more primed
the cell was for apoptosis. BH3 profiling assay uses an array of BH3
peptides that can determine not only overall apoptotic priming but
also antiapoptotic dependencies for survival.

Fig. 3 Binding affinities of BH3 peptides and BH3 mimetic drugs to BCL-2 family of proteins. Binding affinities
of BH3 peptides derived from activator or sensitizer BH3-only proteins to their pro-survival and pro-apoptotic
partners from the BCL-2 family of proteins. BH3 mimetic drugs interaction with BCL-2 proteins

126 Yan Zhou and David Lagares



1.4 Measuring

Overall Mitochondrial

Apoptotic Priming

and Antiapoptotic

Dependencies

Overall mitochondrial priming is measured with BH3 peptides
derived from BIM, BID, or PUMA proteins. BIM BH3 peptide
not only binds to and activates pro-apoptotic BAX/BAK, but also
binds to and inhibits any antiapoptotic proteins expressed in the cell
(Fig. 3). BID BH3 peptide is functionally similar to BIM peptide
and can be used to assess overall mitochondrial priming. Worth
noting, BID preferentially activates BAK while BIM preferentially
activates BAX [11]. Contrarily, PUMA BH3 peptide binds to and
inhibits all antiapoptotic proteins but cannot directly activate
BAX/BAK (Fig. 3) [12]. Overall mitochondrial priming can be
assessed by titrating these peptides and determining the dose
required to induce MOMP, which inversely correlates with the
level of priming. For instance, low doses of BIM peptide required
to induce MOMP indicate increased mitochondrial priming,
whereas high doses of BIM required to induce MOMP indicates
low level of priming. “Refractory” cells cannot undergoMOMP no
matter how high concentration of these peptides are used (Fig. 5).

BH3 profiling can also determine which antiapoptotic BCL-2
protein(s) maintains cell survival by using peptides derived from
BH3-only sensitizer proteins that selectively inhibit specific antia-
poptotic members. Functionally, sensitizer BH3 peptides bind to
pro-survival protein(s), releasing sequestered BIM/BID which can
now bind to BAX/BAK to induce apoptosis. Given their selectivity
at binding one or multiple pro-survival factors, sensitizer BH3
peptides can determine whether a cell uses one or multiple
pro-survival proteins to prevent apoptosis. See interaction panel of

Fig. 4 BH3 profiling assay. Schematic of cell level events during BH3 profiling. In this assay, cells are
permeabilized and exposed to different doses of pro-apoptotic BH3 peptides. Cytochrome c staining is used to
monitor mitochondrial permeabilization (MOMP) as a read-out. Initially, digitonin permeabilizes the plasma
membrane of cells while leaving mitochondria intact, thus permitting diffusion of BH3 peptides into cells and
their interaction with BCL-2 family of proteins. If peptide treatment triggers MOMP, cytochrome c will be
released (1). On the other hand, if mitochondria do not response to BH3 peptide treatment, cytochrome c will
be retained within mitochondria. Healthy mitochondria retain cytochrome c and are therefore positive for
cytochrome c staining (2). After peptide exposure and fixation, MOMP is measured as a function of cytochrome
c retained within the mitochondria, which is detected by immunostaining and quantified by flow cytometry.

Methods for Studying Myofibroblast Apoptosis Pathways: BH3 Profiling. . . 127



sensitizer BH3 peptides in Fig. 3. For example, since HRK peptide
only binds to BCL-XL protein, MOMP induced by HRK peptide
indicates a dependency on BCL-XL for survival. Similarly, NOXA
BH3 peptide specifically assesses MCL-1 dependency (Fig. 6). In
addition, survival dependencies can be assessed by BH3 profiling
using the so-called BH3 mimetic drugs, which are small molecules
that bind to and inhibit specific BCL-2 survival proteins, function-
ally mimicking BH3 peptides (Fig. 3). BH3 mimetic drugs includ-
ing ABT-263 has been shown to reverses established in mouse
models of fibrosis by inducing apoptosis of myofibroblasts
[9, 10]. Therefore, BH3 profiling acts a functional biomarker
assay that not only determines myofibroblast mitochondrial
priming and survival dependencies but also predicts whether cells
will undergo apoptosis in response to specific BH3 mimetic drugs
or other therapeutic interventions.

Fig. 5 Mitochondrial apoptotic priming state determined by BH3 profiling. Using BH3 proapoptotic peptides
such as BIM or BID peptides, BH3 profiling assay can assess overall mitochondrial priming of cells.
Mitochondria that have less unbound pro-survival proteins are quickly and fully depolarized (loss of cyto-
chrome c) by even low doses of BIM (1μM) and are considered “primed” for apoptosis. Mitochondria that have
high level of unbound pro-survival proteins and only respond to high concentration of peptides (100μM) are
considered “unprimed” for apoptosis. Mitochondria that lack BAX or BAK are apoptosis incompetent and are
considered “Refractory” for apoptosis
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1.5 Extrinsic

Pathway of Apoptosis

The extrinsic pathway of apoptosis is activated by the binding of
extracellular death ligands such as FAS ligand (FASL), Tumor
Necrosis Factor (TNF), and TNF ligand superfamily member
10 (TRAIL) to death receptors. In this chapter, we also describe
classic methods to assess myofibroblast apoptosis via Annexin V
staining in response to treatment with Fas ligand or activating anti-
Fas antibodies.

Fig. 6 Diagnosing dependencies on pro-survival BCL-2 family proteins by BH3 profiling. Using the BH3-only
sensitizer peptides, the BH3 profiling assay can detect if a cell has a particular dependence on one or multiple
antiapoptotic BCL-2 family proteins for survival. The sensitizer peptides can selectively inhibit particular
antiapoptotic proteins. If a cell is primed, but does not express a particular antiapoptotic protein at high levels,
the sensitizer peptides will have little effect. If a cell is primed and expresses BCL-2 or MCL-1 at a high level,
treatment with the HRK or NOXA peptides, respectively, will inhibit the antiapoptotic and allow for the
activation of BAX/BAK
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2 Materials

2.1 Assessment

of Intrinsic Apoptotic

Pathways via BH3

Profiling Assay

2.1.1 Buffers

and Reagents

1. Mannitol Experimental Buffer (MEB) buffer: 150 mMmanni-
tol, 10 mM HEPES pH 7.5, 150 mM KCl, 1 mM EGTA,
1 mM EDTA, 0.1% BSA, 5 mM succinate (see Note 1).

2. 5% Digitonin: 50 mg/mL digitonin in DMSO (see Note 2).

3. Alamethicin dissolved in DMSO at 5 mg/mL (100� final
concentration).

4. BH3 Peptides or BH3 mimetic drugs, typically resuspended in
DMSO (100� final concentration) (see Note 3, Fig. 3 and
Table 1).

5. 4% Paraformaldehyde in PBS.

6. “N2” Buffer [1.7 M Tris, 1.25 M Glycine pH 9.1]: 1.7 M Tris
base, 1.25 M glycine, pH 9.1. For 50 mL of buffer, add 10.3 g
Tris base (M.W. 121.11) and 4.69 g glycine (M.W. 75.07).
Adjust pH to 9.1.

7. 10� Intracellular Staining Buffer (10% BSA (define BSA), 2%
Tween20): Per 50 mL, combine 1 mL Tween20, 5 g BSA, and
dissolve in 50 mL PBS. Sterile filter and store at 4 �C.

2.1.2 Staining 1. Zombie Aqua™ Fixable Viability Kit (BioLegend) (or any live
cell/dead cell discrimination dye).

2. Cytochrome c Antibody: We recommend the 6H2.B4 Clone
from BioLegend. Both Alexa Fluor® 647 anti-cytochrome c

Table 1
Frequently used peptides and their amino acid sequences

Peptides Sequence Extinction coefficient at 280 nm

hBIM Acetyl-MRPEIWIAQELRRIGDEFNA-Amide 5500 cm�1 M�l

hBID-Y Acetyl-EDIIRNIARHLAQVGDSMDRY-Amide 1490 cm�1 M�l

mBAD Acetyl-LWAAQRYGRELRRMSDEFEGSFKGL-Amide 6990 cm�1 M�l

mNoxaA Acetyl-AELPPEFAAQLRKIGDKVYC-Amide 1490 cm�1 M�l

Puma Acetyl-EQWAREIGAQLRRMADDLNA-Amide 5500 cm�1 M�l

Bmf-Y Acetyl-HQAEVQIARKLQUADQFHRY-Amide 1490 cm�1 M�l

W-Hrk Acetyl-SSAAQLTAARLKALGDELHQY-Amide 5500 cm�1 M�l

Puma2A Acetyl-EQWAREIGAQARRMAADLNA-Amide 5500 cm�1 M�l

Ac Acetyl, NH2 Amide, -Y and W- designate added residues for UV absorbance measurements at C or N term,

respectively
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Antibody and FITC anti-cytochrome c Antibody have been
validated for this assay in our laboratory.

2.1.3 Equipment 1. Flat-bottom 96-well clear NBS (Corning).

2. Flow cytometer.

2.2 Measuring

Extrinsic Apoptotic

Pathway via Annexin V

Staining

2.2.1 Buffers

and Reagents

1. FasL (Calbiochem, CA) or activating anti-Fas antibody CH11
(Millipore, Billerica, MA).

2. Annexin V Binding Buffer (Biolegend).

2.2.2 Staining FITC-Annexin V antibody (Biolegend).

2.2.3 Equipment 1. Flow cytometer.

2.3 Human Primary

Dermal Fibroblasts

3 Methods

3.1 Measuring

Myofibroblast Intrinsic

Apoptotic Pathways

via BH3 Profiling Assay

We have recently discovered that stiffness-activated myofibroblasts
increased their mitochondrial priming and became susceptible to
apoptosis upon treatment with BH3 mimetic drugs [9]. Here, we
describe how to apply BH3 profiling to study mitochondrial
priming in fibroblasts and myofibroblasts, which can be directly
isolated from tissue samples obtained from experimental models of
fibrosis or human biopsies obtained from patients with fibrotic
disease, or from any experimental condition that modulates the
biology of fibroblasts in vitro including matrix stiffness or growth
factor stimulation. Here, we will simply use human primary dermal
fibroblasts cultured in petri dishes in order to show the steps
required to establish BH3 profiling in the laboratory (for overview
of the workflow, see Fig. 7).

3.1.1 Viability Staining Fibroblasts are initially trypsinized from petri dish. Single-cell sus-
pensions are then labeled with Zombie Aqua dye following this
protocol:

1. Dilute Zombie Aqua™ dye at 1:200 in PBS. Resuspend a
maximum of 10 � 106 cells in 100μL of diluted Zombie
Aqua™ solution.

2. Incubate cells at room temperature, in the dark, for 30 min.
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3. Fibroblasts are spun down (1000 rpm or 180 � g, 5 min) and
washed once with 2% FBS, which quenches the reaction.

4. Resuspend cells at 2� 106/mL in MEB buffer (50,000 cells in
25μL are needed per well of 96-well plate).

3.1.2 Preparation

of 96-Well Plate

with Permeabilization

Buffer and BH3 Peptides

and Drugs

The basis of BH3 profiling has been described in Subheading 1.3.
As discussed above, digitonin initially permeabilizes the plasma
membrane of cells while leaving mitochondria intact, thus permit-
ting diffusion of BH3 peptides or drugs into cells and their interac-
tion with BCL-2 family in the outer mitochondria membrane. If
any of the treatments with BH3 peptides or drugs triggers MOMP,
cytochrome c will be released. On the other hand, if mitochondria
do not response to BH3 peptide or drug treatment, cytochrome c
will be retained within mitochondria. After peptide exposure and
fixation, MOMP is measured as a function of cytochrome c retained
within the mitochondria, which is detected by immunostaining and
quantified by flow cytometry. Prepare a 96-well plate for BH3
profiling assay as follows:

1. Preparation of treatments at 2� final concentration (BH3 pep-
tides and/or BH3 mimetic drugs) and controls on permeabi-
lization MEB buffer: For reference, 25μL are required per well
of 96-well plate.

(a) Prepare 0.005% digitonin inMEB buffer by adding 1μL of
5% digitonin per 1 mL of MEB buffer.

(b) Prepare BH3 peptides/drugs in 0.005% digitonin MEB
buffer at 2� final concentration. For instance, if the
desired final concentration is 100μM and the peptide
stock concentration is 10 mM, simply add 2μL of
10 mM peptide to 98μL MEB buffer containing 0.005%
digitonin, leaving peptide at 200μM (2� desired final
concentration, since we will add the same volume of cell
suspension solution culture with peptides/drugs). We
typically test the following peptides:

Fig. 7 Flow cytometry BH3 profiling workflow. Tissue or cells are collected and prepared into single-cell
suspension. Cells are labeled with Zombie Aqua dye and washed with PBS. Cells are then permeabilized with
digitonin and loaded into a 96-well plate that contains BH3 peptides or controls and incubated for 90 min,
28 �C. Cells are then fixed and stained for cytochrome c overnight, 4 �C. Cells are then analyzed by flow
cytometry
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– BH3 peptides use to assess priming state (desired final
concentration): BIM (0.3μM, 1μM, 3μM); BID
(0.3μM, 1μM, 3μM); PUMA (10μM, 25μM, 50μM).

– BH3 peptides to assess survival mechanisms (desired
final concentration): BAD (100μM), NOXA (100μM),
HRK (100μM), BMF (10μM).

– BH3 mimetic drugs (desired final concentration):
ABT-263 (1μM), S63845 (1μM), WEHI-539 (1μM).

(c) Prepare Negative control: 1% DMSO or the inert
PUMA2A peptide (dilute in the 0.005% digitonin MEB
buffer) at the highest used peptide concentration as con-
trols for complete cytochrome c retention.

(d) Prepare Positive control: Alamethicin at 50μg/mL (dilute
in the 0.005% digitonin MEB buffer) as a complete cyto-
chrome c release positive control (see Note 3).

2. Add 25μL of treatment/control solutions to each well of
96-well plate (see Note 5).

3. Keep 96-well plate on ice while cell suspensions are prepared.

3.1.3 BH3 Profiling Assay 1. Add 25μL of resuspend cells in MEB buffer to each well
(already containing peptides) while keeping the 96-well plate
on ice (see Note 6).

2. The assay is controlled by temperature. In order to initiate
BH3 profiling assay, incubate plate for 90 min at 28 �C. Be
aware that peptide responses increase as a function of time and
temperature.

3. Terminate treatment exposure by adding 15μL of 4% formal-
dehyde to each well (final concentration about to 1%), allow
plate to rest 10 min at room temperature.

4. Neutralize formaldehyde: Add 30μL of N2 buffer to each well,
allow plate to rest 10 min at room temperature.

3.1.4 Cytochrome c

Staining

1. Prepare cytochrome c antibody (Alexa Fluor® 647 anti-
cytochrome c) at 1:400 dilution on 10� intracellular staining
solution, add 10μL to each well (final concentration about
1:4000).

2. Stain with cytochrome c antibody overnight at 4 �C: Cover
plate with adherent plate cover and protect from light.

3. Use a fluorescence minus one (FMO) control without the
addition of an isotype or cytochrome c antibody as a negative
control. Because a matched isotype control for the cytochrome
c antibody occasionally stain brighter than some treatments
resulting in cytochrome c release values greater than
100% (see Note 7).
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4. Proceed to flow cytometry, standard compensation controls are
those typically used in standard Flow cytometry experiments.

3.1.5 Flow Cytometry

Analysis

1. Identify cells of interest by excluding doublets and dead cells.

2. Draw gates in the cytochrome c Florescence channel (Fig. 8).

l Identify cytochrome c negative population: Alamethicin
and unstained FMO should be negative for cytochrome c
staining. Use these wells to set a gate for cytochrome c
negative cells.

l Identify cytochrome c positive population: DMSO and
Puma-2A will not cause cytochrome c loss. Use this popula-
tion to set a gate for cytochrome c positive. The cytochrome
c negative and positive gates should not overlap.

l Run treatment samples. Once the gate is set, run all other
treatment samples using the same gates and look at the
percentage of cytochrome c negative cells caused by the
treatments. This can be plot as percentage of cytochrome c
loss after treatment (Fig. 8).

3.2 Assessment

of Myofibroblast

Extrinsic Pathway

of Apoptosis via

Annexin V Staining

Activation of the extrinsic pathway involves death receptors such as
Fas and can be investigated by stimulating fibroblasts and myofi-
broblasts with recombinant Fas ligand or activating anti-Fas anti-
bodies. Apoptosis in response to these treatments is measured by
Annexin V-staining by flow cytometry, which involves binding to
extracellular-facing phosphatidylserine (PS) on the surface of apo-
ptotic cells.

3.2.1 Fas Ligand

Treatment

Primary human dermal fibroblasts obtained from healthy controls
or patients with fibrotic diseases cultured in DMEM with 1% FBS
are treated with FasL (50 ng/mL) or activating anti-Fas antibody
(250 ng/mL) for 24 h.

3.2.2 Sample Collection

and Staining Procedure

1. Collect cell supernatants and save them on a 15 mL falcon
tube. Keep them on ice.

2. Wash cells with 1 mL of cold PBS and add it to the same 15 mL
tube.

(a) Trypsinize fibroblasts and transfer cell suspension into the
same tube of supernatants and PBS. Centrifuge for 5 min
at 1000 rpm (4 �C).

(b) Wash pellet twice with cold PBS, and then resuspend cells
in Annexin V Binding Buffer at a concentration of
0.25–1.0 � 107 cells/mL.

(c) Transfer 100μL of cell suspension into a 1.5 mL tube and
stain cells with 2μL of FITC-Annexin V (1:50 dilution).
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(d) Gently vortex cells and incubate for 15 min at room
temperature (25 �C) in the dark.

(e) Add 400μL of Annexin V Binding Buffer to each tube.

(f) Proceed to flow cytometry within 4 h after the initial
incubation period.

3.2.3 Flow Cytometry

Analysis

1. Exclude doublets.

2. Draw a gate in the Annexin V fluorescence channel: Under
normal physiological conditions, PS is mainly located on the
inner side of cell membrane. At the beginning of apoptosis, PS
loses its asymmetric distribution in phospholipid bilayer and it
is transferred to the outside of cell membrane. Once PS reaches
the outer surface of the membrane, it can be detected in a
calcium-dependent manner by fluorescent-labeled annexin V.

3. Record the percentage of Annexin V+ cells.

Fig. 8 Flow cytometry BH3 profiling analysis. After selecting the population of interest, cytochrome c staining
is analyzed by flow cytometry. PUMA-2A treated cells should be cytochrome c positive. Alamethicin causes
total cytochrome c loss and therefore cells should be cytochrome c negative. Increasing dosage of the
pro-apoptotic BIM BH3 peptide results in increased cytochrome c loss, indicating MOMP. Results are typically
plot as % cytochrome c released in response to peptide treatment
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4 Notes

1. Mannitol Experimental Buffer (MEB) is a solution that con-
tains non-ionic solutes to maintain osmolarity because high salt
concentrations tend toward spontaneous release of cytochrome
c. They also contain a carbon source, such as succinate, and
often low concentrations of EGTA and/or EDTA to sequester
calcium in particular.

2. Digitonin is a mild detergent made of a steroid head and a
polysaccharide tail. It makes pore large enough to bleed the
cytoplasm out of the cell within minutes but leaves the orga-
nelles intact. This is necessary to ensure all cells and their
mitochondria get even exposure to the peptides so that they
can be compared to each other.

3. Alamethicin is a pore forming peptide that can make holes in
both the plasma and mitochondrial membranes. Alamethicin
results in BAX/BAK-independent MOMP and full release of
cytochrome c followed by depolarization. It is highly recom-
mended as the only means to discriminate failure to release
cytochrome c and operator error.

4. Peptides should be 95% pure or greater and should be made as
TFA salts. Dissolving lyophilized peptide powder at 50 mg/
mL in DMSO will generally produce peptide stocks of
10–15 mM and then verify peptide concentration by UVabsor-
bance at 280 nm. Master stocks store at �80 �C. Avoid fre-
quent freeze-thaws.

5. During 90 min incubation, fibroblasts can easily attach to the
plate. The NBS coatings are used for iBH3 because they yield
2–3 times as many cells over standard polystyrene or polypro-
pylene. Polystyrene and polypropylene generally lead to cell
loss due to cell attachment to the plate walls via hydrophobic
interactions. Moreover, MEB buffer contains low concentra-
tions of EGTA and EDTA to sequester calcium. Also, to avoid
cell loss and clumping, mix cells properly before fixation with
formaldehyde.

6. Keep in mind that increasing cell number may decrease peptide
efficacy (for 96-well plate, we typically use 10,000–50,000 cells
per well). Also, be aware that peptide responses increase with
incubation time and temperature. Make sure cell numbers,
incubation time, and temperature are standardized throughout
your experiments.

7. It is very important to remember that iBH3 profiling measures
the amount of cytochrome c retained in the mitochondria. The
pores made by digitonin in the plasma membrane are so large
that any cytochrome c released from the mitochondria into the
cytoplasmic space will immediately leave the cell completely.
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Chapter 10

Determination of Senescent Myofibroblasts in Precision-Cut
Lung Slices

Tamara Cruz, Ana L. Mora, and Mauricio Rojas

Abstract

Fibroblast-to-myofibroblast transdifferentiation and the acquisition of a senescent phenotype are hallmarks
of fibrotic diseases. The study of the localization of senescent myofibroblasts as well as their interactions
with other cell types in the fibrotic tissue has been hindered by the lack of methods to detect these cells
in vivo. Here, we describe methods to detect tissue localization of senescent myofibroblasts in precision-cut
lung slices (PCLS) by combining β-galactosidase staining with immunofluorescence techniques.

Key words Fibrosis, Myofibroblasts, Senescence, β-Galactosidase, PCLS

1 Introduction

Cellular senescence is defined by increased expression of cell cycle
inhibitors p21 and p16INK4a, which leads to cell cycle arrest. Senes-
cent cells are also resistant to apoptosis, display increased
β-galactosidase activity, and produce a wide array of secreted factors
collectively known as the senescence-associated secretory pheno-
type (SASP) [1, 2]. The accumulation of senescent cells has been
recently described in healthy aging and lung age-related fibrotic
diseases including idiopathic pulmonary fibrosis (IPF) [3, 4]. In
this context, the SASP produced by senescent cells is a source of
pro-fibrotic mediators that can promote fibroblast-to-myofibro-
blast transdifferentiation, thus contributing to the development
and progression of lung fibrosis [5, 6].

Precision-cut lung slices (PCLS) are being increasingly used as
an ex vivo approach to visualize the position of live cells in fibrotic
lung tissues and to investigate the biological interactions between
different cell types [7, 8]. PCLS can also be cultured, offering the
possibility of testing different interventions, including evaluating
therapeutic candidates [8–10]. Here, we provide methods to detect
senescent cells including senescent myofibroblasts in PCLS by
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performing β-galactosidase staining. β-Galactosidase is a hydrolase
enzyme that catalyzes the hydrolysis of β-galactosides into mono-
saccharides only in senescent cells. Thus, this method requires
intact activity of β-galactosidase in order to catalyze the conversion
of a chromogenic substrate into a blue-colored final product. The
use of PCLS also offers the possibility to combine β-galactosidase
staining with immunofluorescence in order to determine cellular
senescence in a cell-specific manner.

2 Materials

2.1 Preparation

of PCLS

(For details, see Chapters 19 and 30). Our protocol was optimized
for 300μm thick mouse PCLS (see Note 1).

2.2 β-Galactosidase
Activity: X-Gal Staining

1. 4% Paraformaldehyde (PFA) in phosphate-buffered saline
(PBS): 0.138 M NaCl, 0.0027 M KCl, pH 7.4.

2. Detergent for tissue permeabilization: 0.1 M Na2HPO4

pH 7.3, 0.1 M Na2HPO4 pH 7.3, 2 mMMgCl2, 0.1% sodium
deoxycholate, 0.02% Nonidet P-40, 0.05% bovine serum albu-
min (BSA), in ddH2O (see Note 2).

3. Senescence β-Galactosidase Staining kit (Cell Signalling,
cat.9860) (see Note 2).

4. Parafilm.

5. Shaker.

6. Standard light microscope.

2.3 OCT Blocks

and Sectioning

1. 30% Sucrose.

2. 2-Methylbutane.

3. Plastic beaker.

4. Styrofoam box with liquid nitrogen.

5. Optimal cutting temperature (OCT) media.

6. Embedding cassettes.

7. Freezing box or bag.

8. Cryostat.

2.4 Immuno-

fluorescence Staining

1. 0.5% BSA in PBS (PBB) and serum.

2. Primary antibodies (α-Smooth Muscle Actin (α-SMA, clone
1A4), PDGFRα (Clones clone D1E1E), CD90 (clone JF10-
09), TE-7 (clone TE-7).

3. Secondary antibody.

4. Antifade DAPI prolong gold mounting media.

5. Cover glass.
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2.5 Imaging

and Quantification

1. Fluorescence microscope.

2. Image J software.

3 Methods

Our protocol was optimized for 300μmmouse PCLS (seeNote 1).

3.1 β-Galactosidase
Staining

1. Wash PCLS slices in PBS.

2. Fix PCLS slices in fresh cold 4% PFA for 1 h at 4 �C.

3. Permeabilized PCLS slices with detergent two times for 20 min
at room temperature on a shaker (see Notes 2 and 3).

4. Wash for 10 min in PBS to remove any rest of detergent.

5. During the wash in PBS prepare the β-galactosidase staining
solution following the senescence β-Galactosidase Staining kit
instructions (see Note 4).

Add β-galactosidase staining solution at room temperature.
Ensure tissues are entirely covered, seal with paraffin, and
protect from light. Place at 37 �C (no CO2) overnight on a
shaker.

6. The following morning examine the samples using a standard
light microscope. At this point the tridimensional structure of
the PCLS makes difficult to focus, but it must be easy to
visualize dark spots in the tissue. If the staining pattern is
satisfactory, proceed to the next step. If no stain is detectable,
then fresh β-galactosidase staining solution can be added, and
the reaction restarted at 37 �C for the rest of the day.

7. Wash PCLS in PBS for 20 min in the dark, three times, at room
temperature on a shaker.

8. Fix PCLS with 4% PFA overnight at 4 �C, on a shaker, in the
dark. The next day, wash the samples three times for 1 min
with PBS.

3.2 OCT Block

Generation

and Cryostat

Sectioning

1. Place PCLS in 30% sucrose for 24 h. Replace sucrose 2 times�
within 24 h period. Provide enough 30% sucrose to submerge
PCLS.

2. Place a plastic beaker containing 2-Methylbutane in a Styro-
foam box, or equivalent container, containing a few inches of
liquid nitrogen. Allow the beaker with 2-methyl butane to cool
for 5 min and maintain it submerged in the liquid nitrogen
during the entire freezing protocol.

3. Samples can be embedded in OCT compound in a small
embedding cassette.
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4. Pick up the cassette with the sample in OCT and completely
immerse in the liquid nitrogen cooled 2-Methylbutane for 30 s.

5. Remove samples from the beaker and immerse them in the
liquid nitrogen for an additional 10 s.

6. Immerse an adequately labeled freezing box or bag in the liquid
nitrogen for a few seconds to cool container to the same
temperature as the tissue.

7. Place samples into the freezing box or bag on dry ice until
placing the samples into a –80 �C storage. Samples to be
transferred between labs or waiting sectioning should be stored
on dry ice to avoid thawing. Store until ready for sectioning in
the cryostat.

8. Cryostat section PCLS samples to generate 10μm slides.

3.3 Immuno-

fluorescence Staining

1. Rehydrate frozen tissue sections with two washes of PBS at
room temperature, keep samples in solution at all time, do not
let them dry.

2. Washes samples in PBB (0.5% BSA in PBS) three times for
1 min.

3. Block with 5% serum diluted in PBB for 1 h at room tempera-
ture. Serum must be from the species in which your secondary
antibodies are generated. See Note 5.

4. Dilute primary antibodies in PBB at concentrations described
below and gently drop 70–100μL of antibody solution over
section, so the section is fully covered (see Note 6). Incubate
overnight at 4 �C (see Note 7). The following molecular mar-
kers are recommended for labeling lung fibroblasts and
myofibroblasts.
(a) Myofibroblasts:

l α-Smooth Muscle Actin (α-SMA). Mouse monoclonal
antibody, clone 1A4, use at 1:1000.

(b) Fibroblasts:

l PDGFRα: Rabbit monoclonal. Cones D1E1E or
D13C6, used at 1:500.

l CD90: Rabbit monoclonal antibody, clone JF10-09,
used at 1:50–1:200 (see Note 8).

l Anti-fibroblast clone TE-7: Mouse monoclonal, used
at 1:100.

5. Wash sections five times with PBB.

6. Secondary antibody: Add secondary antibody at the recom-
mended dilution in PBB to the section for 60 min. Secondaries
can be added together if using more than one, but they must be
against two separate species (see Note 6).
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7. Wash sections with five times with PBB.

8. Wash sections with five times with PBS (see Note 9).

9. Add DAPI prolong to the slices place slides horizontal in a slide
box, and allow the cover glass to adhere to slide overnight at
4 �C in the dark.

3.4 Imaging

and Quantification

1. Take bright-field and fluorescence images using a fluorescence
microscope (Fig. 1).

2. Use imageJ to quantify the total number of cells, the number of
fibroblasts and myofibroblasts. The image of each channel
(DAPI and all the antibodies added) must be analyzed inde-
pendently, but the analysis strategy must be the same for all the
different samples.

3. Generate the mask that fits the cells in each stack (channel).
Apply the same mask to all the samples.

(a) Every stack must be in an 8-bit format.

(b) Apply a threshold that fits better with the samples.

Fig. 1 Representative image of a section of fibrotic PCLS stained with β-Gal for the detection of the senescent
cells (blue) and quantified by imageJ cell counter (red dots)

Senescence in PCLS 143



(c) We have optimized the fitting using the ImageJ options
noise, filter, and binary.

4. Automatic cell counter using analyzed particles option.
(a) Limit the size to 2-infinity.

(b) Select the showmask option that can superpose it with the
original image to double-check the fitness of the mask.

5. Count the βb-galactosidase positive cells using the ImageJ cell
counter, see Note 10 (Fig. 1).

6. Generate the proportion of senescence cells in the total number
of cells in the lung, myofibroblast or fibroblast.

4 Notes

1. PCLS of 300–700μm depth are recommended. The depth of
the PCLS must be adjusted depending on the integrity of the
tissue. Healthy lungs can usually be cut at shallower depths,
while fibrotic and other unhealthy tissue may need to be cut at
deeper depths. Deeper depths will allow you to get a higher
number of sections for different co-stainings.

2. The strength of the detergent depends between species and in
healthy vs. disease lungs. For human samples it is recommend
stronger detergents than for mouse. For fibrotic lungs or lungs
with higher content of myofibroblast we recommend even
stronger detergents. The following two alternatives represent
stronger detergents, number one can be used for human sam-
ples and number two for fibrotic tissues, but we highly recom-
mend optimizing it according to your sample and specific post-
processing.
(a) Detergent wash: Sodium phosphate dibasic (0.5 M;

pH 7.0–7.5) 0.1 M, sodium phosphate monobasic
(0.5 M; pH 7.0–7.5) 5 mM, MgCl2 · 6H2O (1 M)
3 mM, sodium deoxycholate 1.5 mM, octylphenoxypo-
lyethoxyethanol (IGEPAL CA-630) 3.0%.

(b) Detergent wash: 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4, 2 mMMgCl2, 5 mM EGTA,
0.02% IGEPAL, 0.01% Na deoxycholate.

3. The number of permeabilizations with the detergent should
also be optimized. For small and shallower PCLS one round of
permeabilization can be enough and for fibrotic tissues it is
highly recommended to increase the number of permeabiliza-
tions to 3.

4. Keep X-Gal solution protected from light all time and it is very
important to adjust the pH at 6.0 (a pH 5.9–6.1 is acceptable).

144 Tamara Cruz et al.



pH differences can affect staining, a low pH can result in false
positives and high pH can result in false negatives.

5. If the protein of interest is nuclear, a permeabilization step
should be added before blocking. Permeabilization can be
performed with 0.3% Triton-X for 15 min to 1 h. Optimization
must be performed for each sample and antibody.

6. Spin down primary and secondary antibodies for 5 min to
pellet any aggregates.

7. Put the samples in a humid environment (wet paper towel
within slide box).

8. Add an antibody against CD45. Fibroblast should be negative
for CD45, and this marker will allow the exclusion of lympho-
cytes and NK cells also positive for CD90.

9. Remaining BSA would bind DAPI indiscriminately.

10. The automatic counting does not work great with bright-field
images.
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Chapter 11

The Scar-in-a-Jar: In Vitro Fibrosis Model for Anti-Fibrotic
Drug Testing

Simon Stebler and Michael Raghunath

Abstract

Excessive deposition of type I collagen follows in the wake of chronic inflammation processes in dysregu-
lated tissue healing and causes fibrosis that can ultimately lead to organ failure. While the development of
antifibrotic drugs is targeting various upstream events in collagen matrix formation (synthesis, secretion,
deposition, stabilization, remodeling), the evaluation of drug effects would use as net read-out of the above
effects the presence of a deposited collagen matrix by activated cells, mainly myofibroblasts. Conventional
methods comprise lengthy and labor-intensive protocols for the quantification of deposited collagen, some
with sensitivity and/or specificity issues. Here we describe the Scar-in-a-Jar assay, an in vitro fibrosis model
for anti-fibrotic drug testing that benefits from a substantially accelerated extracellular matrix deposition
employing macromolecular crowding and a collagen-producing cell type of choice (e.g., lung fibroblasts
like WI-38). The system can be aided by activating compounds such as transforming growth factor-β1, a
classical inducer of the myofibroblast phenotype in fibroblasts. Direct image analysis of the well plate not
only eliminates the need for matrix extraction or solubilization methods, but also allows for direct imaging
and monitoring of phenotypical markers and offers the option for high-content screening applications
when adapted to well formats compatible with a screening format.

Key words Macromolecular crowding, Ultra-flat 3D, Collagen quantitation, Extracellular matrix,
Drug discovery, High-content screening, Bioimaging, Immunocytochemistry

1 Introduction

During scarring, an ill-regulated process of wound healing, exces-
sive amounts of extracellular matrix (ECM) (especially type I colla-
gen) are deposited at the site of tissue injury. This process, when
locally contained, will form a defined scar, but when perpetuated
and spreading through an organ can destroy its microarchitecture,
and ultimately its function. Anti-fibrotic drugs therefore aim to
disrupt local or organ-wide collagen build-up at a transcriptional,
translational, or posttranslational level. In the last decades various
methods have been described to quantify the amount of deposited
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collagen and used in combination with in vitro and ex vivo fibrosis
models that allowed researchers to assay for anti-fibrotic properties
of drug candidates [1].

A classical method for the colorimetric quantification of colla-
gen is the determination of 4-hydroxyproline, the abundant and
unique signature amino acid of collagen (about 14%) [2]. Following
total acid hydrolysis of dried and weighed tissue material
4-hydroxyproline is reacted with dimethylaminobenzaldehyde
(Ehrlich’s reagent) which yields a product that can be determined
photometrically at an absorption maximum of λmax ¼ 558 � 2 nm
[3]. Several refinements of this hydrolysis method have been intro-
duced aiming at shorter processing times, increased sensitivity, and
alternative detection methods such as HPLC or LC-MS [4–
6]. Another popular method to quantify soluble and solubilized
collagen is the Sircol Collagen Assay. The assay’s central reagent is
the anionic dye Sirius red [7]. The original method suffers from
specificity issues as the dye binds to basic amino acids regardless of
the source and must have led to many overestimations in the
literature when performed in serum-containing material [8]. This
can be remedied by an additional pepsin digestion and ultrafiltra-
tion step followed by the normal Sircol Collagen Assay protocol to
yield accurate collagen concentrations [8]. Other quantitative ana-
lyses include MS [9], ELISA [10], SDS-PAGE in combination with
densitometry [11] or image-based analyses by confocal microscopy
[12–14], two-photon excitation fluorescence and second and third
harmonic generation microscopy [15, 16] that make use of the
nonlinear optical property of fibrillar collagen.

The above described collagen quantification methods have
been used in combination with various in vitro and ex vivo fibrosis
models some of which are highlighted below. Emulating the for-
mation of fibrous-like tissue with excessive ECM build-up potential
was achieved in vitro using long-term fibroblast cultures, and
allowing them to form multiple cell layers under stimulation with
transforming growth factor-β1 (TGFβ1) [17], a known main driver
of fibrosis [18]. Another approach for anti-fibrotic drug testing
using kidney-derived cells in fact consists of two separate fibrosis
models, as under stimulus of TGFβ1, human mesangial cells either
formed monolayers (2D) or nodules (3D) solely depending on the
growth substrate [19]. More recently, sophisticated examples for
in vitro fibrosis models featured lung organoids derived from
human embryonic stem cells with engineered gene mutations
[20], or from induced pluripotent stem cells (iPSC)-derived
humanmesenchymal cells cultured in the interstitial spaces between
collagen-functionalized hydrogel beads in the presence of TGFβ1
[21]. Biomechanical properties such as stiffening and contraction
of progressive fibrotic tissue have been emulated using micropillars
or rods that are deflected by contractile forces exerted by contigu-
ous fibroblast layers (after TGFβ1 activation) covering these nano
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landscapes [22, 23]. Ex vivo precision cut lung slices considerably
raise the complexity of the model as the lung tissue architecture of
various cell types and ECM is greatly conserved [24]. Airways of
healthy or diseased lung of human or animal origin are infused with
agarose solution followed by subsequent sectioning into uniformly
thick tissue slices (200–1000 μm) and placing in culture. Anti-
fibrotic drugs may be tested directly on diseased or healthy lung
slices after initiation of fibrosis incubating the tissue in a cocktail
containing TGFβ1 [25–27]. Precision cut lung slices are widely
used and considered a bridging element between in vitro and
in vivo studies as they help to reduce animal sacrifices while deliver-
ing relevant data.

Here we describe the Scar-in-a-Jar, an in vitro fibrosis model
that combines (a) a highly accelerated deposition of ECM by
fibroblastic cells such as WI-38 lung fibroblasts through macromo-
lecular crowding (MMC) culture conditions and simultaneous
fibrotic stimuli such as TGFβ1 and (b) optical high-content screen-
ing to quantify deposited collagen circumventing the need to solu-
bilize ECM and losing material along the way [28]. MMC, the
addition of preferably carbohydrate-based macromolecules
(50–400 kDa) to culture medium, causes the excluded volume
effect. This effect supports protein folding and enzymatic transition
complex stabilization by limiting available extracellular space for
biomolecule action. Collagen I deposition is boosted on three
levels by macromolecular crowding. Firstly, by means of an accel-
erated conversion rate from procollagen I to collagen I, secondly,
an enhanced supramolecular assembly of collagen triple helices to
collagen fibers, and thirdly, by an increased stabilization of ECM
components by lysyl oxidase- and transglutaminase-mediated cross-
linking [29]. In fact, this “crowded state” creates an ECM micro-
environment that resembles the in vivo situation more closely than
the highly dilute aqueous standard cell culture condition. This is
why MMC has been growing in popularity as research discovery
tool to unmask processes or functions that may otherwise would
have been overlooked [30]. In the Scar-in-a-Jar model, MMC
allowed us to deposit significant amounts of ECM (6 day of
MMC in a 7 day assay) while keeping the cell density at a subcon-
fluent state [28]. This makes optimal collagen secretion and forma-
tion of an ultra-flat 3D model possible, while preventing multilayer
formation as in the long-term fibroplasia model [17]. This in turn
enabled optical high-content screening by software-assisted deter-
mination of immunofluorescent type I collagen area and normali-
zation by a nuclear count [28]. The first adopter of the Scar-in-a-Jar
after its publication in 2009 was the pharmaceutical industry, and
the assay has since been improved toward medium-throughput
(96-well) applications. The Scar-in-a-Jar has stood the test of time
as relevant fibrosis model using lung fibroblasts from patients with
idiopathic pulmonary fibrosis (IPF) for drug screening (adaptions
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to the method, see Note 1) [31]. Recently, an extended (12 day of
MMC instead of 6 day) Scar-in-a-Jar assay has been suggested, in
combination with clinically validated biochemical markers of ECM
synthesis to better monitor long-term effects of anti-fibrotic drugs
using ELISA to analyze culture media [32]. These biomarkers are
the soluble C-propeptides of collagens I, III, IV–VI and they result
from successful cleavage indicating matrix formation.
C-propeptides of collagen III and VI have previously been reported
to be increased in serum of advanced IPF patients [33]. Of note,
α-SMA, a hallmark of myofibroblasts in fibrotic tissue, has recently
been detected in serum of patients with IPF [34], and therefore was
included in the immunochemical analyses, too. Interestingly,
C-propeptides of collagens I, IV-VI were elevated in the first
4 day, while collagen III C-propeptide and α-SMA levels occurred
only after 8 days and increased strongly toward day 12 [32]. While
this shows that IPF pathology can be emulated in vitro, it also
emphasizes the role of the fourth dimension in assay design.

2 Materials

2.1 Cell Culture

and Scar-in-a-Jar

Procedure

1. Fibroblastic cells such as normal human lung fibroblasts
(WI-38) (see Note 2).

2. Tissue culture plastic ware: 24-well plates, standard cell culture
consumables.

3. Proliferation medium: Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS).

4. Assay medium: DMEM supplemented with 0.5% FBS,
100 μM L-ascorbic acid 2-phosphate (see Note 3), a mixture
of 37.5 mg·mL�1 Ficoll™ (Fc) 70 with 25 mg·mL�1 Fc
400 (see Note 4), 5 ng·mL�1 TGFβ1. This medium would
contain any drugs used for fibrosis assessment (see Note 1).

5. Ciclopiroxolamine (CPX) solution (positive control, see Note
5): Prepare a stock of 0.5 M CPX in methanol, dilute to a
working concentration of 1 mM CPX in DMEM (prior to cell
culture addition) and add to cell culture at a final concentration
of 8 μM.

6. Humidified incubator at 37 �C and 5% CO2.

7. Potential anti-fibrotic drugs for assessment (see Note 1).

2.2 Immuno-

cytochemistry

1. Phosphate-buffered saline (PBS): 137mMNaCl, 2.7 mMKCl,
6.5 mM Na2HPO4, 1.5 mM KH2PO4 in apyrogenic ultrapure
water; pH 7.4.

2. Fixative: Methanol, ice-cold (see Note 6).

3. Blocking solution: 3% bovine serum albumin in PBS.
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4. Antibodies and nuclei staining: Primary type I collagen and
compatible secondary detection antibodies. For nuclei stain-
ing, 40,6-diamidino-2-phenylindoldilactate (DAPI) is suitable
(see Note 7).

2.3 Optical

High-Content

Screening

and Analysis of Data

1. Epifluorescence microscope, microscopic plate reader, or simi-
lar device equipped with appropriate filter sets (at least two,
preferably one for DAPI) that allows fluorescence image acqui-
sition (see Note 8).

2. Image analysis software that allows enumeration of nuclei and
type I collagen area determination (see Note 9).

3 Methods

3.1 Cell Culture

and Scar-in-a-Jar

Procedure

1. Cultivate WI-38 in proliferation medium and passage cells (see
Note 10) when still subconfluent.

2. Plate cells on 24-well plates (see Note 11) at 50,000 cells per
well in 0.5–1mL of proliferation medium. Plan to have enough
experimental wells ready to hold all samples (including desired
concentrations and solvent control “vehicle”) plus positive
control (8 μM CPX in DMEM) and incorporate at least two
biological repeats (n ¼ 2) per sample and control.

3. Incubate in humidified incubator at 37 �C and 5% CO2 for
16 h.

4. Change to assay medium (1 mL per well) containing desired
drugs (see Note 1) and controls.

5. Incubate in humidified incubator at 37 �C and 5% CO2 for
6 day to ensure sufficient ECM deposition.

3.2 Immuno-

cytochemistry

1. Fix cells with ice-cold methanol for 10 min at �20 �C.

2. Remove methanol and wash cells three times with PBS.

3. Add blocking solution and block at room temperature for
30 min.

4. Dilute type I collagen primary antibody in PBS, add to cells,
and incubate at room temperature for 90 min.

5. Remove primary antibody and wash cells three times with PBS.

6. From here on work in a dark environment to minimize
photobleaching.

7. Prepare a mixture of secondary antibody and DAPI in PBS.

8. Remove primary antibody solution from cells, do not wash.

9. Add secondary antibody and DAPI solution to cells and incu-
bate at room temperature for 30 min.
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10. Wash cells three times with PBS and leave 0.5 mL of PBS on
top of the samples to prevent cells from getting dry.

11. Analyze samples immediately or store at 4 �C in the dark for
not longer than 48 h prior to analysis.

3.3 Optical

High-Content

Screening

and Analysis of Data

1. Take multiple images per well (see Note 12). Look for the
strongest signal throughout all experimental samples and con-
trols make sure to adjust exposure times for each channel
(nuclei + collagen). Acquire all images using identical settings
(see Note 13).

2. Export and store images in a way that allows analysis of chan-
nels individually.

3. Quantify total number of nuclei and corresponding type I
collagen content per imaging site (see Note 14).

4. Normalize type I collagen content by number of nuclei to get
area of type I collagen per nuclei per image field in μm2.
Determine mean of each well, calculate fold changes of relevant
controls and do statistics on combined biological replicates.

4 Notes

1. GlaxoSmithKline have successfully implemented the Scar-in-a-
Jar method to their anti-fibrotic drug discovery andmade some
updates [31] to our original method [28]: Patient-derived IPF
fibroblasts were seeded into black-walled 96-well imaging
plates at 10,000 cells per well in DMEM supplemented with
0.4% FBS and 4 mM L-glutamine and incubated for 24 h at
37 �C and 10% CO2 to reach confluence. Mediumwas changed
to assay medium supplemented with 0.4% FBS, 50 μg·mL�1

L-
ascorbic acid and Ficoll™ crowders (as described above). Anti-
fibrotic drugs or vehicle were pre-incubated for 3 h prior to the
addition of 1 ng·mL�1 TGFβ1 into the medium. Treated
fibroblasts were then cultured for 72 h at 37 �C and 10%
CO2. SB-525334 (ALK5 inhibitor) and CZ415 (mTOR inhib-
itor) were used as positive controls.

2. Initially, IMR-90 and WI-38 fibroblasts were assessed for their
ability to deposit substantial amounts of collagen. In compari-
son, WI-38 showed a slower proliferation rate which was bene-
ficial for our purpose to remain the cell culture subconfluent
after 6 day assay duration.

3. The 2-phosphate derivate was previously found to be more
stable than ascorbate [35]. We used it as the magnesium salt
hexahydrate.

4. In our original publication [28] we further describe the use of a
500 kDa dextran sulfate molecular crowder at 100 μg·mL�1 as
an alternative to Fc 70/400. The use of dextran sulfate even
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resulted in a quicker method (2 day instead of 6 day); however,
type I collagen deposition was rather granular that may result in
an under-appreciation of a possible drug effect in image
analysis.

5. Since our publication in 2009 [28] the FDA has approved
Pirfenidone and Nintedanib for the treatment of IPF in
2014. These drugs may be used as positive controls and bench-
mark compounds. Further examples of positive controls are
described above (see Note 1).

6. In comparison to 4% paraformaldehyde and live staining, meth-
anol fixation yielded the greatest quantified area of collagen.

7. We used mouse anti-human type I collagen monoclonal pri-
mary antibody from Sigma-Aldrich (St. Louis, MO, USA) and
Alexa Fluor 594 goat anti-mouse secondary antibody as well as
DAPI from Molecular Probes (Eugene, OR, USA).

8. Our data were generated using a Nikon TE600 fluorescence
microscope equipped with a Xenon light source, an automated
Ludl stage and a Photometrics CoolSNAP high-sensitivity
camera.

9. To quantify nuclei and type I collagen content we used Meta-
morph® Imaging System software.

10. We routinely cultured at low passage (passages 3–8).

11. We found higher well-to-well variations when using 96-well
format. Efforts to account for well-to-well variations and port
the Scar-in-a-Jar assay to a 96-well plate format for medium-
throughput has since been established [31].

12. We acquired nine separate images per well (3�3 grid) covering
a total area of 1.35 cm2 which represents approximately 70% of
the 24-well growth area.

13. When using automated image acquisition, it becomes neces-
sary to either turn on autofocus or to define a focus plane by
setting focus points in DAPI channel.

14. Using the Metamorph® Imaging System software we
accounted for positive DAPI signals when (a) the pixel inten-
sity value of an area was 15 above that of the background and
(b) long axis of nucleus measured between 10–15 μm. Suitable
fluorescent intensity thresholds for type I collagen were
defined according to intensity histograms while fluorescent
signals below a defined pixel intensity value were discounted
for (background). Corner images of the 3�3 grid were close to
the well border. To circumvent illumination variances and
interference with auto-fluorescent well borders, triangle-
shaped masks (excludes image analysis) were added to these
images to account for it.
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15. The research group of Ruud Bank recently revisited the Scar-
in-a-Jar sucessfully, and found additional value in using PVP40
as an alternative crowder to the Ficoll system that is worth
exploring [36].
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Part II

Myofibroblast Mechanobiology



Chapter 12

Why Stress Matters: An Introduction

Daniel J. Tschumperlin

Abstract

Fibroblasts and myofibroblasts are found throughout mechanically loaded tissues, where they take primary
responsibility for generating and maintaining the extracellular matrix scaffold upon which organ structure
and function depends. They are thus tasked with creating the appropriate mechanical environment in which
cells and tissues function optimally, and constantly adapting this environment as needed in response to
changing environmental cues. To carry out these functions, fibroblasts must not only deposit and resorb the
extracellular matrix, they must adhere to and sense its physical characteristics, and exert the forces necessary
to shape, distort, and remodel it as desired. It is thus only through a constant reciprocal sensing and
exertion of stress that fibroblasts can carry out their key functions. This introductory chapter will introduce
these aspects of fibroblast stress sensing and matrix remodeling during tissue homeostasis, wound repair
and fibrotic disease as a lead in to the detailed method chapters to follow onmyofibroblast mechanobiology.

Key words Stiffness, Traction, Collagen, Extracellular matrix, Mechanosensing, Integrin, Myofibro-
blast, Fibrosis

1 Introduction

Mechanobiology is the field of study dedicated to understanding
the reciprocal interactions between cells and their mechanical envi-
ronment. Fibroblasts and myofibroblasts, by virtue of their close
relationship with the extracellular matrix (ECM), provide an illus-
trative example of the richness and complexity of mechanobiology.
The ECM itself provides the structural scaffold upon which all
adherent cells (including fibroblasts) grow, differentiate, organize,
and function [1]. Fibroblasts and myofibroblasts are tasked with
the initial deposition of the ECM during organismal development,
as well as maintaining the ECM throughout an organism’s life, and
remodeling it in response to injury [2]. The ECM thus functions
both as an instructive set of physical and chemical cues (i.e., the
matrisome [3]), as well as a physical support that allows organs and
tissues to withstand stresses and function optimally in the ever-
changing dynamic mechanical environments inherent to life. Stres-
ses and strains, whether generated by external forces (e.g., gravity,
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muscular contraction) or by internal forces (e.g., cytoskeletal ten-
sion), are propagated along the ECM, with these loads largely born
by the ECM scaffold to protect tissue integrity and function
[4, 5]. Fibroblast and myofibroblasts are themselves embedded
within the ECM, and are therefore in constant contact and com-
munication with the ECM. These cells sense changes in their
physical environment, both its composition andmechanical proper-
ties, in order to respond to the needs for altered ECM composition,
organization, quantity, and physical properties [5]. Myofibroblast
functions are thus both shaped by, and in turn shape, the mechani-
cal properties of the ECM. Deciphering the rich interactions
between myofibroblasts and the mechanical state of the ECM
requires a detailed understanding of the ECM itself as a scaffold
and signaling structure that influences myofibroblasts, the matrix-
and stress-sensing capacity of myofibroblasts, and the stress-
generating capacity of myofibroblasts that dynamically reshapes
the ECM. This introductory chapter briefly reviews our growing
understanding of these essential pillars of myofibroblast
mechanobiology.

2 Extracellular Matrix as Scaffold, Signal, and Stress-Bearing Structure

To optimally fulfill its scaffold function, the ECM varies in compo-
sition and organization across the different organs, tissues, and
compartments of the organism [3]. ECM scaffolds can be thin,
compliant, flexible, and permeable to support endothelial or epi-
thelial barriers, such as typical basement membrane scaffolds found
in organs like the gut, lung, kidney, and liver, and underlying the
vasculature [6]. Alternatively, ECM scaffolds can be dense, stiff,
highly aligned, and strong, as in orthopedic tissues such as tendon
and cartilage [7], supporting the high loads necessary for proper
function of these tissues. Throughout these scaffolds are
distributed the ECM and ECM-associated proteins that collectively
define key physical characteristics of the ECM as well its capacity to
support and signal to specific cell types [3].

To support the varied needs for tissue-specific ECM, the cells of
the mesenchyme must respond to local organ and tissue-specific
cues in order to deposit, maintain, and remodel the appropriate
extracellular matrix that serves local functional needs, both physical
and biochemical. The local cues that regulate fibroblast function
can also be provided by other cells in the local environment. For
example, epithelial cell types specific to organs and interorgan
compartments provide signals that instruct fibroblast programs
[8, 9]. In a reciprocal fashion, fibroblasts, acting through the
ECM they deposit and the soluble cues they generate, can create
tissue-specific niches that support progenitor and resident cell
functions in an organ- and tissue-specific fashion [8, 10, 11].
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In disease process, disruption of these cellular interactions can
promote alterations in ECM abundance, organization, and physical
properties. For instance, in fibrotic pathologies, persistent or recur-
ring injury to epithelial compartments leads to persistent and inap-
propriate activation of a wound healing myofibroblast functional
program that ultimately results in aberrant ECM deposition and
stiffening [12]. Similarly, oncogenic transformation in epithelial
tumors leads to generation of cancer-associated fibroblasts which
alter tissue organization and physical properties, often supporting
tumor invasion and dissemination [13]. The dramatic increases in
tissue stiffness in both of these contexts are linked to fibrillar
collagen deposition and cross-linking [14, 15]. Notably, mimicking
these limited aspects of the changes in physical environment in
culture systems by controlling stiffness alone is sufficient to recapit-
ulate cellular phenotypes of fibrotic and cancer-associated fibro-
blasts, including increased extracellular matrix gene expression,
protein production, and deposition [16–21], as well as prolifera-
tion, apoptosis-resistance, contractility, and expression of an inva-
sive phenotype [18, 19, 21–23]. These findings emphasize the
potentially major role the physical environment plays in influencing
fibroblast function during disease progression [24–29]. While these
studies have been largely based on simple 2D hydrogel models,
tissue ECM and its surrounding cellular environments are inher-
ently more complex, and more sophisticated models, including
those that incorporate true 3D geometry [30, 31], as well as
relevant neighboring cell types [32], are likely to provide key
insights into how fibroblasts integrate local signals from the
mechanical environment and neighboring cells in order to control
ECM organization and remodeling.

Cues to remodel the ECM scaffold can come not just from
neighboring cells, but also directly from altered physical demands
in the tissue [5]. Stresses can be generated locally, by
ECM-embedded cells, or at a distance, such as by increased gravi-
tational, muscular or cardiovascular forces. In the absence of an
appropriate cellular response and adaptation, the tissue is at risk of
chronic dysfunction or even catastrophic failure, as physical limits of
the individual ECM fibers and the composite structure of the tissue
can be exceeded [33, 34]. Thus, it is paramount that fibroblasts
sense and respond quickly and appropriately to alterations in physi-
cal demands. For example, stretch promotes fibroblast matrix pro-
duction [35], which reinforces the tissue and ultimately shields
resident cells from further stretch in an attempt to restore mechan-
ical homeostasis [5]. Similarly, in dermal wound repair, rapid depo-
sition and stiffening of the nonlinear provisional ECM promotes
myofibroblast activation, supporting wound contraction
[36, 37]. Effective tissue repair ultimately relaxes the stresses in
the wound bed, allowing activated myofibroblasts to undergo apo-
ptosis or return to a more quiescent state [37, 38]. The key role of
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mechanical stresses in this cycle is illustrated by wound splinting,
which prolongs the mechanical loading of the wound ECM and
resident myofibroblasts, impeding healing, and enhancing scar for-
mation. In contrast, physically shielding the wound from stress by
using bandages that take on part of the load improves healing and
reduces scarring [39, 40]. In a similar fashion, reductions in tissue
stiffness during the resolution of fibrosis in the lung and liver
trigger myofibroblasts to undergo apoptosis or revert to a more
quiescent state [41], and these changes can be triggered by restor-
ing the physical properties of the ECM to normal physiological
stiffness levels [42–44]. Such healing and repair processes promote
the normalization of the tissue mechanical properties and restora-
tion of homeostasis. It is thus clear that understanding myofibro-
blast regulation and function must account for the sensing of
physical cues provided through its interactions with the ECM.

3 ECM and Mechanosensing

Fibroblasts sense and respond to matrix and mechanical cues
through specific adhesion molecules and structures. Chief among
these are integrin-based adhesions, which link the ECM to the
intracellular cytoskeleton, and to a variety of intracellular signaling
pathways [45]. Integrins are heterodimers of α and β subunits that
bind to specific polypeptide sequences in extracellular matrix pro-
teins. Assembly and stability of integrin-based adhesions are modu-
lated by the physical force environment. For example, fibroblast
sensing of matrix stiffness requires the coordinated interactions of
integrins with fibronectin outside the cell, and with cytoskeleton-
associated talin and actin inside the cell. This complex forms clutch
mechanisms, wherein the balance of force-dependent adhesion and
contraction enables the assembly, growth, and maintenance of
integrin-based cell-matrix adhesion complexes [46]. Adhesion
complexes assemble and disassemble on time scales comparable to
dynamic changes in internal or externally applied forces [47]. While
integrins themselves have little direct signaling capacity,>500 indi-
vidual proteins have been identified to assemble into these dynamic
cell-ECM adhesion complexes, many with their own inherent sig-
naling capacity [48, 49]. For example, the focal adhesion kinase
(FAK) can be activated by stretching of fibroblasts, leading to
activation of its catalytic domain and phosphorylation of down-
stream targets [50]. Force-dependent activation of FAK provides
one example of how mechanical information from the cell’s micro-
environment can activate biochemical signaling. The activation of
FAK by mechanical stimuli has been widely linked to myofibroblast
activation and persistence, demonstrating its critical role in these
processes [51–56]. More broadly, force-induced formation of cell-
ECM adhesions can ignite signaling processes that have profound
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influence on the underlying state of the fibroblast in response to
alterations in its physical environment. In addition, as discussed
below the formation of stable adhesions to the ECM provides a
platform for assembly of a highly organized and strongly contractile
actomyosin machinery, enabling fibroblasts to apply stress to their
surroundings, leading to remodeling of the ECM and inside-out
activation of further signaling responses.

Downstream of cell-matrix adhesions, mechanosensing is
integrated into transcriptional and epigenetic mechanisms
controlling programs of gene expression, leading to relatively stable
alterations in cell state [57]. In the case of fibroblasts, these
mechano-responsive epigenetic mechanisms include transcriptional
regulators such as YAP/TAZ [58–63] and MRTF [16, 64, 65],
microRNAs such as miR-21 [66], and histone alterations such as
H3K9 di- and tri-methylation [67]. Together these epigenetic and
transcriptional mechanisms modulate dynamic, and in some cases
long-lasting changes in gene transcription, resulting in engagement
of fibroblast proliferative, contractile, and matrix synthetic states in
response to alterations in the physical environment. Further eluci-
dation of these programmatic stress responses, including both the
upstream mechanosensitive signaling and downstream epigenetic
mechanisms, may open new avenues for therapeutic intervention
[26], as manipulating the activation state of myofibroblasts
through controlled “reprogramming” will likely be key to remodel-
ing the ECM in support of tissue repair and regeneration.

4 Stress Generation by Myofibroblasts and Its Consequences

Once important consequence of fibroblast activation into a myofi-
broblast state is the coordinate upregulation of contractile and
matrix-adhesive proteins, hence the prefix “myo,” meaning muscle,
resulting in myofibroblasts gaining a dramatically enhanced con-
tractile capacity [68]. The formation of myofibroblasts is influenced
both by chemical (e.g., TGF-β1) and mechanical cues, representing
a point of convergence between stress sensing and soluble cues
associated with tissue injury and fibrosis [18, 37, 69]. The transi-
tion from the fibroblast to myofibroblast state has profound impli-
cations on the stress state in the cell’s local environment.
Myofibroblasts remodel 3D collagen gels in model systems [70],
and similarly are responsible for contraction of wounds [71] by
engaging in ECM adhesion, actomyosin-mediate force generation,
and ECM displacement and deformation. These physical processes
alter the compaction and alignment of extracellular matrix proteins
such as collagen [70, 72], modulating the tissue-scale physical
properties of the ECM [73] as well as the cell’s mechanical
microenvironment [74].
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Myofibroblast-mediated ECM contraction can be beneficial in
the context of wound healing, but if excessive in nature can con-
tribute to pathological tissue remodeling as in fibrotic conditions
[75]. Excessive contraction and stiffening of the ECM in fibrosis
distorts normal tissue architecture, propagates mechanical signal-
ing, and results in grossly impaired function [75]. Hence, inter-
rupting this feedback loop has emerged as an important target in
anti-fibrosis therapeutic development [26]. Similarly, in many
tumor types, cancer-associated fibroblasts generate and remodel
the extracellular matrix and take primary responsibility for deter-
mining the stiffness of the local environment via extracellular matrix
deposition, contraction, and cross-linking [15, 76–78]. Increases in
collagen density, cross-linking, stiffness, and alignment all have
been shown to promote cancer cell activation and migration, and
these physical features of the ECM correlate in many cancer types
with pathologic prognosis [79–83], providing another prominent
example of how the stress generating and ECM modulating effects
of fibroblasts broadly impact on tissue organization and function.

Beyond such well-studied effects, dynamic contraction of the
ECM by fibroblasts has revealed additional and unexpected con-
sequences. For example, forces applied to the ECM can be trans-
mitted over long distances, potentially exerting rapid and directed
effects [84] on distant cells via 3D physical communication. Recent
work shows that fibroblast dynamic contractions of ECM can
“attract” macrophages [85], potentially by providing a mechanical
signal that propagates along the ECM to distant cells and modu-
lates their migratory capacity and polarity.

Coming full circle, the stresses applied by myofibroblasts them-
selves are capable of signaling in an autocrine and paracrine fashion
via force-dependent release of growth factors. Activation of
TGF-β1, which is stored in a latent complex bound to the extracel-
lular matrix, can be accomplished through integrin binding and
requires cell-mediated force generation [86, 87]. The mechanical
activation of TGF-β1 can thus be promoted by the enhanced stress-
generative capacity of fibroblasts, which are themselves activated to
a contractile myofibroblast state by a stiffened ECM, giving rise to a
positive feedback loop of amplified TGF-β1 signaling, matrix depo-
sition and stiffening and myofibroblast contractile force generation
[68, 88].

5 Emerging Methods to Study Myofibroblast Mechanobiology

As our understanding of myofibroblast mechanobiology continues
to progress, continued methodological and technological innova-
tions are essential to pave the way toward greater insight. For
example, recent efforts have dramatically enhanced the capacity to
control the 2D and 3D mechanical environment in which
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myofibroblasts are studied, including methods that allow simulta-
neous control of stiffness and microfibrillar architecture [89], as
well as control of viscoelasticity and spatiotemporal patterning of
mechanical properties [90]. These methods provide greater fidelity
in matching the native tissue mechanical environments in which
myofibroblasts typically reside and adapt. To further enhance fidel-
ity, native ECM can be decellularized and used alone [91] or
combined with polymer scaffolds in hybrid systems that allow
dynamic control of mechanical properties along with presentation
of ECM ligands found in normal and fibrotic environments
[92]. Even further along the fidelity spectrum, intact normal and
disease organs and tissues can be used to generate decellularized
scaffolds for studying myofibroblast biology in these environments
[93–95]. Ultimately assessing myofibroblast function and cellular
and ECMmechanics within native tissue environments remains the
long term, and very challenging goal. Approaches using atomic
force microscopy offer the current gold standard for sensitivity
and spatial resolution in mechanical assessments, and this modality
continues to be refined for assessing microanatomical variations in
cellular and ECMmechanical properties [96]. However, all contact
methods, including AFM, require a free boundary, which limits
sampling of most native tissue architectures to surfaces, or requires
invasive cutting. Non-contact methods to assess cellular and ECM
mechanics continue to be challenging to implement but offer
promise [97, 98], and may ultimately provide opportunities for
less invasive mechanobiological characterizations. Similarly, in situ
assessments of myofibroblast biology are being enabled in animal
models through the use of constitutive or inducible markers of gene
expression, such as with fluorescence reporters driven by Collagen I
or Alpha-smooth muscle actin promoters [99, 100], allowing cells
to be visualized in vivo or in situ, or analyzed immediately after
tissue dissociation by fluorescence based cell sorting
[101]. Continued innovation and thoughtful combination of
reductionist and integrative models will be essential as we seek to
understand myofibroblast mechanobiology in health and disease.

6 Conclusion

Taken together the concepts introduced in this chapter, some now
well-known and others new and unexpected, make it clear that we
are still just beginning to understand the broader influence of
myofibroblast stress-generating capacity on the state of the ECM,
and how this capacity alters the state and function of the cells and
the tissues which share the same scaffold. Unlocking these mys-
teries, not of why, but of how stress matters, will be essential if we
are to harness the capacity of myofibroblasts and the ECM to
modulate wound repair, tissue healing, and regeneration. The
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following chapters set the stage for exploration in this area by
detailing some of the key concepts, tools, and techniques that will
be needed to pave the way toward the long-term goal of under-
standing myofibroblast mechanobiology.
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Chapter 13

Soft Substrate Culture to Mechanically Control Cardiac
Myofibroblast Activation

Natalie M. Landry, Sunil G. Rattan, and Ian M. C. Dixon

Abstract

Two-dimensional cell culture is the primary method employed for proof-of-concept studies in most
molecular biology labs. While immortalized cell lines are convenient and easy to maintain for extended
periods in vitro, their inability to accurately represent genuine cell physiology—or pathophysiology—
presents a challenge for drug discovery, as most results are not viable for the transition to clinical trial.
The use of primary cells is a more biologically relevant approach to this issue; however, simulating in vitro
what is observed in vivo is exigent at best. Primary cardiac fibroblasts are particularly difficult to maintain in
a quiescent state, due to their innate phenotypic plasticity, and sensitivity to mechanical and biochemical
stimulus. As conventional cell culture methods do not consider these factors, here we describe a method
that limits environmental input (i.e., mechanical, nutritional, hormonal) to extend the physiological cardiac
fibroblast phenotype in vitro.

Key words Soft substrate, Elastic substrate, Cell culture, Cardiac fibroblast, Myofibroblast activation,
Cardiac fibrosis

1 Introduction

Recent optimizations to conventional cell culture methods have
enabled researchers to better mimic the native cellular environment
of various tissues, in vitro. While many of these techniques involve
three-dimensional matrices or hydrogels, they are not amenable to
everyday use in most molecular laboratories—especially for proof-
of-concept studies—due to the significant technical and material
requirements for generating appropriate tissue scaffolds
[1, 2]. Thus, a modified two-dimensional culture system is a more
feasible method to study isolated primary cells.

Fibroblasts, regardless of their native tissue of origin, are espe-
cially sensitive to mechanical input [3]. Rather than having a
defined phenotype, fibroblasts exist on a phenotypic spectrum,
whose limits are defined on one end as “quiescent” or “resting
fibroblasts,” and as pro-fibrotic “myofibroblasts” or “activated
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fibroblasts” on the other [4]. In most tissues, resting fibroblasts are
highly motile and maintain tissue homeostasis via the balanced
deposition and breakdown of extracellular matrix components.
Conversely, activated fibroblasts are highly contractile and
hyper-secretory for fibrillar collagens [5]. Due to their significant
mechanical loading and violent, pulsatile environment within the
contracting myocardium, native cardiac fibroblasts likely exist
somewhere between these two extremes.

Primary cardiac fibroblasts, irrespective of the condition of the
myocardium from which they are isolated, take on the pro-fibrotic
myofibroblast phenotype within hours of plating in conventional
cell culture conditions (i.e., on stiff plastic substrata). Here, we
describe methods for better maintaining cardiac fibroblasts of
murine origin in two-dimensional culture for several days, without
significant activation of the myofibroblast phenotype. While we do
observe some expression of alpha-smooth muscle actin (α-SMA), it
is generally excluded from the actin cytoskeleton and does not
promote cell contractility in these conditions [6]. The capacity to
maintain primary cardiac fibroblasts in a resting state in vitro for
several days enables increasingly sensitive means by which to study
their response to various stimuli and can facilitate more accurate
and physiologically relevant studies to study cardiac fibrosis.

2 Materials

Prepare solutions using sterile, ultrapure deionized water, and store
at 4 �C when not in use.

2.1 Elastic Cell

Culture Surfaces

1. ExCellness® PrimeCoat elastic culture surfaces, 5 or 10 kPa (see
Notes 1–3).

2.2 Culture Surface

Coating

1. Phosphate-buffered saline (1�; PBS): 137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4. Dissolve reagents
in 800 mL deionized water and adjust pH to 7.4. Filter sterilize
(0.2 μm) the solution in a biosafety cabinet or sterilize by
autoclaving for 20 min at 121 �C, 15 psi.

2. Gelatin stock solution (1% w/v): 1 g Porcine Gelatin Type A,
100 mL ultrapure, sterile water. Pre-warm water to 37 �C, then
add the gelatin. Allow to dissolve, and sterilize by autoclaving
at 121 �C, 15 psi, for 30 min. Cool slightly (~50 �C) and make
appropriate aliquots under sterile conditions. Store the stock
solution indefinitely at 4 �C until use.

3. Isopropanol (Reagent grade is sufficient).
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2.3 Primary Rat

Cardiac Fibroblast

Isolation and

Maintenance

1. Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12
(DMEM/F12).

2. Minimum Essential Medium, Spinner’s Modification
(S-MEM).

3. Ham’s F-10 Nutrient Mix (F-10). It is strongly recommended
to use culture media supplemented with 25 mM HEPES
buffer.

4. Ketamine-Xylazine solution: Combine 100 mg/mL sterile
veterinary-grade ketamine hydrochloride and 20 mg/mL ster-
ile veterinary-grade xylazine to a final ratio of 10:0.5 (ketamine:
xylazine), at an appropriate stock concentration to minimize
the volume injected into each animal. Maintain the sterility of
the solution by combining in a sterile medication vial while
working in a biosafety cabinet or laminar flow hood; store at
4 �C for up to 1 month.

5. 6 mg/mL Heparin solution: Dissolve 60 mg of Heparin
Sodium in 10 mL of sterile water. Filter sterilize and store in
a sterile, amber medication vial at 4 �C for up to 3 months.
Protect from light.

6. Surgical suture, 3-0 gauge.

7. 640 U/mL Collagenase Type II solution: Dissolve
32,000 units Collagenase Type II in 50 mL S-MEM. Mix
well while avoiding the formation of bubbles—do not vortex.
50 mL of this solution are required for each rat heart.

8. Fetal Bovine Serum (FBS), sterile.

9. Penicillin-Streptomycin (Cell culture grade, 100� stock
solution).

10. Phosphate-Buffered Saline (1�).

11. Langendorff apparatus with thermostat controller, reservoirs,
and tubing for recirculation of 50 mL of liquid.

12. 27-gauge � ½ inch (Tuberculin) needles.

13. 1 mL Luer lock syringes.

14. Surgical tools suitable for small animals: forceps, scissors,
scalpel.

15. 10 cm polystyrene tissue culture dishes.

16. Serological pipettes (10 mL, 25 mL), sterile.

17. 40 μm cell strainers, sterile.

18. Conical tubes suitable for centrifugation (50 mL).

2.4 Primary Mouse

Cardiac Fibroblast

Isolation

1. Isoflurane gas (3% is used for this protocol).

2. Mouse compatible gas induction chamber and face mask.

3. A fume hood.
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4. Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12
(DMEM/F12); Minimum Essential Medium, Spinner’s Mod-
ification (S-MEM).

5. Ham’s F-10 Nutrient Mix (F-10). It is strongly recommended
to use culture media supplemented with 25 mM HEPES
buffer.

6. Collagenase Type II solution (330 U/mL): Dissolve
8250 units Collagenase Type II in 25 mL S-MEM. Mix well
while avoiding the formation of bubbles—do not vortex.
25 mL of this solution are required for each mouse heart.

7. EDTA solution: in 400mL sterile water, dissolve 5 mMEDTA,
130 mM NaCl, 5 mM KCl, 500 nM NaH2PO4, 10 mM
HEPES, 10 mM glucose, 10 mM 2,3-Butanedione 2-mono-
xime, and 10 mM Taurine. Adjust the pH to 7.8 with NaOH,
bring volume up to 500 mL with water, and filter sterilize.
Store solution at 4 �C for up to 6 months.

8. Perfusion buffer: in 400 mL sterile water, dissolve 1 mM
MgCl2, 130 mM NaCl, 5 mM KCl, 500 nM NaH2PO4,
10 mM HEPES, 10 mM glucose, 10 mM 2,3-Butanedione
2-monoxime, and 10 mM Taurine. Adjust the pH to 7.8 with
NaOH and bring up to 500 mL with water. Filter sterilize and
store at 4 �C for up to 6 months.

9. Fetal Bovine Serum (FBS), sterile.

10. Penicillin-Streptomycin (Cell culture grade, 100� stock
solution).

11. Ascorbic Acid (100 mM): Dissolve 0.88 g ascorbic acid in
50 mL sterile ultrapure water. Filter sterilize (0.2 μm) and
store in a dark or opaque vial. Protect from light and store at
4 �C. Do not use if solution becomes oxidized (i.e., turns
yellow/orange in color).

12. Insulin-Transferrin-Selenium-Sodium Pyruvate cell culture
supplement (100� solution): 1.00 g/L insulin, 0.55 g/L
transferrin, 3.87 μM sodium selenite, 100 mM sodium pyru-
vate. Dissolve all components in Earle’s Balanced Salt Solution
(5.3 mM KCl, 26 mM NaHCO3, 117 mM NaCl, 1.0 mM
NaH2PO4, 5.55 mM D-glucose), filter sterilize, and store at
4 �C for up to 18 months.

13. Phosphate-Buffered Saline (1�; PBS).

14. 10 cm Polystyrene tissue culture dishes.

15. 27-gauge � ½ inch needles.

16. 20 mL Luer lock syringes.

17. Surgical tools suitable for small animals: forceps, scissors,
hemostat, scalpel.
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18. Serological pipettes (10 mL), sterile.

19. 40 μm cell strainers, sterile.

20. Conical tubes suitable for centrifugation (50 mL).

3 Methods

Cell culture surface preparation must be conducted in a sterile
environment, such as a laminar flow hood or biosafety cabinet,
using proper aseptic technique. Because this method involves the
use of primary cells, all handling of cell cultures should be done in a
Class II biosafety cabinet.

We have included fibroblast isolation and culture techniques
for both rat and mouse, as the two differ quite significantly. The
protocols described here have been optimized for fibroblasts
isolated from young animals, as cells originating from older animals
tend to senesce too quickly and isolated yields are much lower. It is
expected that all experiments involving animals are to be approved
by the appropriate ethics committee and are conducted according
to the local and federal governing bodies associated with your
institute (e.g., Canadian Council for Animal Care, United States
Animal Welfare Act, and NIH guidelines).

3.1 Coating Elastic

Tissue Culture

Surfaces

1. The day prior to isolating primary cardiac fibroblasts, sterilize
elastic culture surfaces using several washes of 100% isopropa-
nol—two or three rounds of vigorous swirling, both on the
dish and in the lid, is sufficient. Allow the plates to dry thor-
oughly in a sterile environment.

2. While the plates are drying, dilute the gelatin in pre-warmed
(37 �C) 1� PBS to a final concentration of 10 μg/mL. An
excess volume (250 μL/cm2) is typically required to properly
cover the entire hydrophobic silicone surface, and so the fol-
lowing volumes are recommended:

Culture vessel Volume

35 mm dish or 6-well plate 2 mL/dish or well

10 cm dish 15 mL/dish

12-well plate 1 mL/well

24-well plate 0.5 mL/well

3. Immerse the elastic surfaces in the diluted gelatin solution.
Allow the gelatin to coat the culture surfaces overnight at
37 �C (see Note 4).
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3.2 Primary Rat

Cardiac Fibroblast

Isolation and Culture

1. Anesthetize young rats (101–125 g in mass) using ketamine-
xylazine cocktail (90 mg/kg ketamine; 10 mg/kg xylazine), by
intraperitoneal injection.

2. Upon loss of limb reflexes, make a small incision in the skin of
the mid-thigh to reveal the great arteries of the leg. Administer
6 mg/kg heparin sodium via the saphenous or femoral artery.

3. Excise hearts and promptly rinse in DMEM/F12 to remove
excess blood but preserve cardiac contraction.

4. Cannulate the heart onto the pre-warmed (37 �C) Langendorff
apparatus via the aorta and secure with surgical suture.

5. Perfuse the hearts in retrograde for 5 min with DMEM/F12.

6. Perfuse for another 5 min with S-MEM to halt cardiac contrac-
tion and promote cell dissociation.

7. Briefly stop the apparatus and drain the S-MEM from the
tubing. Change the mode to recirculation, add 40 mL of the
Collagenase Type II solution to the recirculation vessels, and
resume perfusion for 25 min, or until the tissue has been
completely digested (see Note 5).

8. While the tissue is digesting, dilute the remaining 10 mL of
Collagenase solution 1:1 with S-MEM, and keep it warm in a
10 cm tissue culture dish at 37 �C.

9. Remove the hearts from the apparatus by cutting below the
atria to isolate only the ventricles. Place the digested tissue into
the dish of diluted Collagenase solution from step 8. Gently
tease the tissue apart with forceps, and incubate at 37 �C, 5%
CO2 for 10 min.

10. Steps 10 through 18 are to be performed in a Class II
biosafety cabinet. Using a 10 mL serological pipette, further
dissociate the cells by triturating (pipetting up and down),
being careful not to introduce bubbles into the suspension.

11. Neutralize the Collagenase by adding 10 mL DMEM/F12
supplemented with 2% FBS.

12. Allow the cell suspension to pass through a cell strainer to
remove debris and undigested tissue matrix.

13. Pellet the cells by centrifugation at 200 � g for 7 min.

14. Aspirate the supernatant and resuspend the cells in an appro-
priate volume of F-10 medium supplemented with 2% FBS,
100 Units penicillin-streptomycin (see Note 6).

15. Remove the gelatin solution from the prepared elastic culture
surfaces and immediately seed the isolated cells (do not wash
off any remaining gelatin solution).

16. Allow fibroblasts to adhere for 2.5–4 h at 37 �C, 5% CO2.
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17. Briefly wash adhered cells twice with pre-warmed (37 �C) PBS
supplemented with penicillin-streptomycin, then replace the
culture medium.

18. Maintain cells at 37 �C, 5% CO2, in a humidified incubator.

19. Each subsequent day, repeat step 17, until cells are at the
optimum confluency for in vitro assays (see Note 7).

3.3 Primary Mouse

Cardiac Fibroblast

Isolation and Culture

1. Anesthetize young mice (<12 weeks of age) using 3% isoflur-
ane in an induction chamber.

2. Upon loss of limb reflexes, transfer the animal to a fume hood
and maintain anesthesia using a face mask.

3. Open the chest and excise the heart while keeping a portion of
the ascending aorta attached.

4. In a 10 cm tissue culture dish, immediately flush the heart with
10 mL pre-warmed (37 �C) EDTA buffer by injecting into the
ventricles using a 27-gauge needle inserted via the apex.

5. In another 10 cm dish, flush the heart with 10 mL pre-warmed
(37 �C) perfusion buffer.

6. Transfer the heart to yet another 10 cm dish. While still inject-
ing through the apex, clamp the aorta with a hemostat, and
perfuse the heart with 50 mL of Collagenase solution (i.e., by
injecting 25 mL twice), while collecting the solution in
the dish.

7. Once the heart is sufficiently digested (see Note 5), gently pull
the tissue apart into small pieces using forceps. Allow the tissue
to digest further at 37 �C, 5% CO2 for an additional 10 min.

8. Steps 8 through 12 are to be performed in a Class II
biosafety cabinet.Using a 10 mL serological pipette, triturate
the tissue until no large pieces are apparent.

9. Neutralize the Collagenase by adding 10 mL DMEM/F12
supplemented with 10% FBS.

10. Allow the cell suspension to pass through a sterile cell filter to
remove any undigested tissue and debris.

11. Pellet the cells by centrifugation at 200 � g for 7 min.

12. Remove the supernatant and resuspend the cells in 40 mL
DMEM/F12 supplemented with 10% FBS, 1 μM ascorbic
acid, and 100 U/mL penicillin-streptomycin.

13. Remove the gelatin solution from the prepared elastic surfaces.

14. Seed the cells according to the vessel sizes prepared (see Note
8) and allow them to adhere for 3 h.

15. Gently wash adhered cells twice with pre-warmed (37 �C) PBS
supplemented with penicillin-streptomycin and replace with
fresh DMEM/F12 supplemented with 10% FBS, ascorbic
acid, and antibiotics.
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16. Maintain the cells at 37 �C, 5% CO2, in a humidified incubator.

17. Repeat step 15 every 24 h until the cells develop a spindle-
shaped morphology; this typically takes 3–4 days post-
isolation.

18. Change the culture medium to F-10 supplemented with 2%
FBS, 1� Insulin-Transferrin-Selenium, and penicillin-
streptomycin.

19. Change the culture medium every subsequent day, until the
cells reach the desired confluency for in vitro assays (see
Note 9).

4 Notes

1. While acrylamide hydrogels are often used to create soft cell
culture surfaces, this method employs the use of commercially
available silicone soft substrates. The myocardium has an elastic
(E) of approximately 7 kPa, and so we recommend using
surfaces with E ¼ 5 to 10 kPa for optimal results. For a list of
commercial silicone substrates and recommended moduli, see
Note 3.

2. We have observed a severe reduction in cell attachment and
survival with both commercially available and lab-made acryl-
amide soft-well hydrogels, regardless of the coating used to
promote cell attachment (e.g., collagen, gelatin, fibronectin).
There is speculation that the techniques used to attach the
hydrogel to the dish/well generates reactive oxygen species
(ROS), to which primary cells are particularly sensitive [7].

3. At the time of this methodology’s publication, the following
silicone elastic substrates are commercially available for primary
cardiac fibroblasts: ExCellness® PrimeCoat 10 cm dishes, cover
slips, and multi-well plates (E ¼ 5 kPa or 10 kPa); Advanced
BioMatrix Cytosoft® imaging plates (E ¼ 8 kPa).

4. Silicone surfaces may be coated the same day as cardiac fibro-
blast cell isolation; however, we have found that primary cells
adhere much better to gelatin if coating is carried out for a
minimum of 12 h.

5. Hearts are fully digested when they are pale in color, and the
cells are pulling away from the decellularized epicardium. Test-
ing of compliance with forceps should show little to no
resistance.

6. We have found that resuspending one rat heart in 45 mL of
culture medium provides the best seeding confluency. For
10 cm dishes, we typically use 3 mL of cell suspension at
plating; for coverslips (6-well or 35 mm dishes), we use
0.5 mL per well/dish.
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7. Primary rat cardiac fibroblasts cultured under these conditions
will typically remain quiescent and subconfluent (<70%) for at
least 4 days post-plating.

8. For freshly isolated mouse cardiac fibroblasts, we find that one
heart can be divided into up to four 10 cm dishes, or two 6-well
dishes (12 � 35 mm dishes). Typically, we are able to seed the
cells at ~10% confluency.

9. From our experience with mouse cardiac fibroblasts, they can
be maintained at subconfluent (<70%) density on elastic sur-
faces in a quiescent state for up to 10 days post-isolation.
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Chapter 14

Quantitative Analysis of Myofibroblast Contraction
by Traction Force Microscopy

Shuying Yang, Fernando R. Valencia, Benedikt Sabass,
and Sergey V. Plotnikov

Abstract

Myofibroblasts play important roles in physiological processes such as wound healing and tissue repair.
While high contractile forces generated by the actomyosin network enable myofibroblasts to physically
contract the wound and bring together injured tissue, prolonged and elevated levels of contraction also
drive the progression of fibrosis and cancer. However, quantitative mapping of these forces has been
difficult due to their extremely low magnitude ranging from 100 pN/μm2 to 2 nN/μm2. Here, we provide
a protocol to measure cellular forces exerted on two-dimensional compliant elastic hydrogels. We describe
the fabrication of polyacrylamide hydrogels labeled with fluorescent fiducial markers, functionalization of
substrates with ECM proteins, setting up the experiment, and imaging procedures. We demonstrate the
application of this technique for quantitative analysis of traction forces exerted by myofibroblasts.

Key words Traction force microscopy, Cellular forces, Contractility, Myofibroblasts, Actomyosin
cytoskeleton

1 Introduction

Myofibroblasts play important roles in physiological processes such
as wound healing and tissue repair. High contractile forces gener-
ated by the actomyosin network enable myofibroblasts to physically
contract the wound and bring together injured tissue [1]. However,
prolonged and elevated levels of contraction also drive the progres-
sion of fibrosis and cancer [2–4]. Therefore, the ability to measure
contractile forces generated by myofibroblasts can substantially
increase our understanding of the cellular and molecular mechan-
isms that underlie the function of myofibroblasts in both healthy
and diseased tissue. Traction force microscopy (TFM) is an estab-
lished technique that quantitatively measures contractile forces of
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adherent cells to the nanonewton scale. Such contractile forces
generated by the actomyosin network are transmitted to the extra-
cellular matrix through cell adhesion sites called focal adhesions—
integrin-based protein complexes that physically connect the cell’s
cytoskeleton to the underlying matrix [5]. TFM takes advantage of
this mechanical linkage by using deformation of the extracellular
matrix as an indicator of the magnitude of contractile force. Harris,
Wild and Stopak (1980) pioneered the idea of using elastic sub-
strates to study forces exerted by individual cells by plating chicken
heart fibroblasts on a thin layer of polymerized silicone weak
enough to be wrinkled when fibroblasts contract [6]. By manually
applying forces of known magnitudes, Harris and colleagues dis-
torted the silicone surface to similar levels to determine the magni-
tude of traction force produced by individual cells. However,
difficulties due to the nonlinear elasticity of silicone and low spatial
resolution have hindered researchers’ efforts in force quantification
using this method [7, 8].

More recently, continuous, linearly elastic materials such as
polydimethylsiloxane, polyethylene glycol, and polyacrylamide
have replaced silicone substrates for TFM measurements [9–
11]. Polyacrylamide hydrogels (PAAG) in particular, introduced
by Pelham and Wang (1997), have become the most widely used
material. The superior optical transparency of PAAG allows
researchers to simultaneously visualize cytoskeletal proteins and
analyze focal adhesions dynamics that complement traction force
measurements [12]. In addition, the stiffness of PAAG can be
readily adjusted by varying the concentration of acrylamide and
the cross-linker bis-acrylamide to mimic the mechanical properties
of various biological tissues ranging from soft brain to stiff bone
[13]. Moreover, PAAG can be covalently cross-linked to different
ECM proteins such as fibronectin, collagen, and laminin to control
the activation of specific classes of adhesion receptors, thereby
mimicking the biochemical properties of the microenvironment
of various cell types.

Alongside developments in TFM-optimized elastic substrates,
advances in substrate preparation techniques have enabled higher
spatial resolution for traction force measurements with
sub-micrometer resolution. Instead of quantifying large-scale
deformations such as that of wrinkled silicone or tilted PDMS
pillars, deformations in the elastic substrate are detected by captur-
ing the displacement of fluorescent bead markers embedded within
the substrate [14, 15]. First, the position of fluorescent beads in
substrates strained by contractile cells is captured (Fig. 1). Then,
this position is compared to that in substrates where cells have
undergone enzymatic or chemical detachment. Two-dimensional
vector maps capturing both the magnitude and direction of dis-
placement are extracted through mathematical modeling based on

182 Shuying Yang et al.



the elastic mechanics of the substrate to generate traction force
maps. Fluorescent beads of one single color are commonly used if
acquisition of additional fluorescent proteins is required to address
the biological question. Although using fluorescent beads of two
colors increases spatial resolution by the square root of two, it is not
required to measure forces exerted by the entire cell.

Fig. 1 Flowchart for performing traction force microscopy (TFM) on a compliant polyacrylamide substrate
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2 Materials

2.1 Activation

of Coverslips

1. “Squeaky clean” 22�22 mm coverslips (see Note 1).

2. 15 cm diameter glass Petri dish.

3. (3-aminopropyl)trimethoxysilane (APTMS) solution: Mix
equal parts of APTMS and ultrapure water to make 0.5 mL
of 50% APTMS solution for each coverslip. To ensure reliable
binding of the PAAG to the glass surface, this solution should
be made on the day of coverslip activation. Note that the
dilution of APTMS in water is exothermic and produces a lot
of heat — the solution may start to boil.

4. 0.5% Glutaraldehyde: add 1 mL of 25% electron microscopy
grade glutaraldehyde into 49 mL of ultrapure water.

2.2 Preparation

of Fibronectin-Coated

TFM Substrates

1. Microscope slides with a hydrophobic surface.

2. Rain-X (e.g., ITW Global Brands, available at automotive parts
suppliers).

3. KimWipe tissue.

4. Ultrasonic bath.

5. Razor blade.

6. Fluorescently labeled polystyrene microspheres. We use 40 nm
red-orange (565/580 nm) fluorescent microspheres supplied
by Life Technologies.

7. Master mix stock solution of acrylamide/bis-acrylamide: Mix
40% acrylamide and 2% bis-acrylamide stock solution as per
Table 1. Stock solutions can be kept for at least 1 year at 4 �C.

8. 10% Ammonium persulfate (APS): Dissolve 10 mg APS in
100 μL ultrapure water. Prepare fresh APS solution on the
day of the experiment. Alternatively, APS solution can be
stored at �20 �C for up to a month.

9. N,N,N
0
,N

0
-Tetramethylethylenediamine (TEMED).

10. N-Sulfosuccinimidyl-6-(4
0
-azido-2

0
-nitrophenylamino)hex-

anoate (sulfo-SANPAH) (see Note 2).

11. Ultraviolet cross-linker (e.g., Fisher Scientific) equipped with
365 nm light tubes.

12. Parafilm.

13. Deionized water.

14. Native fibronectin purified from human plasma (1 mg/mL)
(see Note 3).
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2.3 Differentiation

and Culturing

of Myofibroblasts

Preparation of mammalian cells for TFM requires basic equipment
for sterile tissue culture. For this chapter, we assume that the reader
is familiar with tissue culture techniques and has access to an
equipped tissue culture facility. Myofibroblast cell cultures differen-
tiate spontaneously or upon treatment with growth factors. For
example, we use immortalized mouse embryo fibroblasts differen-
tiated into myofibroblasts upon treatment with transforming
growth factor beta (TGF-β).

1. TGF-β. We use human TGF-β from Cell Signaling Technolo-
gies. Make a stock solution of TGF-β by adding 20 mM citric
acid, pH 3.0 to a final concentration of 50 μg/mL. Store small
aliquots of the stock solution at �20 �C.

2. Fibroblasts (e.g., mouse embryonic fibroblasts).

3. Standard culture medium (e.g., DMEM supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL peni-
cillin/streptomycin, and nonessential amino acids).

4. Incubator with humid atmosphere of 95% air and 5% CO2 at
37 �C.

Table 1
Composition of Acrylamide/Bis-acrylamide Stock and Working Solutions Required for Preparation of
2.3–55 kPa PAAGs

Polyacrylamide gel stiffness (G)

2.3 kPa 4.1 kPa 8.6 kPa 16.3 kPa 30 kPa 55 kPa

PAAG stock solution (can be stored up to a year at 4 �C)

40% Acrylamide (mL) 2.75 2.34 2.34 3.00 3.00 2.25

2% Bis-acrylamide (mL) 0.75 0.94 1.88 0.75 1.40 2.25

Ultrapure water (mL) 0.50 1.72 0.78 1.25 0.60 0.50

Total volume (mL) 5.00 5.00 5.00 5.00 5.00 5.00

PAAG working solution (use immediately)

PAAG stock solution (μL) 125 200 200 250 250 333

Red fluorescent beads (μL) 7.5 7.5 7.5 7.5 7.5 7.5

10% APS (μL) 2.5 2.5 2.5 2.5 2.5 2.5

TEMED (μL) 0.75 0.75 0.75 0.75 0.75 0.75

Ultrapure water (μL) 364 289 289 239 239 170

Total Volume (μL) 500 500 500 500 500 500

Use indicated volumes of stock solution (upper half of table) to make the working solution (lower half of table) when
preparing TFM substrates of the desired stiffness. Note that working solutions should be used immediately after adding

10% APS and N,N,N0,N0-tetramethylethylenediamine (TEMED) as these chemicals induce rapid polymerization of

acrylamide. In contrast, the stock solutions can be kept for at least a year if stored at 4 �C
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5. Transfection reagents and apparatus. We perform electropora-
tion with a Lonza Nucleofector 2b system and Nucleofector
Kit V. However, lipid-based transfection reagents such as Lipo-
fectamine or FuGENE 6 can also be used.

6. Expression construct(s) to visualize focal adhesions in live cells.
For most experiments, we use a C-terminal fusion of eGFP to
paxillin since overexpression of this construct has no significant
effect on focal adhesion dynamics [16]. The expression con-
structs should be endotoxin free.

2.4 Immuno-

fluorescence Staining

of Differentiation

Markers

1. Phosphate-buffered saline (PBS): 137mMNaCl, 2.7 mMKCl,
6.5 mM Na2HPO4, 1.5 mM KH2PO4 in apyrogenic ultrapure
water, pH 7.4.

2. 4% Paraformaldehyde in PBS.

3. 0.1% Triton-X100 in PBS.

4. 5% BSA in PBS.

5. Alpha smooth muscle actin (αSMA) antibody. We use αSMA
antibody from Cell Signaling Technology.

6. Secondary antibody. We use anti-rabbit-IgG secondary anti-
body from Cell Signaling Technology.

7. Fluorescently labeled phalloidin.

8. DAPI (40,6-diamidino-2-phenylindole).

9. Microscopy glass slides.

10. Mounting medium.

11. Standard confocal or widefield microscope.

2.5 Live-Cell

Imaging

1. A computer-controlled research-grade inverted epifluores-
cence microscope equipped with a spinning disk confocal scan-
ning head. For our experiments, we use a Nikon Eclipse Ti2
microscope equipped with a CSU-X1 scanning head (Yoko-
gawa), iChrome MLE laser combiner (TOPTICA Photonics),
and Photometrics CoolSNAP Myo CCD camera (see Note 4).

2. Highly corrected, high-numerical aperture water-immersion
objective lens. For our experiments, we use a Nikon 60� Plan
Apo NA 1.2 WI objective.

3. Stage-top incubator and an objective heater (e.g., Tokai Hit).

4. Live-cell imaging chamber. We use Chamlide CMS 35mm dish
type magnetic chambers.

5. Imaging media. For our experiments, we use phenol-red-free
DMEM media supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 100 U/mL penicillin/streptomycin and
nonessential amino acids.

6. Sodium dodecyl sulfate (SDS): Dissolve 2 g of SDS in 10 mL of
ultrapure water.
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2.6 Quantification

of TFM Substrate

Deformation

and Calculation

of Traction Force

1. Custom MATLAB script to track TFM substrate deformations
(https://github.com/CellMicroMechanics/Measure_2d_dis
placements_for_TFM).

2. TFM package developed by the Sabass group (https://github.
com/CellMicroMechanics/Easy-to-use_TFM_package) [17].

3 Methods

3.1 Activation

of Coverslips

1. Dry “squeaky clean” coverslips and arrange them in a 15 cm
glass Petri dish so that they are evenly spaced and not touching
each other (Fig. 1).

2. Add ~1 mL of 50% APTMS solution to each individual cover-
slip such that the solution domes on the coverslip.

3. Incubate the coverslips for 10 min at room temperature.

4. Add ultrapure water to the Petri dish to cover the coverslips.
Ensure that no coverslips are stuck to the dish. Do not flip any
coverslips as only the side exposed with 50% APTMS will be
activated.

5. Place the Petri dish with coverslips on an orbital shaker for
30 min.

6. Rinse the coverslips 3–4 times with deionized water.

7. Add 50 mL of 0.5% glutaraldehyde solution to the Petri dish
and agitate for 30 min.

8. Rinse the coverslips three times with deionized water, dry, and
store for up to 2 weeks in a vacuum desiccator. Note which side
is activated.

3.2 Preparation

of Fibronectin-Coated

TFM Substrates

1. Use KimWipe tissue to coat microscope slides (one slide for up
to two TFM substrates) with Rain-X (ITW Global Brands,
available at automotive parts suppliers). Allow the slides to
dry for 5–10min, remove excess Rain-X with a KimWipe tissue,
wash extensively with deionized water, and rinse several times
with ethanol (see Note 5).

2. Sonicate the desired fluorescent microspheres in an ultrasonic
bath for 30 s.

3. Prepare acrylamide/bis-acrylamide working solution by mix-
ing the desired volume of the stock solution, ultrapure water,
and fluorescent microspheres as per Table 1 (see Note 6).

4. Add 0.75 μL of TEMED and 2.5 μL of 10% APS to initiate
polymerization of the acrylamide/bis-acrylamide working
solution. Mix the solution by pipetting up and down several
times. Avoid introducing air bubbles. Do not vortex.
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5. Apply 10 μL of acrylamide/bis-acrylamide working solution
containing TEMED and APS on a hydrophobic slide and cover
with an activated coverslip, ensuring that the activated surface
faces the solution (see Note 7).

6. Allow the PAAG to polymerize for 20–30 min, then lift the
corner of the coverslip with a razor blade to detach the gel from
the hydrophobic slide and immerse the gel attached to the
coverslip in ultrapure water. Hydrated PAAG can be stored at
4 �C for up to 2 weeks.

7. Take a 40 μL aliquot of sulfo-SANPAH stock solution out of
�80 �C freezer and thaw at room temperature for several
minutes. One aliquot of sulfo-SANPAH is sufficient to func-
tionalize two 22�22 mm PAAGs.

8. While thawing sulfo-SANPAH, remove excess water from the
PAAGs with KimWipe tissue. Be careful not to touch the gel
surface in the center of the coverslip. Make sure that gels do
not dry.

9. Add 0.96 mL of ultrapure water to the sulfo-SANPAH aliquot,
mix by pipetting, and apply 0.5 mL on top of each PAAG.
Activate sulfo-SANPAH by exposing gels to long-wavelength
UV light (365 nm) for 2 min. During activation, the color
of the sulfo-SANPAH solution will change from orange to
brown.

10. Place a piece of Parafilm into a 15 cm Petri dish and pipet 50 μL
of fibronectin solution (1 mg/mL) on the Parafilm for
each PAAG.

11. Quickly wash PAAGs with deionized water. Remove excess
water with KimWipe tissue, invert, and place the gel surface
on the drop of fibronectin solution.

12. Incubate at room temperature for 4 h, and then wash gels
multiple times with DPBS with agitation on a shaker. TFM
substrates coated with fibronectin can be stored at 4 �C for up
to 1 week.

3.3 Differentiation

and Culturing

of Myofibroblasts

1. Culture the desired cell line in the appropriate medium and
desired environmental conditions.

2. Two days prior to measuring traction forces, plate cells to a
confluency desirable for your cell type, keeping in mind that
the cells will go under division for 48 h. We plate mouse
embryonic fibroblasts at 40% confluency in DMEM supple-
mented with 10 ng/mL TGF-β to induce myofibroblast
differentiation.

3. One day prior to measuring traction forces, transfect cells with
a pDNA expression construct to visualize focal adhesions
(eGFP-paxillin). After transfection, culture cells for ~24 h in

188 Shuying Yang et al.



DMEM supplemented with 10 ng/mL of TGF-β. To check if
cells have differentiated as expected, proceed to Subheading
3.4.

4. On the day of traction force measurement, preincubate
fibronectin-coated TFM substrates in live-cell imaging media
for 30 min at 37 �C to equilibrate ion/nutrient concentration.
Harvest transfected cells by trypsinization, resuspend in live-
cell imaging media, and plate on TFM substrates for 2–6 h. In
our experiments, we plate the cells for just enough time for
them to fully spread and polarize. This decreases matrix depo-
sition and remodeling by cells and improves the reproducibility
of TFM measurements.

3.4 Immuno-

fluorescence Staining

of Differentiation

Markers

Although immunofluorescence staining is not a part of traction
force measurement, it is useful to confirm that myofibroblasts
have differentiated as expected before proceeding with TFM.

1. After treating cells with 10 ng/mL TGF-β for 48 h, wash cells
once with warm PBS to stabilize cytoskeletal structures that
would otherwise destabilize upon washing with cold PBS.

2. Fix cells with 4% paraformaldehyde in PBS for 15 min at room
temperature. Wash cells three times with PBS.

3. Permeabilize the cell membrane with 0.1% Triton-X100 in PBS
for 10 min at room temperature. Rinse three times with PBS
for 5 min each.

4. Incubate cells in blocking solution that is appropriate for the
primary antibody. We block cells in 5% BSA in PBS for 1 h at
room temperature.

5. Dilute αSMA antibody in the appropriate blocking solution as
recommended by the antibody manufacturer. Apply 50 μL of
working solution to a piece of parafilm and cover with the glass
coverslip. Incubate cells at room temperature for 1 h. Alterna-
tively, incubate cells overnight at 4 �C in a humidified chamber.
Wash three times with PBS for 5 min each to remove excess
primary antibody.

6. Dilute secondary antibody, DAPI, and phalloidin as recom-
mended by the manufacturer in the appropriate blocking solu-
tion. Apply 50 μL of working solution to a piece of parafilm and
cover with the glass coverslip. Incubate cells at room tempera-
ture for 1 h. Wash three times with PBS for 5 min each.

7. Apply a small droplet of mounting media to a glass slide and
cover with coverslip. Allow mounting media to dry before
sealing with nail polish.

8. In confocal or widefield mode, acquire multicolor images of
αSMA, the transfected focal adhesion marker, actin, and DAPI.
Compare αSMA intensity between control and TGF-β-treated
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cells to determine whether cells have differentiated into myofi-
broblasts. See Fig. 2 for representative images of control and
TGF-β-treated cells.

9. After verifying that cells have differentiated as expected, pro-
ceed to the following steps for TFM measurements.

3.5 Acquisition

of TFM Images

1. Assemble a magnetic chamber according to the manufacturer’s
manual. For a Chamlide 35 mm chamber, transfer a TFM
substrate with cells attached to the bottom plate of the cham-
ber and place a silicon gasket over the coverslip. Install the main
body (the main body will attach to the bottom plate by mag-
netic force). Add ~1.5 mL of warm live-cell imaging media into
the chamber. Do not completely fill up the chamber with
media.

2. Use water and ethanol to clean the glass surface of the coverslip
with the TFM substrate attached. Confirm that the chamber is
watertight before mounting it on the microscope and make
sure that the chamber is locked on the stage.

Fig. 2 Validation of myofibroblast differentiation. Mouse embryonic fibroblasts (NIH3T3) were treated with
10 ng/mL TGF-β for 48 h and transfected with eGFP-paxillin to label focal adhesions. (a) Confocal images of a
representative control cell and TGF-β-treated cell stained for the differentiation marker αSMA. αSMA intensity
in TGF-β-treated cells is significantly higher than in control cells, suggesting that cells have differentiated into
myofibroblasts. (b) Confocal images of actin staining in the control cell and TGF-β-treated cell
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3. Focus the 60� lens on the cells adhered to the surface of the
PAAG by transmitted light mode, and then locate a candidate
cell expressing moderate levels of fluorescently tagged focal
adhesion marker. Use transmitted light to make sure that the
candidate cell is isolated with no other cells within 10–20 μm
from the cell edge.

4. In confocal imaging mode focus the microscope on focal adhe-
sions. In the case of a GFP-tagged focal adhesion marker, the
focal adhesions can be observed in the green fluorescence
channel.

5. Acquire a multicolor image of GFP labeled focal adhesions and
red microspheres. If you have automated focus control, you
may image the focal adhesions at their precise focal plane and
image the beads at ~0.5 μm deeper into the substrate, which
will give higher contrast images of the beads. If the imaging
system is equipped with an automated microscope stage, mem-
orize X and Y coordinates and repeat measurements for several
cells.

6. Remove cells from the TFM substrate. Following imaging of
the cells and the strained substrate, add 500 μL of 20% SDS
directly into imaging media in the magnetic chamber, taking
care to avoid moving the magnetic chamber or touching the
substrate. Wait for 5 min for the cells to lyse and the substrate
to relax.

7. Image beads in the unstrained TFM substrate. Move the stage
to every memorized position, focus on the uppermost layer of
the PAAG, and acquire Z-stacks of bead images in 100 nm
increments. Later, one of these image planes will be selected as
a reference (unstrained) image to quantify substrate
deformation.

3.6 Quantification

of TFM Substrate

Deformation

and Calculation

of Traction Force

1. Find reference optical planes in a Z-stack of images from the
unstrained gel. The drift of the microscope makes it necessary
to find a best-matching reference plane for each cell. Align the
images of the deformed and unstrained substrate to correct for
microscope stage drift. This alignment can be done in Nikon
Elements by using the Manual Channel Alignment tool.

2. Remove out-of-focus fluorescence and smooth each reference
image by subtracting a median-filtered image from the original
image.

3. Find local maxima in reference images by locating pixels that
are brighter than their neighbors and brighter than the average
intensity of the whole image.

4. Remove maxima that are too close to each other to avoid
tracking similar features multiple times. We exclude the peaks
that are less than 1 μm away from other peaks.
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5. Track displacement of fiducial markers. In our experiments, we
track TFM substrate deformations by running a custom
MATLAB script (https://github.com/CellMicroMechanics/
Measure_2d_displacements_for_TFM). Here we describe the
flow of the algorithm tracking the displacement of individual
beads with subpixel accuracy. Use the unfiltered bead image for
tracking. Place windows Wref(m1, m2) on top of each recog-
nized bead in the reference images. The size of the windows is
usually ~1 μm2. Calculate the cross correlation between all
reference windows Wref(m1, m2) and corresponding shifted
windows. Obtain a subpixel estimate of the position of the
bead by fitting a two-dimensional Gaussian to the maximum
of the correlation matrix. The formulas for fitting
two-dimensional Gaussians can be found elsewhere [18].

6. Reconstruct traction forces by using the TFM package devel-
oped by the Sabass group (https://github.com/
CellMicroMechanics/Easy-to-use_TFM_package) [17]. Run
the script “TF reconstruction” providing the following input
data: fiducial marker displacements, Young’s modulus of the
substrate, and pixel size of the images. Analyze the data with
the default setting for the mesh size. Choose the option
“Bayesian regularization” for force reconstruction. Choose
“Manual noise selection” and use the mouse pointer to select
a region far away from the cell where the systematic displace-
ments caused by the cell is negligible. The subsequently gen-
erated output file will contain the substrate deformation
vectors projected on a square grid and traction force vectors
in units of Pascals (N/m2).

7. Usually, traction forces exerted by cells on a substrate are
represented as a heat map of traction magnitude (Fig. 3). For
quantitative comparison, whole-cell traction should be quanti-
fied through the median of traction magnitude. Bar graphs of
traction magnitude yield clear visual representation of contrac-
tile forces. An alternative measure of the overall strength of the
cell is the total strain energy, which is one half of the discretized
surface integral of the product of traction and surface
deformation.

4 Notes

1. In our experiments we use borosilicate coverslips supplied by
Corning Inc. (#2850-22) due to their cleanliness, reliable opti-
cal properties, and low thermal expansion. To ensure tight and
uniform gel attachment to the glass surface, we clean the cover-
slips according to the protocol developed by the Salmon lab
(http://labs.bio.unc.edu/Salmon/protocolscoverslippreps.
html). Briefly, coverslips are sonicated for 20 min in hot water
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Fig. 3 Quantification of traction forces exerted by a myofibroblast on TFM substrate. Myofibroblasts differ-
entiated from mouse embryonic fibroblasts (NIH3T3) were transfected with eGFP-paxillin and plated onto a
32 kPa TFM substrate embedded with red fluorescent microspheres. (a) Confocal image of focal adhesions
labeled with eGFP-paxillin. (b) Traction force vector field overlaid on the inverted-contrast image of eGFP-
paxillin. (c) Color-coded heat map of reconstructed traction force exerted on the ECM



containing Contrad 70 detergent, rinsed several times with tap
water, and then sonicated for 30 min in each of the following
solutions in the following order: tap water, distilled water,
1 mMEDTA, 70% ethanol, and 100% ethanol. Clean coverslips
are stored at room temperature submerged in 100% ethanol.

2. Note that sulfo-SANPAH undergoes rapid hydrolysis when
dissolved in water. Prepare stock solution of sulfo-SANPAH
by dissolving 50 mg of sulfo-SANPAH powder in 2 mL of
anhydrous DMSO, aliquot in Eppendorf tubes (40 μL per
tube), and freeze by immersing the tubes into liquid nitrogen.
We store stock solutions of sulfo-SANPAH at �80 �C for
several months.

3. Note that fibronectin dissolved in Tris-buffered saline must be
dialyzed prior to cross-linking to the TFM substrate since the
amine groups of Tris will react with the cross-linker.

4. It is critical that the imaging system acquires images that satisfy
the Nyquist sampling criterion. This can be achieved either by
using a camera with small pixels (4.45 μm for 60� objective
lens) or by adding an intermediate magnification lens (1.5–2�)
in the optical path of the microscope.

5. Make sure to remove all debris from the slides since any remain-
ing particles will contaminate the PAAG surface. We usually
prepare slides with hydrophobic surfaces in bulk and store
them in a vacuum desiccator for several months.

6. The mechanical properties of PAAG are determined by the
concentration of acrylamide and N,N-
0-methylenebisacrylamide, and thus can be adjusted to mimic
the stiffness of most biological tissues (100 Pa to 100 kPa)
without losing the elastic properties of the gel. For cells exhi-
biting high contractility, e.g., myofibroblasts, we use PAAGs
with stiffnesses ranging from 16 to 55 kPa. Different formula-
tions of acrylamide/bisacrylamide can be used to produce
PAAG with similar stiffnesses. The formulations described in
this chapter have been adapted from Yeung et al. (2005) and
their shear moduli have been confirmed by the Gardel group
[19, 20].

7. The volumes described herein will create a gel with a thickness
of ~30 μm on 22�22 mm coverslips. Since the extent of
polymer swelling varies with the PAAG formulation [8] and
cannot be easily predicted based on shear modulus alone, it is
important to measure the height of the resulting TFM sub-
strate. The gel must be sufficiently thick such that the gel can
freely deform in response to cellular forces without the influ-
ence of the underlying glass [21].
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The role of the myofibroblast in tumor stroma
remodeling. Cell Adhes Migr 6:203–219

5. Kanchanawong P, Shtengel G, Pasapera AM
et al (2010) Nanoscale architecture of
integrin-based cell adhesions. Nature
468:580–584

6. Harris AK, Wild P, Stopak D (1980) Silicone
rubber substrata: a new wrinkle in the study of
cell locomotion. Science 208:177–179

7. Beningo KA, Wang YL (2002) Flexible sub-
strate for the detection of cellular traction
forces. Trends Cell Biol 12:79–84

8. Kraning-Rush CM, Carey SP, Califano JP et al
(2012) Quantifying traction stresses in adher-
ent cells. Methods Cell Biol 110:139–178

9. Yoshie H, Koushki N, Kaviani R et al (2018)
Traction force screening enabled by compliant
PDMS elastomers. Biophys J 114:2194–2199

10. Herrick WG, Nguyen TV, Sleiman M et al
(2013) PEG-phosphorylcholine hydrogels as
tunable and versatile platforms for mechano-
biology. Biomacromolecules 14:2294–2304

11. Pelham RJ, Wang YL (1997) Cell locomotion
and focal adhesions are regulated by substrate
flexibility. Proc Natl Acad Sci U S A
94:13661–13665

12. Gardel ML, Sabass B, Ji L et al (2008) Traction
stress in focal adhesions correlates biphasically
with actin retrograde flow speed. J Cell Biol
183:999–1005

13. Pasqualini FS, Agarwal A (2018) Traction force
microscopy of engineered cardiac tissues. PLoS
One 13(3):e0194706. https://doi.org/10.
1371/journal.pone.0194706

14. Sabass B, Gardel ML, Waterman CM et al
(2008) High resolution traction force micros-
copy based on experimental and computational
advances. Biophys J 94:207–220

15. Plotnikov SV, Pasapera AM, Sabass B et al
(2012) Force fluctuations within focal adhe-
sions mediate ECM-rigidity sensing to guide
directed cell migration. Cell 151:1513–1527

16. Webb DJ, Donais K, Whitmore LA et al (2004)
FAK-Src signalling through paxillin, ERK and
MLCK regulates adhesion disassembly. Nat
Cell Biol 6:154–161

17. Huang Y, Gompper G, Sabass B (2020) A
Bayesian traction force microscopy method
with automated denoising in a user-friendly
software package. Comput Phys Commun
256:107313. https://doi.org/10.1016/j.cpc.
2020.107313

18. Nobach H, Honkanen M (2005)
Two-dimensional Gaussian regression for
sub-pixel displacement estimation in particle
image velocimetry or particle position estima-
tion in particle tracking velocimetry. Exp Fluids
38:511–515

19. Yeung T, Georges PC, Flanagan LA et al
(2005) Effects of substrate stiffness on cell
morphology, cytoskeletal structure, and adhe-
sion. Cell Motil Cytoskeleton 60:24–34

20. Aratyn-Schaus Y, Gardel ML (2010) Transient
frictional slip between integrin and the ECM in
focal adhesions under myosin II tension. Curr
Biol 20:1145–1153

21. Sen S, Engler AJ, Discher DE (2009) Matrix
strains induced by cells: computing how far
cells can feel. Cell Mol Bioeng 2:39–48

Measurement of Myofibroblast Contractile Forces 195

https://doi.org/10.1371/journal.pone.0194706
https://doi.org/10.1371/journal.pone.0194706
https://doi.org/10.1016/j.cpc.2020.107313
https://doi.org/10.1016/j.cpc.2020.107313


Chapter 15

Nucleocytoplasmic Shuttling of the Mechanosensitive
Transcription Factors MRTF and YAP/TAZ

Michael Kofler and András Kapus

Abstract

Myocardin-related transcription factor (MRTF) and the paralogous Hippo pathway effectors Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) are transcriptional
co-activators that play pivotal roles in myofibroblast generation and activation, and thus the pathogenesis
of organ fibrosis. They are regulated by a variety of chemical and mechanical fibrogenic stimuli, primarily at
the level of their nucleocytoplasmic shuttling. In this chapter we describe the tools and protocols that allow
for exact, quantitative, and automated determination and analysis of the nucleocytoplasmic distribution of
endogenous or heterologously expressed MRTF and YAP/TAZ, measured in large cell populations.
Dynamic monitoring of nucleocytoplasmic ratios of transcription factors is a novel and important approach,
suitable to address both the structural requirements and the regulatory mechanisms underlying transcrip-
tion factor traffic and the consequent reprogramming of gene expression during fibrogenesis.

Key words Nucleocytoplasmic shuttling, Transcription factors, Organ fibrosis, MRTF, YAP/TAZ,
Nuclear import, CRM1-dependent export, Fluorescence imaging, Automated nucleocytoplasmic ratio
determination

1 Introduction

1.1 Nucleocyto-

plasmic Traffic

of Transcriptional

Regulators: Key Role

in Fibrosis

Fibrosis in general and the formation of myofibroblasts in particular
are manifestations of major phenotypic reprogramming, affecting
both mesenchymal and epithelial cells. In response to fibrogenic
stimuli fibroblasts or other mesenchymal cells transform into myo-
fibroblasts (fibroblast-myofibroblast transition, FMT) [1, 2], while
epithelial cells either undergo epithelial-mesenchymal transition
(EMT) or, more often, acquire a profibrotic epithelial phenotype
(PEP), characterized by a partial loss of epithelial features and the
production of fibrogenic cytokines and other mediators [3–
5]. These products then promote fibroblast proliferation and
FMT. All these transitions are brought about by large-scale changes
in gene expression, mainly due to altered transcription mediated by
a key set of transcription factors/transcriptional co-activators (here
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collectively abbreviated as TFs). For example, members of the Smad
family (e.g., Smad2 and 3) are phosphorylated by the activated
TGFβ receptor which results in their nuclear translocation/accu-
mulation and the consequent initiation of the fibrogenic program
[6–8]. Altered nuclear TF traffic, a mechanism not restricted to
Smads, has recently emerged as a main theme in the molecular
pathogenesis of fibrosis. Since, beside chemical mediators such as
TGFβ [9], mechanical inputs (e.g., increased matrix stiffness,
stretch, contractility, altered cell density, wounding) are also key
triggers of phenotype shifts in fibrosis [2, 10–15], recent research
has focused on the characterization of nucleocytoplasmic shuttling
of those TFs, which (1) are regulated primarily at the level of their
nuclear accumulation, and (2) are responsive to chemical and/or
mechanical fibrogenic stimuli. This short overview concentrates on
two such families: myocardin-related transcription factors (MRTF)
[16–18] and Yes-associated protein (YAP)/transcriptional
co-activator with PDZ-binding motif (TAZ) [19–22] . Both
MRTF [5, 10, 13, 23–27] and YAP/TAZ [5, 10, 28–31] have
been implicated in FMT, EMT, and PEP, as well as in fibrogenesis
in multiple organs, including the heart, lung, liver, kidney, and skin
[5, 24, 30, 32–48]. Importantly, genetic or pharmacological inter-
ference with MRTF or YAP/TAZ were shown to mitigate fibro-
genesis (see the cited studies above). Consequently, selective and
clinically relevant pharmacological inhibitors for MRTF [49, 50]
and YAP/TAZ are being developed [51, 52].

1.2 Quantitation

of Nuclear Traffic

of MRTF and YAP/TAZ:

Importance

and Challenges

Unraveling the basic mechanisms and regulation of nucleocytoplas-
mic traffic of TFs is essential for understanding the pathobiology of
fibrosis. However, the overwhelming majority of previous studies
assessing MRTF or YAP/TAZ distribution used binary (in/out,
i.e., nuclear versus cytosolic) or tripartite (in/even/out) categori-
zation. These relatively crude approaches are often neither accurate
nor sufficient. First, these methods are essentially subjective. Sec-
ond, they are obviously inadequate for the detection of subtle
changes that may have major biological significance (e.g., the
nuclear content may significantly increase yet may remain within
the same category). Third, YAP/TAZ distribution is notoriously
heterogeneous within a cell population. This is understandable,
given that many local factors (e.g., cell density/confluence, altered
contractility) that impact TAZ localization differ in various areas
within a single monolayer. Thus, detection of the effect of a treat-
ment or comparing the localization of different mutants may be
very challenging. Fourth, while qualitative snapshots are informa-
tive, quantitative and dynamic monitoring of TF traffic gains
increasingly recognized importance; experimental observations
and mathematical models show that the kinetics of the changes in
the nuclear concentration of TFs, as well as various response pat-
terns (amplitude, time-integrated concentrations, oscillations, etc.)
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are important determinants of the ensuing transcriptional response
and can lead to different outcomes [53–56]. Clearly, reliable con-
clusions about the impact of stimuli, the involved regulatory cir-
cuits, the structural requirements of import and export, and the
underlying molecular interactions can only be drawn by quantita-
tive characterization and analysis of nucleocytoplasmic distributions
of endogenous or heterologously expressed TFs, measured in large
(hundreds to thousands of cells) populations. Therefore, quantita-
tive methods are needed to determine the spatial distributions
across a population and their dynamic changes.

1.3 The Nuclear

Shuttling of MRTF:

Overview and Open

Questions

MRTF is a G-actin binding protein which, depending on cell type,
localizes partly or fully in the cytosol in the resting state (Fig. 2a).
Upon actin polymerization (in response to chemical mediators
and/or mechanical stress), G-actin dissociates from MRTF and
thereby liberates its nuclear localization signal (NLS) [16, 57, 58]
. In addition, nuclear actin polymerization reduces nuclear export
of MRTF [59, 60] presumably because intranuclear G-actin bind-
ing supports nuclear efflux via a nuclear export signal (NES)
[61]. The molecular details underlying efflux regulation have not
been fully elucidated. Moreover, nuclear traffic and/or activity of
MRTF is modified by phosphorylation of multiple residues (e.g.,
26 serines and threonines in MRTF-A)[61], the impact of which
warrants further characterization. Once in the nucleus, MRTF
binds to its cognate transcription factor, serum response factor
(SRF), and the complex drives gene expression through CC(A/T-
rich)6GG cis-elements called CArG boxes [62]. A large number of
MRTF/SRF target genes are relevant for fibrosis, including extra-
cellular matrix proteins, integrins, cytokines, many components of
the acto-myosin cytoskeleton, and TFs [63] including TAZ
[10, 37]. In addition, MRTF plays a critical role in “mechanical
memory,” the capacity of cells to “remember” the stiffness of their
previous environments, determining their fibrogenic potential for
extended time periods [64]. Our protocol will describe how to
quantify changes in the nucleocytoplasmic distribution of endoge-
nous MRTF in large cell populations. In this example, net nuclear
uptake of MRTF is initiated by uncoupling of intercellular contacts
(a potent inducer of RhoGTPase-mediated actin polymerization)
using low calcium medium (LCM) [13, 65, 66].

1.4 The Nuclear

Shuttling of YAP

and TAZ: Overview

and Open Questions

YAP and TAZ are paralogous transcriptional coactivators and
downstream effectors of the Hippo pathway, a critical regulator of
cell/organ size, cell proliferation, contact inhibition, stemness, and
differentiation [22, 67–71]. The Hippo pathway is composed of
the serine kinases MST1/2 (along with their adaptor SAV) and
their downstream targets LATS1/2 kinases (along with their adap-
tors MOB1/2), which in turn phosphorylate YAP and TAZ at
5 and 4 serine residues, respectively [69, 71]. Phosphorylation of
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these sites (predominantly S127 in YAP and S89 in TAZ) results in
their cytosolic retention due to binding to cytosolic adaptors, such
as 14-3-3 proteins [21]. Accordingly, phosphorylation-
incompetent mutants (e.g., TAZ 4SA) are constitutively nuclear
(Fig. 3b, c). The Hippo pathway exerts tonic inhibition on the
nuclear uptake of YAP/TAZ. Cell contact disruption, for example
by using LCM (Fig. 2d), inactivates the Hippo pathway and allows
YAP/TAZ to enter the nucleus [10, 72]. LCM also leads to actin
polymerization, which is another key inducer of the nuclear accu-
mulation of YAP/TAZ by promoting entry and/or inhibiting
egress through poorly understood but partly Hippo-independent
mechanisms [73–76]. Indeed, most mechanical factors (stiffness,
stretch), local architectural clues (low cell density, edge effects), as
well as soluble ligands (activating heterotrimeric G-proteins) are
believed to foster nuclear accumulation of YAP/TAZ through
cytoskeletal reorganization (actin polymerization and myosin-
mediated contraction) [12, 73, 77–80] . Once in the nucleus
YAP/TAZ bind to transcription factors, predominantly members
of TEAD family which drive a large array of genes involved in the
abovementioned functions via 50-g/aCATTCCa/t-30 cis-elements
called TEAD-binding elements (TBE) [81, 82]. Importantly,
YAP/TAZ collaborate with Smad2/3 and MRTF to orchestrate
fibrotic gene expression, and their direct interactions impact their
localization and actions [10, 37, 83–87].

While the basic mechanisms regulating nuclear traffic of fibro-
genic TFs have been established, fundamental questions remained
open. In fact, the nucleocytoplasmic shuttling of YAP/TAZ and its
regulation is much less understood than that of MRTF. First, the
mechanism whereby “free” cytoplasmic YAP/TAZ enters the
nucleus was unknown. It was not even clear whether these mole-
cules are taken up by passive diffusion or by mediated import across
the nuclear pore. Assuming the latter, the responsible sequences
were unknown, as YAP/TAZ do not contain a classic NLS. Second,
no putative NES have been identified that could account for their
CRM1-mediated nuclear export. Further, the regulation of the
import or export processes per se (as opposed to cytosolic or
nuclear retention) remained elusive. The approaches described in
the next section and detailed in our protocol were essential to
answer some of these questions.

1.5 New Tools

and Strategies

for Studying

Nucleocytoplasmic

Traffic

To study the basic mechanism, regulation, and dynamics of TAZ
nuclear import, we developed a molecular toolkit (elements of
which will be presented in our protocols, see Table 1) [88]. These
approaches can easily be adapted to other TFs. To test the existence
of active transport, we fused wild-type TAZ or its Hippo pathway-
independent mutant (TAZ 4SA) to a large tag (5 mCitrine, 5C),
which precludes passive diffusion through the nuclear pore
(Fig. 3a–c). Inhibition of the classic (CRM1-dependent) nuclear
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export pathway by leptomycin B (LMB) induced nuclear accumu-
lation of the constructs, allowing us to study the unmasked nuclear
import (Fig. 3d–f). To provide positive controls, the 5C tag was
also fused to known “classic” nuclear localization signals (e.g., the
NLS from simian virus 40 (SV40) or its less potent mutant R5A
[89]). We also generated an “anchorless” mutant of TAZ
(4SA/F52A), which binds neither the major cytoplasmic (14-3-3
proteins) nor the main nuclear (TEADs) retention factors so that
the import can be studied independent of retention (not shown).
The nucleocytoplasmic ratios of these constructs (Fig. 3c) as well as
that of endogenous YAP, TAZ, and MRTF (Fig. 2d) were deter-
mined in cell populations utilizing the ImageXpress Micro platform
with integrated MetaXpress Imaging and Analysis software
(as described in Subheading 3.1). To monitor stimulus-induced
changes in the distribution of these factors, we used three
approaches. These provide well-defined starting points from
which the change can be followed, enabling kinetic analysis.
(1) We uncoupled intercellular contacts (a known stimulus both

Table 1
All constructs are based on pcDNA3.1(-) [88]

Name Details Comments

1C-control mCitrine-mCherry
fusion

small-tagged control

1C-TAZ 4SA mCitrine-TAZ 4SA
fusion

small-tagged TAZ fusion protein, with 4 serine-to-alanine
mutations that destroy Lats-phosphorylation sites

5C-control (5XmCitrine)-mCherry
fusion

diffusion-limited, large-tagged control

5C-TAZ 4SA (5XmCitrine)-TAZ 4SA
fusion

diffusion-limited, large-tagged TAZ 4SA fusion protein

5C-anchorless (5XmCitrine)-TAZ 4SA
F52A fusion

diffusion-limited, large-tagged TAZ 4SA fusion protein,
F52A mutation disrupts TEAD binding

5C-R5A (5XmCitrine)-R5A
fusion

diffusion-limited, large-tagged construct comprising the
R5Amutation within SV40-NLS (residues 126–132 of the
large T antigene)

H2B-
2xFKBP-
mCherry

H2B-FKBP-FKBP-
mCherry fusion

H2B serves as anchor to stably localize the FKBP domains in
the nucleus; anchor-construct for the rapamycin nuclear
sequestration system

1C-NES-FRB mCitrine-NES-FRB
fusion

mCitrine-FRB fusion protein, comprising a NES; control for
import studies using the rapamycin nuclear sequestration
system

1C-NES-
FRB-
(290–345)

mCitrine-NES-FRB-
TAZ(290–345) fusion

TAZ fragment 290–345, fused to mCitrine-NES-FRB; for
the rapamycin nuclear sequestration system
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for MRTF and YAP/TAZ translocation) by incubating cells in
LCM (Fig. 2c, d). (2) We inhibited the classic (CRM1-dependent)
nuclear export pathway by LMB [90], thereby unmasking import
(Fig. 3e, f). (3) We developed a drug-inducible (rapamycin-trig-
gered) protein-protein interaction system, termed Rapamycin-
induced sequestration in the nucleus (RIS’N) (Fig. 4). In order to
better approximate physiological transport rates, we utilized single
mCitrine (1C) fusions for these experiments. The principle of this
method is that rapamycin induces high-affinity heterodimerization
between the FK506 binding protein (FKBP) and the FKBP-
rapamycin-binding (FRB) domain of mTOR [91]. Accordingly,
we fused FKBP to a red fluorescence tag (mCherry) along with
Histone-2B as a nuclear entrapment element (H2B-2xFKPB-
mCherry). The construct was then co-expressed with
1C-NES-FRB fused to full-length TAZ or fragments thereof
(Fig. 4). Addition of rapamycin eliminates TAZ export by nuclear
retention (via H2B-2xFKPB-mCherry), uncovering net nuclear
import of the labeled TAZ molecules. These movements were
followed by live imaging using the VivaView incubator-housed
fluorescence microscope system.

Using these and other tools, we were able to prove that TAZ
shuttles by mediated transport via a novel and unusual (nega-
tively charged) NLS in the C-terminal half of the molecule, and
an N-terminal NES, which is masked by TEAD binding
[88]. These studies also started to unravel the regulation of these
processes. Moreover, these approaches called attention to a broader
context, namely the absolute necessity of using highly quantitative
and sensitive methods to monitor the nuclear shuttling of TFs. This
chapter provides basic protocols for such measurements.

2 Materials

Follow standard tissue culture procedures and waste disposal reg-
ulations to maintain sterility and insure biosafety. We recommend
the use of the specific antibodies noted in the protocol.

2.1 Cell Culture 1. LLC-PK1 cells.

2. Cell culture medium: Dulbecco’s modified Eagle medium
(D-MEM), with 1 g/L D-glucose, L-glutamine, and 110 mg/
L sodium pyruvate, supplemented with 10% fetal bovine serum
(FBS, sterile-filtered), 100 units of penicillin, and 100 μg/L of
streptomycin.

3. Commercially available sterile phosphate-buffered saline (PBS,
pH 7.4).

4. Trypsin-EDTA (0.05% Trypsin with EDTA 4Na).
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5. Sterile tissue culture (TC) vessels: 75 cm2 flasks (250 mL,
vented, polystyrene TC-treated), 96-well clear flat-bottom
polystyrene TC-treated microplates with lid, 35 mm glass-bot-
tom dishes (uncoated, sterile, No. 1.5 coverslip thickness).

2.2 Cell Transfection 1. Purified plasmids (see Table 1 for details): 1 μg/μL in 10 mM
Tris (pH 8.0) containing 1 mM EDTA.

2. jetPRIME® buffer and transfection reagent.

2.3 Cell Stimulation 1. LCM: D-MEM with 4.5 g/L D-glucose, without L-glutamine,
sodium pyruvate, and calcium chloride.

2. Rapamycin medium: cell culture medium with 21 nM
rapamycin.

2.4 Immuno-

fluorescence

1. Paraformaldehyde (PFA), 4% in PBS.

2. Neutralization buffer: 100 mM glycine in PBS.

3. Permeabilization buffer: PBS with 0.2% Triton X-100 (see
Note 1).

4. Washing buffer: PBS.

5. Blocking buffer: 5% (w/v) bovine serum albumin (BSA,
fraction V, heat shock isolation) in PBS.

6. Antibody incubation buffer: 1% (w/v) BSA in PBS.

7. Primary antibodies: anti-TAZ (BD Biosciences, 560,235)
mouse monoclonal antibody, anti-MRTF-B rabbit polyclonal
antibody (Santa Cruz, sc- 98989).

8. Secondary antibodies (e.g., Alexa Fluor® 555 anti-mouse and
Alexa Fluor® 555 anti-rabbit antibody).

2.5 Imaging

Equipment

and Software

1. Micro automated wide-field high-content imaging platform,
e.g., ImageXpress with integrated MetaXpress Imaging and
Analysis software (Molecular Devices LLC).

2. VivaView FL Incubator Microscope (e.g., Olympus) with
MetaMorph imaging software (Molecular Devices).

3. Software: Fiji (see [92]), Microsoft Excel, and GraphPad Prism.

3 Methods

3.1 Automated

Acquisition

and Analysis Using

Fixed Cells in 96-Well

Plates

(A) refers to nuclear accumulation of endogenous MRTF and TAZ
upon disruption of intercellular contacts; (B) refers to nucleocyto-
plasmic distribution of five mCitrine (5C) constructs.
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3.1.1 Cell Culturing

and Stimulation

1. Grow LLC-PK1 cells in cell culture medium in a humidified
incubator at 37 �C and 5% CO2. Maintain growth by regular
passaging.

Detach cells with Trypsin-EDTA and seed 10,000 cells into
each well of a 96-well plate, with a total of 100 μL cell culture
medium/well.

(a) Low calcium stimulation: 48 h after seeding, when cells
are 100% confluent. Incubate cells for 0, 30, 60, and
120 min with LCM. To eliminate trace amounts of cal-
cium, wash cells five times with 100 μL LCMbefore finally
putting them into LCM. Ensure all incubations end at the
same time as the entire plate will be fixed simultaneously.

(b) JetPrime transfection: 24 h later, when cells are 50–100%
confluent: Per well, mix 0.1 μg plasmid with 10 μL jet-
Prime buffer and 0.2 μL jetPrime reagent, incubate for
10 min and add to well. Incubate for 24 h.

3.1.2 Cell fixation

and staining

1. Remove medium and fix cell with 50 μL/well 4% PFA for
20 min at room temperature in a chemical hood. Collect and
dispose PFA solution appropriately.

2. Incubate cells with 150 μL/well neutralization buffer for
20 min at room temperature in a chemical hood. For (B),
skip steps 3–7.

3. Incubate cells with 100 μL/well permeabilization buffer for
20 min at room temperature in a chemical hood (see Note 1).

4. Wash cells three times 5 min with PBS.

5. Block with 100 μL blocking buffer for 1 h at room
temperature.

6. Wash as in step 4.

7. Incubate cells over night at 4 �C with 40 μL/well primary
antibody, diluted 1:50 in antibody incubation buffer.

8. Wash as in step 4.

(a) Incubate for 1 h at room temperature with 40 μL/well
secondary antibody, diluted 1:500 in antibody incubation
buffer, containing 2 μg/mL 40,6-diamidino-2-phenylin-
dole (DAPI). Protect plate from light.

(b) Incubate for 1 h at room temperature with 40 μL/well
PBS, containing 2 μg/mL DAPI (see Note 2). Protect
plate from light.

9. Wash as in step 4.
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3.1.3 Image Acquisition

and Analysis Using

the ImageXpress Micro

Platform with Integrated

MetaXpress Imaging

and Analysis Software

(Figs. 1, 2, and 3)

1. Use the 10� objective and select wavelengths DAPI and Texas
Red, adjust focus and acquisition times and record multiple
images per well (see Notes 3–5).

2. Set up the inbuilt “Multi Wavelength Translocation Module”
for image analysis:

3. Select DAPI as “Source Image” and optimize “Approximate
minimum width,” “Approximate maximum width,” and
“Intensity above local background” settings to detect most
cell nuclei (Fig. 1). The created nuclei masks are the bases for
defining nuclear and cytoplasmic compartments (see Note 6).

4. Using the Texas Red channel as source, use 0.4 μm as value for
both “inner distance from boarder” and “outer distance from
boarder” and define the outer compartment width as 2 μm
(Fig. 1; see Notes 7 and 8).

5. In the analysis module, choose recording of the following
parameters for each cell: “Cell: Compartment Stained Area
(MultiWaveTransData)”—(i.e., the DAPI stained area), “Cell:
Mean Inner Intensity W2 (MultiWaveTransData)”—(i.e., the
mean fluorescent signal in the nucleus), “Cell: Mean Outer
Intensity W2 (MultiWaveTransData)”—(i.e., the mean fluores-
cent signal in the cytoplasm) (Fig. 1).

Fig. 1 Analysis of images by the MetaXpress Imaging and Analysis software. The nuclear DAPI staining is
automatically detected and serves to define masks (orange and gray). The nuclear region (N) is deduced by
deflation of the mask boundaries, thereby excluding potential bleed-through from the cytoplasm. For the
cytoplasmic region (C), expanded mask boundaries are used to define a band around the nucleus. Areas which
cannot be unambiguously assigned to one cell are removed from the cytoplasmic region mask (light orange). N
and C masks are then used to measure the individual mean fluorescence intensity values in the nucleus and
cytoplasm, respectively
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6. Run the analysis module (see Note 9).

7. Export data as comma separated values text files (seeNote 10).

3.1.4 Data Analysis 1. We calculate the median nucleocytoplasmic ratio value using
Excel (see Notes 11–13).

2. For histograms, graphical depiction of median values, and
statistical analysis, we use the software GraphPad Prism
(Fig. 2 and 3).

Fig. 2 Depiction and processing of acquired localization data. (a) Representative images of LLC-PK1 cells
without treatment or 0.5 h LCM treatment. DAPI staining (blue) and MRFT-staining (red) are shown. The scale
bar represents 50 μm. (b) Plot of nuclear and cytoplasmic mean MRTF intensity value pairs from untreated
cells (one well of the 96-well plate, 5022 cells). Red dotted lines and values (x, y) are thresholds to filter out
very low intensities. (c) Frequency histograms of nucleocytoplasmic fluorescence (N/C) ratios for untreated
cells (green bars, data calculated from a) and cells treated for 0.5 h with LCM (blue bars). Location of the
median N/C ratios (0 h LCM and 0.5 h LCM) is indicated as black and blue dotted lines, respectively. The
medians serve as robust descriptors of the MRTF localization in these cell populations. (d) Time-course of
MRTF (black) and TAZ (red) median N/C ratios upon LCM treatment. Each data point is calculated from more
than 1000 cells and plotted against the LCM-treatment time. Mean and standard deviation (SD) from three
repetitions are indicated
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Fig. 3 Localization data of overexpressed constructs (a): (Left) Single mCitrine 1C and five mCitrine (5C)-
control constructs comprise the respective tag, fused to mCherry as unrelated protein of similar size to TAZ.
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3.2 Live Cell

Imaging: Kinetics

of Nuclear Import

Using the Rapamycin

Sequestration System

3.2.1 Cell Culturing

and Cell Transfection

1. Maintain LLC-PK1 cells as described in Subheading 3.1.1,
step 1.

2. Seed 400,000 cells into glass-bottom dishes, in a total of 2 mL
cell culture medium (see Subheading 3.1.1, step 2).

3. jetPrime transfection 24 h later, when cells are 50–100% con-
fluent: Per well, mix 2 μg plasmids (1 μg H2B-2xFKBP-
mCherry and either 1 μg single mCitrine (1C)-NES-FRB or
1 μg 1C-NES-FRB-(290–345)) with 100 μL jetPrime buffer
and 4 μL jetPrime reagent, incubate for 10 min, and add to
dishes. Incubate for 24 h.

4. Replace cell culture medium (2 mL).

3.2.2 Cell Stimulation

and Live-Cell Imaging

1. Transfer dishes into VivaView FL Incubator and let them
equilibrate for about 30 min (see Note 14).

2. Using the 10� objective, select wavelengths GFP and Texas
Red, adjust light intensities and focuses and set up Z-stack
acquisition (seeNotes 15). Set up time-lapse imaging to record
a Z-stack every 30 s, for 15 min (see Note 16).

3. Start acquisition and add quickly 100 μL rapamycin medium
before the second time-point (see Note 17).

3.2.3 Data Analysis 1. Using the multi-dimensional analysis module, select the best
in-focus GFP image for each time point and export them as a
stack.

2. For each image stack, manually draw a background region of
interest (ROI). For each cell in the image stack, draw an
additional ROI in the cytoplasm and one in the nucleus (see
Notes 18 and 19). Export the mean intensity values for the
regions at all time-points.

�

Fig. 3 (continued) 5C-R5A comprises the 5C tag fused to a weak variant of the minimal SV40-NLS (residues
126–132) labeled as R5A. Molecular weights of the fusion proteins are shown. (Right) Effect of tag-size on the
cellular distribution of indicated constructs. The small tagged construct 1C-control can diffuse into and out of
the nucleus (red dotted arrow) while 1C-TAZ 4SA is also subject to mediated import and export (black arrows).
Diffusion limited 5C constructs cannot enter the nucleus by passive diffusion, resulting in cytoplasmic
confinement of 5C-control. Efficient import leads to nuclear accumulation of 5C-R5A. The balance between
slow nuclear import and faster export of 5C-TAZ 4SA results in an apparent nuclear exclusion. (b) Images of
LLC-PK1 cells overexpressing 1C and 5C constructs for 24 h. The scale bar represents 50 μm. (c) Median N/C
ratios of indicated 1C and 5C constructs, overexpressed for 24 h. (d) Mechanism of LMB induced nuclear
accumulation of shuttling constructs. LMB is a specific export inhibitor which prevents CRM1-mediated
nuclear export. Since shuttling proteins continue to be imported, they accumulate in the nucleus upon LMB
treatment. (e) Images of LLC-PK1 cells overexpressing 5C constructs for 24 h, in the absence and presence of
LMB for 5 h. The scale bar represents 50 μm. (f) Median N/C ratios of 5C constructs during a LMB time-course.
Individual data points and means � SD are depicted. ***p < 0.001, ****p < 0.0001; ANOVA with multiple
comparisons. Figure 3a, b, c, e, and f are modified from [88] Figs. 1 and 2. Material is available under Public
License and disclaimer of warranties http://creativecommons.org/licenses/by/4.0/
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3. For each time-point, subtract the background intensity from
the fluorescence intensity in the nucleus and the cytoplasm of
each cell and calculate the mean nucleocytoplasmic ratio (see
Note 20).

4. Plot graphs and perform statistical analysis with appropriate
software such as Excel or Prism (Fig. 4).

4 Notes

1. Neutralization and permeabilization can be done in one step:
100 mM glycine in PBS with 0.2% Triton X-100.

2. DAPI staining can be reduced to 5–10 min if cells are
permeabilized.

Fig. 4 Rapamycin-induced sequestration in the nucleus (RIS’N) system. (a) Model showing rapamycin-induced
nuclear entrapment of 1C-NES-FRB or 1C-NES-FRB-(290–345) by H2B-2xFKBP-mCherry (see also Subhead-
ing 1.5). Right: Description of components and their purpose. (b) Live-cell RIS’N import assay. Fluorescence
images were recorded using a VivaView system and show co-expression of H2B-2xFKBP-mCherry (red) and
1C-NES-FRB or 1C-NES-FRB-290–345 (yellow) at the indicated time-points (left). Scale bar: 10 μm. Average
N/C values� SEM were plotted against time of rapamycin treatment. 1C-NES-FRB, n ¼ 40 cells;
1C-NES-FRB-290–345, n ¼ 80 cells. Differences between the two probes are significant at all time-points
( p < 0.01, not indicated). Curves are fits to an exponential rise to maximum function. Figure 4 is modified
from [88] Fig. 4. Material is available under Public License and disclaimer of warranties http://
creativecommons.org/licenses/by/4.0/
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3. Clean the plate bottom to remove auto-fluorescent particles
that could affect image acquisition and quality.

4. For immunofluorescence, we routinely record five images/
well. This allows us to acquire between 1000 and 6000 cells/
well which is sufficient for analysis with robust statistics.
Depending on the acquisition time, five images/well can take
up to 90 min for recording of a full plate.

5. For transfected cells, we routinely record 25 images/well to
collect between 100 and 2000 transfected cells/well. Record-
ing takes usually around 90–120 min due to the short acquisi-
tion times.

6. Avoid fragmentation of individual nuclei. Masks comprising
multiple overlapping or clustered nuclei can be sorted out at a
later point based on their “Cell: Compartment Stained Area
(MultiWaveTransData)” values.

7. Inner and outer distances are chosen to (1) minimize cross
contamination of fluorescence signals between the defined
nuclear and cytoplasmic compartments, (2) maximize the
nuclear compartment, and (3) maximize the overlap of the
defined cytoplasmic compartment with the actual cytoplasm.

8. Maximizing the overlap of the defined cytoplasmic compart-
ment with the actual cytoplasm becomes an issue for cells that
are very spindle shaped. LLC PK1 or other epithelial cells have
a large cytoplasm and are hence ideal for studying the cellular
distribution of proteins.

9. Analyses using inbuilt modules are usually faster than custo-
mized analysis modules. The inbuilt “Multi Wavelength Trans-
location Module” is fast, but will take up to several hours for a
96-well plate. We usually run analyses in batches overnight.

10. We exclude cells from data export that either have “Cell: Com-
partment Stained Area (MultiWaveTransData)” values smaller
than 50 (i.e., DAPI precipitate, nuclear debris or nuclei in
mitosis) or that have mean fluorescence values below 30 (i.e.,
very weak staining or just background signal).

11. The aggregate function allows simultaneous filtering of data
for multiple criteria and calculation of the 50th percentile
(median) of the nucleocytoplasmic ratios.

12. We usually set the threshold number of cells for the calculation
of medians to a minimum of 100/well.

13. We optimize minimum and maximum threshold levels for
nuclear and cytoplasmic mean intensities, especially for over-
expressed proteins since both very low and very high expres-
sion can result in nonphysiological distribution of the
constructs.
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14. Remove lids to facilitate quick administration of rapamycin.

15. Administration of the drug requires opening of the incubator
which will result in a focus drift. Recording Z-stacks of
11 images ensures in-focus acquisition.

16. Multi-position imaging or shorter acquisition intervals are dif-
ficult to achieve using Z-stacks.

17. The final Rapamycin concentration will be 1 nM. The relatively
large volume added (1/20th of the total) minimizes the diffu-
sional equilibration time of the drug in the dish.

18. Whenever possible, choose regions in the stack that do not
change due to cell movements or changes in focus.

19. We frequently use Fiji and its “Multi Measure” plugin (Wayne
Rasband, Bob Dougherty, Tony Collins, Audrey Karperian and
Ulrik Stervbo) for drawing of ROIs and measuring mean
intensity values.

20. We use the mean nucleocytoplasmic ratio instead of the median
for data from small cell populations (less than 100).
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Chapter 16

Atomic Force Microscopy for Live-Cell and Hydrogel
Measurement

Alexander J. Whitehead, Natalie J. Kirkland, and Adam J. Engler

Abstract

Atomic force microscopy (AFM) has emerged as a popular method for determining the mechanical
properties of cells, their components, and biomaterials. Here, we describe AFM setup and application to
obtain stiffness measurements from single indentations for hydrogels and myofibroblasts.

Key words Fibroblast, Atomic force microscopy, Force-curve, Stiffness, Young’s modulus, Hydro-
gels, Live-cell measurement

1 Introduction

Cell rheological properties are determined by the combined influ-
ence of the extracellular matrix, adhesions, cytoskeleton, mem-
brane proteins and nuclear components. The mechanical
properties of each can influence cell function and define whether a
cell is normal or diseased. For example, cellular stiffness can influ-
ence processes including differentiation [1], aging [2–4], and can-
cer [5]. Atomic force microscopy (AFM) has emerged as a useful
tool to examine cell mechanics, and as a method to characterize
mechanical differences in disease states [3].

Standard AFM technique for measuring cell mechanics relies
on producing nanometer indentations, via a flexible cantilever with
a pyramidal or spherical probe (tip), onto a cell or substrate surface.
As force is exerted by the tip onto the cell surface, the deformation
of the cantilever is proportional to the deformation of the substrate.
To detect the cantilever deformation, a small laser is focused onto
the back of the cantilever and the reflection is detected by a photo-
diode detector (Fig. 1). When the cantilever deforms, the light is
deflected away from the point of incidence. As the tip reactively
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deforms at the surface during indentation and retraction, the
deflection is recorded against the distance from the surface to
produce a force-indentation curve (which accounts for the deflec-
tion against an infinitely rigid substrate, e.g., glass, where deflection
is equivalent to indentation; Fig. 2a–c). The force-indentation
curves can then be fitted to several proposed models in order to
determine the Elastic/Young’s modulus, i.e., elastic/stiffness
properties, with the Hertz model being one of the most commonly
used [6, 7]. The standard Hertz model assumes that the indenter is
spherical and the sample being indented is significantly thicker than
the indentation depth, i.e., an infinite half-space. When a pyramidal
tip is used, the Sneddon’s cone indenter variation is used [8]
(Table 1). However, stiffness measurements have been reported
to vary widely depending on the model applied. Therefore, rather
than using absolute stiffness values, it is better practice to compare
values relatively between samples using the same indenter geometry
[9, 10]. More recently, models are emerging to obtain greater
information from force-curves, including cell viscoelastic properties
[11]. For simplicity, the protocol here specifically reflect data
obtained for elastic interactions, though for viscoelastic properties,
additional indentation parameters can be added such as dwell time
or force clamps such that creep, stress relaxation, etc. can be
measured.

In addition to variance from indenter geometry and model
type, cell stiffness measurements from AFM can vary as a result of
position within the cell, as well as cell type; such variation can range
from 1 to 100 kPa [10, 12]. As measured herein, we show how
these data can vary as the tip interacts with regions of the cell
(Fig. 2d, e). Thus, we describe the basic procedure for calibrating
the AFM (Subheading 1) and characterizing stiffness of biomater-
ials (Subheading 2) and myofibroblast cells (Subheading 3). Note
that we describe the procedure to obtain classic force curves from

Fig. 1 Schematic of atomic force microscopy principle. Precise indentation can
be made apically on cells or biomaterials. A laser directed onto the cantilever is
deflected and detected by a photodiode so that the cantilever deflection at the
surface can be measured
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single indentations and extract stiffness measurements from the
Asylum MFP3D software though we and others typically use
more complicated analysis methods for complicated, multilayer
materials.

Fig. 2 Measurement of surface stiffness. Force-curve generated on (a) glass, (b) cellular region, and (c) Force
curve generated Hertz fit for calculating Young’s Modulus. (d) Cardiac fibroblasts cultured on glass coverslips,
imaged live with phase contrast (left) and fixed, confocal (right) imaging. Right panel, cells are stained with
DAPI (blue), Fibronectin (purple), alpha-SMA (red), TE-7 (green). The purple and blue arrows refer to the cell
periphery and above nucleus, respectively, that upon AFM would generate force-curves as shown in panels
b–c and cell stiffness measurements as in panel e. The black arrow refers to the glass substrate that when
measured with AFM would generate curves as in panel a. (e) Example of cell stiffness measurements for
cardiac fibroblast cellular regions. Each point represents average Young’s Modulus for a 5 � 4 force map
covering a 3–5 μm2 area. n ¼ 8 (cell periphery) and 7 (above nucleus) cells. For independent t-test,
p ¼ 0.3316

Table 1
Equations used for determining the Young’s modulus

Determining Force on Cantilever:
h ¼ depth of the indentation
E* ¼ the effective modulus of a system tip-sample

F hð Þ ¼ 4√R
3 E∗h

3=2

Hertz equation (determination of E*):
E ¼ Young’s Modulus
v ¼ Poisson ratio

1
E∗ ¼ 1�ν2tip

Etip
þ 1�ν2

sample

Esample

Sneddon’s variation of Hertz:
(for cone tip AFM)
α ¼ the half-opening angle of the AFM tip

F hð Þ ¼ 2
π tan α

Esample

1�ν2
sample

h2
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2 Materials

2.1 Hardware 1. Asylum MFP-3D Atomic Force Microscope.

2. Epifluorescent Bulb with Blue Filter.

3. Fluorescent Bulb for Brightfield.

4. Asylum Live cell chamber.

5. Flat pointed forceps.

2.2 Disposables

for General AFM

1. Vacuum Grease.

2. 25 mm glass coverslips.

3. Syringe (18 Gauge, Smaller gauge is better).

4. Kimwipes.

5. Plastic 5 mL eye droppers.

6. 1� Phosphate Buffered Saline Solution (PBS).

7. Clean, non-charged glass slides.

8. Optional: insect pins.

9. Optional: 0.1% Neutrad solution in DI Water.

10. Optional: 1% Bovine Serum Albumin in DI Water.

2.3 Disposables

for AFM on Gels

1. Hydrogels, either bonded to methacrylated coverslips or poly-
d-lysine treated coverslips, in 6-well plate and covered in PBS.

2.4 Disposables

for AFM with Live Cells

1. Pre-warmed cell culture media.

2. 25 mm coverslips.

2.5 Software 1. Asylum Research 13, Igor Pro 6.34A (or above).

3 Methods

3.1 AFM

General Setup

1. Turn on the AFM and brightfield bulb (set to ~25%), and start
the Asylum Research software using Standard, Force, Force-
ContactMode. Display the Live camera panel, Master panel,
and Heater panel (if doing live-cell measurements).

2. In the Master panel, Main tab, set the integral gain to 0.5–1
and Set Point to 1 V. Set your saving path to automatically save
force curves.

3. Under the Force tab, set the trigger to a force of 2nN (seeNote
1). Select to keep the Approach Velocity constant at 2 μm/
s and set the Force Distance to 6 μm. Before calibrating a new
tip, under the Calibration tab, set the spring constant to
50 pN/nm and the Defl Invols to 50 nm/V.
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4. In the Thermal tab, set the frequency center and width accord-
ing to the cantilever being used (see Note 2); we will be using
Nanoworld PNP-TR tips, which are set to 2 and 10 kHz,
respectively.

5. Invols and spring constant will need to be experimentally
determined for each tip being used, as these values should
converge when alternating between thermal calibration (deter-
mines spring constant) and hitting glass (determines inVols)
(see Note 3). Ensure the Spring Constant is “unlocked.”

6. Set the Cantilever holder into the holder stand on a benchtop.
Use forceps to grab the long edges of the tip and place on the
Cantilever holder (seeNote 4). Use a flat-tipped screwdriver to
lift the metal overhang from the side and slide the cantilever
underneath. Seat the tip in the center and remove the screw-
driver, allowing the overhang to contact the tip. Gently tighten
the center screw until the tip is flush against the overhang and
Cantilever holder, then tighten each side screw, and finally
re-tighten the center screw (see Note 5).

7. Return the Cantilever holder to the AFM head.

8. Use a 1.5 mL Pasteur pipette to add PBS (see Note 6) on the
cantilever holder to pre-wet the tip. Start on one side of the
cantilever and work around it, being careful not to add fluid
directly on top of the cantilever or knock the cantilever with the
Pasteur pipette (see Note 7). Aspirate PBS before continuing.

9. Seat a glass slide on the AFM stage, securing with magnets at
the edges of the slide. Add PBS, or the solution being used
with your samples, onto the glass slide to form a domed droplet
with a height of approximately 5 mm (see Note 8).

10. Flip the AFM head onto the stage and lower the unit using the
front dial until the surface tension of the bubble is broken (see
Note 9). The cantilever should now be visible on the live video
screen (see Note 10). Using the camera adjustment knobs,
align the camera with the tip while lowering.

11. Move the laser onto the tip using the rear and right-facing
dials, maximizing the sum value in the Sum and Deflection
Meter (see Note 11).

12. Allow the deflection to stabilize, waiting approximately 5 min.

13. Lower the tip until just after the appearance of diffraction
patterns in the live video, but so that the tip is still above the
surface of the glass.

14. Set the deflection to 0, close the isolation doors, and click
“Capture Thermal Data” (Master ! Thermal ! Capture
Thermal Data).
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15. Allow frequency spectrum to stabilize over at least 1 minute,
then repetitively click “Fit Thermal Data” until the fitting is
constant. Check that the obtained spring constant is consistent
with your cantilever lot or literature values (here, we expect a
value of 20–50 pN/nm).

16. Open the isolation doors, set the deflection to less than 0, and
click “Engage” in the Sum and Deflection Meter. Ensure that
your computer’s sound is turned on and is loud enough to hear
the force trigger noise.

17. Slowly lower the tip until the force trigger is reached (Z voltage
70–100, in Sum and Deflection Meter), and then press “With-
draw” on the Sum and Deflection Meter.

18. Under the Force tab, click “Single Force.”

19. On the resulting displacement vs. deflection graph (Fig. 2a),
zoom in on the top-most part of the curve (the linear region)
by clicking and dragging a box around the region, right-click
the end of the curve, and calculate InVols. Check the inVols are
consistent with your tip (here, we expect values from 40 to
50 nm/V).

20. Repeat the thermal calibration and InVols measurement until
the values remain relatively constant (see Note 12).

21. Using the front dial, raise the head to the maximum height
before removing the head. The AFM is now calibrated and
ready for samples to be mounted.

3.2 Hydrogel

Analysis Using AFM

1. Synthesize gels according to established protocols [13–15] on
coverslips. Gels should be in the calibration buffer at room
temperature before measurement.

2. Take a fresh glass slide and add vacuum grease to the center of
the slide with a Q-tip, using a small circular motion to spread
the grease and cover an area approximately the size of the
coverslip.

3. Use a bent syringe to pry the coverslips (and overlying gels)
from the bottom of the well with one hand, grabbing the
elevated edge with forceps with the other hand.

4. Place the gel-laden coverslip into the greased portion of the
slide and push down along the edges of the gel to ensure level
seating on the slide.

5. Place the slide on the AFM stage and secure with magnets.

6. Add buffer solution to the gel, creating a large, domed droplet.

7. Restore the AFM head on top of the stage and lower until the
surface tension is broken.

8. Allow 5 minutes for the deflection to stabilize, then adjust to
below 0 using the left dial.
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9. Engage the tip and lower until the trigger is reached.

10. Make note of the front dial position at which the trigger is
reached, then raise the head by one thumb-stroke to the left,
followed by returning it to the original height by aligning the
dial with the guide marks on the AFM head (see Note 13).

11. Press “single force” (see Note 14).

12. In the Master Force panel, within the Display tab, load the
directory in which the curves are saved. Navigate to the Elastic
tab and change the Poisson’s Ratio to 0.5, and select the tip
geometry and material according to your cantilever (see Note
15).

13. Due to intra-sample topological variances and biological het-
erogeneity, it is customary to compile a Force Map of several
points in the X–Y plane at each point of measurement. This
also rapidly increases the rate of data acquisition versus individ-
ual points and allows an average stiffness to be calculated per
region. To create a force map, go to the FMap tab on the
Master Panel. Input the scan size and the amount of points in
the x (points) and y (lines) directions. You can also alter the
scan speed. Set an appropriate base name and saving path for
the force map.

14. Select “Do Fmap.”

15. To review the Force Map, select a single point in the Map view
or the Force Plots list (Master Force Panel ! Display), then
move to the Entire Force Map tab (under the Elastic tab) and
click Fit. You will observe a curve fit as shown in Fig. 2b, c.

16. To output the Young’s Moduli for the entire force map, click
the Analyze (A) button in the Map view, then under the
histogram tab of the Analyze panel, click “Make New Histo-
gram,” and then edit. Individual values can then be pasted into
spreadsheets for downstream analysis (Fig. 2e).

17. To obtain additional measurements, raise the AFM head using
the front dial before moving the stage so the tip does not break
by tugging on raised regions, then repeat steps 9–16 in Sub-
heading 3.2.

18. When finished, remove the AFM head from the stage, flip it
over, and set on the rest. If planning to use the tip for the next
experiment, rinse with DI water. Otherwise, dispose of the tip
or replace in the tip box, making note of the date it was used.

3.3 Live Cell Analysis

Using AFM

1. Culture cells of interest on sterilized glass coverslips.

2. Transfer 50 mL of growth media or calibration buffer to a mL
conical tube and heat to 37 �C and remove from the incubator
just before mounting cells.
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3. Transfer cell-seeded coverslip into the live-cell chamber, using
ample vacuum grease and ensuring a water-tight seal between
the glass and chamber.

4. Add just enough warmed growth media to reach the heater
ring on the live-cell chamber and secure the chamber on the
AFM stand with the electrical cable resting to the right side of
the AFM stand.

5. Place the AFM head over the live-cell chamber and lower until
the silicone forms a seal on the live-cell chamber (seeNote 16),
and turn on the feedback and Target Temp in the heater panel.

6. Lower the cantilever until the surface tension is broken (see
Note 17).

7. Wait for the temperature to reach the Target Temp and for the
deflection to stabilize, usually a minimum of 5 min.

8. Conduct force measurements as described in the previous sec-
tion (see Note 18).

9. Turn off the heater and set point before removing the AFM
head (see Note 19).

4 Notes

1. Soft gels may require lower indentation forces, gel may get
deposited on tip and result in biphasic response. Test tips by
indenting glass, and switch as necessary. To clean organic
material from a cantilever, submerge in 0.1% Neutrad solution.
Several rinses may be required.

2. The frequency will be significantly less than what is listed on the
packaging due to the tip being submerged in liquid [16, 17].

3. As mentioned above, the spring constant in water-based buf-
fers will also be less than the value printed on the packaging
(approximately a third in our experience, but dependent on
buffer used).

4. It may be helpful to check the integrity of the cantilever using a
magnifying glass and ensure that tips were not damaged or
broken in transit.

5. Only tighten until finger-tight, over-tightening can result in
snapping the cantilever—this renders measured values inaccu-
rate and can destroy the opposite end of the cantilever.

6. PBS can be replaced with whichever buffer the hydrogel or cells
are in.

7. Dropping fluid directly on the cantilever can result in bent or
broken tips—either preventing data collection or providing
inaccurate measurements. The entire cantilever should be
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submerged before proceeding, which may require pipetting off
PBS and reapplying until the surface is covered. Adding too
much PBS at once may cause it to flow over the side and
damage the head of the AFM. If small air bubbles appear
under the cantilever, Insect pins can be used to scrape the
bubbles toward the edge of the platform where they are easier
to burst.

8. If performing live-cell AFM, calibration should be done on a
glass coverslip in the live-cell incubator with the buffer heated
to the desired temperature.

9. This should be readily apparent when looking at the front of
the AFM—if you are unsure if you have broken the surface
tension, check at the live video feed. The cantilever should be in
focus once it is submerged.

10. The AFM head should be level at the Z-height of the sample. If
the head is not level, the angle of approach of the cantilever will
not be perpendicular to the surface, resulting in erroneous
measurements.

11. For PNP-TR tips, sum on the long cantilever should be 8+, and
4–5 for the short cantilever.

12. After identifying standard values for your tips of choice, we
typically repeat the thermal and glass force measurement three
times before proceeding. For PNP-TR tips, acceptable values
are typically k ¼ 20–50 pN/nm and InVols ¼ 40–50 nm/V.

13. This is important for soft gels and somewhat “stickier”
biological materials that cause adhesion with the tip. This will
ensure that the tip is no longer in contact with the sample when
the force measurement is taken, resulting in a horizontally flat
approach curve.

14. A smaller indentation distance will provide more accurate and
quicker measurements, though a larger distance is recom-
mended for force maps to minimize the amount of failed
trigger points.

15. PNP-TR tips are pyramidal silicon nitride, though generally
the tip material and half angle minimally affect the calculated
Young’s Modulus. Biphasic curves usually indicate that you
have indented through the material and are likely hitting the
glass. To prevent excessive adhesion, sample can be submerged
in a 1% BSA solution for 5 minutes.

16. The x-y directions of the AFM stage may need to be adjusted to
seat the silicone in the live-cell chamber. If the silicone is not
sealed well, the media or buffer will evaporate more rapidly and
may result in an oblique cantilever approach, providing erro-
neous results.
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17. This is best visualized using the live video feed, as the silicone
ring and chamber will impede direct observation.

18. Force map areas and lateral movement of the AFM stage
should be minimized to preserve the silicone gasket seal.
Cells may contract, peel off the substrate, and die after several
indentations.

19. Failure to do this can result in the heating element overheating
and burning sugars from the media. When using a single
sample for a long time, additional media may be required to
compensate for the evaporated volume. If you smell a sweet
bread-like aroma, the sample may have run dry, causing
remaining media on the heating element to caramelize the
sugars.
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Chapter 17

Method for Investigating Fibroblast Durotaxis

Hossam Kadry, David Lagares, and Taslim A. Al-Hilal

Abstract

Durotaxis is the phenomena of directed cell migration driven by gradients of extracellular matrix stiffness.
Durotaxis has been recently involved in the development of fibrosis by promoting the recruitment of
pathological fibroblasts to areas of established fibrosis, thus amplifying the fibrotic response. Here, we
describe the fabrication of mechanically patterned hydrogels that can be used to investigate molecular
mechanisms controlling durotaxis of fibroblasts and other cells with mechanosensing properties. This
method effectively creates a stiffness gradient of 275 Pa/μm, mimicking the natural spatial stiffness
variations we observed in fibrotic tissues from mouse models of fibrosis and human fibrotic diseases.

Key words Durotaxis, Hydrogel, Fibrosis, Myofibroblasts, ECM

1 Introduction

Directed cell migration has critical effects on tissue development,
homeostasis, and disease progression [1]. Directed migration
requires continuous sampling and analyzing environmental cues,
followed by processing the results to produce directional cell move-
ment [2]. Cell migration can be driven by gradients of diffusible
soluble chemicals (chemotaxis), substrate-bound biomolecules
(haptotaxis), or physical cues such as electric fields or extracellular
matrix stiffness (ECM) [3]. The directed migration of cells from
regions of lower-to-higher stiffness that occurs in the absence of
chemoattractant gradients is known as durotaxis, which has been
recently involved in cancer progression and metastasis [4], athero-
sclerosis [5], liver fibrosis [6], and innate immunity as well as
nervous system development [7]. Cell durotaxis is triggered by
spatial gradients of matrix stiffness, which are formed by localized
cross-linking of ECM proteins including collagen and elastin [8–
10]. In most fibrotic diseases, collagen deposition and cross-linking
result in increased matrix stiffness [11]. For instance, healthy
human lung tissue possesses a Young’s modulus of
1.96 � 0.13 kPa, while diseased lung tissue from patients with
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idiopathic pulmonary fibrosis exhibits increased Young’s modulus
of 16.52 � 2.25 kPa, with peaks up to 50 kPa. In addition, our
recent studies show that fibrotic tissues display striking differences
in the spatial distribution of matrix stiffness compared to healthy
tissues. While healthy organs are characterized by uniform homog-
enous distribution of matrix stiffness, fibrotic tissues are character-
ized by focal “peaks” and “valleys” of matrix stiffness, which rise
and fall between spatial gradients of stiffness. The slope of these
stiffness gradients (average slope for lung fibrosis: 500 Pa/μm, skin
fibrosis: 433 Pa/μm and kidney fibrosis 115 Pa/μm) is consistent
with the notion that cell durotaxis may be implicated in the devel-
opment of organ fibrosis [12, 13]. In this regard, our laboratory
has recently shown that fibroblast durotaxis is a major disease
mechanism in the pathogenesis of lung fibrosis in which stiffness
gradients promote the recruitment of fibroblasts to stiff fibrotic
tissues, thus amplifying the fibrotic response. Our data demonstrate
that targeting mechanosensing pathways abrogates fibroblast dur-
otaxis in vitro and mitigates lung fibrosis in vivo in preclinical
models.

The study of cell durotaxis in fibrotic diseases and themolecular
pathways controlling matrix rigidity sensing has been hindered by
the lack of methods to assess stiffness-directed migration in vitro.
Here, we describe the fabrication of mechanically patterned hydro-
gels that can be used to study durotaxis of fibroblasts or other cells
with mechanosensing properties in fibrosis. The system is based on
micropatterned hydrogels that aligns 100-μm-wide “stiff” stripes
interspersed with 200-μm-wide “soft” stripes corresponding to an
average elastic modulus of 40 and 4 kPa, respectively [adapted from
14]. This method effectively creates a stiffness gradient of 275 Pa/μ
m, mimicking the natural spatial stiffness variations we observed
in vivo in fibrotic tissues.

2 Materials

Prepare all solutions using ultrapure water (double-distilled deio-
nized water to attain a sensitivity of 18 MΩ-cm at 25 �C) and
analytical grade reagents. Prepare and store all reagents at room
temperature unless otherwise indicated. Please follow all waste
disposal regulations when disposing waste materials.

2.1 Reagents 1. Dimethyldichlorosilane (DMDCS).

2. Absolute ethanol.

3. Glacial acetic acid.

4. Methyl methacrylate.

5. Glass coverslip 25 mm.
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6. Glass coverslip 18 mm.

7. 2% bis-acrylamide.

8. 40% Acrylamide.

9. 2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure®).

10. Phosphate-buffered saline (PBS): 0.138 M NaCl, 0.0027 M
KCl, pH 7.4.

11. Sulfo-SANPAH.

12. HEPES buffer (pH 8.0).

13. IrgaCure®.

14. Fibronectin.

15. Rat tail collagen Type I (rColT1).

16. Dulbecco’s modified Eagle medium (DMEM).

17. Fetal bovine serum (FBS), aliquoted and stored at �20 �C.

18. Paraformaldehyde (PFA) solution 4% in PBS, stored at 4 �C.

19. Human primary lung fibroblasts.

20. Antifade mounting media with DAPI.

21. Florescent Phalloidin for F-Actin Stain.

2.2 Deactivating

the Surface

of Coverslip (25 mm)

Dilute 25 mL of dimethyldichlorosilane (DMDCS) in the bottle to
500 mL with toluene, yielding a 5% solution of DMDCS (see Note
1). Then soak the coverslip in 5% DMDCS solution for 15 min,
rinse the coverslip twice with toluene, rinse again the coverslip
twice in methanol for 5 min each, and finally dry the coverslip
with high-purity nitrogen (see Note 2).

2.3 Preparation

of 1:10 (v/v) Acetic

Acid Solution

Add 1 mL glacial acetic acid to 9 mL of deionized water in a 15 mL
conical tube and vortex to mix well (see Note 3).

2.4 Preparation

of Methacrylate

Solution

Add 20 mL of absolute ethanol, 600 μL of 1:10 (v/v) acetic acid
solution, and 100 μL of methacrylate in a 50 mL conical tube and
vortex to mix well (see Notes 3 and 4).

2.5 Preparation

of 5% IrgaCure®

Solution

Take a clean spatula and weigh 5 mg IrgaCure® in a 1.5 mL
Eppendorf tube. Add 100 μL of absolute ethanol and vortex well
until all the granules disappear (see Note 3).

2.6 Preparation

of High-Resolution

Photomask

A design consisting of 200 μm black stripes separated by 100 μm
transparent stripes was prepared using AutoCAD (Autodesk) and
the patterns were transferred to chrome covered quartz transpar-
ency mask using high-resolution printing.
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2.7 Preparation

of Sulfo-SANPAH

Solution

Prepare a 1 mg/mL working solution (1�) of sulfo-SANPAH in
HEPES buffer (pH 8.0). Aliquot and keep it in the freezer until
use. The sulfo-SANPAH must be thawed at 37 �C before use.

2.8 Fibronectin/

Collagen Coating

Solution

Prepare a 10 μg/mL of bovine fibronectin plus 40 μg/mL of Rat
tail collagen Type 1 (rColT1) solution in sterile PBS from stock on
a daily basis. To make a 10 mL of Fibronectin/Collagen coating
solution, add 100 μL of fibronectin and 100 μL of rColT1 (assum-
ing that fibronectin and rColT1 stock concentration is 1 and 4 mg/
mL, respectively) with 9.8 mL of sterile PBS (see Note 3).

2.9 Equipment 1. Plastic square petri dishes, sterile.

2. 15 mL Conical sterile polypropylene centrifuge tubes.

3. 50 mL Conical sterile polypropylene centrifuge tubes.

4. Pipettes for volumes 10–1000 μL.
5. Pipettes for volumes 10–100 μL.
6. UVP transilluminator.

7. Dry bath.

8. Surgical razor.

9. Forceps.

10. Glass staining jar.

11. Centrifuge for cell culture.

12. Laminar flow hood.

13. CO2 gas incubator.

14. Cell culture petri dishes, sterile.

15. Cell counting chamber Neubauer hemocytometer.

16. Microscope.

3 Methods

3.1 Design

and Fabrication

of Mechanically

Patterned Soft-Stiff

Hydrogel Onto

a Coverslip

3.1.1 Activation of Glass

Coverslips (18 mm)

1. Expose the glass coverslips (18 mm) to UV light using a UVP
Transilluminator for 5 min on each side (see Note 5).

2. Pour the methacrylate solution onto a glass staining dish and
soak the UV-treated coverslips for 5 min (see Note 6).

3. After 5 min, remove the coverslips carefully using a tweezer and
rinse twice using absolute ethanol (see Note 7).

4. Dry the activated coverslips using high-purity nitrogen and
keep onto kimwipes until further use (see Note 8).
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3.1.2 Fabrication

of the Soft Layer

1. Mix 200 μL of 2% bis-acrylamide (0.4%), 100 μL of 40%
acrylamide (4%), and 700 μL of PBS to prepare 1 mL of
pre-polymer solution 1 (PA-1) (see Note 3).

2. Mix 1 μL of 5% IrgaCure® solution with 100 μL PA-1 solution.

3. Place the DMDCS-treated coverslips (25 mm coverslip) onto
the working surface area of UVP Transilluminator.

4. Add an aliquot of PA-1 solution (13–14 μL per 18-mm cover-
slip) onto a DMDCS-treated coverslip (Fig. 1a).

5. Place the methacrylated 18-mm coverslip onto the drop and
allow the PA1 solution to spread evenly between two coverslips
(see Note 9).

6. UV expose the coverslips for 5 min to polymerize the solution
(see Note 5).

7. Remove the PA1-coated glass coverslip from the DMDCS-
treated coverslip using the edge of a razor blade.

8. Dehydrate the PA1 gel for an hour onto a hotplate at low heat
(~30 �C) (see Note 10).

3.1.3 Fabrication

of the Stiff Layer on Top

of the Soft Layer

1. Mix 200 μL of 2% bis-acrylamide (0.4%), 120 μL of 40%
acrylamide (4%), and 680 μL of PBS to prepare 1 mL of
pre-polymer solution 2 (PA-2) (see Note 3).

2. Mix 1 μL of 5% IrgaCure® solution with 100 μL PA-2 solution.

3. Place the high-resolution photomask onto the working surface
area of UVP transilluminator (see Note 11).

Fig. 1 Fabrication of mechanically patterned hydrogel to analyze the durotactic property of fibroblasts. (a) The
exposure of the hydrogel to UV light creates a soft layer onto a coverslip. (b) The second exposure of UV light
that includes a photomask creates the soft-stiff patterned hydrogel
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4. Add an aliquot of PA-2 solution (12–13 μL per 18-mm cover-
slip) onto the high-resolution photomask with stripe patterns
(Fig. 1b).

5. Place the dehydrated PA1-gel-coated coverslips onto the PA-2
solution, gel side down, taking care to avoid air bubbles (see
Note 12).

6. UV expose the solution for 5 min to polymerize the PA-2
solution (see Note 5).

7. After UV exposure, add 1 mL of PBS on top of the coverslip
and peel the coverslip off from the photomask using a razor
blade (see Note 13).

8. After detaching, immediately place the coverslips into a 12-well
dish and add 1 mL of sterile PBS.

9. Wash the gel three times using sterile PBS to remove any excess
PA-2 solution that has not been polymerized (see Note 14).

10. Observe under the microscope to make sure that the stripes are
intact and not distorted.

11. Store the coverslips at 4 �C until seeding in an air-tight bag to
avoid dryness (see Note 15).

3.2 Seeding of Lung

Fibroblasts

in Mechanically

Patterned Hydrogel

3.2.1 Surface Activation

and Coating

of the Soft-Stiff Patterned

Hydrogel Surface

1. Remove the 12-well plate containing patterned hydrogel from
refrigerator and thaw it in room temperature for 20–30 min.

2. Wash each well two times using sterile PBS.

3. Add 1.0 mL of thawed 1x sulfo-SANPAH working solution to
each well containing patterned hydrogel.

4. UV expose the plate for 15 min (see Note 16).

5. Wash three times with sterile PBS, aspirate, and add 1 mL of
sterile PBS (see Note 17).

6. Remove the coverslip and put into a new well of 12-well dish
(see Note 18).

7. Wash once with sterile PBS and aspirate (see Note 17).

8. Add 1.5 mL of Fibronectin/Collagen coating solution to each
well of the patterned hydrogel.

9. Keep the plate overnight in a cell incubator at 37 �C (see
Note 19).

10. Next day, seed the cells at an appropriate density.

3.2.2 Seeding of Lung

Fibroblasts Onto

the Patterned Hydrogel

1. Calculate the required number of cells, based on the number of
experimental groups used in the specific experiment.

2. Aspirate fibroblast growth medium of a 100 mm fibroblast
culture plate of 70–80% confluency.

3. Wash with sterile PBS and aspirate.

4. Repeat once.
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5. Add 1 mL trypsin/EDTA solution and incubate at 37 �C for
3 min.

6. Stop the reaction by adding 3 mL PBS containing 10% FBS
(v/v) on the cells.

7. Pipette the cells into a 15 mL centrifuge tube and centrifuge
them for 5 min at 150 � g, RT.

8. Discard the supernatant and resuspend the cells in 2–3 mL of
growth medium.

9. Count the cells. This step can be performed through an auto-
mated cell counter or manually through a cell counting
chamber.

10. Take the calculated number of cells in a 50 mL centrifuge tube
and spin them, followed by resuspending them by adding
growth medium to prepare a final suspension of 5000 or
10,000 cells per mL.

11. Add 1.0 mL of cells suspension to each well of patterned
hydrogel, then gently shake 12-well plate in order to disperse
cells homogeneously (see Note 20).

12. Under a light microscope, confirm that fibroblasts are equally
distributed on both soft and stiff stripes (see Note 21).

13. Culture cells for 4, 8, 12, or 24 h.

14. After growing the cells, remove the media very carefully and
wash each well two times with sterile PBS (see Note 22).

15. Fix cells by adding 1 mL of 4% PFA to each well for 20 min at
room temperature. Wash out 4% PFA, leave fixed cells on 1 mL
of PBS (see Note 22).

3.3 Assessment

of Durotactic Index

1. Using a light microscope, take bright-field images of fixed
fibroblasts on micropatterned gels, then determine their “dur-
otactic index.” This is defined by the number of cells accumu-
lated on stiff over soft stripes. For instance, if the durotactic
index is 1, it indicates there was one cell on stiff stripes per cell
found on soft stripes, meaning 50% distribution and therefore
no durotactic capacity (Fig. 2). However, if the durotactic
index is 5, it means there were five cells on stiff stripes per cell
found on soft stripes, indicating durotactic capacity of the cell
line under investigation (Fig. 2). Typical durotactic index of
fibroblast lines ranges from 4 to 8.

2. Alternatively, fibroblasts can be stained with phalloidin and
mounted with antifade media with DAPI for studying cell
morphology of durotaxing cells. Staining can be performed
from 4 h after fixation to a few days later. The samples should
be kept at 4 �C and liquid should be regularly added to avoid
dryness.
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3.4 Mechanistic

Studies Investigating

Molecular Control

of Durotaxis

1. Our platform is suitable for mechanistic studies aimed at inves-
tigating mechanosensing and mechanotransduction pathways
involved in cell durotaxis. Gain- and loss-of-function studies
using pharmacological or genetic tools can be easily
incorporated to assess their effect of fibroblast’s durotactic
index.

2. Immunofluorescence on fixed cells and live cell imaging can be
utilized to visualize molecular pathways on durotaxing cells.

3. Since stiff matrices have been shown to promote cell prolifera-
tion, inhibition of cell cycle is advised if working with fast-
cycling cells. We recommend treating cells with mitomycin C
at 10 mg/mL for 3 hours and rinsed three times with media
before plating.

4 Notes

1. This solution is flammable, and moisture will reduce its effec-
tiveness. Store in brown glass at room temperature.

2. We find that a deactivated glass slide or coverslip can be used up
to 15–20 times before re-silanizing them repeating the same
procedure.

3. The solution can be stored at 4 �C up to months but it is
preferred to prepare it on a daily basis.

4. To ensure the maximum activity of the solution, we find that it
is best to add the required amount of methacrylate before
using it.

5. Use high UV exposure.

6. Do not allow the coverslips to stick to each other.

7. Prepare two 50 mL beakers each containing 40 mL of absolute
ethanol for rinsing.

Fig. 2 Durotaxis assay. Upon homogeneous seeding of fibroblasts onto mechanically patterned, mesenchymal
cells durotax from soft to stiff stripes at 24 h after plating. Immunostaining with DAPI and phalloidin enables
assessment of durotactic index and study cell morphology
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8. Do not keep the coverslips on top of each other.

9. Caution must be taken to avoid the trapping of bubbles inside.

10. Make sure that the temperature is set at 30 �C and cover the
hot plate with aluminum foil to avoid the infiltration of dust
particles.

11. Make sure the ink/printed side (black stripes) is facing up.

12. Remember to place the PA-1-coated gel side, not the uncoated
glass side, onto the solution. Tap it slowly to make sure that
PA-2 solution spread all over the coverslip; be very careful to
avoid big air bubbles.

13. Peel off the cover slip parallel to the stripes of the photomask to
avoid the damage to the stiff layer.

14. Clean the photomask using sterile PBS and soak the liquid
using kimwipes.

15. The mechanically patterned hydrogels can be stored at 4 �C up
to 3 months.

16. The plates can be exposed to UV light under the cell culture
hood until the solution of the color turns into blackish
from red.

17. Do not touch the surface of the hydrogel during aspiration.

18. Use a 200 μL pipette tip to peel off the coverslip from the
surface of wells and then hold the edge of the coverslip using
forceps.

19. We may also coat it for ~4 h. We can also use other protein of
choice, such as laminin.

20. Make sure to disperse the cells homogeneously by shaking the
plates gently. Check under the microscope whether the cells are
dispersed well; if necessary, gently shake more.

21. Initially, the fibroblasts should attach all over the patterned
hydrogels, but as time goes on fibroblasts will durotax and
move to the stiff pattern.

22. Do not aspirate the media. Remove and wash with the media
using a micropipette very slowly.
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Chapter 18

Decellularized Extracellular Matrix (ECM) as a Model
to Study Fibrotic ECM Mechanobiology

Chiuan-Ren Yeh, Grace C. Bingham, Jagathpala Shetty, Ping Hu,
and Thomas H. Barker

Abstract

Aberrant deposition of the extracellular matrix (ECM) causes fibrosis and leads to ECM stiffening. This
fibrotic ECM provides biological and biophysical stimulations to alter cell activity and drive progression of
fibrosis. As an emerging discipline, mechanobiology aims to access the impact of both these cues on cell
behavior and relates the reciprocity of mechanical and biological interactions; it incorporates concepts from
different fields, like biology and physics, to help study the mechanical and biological facets of fibrosis
extensively. A useful experimental platform in mechanobiology is decellularized ECM (dECM), which
mimics the native microenvironment more accurately than standard 2D culture techniques as its composi-
tion includes similar ECM protein components and stiffness. dECM, therefore, generates more reliable
results that better recapitulate in vivo fibrosis.

Key words Decellularized extracellular matrix (dECM), Fibrosis, Bleomycin, Atomic Force Micros-
copy (AFM), Mechanobiology, Myofibroblasts

1 Introduction

The majority of the extracellular matrix (ECM) is composed of cell-
secreted molecules, such as fibrous proteins and glycosaminogly-
cans (GAGs), that offer biochemical and structural support to cells.
The fibrillar components, including collagens, elastin, tenascins,
fibronectin, and laminin, interconnect to form a complex three-
dimensional network that provides structure and determines the
mechanical properties of the ECM [1]. There are four primary
types of GAGs, including hyaluronic acid, keratan sulfate, chon-
droitin sulfate, and heparan sulfate, which can form proteoglycans
when assembling with core proteins. These proteoglycans are neg-
atively charged, attracting water, which enables it to act as a lubri-
cant and keeps tissues hydrated [2]. Meanwhile, proteoglycan can
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also interact with other matrix components, growth factors, and
cell surface receptors to elicit cell signaling and biological processes
that alter cell activities, matrix organization and mediate disease
progression. Cells are capable of sensing both ECM components
and rigidity through integrin-mediated interactions with the
matrix [3].

Integrins are transmembrane proteinsthat serve as the primary
ECM receptors responsible for transducing mechanical inputs from
the ECM into intracellular biochemical signals. Furthermore,
which cellular pathways are altered is dependent upon the abun-
dance of binding sites available on specific ECM proteins (i.e., the
composition of ECM), allowing ECM to influence migration, pro-
liferation, differentiation, inflammation, and apoptosis [4, 5]. For
example, stiff matrix drives fibroblast to myofibroblast differentia-
tion and the presence of specialized matrix proteins, such as the
splice variant of fibronectin (extra domain A), drive the differentia-
tion of fibroblasts to myofibroblasts [6].

Fibrosis is characterized by aberrant deposition of ECM pro-
teins such as collagens, fibronectin, glycoproteins, and proteogly-
cans. Excessive secretion of these ECM proteins by activated
fibroblasts contribute to disease progression by providing both
biochemical and biomechanical signaling cues that alter cell activity
and increase tissue stiffness, which in turn reduces organ function
[7]. For example, idiopathic pulmonary fibrosis (IPF) is character-
ized by excessive assembly of ECM in the lung interstitium by
activated fibroblasts, in a dysfunctional form of wound healing
after tissue damage. After micro-injuries cause epithelial cells to
undergo apoptosis, vascular permeability is increased for proteins
(e.g., fibrinogen and fibronectin) that cause the formation of a
provisional matrix (wound clot). In this progressive abnormal
lung remodeling, myofibroblasts secrete excessive amounts of
extracellular matrix proteins, mainly fibrillar collagens that change
the ECM stiffness. Booth et al. confirmed that the stiffness of the
normal human lung and IPF tissue was 1.96 � 0.13 kPa and
16.52 � 2.25 kPa by atomic force microscopy (AFM), respectively
[8]. Also, they showed the difference in ECM protein composition
between healthy and IPF lung; several proteins, like tenascin, vitro-
nectin, collagens I, V, and XV, were only expressed in IPF but not
normal lungs [8]. ECM protein variants, such as the splice variant
of fibronectin (extra domain A), also changes cell activity and
accelerates fibrosis progression [6].

In the fibrotic ECM, the result of cross-talking of ECM com-
ponent proteins, rigidity, and cells drives disease progression, but
the mechanism is still poorly understood. Mechanobiology is an
emerging discipline that relates to the reciprocity of mechanical and
biological interactions. However, it more precisely considers the
effects of mechanical forces on cellular processes. It provides the
concepts to approach the study of fibrosis from a physical,
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biological, and material perspective that mimics the real microenvi-
ronment. The most commonly used in vitro method for biological
studies is 2D tissue culture on a plastic culture dish. However, tissue
culture plastic possesses Young’s moduli ranging from 2 to 4 GPa
[9], suggesting that cells will experience a much stiffer surface
when cultured on plastic dishes in vitro than their physiological
origin. Hydrogels can recapitulate physiologically relevant stiffness
and add an additional degree of complexity by coating them with a
protein of interest such as collagen. Although these techniques and
others help investigate specific mechanobiology-driven hypotheses,
it is in an isolated manner, and these techniques do not capture the
full complexity of in vivo ECM. For example, Fiore et al. demon-
strated that fibronectin rich, soft matrices promote fibroblast to
myofibroblast differentiation similarly to stiff matrices, whereas
soft, provisional matrix rich in type 1 collagen could not induce
myofibroblast differentiation [10]. In contrast to 2D methods,
decellularization, the detergent-mediated removal of cells yielding
a complex ECM-derived material from native tissues (dECM), has
been successfully used to recapitulate the instructive biochemical
and biophysical cues of native microenvironmental niches.

The dECM is a platform that preserves both the structure and
composition of the native ECM, making it a useful platform for
probing mechanotransduction. It may be that decellularization
results in ECM relaxation, making it slightly less stiff but still
significantly stiffer than normal tissue. To recapitulate the biophys-
ical and biochemical features of the mechanical microenvironment
experiments investigating cell functions heavily influenced by
mechanics, we propose the use of dECM to gain further insight
into the interplay between ECM and cells during disease progres-
sion. dECM is a 3-D scaffold that closely mimics the fibrotic milieu
and can be purposed to test cellular contribution in ECM deposi-
tion by decellularizing in vitro cultures. The impact of ECM on cell
behavior can also be probed through dECM by decellularizing
healthy and disease tissues and seeding naive cells on them. In this
chapter, we will introduce how to generate decellularized ECM
from human and rodent’s lung, prepare dECM for mass spectrom-
etry analysis, make stiffness adjustable hydrogels coated with
dECM, and use atomic force microscopy (AFM) to
evaluate dECM.

2 Materials

2.1 Human Lung

Decellularization

1. Vibratome.

2. Phosphate-buffered saline (PBS): 137mMNaCl, 2.7 mMKCl,
10 mM Na2HPO4, 1.8 mM KH2PO4 pH 7.4. Weigh 8 g of
NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g of
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KH2PO4. Then transfer all of the salts listed above to a
1000 mL beaker and add 800 mL of distilled water. Adjust
the pH to 7.4 with HCl and add distilled water to a total
volume of 1 L.

3. Wash solution: prepare 5� and 1� penicillin/streptomycin
(PS) stock solutions dissolved in PBS. The concentration of
5� PS contains 500 U/mL penicillin and 500μg/mL strepto-
mycin. In the 1� PS, adjust the concentration to 100 U/mL
and 100μg/mL.

4. Lysis buffer: 0.1% Triton X-100 and 2% sodium deoxycholate
(SDC) (w/v).

5. 1 M NaCl: weigh 58.44 g of NaCl and dissolve it in diH2O
(deionized water) until it reaches a final volume of 1 L.

6. DNAse reagent (30μg/mL) in 1.3 mM MgSO4 and 2 mM
CaCl2.

7. Peracetic acid (PAA) solution containing 0.18% peracetic acid
(w/v) and 4.8% ethanol (v/v).

8. 2% UltraPure Low Melting Point agarose: weigh 1 g of Ultra-
Pure LowMelting Point agarose in 50mL of diH2O and heat it
to 65 �C by hotplate stirrer with stirring. After agarose powder
completely dissolved, keep the bottle in 37 �C water bath so
that it remains a fluid.

2.2 Mouse Lung

Decellularization After

Bleomycin Treatment

1. Adult C57BL/6 mice (usually 8–10 weeks of age).

2. Anesthesia: a mixture of medetomidine (0.5 mg/kg mouse
body weight), midazolam (5.0 mg/kg mouse body weight),
and fentanyl (0.05 mg/kg mouse body weight) (MMF).

3. Anesthesia antagonist: a mixture of atipamezole (2.5 mg/kg
mouse), flumazenil (0.5 mg/kg mouse), and naloxone
(1.2 mg/kg mouse).

4. Bleomycin: Bleomycin (1 U/kg mouse) prepared in 50μL of
sterile 1� PBS.

5. Mouse intubation kit.

6. Blunted 21 gauge cannula: cutdown the sharp end of the
21 gauge and use smooth sandpaper to polish the cutting edge.

7. 2% UltraPure Low Melting Point: the same recipe described in
Subheading 2.1.

2.3 Decellularizing In

Vitro Cell

Generated ECM

1. PDMS (Polydimethylsiloxane) sheets (2 � 8 cm2).

2. Cell culture petri dishes (150 mm).

3. 70% EtOH (ethanol).

4. 0.1 N NaOH in diH2O: weigh 0.4 g of NaOH and dissolve it
in 100 mL of diH2O.
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5. 1% Glutaraldehyde in diH2O (w/v).

6. 3% 3-Aminopropyltriethoxysilane in diH2O (APTES) (w/v).

7. Fibronectin (10μg/mL). Prepare Fn in sterile PBS contain-
ing 1% PS (v/v).

8. 1% BSA: weigh 0.1 g of BSA dissolved into diH2O. Make the
final volume of the solution 10 mL.

9. 2μM Latrunculin B reagent: dilute Latrunculin B in 50 mM
EDTA to a final concentration of 2μM.

10. DOC Lysis buffer: make a 2% (w/v) solution by dissolving 1 g
of sodium deoxycholate (SDC) in 50 mL of 20 mM Tris–Cl
(pH 7.6) solution containing 2 mM PMSF (phenylmethylsul-
fonyl fluoride) and 2 mM EDTA.

11. DNase reagent: add 40μL of 500 U/mL DNase into PBS,
including 2 mM CaCl2 and 1 mM MgSO4 to reach a final
volume of 20 mL.

2.4 Fabrication

of Hydrogels

with Varying Stiffness

1. 35 mm Coverslips.

2. (3-Aminopropyl) triethoxysilane (APTES): 5% APTES in abso-
lute ethanol (v/v).

3. 0.5% Glutaraldehyde in diH2O (v/v).

4. PBS.

5. Dichlorodimethylsilane (DCDMS).

6. Polyacrylamide (PAA): 40% Acrylamide solution, 2%
Bis-acrylamide solution, TEMED, 10% ammonium persulfate
(APS) (w/v).

7. Sulfo-SANPAH: the stock solution is 25 mg/mL. Add 2 mL
molecular-grade DMSO directly into the bottle.

8. 50 mM HEPES buffer, pH 8.5. Add 1.1915 g HEPES (free
acid) to a suitable container and make up to 80 mL with
distilled water. Adjust the pH to 8.5 with NaOH and add
diH2O to a final volume of 100 mL.

2.5 In-Solution

Digestion of ECM

Proteins to Peptides

for Mass Spectrometry

1. 8 M urea: 8 M urea in 100 mM ammonium bicarbonate.

2. 2 M urea: Dilute 8 M urea to 2 M urea within the 100 mM
ammonium bicarbonate pH 8.0.

3. Lodoacetamide solution in HPLC-grade water (make 500 mM
stock).

4. 1 M DTT (Dithiothreitol).

5. PNGaseF (commercial solution of PNGaseF is at 500 U/μL,
used at a final concentration of 1μL of PNGase F/2–6 mg of
proteins).

6. Lys-C (Endoproteinase LysC, mass spectrometry grade). Make
a stock solution of 0.5μg/μL in HPLC-grade water.
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7. Trypsin (mass spectrometry grade, commercial solution at
0.5μg/μL).

8. 50% Trifluoroacetic acid (TFA) (v/v): dilute the TFA (�99%)
in MilliQ water to 50%.

9. 60% Acetonitrile and 0.1% trifluoroacetic acid mixture. Mix
600μL acetonitrile, 10μL 10%TFA, in 390μL MilliQ water.

10. 3% Acetonitrile with 0.1% trifluoroacetic acid. Mix 30μL ace-
tonitrile and 10μL 10%TFA in 960μL MilliQ water.

2.6 In-Gel Digestion

of Proteins for Mass

Spectrometry Analysis

1. 2� Laemmli sample buffer and separation by SDS–PAGE.
Samples are allowed to migrate approximately half-way down
a 4–12% acrylamide gel.

2. Coomassie staining solution [0.025% (w/v) Coomassie Bril-
liant Blue R-250, 10% (v/v) acetic acid, 25% (v/v) propanol].

3. Odyssey IR imaging system or any other available imaging
system.

4. V-bottomed 96-well plate (Proxeon, Odense, Denmark).

5. Acetonitrile (ACN).

6. Vacuum centrifuge.

7. NH4HCO3 stock: to make NH4HCO3 stock in 100 mM,
weigh 0.791 g of NH4HCO3, and dissolve in 100 mL of water.

8. Reduction buffer (10 mM dithiothreitol, 25 mMNH4HCO3):
to make the reducing buffer, the ratio of 1 M DTT:100 mM
NH4HCO3:H2O is 1:40:59.

9. Alkylation buffer (55 mM iodoacetamide, 25 mM
NH4HCO3): dissolve 0.046 g of iodoacetamide in 500μl
H2O to make iodoacetamide stock in 500 mM; dilute iodoa-
cetamide and NH4HCO3 to final concentration 55 and
25 mM.

10. Digestion buffer (25 mMNH4HCO3) containing 12.5 ng/μL
sequencing-grade modified trypsin (Promega,
Southampton, UK).

11. V-bottomed 96-well storage plate (Thermo Fisher Scientific,
Waltham, MA, USA).

12. 5% (v/v) formic acid in 50% (v/v) ACN.

2.7 AFM 1. Cantilever: When purchasing cantilevers, it is important to
select one with a spring constant comparable to the sample of
interest. The spring constant required to measure each dECM
will be dependent upon the tissue of origin, but a standard
range for biological probe stiffness is 0.01–0.60 N/m [11] (see
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Note 1). For force mapping, we recommend silicon nitride
triangle-shaped cantilevers that are tipless and have used
MLCT-O10 cantilevers from Bruker for this method.

2. Tips:
(a) 5 or 25μm glass beads. Size of bead is dependent upon the

resolution of force measurements from user.

(b) Epoxy-resin for attaching bead to cantilever.

3 Methods

3.1 Human Lung

Decellularization

Using the following procedures, process the lung tissue in a sterile
environment.

1. On Day 1: profuse lung tissue with warmed 2% UltraPure Low
Melting Point agarose (SeaPrep; Lonza, Rockland, ME), (see
Note 2). Then cool the perfused lung at 4 �C until the agarose
solidifies. After gelation, cut the tissue into 1000μm thick
sections on a standard Vibratome. Later, gently warm sections
to remove the agarose surrounding and within the tissue
sections.

2. Agitate lung samples three times in sterile PBS containing
5� PS.

3. Subsequently, rinse lung sections with cold 0.1% Triton X-100,
discard, then add new solution and store in cold 0.1% Triton
X-100 at 4 �C for 24 h while shaking.

4. On Day 2: discard the 0.1% Triton X-100. Wash sections three
times with cold PBS containing 5� PS, followed by a wash with
cold 2% sodium deoxycholate (SDC) (w/v). After washing
with SDC reagent, keep sections in 2% SDC at 4 �C and
shaking 24 h at 4 �C, subsequently.

5. On Day 3: after SDC lysis, wash sections three times with cold
1� PS PBS, then wash sections one time with 1 M NaCl.
Discard 1 M NaCl and continue to incubate sections in 1 M
NaCl while shaking for 1 h at RT to lyse residual nuclei. Follow
incubation by washing the sections three times with cold 1� PS
PBS. Incubate tissues with DNAse (30μg/mL) reagent diluted
in a 1.3 mM MgSO4 and 2 mM CaCl2 solution.

6. Finally, wash lung tissues three times with sterile PBS, then
sterilize the sections in 0.18% peracetic acid and 4.8% ethanol
solution for 20 min (see Note 3).

7. Later, wash tissues three times with sterile PBS and store at
4 �C (see Note 4).
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3.2 Decellularizing

Mouse Lung After

Bleomycin Treatment

3.2.1 Bleomycin

Intratracheal

Administration in Mice

1. 8- to 10-week-old C57BL/6 mice are preferred for the follow-
ing protocol.

2. Anesthetize the mouse according to local IACUC protocols.

3. Intratracheal bleomycin instillation. Administer 1 U/kg bleo-
mycin by intubating mouse and injecting 50μL of bleomycin
solution in the trachea.

4. Allow the mouse to recover from anesthesia or antagonize the
narcosis.

5. Monitor mouse weight and health during the next 14 days.

3.2.2 Mouse Lung

Harvest

On Day 14 post bleomycin instillation:

1. Perform the following steps in a sterile environment.

2. Euthanize the rodents according to the approved local IACUC
protocols.

3. Open the chest of a mouse to expose the lung and heart; then
dissect the throat with scissors to expose the trachea and cut
both SCMs (sternocleidomastoid muscles); to ensure easy
access, dissect away strap muscles on top of the trachea.

4. Clear blood from the lung vasculature by injecting 3 mL PBS
into the right ventricle, twice.

5. Cut the top of the trachea with scissors carefully and cannulate
the trachea with a blunted 21 gauge cannula; secure the trachea
and cannula with the suture.

6. Lavage the lungs three times with 1 mL of 1� PBS; airway T
Cells/macrophages should be removed by this step.

7. Inflate lungs through the intratracheal cannulae with warm 2%
UltraPure low melting point agarose around 2 ml (seeNote 2),
then cool at 4 �C to solidify in 1 min by dropping ice on top
until the agarose solidifies.

8. Cut 1000μm thick lung sections on a standard Vibratome.

9. Proceed to the decellularization protocol described above in
Subheading 3.1.

3.3 Decellularizing In

Vitro Cell

Generated ECM

3.3.1 Surface Treatment

of PDMS Sheets

1. Submerge PDMS sheets (2 � 8 cm2) in a 50 mL conical tube
filled with 70% EtOH. Sonicate in bath sonicator at max power
for 15 min.

2. Transfer all PDMS sheets to the underside of a petri dish lid
(diameter: 150 mm), and cover with 0.1 N NaOH for 30 min,
then lift PDMS sheets so that they float on top of NaOH
solution to treat the underside of the sheets for another
30 min (see Note 5).

3. Transfer sheets from the lid of the petri dish to its respective
deep dish counter part to wash four times with diH2O.
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4. Cover sheets with 3% APTES solution for 20 min, and make
50 mL of 1% glutaraldehyde in the meantime for efficiency.
After APTES incubation, wash PDMS sheets four times with
diH2O.

5. Cover sheets with 1% glutaraldehyde for 30min, then wash two
times with diH2O, followed by two more washes with PBS
containing 2% PS.

6. Transfer PDMS sheets to sterile cell culture dishes (diameter:
150 mm).

7. Cover each PDMS strip with 1 mL of fibronectin (10μg/mL)
and incubate for 1 h in a 37 �C cell incubator.

8. After removing the fibronectin solution and subsequently
washing the sheets three times with sterile PBS, blocked with
1% BSA for 1 h at RT.

9. Wash three times with sterile PBS.

10. Plating and culturing to form matrix:
(a) Suspend desired cells in 1 mL cell culture media contain-

ing FBS (FBS percentage is user-dependent and will vary
based on the cell type being used and spread on the strip).

(b) After cells firmly adhere, add media to cover the
whole dish.

(c) When using HFF fibroblast, seed cells at a density of
10,000 cells/cm2.
l For other cell types, seeding density will have to be

determined by the user as cell density is dependent on
cell size.

11. Place plated cells in the incubator (5% CO2), and change media
every 48 h for at least 8 days.

3.3.2 Decellularized

Cell-Based ECM

1. Make EDTA with Latrunculin B solution and DOC lysis, warm
to 37 �C.

2. Aspirate media from the growth surface of PDMS sheet; wash
1� with sterile PBS.

3. Remove PBS, add Latrunculin B solution, and incubate for 1 h
at 37 �C. Latrunculin B prevents actin from polymerizing and
actin cytoskeleton disassembly that causes by osmotic pressure.

4. Wash 1� with PBS.

5. Add warmed DOC lysis, incubate at 37 �C for 5 min.

6. Gently aspirate DOC lysis, rinse with 20 mL PBS, and wash
three times.

7. Incubate sheets with DNase I solution for 30 min, after cell
lysis. Then wash two times with PBS to remove remaining cell
debris and reagents.
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8. Keep matrix in PBS with 2% PS containing proteinase inhibi-
tors. Observe the lysis result under a microscope. The matrix
should be visible.

3.4 Fabrication

of Polyacrylamide

Hydrogels

with Varying Stiffness

3.4.1 Coverslip

Preparation

The basic concept of the following protocol is to generate uniform
PAA hydrogels adhered to coverslips by “sandwiching” the PAA
hydrogel between a silane-treated coverslips (to attach the PAA)
and DCDMS-treated slides (to repel the PAA for easy removal),
and thus both the coverslips and the slides need to be pretreated
ahead of the experiment.

1. Coverslip treatment: Sonicate coverslips (35 mm diameter)
submerged in 70% EtOH for 10 min and air-dry. Afterward,
use a plasma cleaner to treat the cleaned coverslips (seeNote 6).
After plasma treatment, immediately add 360μL of 5% APTES
in absolute ethanol to the coverslips (see Note 7). Incubate for
10 min under ambient temperature. Remove APTES and thor-
oughly wash the coverslips with excessive diH2O three times.
Incubate coverslips in 0.5% glutaraldehyde in diH2O for
30 min at ambient temperatures by either adding 500μL of
0.5% glutaraldehyde solution per coverslip or completely sub-
merging coverslips in a 6-well plate. Remove glutaraldehyde
solution. Wash three times with diH2O and keep the coverslip
in diH2O until use.

2. DCDMS coverslide treatment: Treat each slide with 360μL
DCDMS in a ventilation hood for 5 min, make sure the
whole surface is covered. Remove excessive DCDMS and
rinse slides with diH2O three times, then air dry.

3.4.2 Solubilized dECM

Preparation

1. Remove lids from frozen tubes containing decellularized lung
tissue and place filter paper over the tube opening and secure it
with a rubber band. In the meantime, the tube and contents
should still in frozen status otherwise place at �80 �C until
frozen.

2. Lyophilize the tissue until all excess liquid is gone, using a
freeze dryer according to manufacturer directions. Store at
�80 �C until ready to mill.

3. Before beginning, add liquid nitrogen to freezer mill to cool
insulation and internal components to working conditions.

4. Remove magnetic mill bar from mill tube and add tissue to
cover the bottom.

5. Replace mill bar and add tissue block. The mill bar should still
move freely.

6. Close the mill tube and place it in the freezer mill.

7. Fill liquid nitrogen to max fill line.
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8. Freezer mill all tissue into a fine powder (approximately 5 min,
impaction rate of 600 min�1), in a polycarbonate cylinder with
a stainless steel impactor as well as stainless steel end plugs
using the freezer mill according to manufacturer directions.
Store at �80 �C until ready for use.

9. To dissolve dECM powder, take the fine dECM powder into
the tube, then add 0.01 M HCl that contains 0.1% (w/v) of
pepsin to reach a final concentration of dECM is 1% (w/v),
under constant agitation at room temperature, for 48 h.

10. After digestion for 48 h, place the solution and reagents on ice
for 5 min.

11. Using refrigerated 10% (v/v) 0.1 M NaOH, and 11.11% (v/v)
10� PBS (to bring the entire solution to 1� concentration),
bring the digested protein solution to physiologic pH of 7.4.
The dECM solution can now be stored at 4 �C for up to
1 week.

3.4.3 Hydrogel

Preparation

1. Prepare the acrylamide/bis-acrylamide mixture according to
Table 1 (10 mL total volume): Mix the components thor-
oughly and degas for 15 min to expel resolved air.

2. Hydrogel generation: for a 35 mm coverslip, mix 360μL of
desired PAA mixture solution with 3.6μL 10% APS and 0.36μL
TEMED (see Note 8).

3. Immediately vortex the tube and pipette 43.2μL of the mixture
onto DCDMS-treated slide. Place no more than four drops at a
time and immediately place the treated coverslips (treated face
DOWN) onto the drops.

4. Discard the remaining PAA hydrogel solution.

5. Wait 2 h to allow the hydrogel to finish polymerizing (seeNote 9).

6. Carefully peel off the coverslips with fine tip forceps and place
them in a multi-well plate filled with PBS (hydrogel side up).
Keep hydrogels covered at 4 �C for 2–3 months.

7. Hydrogel f unctionalization and storage: For each 35 mm slip,
mix 496μL 50 mM HEPES buffer (pH 8.5) with 4μL Sulfo-
SANPAH stock (see Note 10); thoroughly mix and add onto

Table 1
The optimized conditions for polyacrylamide hydrogels preparation

Stiffness (kPa) Acrylamide % Acry volume (mL) Bis-acry % Bis volume (mL) PBS volume (mL)

1.8 5% 1.25 0.06% 0.3 8.45

4.5 5% 1.25 0.15% 0.75 8

8.4 5% 1.25 0.23% 1.125 7.63

19.6 8% 2 0.26% 1.32 6.68
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the hydrogel surface. UV treat (see Note 11) for 10 min
(9.9 min is the max for our UV oven). Afterward, tap off the
excessive Sulfo-SANPAH solution; quickly wash with sterile
PBS two times and coat the functionalized hydrogel with solu-
bilized dECM for 1 h at 37 �C (see Note 12).

3.5 In-Solution

Digestion of dECM

Proteins to Peptides

for Mass Spectrometry

Analysis

The procedure described here for the in-solution digestion of the
ECM proteins for proteomic analysis is adapted from the method
developed by Naba et al. [12].

The pellet obtained after the decellularization procedure (Sub-
heading 3.1) is highly enriched with insoluble ECM proteins. For
further probing by mass spectrometry and proteomic analysis, these
proteins need to be digested into peptides. As a consequence of
ECM protein insolubility, it is not possible at this step to measure
the protein concentration of the sample. For this mass spectrome-
try procedure, freshly prepare all solutions in HPLC-grade water.

1. Reduction and alkylation. The purpose of this step is to reduce
disulfide bonds and alkylate the sulfhydryl groups of cysteine
side. It makes the Cys-containing peptides to be identified
during database searching. Resuspend the fine dECM powder
by adding the appropriate volume (50μL to 1 mm thick pellet)
of 8 M urea to the ECM-enriched pellet and add DTT at a final
concentration of 10 mM. Continuously agitate at 1400 rpm
while incubating for 2 h at 37 �C (see Note 13).

Cool the sample to RTand add the iodoacetamide to a final
concentration of 25 mM. For complete alkylation, the DTT:
iodoacetamide ratio should be between 1:2.5 and 1:3. Incu-
bate in the dark for 30 min at RT.

2. Deglycosylation: Glycopeptides have several characters, like
lower detection sensitivity and also reduce digestion efficiency,
that cause the inadequate spectral data collection during MS
analysis. Deglycosylation of the glycopeptides increases protein
sequence coverage and improves protein identification.

Dilute urea to 2 M with 100 mM ammonium bicarbonate
(pH 8.0) and add the appropriate amount of PNGaseF at a final
concentration of 1μL of PNGase F/2–6 mg of proteins. Incu-
bate with continuous agitation at 1400 rpm for 2 h at 37 �C (see
Note 14).

3. Digestion. Add Lys-C (Endoproteinase LysC, mass spectrom-
etry grade, make a stock solution of 0.5μg/μL in HPLC-grade
water, use 1μg) and incubate with continuous agitation at
1400 rpm for 2 h at 37 �C. Add trypsin (mass spectrometry
grade, commercial solution at 0.5μg/μL, use 3μg) and incu-
bate with continuous agitation at 1400 rpm O/N at 37 �C (see
Note 15). Add another aliquot of trypsin (1.5μg) to the sample

248 Chiuan-Ren Yeh et al.



and incubate with continuous agitation at 1400 rpm for an
additional 2 h at 37 �C.

4. Acidification. Upon completion of the digestion, inactivate the
trypsin by acidifying the sample with freshly prepared 50%
trifluoroacetic acid (TFA). The sample should reach pH <2.
Add 1–1.5μL of 50% TFA at a time and use 1μL of the peptide
solution to measure the pH of the solution using pH paper.
Centrifuge the acidified sample at 16,000 � g for 5 min at
RT. Collect the supernatant in a clean low-retention tube. At
this point, the peptide solution can be stored at �20 �C.

5. Desalting. Before the proteomics analysis, desalt peptides eluted
with freshly prepared 60% acetonitrile, 0.1% trifluoroacetic acid,
and the sample. Then concentrate desalted samples in a vacuum
concentrator. Resuspend the peptides in freshly prepared 3%
acetonitrile, 0.1% trifluoroacetic acid (see Note 16).
(a) Now analyze the sample by mass spectrometry, according

to the optimal procedures of the mass spectrometry
facility.

3.6 In-Gel Digestion

of Proteins for Mass

Spectrometry Analysis

The procedure described here for the processing and in-gel diges-
tion of the dECM proteins for proteomic analysis is adapted from
the method developed by Robertson et al. [13, 14] and
Shevchenko et al. [15].

1. For proteomic analyses, the protein in solution is mixed with
2� Laemmli sample buffer and separated by SDS–PAGE. Sam-
ples are allowed to migrate approximately half-way down a
4–12% acrylamide gel.

2. Total protein in the gel is visualized by incubating gels in
Coomassie staining solution [0.025% (w/v) Coomassie Bril-
liant Blue R-250, 10% (v/v) acetic acid, 25% (v/v) propanol]
for 1 h at room temperature.

3. Destain the gel by washing in water overnight at 4 �C, scan the
gel using Odyssey IR imaging system, or any other available
imaging system.

4. Wash the gel in water, excise, and divide each lane into 15–30
slices. Process each slice using an in-gel tryptic digestion pro-
cedure in 96-well plates as below.

5. Chop each slice of the gel into ~1 mm cubes and transfer to
separate wells of a perforated V-bottomed 96-well plate (Prox-
eon, Odense, Denmark) and shrink the gel pieces by dehydra-
tion in acetonitrile (ACN) for 5 min.

6. Remove ACN by centrifugation (289 � g, 1 min) and dry the
gel pieces in a vacuum centrifuge.

7. Rehydrate the gel pieces in reduction buffer (10 mM dithio-
threitol, 25 mM NH4HCO3) for 1 h at 56 �C.
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8. Remove the supernatant by centrifugation, and inoculate with
alkylation buffer (55 mM iodoacetamide, 25 mMNH4HCO3)
for 45 min at room temperature in the dark.

9. Wash the gel pieces with 25 mM NH4HCO3 for 10 min. Gel
pieces are then shrunk in ACN (5 min), washed with 25 mM
NH4HCO3 (5 min), and shrunk again in ACN (5 min).

10. Dry the gel pieces in a vacuum centrifuge before rehydrating
with digestion buffer (25 mM NH4HCO3) containing
12.5 ng/μL sequencing-grade modified trypsin (Promega,
Southampton, UK) for 45 min at 4 �C.

11. Incubate the sample for 16 h at 37 �C. Collect the peptides
from the digestion buffer by centrifugation into a V-bottomed
96-well storage plate (Thermo Fisher Scientific, Waltham,
MA, USA).

12. Extract the remaining peptides from the gel matrix with
20 mM NH4HCO3 (20 min) and collect by centrifugation.
Repeat the peptide extraction two more times with 5% (v/v)
formic acid in 50% (v/v) ACN.

13. Concentrate pooled extracts to 20μL and remove ACN by
vacuum centrifugation. Store the samples at �20 �C until
analysis by liquid chromatography-tandem mass spectrometry
(LC-MS/MS).

The methods presented above are based on the review of the
contributions in the field of proteomics regarding the extracellular
matrix and adhesion mediated signaling events. There may be areas
of limitation of the techniques presented. For example, the strin-
gent washing steps in the procedure may result in the loss of a few
key readily soluble proteins like growth factors or remodeling
enzymes and attempt to fully profile the composition of
matrisome-associated proteins that may be compromised.

3.7 AFM Calibration

and Experiment

Preparation

Here, we will be describing how to use the nanoindentation tech-
nique to measure the elasticity, in terms of Young’s modulus (E), of
dECM through the AFM mechanical mapping mode. Note that
methods pertaining to AFM in this chapter are specific to the Asy-
lum Research MFP-3D-BIO AFM as we are most familiar with this
AFM model and this protocol may need to be modified for other
user models. Experimental parameters of AFM must be predeter-
mined ahead of the actual assay. Most critical parameters, including
force-distance (piezo traveling distance), trigger point, and velocity,
are case dependent and should be determined by the user
themselves.

3.7.1 Laser Alignment Fill a 30 mm petri dish with the same medium that will be used with
the dECM sample during data collection. This can be PBS, media,
or even air, but should not contain a sample yet.
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1. Load cantilever into the AFM apparatus, so that the tip of the
cantilever is parallel to the surface of the piezo crystal. Tighten
screw and ensure cantilever is fixed into apparatus.

2. Add the solution from the petri dish to the AFM tip to prevent
undesired damage caused by surface tension when the tip
enters the solution. Then mount AFM head onto a petri dish.

3. Locate the laser, then direct the beam to the edge of the
cantilever tip. Place the laser at the center of the tips edge as
depicted in Fig. 1.

4. Adjust the deflection by rotating the deflection wheel adjust-
ment until deflection is approximately zero.
(a) The deflection (d) adjustment changes the position of the

photodiode used to detect the movement of the laser
beam reflecting off the back of the cantilever. It is essential
that d ¼ 0 for proper force measurement.

3.7.2 Cantilever

Calibration

Prior to data acquisition, the cantilever should be calibrated to
validate both the spring constant (k) and its deflection sensitivity
(the conversion factor between voltage change on the photodiode
and laser movement from the cantilever bending) (see Note 18).
These two calibrations are covered below as these two measure-
ments are essential for accurately determining force using Hooke’s
law (Eq. (1)).

Fig. 1 Basic principles of AFM. The AFM operates by measuring the deflection of
a cantilever of predetermined stiffness (i.e., spring constant ¼ k) as it indents a
given sample upon contact. These small deflections are measured with high
sensitivity via the optical lever method. A laser beam is reflected onto the back of
the cantilever, and bending of the cantilever induces an amplified movement of
the laser. A position-sensitive photodiode detects that optical deflection toward
or away from the sensor to infer the deflection of the cantilever (x) which is then
used to determine force via Hooke’s law (Eq. (1): F ¼ kx) (see Note 17)
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1. Deflection Calibration: The following will instruct you on how
to calibrate the system to obtain accurate measurements of
cantilever bending. Here, you will collect a force measurement
on a flat, rigid surface (such as a plastic 30 mm petri dish) to
produce a linear graph displaying the relationship between a
known change in voltage on the photodiode and the actual
deflection of the cantilever for calibration [11, 16]. On this
voltage-deflection graph, the slope can be used to calculate the
cantilever sensitivity as we know the precise distance the canti-
lever is lowered in nm via a piezo, and on a stiff substrate, this
distance will be equivalent to cantilever deflection (see Note
19).
(a) Begin with setting the imaging mode to “contact.”

(b) Press engage and begin lowering the cantilever toward the
dish using the engagement wheel adjustment until the
program indicates contact.
l Ensure that d ¼ 0 while the Z Voltage is still 150.0 V

(value based on Asylum system).

l Then slowly lower the cantilever into the sample till the
Z voltage¼ ~70–75 V (value based on Asylum system).

(c) Under the force tab:
l Select the start distance option.

l Set the force-distance. This value can vary but should
not exceed 1μm.

l Set trigger channel to deflection or similar setting.
– Acquire a single force curve and align sensitivity

with the linear portion of the approaching curve
(see Fig. 2B) to calibrate according to the Hertz
model.

– Under the calibration tab set sensitivity to
deflection.

2. Spring Constant Calibration: Use the thermal resonance fre-
quency method (also referred to as the thermal noise or ther-
mal fluctuation method), as it is simple, offered with most
software packages, and widely employed [11, 17–19].
(a) After calibrating the deflection, raise the cantilever tip, so

it is no longer in contact with the surface (~3 rotations of
the engagement wheel for MPF-3D Bio AFM).

(b) Make sure there is sufficient room for the AFM to fluctu-
ate the tip without it contacting the surface, then reset
deflection to zero.

(c) Under the thermal tab, commence the thermal frequency
method. Data will be continuously collected. Stop the
analysis after ~120 inputs. Fit the curve and evaluate the
spring constant.
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(d) Spring constants will vary based on the cantilever manu-
facturer, but for nanoindentation of normal (~2 kPa) and
fibrotic (~15–20 kPa) human lung, our lab has used
k values ranging 0.03–0.08 N/m [10, 20].

3.7.3 Tip Preparation Tips, also known as probes, fixed at the end of the cantilever are
used to probe the sample and can modulate the resolution of the
AFM measurements depending on their shape and size.

1. Sharp, pyramidal tips are useful for performing topography
mapping due to their ability to acquire high-resolution images
(0.25μm at 0.5μm indention) [17]. However, these force mea-
surements are typically confined to a small region within a
heterogeneous tissue. They therefore require extrapolation to
account for the mechanics of the entire sample, leading to
inaccuracies [21].

2. Spherical beads fixed to the underside of a tipless cantilever
provide greater contact area (e.g., ~1.22μm resolution with a
6μm diameter sphere at 0.5μm indention), ergo averaging the
measurement of the mechanical stress (stress: σ ¼ F/A) used to
determine the young’s modulus (E) over a larger area within the
sample for more accurate measurements [16] (see Note 20).
(a) We use a water-resistant, two-part epoxy-resin to attach

the bead to the bottom of a v-shaped tip. Allow epoxy-
resin to dry for at least 24 h prior to re-evaluating the k of
the tip.

Fig. 2 (a) Schematic demonstrating different steps of cantilever approach and retraction on a single cell. (b)
Cartoon depiction of the force-distance curve, where numbers related to steps shown in (a)
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l Use epoxy-resin sparingly when adhering beads to
ensure that the mixture does not leak around the
bead and interfere with bead-sample interaction.

(b) It should be noted that the spring constant of the tip
should be re-evaluated after adhering glass beads to the
cantilever as you have altered the properties of the cantile-
ver, but the k should be re-evaluated before every experi-
ment regardless.

3.8 dECM Sample

Preparation

Here we will briefly describe how to select an appropriate tissue
section thickness for dECM samples for AFM analysis but also refer
readers to a more thorough review by Jorba et al. [16].

3.8.1 Tissue Thickness Thin sections (~10–50μm in thickness and up to 100μm as demon-
strated by our lab [22]) are preferred so that the position of the
cantilever can be visualized through the inverted bright-field
microscope in order to obtain precise measurements of the region
of interest (Fig. 1).

1. Although force mapping can be performed on thicker samples
(e.g., 1000μm [8]—2000μm [23]), it is difficult to confirm
precisely where the measurement is being acquired in the
tissue [16].

2. Thicker samples can also be associated with more complex
geometries, and some tissues, such as lungs, which must be
inflated [22], may need to be altered for analysis. This can lead
to errors when the cantilever engages a region of the tissue that
is higher than the previous, and the setup must be
re-calibrated.

3.8.2 Mounting dECM Before proceeding with mechanical characterization, we advise that
the dECM be mounted to a surface. Immobilizing the sample
prevents it from moving or floating during analysis, which other-
wise introduces error into the system and impedes, if not entirely
prevents, data acquisition.

1. Many methods, such as administering Cell-Tak to adhere
dECM, super gluing dECM [23], mounting dECM sections
to super frost glass slides [24], and chemically binding dECM
to poly-L-lysine-coated coverslips [25], have been used to
immobilize samples, but researchers should evaluate if these
methods contribute to differences in mechanical measurements
with their own workflow and system.

2. Once the dECM has been sectioned to the desired thickness
and has been mounted, it is beneficial to immediately
re-hydrate the dECM in PBS. This step can be used to:
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(a) Clean the sample of detergents from the decellularization
protocol or storage reagents such as OCT.

(b) Prevent drying.

(c) Sterilize the dECM prior to reseeding cells if antibiotics
are also added to the solution.

3.9 AFM Settings/

Parameters

for Obtaining Force

Curves

3.9.1 Ramping Rate

In general, we would recommend a ramping rate (oscillation fre-
quency) of 1 Hz as it has been successfully applied to dECM
extensively [23, 26–28] and is comparable in efficiency to setting
the deflection set point (maximum force input) to 1–2 nN at a
velocity of ~22μm/s [23, 29]. These optimal inputs for each exper-
iment, however, will have to be determined by the user based on
AFM setup, a sample of interest, and other experimental constraints
(see Note 19).

3.9.2 Loading Rate

and Velocity

While measuring dECM mechanical properties, users should par-
ticularly be aware of nonlinear changes with the loading rate as well
as how the timescale for these force measurements alter the eval-
uated elasticity (17, 30, 31) (see Note 21).

3.9.3 Probing Area Biological samples are also heterogeneous, and therefore force
maps should be acquired in various regions within the sample to
accurately portray the mechanical characteristics of the matrices. We
recommend obtaining two-dimensional force maps in 5–12 differ-
ent positions.

3.9.4 Tip

Indentation Depth

Another critical factor for accurately calculating the Young’s mod-
ulus is the depth at which the cantilever tip indents the sample (δ)
(Eq. (4)).

1. We recommend to initially set indentation depths to >500 nm
[16] to avoid inaccuracies in determining the contact point
[30]. The real experimental parameter, however, has to be
determined by the users.

2. Restricting indentation to ~10% of the sample’s thickness limits
the mechanical contributions from the substrate beneath the
sample, which would otherwise lead to overestimations of
E [31].

3. Meanwhile, greater indentation depth allows the stiffness to be
averaged over a larger contact area for reliable measurement of
E (see Notes 22 and 23).

3.10 Force Curve

Interpretation

and Data Analysis

At every measuring point, the AFM outputs what is known as a
force-distance curve (FD curve), which can be used to estimate the
stiffness of dECM. These curves display the distance moved by the
cantilever toward the sample on the x-axis (read right to left during
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the approach and left to right during the retraction of the cantile-
ver) as seen in Fig. 2b, and the y-axis denotes the deflection of the
cantilever or compliance of the sample in response to a force.

3.10.1 Basic Principles

of FD Curve

A FD curve consists of two parts: a red approaching curve and a
blue retraction curve. The approaching curve encompasses the
measurements acquired while the cantilever descends, contacts,
and indents the sample (Fig. 2a). The straight region is known as
the noncontact curve, which is generated during tip approaching
but not yet in contact with the sample (red on Fig. 2b). When the
cantilever is close enough to a sample, attractive van der Waals
forces will bend the cantilever toward the sample (negative force),
but the cantilever will eventually be deflected upward by repulsive
electrostatic forces (positive force) once it is lowered further [32],
creating a sudden dip in the approaching curve before the contact
point (Fig. 2b). The region to the left of the contact point repre-
sents when the tip is indenting the sample and are used to deter-
mine the sample deformation. Values to the right of the contact
point represent the separation between the tip and sample. The
contact point provides the input required for accurately calculating
the indentation depth (Eq. (4)), thus choosing the correct contact
point is essential for providing reliable measurements for the E of
the sample (Eq. (2)) [11, 33, 34].

From the contact point onward, the cantilever is indenting the
sample, bending in response to the sample, and deflecting the laser,
which results in an upward slope as more force is required to lower
the cantilever further into the sample. Once the cantilever reaches
the predetermined trigger point or the maximum force-distance,
the indentation ends. The slope of the approaching curve (from the
contact point to the trigger point) represents the stiffness or relative
hardness of the sample. Therefore, when the same contact force is
reached by the cantilever traveling a smaller distance to deform the
sample, the slope is steeper, implying the sample is stiffer and its
Young’s modulus higher.

3.10.2 FD Analysis To obtain the E from the FD curve, the slope of the contact region
(between the contact point and trigger point) is fitted to a contact
model. While there are many contact models reviewed here
[11, 21], the Hertz model is one of the most commonly used
contact models and has been specifically designed for spherical
tips, as shown by the Eq. (2) [35]. We will not cover the details
of how to fit and acquire E from a given FD curve as the exact
procedure differs across different AFM systems.

E ¼ 3F 1� υ2
� �

4
ffiffiffiffi
R

p� �
δ3=2
� � ð2Þ
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[36, 37] where E is the Young’s modulus, F is the force the
cantilever exerts on the sample as determined by cantilever deflec-
tion, R is the radius of the sphere probe attached to the cantilever
tip, δ is the indention depth as determined by Eq. (4) (seeNote 22),
and υ is the Poisson ratio of the sample (normally assumed to equal
0.5 for an incompressible material, but values as low as 0.3 have
been used.

On the other hand, the blue force curve in Fig. 2b represents
the retraction of the cantilever and ascent away from the sample.
The force decreases as the cantilever is risen off the sample, but
there are usually adhesive forces that bind the cantilever to the
sample which require positive force from the cantilever to break
the bond as depicted in Fig. 2a.4 and the dip in the retraction curve
between 4 and 5 on Fig. 2b.

4 Notes

1. This ensures that the measurement sensitivity is preserved as
the cantilever will be stiff enough to indent the sample, while
also being soft enough to generate sufficient bending in the
cantilever to accurately measure the deflection while deforming
the sample [].

2. The UltraPure Low Melting Point agarose should not over-
heat, and temperature should allow you to hold the bottle.
Keeping bottle in 37 �C water bath and syringe on heat pad
can prevent the solidity of agarose.

3. The residue of detergents, like, Triton X-100, SDC, NaCl, and
DNAse, will damage cells when reseeding cells back. Try to
profuse lung with washing buffer at least time every step after
detergent applied.

4. A sample of the decellularized matrix can be frozen in Tissue
Tek O.C.T. freezing medium, sectioned into 10μm slices, and
stained with hematoxylin and eosin (H&E) to confirm the
absence of cells.

5. While treating PDMS with NaOH, make 50 mL of 3%
(APTES) to allow for hydrolysis.

6. With the following protocol: vacuuming for the 60s; followed
with 90s plasma treatment at high power level.

7. Make sure to add sufficient APTES (around 40μL/cm2) to
cover the whole glass surface, but the excessive amount of
APTES may make the coverslips very dirty later on.

8. It is recommended to make a larger volume of PAA mixture
with TEMED (e.g., 500μL with 0.5μL TEMED) ahead and
divide the mixture into an appropriate amount (e.g., 360μL per
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tube) before adding the appropriate volume of 10% APS. Add
APS only when ready to make hydrogels.

9. If everything has done correctly, you should be able to see a
circular hydrogel formed between the coverslip and the slide
with a “ring” like a gap between the edge of the hydrogel and
the edge of the coverslip.

10. Prepare 25 mg/mL Sulfo-SANPAH stock solution (Thermo-
fisher #22589) by adding 2 mL molecular-grade DMSO
directly into the bottle (balance to ambient temperature before
the step). Vortex the bottle a few times to ensure all Sulfo-
SANPAH is resolved. Aliquot the stock solution and store at
�80 C and protect from light. Sulfo-SANPAH is very sensitive
to water, especially under low pH, and will be hydrolyzed
quickly. Therefore repeated freeze-thaw should be avoided,
and any unused stock solution after three times the thaw-freeze
cycle should be discarded.

11. When UV oven is available, keep the UV oven inside the large
cell culture hood to maintain the sterile condition.

12. dECM-coated hydrogel should be used within a week to
ensure the best quality. Unfunctionalized/coated hydrogel,
however, can be kept in 1% P.S. containing PBS for up to a
month (or even longer).

13. The ECM proteins will not be fully dissolved, and the large
visible protein particles should not be discarded by centrifuga-
tion or filtration. The suspension is expected to clear upon
deglycosylation and digestion.

14. Deglycosylation is needed to remove carbohydrate side chains
that interfere with the identification of peptides modified by
N-linked glycosylation.

15. The ECM-rich suspension that began cloudy upon initial
reconstitution in 8 M urea appears clear after O/N digestion.

16. After desalting, the concentration of the peptide solution
should be measured by spectrophotometry.

17. In Eq. (1), the bending of the cantilever (i.e., the movement of
the laser beam expressed as a change in voltage on the photo-
detector) is the distance (x) and the stiffness of the cantilever is
the spring constant (k).

18. Deflection sensitivity varies based on how the laser beam is
reflected, whether it be due to the initial positioning of the
laser on the cantilever at the beginning of each experiment,
effectively changing the trajectory of the laser beam’s reflection
onto the photodetector or the variability in light transmission
through different media [].
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19. The ramping rate and velocity control the offset between the
approach and retraction force curves, which can be used to
estimate the viscosity of the sample (Fig. 2b); by decreasing the
ramping rate, we can decrease the hysteresis between these
force curves [].
(a) Using a low ramping rate can also decrease the hysteresis

between the approach and retraction force curves [11].

20. The further the sphere is lowered into the sample, the greater
the contact area between the sphere and the sample. This
expands the force applied by the cantilever to the sample across
a wider area, averaging the stress force (σ) measurement for
more effective data acquisition []. If we consider the following
equation for E in its simplest form, it is easy to see why averag-
ing the force over a larger area would lead to more effective
data acquisition.

E ¼ σ
ε

ð3Þ
where the stress force is σ ¼ F=A , the strain is ε, and the

Young’s modules is E.
Here strain and elastic stress have a linear dependence on

the Young’s modulus, and in order to maintain this relation-
ship, the sample should not be indented more than ~10% of its
thickness [21, 31, 40, 41].

21. Krieg et al., in their review of AFM-based mechanobiology,
explain the importance of specifying the loading rate and
velocity for AFM experiments, as these inputs can define the
mechanical properties of biological samples which often have
viscoelastic behaviors determined by the forces exerted upon
them (17).

22. The indention (δ) of the sample can be calculated as:

δ ¼ z � zcð Þ � d � doffð Þ ð4Þ
where z is the position of the cantilever, d is the position of

the laser on the photodiode, and doff is the offset of the laser
from its initial position. The subscript c represents z at the
point of contact with the sample where d � doff ¼ 0 because
the cantilever has not begun to bend yet. It should also be
noted that d � doff is x in Hooke’s law (Eq. (1)).

(a) All of this should be kept in mind whenever deciding the
thickness of one’s sections.

23. Deeper indentions increase the complexity of the estimated
effects the probe has on the system.
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Chapter 19

Fibrosis on a Chip for Screening of Anti-Fibrosis Drugs

Mohammadnabi Asmani and Ruogang Zhao

Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic pathological disorder that targets alveoli interstitial tissues
and is characterized by the progressive stiffening of alveolar membrane. The median survival rate of the
patients with IPF is less than 5 years. Currently, IPF has no cure and there are few options to alleviate the
progress of this disease. A critical roadblock in developing new anti-fibrosis therapies is the absence of
reliable cell based in vitro models that can recapitulate the progressive features of this disease. Here a novel
fibrotic microtissue on a chip system is created to model the fibrotic transition of the lung interstitial tissue
and the effect of anti-fibrosis drugs on such transitions. This system will not only help to expedite the
efficacy analysis of anti-fibrotic therapies but also help to unveil their potential mode of action.

Key words Pulmonary fibrosis, Microtissue array, Lung on a chip, Anti-fibrosis therapy, Drug
screening, Tissue mechanics, Stiffness, and contractile force, Pirfenidone, Nintedanib

1 Introduction

Idiopathic pulmonary fibrosis (IPF) leads to lung failure and death
and currently has no cure [1, 2]. IPF is characterized by the
stiffening of the membranous tissue that makes up the alveolar air
sacs. The accumulation of highly contractile and
collagen-producing myofibroblasts predominantly contributes to
the stiffening of the alveolar tissue [3–5]. Conventional 2D cell
culture-based models do not capture the biomechanical and physi-
ological complexities of the fibrotic alveolar tissue. Although can-
didates for anti-fibrotic therapies such as inhibitors directed against
transforming growth factor-β (TGF-β) and lysyl oxidase-like
2 (LoxL2) have been studied [2, 6], their development is hindered
by the high cost and the need for large sample sizes associated with
animal studies and clinical trials. In vitro screening assays that can
justify the development of new therapies in prolonged and expen-
sive clinical trials are highly desired.

To model the physio-pathological characteristics of lung fibro-
sis in vitro, different experimental systems have been developed.
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Conventional 2D culture-based assays are very limited in examining
tissue mechanics. On the other hand, centimeter-scale, cell-embed-
ded tissue models are not suitable for drug screening due to the dif-
fusion limitation in culture and the low reproducibility of
functional read outs [7–12]. Recently, microfabricated culture sys-
tems such as organ-on-chip systems have been studied as a potential
high content screening platform [13–15]. The goal of these novel
micro-systems is to replicate in vivo-like physiological conditions.
For instance, in a recently published lung-on-chip device, authors
built two separate chambers to mimic gas exchange in lung. An
alveolar epithelial cell-lined air chamber and a capillary endothelial
cell-lined fluidic chamber were separated by a porous silicone
membrane [13]. With modeling pulmonary edema in sight, this
system fails to provide a suitable model for IPF since extracellular
matrix (ECM) components are missing which are critical to the
tissue remodeling aspect of fibrosis [16]. Inability to assess the
biomechanical characteristics of the alveoli wall such as its stiffness
and contractility is a significant obstacle for any cell-based model
that aims to mimic soft tissue fibrosis.

The system discussed here consists of arrays of membranous 3D
microtissues formed through cell-mediated ECM remodeling.
During their formation, microtissues undergo morphological and
structural changes that are guided by poly (dimethyl siloxane)
(PDMS) micropillar-defined mechanical boundary conditions.
These membranous lung microtissues recapitulate key biomechan-
ical properties of both healthy and fibrotic lung alveolar tissues.
Moreover, pathological transition of this originally compliant,
membranous lung interstitial microtissue to fibrotic stiff tissue can
be achieved in this system. Proof of principle studies have been
carried out to test the efficacy of two FDA approved anti-fibrosis
drugs, Pirfenidone and Nintedanib [4, 17, 18].

2 Materials

2.1 Cell Culture 1. Primary human lung fibroblasts (NHLFs, seeNote 1) (Lonza),
maintained in recommended growth medium (FGM-2 Bullet-
Kit, Lonza).

2. Freezing media: 10% DMSO, 45% media, and 45% fetal bovine
serum (FBS).

2.2 Micropillar Array

Device and Collagen

Prepolymer

1. SU-8 photoresist (Microchem), silicon wafer (University
Wafer), laser plotted transparency mask (CAD/Art Services
Inc.) for multilayer photolithography. PDMS (Sylgard
184, DowCorning) for soft lithography of micropillar array
device. P35 petri dishes and 12-well plate (Fig. 1a, b).
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2. Transparent stretchable silicone substrate (SMI silicone sheet-
ing, 0.01-inch NRV G/G 40D, Saginaw, MI) for stretchable
microdevices.

3. 70% Ethanol and Pluronic F-127 solution (2% w/v).

4. Neutralized Collagen solution: Collagen type-I solution (Rat
tail, Corning®) (see Note 2), 1 M NaOH, PBS or distilled
water, 250 mM HEPES, M199 10� solution, 5% NaHCO3

(w/v).

5. Lung fibroblast growth medium (FGM-2 BulletKit, Lonza).

2.3 Pharmacological

Treatment

1. Anti-fibrotic drugs Pirfenidone (TCI America) and Nintedanib
(Selleckchem). The lyophilized compounds were dissolved in
DMSO per manufacturer description.

2. TGF-β1. The lyophilized TGF-β1 was dissolved in PBS to
create stock solution of 1 μg/mL.

3. F-12k medium supplemented with 2% FBS, 100 U/mL peni-
cillin, and 100 μg/mL streptomycin as a base medium and
negative control for NHLF-populated microtissues.

2.4 Immuno-

fluorescence

1. 4% Formaldehyde for fixation and methanol for cell permeabi-
lization (see Note 3), 3% bovine serum albumin (BSA) for
blocking.

Fig. 1 (a) PDMS microdevice is casted in a P35 dish. Arrays of microtissues are submerged in the culture
media. (b) Enlarged view of a portion of the microtissue array. (c–f) Flowchart shows the steps of microtissue
device preparation, microtissue seeding, and tissue mechanical property testing
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2. Primary antibodies against α-smooth muscle actin (Abcam,
ab7817, 1:300), pro-collagen type-I (Millipore, MAB1913-
C, 1:400), ED-A-fibronectin (Abcam, ab6328, 1:400), and
rat collagen type-I (Millipore, AB755P, 1:300).

3. Secondary fluorophore-conjugated, anti-IgG antibodies and
Hoechst 33342 to stain nuclei.

2.5 Microscopy

and Image Analysis

1. Inverted Nikon Ti-U microscope for bright-field imaging.

2. An Andor Technology DSD2 confocal unit coupled to an
Olympus IX-81 motorized inverted microscope equipped
with Plan-Apochromat �10 air objective for confocal imaging
of the microtissue.

3. Fiji software for image analysis.

2.6 Centrifuges

and Vacuum Chamber

1. Since the working temperature for collagen prepolymer is 4 �C,
a refrigerated centrifuge should be used.

2. A vacuum desiccator to degas during microtissue seeding.

3 Methods

3.1 Microtissue

Device Fabrication

1. Multilayer microlithography and soft-lithography techniques
were employed to fabricate micropillar arrays [19]. SU-8 mas-
ters were created through spin coating, alignment, exposure,
and baking of multiple layers of SU-8 photoresists. UV expo-
sure was performed through transparency masks printed by
laser plotting. PDMS stamps were casted over the SU-8 master
at 10:1 mixing ratio. Micropillar devices were then produced
through replica molding from stamps in P35 petri dishes or
12-well plate (Fig. 1a, b).

2. To allow mechanical conditioning and stiffness measurement
of the microtissues, the PDMSmicropillar device was casted on
a transparent stretchable silicone substrate. Stretching of the
microtissue was achieved by holding one end of the silicone
membrane stationary and increasing the displacement of the
moving end.

3. Microtissue seeding and culture in microdevices cased either in
P35 dishes or on the stretchable membrane follow the same
procedure as described in Subheading 3.2.

3.2 Microtissue

Seeding

and Pharmacological

Treatment

1. Sterilize PDMSmicropillar device by filling the microdevices to
the top with 70% ethanol and pipette up and down with 1 mL
pipette to dislodge any trapped air pockets in the molds for
15 min (Fig. 1c) (see Note 4).

2. Aspirate ethanol and let the device dry in the hood or use
nitrogen gun if available.
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3. Pluronic treatment of the device (see Note 5): Dilute the 2%
Pluronic F127 in PBS to 0.2%, then add it into the microde-
vice, and pipette up and down with 1 mL pipette to dislodge
any trapped air pockets. The treatment time depends on the
concentration of the collagen prepolymer (see Note 6).

4. Aspirate F127 solution and rinse once with PBS and let it
completely dry. From this step forward, all solutions should
be chilled.

5. Mix collagen solution components (1.8 mL is enough for
1 device. Ingredients ratio needs to be adjusted for different
collagen lot concentration). Add all the ingredients in Table 1
(except for NaOH and collagen) to a conical tube kept on ice
(to cool them down to avoid early polymerization of collagen).
After few minutes, add collagen followed by NaOH. Pipette up
and down to mix the components and avoid generating too
many bubbles. Final solution should be “salmon” colored, or
roughly the color of CO2 equilibrated DMEM (see Table 1 and
Note 7).

6. Add ~0.6 mL of the collagen solution without cells (all on ice)
(Fig. 1d) to each microdevice to fully cover the bottom surface
of the microdevice with some excess on top. Then proceed
immediately to step 7.

7. Degas the devices in a chilled vacuum desiccator to allow the
collagen solution fill each microwell (see Note 8).

8. Add an additional 0.4 mL of collagen solution (without cells)
to each microdevice (bringing the final amount to 1 mL per
microdevice).

Table 1
Sample collagen prepolymer compositions. Note that the HEPES, NaHCO3, and M199 amounts are
always the same for 1.8 mL of solution regardless of the collagen stock concentration. Regardless of
collagen stock concentration the ratio of NaOH/Collagen should always remain the same

Stock collagen concentration
of 3.83 mg/mL

Total 1.8 mL (in mL)

1 mg/mL collagen 2 mg/mL collagen 2.5 mg/mL collagen

PBS or DI H2O 1017 532 290

HEPES (250 mM) 83 83 83

NaHCO3 (5% w/v) 14 14 14

M199 10� 200 200 200

NaOH (1 M) 16 31 38

Collagen (3.83 mg/mL) 470 940 1175
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9. Mix the collagen solution and cells: Prepare cells by trypsiniz-
ing, counting, and spinning down. Aspirate supernatant and
resuspend the cells with cold collagen solution from the conical
tube. 0.1 to 0.2 mL of cell/collagen mixture solution is needed
for seeding one device (for example, if you plan to seed four
devices you will need to suspend the cell pellet with at least
0.4 mL of collagen solution). Pipette up and down gently to
mix the cell and collagen and avoid making bubbles. While
working with collagen, use caution with pipetting to avoid
frothing up the collagen solution.

10. Add cell/collagen mixture into the microdevice that is already
partially filled with collagen. Mix cell/collagen solution with
pre-existing collagen well by gently shaking or pipetting (avoid
generating a lot of bubbles). Then, spin down the cells into the
microwells at 1150 rpm for 2 min in a temperature-controlled
centrifuge at 4 �C (see Note 9).

11. Remove excess cell/collagen solution using vacuum aspiration.
Tilt the microdevice at ~30 degree and start to aspirate the
collagen solution from a corner. Run the glass pipette until you
reach the bottom of the microdevice. Then slowly work your
way around the edge of the microdevice with the glass pipette
to aspirate remaining collagen.

12. Polymerize the collagen gels. Add 0.5 of PBS to the lid of each
device and invert the microdevice onto the lid (this keeps the
collagen from drying out during the polymerization). Place the
device (inverted) into an incubator for 9 min. After 9 min take
the device out and add growth media (1–2 mL total) very
slowly on top of the microdevice surface. While adding
media, be cautious and start from a corner of the chamber.

13. Place the device back into the incubator and wait until the
constructs form (Fig. 1e).

14. To induce myofibroblast differentiation of the NHLFs, add
5 ng/mL of TGF-β1 to the F12-K base media and maintain
for different durations.

15. Pirfenidone at 1.6 and 5.3 mM and Nintedanib at 0.5 and
3 μM are used in two treatment approaches. In preventative
treatment, anti-fibrosis drugs are co-administered with
TGF-β1 at the beginning of microtissue formation and main-
tained for 6 days. In therapeutic treatment, TGF-β1-induced
fibrosis is allowed to progress for the first 3 days and TGF-β1 is
removed, and anti-fibrosis drugs are then administered and
remained for another 3 days. The expressions of fibrosis bio-
markers and the changes in tissue mechanical properties are
assessed by the end of the treatments (Fig. 1f).
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3.3 Force

Measurement

1. Tissue-generated contraction force is calculated from the
deflection of micropillars based on cantilever bending theory
(Fig. 2) (see Note 10). Micropillar deflection is measured by
image analysis of the images taken by phase contrast micros-
copy. The deflected position of the centroid of each pillar top to
the centroid of its base is measured and tracked during the time
period of interest.

2. Microtissue contraction force is measured for each pharmaco-
logical condition. Then the traveled distance is multiplied by
the spring constant. Micropillar’s spring constant, which is
0.66 μN/μm for micropillars in the current study, is deter-
mined based on the actual geometry of the micropillar and
the elastic modulus of the PDMS.

3. The absolute values of calculated force from each micropillar is
added up and divided by 2 to reflect the collective force gener-
ated by one microtissue.

3.4 Stiffness

Measurement

1. After microtissues are cultured for desired period, the silicone
substrate containing the microtissue array is transferred to the
stretching platform (Fig. 3a, b). One end of the silicone sub-
strate is kept stationary and the other end can move.

2. The substrate carrying the microtissue array is then lowered to
close to the bottom of a P100 petri dish and submerged in the
culture media (Fig. 3c). The stretching platform and the P100-

Fig. 2 (a) SEM images of an untreated and a TGF-β1-treated microtissue.
Significant micropillar deflection caused by elevated tissue contraction can be
seen in TGF-β1-treated microtissue. (b) Side view of the micropillars shows the
measurement of micropillar deflection (δ). (c) Schematic shows the cantilever
bending theory. Scale bar is 200 μm
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dish are mounted together on a microscope stage to enable
real-time measurement of the microtissue deformation and
micropillar deflection of multiple microtissues through optical
imaging.

3. After stretching the silicone substrate, the tensile strain transfer
from the silicone substrate to the microtissue and the tensile
force applied to the microtissues can be characterized by imag-
ing (Fig. 4a).

4. Tensile tests are performed on untreated, TGF-β1-treated, and
anti-fibrosis drug-treated microtissues to measure their stiff-
ness and compliance (see Note 11).

5. Microtissue strain was calculated as the tissue extension
(ΔL1 + ΔL2) along the tensile direction divided by original
tissue length (L) (Fig. 4b). Stretching-induced tensile force
was calculated based on the micropillar deflection caused by
stretching (F ¼ k (δ10 + δ20)). Summation of the tensile forces
from all micropillars was divided by 2 and then divided by the
cross-section area of the microtissue to obtain the tensile stress.
Elastic modulus (E, stiffness) was calculated as tensile stress
divided by tensile strain. The thickness of microtissues was
obtained using confocal microscopy. Microtissue compliance
could be calculated as stretching-induced tissue extension
(ΔL1 + ΔL2) divided by tensile force (F).

Fig. 3 Microtissue mechanical stretching system setup. (a) Custom-made stretching system was mounted on
the microscope stage. A transparent stretchable silicone substrate was mounted on the loading frame driven
by a DC motor controlled by an Arduino microcontroller. The mounting fixture allows the silicone substrate to
be lowered to close to the bottom of a P100 petri-dish containing culture media. (b) Microtissue array before
stretch. Microtissue array is directly above the objective to allow imaging. (c) Microtissue array under stretch
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3.5 Immunostaining

and Microscopy

Tissue sectioning during immunostaining is not required since the
microtissues are within desired imaging thickness, it is also not
feasible to cut the tissues since they are suspended over flexible
PDMS pillars.

1. Wash microdevice with PBS for a few minutes.

2. Fix for 10 min in 4% PFA.

3. Remove fixative and rinse twice with PBS for 5 min.

4. If staining for intracellular protein, permeabilize with chilled
methanol in �20 �C for 3 min.

5. Rinse twice with PBS for 5 min. At this point, fixed and
permeabilized cells can be stored in PBS at 4 �C if necessary.

6. Block with 3% BSA for 20–30 min at 37 �C or 60 min at room
temperature.

7. Dilute primary antibodies in 3% BSA to working concentra-
tion. This depends on the antibody; for instance, for α-SMA
antibody add 2–3 μL of primary ab to 600 μL of 3% BSA
(~1:300).

8. Remove blocking solution (do not rinse with PBS) and apply
primary antibody, 600 μL is enough to cover the surface.
Incubate overnight at 4 �C in the fridge.

9. Perform secondary staining in the dark to avoid photobleach-
ing of fluorophores. Remove the primary antibody and wash
twice with PBS for 10 min.

10. Block slides with 10% goat serum for 30 min at room
temperature.

Fig. 4 (a) Phase contrast images of microtissues before and under stretching.
Stretch-induced extension of microtissue is (ΔL1 + ΔL2). Scale bar is 200 μm.
(b) Schematic shows the principle of tissue stiffness measurement
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11. Dilute secondary antibody in 10% goat serum to working
concentration (1:400), make sure the secondary matches the
host of the primary. For example, if the primary is mouse
anti-α-SMA, then the secondary should be goat anti-mouse.

12. Remove blocking solution (do not rinse with PBS) and apply
secondary antibody to slides for 1 h at room temperature.

13. Rinse with PBS for 5 min.

14. Add Hoechst 33342 (diluted 1:1000 in PBS) for 5 min to stain
nuclei.

15. Rinse with PBS for 5 min, and then keep them in PBS, so they
will not dry out until imaging.

16. The microtissue array is then removed from the PDMS base
and inverted on a glass slide for imaging. The microtissue array
is submerged under a puddle of PBS during imaging (Fig. 5).

4 Notes

1. Primary cells at density of 187,000 cells per cm2 were plated in
T75 flask and 15mL of media was added. After 4 days the flasks
have reached 75–80% confluency and were sub-cultured into
four flasks. For cell freezing, primary cells were frozen at pas-
sages 1 and 2 in freezing media. For the purpose of this
research NHLFs were cultured up to 6 passages with media
change every 3 days. After 6 passages the effect of aging was
evident in the cells, as their growth rate slows down, and they
become less sensitive to TGF-β1 treatment.

Fig. 5 Representative fluorescent confocal images of untreated and TGF-β1-
treated microtissues. TGF-β1 treatment induced strong expressions of α-SMA
stress fibers and cytosolic pro-collagen in lung fibroblast-populated microtissue.
Scale bar is 200 μm
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2. Final concentration of neutralized collagen is 3 mg/mL in the
current research.

3. Methanol should be prechilled in �20 C freezer before adding
to the fixed tissues. The permeabilizing process must take place
in freezer as well.

4. As an optional step you can sterilize the device under UV light
while it is being ethanol treated.

5. The purpose of this step is to make the microwell walls and the
pillars non-adhesive so that the cell/collagen mixture can
detach from the wall and slide to the top of the pillar during
formation.

6. F127 Pluronic treatment duration varies depending on the cell
and ECM type and is a major factor affecting the tissue forma-
tion. Some typical treatment times are: 1–2 min for 1 mg/ml
collagen; 7–8 min for 2.5 mg/mL collagen; 10 min for 3 mg/
mL collagen.

7. The amounts/ratios listed in Table 1 is adjusted for 3T3 fibro-
blasts, human umbilical cord vascular endothelial cells, and
bovine pulmonary artery smooth muscle cells. Some cells
such as the neonatal rat myocytes require Matrigel (~10%) to
be supplemented into the mixture as well.

8. Placing an ice pack in the desiccator works well for maintaining
the low temperature so that the collagen will not polymerize
during degassing. However, the collagen may freeze if left for a
long period of time (10–15 min) under vacuum in cold
desiccator.

9. The cell density needs to the optimized for different experi-
ments. For instance, if you spin down 400,000 cells in a micro-
device, you should get around 300–400 cells per microtissue
construct. The ideal number of cells in each microwell depends
on the cell type and the shape/configuration of the micropillar
and microwell. If the cells in each microwell are not enough,
gently shake the device and spin down again.

10. Micropillar devices used for our studies contain micropillars
that can be treated as microcantilevers. They serve not only as
mechanical constraints for the cells but also as force sensors to
allow the measurement of contractile forces exerted by the
cells. Contraction forces of the tissues are calculated from the
deflection of the head of the micropillars, based on cantilever
bending theory (Fig. 2b, c).

11. After 6 days of culture, microtissue array-mounted silicone
substrate was mounted on the stretching platform and was
stretched to 120% of initial length. Phase images of the micro-
tissue and the micropillars before and after tensile test were
taken.
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Animal and Human Models to Study Myofibroblast Biology



Chapter 20

Animal and Human Models of Tissue Repair and Fibrosis: An
Introduction

David Lagares and Boris Hinz

Abstract

Reductionist cell culture systems are not only convenient but essential to understand molecular mechanisms
of myofibroblast activation and action in carefully controlled conditions. However, tissue myofibroblasts do
not act in isolation and the complexity of tissue repair and fibrosis in humans cannot be captured even by the
most elaborate culture models. Over the past five decades, numerous animal models have been developed to
study different aspects of myofibroblast biology and interactions with other cells and extracellular matrix.
The underlying principles can be broadly classified into: (1) organ injury by trauma such as prototypical full
thickness skin wounds or burns; (2) mechanical challenges, such as pressure overload of the heart by ligature
of the aorta or the pulmonary vein; (3) toxic injury, such as administration of bleomycin to lungs and
carbon tetrachloride to the liver; (4) organ infection with viruses, bacteria, and parasites, such as nematode
infections of liver; (5) cytokine and inflammatory models, including local delivery or viral overexpression of
active transforming growth factor beta; (6) “lifestyle” and metabolic models such as high-fat diet; and
(7) various genetic models. We will briefly summarize the most widely used mouse models used to study
myofibroblasts in tissue repair and fibrosis as well as genetic tools for manipulating myofibroblast repair
functions in vivo.

Key words Mouse models, Fibrosis, Myofibroblast, Mechanical overload, Injury, Toxins, Inflamma-
tion, Infection

1 Introduction: Different Philosophies to Study Myofibroblasts

It is not uncommon to meet different phenotypes of fibrosis
researchers at the respective specialist meetings: Type 1: The
“Humanist” frowns upon any data that is not directly derived
from human subjects. Frequent arguments of the Humanist are:
“Mice are not man” or “A dish is a dish and not a human” or “How
is this finding clinically relevant?” or “It is bedside to bench and not
vice versa.” Type 2: “The Mouse Healer” knocks out every possible
murine gene and hopes for a phenotype. Absence of a knockout
phenotype is countered by increasing the levels of insult to the
mouse. For more general considerations of this approach, the
reader is encouraged to consult an excellent essay on knockout
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strategies [1]. Variations of the Mouse Healer are “The Tracer”
who labels proteins and cell types to follow their location and fate in
the mouse, and “The Counter” who uses surface proteins or RNA
codes of single cells to sort them into clusters—which is the scien-
tific term for “box.” Type 3: “The Reductionist” lives in their own
world—which is typically a petri dish. Humans and mice are merely
tolerated as donors for cell material that is then analyzed to the
atomic level with neat linear pathways as research outcome. Very
precise data obtained from cells sitting on a plastic surface in an
isotonic cocktail spiced with cow blood extracts are interpreted
with universal statements about tissue fibrosis—often with insinu-
ated relevance for tumor biology. The information age and techni-
cal advances created Type 4, “The Analyst,” who does not need to
know—and often does not care—where data came from: human,
mouse, or cells in dishes as long as they are so big that nobody can
make sense of them anymore. The Analyst is a good friend of the
Cell Counter and together they create esthetically pleasing color-
coded diagrams or relationship networks which awe their collea-
gues but are still too complex to be understood. Of course, in real
life, all these phenotypes coexist at different expression levels within
every researcher studying myofibroblasts, wound healing, and
fibrosis. And only if they collaborate, we stand a chance to under-
stand and eventually cure fibrosis.

2 Advanced Human Culture Models

While the preceding chapters were dedicated to “simple” cell cul-
ture models that please the Reductionist, the following contribu-
tions will give credit to animal models and elaborate models with
human cells and tissues that advanced our understanding of myofi-
broblasts in their “real” tissue environment. Examples of miniatur-
ized two-dimensional (2D) substrates with and without externally
applied strain [2–4], and more complex in vitro environment using
myofibroblast-derived extracellular matrix (ECM), either with or
without the cells still present [5, 6] have been presented in the
preceding chapter. In this chapter, authors present complex hetero-
cellular culture models with human cells, such as organotypic cul-
tures and stem cell-derived organoids [7–9]. If human tissue is
available for experimental studies, myofibroblast cultures can be
established and studied on human tissue-derived decellularized
ECM [10–13], living human tissue slices, precision-cut with a
vibratome, or grafting human tissue onto immune-compromised
mice, as done with human skin grafts to study hypertrophic scarring
[14]. Such models are essential to study mechanisms of human-
specific processes and cell interactions or approximate fibrotic tissue
conditions that cannot be produced in animal models. Examples are
“true” skin hypertrophic scarring (see contribution by V. Moulin)
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[15, 16] and formation of keloids [17, 18], as well as
myofibroblast-driven palmar fascia contractures that are character-
istic Dupuytren’s disease [19, 20].

3 Mouse Models of Tissue Repair and Fibrosis

Wound healing and fibrosis models exist for different animal species
with different potential to translate to the human condition
[21]. Like in other areas of biomedical research, mice are the
predominant study objects because of low purchase and mainte-
nance cost, fast fibrogenic kinetics, and—most importantly—the
ability to be manipulated genetically, e.g., by gene knockouts
(KO) (Fig. 1). As discussed by many contributors to this chapter,
one animal model is often not sufficient to reproduce a human
condition and multiple models are required to illuminate myofi-
broblasts from different angles, all with their strengths and limita-
tions. We will not be able to capture all organs and approaches in
the following chapter. The inclined reader is referred to excellent
reviews with technical details provided for animal models of fibrosis
of the heart [22, 23], liver [24, 25], skin [26, 27], skeletal muscle
[28, 29], kidney [30, 31], intestine [32], lung [33–35], brain [36],
and eye [37] (Table 1).

While animals have been used to study repair after organ insult
and ensuing fibrosis throughout human history, the existence of
myofibroblasts has been first documented by ultrastructural analysis
of rat wounds, healing after full thickness excision of skin, physical
scarring of liver tissue, and subcutaneous injection of croton oil to
elicit an inflammatory reaction in response to its phorbol ester
content [38], not unlike current models of bleomycin-induced
skin fibrosis. Myofibroblasts are part of the normal body response
to injury which becomes dysregulated in fibrosis due to persisting
or overwhelming organ damage. Consequently, most experimental
models of mouse fibrosis generate conditions of injury and/or
inflammation using different principles: physical injury or trauma,
acute and chronic mechanical overload, tissue damage by toxins,
organ infections, and delivery of pro-inflammatory and pro-fibrotic
cytokines (Fig. 1, Table 1).

Fibrosis models based on “physical” tissue damage, such as
resections of kidneys, or bowels [30, 32], keratectomy in the eye
[37], excisions of full thickness skin and burns [26, 27, 39],
implantation or delivery of body foreign materials [26, 27, 33–
35], overstretching of vessels by ballooning [40, 41], and gamma
irradiation [32, 34, 42]. Related approaches exploit the fact that
myofibroblasts are activated by mechanical stress [43], which is
discussed in Chap. 2 of this issue. In mechanically induced animal
models of fibrosis, enhanced or chronic mechanical load is experi-
mentally generated in skin, kidney, heart, and lungs. In rodent skin,
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splints are used to restrain contraction of full-thickness wounds
passively or actively using actuated expander devices sutured to
the edges of incisional wounds [44–47]. Tubular organ systems,
such as liver bile ducts, urethra, arteries and veins, or the cerebral
artery are surgically constricted to increase upstream fluid pressure
and/or ischemia in these systems (Fig. 1, Table 1). For instance,
aortic coarctation (COA) results in left ventricle (LV) heart fibrosis
and ligation of pulmonary veins in right ventricle (RV) fibrosis
[22, 23]. Alternatively, vasoconstrictors, such as angiotensin
(AT)-II and endothelin (ET)-1, are delivered locally or systemically
to generate high blood pressure and organ overload [48]. Although
mechanical stress does not directly trigger inflammation, tissue
microinjuries often ensue that then cause secondary chronic inflam-
matory reactions.

Inducing acute or chronic inflammation is another strategy to
cause a subsequent wound healing response that involves myofi-
broblast activation and actions. The most widely used

Fig. 1 Human ex vivo and animal models of fibrosis. The figure summarizes different models of fibrosis.
Abbreviations: TNBS 2,4,6-Trinitrobenzene sulfonic acid, AT-II Angiotensin II, ET-1 Endothelin-1, COA Aortic
coarctation, BDL Bile duct ligation, CCl4 Carbon tetrachloride, ConA Concanavalin A, DSS Dextran sodium
sulfate, Fra2 Fos related antigen 2, Fli-1 Friend leukemia integration 1, IL interleukin, IRI Ischemia reperfusion
injury, KO Knockout, LAD left anterior descending [95], Left anterior descending coronary artery ligation, LV
Left ventricle, MCAo Middle cerebral artery occlusion, MCP-1 Monocyte chemoattractant protein-1; MRL/lpr
MRL lymphoproliferation, MD Muscular dystrophy, tight skin [96], TGFβRI TGF-β1 receptor type II, RV Right
ventricle, STZ Streptozotocin, TAC Transverse aortic constriction [89], UUO Unilateral ureteral obstruction
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Table 1
Animal models of fibrosis

Animal model Effect Organ References

Injury models

Ballooning Partial constriction of thoracic inferior vena cava;
pressure overload, aortic intima damage

Heart, aorta [40, 41]

Bowel resection Pressure overload Intestine [32]

Nephrectomy Hyperfiltration of the remnant kidney Kidney [30]

Punch and burn wounds Tissue injury; inflammation Skin [26, 27]

Keratectomy Corneal damage; inflammation Eye [37]

Irradiation Bowel inflammation (intestine), tissue
microdamage (skin), alveolar epithelial cell
damage (lung)

Intestine,
skin, lung

[32, 34,
42]

Material implantation Tissue injury; inflammation Skin [26, 27]

Silica, asbestos Tissue microinjury, development of fibrotic
nodules

Lung [33–35]

Mechanically induced models

Splinted and strained
wounds

Wound tissue stress Skin [26, 27]

Pulmonary vein banding Blood pressure overload Heart, RV [22, 23]

Aortic coarctation
(COA)

Blood pressure overload Heart, LV [22, 23]

Transverse aortic
constriction

Blood pressure overload Heart, LV [22, 23,
89, 97]

Left anterior descending
coronary artery
ligation

Ischemia, infarct Heart, LV [22, 23,
98]

Bile duct ligation (BDL) Bile pressure overload Liver [24, 25]

Unilateral ureteral
obstruction (UUO)

Urine pressure overload Kidney [30, 31]

Ischemia reperfusion
injury (IRI)

Acute kidney injury Kidney [30, 99]

Middle cerebral artery
occlusion (MCAo)

Ischemia, stroke Brain [36]

Cytokine models

Virally expressed active
TGF-β1

Fibroblast activation, lung epithelial cell injury Lung, skin,
intestine

[26, 27,
34, 100]

AT-II Fibroblast proliferation and ECM protein
synthesis

Heart [48]

(continued)
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Table 1
(continued)

Animal model Effect Organ References

ConA Activation and recruitment of T-cells to the liver Liver [24, 25,
53]

ET-1 Fibroblast activation Brain [48]

Virally expressed IL-1β Inflammation Lung [34, 101,
102]

MCP-1 overexpression Inflammation Intestine [32, 54]

Metabolic models

db/db, ob/ob, foz/foz
mice

Persistent hyperphagia, and are obese and
diabetic

Hyperglycemia, hyperinsulinemia, high serum
leptin levels; hepatic inflammation

Liver [52, 58]

High-fat diet Obesity, peripheral insulin resistance;
hypertension

Arteries,
heart
valves,
liver

[24, 25,
52, 56]

Streptozotocin
(STZ) + insult

persistent hyperphagia, and are obese and
diabetic

Hyperglycemia

Systemic [57]

Genetic mouse models

Fos related antigen
2 (Fra2)

Microvascular injury and fibrosis Skin, lung,
heart

[26, 27,
34, 103,
104]

Mdx muscular dystrophy
(MD)

Reduction of muscle fibrosis and fibrotic proteins Muscle [28, 29]

MRL/lpr Spontaneous autoimmune response Skin, lung,
liver

[26, 27,
52, 103]

SAMP1/YitFc, IL-10
KO

Spontaneous inflammation; granulomas in the
mucosa and submucosa

Intestine [32]

Tight skin (TSK)1/+,
TSK2/+, TGFβRI,
Fli-1 KO

Altered ECM elastic fiber assembly or altered
TGF-β bioavailability

Skin [26, 27,
96, 103,
105]

Toxin and infection models

Bacterial infection Inflammation Intestine [32]

Bleomycin Tissue injury and inflammation via direct DNA
damage to cells

Lung, skin [26, 27,
33–35,
51]

Cardiotoxin Skeletal muscle injury Muscle [28, 29]

(continued)
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pro-inflammatory toxic agents to induce animal fibrosis are bleo-
mycin in skin and lung [33, 49–51], carbon tetrachloride (CCl4) in
liver [24, 25, 52], cardiotoxin in muscle [28, 29], and 2,4,6-
trinitrobenzene sulfonic acid (TNBS) and dextran sodium sulfate
(DSS) in the intestine [32]. In addition, pro-inflammatory and
pro-fibrotic cytokines are locally produced upon injection of viral
vectors that code the expression of cytokines such as active TGF-β1,
interleukin (IL)-1β, or are directly administered like concanavalin A
(ConA), and monocyte chemoattractant protein (MCP)-1 [24, 25,
32, 53, 54].

One important limitation of many mouse models of induced
fibrosis is spontaneous resolution after removing the insult, whereas
human fibrosis is often irreversible. For instance, the lungs of young
mice develop severe fibrosis with dramatic histological changes after
14–21 days of repeated intratracheal administration of bleomycin in
moderate doses, but reestablish almost normal morphology and
function within 35–50 days when the treatment is discontinued
[34, 35, 55]. In contrast, human idiopathic pulmonary fibrosis is
considered irreversible at the advanced stages typically presenting at
first diagnosis [35]. To overcome these limitations, genetic and/or
dietary/metabolic “lifestyle” mouse models are used that either
develop spontaneous fibrosis and/or sensitize the animal to experi-
mentally induced fibrosis (Table 1, Fig. 1). Subjecting mice to
high-fat diet results in spontaneous cardiovascular fibrosis, includ-
ing development of interstitial valve fibrosis [24, 25, 52, 56]. Fur-
thermore, diabetic or hyperglycemic mice are often more prone to
develop organ fibrosis which is studied by killing pancreatic beta-
cells with streptozotocin (STZ) [57] or using db/db, ob/ob or
foz/foz mice [52, 58]. Other genetic mouse models that develop
spontaneous fibrosis are mostly organ-specific and summarized in
Table 1 and Fig. 1.

Table 1
(continued)

Animal model Effect Organ References

CCl4 Hepatotoxin; tissue damage Liver [24, 25,
52]

Aristolochic acid, folic
acid, adenine crystals

Tubular damage Kidney [30]

Chronic graft-versus-
host disease

Inflammation Skin [26, 27,
103]

TNBS or DSS Epithelial cell injury; inflammation Intestine [32]

Viral and parasite
infection

Immune response and fibrosis Liver [24, 25]

All abbreviations are defined in the text
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4 Genetic Strategies to Study Myofibroblast Functions In Vivo

Myofibroblasts are in the crosshairs of research on wound repair
and fibrotic diseases due to their matrix synthetic and contractile
phenotype [59]. These distinct functional characteristics of acti-
vated myofibroblasts have served as a basis for developing genetic
strategies to manipulate their biology in vivo. The Cre-LoxP system
is widely used to knock out genes in myofibroblasts in vivo [60]
(Table 2), enabling the study of myofibroblast functions in experi-
mental models. Mouse lines expressing Cre recombinase under the
control of alpha smooth muscle actin (α-SMA) and collagen type I
promoters (α-SMA-Cre [61], Col1a1-Cre [62] and Col1a2-Cre
[63] lines) are commonly used to knock out pro-fibrotic genes in
myofibroblasts and in lineage tracing studies in mouse models of
tissue repair and fibrosis [60, 64]. In addition, tamoxifen-inducible
versions of these Cre lines including Col1a2-CreERT [65] and
α-SMA-CreERT [66] have been generated in order to conditionally
disrupt myofibroblast genes in adult mice, albeit recombination at
lower frequency has been reported due to lower Cre protein levels
and activity. While these genetically engineered mice are valuable
research tools and certainly target a major population of collagen-
producing cells during wound repair and fibrosis in multiple
organs, controversy is always around these tools due to issues
with recombination efficiency and specificity. First, it is typically
argued that both collagen type I and α-SMA are not specific mar-
kers of myofibroblasts, raising doubts about the selectivity of these
mouse Cre lines at targeting myofibroblasts in vivo. To solve this
problem, alternative tools have been generated, including platelet-
derived growth factor receptor (PDGFR)α-Cre [67, 68], PDGFR-
β-Cre [69–71], periostin-Cre [72, 73], and FSP1-Cre [74] mouse
lines, which intent to target more specific subsets of myofibroblasts.
Whereas these Cre lines mostly target collagen-producing myofi-
broblasts in vivo, recombination has been detected in
non-fibroblastic cell types as well.

Underlying this cell specificity issue are fundamental questions
in myofibroblasts biology, the origin of myofibroblasts and myofi-
broblast heterogeneity. Given the multiple cellular sources of myo-
fibroblasts (see Reviews [75, 76]), manipulation of specific
progenitor population has been proposed as an alternative
approach to target distinct myofibroblast linages in tissue repair
and fibrosis. FoxD1-CreERT has been used to target a progenitor
cell population in the kidney that gives rise to specific α-SMA+
myofibroblasts during the development of kidney fibrosis
[77]. Similarly, the early embryonic transcription factor T-box
gene 4 (TBX4) has been shown to label progenitor mesenchymal
progenitors in the lungs; therefore TBX4-CreERT mice have been
used to target myofibroblasts in experimental models of lung
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fibrosis [78]. In addition, the Gli-CreERT mouse line has been used
to target cardiac myofibroblasts arising from perivascular progeni-
tors in the context of cardiac fibrosis [79]. Linage tracing studies
have shown that FoxD1, TBX4, and Gli target myofibroblasts
derived from different origins in multiple organs [60]. Myofibro-
blast heterogeneity is also associated with functional diversity,
which may reflect not only distinct myofibroblast lineages but also
different activates states. In this regard, two dermal fibroblast
populations derived from the same embryonic progenitor have
been shown to exert distinct function during tissue repair and
fibrosis [80, 81]. Noteworthy, the engrailed-1-Cre line has been
shown to specifically label fibrogenic myofibroblasts in the context
of skin scarring [82], indicating that targeting myofibroblasts based
on their functional selectivity could be a feasible approach. This
approach has been also pursued in mouse models of liver fibrosis,
where hepatic stellate cells represent a unique tissue-specific myofi-
broblast population due to their retinoid storage. This characteris-
tic has led to the development of lecithin-retinol acyltransferase
(Lrat)-Cre line, which targets over 90% of α-SMA+ myofibroblasts

Table 2
Mouse Cre lines to study myofibroblast functions in vivo

Cre Mouse Line Expression in Cell Types Organs References

α-SMA-Cre,
α-SMA-CreERT

Myofibroblasts, smooth muscle cells,
pericytes

Lung, skin, kidney, liver,
heart

[61, 66,
106, 107]

Col1a1-Cre, Col1a2-
Cre, Col1a2-CreERT

Myofibroblasts, fibroblasts, hepatic
stellate cells, osteoblasts

Lung, skin, kidney, liver,
heart, peritoneum

[62, 63, 65,
108–111]

PDGFRα-Cre,
PDGFRα-CreERT

Myofibroblasts, fibroblasts, glia Lung, liver, heart, skin,
brain

[67, 68,
112, 113]

PDGFRβ-Cre,
PDGFRβ-CreERT

Myofibroblasts, pericytes, endothelial
cells, adipocytes

Kidney, liver, skin,
lung, heart

[70, 71,
114]

Periostin-Cre,
Periostin-CreERT

Myofibroblasts, fibroblasts Heart [72, 73]

FSP1-Cre Myofibroblasts, fibroblasts,
macrophages

Lung, kidney, liver, heart [115–118]

FoxD1-Cre, FoxD1-
CreERT

Embryonic renal cells
Adult myofibroblasts, pericytes

Kidney,
lung

[77, 119]

TBX4-Cre Embryonic lung mesenchymal
myofibroblasts, pericytes

Lung [78]

Gli-CreERT Myofibroblasts, pericytes, smooth
muscle cells, neural stem cells

Kidney, lung, liver, heart [79, 120,
121]

Engrailed-1-Cre Myofibroblasts Skin [81]

Lrat-Cre Myofibroblasts Liver [83]
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during the development of liver fibrosis [83]. More recently, novel
single-cell analysis studies have revealed molecularly distinct (myo)-
fibroblast subpopulations in fibrotic tissues [84–94], which may
have different functions during the development and progression
of tissue fibrosis. Whether these subsets represent unique myofi-
broblast subsets or different transient activation states remains to be
elucidated. The development of novel Cre lines targeting specific
myofibroblast subsets will help advance our understanding around
myofibroblast heterogeneity and their functions in tissue repair and
fibrotic disease. The abovementioned genetic tools in combination
with established experimental models of tissue repair and fibrosis
described in this chapter have also led to establishing preclinical
proof of concept of potential targets for anti-fibrotic therapy, which
are typically validated using ex vivo models of fibrotic diseases such
as human precision cut tissue slices or human Organ-on-a-Chip.
Some of these human and murine models are introduced and
described in the upcoming contributions to this chapter.
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Chapter 21

Mouse Models of Lung Fibrosis
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Abstract

The drug discovery pipeline, from discovery of therapeutic targets through preclinical and clinical develop-
ment phases, to an approved product by health authorities, is a time-consuming and costly process, where a
lead candidates’ success at reaching the final stage is rare. Although the time from discovery to final approval
has been reduced over the last decade, there is still potential to further optimize and streamline the
evaluation process of each candidate as it moves through the different development phases. In this book
chapter, we describe our preclinical strategies and overall decision-making process designed to evaluate the
tolerability and efficacy of therapeutic candidates suitable for patients diagnosed with fibrotic lung disease.
We also describe the benefits of conducting preliminary discovery trials, to aid in the selection of suitable
primary and secondary outcomes to be further evaluated and assessed in subsequent internal and external
validation studies. We outline all relevant research methodologies and protocols routinely performed by our
research group and hope that these strategies and protocols will be a useful guide for biomedical and
translational researchers aiming to develop safe and beneficial therapies for patients with fibrotic lung
disease.

Key words Pulmonary fibrosis, Experimental models of pulmonary fibrosis, Target engagement,
Lung, Cytokines, Collagen deposition, Smooth muscle actin, Myofibroblast, Primary/secondary
endpoints, Antifibrotic agents, Bleomycin

1 Introduction

The drug discovery and development pipelines are a crucial part of
medicine and healthcare. The pharmaceutical industry has identi-
fied and implemented many steps and milestones that need to be
successfully passed throughout the path toward the final approval of
a novel medication [1]. The process usually starts with observa-
tional studies examining biological mechanisms of the disease,
including its origin, development, resolution, or progression of
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the condition. Although the events that encompasses the cellular
and molecular underpinnings of the disease and its resolution may
be observed in this type of study, their exact nature may only be
predicted, not tested. Hypothesized mechanisms may then be
tested with specific interventional studies, and lead to improved
understanding of the disease. Once a putative target, cell or molec-
ular pathway is identified, that is believed to play a key role in the
pathogenesis or progressive nature of the disease, the drug devel-
opment pipeline starts [1–4] (Fig. 1). This process is often initiated
by in silico or physical screening processes aimed at identifying lead
compounds that have achieved a desired activity at the target site,
and that can progress to the preclinical and clinical phases of the
pipeline [2, 4]. Due to the significant time in development, high
costs, and failure rates in the conventional drug development pro-
cess, compound screens have evolved to also include health agency
approved drugs with known toxicity and safety profiles [5, 6]. The

Fig. 1 Drug discovery and development pipeline. Promising drug candidates must pass through three key
developmental phases of the pipeline before approval: (1) target and drug candidate identification: observa-
tional studies examining the molecular and cellular mechanisms of the disease of interest (A) will identify
relevant targets (B) and drug candidates (C) that will initiate the pipeline; (2) preclinical development: in vivo
studies will be conducted on appropriate experimental models that replicate human disease phenotype (A) and
express the target of the interest (B), to ultimately test preclinical efficacy of the lead candidate by measuring
clinically relevant outcomes (C); (3) clinical development and therapy: a lead candidate that has passed the
preclinical stages and demonstrated preclinical efficacy must be clinically validated before being approved as
a therapeutic product
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preclinical stage involves proof-of-principle studies aimed to dem-
onstrate safety, target engagement and therapeutic modulation that
results in the amelioration of experimental disease-like outcomes
[7–9]. Although both in vitro and in vivo models can be utilized to
investigate target modulation and engagement, in vivo models are
required for the validation of in situ target engagement within a live
host organism and therapeutic efficacy in meaningful models of
human disease [9]. In this book chapter, we describe current con-
siderations and strategies to investigate the effect of therapeutic
candidates in experimental models of pulmonary fibrosis. We will
focus on the following: (1) selection of experimental rodent models
that express the target(s) of interest; (2) selection of route of
administration, dose and frequency; (3) selection of control groups
and control treatments, statistical and species sex considerations;
(4) analyzing a discovery cohort and selection of primary and
secondary outcomes; and (5) design and execution of validation
experiments. We have chosen to describe in detail the methodology
of the well-known and widely used bleomycin model of pulmonary
fibrosis. We believe that the overall principles and strategies out-
lined within this chapter, with slight modifications, can be relatively
easily translated to investigate therapeutic efficacy in other experi-
mental models of pulmonary fibrosis.

1.1 Selection

of Experimental

Rodent Models That

Express The

Target(s) of Interest

To successfully assess target validity and preclinical efficacy of any
drug candidate, the first and most important consideration is the
selection of the most appropriate experimental model system
[10, 11]. To be labeled as a clinically relevant model for therapeutic
efficacy studies, the experimental model would ideally need to
replicate key elements of the human disease phenotype and express
a clinically relevant target molecule or molecular pathway that a
lead candidate intends to modulate [1, 12]. To date, many experi-
mental models of pulmonary fibrosis have been reported, including
bleomycin model, fluorescein isothiocyanate (FITC), irradiation,
silica, overexpression of viral vectors, humanized models, asbesto-
sis, age-dependent models, targeted type II alveolar epithelial cell
(AEC) injury models, and various other lung injury models
[10, 13–16]. Although no model on its own fully recapitulate
progressive pulmonary fibrosis observed in the clinical setting,
each of these models have been shown to share part of the fibrotic
features observed in patients and could be useful candidate models,
depending on the therapeutic target and pathway studied [10, 11,
15]. To achieve this, preliminary information about the temporal
expression level of target molecules in each model needs to be
available, as well as reasonable claims that the selected targets
could be critically involved in the fibrogenic process [4, 17–
19]. If the pathway or therapeutic target has not been formally
studied and reported within the model, a formal investigation
across model systems may be required to select the most suitable
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approach [15]. Ideally, standardized kinetic “multi-omic” datasets,
including gene arrays (bulk and single-cell RNA sequencing—
scRNAseq), proteomic, metabolomic, and lipidomic, would be
generated and accessible from each model, so that subsequent
bioinformatic assessments would help to select the appropriate
model systems [4, 15, 18, 20, 21]. In-house repositories can also
be developed, including the generation of tissue micro arrays
(TMA) containing several model systems on a single block, with
lungs extracted from multiple time-courses [15]. This is a relatively
low-cost tool that can be developed and used to rapidly screen
several model systems (depending on TMA design and available
models) at the protein or mRNA level to select the most appropri-
ate model [15]. In Subheading 3, we describe the methodology to
develop a screening TMA containing four distinct experimental
models of lung fibrosis, to allow for rapid evaluation of model
suitability.

1.2 Selection

of Route

of Administration,

Dose, and Frequency

The overall objective of therapeutic assessment trials in preclinical
experimental models is to demonstrate a beneficial effect of the
intervention. How do we ensure that our therapy reaches the
right area, at the right time, with the right amount and adequate
frequency? How do we make sure that the putative therapeutic
target is engaged, and modulated appropriately? These are some
of the pharmacodynamic questions that need to be carefully
assessed before preclinical trials are designed. For experimental
models of lung disease, most therapeutic options are formulated
for oral or inhaled delivery [22–24]. Animal inhaled aerosols are a
novel vehicle for the delivery of high concentrations of drugs into
the airways[25]. Recent advancements in flexiVent technology
allow for simultaneous lung function assessment and drug delivery.
Regardless of the chosen method, when a new therapy is to be
evaluated, we recommend that tolerability studies are conducted to
address the safety levels of the drug and to determine whether the
drug displays any short- or long-term toxic effects, followed by
pharmacokinetic (PK) and pharmacodynamic (PD) studies, to
address the kinetic profile of the drug [26, 27]. These experiments
can be performed on a reduced number of animals, and both in
naı̈ve animals as well as in the appropriate model systems. When
direct lung delivery is performed, we usually monitor animals for
acute (same day) or latent (up to one week) distress signs post-
administrations. Once a tolerable dose has been identified, PK and
PD assessments need to be established. This is preferably per-
formed in the model system where the drug will be evaluated as
the injured and fibrotic lung might have a different drug metabo-
lism and PK/PD capacities [24, 26, 28]. The timing of drug
intervention also needs careful consideration and has been subject
to extensive debates and review [16, 17, 29, 30]. Although many
preclinical trials administer therapeutic options in a prophylactic
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regimen, where the therapy is given prior or at the same time as the
agent inducing the disease, we have over the past decade seen a shift
in the timing, where more therapeutic modalities have been intro-
duced [11, 16, 30]. The latter is thought to better mimic the
clinical setting, where the diagnosis of fibrotic lung disease and
therapy are only given after diagnosis, and so far not to prevent
the onset of the disease [11, 16, 17, 30].

1.3 Selection

of Control Groups

and Control

Treatments, Statistical

and Species Sex

Considerations

Well-designed experimental trials benefit from the addition of treat-
ment groups containing already approved therapies (nintedanib or
pirfenidone) [10, 31, 32], and established benchmark candidates in
various experimental models of lung fibrosis [28, 32, 33]. Other
important considerations that need to be determined before the
start of the trial are the number of treatment groups required and
the appropriate group size, based on a priori power calculations
[11, 34]. As an example, we consider a case where an investigational
drug (X) is hypothesized to prevent the accumulation of myofibro-
blasts and subsequent pulmonary fibrosis (Fig. 2). In our hypothet-
ical example, X will be delivered as an inhaled formulation and
administered daily, with vehicle Y, at two concentrations to poten-
tially establish a dose-dependent effect. The control drug to include
(either nintedanib or pirfenidone) will be administered as per pre-
viously published studies, per os and with daily administrations
using appropriate (and likely different) vehicle formulations. Tak-
ing into consideration the research question outlined above, the
following additional questions should be addressed: How many
control groups do we need in this case? How many mice should
be included in each group? Which statistical tests should be used to
examine outcomes? Should we perform the experiment in both
male and females? Due to the significant costs of these trials,
often times one sex is used for initial assessments. To account for
sex influences, it is recommended to replicate experiments for the
interventional aims in the opposite sex [17]. Based on our hypo-
thetical example, a negative control group is required to establish
the baseline level in the parenchyma of naı̈ve mice (group 1). A
positive control group will be required to establish the maximal
amount of parenchymal fibrosis (group 2). Two potentially differ-
ent vehicle control groups are required, one with the inhaled vehi-
cle formulation (group 3) and one with oral vehicle formulation
(nintedanib/pirfenidone arm, group 4), to account for potential
effects of the formulations alone. Two treatment arms of the inves-
tigational, inhaled drug (X) may be required (group 5, 6) if a
potential dose-dependency is to be examined. The result of these
arms should be compared to the positive treatment arm (ninteda-
nib/pirfenidone, oral administration, group 7). In all, based on this
simple example, 7 investigational groups may be required. As
described in depth in Subheadings 1.4 and 1.5, establishing the
primary outcomes prior to the initiation of the study is essential as it
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Fig. 2 Therapeutic study design strategy for antifibrotic agent X. To investigate whether the lead candidate,
drug X, has antifibrotic properties, it must pass through several preclinical phases. To evaluate the efficacy of
Drug X, the formulation (A) is initially tested in a tolerability study (B) to address the safety levels of the drug.
When direct lung delivery is performed, animals are monitored for acute (same day) or latent (up to one week)
distress signs post-administration to determine if the drug displays any short- or long-term effects, respec-
tively. This is ideally tested in both naı̈ve and in the fibrotic model system. Once a safe and tolerable dose is
established, pharmacokinetic studies (PK) (C) are conducted to establish a kinetic profile of the drug. PK
studies are preferably performed in the model system where the drug will be evaluated as the injured and
fibrotic lung might have different drug metabolism and PK properties. PK studies for Drug X is usually
performed by administering the drug at various time-points (T1, T2, T3) and collecting samples, such as
plasma and lung, that are processed and analyzed for drug and relevant metabolites. If a favorable PK profile is
not achieved, the formulation and administration route may require further optimization (D). A favorable PK
profile will determine the selection of drug X dose(s) and frequency (E) and, after selection of established
primary and secondary outcomes (F), a discovery cohort can be designed and evaluated (G). Based on this
hypothetical example, a negative control group is required to establish the baseline level (group 1). A positive
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prevents the researcher from mining through the measured study
outcomes in search of a statistically significant effect, often referred
to as “p-hacking” [34, 35]. When having many primary outcomes,
it is difficult to perform power calculations for each readout as
standard deviations may vary between the different assessments
[36]. This will lead to the requirement of larger sample sizes to
conclude that an observed effect is a true effect [34, 36]. In general,
and as outlined in Fig. 2, we recommend that preclinical studies are
conducted in several phases, and that after careful tolerability and
PK evaluations, a smaller discovery cohort is designed and evalu-
ated. This discovery cohort could be performed with a minimum
sample size of five for all control and test groups, and that the data
generated from this study is used to refine the design, consolidate
the selected primary and secondary outcomes, and conduct appro-
priate power analysis calculations before a validation study is
initiated. Other important considerations include animals to be
randomly allocated to the treatment groups, where intervention
initiation and assessments follow, and to practice operator and data
analyst blindness before and during the study to deter experimental
and observer biases [34, 37]. If at times operator blindless cannot
occur, then analyst blindness with data uniquely coded is encour-
aged [34]. Sample and data elimination during the analysis process
should be strongly discouraged and only in the case of a validated
outlier test recommends the removal of select data points [38]. Fur-
thermore, biases and outlier handling can be better managed by
establishing solid inclusion and exclusion criteria during the
planning of the study and prior to the initiation of the treatments
[34, 38].

1.4 Analyzing

a Discovery Cohort

and Selection

of Primary

and Secondary

Outcomes

For preclinical studies in lung fibrosis, it is not unusual to assess a
multitude of outcomes. These outcomes can include the assessment
of pulmonary physiology, various biochemical assessments of lung
tissues, histological examinations, bronchoalveolar lavage fluid, or
blood-borne components [17] (Fig. 3). With recent advances of
"omics" technology, including, but not limited to, gene arrays,

�

Fig. 2 (continued) control group will be required to establish the level of fibrosis (group 2). Two potentially
different vehicle control groups may be required, one with the inhaled vehicle formulation (group 3) and one
with oral vehicle formulation (nintedanib/pirfenidone arm, group 4). Two treatment arms of the investigational,
inhaled drug (X) may be required (group 5, 6) if a potential dose-dependency is to be examined. The result of
these arms should be compared to the positive treatment arm (nintedanib/pirfenidone, oral administration,
group 7). The data generated and analyzed (H) from this study is used to refine the design (I), primary and
secondary outcomes and to conduct appropriate power analysis calculations (J) before an internal or external
validation study is initiated (K). Due to the lack of reproducibility often observed in the preclinical field, and to
improve translation to the clinical settings, we recommend sharing study designs and associated data with the
scientific community to allow for external assessments and further validations. If Drug X displayed preclinical
efficacy, it may facilitate the move toward clinical development (L)
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metabolomics, lipidomic and proteomic assessments on bulk or
single-cell suspensions, plasma or in bronchoalveolar lavage
(BAL) supernatant, single-cell RNAseq and multiplex strategies
on histology specimens, gives the possibility to measure an endless
number of variables [4, 19, 39]. Due to technological advances in
the past decades, whole-body animal imaging, such as miniaturized
X-ray and ultrasound, are being utilized more frequently to track
the effects of the drug candidates in live animals, providing clini-
cally relevant information and ultimately shortening the preclinical

Fig. 3 Processing and archiving of biological samples. (A) Lung function assessments using a flexiVent
mechanical respirator. (B) Blood is collected via the inferior vena cava and plasma isolated for potential protein
analysis. (C) BALF is collected and processed for cell differential assessments. (D) Middle and post-caval lobes
are snap-frozen for potential “omics” assessment. (E) Superior and inferior lobes are digested and single-cell
suspensions are frozen for later flow cytometry and potential scRNAseq processing and assessments. (F) Left
lung is fixed in formalin, embedded for TMA generation and downstream histological assessments (such as
α-Smooth Muscle Actin, Masson’s Trichrome, Picrosirius Red, and Hematoxylin and Eosin)
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phase of the pipeline [17, 40–42]. Depending on the target
engagement profile of the lead candidate and the research hypoth-
esis being addressed, one quantifiable primary endpoint may not be
sufficient to link preclinical to clinical readouts [8, 43]. For
instance, when testing lead antifibrotic candidates in experimental
models of lung fibrosis, certain studies have considered the quanti-
fication of collagen via hydroxyproline assessment as the primary
readout for disease severity and success of antifibrotic therapy
[17]. In other antifibrotic therapeutic trials, the combination of
multiple primary endpoints such as respiratory mechanics assess-
ment and histopathology has been used. A composite index has
been developed in other fibrotic systems [44] and is strongly war-
ranted for use in preclinical therapeutic interventions studies in
lung fibrosis. Overall, limiting the number of primary outcomes
will increase the robustness of the trial, allow for proper power-
calculations, decrease the number of animals required, and decrease
the chances of reporting false positive findings [36, 38, 45]. Sec-
ondary outcomes are additional variables that can be assessed and
support primary outcomes [43]. Frequently, exciting findings are
observed when analyzing secondary outcomes. For example, an
anti-fibrotic intervention is seen to also reduce the extent of inflam-
matory cell infiltration. It is important to recognize that as a
researcher increases the number of secondary outcome measure-
ments there will be a proportional increase in the number of false
positive observations. When this happens, there is obviously a
temptation to switch the aim of the study, to the new, exciting
data with strong statistical significance. While that is obviously an
error, it is likely that this occurs frequently and contributes to a
biased and false state of “knowledge.” However, analyzing second-
ary outcome is likely the source of exciting new hypotheses. What is
important, and this responsibility lies with the basic scientist, is that
exciting observations made on secondary outcomes need to be
confirmed with a brand new experiment or clearly declared as
secondary findings, in need of validation, when presented in the
final publication. To avoid this, we recommend here that discovery
experiments are used to analyze multiple outcomes and to formally
identify primary and secondary outcomes. Appropriate power cal-
culations can then be conducted before internal or external valida-
tion experiments are conducted, as discussed below.

1.5 Design

and Execution

of Validation

Experiments

Since 2004, based on recommendation made by the International
Committee of Medical Journal Editors (ICMJE), all clinical trials
must be registered online prior to enrolling the first trial partici-
pant. This achieves several aims, perhaps the most important of
which is the declaration of the primary outcome variable before the
data is analyzed. As mentioned above, this prevents authors from
selecting the outcome that best supports the pre-trial hypothesis,
and thereby markedly reduces bias and the extent to which knowl-
edge is influenced by chance, or false positive results
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[36, 46]. Currently, this same systematic oversight is not currently
applied to basic or preclinical research. A basic researcher is still free
to pick whichever outcome he/she chooses to include in the publi-
cation at the end of a research project. It is therefore the responsi-
bility of the researcher to ensure that the data presented, and the
conclusions drawn from that data, are the best attempt at repre-
senting the underlying truth, as opposed to the best attempt to
support the pre-study hypothesis. Therefore, it is recommended
that the primary outcomes (or pre-defined composite of multiple
outcomes) should be selected and appropriately powered prior to
the validation analysis, thereby imposing the same control that is
systematically imposed in clinical research. In addition, we recom-
mend validation studies to include both male and female groups
and to potentially focus on specific groups identified in the discov-
ery cohort and as shown in Fig. 2. Finally, validation studies exe-
cuted by external research groups increase the confidence that
“real” effects are seen, provided that shared protocols and meth-
odologies are available[46]. To this effect, we have here assembled
the different methodologies used in our research laboratory to
assess the effect of anti-fibrotic therapies, focusing on the
bleomycin-model of lung fibrosis.

2 Materials

2.1 Intratracheal

Administration

of Drugs

1. Biological safety cabinet (BSC).

2. Autoclave machine.

3. Anesthetic machine with an accompanying anesthetic chamber.

4. Gaseous isoflurane anesthetic.

5. Mouse scale.

6. Ear notcher.

7. 70% Ethanol.

8. Intratracheal intubation equipment: Intubation board, oto-
scope handle, operating otoscope that attaches to the handle,
mouse intubation specula that fits on the end of the operating
otoscope, 22G 1 inch Insyte IV catheter needle with the sharp
end of the needle blunted, 200μL extended length gel loading
pipette tips, blunt end forceps, and masking tape.

9. Bleomycin: Reconstitute bleomycin to a stock concentration of
1.6 units/mL by adding 9.38 mL of saline to a vial containing
15 units of bleomycin. Aliquot 500μL of bleomycin in 1.5 mL
Eppendorf tubes and store in�80 �C. On the day of bleomycin
instillation, dilute stock concentration to obtain the required
doses of either 0.04 or 0.05 or 0.06 units (U)/mouse of
bleomycin in a volume of 50μL sterile saline per mouse, and
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gently vortex. Keep on ice throughout the procedure (seeNote
1).

2.2 Endpoint

Measures: Respiratory

Mechanics

1. FlexiVent® mechanical respirator (flexiVent® SCIREQ, Mon-
treal, PQ, Canada).

2. Ketamine hydrochloride/xylazine anesthesia in mice: To pre-
pare a cocktail, in a sterile vial combine 0.75 mL (75 mg) of
ketamine (100 mg/mL concentration), 0.25 mL (5 mg) of
xylazine (20 mg/mL), and 4 mL of sterile water. For mouse,
recommended dose for ketamine is 80–100 mg/kg and for
xylazine is 10 mg/kg. Cocktail can be stored in a cool place
protected from light for a maximum of 1 month.

3. Mouse cannula.

4. 25G Needle.

5. 1 mL Syringe.

6. Heating blanket.

7. Straight forceps.

8. 70% Ethanol.

9. Micro forceps.

10. Rocuronium bromide (paralytic): To prepare a total volume of
500μL, sufficient for 10 mice [40μL per mouse (1:5 dilution)],
in a labeled 1.5 mL Eppendorf tube, add 400μL of sterile
phosphate-buffered saline (PBS) to a 100μL of rocuronium
(10 mg/mL) (extract using a 25-gauge (G) needle and a
1 mL syringe) and gently vortex. Prepare the working concen-
tration on the day of experiment. Paralytic is sufficient for one
day. Keep on ice throughout the procedure.

2.3 Endpoint

Measures: Blood

Collection for Plasma

Analysis

1. 1 mL Syringe.

2. Heparin.

3. 23G Needle.

4. K2EDTA vacutainer blood collection tube.

5. Ice box.

6. 200μL pipette.

2.4 Endpoint

Measures: BALF

Collection for Immune

Cell Differentials

1. Mouse cannula.

2. Phosphate-buffered saline (PBS): 137mMNaCl, 2.7 mMKCl,
8 mM Na2HPO4, and 2 mM KH2PO4. Adjust pH to 7.4.

3. 1 mL Syringe.

4. Hemocytometer.

5. Trypan blue 0.4%

6. Centrifuge.

7. 200μL Pipette.
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8. �80 �C.

9. Microscope slides.

10. Cytocentrifugation.

11. Wright-Giemsa stain kit.

2.5 Endpoint

Measures: Lung

Processing

for Histopathology,

Flow Cytometry,

and Single-Cell RNA

Sequencing

1. Surgical sutures.

2. Digestion Media: To a complete Roswell Park Memorial Insti-
tute (RPMI) media containing 10% fetal bovine serum (FBS),
1% L-glutamine, and 1% penicillin streptomycin (pen-strep),
add the following: 50 U/mL deoxyribonuclease I from bovine
pancreas (DNase I), and 300 U/mL collagenase type I.

3. Cell shaker.

4. Syringe plunger.

5. 40μm Cell strainer.

6. 50 mL Falcon tube.

7. RMPI media: 10% FBS, 1% L-glutamine, and 1% pen/strep.

8. Hemocytometer.

9. Centrifuge.

10. Fluorescence activated cell sorting (FACS) buffer: 0.5% bovine
serum albumin (BSA) in PBS.

11. Freezing Media: Consists of 50% of complete RPMI media
(10% FBS, 1% L-glutamine, and 1% pen-strep), 40% of FBS,
and 10% of dimethyl sulfoxide (DMSO).

12. Cryovials.

13. Freezing materials: cold ice, dry ice, 1 large supply of liquid
nitrogen, and freezing containers.

14. –80 �C Freezer.

15. 10% Formalin.

16. 70% Ethanol.

17. Histology cassettes.

18. Paraffin wax.

19. TMA.

20. Bond RX (Leica).

21. Lung crushing equipment for snap-frozen lung processing and
assessment: Metal chamber (to localize the sample), piston
(cylindrical metal piece to crush the sample, placed in metal
chamber), wooden block, hammer, several metal spatulas,
1 Styrofoam container for freezing equipment and instru-
ments, 1 Styrofoam container containing dry ice, 14 mL poly-
propylene tubes, tin foil, and a balance.

22. Lung homogenization equipment for snap-frozen lung proces-
sing and assessment: Mechanical homogenizer, a beaker, and
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1 50 mL falcon tube of 70% ethanol, and 1 50 mL falcon tube
of distilled water.

23. Radioimmunoprecipitation assay (RIPA) buffer containing
protease inhibitor (see Note 2): To prepare 100 mL of RIPA
buffer stock solution, in a sterile glass bottle combine 93 mL of
PBS (1�), 1 mL of octylphenoxypolyethoxyethanol (IGEPAL
CA-630) (100%), 5 mL of Na-deoxycholate (10%), and 1 mL
of sodium dodecyl sulfate (SDS) (10%). To prepare inhibitor,
per 1 mL of RIPA buffer, add: 5μL Na3VO4 (200 mM), 30μL
aprotinin, 5μL phenylmethylsulfonyl fluoride (PMSF)
(20 mg/mL), and 1μL of 1,4-Dithiothreitol (DTT) (1 M).

24. 1.5 mL Eppendorf tubes.

25. RNA assessments reagents/equipment: Nucleospin RNA Plus
Isolation Kit, NanoDrop spectrophotometer, Bioanalyzer,
NanoString, and RNA sequencing technologies.

26. Reagents and equipment for collagen quantification assess-
ment: Sircol™ Soluble collagen assay, Hydroxyproline assay,
and a microplate reader.

2.6 Analysis

of Homogenized

Tissue Samples

1. Histology cassettes.

2. Hot paraffin wax.

3. TMA coring tools.

4. Small oven (research only).

5. 4 �C Refrigerator.

6. Microscope slide digitizer and scanner.

2.7 Quantification

Using

Digitalized TMAs

1. Picrosirius red (PSR) stain kit.

2. Masson’s trichrome stain kit.

3. Hematoxylin and Eosin (H&E) stain kit.

4. Alpha-smooth muscle actin (α-SMA) stain kit.

3 Methods

3.1 Intratracheal

Administration

of Drugs

Intratracheal intubation is a simple and reliable method of instilling
drugs into mouse lungs [47]. This procedure involves putting mice
under inhalable anesthesia, visualizing the trachea through the
opening of vocal cords, inserting a catheter through the tracheal
opening, and delivering drug in a syringe through the catheter
[48]. Once a researcher has some experience with this method, it
can be carried out with little damage to the soft tissues of the upper
respiratory tract [47, 48]. Evaluating the presence of a fibrotic
response brought about by intratracheal intubation of bleomycin
shows all lobes to be affected, referring to even dispersal of drug
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into the lungs when procedure is done proficiently [47]. In this
chapter, we describe how pulmonary fibrosis is induced in
8-12-week-old female C57BL/6J mice (Jackson Laboratories) by
a single intratracheal instillation of bleomycin. Mice are anesthe-
tized with gaseous isoflurane anesthesia prior to the procedure. The
step-by-step procedure is outlined below:

1. After preparing the BSC (see Note 3), anesthetize mice with
isoflurane using the anesthetic machine. Turn the oxygen to
1.5 L/min and isoflurane setting to 5%. Place the mouse
(or mice) into the anesthetic chamber.

2. Ensure that the intubation board is set up at an angle of 60�

relative to the working area (BSC counter), often referred to as
a semi-suspended dorsal recumbency position [49].

3. When the mouse is deeply anesthetized (breathing rate is
around one inhalation every two or 3 s), hang it on the intuba-
tion board by its teeth (upper incisors). Place a strip of masking
tape over the mouse’s ribcage to hold the chest in a position
that ensures the airways are easily detected when looking inside
with the otoscope.

4. Use the forceps to gently pull the mouse’s tongue to the side of
the mouth (see Note 4).

5. Turn on the otoscope and insert the assembled otoscope (see
Note 5) into the mouse’s mouth, looking for the vocal cords.
They will appear as flaps of muscle that are opening and closing
relative to the respiratory rate. If they cannot be seen, then the
specula may have gone down too far, pull back and reinsert.

6. When the vocal cords can be seen, insert the syringe-catheter
(see Note 6) ensemble through the vocal cord opening. Once
through, hold the syringe steady and place the otoscope on the
bench. Remove the needle and syringe from the catheter,
leaving only the catheter in place.

7. To confirm the catheter is in the trachea, take the 200μL
pipette containing water and air (see Note 7) and hold its
pipette tip securely inside the catheter to form a tight seal. If
the catheter is in the trachea, the water in the pipette tip will be
drawn up and down by the mouse’s breathing. Place this
pipette back on the bench. If there is no movement of water,
remove the catheter and start again. Proceed to step 10 if you
are confident the catheter is in the trachea.

8. While holding the catheter steady, take the 200μL pipette
containing bleomycin (see Note 8) and hold its pipette tip
securely inside the catheter to form a tight seal. The breathing
of the mouse will draw the fluid into its airways. As this hap-
pens, gently push down on the pipette plunger to prevent fluid
from coming back up the tip (see Note 9).
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9. When all the fluid has been inhaled, hold the catheter in the
trachea and place the blunt-ended needle into the catheter.
This will expel any fluid remaining in the catheter.

10. Remove the catheter from the mouse. Remove the mouse from
the intubation board. Place the mouse in the cage on its back in
an upright position using the bedding to elevate its head; this
will prevent suffocation. This also helps to prevent any fluid
from draining from the lungs.

11. Monitor the mouse until it is conscious and has a normal
respiration rate and activity level.

3.2 Endpoint

Measures: Respiratory

Mechanics

Lung function assessments are conducted using a flexiVent®

mechanical respirator. FlexiVent® enables the measurement of
lung compliance, or its inverse, lung elastance, which is a functional
parameter derived from the pressure-driven pressure–volume
loops. Instructions on flexiVent® procedures are previously
described [50] and provided below:

1. Fully anesthetize mice via an intraperitoneal (i.p.) injection of a
ketamine hydrochloride and xylazine cocktail at a dose of
0.06–0.07 mL/10 g of body weight using a 25G needle and
1 mL syringe (see Notes 10 and 11).

2. Place mouse on a heating blanket set on low to maintain body
temperature.

3. Pinch the toes with straight forceps to verify that the subject
has no reflexes.

4. Spray mouse with 70% ethanol solution.

5. Perform tracheal cannulation according to the following steps
6–11:

6. Using sterile surgical scissors and straight forceps, make a small
incision of the skin in the throat area and cut laterally to expose
a section of the anterior side of the neck.

7. Gently separate the submaxillary glands, separate muscle layer
and any adhesive tissue, and remove the skin around the tra-
cheal area to expose the trachea (see Note 12).

8. Gently slide sterile curved micro-forceps underneath the
trachea.

9. Make a small incision at the top of the trachea, below the
cricoid cartilage between two rings of cartilage.

10. Insert a 18G cannula into the incision and push the cannula
into the trachea past 3–5 tracheal rings.

11. Place a surgical suture over the cannula and tie two knots
over it.
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12. Connect the mouse to the mechanical ventilator controlled by
the SCIREQ software (FlexiWare 7.6.6) (see Note 13) and
start ventilation.

13. To paralyze subjects and inhibit respiratory effort, administer
rocuronium bromide (see Note 14) (10 mg/mL) at a dose of
4 mg/kg i.p. (40μL per mouse) using a 25G needle connected
to a 1 mL syringe.

14. Ventilate subject for 10–30 s and then hyperinflate the lung to
total lung capacity in order to attain standardized baseline
conditions [51].

15. Start the flexiVent® script and the lung perturbations as previ-
ously described [50]. Mice are ventilated with 10 mL/kg of air
at a rate of 150 breaths per min in between forced oscillation
waveforms maneuvers. The changes in flow, volume, and pres-
sure within the airways are recorded and the raw data is fit to
the single-compartment model to assess lung elastance resis-
tance, and the pressure-volume loop Salazar Knowles equation
to assess quasi-static elastance [51].

3.3 Endpoint

Measures: Blood

Collection for Plasma

Analysis

Following flexiVent® assessments, 0.5–1 mL of blood can be
obtained from mouse inferior vena cava as follows:

1. Load heparin (or another appropriate anticoagulant) into 1 mL
syringe to coat the surface.

2. Lift the abdomen skin and cut laterally from mouse pelvis/
prepuce to the xiphoid.

3. Gently move the intestines to the left side of the mouse to
expose the inferior vena cava.

4. Gently insert a 23G needle attached to the 1 mL heparinized
syringe into the inferior vena cava and slowly withdraw the
blood.

5. Place extracted blood in a K2EDTA vacutainer blood collec-
tion tubes and immediately store on ice until later processing
and plasma collection.

6. To collect plasma, spin blood at 1500 g for 10 mins at 4 �C.

7. Draw plasma from each tube using a 200μL pipette (see Note
15).

8. Store plasma at �80 �C in sterile cryovials for downstream
assessments (see Note 16).

3.4 Endpoint

Measures: BALF

Collection for Immune

Cell Differentials

Following blood collection, BALF can be harvested for immune
cell differentials as follows:

1. Puncture and cut away diaphragm to stop breathing of mouse.

2. Open the thoracic cavity of the mouse.
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3. As described in detail in Subheading 3.2, insert a cannula in the
incision made on top of the trachea.

4. Inject 600μL of PBS into the lungs using a 1 mL syringe via the
cannula for a first wash.

5. Briefly massage the lungs to wash out lung infiltrate cells and
then extract PBS through negative pressure using the same
1 mL syringe.

6. Place the recovered lavage fluid (~400–500μL) in a 1.5 mL
Eppendorf tube.

7. Inject 400μL of PBS into the lungs using a 1 mL syringe via the
cannula for a second wash.

8. Repeat steps 4 and 5 above.

9. Following BALF collection, place the tubes immediately on ice
until later processing.

10. Perform total cell count using a hemocytometer from an ali-
quot of 20μL from each sample and add trypan blue stain 0.4%
to these tubes to test for cellular viability.

11. Centrifuge each Eppendorf tube at 400 � g for 8 mins at 4 �C.

12. Draw supernatant from each tube using a 200μL pipette and
store it at �80 �C in sterile cryovials for downstream assess-
ments (see Note 17).

13. Suspend the cell pellet in 300–600μL (depending on cell den-
sity of each sample) of sterile cold PBS.

14. Use 120μL aliquot to cytospin onto a microscope slide.

15. Prepare smears by cytocentrifugation at a speed of 22 g for
3 min.

16. Stain the developed cytospin slides with Wright–Giemsa stain
according to the manufacturer’s protocol.

17. Conduct differential cell count in BALF under 40�magnifica-
tion using a microscope. A sample size of 200 is chosen and
morphological characteristics are assessed to identify the differ-
ent cell types in the lung BALF (see Note 18).

18. Present each cell type as total numbers, based on the
corresponding total cell count calculated from each sample.
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3.5 Lung Processing

for Histopathology,

Flow Cytometry,

and Single-Cell RNA

Sequencing

3.5.1 Processing

of the Right Superior

and Inferior Lobes for Flow

Cytometry or scRNAseq

Assessment

1. Following collection of the BALF, heart and lungs are discon-
nected from mouse carcass and the four lobes of the right lung
are separated from the left lung by tying them up with a surgical
suture and excising them. The lung lobes are separated and
processed as described below (see Notes 19 and 20).

2. Mince the superior and inferior lobes into small pieces, imme-
diately place them into 5 mL of digestion media (refer to
Subheading 2.5).

3. Keep lobes on a cell shaker at 37 �C for 1–2 h.

4. Subsequently, using a sterile syringe plunger, crush the
digested lobes and push them through a 40μm cell strainer
placed on a 50 mL falcon tube (see Note 21).

5. Centrifuge cells drained through filters at 400 � g for 5 min at
4 �C.

6. Decant supernatant and suspend pellets in 10 mL of complete
RPMI medium (10% FBS, 1% L-glutamine, and 1% pen/strep)
or PBS.

7. Perform cell count using a hemocytometer from an aliquot of
20μL from each sample and add trypan blue stain 0.4% to these
tubes to test for cellular viability.

8. Centrifuge cells at 350 � g for 5 min at 4 �C.

9. Decant supernatant and resuspend pellets in cell staining FACS
buffer (refer to Subheading 2.5) or PBS (see Note 22) at a
concentration of 40 � 106 cells/mL to be stained for flow
cytometry assessment of different cell markers.

10. Freeze remaining cells in freezing media (refer to Subheading
2.5) and place samples into cryovials (1 mL of freezing
medium per each sample) (see Note 23).

11. Immediately, place cryovials into cold freezing containers and
store containers at �80 �C for 24–48 h.

12. After 24–48 h, transfer frozen lung cells from�80 �C to liquid
nitrogen for later flow or scRNAseq processing and analysis.

3.5.2 Processing

of the Right Middle

and Post-Caval Lung Lobes

for RNA Analysis

1. Immediately snap-freeze the middle and post-caval lobes in
liquid nitrogen.

2. Store the lobes at –80 �C for further protein and RNA analysis.

3.5.3 Processing

of the Left Lung Lobe

for Histology

1. Inflate the left lung with 10% formalin at a 30 cm H2O of
pressure for 3–5 min.

2. Submerge the left lung into 15 mL falcon tube filled with 10%
formalin and fix them for 24 h before transferring them to 70%
ethanol.
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3. Later, cut each left lung (2 tissues per lung) and place them into
histology cassettes.

4. Process and embed all tissue-containing cassettes in
paraffin wax.

5. Generate a tissue microarray (TMA) as described in Subhead-
ing 3.7.

6. Following the development of a TMA containing mouse lung
tissues, cut and stain with a Bond RX (Leica), as described
previously [51, 52].

3.5.4 Crushing

of Snap-Frozen Lung

and Homogenization

for RNA and Protein

Assessment

1. Snap-frozen right middle and post-caval lungs can be retrieved
from �80 �C and processed for further RNA and protein
assessments. Processing and assessment protocols are as
follows:

2. Prepare two sets of 14 mL polypropylene tubes labeled with
animal identification numbers (see Note 24).

3. Add 1 mL each of RIPA buffer (refer to Subheading 2.4) into
one set of tubes only.

4. Take and record weights of all tubes using a balance.

5. Place the snap-frozen lungs (removed from�80 �C freezer and
stored in tin foil) in liquid nitrogen (see Note 25).

6. Freeze equipment (metal chamber, piston, and spatulas) by
placing them in a Styrofoam container filled with liquid nitro-
gen (see Note 26).

7. Remove frozen metal chamber from Styrofoam container and
place on wooden block. Add small amount of liquid nitrogen
to frozen metal chamber.

8. Remove frozen tissue sample from tin foil and take the weight
using a balance.

9. Place tissue in frozen metal chamber and slide piston into
chamber on top of tissue (see Note 27).

10. Hammer the top of the piston approximately 10 times until
lungs have been crushed into a fine powder.

11. Remove the piston and scrape any powder left on piston sur-
face into the metal chamber using a frozen spatula (see Note
28).

12. Use spatula to stir and scrape tissue powder to ensure adequate
mixing.

13. Quickly invert metal chamber onto a piece of clean tin foil to
remove the tissue. Hammer the bottom of the metal chamber
approximately 10–15 times to remove all powder (see Note
29).
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14. Transfer the tin foil containing the powder to dry ice. Using
frozen spatula, remove one scoop of powder and place into
corresponding RIPA containing tube. Store tube on dry ice.

15. Place remaining powder in the respective empty 14 mL tube
(for RNA analysis). Store the tube on dry ice (see Note 30).

16. Take weights of tubes now containing powder and subtract
prior tube weights without tissue (taken in step 3) to deter-
mine the respective tissue weights (see Note 31).

17. Store all tubes at �80 �C.

18. For lung homogenization (seeNote 32), place all tissue sample
tubes on wet ice and let thaw.

19. After assembling the homogenizer, clean the metal cylindrical
wand by dipping it into a 50 mL falcon tube of 70% ethanol
and letting the homogenizer run for 10 s. Repeat this with
distilled water and then wipe the wand dry.

20. Place the first tube containing tissue powder and RIPA buffer
in a beaker containing ice and insert the metal wand of the
homogenizer into the tube. Homogenize the sample for 10 s,
followed by a 10 s pause, and another 10 s of homogenization.
Remove the tube from the beaker and place on ice (see Note
33).

21. Clean the homogenizer with 70% ethanol and distilled water as
described in step 19.

22. Centrifuge samples at 1500 rpm for 8 min.

23. Collect supernatant and store in 1.5 mL Eppendorf tubes.

24. Resuspend the pellet in PBS and store in 1.5 mL Eppendorf
tubes.

25. Store the supernatant and pellet tubes at �80 �C.

3.6 Analysis

of Homogenized

Tissue Samples

3.6.1 RNA Extraction

If desired, powdered lung tissue stored at -80�C as described in
Subheading 3.2.7 can be processed to extract RNA for downstream
analysis.

1. Isolate RNA using a commercially available spin column RNA
kit, according to the manufacturer’s instructions.

2. With 1–2μL of isolated RNA use the Nanodrop spectropho-
tometer to determine the RNA concentration in each sample.

3. Examine RNA integrity and quality using Bioanalyzer.

4. Submit RNA samples to a core facility for gene expression
analysis, NanoString Technologies, or bulk RNA sequencing.

3.6.2 Collagen

Assessment

1. To quantify the levels of soluble collagen in the supernatant
from the RIPA-homogenized lung tissues, the Sircol™ soluble
collagen assay can be utilized. Perform the assay using
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supernatants from lung homogenates, according to the manu-
facturer’s protocol. Read absorbance using a microplate reader
at a wavelength of 555 nm and determine the test sample
collagen concentrations from the standard curve. Results are
expressed as μg soluble collagen/mL solution.

2. To quantify the levels of insoluble collagen in the pellet from
the RIPA-homogenized lung tissues, the colorimetric hydroxy-
proline assay can be utilized: Perform the assay as previously
described [53] by reading absorbance using a microplate reader
at a wavelength of 550 nm and determining the test sample
collagen concentrations from standard curve. Results are
expressed as μg hydroxyproline/ml solution.

3.7 Histology Tissue

Microarray (TMA)

Production

and Digitization

3.7.1 Creation of a TMA

Assessing all formalin-fixed paraffin-embedded murine tissues on
an individual basis is time consuming and can be quite costly.
Extracting these tissues from each individual paraffin block and
consolidating them into a single paraffin block provides the ability
to analyze whole lung slices for all experimental mice in a single
paraffin slice, as illustrated previously [15]. Creating a tissue micro-
array requires planning and knowledge of the precise location(s) the
core(s) should be extracted. In this case, by using a puncher with a
sufficiently large diameter size (1.5–2.0 mm), 1–2 cores are enough
to extract the entirety of the mouse lung. Thus, deciding on a
location for punching is not required as most of the tissue is
included.

1. Organize all formalin-fixed paraffin-embedded tissue blocks
from which cores will be extracted, ensuring each one has a
meaningful block identifier (see Note 34).

2. Determine the limiting factor: what aspect of the TMAmust or
must not take place, such as the minimum core diameter not
being less than 1.5 mm or ensuring that all animal tissues are
present on a single TMA (as opposed to being spread out over
2 or 3 TMAs).

3. Design TMA layout(s) with limiting factor(s) in mind (seeNote
35).

4. Prepare the paraffin receiving block as this is what will become
the TMA: Fill a 37 mm � 24 mm block mold with hot paraffin
wax to a depth of approximately 8 mm and place an empty
tissue cassette face down and remove the fresh receiving block
from mold once paraffin has solidified.

5. Drill out the designated number of holes into the receiving
block with the desired diameter drill bit at a depth of approxi-
mately 7 mm according to the TMA layout design.

6. Once drilling is complete, remove excess wax filings by invert-
ing drilled receiving block upside-down and tapping the
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underside of the cassette lightly causing the filings to fall out of
the drilled holes.

7. If specific areas of the specimen are required, ensure that these
locations are chosen and identified ahead of time to allow for an
accurate and smooth extraction of tissue from the donor to the
recipient block (see Note 36).

8. With the receiving block drilled and all of the regions on the
donor tissue blocks identified, begin punching.

9. Punch a tissue core in each designated donor tissue block and
transfer these formalin-fixed paraffin-embedded cores into the
receiving block’s designated location, according to the TMA
layout design. Continue until all desired tissues have been
punched and all receiving block holes have been filled.

10. Once the receiving block (now a TMA) is full, place a new
microscope slide on top such that it covers all the tissue cores,
and invert the receiving block plus microscope slide such that
the TMA is lying flat on the microscope slide (see Note 37).

11. Set the oven to 45 �C.

12. Place the new TMA inverted on a microscope slide directly
onto one of the oven racks, and let it sit for 24 h. The gentle
heat will cause a very slight melting of the paraffin filling in the
gaps caused by the drilling and sealing the tissue cores into one
cohesive unit. The weight of the cassette will also press the
paraffin slightly, compacting the TMA.

13. Remove from the oven and place the TMA on the slide directly
into a 4 �C refrigerator for a few hours. The paraffin should be
hard to the touch.

14. Remove the TMA from the refrigerator. The microscope slide
will be stuck to the top of the TMA; pull it off and discard.

15. The top of the TMA will be uneven from the drying process.
Run the TMA through a microtome to smooth out the top, as
this will ensure each successive cut will contain tissue.

16. The TMA is now ready for slicing onto a microscope slide and
staining.

3.7.2 Tissue Array

Digitization

Viewing tissue slides utilizing a microscope is limited by experience
with a microscope, time of viewing, equipment availability and
inability to utilize for assessment. Digitizing these slides enables
easy viewing, without requiring experience with a microscope, on
any computer. This allows for more people to view the slide simul-
taneously, even remotely, and side-by-side comparison of stains.

1. Load desired slides into a slide digitizer (see Note 38).

2. Once the digitizer has gone through a quick low magnification
overview scan of the slide, select the region of the slide where
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the high magnification scan will take place, that being the tissue
of interest.

3. Different stains require also different imaging techniques (see
Note 39).

4. Once the scanning is complete, the slide has been digitized and
is ready for viewing and/or quantification.

3.8 Quantification

Using Digitized TMAs

With digitized tissues, image analyses can be performed to extract
further quantifiable and qualitative information. The power of
digital pathology made possible here is immense, however our
foci here are the number of cells within the tissue as defined by
nuclear staining, the proportion of cells that are positive for a
protein or mRNA transcript as defined by Immunohistochemistry
or ISH staining, respectively, and their proximity to previously
defined cells. There is also the quantification of protein area with

Fig. 4 Importing and contrast-correcting images in HALO®. (Top-Left) Tissue Microarray (TMA) stained with
Masson’s Trichrome, digitized and directly imported into HALO. (Top-Center) Pixel black input increased from
0 to 125 and white input decreased from 255 to 220. End result removes background and increases color
vividness. (Top-Right) Zoom in on one specific core to see mouse lung tissue in reddish-purple and collagen in
blue. (Bottom-Left) Same TMA serially sliced and stained with Picrosirius Red, digitized using polarized white
light and directly imported into HALO. (Bottom-Center) Pixel black input increased from 0 to 13 and white input
decreased from 255 to 15. End result removes background and increases whiteness. (Bottom-Right) Zoom in
on the same specific core to see mouse lung collagen in white and everything else in black
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respect to the total tissue area, such as with Picrosirius red or
Masson’s trichrome staining for the detection of collagen (Fig. 4).

1. Import the digitized tissue images into the tissue quantification
software.

2. Contrast correct the digitized images by adjusting the pixel
input black and white levels. Doing so will shift the balance of
color to increase the image contrast more accurately.

3. The colors should be more vibrant for H&E, IHC, immuno-
fluorescence, C-ISH, and FISH.

4. The white fluorescence should be brighter for Picrosirius
red-POL.

5. The background noise should be eliminated.

6. Recreate the design map within the quantification software, by
adding the rows and columns according to the TMA layout.

7. Assign each core useful information for quantification, such as
animal ID, group #, and potential drug treatment.

3.8.1 Protein and mRNA

Quantification from

Digitized TMAs

1. The algorithms used will require assigning a color for nuclei,
which can be done by selecting a range of nuclear pixels
on-screen and averaging those pixel colors, as well as colors
for the protein(s)/mRNA(s) for which the image is stained (see
Note 40).

2. Adjust the cellular parameters such that the nuclear size, shape,
contrast threshold, and minimum optical density properly
reflect the cells on-screen (see Note 41).

3. Adjust the protein/mRNA parameters such that the cellular
compartment and minimum positive threshold(s) properly
reflect the stain(s) on-screen.

4. The stain must present itself within the proximity of the cell for
the algorithm to consider that cell to be positive for the
selected protein/mRNA transcript (see Note 42).

5. The stain must also be of sufficient pixel intensity or minimum
optical density for it to be considered true staining (see Note
43).

6. Run the protein/mRNA quantification software over the
entire image for single tissue slides, or for TMAs, run it
through the TMA layout so that each core is analyzed individ-
ually, and results are assigned on a core-by-core basis instead of
treating the image as a single tissue.

7. Using the raw data (total cells, stain + cells, etc.), determine the
proportion of cells that are positive for your stain of interest
according to the experimental groups and perform statistical
analyses.
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3.8.2 Picrosirius Red

Quantification

1. The fluorescence area quantification algorithm used will
require assigning a fluorescence channel (POL-MONO) as
the selected dye (see Note 44).

2. Adjust the dye minimum intensity such that only the white
fluorescence of the collagen passes the positivity threshold (see
Note 45).

3. Annotate the tissue region to determine the total tissue area.

4. Run the fluorescence area quantification algorithm to deter-
mine the total POL-MONO area (see Note 46).

5. If desired, excise the major airways and blood vessels from the
lung by means of annotation and then run the algorithm again
(see Note 47).

6. Using the raw data (POL-MONO area, total area, etc.), deter-
mine the proportion of the lung that is composed of collagen
according to the experimental groups and perform statistical
analyses.

4 Notes

1. It is recommended to test the aliquoted vial prior to each use,
as the strength of drug and its response may vary depending on
the provider, lot/batch number, the mouse (strain, gender, and
age), and more. Subsequently, these tests will help determine
the proper dose.

2. Protease inhibitor should be made fresh on the day of the
experiment.

3. Ensure that the working area around the biological safety
cabinet (BSC) is sterilized and approved for animal work and
autoclave all materials listed in Subheading 2.1.

4. It is important to not pinch the tip of the animal’s tongue to
avoid injury.

5. Prior to use, attach the operating otoscope to the otoscope
handle, and then attach the specula to the operating otoscope.

6. Prior to injection, blunt the ends of several 22G, 1-inch insyte
IV catheter needles. Then, attach the 22G, 1-inch insyte IV
catheter/blunt ended needle to a 1 mL syringe.

7. Prior to the start of the experiment, adjust a 200μL pipette to
the 150μL setting and attach a standard-length pipette tip.
Then, draw 150μL of double-distilled water into the pipette
tip and leave a space at the end of the tip for a large volume of
air. Set aside until use.

8. Prior to the start of the experiment, adjust an extended length
gel loading pipette tip to a second 200μL and draw 50μL of
bleomycin into the pipette tip. Set aside until use.
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9. It is important the agent is inhaled and not forced into the
lungs. Forced fluid can come out the nose, potentially being
fatal.

10. If needed, top-up the anesthesia with 1/3 dose of
ketamine only.

11. With this ketamine/xylazine cocktail, animals will remain sur-
gically anesthetized for 20–30 min.

12. Carefully remove any fur and skin around the trachea, avoid
cutting the jugular veins, and ensure that there is no excess
blood in tracheal area as it is critical to not have blood entering
the airways.

13. Software will differ depending on the flexiVent® provider.

14. Refer to Subheading 2.2 to prepare a working concentration of
rocuronium bromide (1:5 dilution).

15. 0.5 mL—1.0 mL of blood results in a volume of approximately
200–500μL of plasma.

16. It is critical to aliquot the plasma (for example, in a volume of
50μL) and to avoid freeze-thaw cycles.

17. It is critical to aliquot the BALF supernatant and to avoid
freeze-thaw cycles.

18. The following morphological characteristics are assessed to
identify the different cell types in the lung BALF: Macrophages
are the largest of the white blood cells with large purple kidney-
shaped nucleus, abundant cytoplasm, and fine pink/purple
granules. Lymphocytes are slightly larger than red blood cells
(RBC), look like monocytes but with small spherical purple
nucleus and not much cytoplasm. Neutrophils contain multi-
lobed purple nuclei, cytoplasm contains purplish granules, and
are the smallest of granulocytes but bigger than RBC. Eosino-
phils are larger than neutrophils, contain two lobed purple
nuclei, and cytoplasm with pink granules. Bronchial epithelial
cells are ciliated and columnar with purple nucleus.

19. To avoid red blood cells contamination with cells of interest in
lungs, heart perfusion might be conducted. Perform heart
perfusion prior to BALF collection as follows: After opening
the thoracic cavity of the mouse, expose lungs and heart as
much as possible by removing surrounding tissues and rip cage.
Insert a 26G1/2 needle, connected to a 5 mL syringe that
contains sterile PBS, into the right ventricle of mouse heart.
Slowly inject 5 mL of PBS until lung color changes and turns
white.

20. Caution must be taken while performing heart perfusion as
lungs might be very fragile at specific timepoints. The fragility
of the lungs depends on the time of investigation and the
amount of injury. For instance, during inflammatory phase
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(seven days following bleomycin administration), perfusing
heart to remove blood might result in leakage in the lungs.

21. Immediately, place 50 mL falcon tube containing digested cells
on ice.

22. Resuspending pellets in FACS buffer or PBS depends on the
respective flow cytometry staining protocol.

23. To maximize total number of cells to be processed for flow
cytometry, it is recommended to stain fresh viable cells before
the freezing process. Following one freeze-thaw cycle, approx-
imately 50% of total number of viable frozen cells are lost.

24. One set of tubes containing RIPA buffer will be for protein
analysis, and the other empty set of tubes will be used for RNA
analysis.

25. It is always important to keep tissues frozen throughout the
entire procedure. Perform steps quickly when tissues are not in
liquid nitrogen or dry ice.

26. Freeze the inside of the metal chamber by adding, swirling, and
pouring out the liquid nitrogen.

27. Ensure that liquid nitrogen has evaporated from inside of
chamber prior to adding the piston.

28. It is important to keep returning the piston back into Styro-
foam freezing container.

29. Once sample is crushed and powder is transferred over onto a
tin foil, quickly return the metal chamber back into the Styro-
foam freezing container.

30. All tubes on dry ice should be transferred and stored in�80 �C
as soon as possible.

31. To ensure that tissue is being properly conserved, store the
tubes on dry ice when they are not being weighed.

32. This protocol should be performed in a fume hood.

33. All tissue powder must be dissolved in the RIPA buffer. Often,
longer than 10 s homogenization cycles, or extra homogeniza-
tion cycles, are required.

34. If multiple mice are present on a single block, include identi-
fiers for each separate mouse whose tissues are present in the
block.

35. In the case of an animal model TMA, it is likely more desirable
to have tissues from each animal be present within a single
TMA. Also, multiple TMAs can be made with this in mind
[15]: One TMA could have tissues from all animals present in a
single 2.0 mm core, allowing for larger field of views for visual
phenotyping. Another could have tissues from all animals
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present as 3 replicate 1.0 mm cores to allow for statistical
analyses as well as analyses set over multiple regions in a
single lung.

36. If regions must be determined by microscopic examination,
have digitized images of full tissue slices annotated to making
finding these locations during punching efficient.

37. This is done to ensure none of the cores accidentally slide out
of the TMA during the inversion process, as the paraffin has not
yet molded to the cores which will occur during the heating
process.

38. Provide a descriptive, searchable file name that can be distin-
guished from other slides that may have similar tissues and/or
stains.

39. For example, hematoxylin and eosin (H&E) slides should be
scanned using the 40� objective lens, as this magnification is
needed when pathologists need to determine cell types and
tissue phenotypes; Immunohistochemistry (IHC) slides
should be scanned using the 20� objective lens; less detail is
required as compared to the H&E slide, since labeled proteins
are very dark and spacious within or around cells, making them
easily viewable and quantifiable; In situ hybridization (ISH)
slides, both colorimetric and fluorescent, should be scanned
using the 40� objective lens, as labeled mRNA transcripts are
much smaller than labeled proteins.

40. For nuclear stains, the prevalent counterstains in the histology
performed leaves the nuclei with a blue color. For IHC stains,
such as α-smooth muscle actin, this is a deep brown color. Care
must be made so as not to select a color that is too dark, as
gray/black artifacts may be accidentally categorized as IHC
stain, when they should be excluded.

41. For example, based on the average volume of alveolar macro-
phages [54] and the average diameter of lung cell nuclei [55],
with the whole cell diameter being calculated from the volume
and the nuclear diameter being subtracted from that value, the
resultant diameter (and thus, radius) is found to be approxi-
mately 6.5μm.

42. Based the previous example and Note 41, we have defined the
radius of the cytoplasm to be 6.5μm surrounding the nucleus.

43. This is often done with the assistance of the resident patholo-
gists that have agreed to assist the laboratory with these
situations.

44. POL-MONO is the specific term used by Olympus to refer to
using the mono-color channel in conjunction with a polarizer
filter lens.
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45. Picrosirius Red staining enhances the natural birefringence of
collagen making it shine white under polarized fluorescent
light.

46. Under polarized fluorescent light, the image will only display
black and white; white is the total amount of collagen present
in the image, black is everything else.

47. By removing vasculature and airways, all the collagen present is
considered as being part of the parenchyma only.
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Chapter 22

Mouse Models of Kidney Fibrosis

Rafael Kramann and Sylvia Menzel

Abstract

Chronic kidney disease (CKD) affects over 10% of the worldwide population and kidney fibrosis is a main
driver of CKD and considered a therapeutic target. The mechanisms leading to kidney fibrosis are highly
complexed and can be best studied in rodent models. Here we describe the most commonly used kidney
fibrosis models in mice, the unilateral ureteral obstruction (UUO) model and the ischemia reperfusion
injury (IRI) model. Both models are easy to learn and can be applied in animals of different age, sex, and
strain.

Key words Unilateral ischemia reperfusion, IRI, UUO, Hydronephrosis, Mouse model

1 Introduction

Chronic kidney disease (CKD) affects more than 10% of the world-
wide population with an increasing prevalence. Kidney fibrosis is
the common final pathway of virtually all chronic progressive injury
to the kidney and a considered therapeutic target in CKD. Myofi-
broblasts are the effector cells that drive fibrosis but their cellular
origin is still controversially discussed and their mechanisms of
activation are complex and partly unclear [1, 2]. The mechanisms
that drive kidney fibrosis by activation and expansion of myofibro-
blasts are very difficult to model ex vivo and thus rodent models are
still the gold standard to study renal fibrosis in order to understand
disease mechanisms and to test potential therapeutics.

Currently, there is no specific treatment for kidney fibrosis
approved. Once CKD patients reach end-stage renal disease
(ESRD) they need to undergo dialysis or kidney transplant; how-
ever, the waiting times for kidney transplant are very long and
dialysis patients suffer from a very high morbidity and mortality.
Thus, reliable and replicable in vivo models for kidney fibrosis are
needed to study disease mechanisms, identify therapeutic targets
and validate potential therapeutics. Table 1 shows commonly used
models of kidney fibrosis in rodents.
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Here, we provide a guideline for the optimal use of two of the
most commonly used kidney fibrosis models in mice: the unilateral
ureteral obstruction (UUO) and the unilateral ischemia reperfu-
sion injury (IRI).

1.1 UUO Model In the UUO model, the ureter is ligated at one or two sites using a
suture. This leads to an obstruction of the kidney outflow-tract on
the ligated side so that the urine cannot drain anymore, causing
hydronephrosis with tubular dilation and injury followed by
immune cell infiltration and fibrosis. Mechanical stretching of
tubular epithelial cells leads to injury and death of the tubular
epithelium which is resulting in an inflammatory response with a
tremendous influx of immune cells. Various mechanisms lead then
to pericyte and fibroblast-to-myofibroblast differentiation and acti-
vation, driving the development and progression of kidney fibrosis
[4, 14].

1.1.1 UUO Advantages l Quick and reproducible model for renal fibrosis.

l Easy to learn.

Table 1
Different rodent models of kidney fibrosis [3]

Model Species Comments

Unilateral ureteral
Obstruction—UUO

Mouse,
rat

Fibrosis model, hydronephrosis, tubular dilation, interstitial
fibrosis, normal kidney function in contralateral kidney
thus no CKD

Ischemia reperfusion injury—
IRI (unilateral or bilateral)

Mouse,
rat

Primarily an acute kidney injury (AKI) model, can also be
utilized to study AKI to CKD development (bilateral),
tubular injury/repair depends on severity of injury (time
of artery clamping), strain and sex, normal kidney
function in contralateral kidney (unilateral model)

Aristolochic acid Mouse,
rat

Tubule injury, resembles Balkan nephropathy or Chinese
herb nephropathy in human, progressive tubulointerstitial
nephritis, CKD

Folic acid Mouse,
rat

Acute tubular damage with cast formation, followed by
tubulointerstitial fibrosis after 14 days, CKD

Adenine nephropathy Mouse,
rat

Crystal induced nephropathy Tubulointerstitial damage and
fibrosis, CKD, often heavy weight loss as animals avoid
eating

5/6 nephrectomy Mouse,
rat

Loss of functional tissue with hyperfiltration of the remnant
kidney glomerulosclerosis with hyperfiltration and
tubulointerstitial fibrosis, strain dependent elevation of
BUN and serum creatinine. High complication rates

DOCA salt with unilateral
nephrectomy

Mouse,
rat

Tubulointerstitial fibrosis, strain dependent, V57BL/6
resistant to kidney damage
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l Method can be applied in animals of different age, sex, and
strain.

l Internal control by contralateral kidney.

1.1.2 UUO Disadvantages l No loss of kidney function/CKD.

l Clinically UUO like diseases are very rare, e.g., obstruction due
to tumor or retroperitoneal fibrosis.

1.1.3 UUO Variations l Reversed UUO.

l Bilateral UUO (different timepoints, reversed vs. non-reversed).

1.2 IRI Model The IRI model is based on clamping the renal vascular pole for a
certain period of time (usually 25–45 min dependent on injury
severity and gender of mice), which ultimately results in diminished
oxygen supply to the kidney with hypoxic injury. During ischemia,
the removal of cellular waste products is also reduced. If blood
supply returns (unclamping), the tissue is resupplied with oxygen
and nutrients (reperfusion). Mismatch of oxygen supply and oxy-
gen demand as well as the accumulation of waste products lead to
inflammation and oxidative stress. In the kidney, tubular epithelial
cells are injured first resulting in de-differentiation and cell death.
Depending on the extent of tissue damage, tubular regeneration
occurs after injury but it is widely accepted that there is a path
forward from acute kidney injury (AKI) to CKD, as one episode of
AKI already increases the risk of future CKD [5]. After severe or
repetitive kidney injury, maladaptive tissue repair responses lead to
the development of tubulo-interstitial fibrosis and CKD (bilateral
model) [6, 7].

1.2.1 IRI Advantages l Model for acute kidney injury and renal fibrosis in chronic
kidney disease (bilateral model).

l Easy to learn.

l Method can be applied in animals of different age, sex, and
strain.

l Internal control by contralateral non-treated kidney (only if
unilateral model is applied).

l Mild model for long-term observation (one intact kidney).

l Severity of injury can be adjusted by changing ischemia
duration.

1.2.2 IRI Disadvantages l No loss of kidney function/CKD (unilateral model).

l High variability between males and females, so you will need
different groups if you want to include both sexes.

l In terms of fibrosis IRI causes initially tubular injury with repair
and fibrosis comes in at later stage only after severe injury. A
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good timepoint to measure fibrosis is 14–28 days after
severe IRI.

1.2.3 IRI Variations l Bilateral IRI: both kidneys are clamped at the same time. Cave:
extremely temperature/pressure sensitive (no injury vs. high
lethality). CKD develops and can be estimated using urine and
serum sampling [8].

l Unilateral IRI with contralateral nephrectomy: one kidney is
clamped, the other kidney is removed. Healthy kidney for con-
trol before treatment, etc., leads to CKD Cave: higher mortality
than in IRI without contralateral nephrectomy [9].

l Very rare: cold ischemia-warm reperfusion (body is cooled down
to 32 �C).

l Mostly performed in mice and rats, sometimes also in pigs,
rabbits, cats, and nonhuman primates.

2 Materials

All surgical instruments (Fig. 1) and devices should be checked for
their functionality before beginning surgery. Instruments have to
be cleaned thoroughly with a disinfectant (e.g., Sekusept plus);
sterilization is not necessary.

2.1 Materials for UUO

Model (See Notes 1–6)

l Heating pad with homeothermic monitoring system (for setup
see Fig. 2).

l Hatching incubator (Fig. 3) or other device for warming after
surgery (see Note 8).

l Small clipper (e.g., Aesculap Exacta).

l Tape for fixation of cables, etc.

l Small tissue forceps 1 � 2 teeth (approx. 12 cm).

l Surgical scissors (blunt + sharp, approx. 12 cm).

l Fine scissors (sharp + sharp, approx. 9 cm).

l 2 Iris forceps curved and serrated (approx. 7 cm).

l 2 Micro forceps, e.g., #4 and #7 jewelers.

l Suture tying forceps (optional).

l Needle holder (approx. 12 cm).

l Wound clip applier and wound clips 9 mm (optional).

l Nonabsorbable suture polyfil 5/0 (e.g., Mersilene).

l 10% povidone-iodine for skin disinfection.

l Sterile saline (0.9% NaCl).
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l Sterile swabs.

l Q-tips or surgical spears.

l Eye ointment.

l Ketamine and xylazine for anesthesia (or any anesthetic of your
choice, see Note 9).

l Buprenorphine for analgesia (or any analgesia of your choice).

2.2 Materials for IRI

Model (See Notes 1–6)

l Heating pad with homeothermic monitoring system.

l Hatching incubator or other device for warming after surgery
(see Note 8).

l Small clipper (e.g., Aesculap Exacta).

l Timer for ischemia time.

l Tape for fixation of cables, etc.

l Small tissue forceps 1 � 2 teeth (approx. 12 cm).

l Surgical scissors (blunt + sharp, approx. 12 cm).

l Fine scissors (sharp + sharp, approx. 9 cm).

Fig. 1 Instruments. (a) Tissue forceps, (b) scissors; top: fine scissors, bottom: surgical scissors, (c) iris forceps;
top: slightly curved, bottom: strongly curved, (d) micro forceps; top: #4 jewelers, bottom: #7 jewelers, (e)
suture tying forceps, (f) micro-serrefine clamps, top: clamp applicator with lock, bottom: clamp forceps, (g)
needle holder, (h) sutures, top: 5.0 suture, bottom: 7.0 suture, (i) wound clip applier with wound clips
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Fig. 2 Surgery setup

Fig. 3 Hatching incubator. Temperature and humidity can be regulated and feedback controlled. Due to
constant ventilation, temperature is evenly distributed within the incubator
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l 2 Iris forceps curved and serrated (approx. 7 cm).

l 2 Micro forceps, e.g., #4 and #7 jewelers.

l Suture tying forceps (optional).

l Needle holder (approx. 12 cm).

l 1 Micro-serrefine clamp with delicate, atraumatic serrations (jaw
length 15–17 mm, gram press 85–125, see Note 17).

l Clamp applicator or clamp forceps.

l Wound clip applier and wound clips 9 mm (optional).

l

l Nonabsorbable suture polyfil 5/0 (e.g., Mersilene).

l 10% povidone-iodine for skin disinfection.

l Sterile saline (0.9% NaCl).

l Sterile swabs.

l Q-tips or surgical spears.

l Eye ointment.

l Ketamine and xylazine for anesthesia (or any anesthetic of your
choice, see Note 9).

l Buprenorphine for analgesia (or any analgesia of your choice).

3 Methods

3.1 UUO Model 1. Make sure that the hatching incubator (Fig. 3) or any other
device that is intended to be used for body temperature control
after surgery is warmed up. Check the surgery setup so that
everything is in place (Fig. 2).

2. 30 min before surgery analgesia is performed by a subcutane-
ous injection of 0.1 mg/kg BW buprenorphine. Anesthesia is
induced by intraperitoneal injection of 120 mg/kg BW keta-
mine + 16 mg/kg BW xylazine. After loss of reflexes, the
animal is placed on a heating pad (37 �C), eye ointment is
applied and the left flank is shaved, followed by disinfection
of the area with Betadine solution (10% povidone-iodine).
Body temperature is constantly checked by use of a rectal
temperature probe.

3. A lateral incision of approx. 2.5 cm length is performed in the
left flank (see Note 7); the kidney is prepared with surgical
spears or Q-tips (Fig. 4). The ureter is prepared with curved
iris forceps or micro forceps #7 jewelers.

4. Lift the kidney slightly, and if necessary remove excessive adi-
pose tissue carefully from the ureter using surgical swabs or
Q-tips (see Notes 11 and 12). Place your 7.0 suture (see Note
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10) around the ureter close to the level of the lower pole and
perform a surgeon’s knot (Fig. 5, see Note 13). Place two
further simple knots for additional security of the ligation.
Cut the suture approx. 5 mm away from the knot. Repeat this

Fig. 4 Preparation of the left kidney

Fig. 5 Ligation close to the kidney’s lower pole by surgeon’s knot

Fig. 6 Ligation and backup ligation
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procedure some millimeters below your first ligation for a
backup ligation (Fig. 6, see Note 14). Place the kidney back
into the body cavity.

5. Apply 500μL of warmed up sterile saline (37 �C) into the body
cavity to prevent dehydration. Wound closure is performed by
nonabsorbable suture (5.0) of the peritoneum and application
of wound clips for the skin. The contralateral kidney is left
undisturbed.

6. Place the animal in the hatching incubator until it is conscious
again. Now the animal can be placed back into its cage. Anal-
gesia is continued for three days after surgery with buprenor-
phine (subcutaneous injections of 0,1 mg/kg BW at 08:00 am
12:00 noon and 04:00 pm, and in drinking water over night
with 0,009 mg/mL) [10].

3.2 IRI Model 1. Make sure that the hatching incubator (Fig. 3) or any other
device that is intended to be used for warming after surgery is
warming up. Check the surgery setup so that everything is in
place (Fig. 2).

2. 30 min before surgery, analgesia is performed by a subcutane-
ous injection of 0,1 mg/kg BW buprenorphine. Anesthesia is
induced by intraperitoneal injection of 120 mg/kg BW keta-
mine + 16 mg/kg BW xylazine. After loss of reflexes, the
animal is placed on a heating pad (37 �C), eye ointment is
applied and the left flank is shaved, followed by disinfection
of the area with Betadine solution (10% povidone-iodine).
Body temperature is constantly checked by use of a rectal
temperature probe (see Note 20).

3. A lateral incision of approx. 2.5 cm length is performed at the
left flank (see Note 7), the kidney is prepared with surgical
spears or Q-tips (Fig. 4). The renal hilum is prepared with
curved iris forceps or micro forceps #7 jewelers. The hilum is
then clamped with an atraumatic micro serrefine clip (Fig. 7, see
Notes 16 and 21). Ischemic kidneys are shown after 2 min
(Fig. 8) and after 10 min (Fig. 9).

4. Switch the timer on (see Note 22). The kidney is carefully
moved back, and the incision is covered with a small sterile
pad to minimize evaporation and heat loss (Fig. 10, see Note
18). The animal is placed in the hatching incubator.

5. For male mice on a C57BL/6 genetic background, a suitable
ischemia time would be 26 min but this varies a lot from lab to
lab and thus this needs to be established. For severe bilateral
IRI the time varies in males from 24 to 30 min and in female
mice 35 to 50 min (see Notes 15 and 19). Make sure that you
place the mouse back on the heating pad in time. Relocate the
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Fig. 7 Clamping the renal hilum

Fig. 8 Ischemic kidney 2 min after clamping
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rectal probe. After the required period of time, pad and clip are
removed carefully.

6. Control your work visually: shortly after successful reperfusion
the kidney should regain a healthy pink color (Fig. 11).

7. Apply 500μL of warmed up sterile saline (37 �C) into the body
cavity to prevent dehydration. Wound closure is performed by
nonabsorbable suture (5.0) of the peritoneum and application

Fig. 9 Ischemic kidney 10 min after clamping

Fig. 10 Covering the incision with a sterile pad to minimize evaporation and heat
loss
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of wound clips for the skin (Fig. 12). The contralateral kidney is
left undisturbed.

8. Place the animal in the hatching incubator until it is conscious
again. Now the animal can be placed back into its cage. Anal-
gesia is continued for three days after surgery with buprenor-
phine (subcutaneous injections of 0.1 mg/kg BW at 08:00 am
12:00 noon and 04:00 pm, and in drinking water over night
with 0.009 mg/mL) [10].

3.3 Time Points In the classic UUO model described here suitable time points for
finalization are day 1, day 3, and day 10 [14]. On day 1 early
changes in cell injury can be detected but this time point will give
you only subtle histological changes such as enlarged tubular epi-
thelial cells. On day 3 damage has increased and you will detect a
more differentiated picture with first hits of interstitial fibrosis,
atrophic tubular areas and immune cell infiltration. In our opinion
day 10 is the most suitable time point if you want to see a full

Fig. 11 Reperfused kidney after removal of the clamp

Fig. 12 Wound closure with clips
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phenotype with severe tubule atrophy and interstitial fibrosis. His-
tological evidence for kidney damage in the form of hydronephrosis
is actually visible to the naked eye. Additionally intermediate day
7 or a very late timepoint day 12 can be used but are less common.

In the unilateral IRI model day 1 and day 3 are good timepoints
to study the acute injury, hypoxemia, dedifferentiation, and
immune cell infiltration. To study regeneration after acute kidney
injury day 5, 7, 12, and 14might be of interest. If you are interested
to study transition from AKI to CKD with fibrosis day 14, day
21 and day 28 might be of interest.

3.4 Downstream

Techniques Suitable

to Investigate These

Processes

In the case of unilateral IRI combined with contralateral nephrec-
tomy or a bilateral IRI you could analyze kidney function by
collecting blood and urine samples from the living animal. Measur-
ing protein, creatinine, and urea (blood) will give you valuable
insights into the extent of kidney damage.

Kidney tissue from both UUO and IRI models can be investi-
gated in a number of ways. On the histological level HE, PAS, Sirius
Red, and Masson’s Trichrome are very useful staining methods to
visualize histological changes. Immunohistochemical or immuno-
fluorescence stainings for fibrosis and or myofibroblast markers
(e.g., collagen, fibronectin, aSMA) are commonly used as well as
staining of infiltrating immune cells (CD45, F4/80, CD68, etc.)
and markers of tubule injury such as KIM1 or staining of endothe-
lium and capillary loss using, e.g., CD31 allow further investigation
of the tissue in a spatial context. With suitable antibodies all anti-
gens of interest could of course be subjected to flow cytometry,
western blot, etc. If it comes to analysis on DNA or RNA level,
techniques such as in situ hybridization (ISH) and quantitative real-
time PCR are useful to look at the markers described above or
individual marker genes. Obviously, there is a great suite of other
tools that are not mentioned here and include novel genomic and
proteomic technologies among others.

4 Notes

1. One thing that might be forgotten easily in the experimental
setup is the scientist. Take care that your sitting posture is
comfortable. A chair with adjustable height helps you to find
the right position with the feet flat to the floor. Your neck and
back should be straight and relaxed, your forearms and hands
should find support at right angle to the desk.

2. Both methods can be performed with or without surgical
microscope.
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3. In performing animal experiments, every scientist should try to
incorporate the 3 R’s according to Russell & Burch in their
work. The 3 Rs stand for: replacement, reduction, and refine-
ment [11]. If you are new to mouse surgeries it might be a very
good option to practice your eye–hand coordination with the
following three ex vivo methods. Doing so will reduce the
number of required mice considerably. Because your most
valuable material are the mice.

4. Letter scraping: Place a piece of newspaper on the desk in front
of you and fixate it with tape. Now choose a letter (e.g., all
“c’s”) and erase them by scraping the newspaper with repeated
soft strides of your forceps. Try not to pierce the paper. Aim for
removing the print without damaging the paper. You can prac-
tice with both hands and several forceps types.

5. Suture at a glove: Span a glove on a petri dish so that you have
an even surface formed by the palm of the glove. Make an
incision with a scalpel and practice interrupted sutures and
continuous sutures. Increase difficulty by tightening the glove.

6. Ligations on orange segments: Fixate an orange or tangerine
segment on the desk in front of you, rounded side on the desk.
Now perform ligations on the white skin as described for
UUO. The more delicate the skin, the more difficult not to
rupture it. Start with stronger sutures and at the central col-
umn, then switch to thinner sutures and more delicate parts.

7. When choosing your surgical method you should consider that
laparotomy will decrease body temperature more than flank
incision.

8. An important point regarding the experimental setup: The
hatching incubator used as a device for maintaining home-
othermy works very well for us. Nevertheless, if you want to
use isoflurane (or any other inhalation anesthetics) for anesthe-
sia, you have to consider reconstruction of the incubator in
order to house an anesthesia manifold for ischemia time.

9. When choosing your anesthesia/analgesia scheme you should
consider that there is some controversy about the possible
protective effect that inhalation anesthetics such as isoflurane
might have on ischemia [12]. As we use the combination of
ketamine and xylazine for many years successfully in many
different strains, we have not tried any isoflurane for that type
of surgery until now.

10. When practicing the method it is important to prepare every-
thing for comfortable working. Cut the suture for ligation in
suitable length (for beginners approx. 10 cm). This might help
you to grab ends but is also not too long to prevent a mess.
With more experience, you can use shorter pieces of suture.
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11. Try to clean the ureter from adipose tissue but be careful not to
rupture the ureter. This works well by stroking the ureter with
dry Q-tips.

12. In female mice you might find occasionally cyst-like structures
close to the lower pole of the kidney. Check if the structures are
connected to the ureter. If there is a connection, this animal
should not be used for UUO as the results might become
unpredictable. If not, clean your surgical field and proceed,
taking care not to damage the cyst-like structures and to
place the ligations in a suitable distance to the cysts.

13. Take care to add an extra twist in the first throw.

14. Avoid placing the second ligation directly onto your first as this
might not provide a sufficient obstruction of the ureter.

15. Ischemia time in unilateral IRI can be performed even longer
but is then resulting in very severe injury with reduced repair
and a none-functional kidney.

16. Never apply micro serrefine clamps with hands or a normal
forceps as they are prone to damage by shearing. Damage will
be invisible but you might get incoherent results if the clamps
do not close properly anymore. Always use an applicator or
clamp forceps.

17. Different clamps have different closure pressures. This might
influence your results.

18. If there is too much evaporation during surgery vessels may
stick to the instruments and could rupture. Always keep the
surgical field moist.

19. In males, kidney injury is more easily induced than in females
(hence males need shorter ischemia period, [13]). This would
require separate groups for each sex, otherwise effect size will
decrease dramatically.

20. In the IRI model, body core temperature control is not only
important for rapid recovery as in any rodent surgery but also
essential for your model’s success because lower temperatures
will cause a decrease in ischemic injury and render your model
ineffectively.

21. Watch the kidney carefully: the organ’s color darkens quickly
when perfusion is interrupted—ischemia time starts now.

22. If you do bilateral IRI, use one timer per kidney.
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Chapter 23

Mouse Models of Liver Fibrosis

Aashreya Ravichandra and Robert F. Schwabe

Abstract

Liver fibrosis is defined as excessive accumulation of extracellular matrix, and results from maladaptive
wound healing processes that occur in response to chronic liver injury and inflammation. The main
etiologies of liver fibrosis include nonalcoholic fatty liver disease (NAFLD), chronic viral hepatitis, as well
as alcoholic and cholestatic liver disease. In patients, liver fibrosis typically develops over several decades and
can progress to cirrhosis, and liver failure due to replacement of functional liver tissue with scar tissue.
Additionally, advanced fibrosis and cirrhosis are associated with an increased risk for the development of
hepatocellular carcinoma. On a cellular level, hepatic fibrosis is mediated by activated hepatic stellate cells,
the primary fibrogenic cell type of the liver. Murine models are employed to recapitulate, understand, and
therapeutically target mechanisms of fibrosis and hepatic stellate cell activation. Here, we summarize
different mouse models of liver fibrosis focusing on the most commonly used models of toxic, biliary,
and metabolically induced liver fibrosis, triggered by treatment with carbon tetrachloride (CCl4), thioace-
tamide (TAA), bile duct ligation (BDL), 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC), and high-fat
diets.

Key words Liver fibrosis, Hepatic stellate cell, Fatty liver, Injury, Fibroblast

1 Introduction

Liver fibrosis contributes to many of the deadly complications of
chronic liver disease such as portal hypertension and loss of liver
function (via replacement of functional parenchyma) and is asso-
ciated with the development of liver cancer. Accordingly, liver
fibrosis has been shown to be a main determinant of outcomes for
patients with chronic liver disease [1, 2]. Currently, there are no
approved anti-fibrotic drugs for the prevention or treatment of liver
fibrosis. Fibrosis can be prevented or even reverted by successful
treatment of the underlying disease, best demonstrated for chronic
viral hepatitis, where viral eradication has been associated with
fibrosis regression in a substantial percentage of patients [3]. How-
ever, successful treatment of the underlying disease cannot always
be achieved, particularly in patients with nonalcoholic fatty liver
disease, alcoholic liver disease, and several cholestatic liver diseases.
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Animal models have been useful to understand the underlying
pathophysiology and determine the cellular networks and signaling
pathways that drive fibrosis. Hepatic stellate cells (HSC) are in the
center of this profibrogenic network [4, 5], and there are consider-
able efforts to develop therapeutic strategies to inhibit their activa-
tion or promote cell death of activated HSC to reduce their
numbers. While HSC activation can also be achieved in vitro, cell
culture models lack the complex hepatic environment of the liver.
Accordingly, gene expression patterns of HSC activating in vitro
differ significantly from HSC activating within a fibrotic liver
[6, 7]. Hence, mouse models represent an important approach to
understand mechanisms of HSC activation and fibrosis. Ideally,
mouse models of liver fibrosis would mimic key features of human
liver fibrosis including the underlying cause, transcriptomic
changes, and pathways as well as key cell-cell interactions. At the
same time, these models should be reproducible; result in robust
fibrosis in a reasonable time frame; be amenable to study fibrosis
reversal as main therapeutic goal for translational studies; and be
standardized among the scientific community.

Unfortunately, there is currently not a single model that fulfills
all these criteria. As such, the most commonly used model is CCl4-
induced liver fibrosis, which induces robust and rapid fibrosis, is
standardized and easy to use, but considerably faster than human
liver fibrosis, developing in days to weeks as opposed to typically
years to decades in patients. Moreover, this model induces hepato-
cyte necrosis rather than apoptosis that is commonly seen in
patients and lacks a human equivalent. Other models such as spe-
cific high-fat diets are more closely reproducing human pathophys-
iology but are considerably slower in their onset, often only induce
mild histological fibrosis and HSC activation, and are far less stan-
dardized with considerable variations in terms of the specific diet
composition and in some cases require specific transgenic or inbred
mice. Biliary liver fibrosis can be mimicked by bile duct ligation,
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet or genetic
knockout of Mdr2 and reproduces many features of human chole-
static liver disease. Finally, alcoholic liver disease-associated fibrosis
has been difficult to model in rodents with only minimal HSC
activation and fibrosis. Here, we review the most common models
and provide detailed step-by-step guidelines, focusing on toxic,
biliary, and nonalcoholic steatohepatitis (NASH)-associated liver
fibrosis (Fig. 1).

1.1 General

Considerations

Different murine genetic backgrounds display profound differences
regarding the development of liver fibrosis. While the majority of
studies are done in C57BL/6 mice due to fact that most knockout
strains are in this genetic background, BALB/c mice tend to have
more profound liver fibrosis in the majority of models [8, 9]. The
genetic background is particularly important for studying NASH-
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associated liver fibrosis which should be performed in the C57Bl/6
background owing to more robust development of obesity, insulin
resistance, and fatty liver. Most studies are performed in male mice
for reasons of standardization. However, female mice can also be
used, and may in some models, such as Mdr2�/� biliary fibrosis
model, even display more robust fibrosis [10]. While most of the
field employs mice aged 8–10 weeks to study fibrosis, using older
mice may be a better reflection of human disease due to the later
onset of fibrosis in most patients. Finally, the use of older and male
mice may be warranted when fibrosis is induced with the primary
purpose of isolatingHSC, as yields will be considerable higher [11].

1.2 Hepatotoxin-

Induced Fibrosis

Models

Toxins such as CCl4 and thioacetamide (TAA) are widely used to
model liver fibrosis. CCl4 and TAA are metabolically activated by
centrilobular hepatocytes resulting in liver injury, inflammation,
and subsequently fibrosis. Fibrosis caused by these toxins is first
seen around the pericentral veins and over time leads to the forma-
tion of fibrotic septa, typically in a central-central pattern. The
pericentral fibrotic patterns seen in rodent toxin-induced fibrosis
models may differ from the periportal and lobular fibrotic patterns
seen in humans [12]. Likewise, CCl4 and TAA predominantly
induce necrotic cell death whereas many human liver diseases lead-
ing to liver fibrosis have been associated with apoptotic cell death.
Despite this, CCl4 and TAA represent the most usedmurine fibrosis
models because of their ease of use, high robustness and reproduc-
ibility. Additionally, chronic liver injury followed by cessation of

Fig. 1 Summary of toxic, biliary, and NASH-associated fibrosis models. Common rodent liver fibrosis models
with duration of treatment and histopathological pattern as stained by picrosirius red. (Abbreviations: CCl4
Carbon tetrachloride, BDL Bile duct ligation, FPC Fructose, palmitate and cholesterol-containing diet.)
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CCl4 or TAA may be used as a method to study regression of
fibrosis [13]. It is important to note, however, that there is no
common human equivalent disease to these fibrosis models.

1.2.1 Carbon

Tetrachloride (CCl4)

CCl4 is one of the most used hepatotoxins to induce liver fibrosis.
Repeated administration of CCl4 induces liver injury that over time
leads to fibrosis. Once injected, CCl4 is metabolically activated in
hepatocytes by P450 cytochromes, mainly CYP2E1, leading to the
formation of trichloromethyl (CCl3) radicals, which trigger hepa-
tocyte death via lipid peroxidation. In response to hepatocyte injury
and death, resident and bone marrow-derived macrophages are
activated and/or recruited, generating the release of pro-fibrotic
and pro-inflammatory molecules that contribute to the activation
and expansion of HSC and the development of liver fibrosis. Cru-
cial pathways in this process include the TGFß and PDGF pathways
[4]. CCl4-induced liver fibrosis is well characterized with numerous
publications showing the biochemical changes, inflammation,
injury, and HSC activation associated with this model.

1.2.2 Thioacetamide

(TAA)

Like CCl4, TAA requires bioactivation in hepatocytes via cyto-
chromes P450 such as CYP2E1 to become hepatotoxic. This pro-
cess, results in the oxidation of TAA to TAA-S-oxide (TAA-SO) and
then to TAA-S,S-oxide (TAA-SO2), resulting in increased oxidative
stress, centrilobular hepatocyte necrosis, and, subsequently, liver
fibrosis. While the pattern of fibrosis and injury induced by CCl4
and TAA are similar, TAA also induces some degree of periportal
hepatocyte and cholangiocyte injury and ductal proliferation
[14]. Accordingly, chronic TAA administration can lead to cholan-
giocarcinoma development [14, 15].

1.3 Biliary Fibrosis

Models

Cholestatic liver disease is caused by impairing bile secretion at
various levels. The histopathological changes associated with this
disease are periportal inflammation, bile duct proliferation (also
termed ductular reaction), and biliary liver fibrosis. Many well-
established models of cholestatic liver disease have been developed
to study the progression of the disease. The most used surgical
technique of inducing biliary fibrosis is bile duct ligation (BDL).
Diet-induced biliary fibrosis and ductular reaction can be observed
using DDC diet, choline-deficient ethionine-supplemented diet
(CDE), and α-naphthyl-isothiocyanate (ANIT) diet. Genetic mod-
ifications of mice, such as the deletion of the multidrug resistance-
associated protein 2 (Mdr2) gene, the mouse homolog of human
MDR3, results in spontaneous biliary fibrosis and models various
human cholestatic diseases associated with mutations of
MDR3 [16].
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1.3.1 Bile Duct Ligation

(BDL)

Bile duct ligation is a commonly used model to induce cholestasis
and periportal fibrosis in the liver. First established in rats and later
in mice, this highly reproducible model consists of the double
ligation of the common bile duct resulting in the gradual develop-
ment of fibrosis. Upon BDL, cholestasis is first observed by increase
of hepatocyte death due to increased biliary pressure, often seen as
peribiliary areas of necrosis termed “bile infarcts.” Cholestasis and
hepatocyte injury subsequently trigger inflammation, recruitment
of immune cells, cholangiocyte proliferation, HSC activation, and
significant periportal fibrosis within 2–3 weeks after BDL. This
model is nonreversible unless a biliodigestive anastomosis opera-
tion is performed.

1.3.2 3,5-

Diethoxycarbonyl-1,4-

Dihydrocollidine (DDC) Diet

The DDC liver fibrosis model involves the administration of a diet
rich in 3,5-diethoxycarbonyl-1,4-dihydrocollidine, a porphyrino-
gen. DDC diet promotes the hepatic accumulation of protopor-
phyrin, a dark brown pigment, and the appearance of intraductal
porphyrin plugs, which obstruct small bile ducts, damaging biliary
epithelia and promoting liver injury as well as ductular reaction. As
a consequence, periportal liver fibrosis develops, typically within
2–3 weeks [17, 18]. The ease of this model is that it can be
purchased as a specialized diet directly from approved vendors
where DDC is added to a regular rodent chow diet to achieve a
final concentration of 0.1%. As a diet, this model is reversible with
sufficient time on a regular chow diet.

1.3.3 Mdr2�/� Mice The multidrug resistance associated protein 2 (Mdr2, encoded by
Abcb4 in mice and MDR3 in humans) is a phospholipid flippase
part of the ABC canalicular transporters that plays a role in phos-
pholipid excretion. In humans, mutations of the MDR3 gene have
been linked to a range of hepatobiliary disorders including progres-
sive familial intrahepatic cholestasis (PFIC3) and primary sclerosing
cholangitis (PSC) [16]. As such, the rodent Mdr2 �/� model,
which displays an absence of phospholipid secretion into the bile
and spontaneous liver injury and periportal fibrosis, is ideal to study
these cholangiopathies [19]. Mdr2 �/� mice start developing
spontaneous biliary fibrosis at 4 weeks of age. In contrast to
patients with MDR3 mutations, who predominantly develop cho-
langiocarcinoma, almost all liver tumors seen in Mdr2�/� mice
are hepatocellular carcinoma (HCC), developing at the age of
12–18 months. Liver fibrosis is more profound in female than in
male Mdr2�/� mice.

1.4 NASH-

Associated Fibrosis

Obesity and obesity-associated conditions such as diabetes and fatty
liver disease are increasing in prevalence worldwide. Nonalcoholic
fatty liver disease (NAFLD), defined as hepatic steatosis in the
absence of excessive alcohol intake or viral hepatitis, may progress
to nonalcoholic steatohepatitis (NASH), a more severe form of
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NAFLD characterized by hepatocellular injury and death, hepatic
ballooning, and inflammation. Over time, these events may lead to
varying degrees of fibrosis, and can progress to cirrhosis, liver
failure, and development of HCC. An ideal mouse model would
combine key metabolic features of human NAFLD such as obesity
and insulin resistance with strong hepatic steatosis, inflammation,
and development of fibrosis, initially as “chicken-wire” fibrosis that
progresses to bridging fibrosis. While there is no perfect model that
incorporates all aspects of human fibrosis, several rodent models
can replicate many of the metabolic aspects as well as key histo-
pathological features of the disease including hepatocyte balloon-
ing, steatosis, and fibrosis. The most used models of NASH are
diet-induced and are typically rich in fat, glucose, fructose, or
sucrose, and combined with either high levels of cholesterol or
choline deficiency. These diets can be readily purchased from
approved vendors and can be stored at 4 �C or � 20 �C. Diets in
mouse cages must be replaced twice a week to prevent them from
going rancid. Several genetic models of NASH are also available
and involve dietary modifications to trigger disease progression,
such as melanocortin-4 receptor-deficient mice which are hyper-
phagic and replicate the most common genetic cause of obesity in
humans [20, 21]; or inbred strains such as the DIAMOND mice
which develop liver fibrosis when fed high-fat diet [22]. The
“STAM”model combines ablation of pancreatic beta cells by strep-
tozotocin with high-fat diet. While this replicates type I rather than
type II diabetes (the latter being associated strongly with NASH
development), the STAM model induces NASH with injury and
fibrosis [23]. Key features of these NAFLD/NASH models are
summarized in Table 1.

1.4.1 High-Fat High-

Cholesterol Diet (HFHCD)

Models

Several diets in this category such as the Western/Fast food diet
[24, 25], the American Lifestyle-Induced Obesity Syndrome
(ALIOS) Diet [26], and the Fructose, Palmitate, Cholesterol-con-
taining “FPC” diet [27] can be used as models of NASH fibrosis.
These models replicate to various degrees, key features of NAFLD
such as obesity and metabolic syndrome, and induce the develop-
ment of hepatic steatosis, injury, inflammation, and fibrosis. The
timeframe of the experiment for the development of profound
histological fibrosis often exceeds 6 months, but mild histological
fibrosis and upregulation of fibrogenic and HSC activation genes
can be observed earlier. These dietary NASH models are well
established and have a high degree of reproducibility but note
that there may be some variability due to the amount of diet
ingested by individual mice. Key injury- and fibrosis-promoting
factors in these diets are high amounts of cholesterol (typically
1–2%), high levels of fructose (often supplemented in drinking
water and thus replicating high fructose corn syrup-based soft
drinks), and disease-promoting fatty acids such as palmitate.
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1.4.2 Choline-Deficient

High-Fat Diet Models

While classic choline-deficient diets like the methionine-choline-
deficient (MCD) diet induce hepatic steatosis, liver injury, and
fibrosis, they do not reproduce typical metabolic alterations seen
in most NASH patients such as obesity and insulin resistance. In
fact, MCD diet induces loss of body weight and peripheral adipose
tissues as well as insulin hypersensitivity [28]. To achieve fibrosis
seen in choline deficiency and typical metabolic alterations found in
NASH, high-fat diets have been combined with choline deficiency.
Two well-established models include the choline-deficient amino
acid-supplemented (CDAA) diet and choline-deficient high-fat diet
(CD-HFD), which differ in their composition but follow the same
principle. While the CDAA diet produces more profound fibrosis
but no or little weight gain [29], CD-HFD results in milder fibrosis
but higher weight gain [30].

2 Materials

2.1 CCl4 Injection 1. Carbon tetrachloride (CCl4).

2. Corn oil.

3. 30 mL Glass vial.

4. 0.2μm Filter.

5. 27G 1 mL Syringe (or 1 mL syringe and multiple 27G needle
heads).

6. Weighing scale.

2.2 BDL Model 1. Circulating water warming pad.

2. Heating pad with temperature regulator.

3. Sterile surgical gloves.

4. Hair clippers or hair removal cream.

5. 70% Ethanol for disinfection.

6. 10% Povidone-iodine (betadine) for disinfection.

7. Ophthalmic ointment.

8. Isoflurane.

9. Oxygen/Isoflurane vaporizer or other anesthetic of choice.

10. Anesthesia induction chamber.

11. Buprenorphine.

12. Carprofen.

13. Sterile cotton swabs.

14. Tape to fix the nose cone and other cables.

15. 11.5 cm Surgical scissors.

16. Serrated forceps and curved serrated forceps.
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17. Colibri retractor.

18. 0.9% Sterile sodium chloride (NaCl) solution or sterile
Phosphate-Buffered Saline (PBS).

19. 6–0 Sterile silk sutures.

20. 5–0 Sterile Vicryl sutures.

21. Sterile wound clips with applicator.

22. Clips remover.

2.3 HFHCD Diet 1. ALIOS diet (TD.06303, Envigo), Western Diet (TD.88137,
Envigo), or FPC diet (TD. 160785, Envigo).

2. D-(+)-Glucose monohydrate.

3. D-(�)-Fructose.

4. Acidified water.

5. Glass bottles (autoclaved).

6. 0.2μM Filter.

2.4 Choline-Deficient

High-Fat Diet Models

1. CDAA diet (A06071302, Research Diets), CD-HFD
(D05010402, Research Diets).

2.5 Harvesting

Tissue and Analysis

1. Isoflurane.

2. Anesthesia induction chamber.

3. Surgical scissors.

4. Serrated forceps/curved serrated forceps.

5. 70% Alcohol.

6. Weighing scale.

7. Petri dish.

8. Formalin solution, neutral buffered, 10%.

9. Tissue embedding cassette.

10. Eppendorf 2.0 mL tubes.

11. Paraformaldehyde.

12. 30% Sucrose solution.

13. Picrosirius red solution/Masson’s trichrome.

14. Antibodies for staining (α-SMA, F4/80, etc.).

15. RNA isolation kit.

16. qPCR probes.

Mouse Models of Liver Fibrosis 347



3 Methods

3.1 CCl4 Model While most often injected intraperitoneally, CCl4 can also be admi-
nistered in rodents subcutaneously, by gavage or by inhalation.
Liver fibrosis increases with the dosage and the duration of toxin
exposure. The dosage of injected CCl4 ranges from 0.2–2μL/g of
body weight diluted in corn oil depending on the study. For exam-
ple, CCl4 can be used to induce acute liver injury and HSC activa-
tion with a single dose, administered twice or thrice a week
continuously for 4–6 weeks to study early fibrosis, administered
twice a week for 8 weeks in rats to study early reversible cirrhosis; or
administered twice a week for 12 weeks in rats to study partially
reversible cirrhosis [31]. Advanced fibrosis may also be studied by
escalating the dose of CCl4 over the course of the study. It is
important to note that dosage, duration, and interval may vary
depending on the strain of mice being used in the study. The
most common strains susceptible to CCl4-induced fibrosis are
C57BL/6 and BALB/C mice, with the latter developing more
pronounced fibrosis but C57BL/6 mice being more commonly
used for genetic knockout studies. In terms of endpoint, if imme-
diate pro-inflammatory alterations and HSC activation are of inter-
est, tissue should be harvested 24–48 h after a single acute dose.
For chronic fibrosis and/or cirrhosis studies, tissue should be har-
vested 2 days after the last injection, when the peak of hepatocyte
injury is still high.

Like CCl4, TAA (protocol not provided here) can be dissolved
in sterile NaCl or 1% sterile phosphate buffer saline (PBS) and
administered intraperitoneally, two times a week in the following
dose escalating manner for a minimum of 6 weeks: first dose at
100 mg/kg; subsequent doses week 1–2 at 200 mg/kg; week 3–4,
300 mg/kg; week 4–6, 400 mg/kg [32] TAA can also be added to
the drinking water at a dose of 300 or 600 mg/L for 20–30
continuous weeks to induce liver fibrosis [33], with longer treat-
ments also inducing cholangiocarcinoma.

1. Under the fume hood, dilute CCl4 in corn oil at a ratio of 1:4
(a higher proportion of CCl4 with result in peritonitis) and
filter through a 0.2μm filter into a 30 mL glass vial. In our
laboratory, to model chronic injury, mice are injected with of
2μL/g body weight of the 1:4 CCl4:corn oil solution (see
Notes 1–3).

2. Gently remove the mouse from the cage and place on the
weighing scale and note the weight to calculate the volume to
be injected.

3. Carefully remove the needle cap and draw up into the syringe
the desired quantity of the prepared CCl4 solution. Remember
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to gently flick the syringe to remove any air bubbles (see Notes
4–5).

4. Place the mouse on a textured surface (such as the wire cage)
and restrain. With the mouse in the correct position, ideally
lowering the head of the mouse by about 30 degrees, identify
the lower right/left quadrant of the mouse (see Notes 6–8).

5. Holding the syringe at a 45� angle, insert the syringe (bevel
side up) through the abdominal wall (about 4–5 mm) deep and
inject the calculated volume of CCl4.

6. Place the mouse back into the cage and observe for any
discomfort.

7. Discard the needle and syringe into a sharp container without
recapping. Use a new syringe or needle head for every mouse
(see Note 9).

3.2 BDL Model For BDL models, mice may be sacrificed 5–7 days post-surgery to
investigate early HSC activation, 12–16 days post-surgery to inves-
tigate early fibrosis, and 21–28 d post-surgery to investigate pro-
found fibrosis.

1. 2–8 h before the BDL procedure, an analgesic is administered,
e.g., by the subcutaneous injection of buprenorphine
(0.15 mg/kg).

2. Place the heating pad under a new clean cage for post-surgery
monitoring and warm the circulating warm water pad to ensure
that the animal body temperature is regulated during and post-
surgery. Set up all surgical instruments on a clean surface (see
Note 10).

3. Remove the mouse from the cage and place in the anesthesia
induction chamber with a mix of 3–4% isoflurane and 1 L/min
oxygen. Measure depth of anesthesia by hind limb toe pinch
reflex. Once no response to pinch is observed, the appropriate
depth of anesthesia is reached.

4. Inject the mouse with a pre-surgical dose of carprofen (5 mg/
kg body weight) subcutaneously.

5. Using hair clippers or hair removal cream remove abdominal
fur to minimize risk of infection.

6. Apply ophthalmic ointment over the eyes to prevent drying.

7. Move the mouse to the circulating warm water pad and fix the
limbs with tape. Maintain general anesthesia via inhalation at
1–2% isoflurane and 0.8 L/min oxygen. Ensure that the snout
of the mouse is firmly fixed into the cone (see Note 11).

8. Clean the shaved area. Scrub can be alternated between 70%
alcohol and 10% povidone-iodine (betadine) three times in a
circular fashion away from the center to perimeter of the area.
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9. Using a pair of surgical scissors, perform a midline laparotomy
of approximately 1–2 cm in length below the sternum. Using
the scissors or a 0.9% sterile NaCl soaked cotton swab as a
spreader, spread the connective tissue to expose the
peritoneum.

10. Cut along the linea alba to expose the peritoneal cavity. Insert the
Colibri retractor into the incision to expose the internal organs.

11. Carefully, using a wet cotton swab, move the liver and the
intestines away to expose the bile duct (see Note 12).

12. Carefully separate the bile duct from the portal vein and using
the curved scissors, place 6–0 sterile silk sutures around the
common bile duct just above the duodenum and tie swiftly
with a double surgical knot. Perform a second ligature just a
few millimeters above the first ligature near the hilum of the
liver (see Note 13) (Fig. 2).

13. Cut the bile duct between the two ligatures to ensure complete
ligation (Fig. 2). Remove excess sutures by cutting off the
superfluous ends. Rinse the peritoneal cavity with 0.9% sterile
NaCl solution.

14. Gently move the organs back into place using a wet cotton
swab and remove the Colibri retractor.

15. Using sterile 5–0 Vicryl sutures, close the inner abdominal
incision. Pull the skin together and close the incision by apply-
ing wound clips.

Fig. 2 Schematic representation of the BDL procedure. The common bile duct is
located in close proximity to the portal vein and hepatic artery. After careful
separation, the common bile duct should be ligated at sites indicated with black
arrows (Step 1 and 2). After ligation, the common bile duct should be cut in
between the ligatures (Step 3)
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16. With the surgery complete, move the mouse to a warmed cage
(set up pre-surgery) and observe until it is fully awake and
active. Move the mouse back to its regular cage and monitor
every 2 h for the first 4 h.

17. 24 h post-surgery, administer a second dose of anesthetic such
as carprofen (5 mg/kg body weight, subcutaneously). Mice are
observed daily post-surgery till experimental endpoint. Follow
all postoperative protocols and monitor the mice in accordance
to the guidelines set by your institution (see Note 14).

18. Mice should be sacrificed, and liver tissue harvested 7–21 days
post-surgery.

3.3 HFHCD Diet The Western or fast food diet can induce obesity, metabolic syn-
drome, and steatosis after 2 months of diet; increased inflammation
and immune cell infiltration after 3 months of diet; NASH and
fibrosis within 6–9 months of diet; hepatic ballooning and severe
fibrosis within 14–20 months [25, 26]. Rodents fed the ALIOS
diet become obese and have increased alanine aminotransferase
(ALT) levels and steatosis 4 months after diet. Fibrosis and inflam-
mation are evident after about 12 months [26, 34]. The FPC diet
combines the formula of the Western and ALIOS diets. Mice fed
this diet develop insulin resistance, inflammation, NAFLD, hepa-
tocyte death, HSC activation, and mild fibrosis within 4 months of
feeding and more profound fibrosis after 8 months of feeding
[27]. For the composition of all the diets, refer to Table 1.

1. Remove regular chow diet from the cage and add HFHCD of
your choice (see Notes 15 and 16).

2. To prepare a 42g/L glucose and fructose (55%/45%, w/w)
drinking water solution, add 19 g D-(+)-glucose monohydrate
and 23 g D-(�)-fructose to 1 L of acidified drinking water. Stir
till completely dissolved (see Notes 17 and 18).

3. Under a sterile hood, filter the water through a 0.2μM filter
into an autoclaved glass bottle and store at 4 �C.

4. Replace the diet and water solution at least twice a week. Weigh
mice weekly. To monitor liver injury, serum ALT can be
measured at various time points using retro-orbital bleeds.

3.4 Choline-Deficient

High-Fat Diet Models

Mice fed the CDAA diet develop hepatomegaly, steatosis, and
inflammation 3 weeks after diet, with visible fibrosis observed
6–9 weeks after diet depending on the strain of the mouse.
Moderate-to-severe fibrosis occurs at 20 weeks and HCC has
been reported with high incidence in mice 24 weeks post diet
[29]. When fed the CD-HFD diet, mice develop steatosis and
increased ALT levels within 20–24 weeks, ballooned hepatocytes
at around 45 weeks andHCC after one year on CD-HFD diet [30].
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1. Remove regular chow diet from the cage and replace with
CDAA or CD-HFD (see Note 19).

2. Monitor the cages daily to ensure that enough food is in the
cage (seeNote 20). Weigh mice weekly. To monitor liver injury,
serum ALT can be measured at various time points using retro-
orbital bleeds.

3.5 Harvesting

Tissue and Analysis

At the endpoint of the experiment, all mice should be humanely
euthanized according to the animal guideline of your institution.

1. Remove the mouse from the cage and place in the anesthesia
induction chamber with a mix of 3–4% isoflurane and 1 L/min
oxygen. Measure depth of anesthesia by hind limb toe pinch
reflex. Once no response to pinch is observed, the appropriate
depth of anesthesia is reached.

2. Draw a small amount of blood retro-orbitally, from the sub-
mandibular vein or from the portal vein. Centrifuge at
3000 � g for 15 min and analyze ALT and AST (aspartate
aminotransferase) levels.

3. Weigh the mouse, dissect to harvest the liver, and weigh the
liver to calculate liver/body weight ratio.

4. One piece of each lobe of the harvested liver should be snap
frozen for RNA extractions in 2.0 mL sterile tubes. Quantita-
tive PCR may be used to measure fibrogenic and HSC activa-
tion markers such asActa2, Col1a1, Col1a2, Lox, or Timp1 and
to determine inflammatory mediators such as cytokines and
interleukins in liver tissue.

5. The rest of the liver is formalin-fixed and paraffin embedded.
For fibrosis evaluation, blocks can be cut into 5μM slides to be
stained with Sirius Red or Masson’s trichrome staining (Fig. 1).
To evaluate HSC activation, slides can also be stained for
α-SMA. Immune cell infiltration and inflammation can be
viewed by staining of immune cell markers such as CD45,
F4/80, or CD3.

6. One piece of each lobe may be placed in 4% paraformaldehyde
(PFA) for 24–48 h and then transferred to a 30% sucrose
solution for 24–48 h. This tissue can now be used to make
frozen bocks/tissue and fibrosis can be quantified by hydroxy-
proline measurements.

4 Notes

1. Prior to any injection or addition of diet, please check the
expiry date. In long models, reagents and diets will need to
be purchased multiple times. Surgical instruments should be
checked for functionality and autoclaved before each usage.
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2. While CCl4 may be stored at 4 �C, we recommend storing it at
room temperature. After the CCl4-corn oil solution is
prepared, it should be stored in a glass bottle and protected
from light.

3. CCl4 is an extremely toxic compound. Be extremely cautious
and careful when preparing the solution, handling the syringe,
and disposing the syringe to prevent accidental piercing of the
skin or splashing your eyes. Wearing of personal protective
equipment including safety glasses is always recommended.

4. The CCl4/oil solution is viscous. The easiest way to fill the
syringe is to remove the needle cap, aspirate the solution
directly into the syringe, and then place the needle cap back on.

5. A helpful tip is to turn the needle so the bevel points upward
and the numbers are aligned to be read easily.

6. To make the process more efficient and less stressful for the
animal, it is best to create a table listing the injection volumes
for different mouse weights.

7. The easiest way to restrain a mouse for intraperitoneal injection
is to employ the scruff restraint. To do so, grab the mouse by
the tail and place onto a textured surface. Tug slightly on the
tail allowing the mouse to grab onto the surface with its fore
limbs. Using your other hand (specifically the thumb and index
finger) grab the mouse firmly by the scruff. Only perform the
injection when the mouse is firmly grasped.

8. Once restrained, tilt the mouse slightly downward so that the
head is lower than the hind. This allows for organs in the
abdomen to shift and reduces the chance of accidentally punc-
turing any organs.

9. Disposal of CCl4 needles, syringes, glass vials and pipettes must
be done in clearly labeled toxic waste containers. Please be
aware and follow waste disposal requirements set by your
university.

10. All instruments must be autoclaved before surgery. A helpful
tip is to arrange all surgical instruments, sutures, and clips in
the order that they are being used. If multiple surgeries are
being performed, all instruments should be sterilized in a bead
sterilizer and cleaned with ethanol after each surgery to mini-
mize the risk of infection and cross-contamination.

11. Throughout the surgery, the depth of anesthesia should be
measured and adjusted based on hind limb toe pinch reflex.
Mouse breathing and heartbeat can be monitored visually by
looking at chest elevations.

12. The bile duct may sometimes be adhered to the portal vein.
Make sure to carefully separate the two. This can be done by
using a moistened cotton swab and micro-forceps. Do not use
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surgical scissors as accidentally cutting/nicking of the portal
vein will result in extensive bleeding.

13. To ensure complete ligation, the surgical knots should be tight
and firm at each ligation junction. It is extremely important
that no bile leakage occurs which may prevent cholestasis and
instead lead to peritonitis.

14. Postoperative follow-up is key. Any signs of distress, lack of
mobility and/or lethargy may indicate complications such as
internal bleeding or peritonitis. At this point, the mouse
should be humanely euthanized in compliance with protocols
set by your institution.

15. These diets can be readily purchased from approved vendors,
stored at 4 �C for the at least 6 months, and must be replaced
twice a week. Some investigators prefer storing diets at�20 �C.

16. The FPC diet our laboratory uses is currently is available in a
powdered form and must be formed into soft pellets before
being added to the cages. Please consult with the diet manu-
facturer and follow all instructions before using any diet.

17. Like the diet, the drinking water solution must also be replaced
twice a week. To simplify things, we recommend making a 10�
stock of the sucrose/fructose solution and storing at 4 �C
or � 20 �C and diluting with acidified water when necessary.

18. In our experience, it is best to use acidified drinking water
directly from the animal facility. Using deionized or ultrapure
water may deprive animals of key electrolytes. Other protocols
may be appropriate in mouse facilities that use autoclaved
instead of acidified water.

19. These diets can be readily purchased from approved vendors
and can be stored at 4 �C or �20 �C.

20. This diet may turn rancid quickly and must be replaced fre-
quently. In our experience, to monitor food intake and ensure
uniformity, it is best to weigh out about 10–15 g of diet/
mouse in the cage at least twice a week.
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Chapter 24

Mouse Models of Muscle Fibrosis

Antonio L. Serrano and Pura Muñoz-Cánoves

Abstract

Fibrosis in skeletal muscle is the natural tissue response to persistent damage and chronic inflammatory
states, cursing with altered muscle stem cell regenerative functions and increased activation of fibrogenic
mesenchymal stromal cells. Exacerbated deposition of extracellular matrix components is a characteristic
feature of human muscular dystrophies, neurodegenerative diseases affecting muscle and aging. The
presence of fibrotic tissue not only impedes normal muscle contractile functions but also hampers effective
gene and cell therapies. There is a lack of appropriate experimental models to study fibrosis. In this chapter,
we highlight recent developments on skeletal muscle fibrosis in mice and expand previously described
methods by our group to exacerbate and accelerate fibrosis development in murine muscular dystrophy
models and to study the presence of fibrosis in muscle samples. These methods will help understand the
molecular and biological mechanisms involved in muscle fibrosis and to identify novel therapeutic strategies
to limit the progression of fibrosis in muscular dystrophy.

Key words Fibrosis, Skeletal muscle regeneration, Duchenne muscular dystrophy, mdx mice, Exer-
cise, Chronic injury

1 Introduction

Fibrosis is defined as the pathological accumulation of excessive
components of the extracellular matrix (ECM) in a tissue, typically
resulting from chronic inflammation [1]. It is the distinguishing
mark of a failure of the natural tissue repair mechanism in different
organs of the body, and is a major causative factor of clinical illness.
Fibrosis development can be considered the adaptive response of
the tissue to persistent damage, leading to cellular dysfunction and
parenchymal scar and ultimately to organ failure and death. High-
lighting its importance, it has been estimated that chronic fibro-
proliferative disease is involved in about 45% of all deaths in the
developed world [2, 3].

Different stages have been proposed to be required for fibrosis
development after the primary tissue injury, beginning with the
recruitment of inflammatory cells, including lymphocytes, poly-
morphonuclear leukocytes, eosinophils, basophils, mast cells, and
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several types of macrophages [2, 4, 5]. As a general mechanism
leading to organ fibrosis, cytokines, inflammatory mediators, and
other released factors induce the activation of different
mesenchymal-derived effector cells (comprising fibroblasts, fibro-
cytes, tissue-specific pericytes, and myofibroblasts), which prolifer-
ate and start to produce extracellular matrix components. The
positive balance between deposition and resorption of these ECM
molecules promotes fibrosis progression, which is often amplified
by autocrine loops of signaling [1, 5].

1.1 Cellular

Mechanisms

in Skeletal Muscle

Fibrosis

The common pathway leading to fibrosis in different organs is
equally applicable to skeletal muscle [2, 4, 6–10]. Because of its
remarkable ability to regenerate after severe injury, this tissue has
been used as a model system of the mammalian wound-healing
response to study the interactions between tissue-specific stem
cells (satellite cells), different inflammatory cell types, effector
cells, and the components of the ECM [6].

The strong regenerative ability of skeletal muscle relies primar-
ily on its stem cells, which are in a quiescent state in resting muscle.
A few hours after injury, they become activated and expand expo-
nentially during the next days to generate enough numbers of
myogenic progenitors needed to reconstitute the damaged areas
[11]. In this period, other niche cell components, including both
tissue-resident cells and different infiltrating immune cell types, act
coordinately to support the function of satellite cells and their
progeny to repair successfully the injured tissue [12, 13]. Of partic-
ular importance in this process are the fibrogenic cells, a population
of tissue-resident mesenchymal cells expressing PDGFRα, identi-
fied as progenitors of fibroblasts and adipocytes, and termed fibro/
adipogenic progenitors (FAPs) [14, 15].

FAPs are located in the interstitial space between myofibers
and, through not yet defined mechanisms, were recently found to
be necessary for effective muscle regeneration and the homeostatic
maintenance of muscle mass [16]. After an injury of skeletal muscle,
FAPs expand briefly and provide the temporary ECM required to
reconstitute tissue architecture [14, 17]. The spatiotemporal
dynamics of critical soluble factors present in the regenerative
microenvironment regulate the fate of FAPs in skeletal muscle
after injury. Whereas tumor necrosis factor α (TNFα) has a
pro-apoptotic effect on these cells, transforming growth factor β1
(TGF-β1) promotes FAPs survival and their differentiation into
matrix-producing cells [17], acting at least in part, via a mechanism
involving αv integrins [18] and being modulated by PDGFRα
signaling [19].

During normal regeneration, FAPs expansion is limited to the
first stages after injury, due to the increased TNFα levels released by
inflammatory macrophages. In case of extensive, chronic damage
and in pathological situations cursing with elevated and continuous
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TGF-β1 levels, FAPs persistence leads to a regenerative failure and
drive fibrosis and scar formation by exacerbated production of
ECM components [4]. In the last years, several molecules secreted
by various cell types present in the damaged muscles have been
identified to directly influence FAPs fate acting in a paracrine
fashion, whereas FAPs themselves also influence other cellular
populations (reviewed in [20]).

In summary, skeletal muscle fibrosis involves tissue damage, the
presence of inflammatory cells that favors activation of TGF-β1-
dependent pathways and increased FAPs fibrogenic activity. Pri-
mary damage of skeletal muscle can be caused experimentally by
severe trauma or be the consequence of genetic diseases coursing
with muscle degeneration. The persistence of the injury over time
and the inhibition of the normal regenerative activities of muscle
stem cells are also required for the accumulation of excessive
amount of ECM components [7, 21–23].

1.2 Muscle Fibrosis

in Mice: Muscular

Dystrophy Models

Skeletal muscle fibrosis is a prominent feature of muscular dystro-
phies, a group of genetic diseases of different severity characterized
by mutations of the protein complex that connects the actin cyto-
skeleton of the myofibers to the ECM [10]. This link is established
trough different subunits of the dystrophin glycoprotein complex
(DGC). The DGC spans the muscle plasma membrane and pro-
vides stability maintaining the structural integrity of the myofibers
[24]. Among the different types of muscular dystrophies, Duch-
enne muscular dystrophy (DMD) is the most common inherited
type of muscle disease and is caused by mutations in the dystrophin
gene that encodes a subsarcolemmal protein that plays an essential
role in the DGC. In DMD, muscle fibers undergo continuous
cycles of necrosis and repair. Moreover, satellite cells also express
dystrophin, which has a function in regulating asymmetric cell
division to yield stem cells and committed myogenic progenitors
[25]. The decreased number of asymmetric divisions leads to a
strong reduction in the number of myogenic progenitors needed
for proper muscle regeneration [25, 26]. Therefore, in DMD,
besides the existing defect in the structural stability of the myofi-
bers, there is an intrinsic regenerative failure which results in the
replacement of the myofibers by fibrous and fatty tissue at late
stages of the disease. Recent reviews on the mechanisms regulating
muscle fibrosis can be found in references (27, 28).

The most extensively used mouse model of an inherited muscle
degenerative disease is the mdx mice which, similarly to DMD
patients, harbors a mutation in the dystrophin gene and is widely
used in research. However, in spite of having elevated serum crea-
tine kinase (CK) and developing a myopathy with mild fibrosis,
which is more evident in male mice [29], the natural disease history
of the mdx mouse model differs substantially from that of DMD
patients, with less severe symptoms and only a small reduction of
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life span. Diaphragmmuscle is the only skeletal muscle of mdx mice
in which pathological features of DMD (including overt fibrosis)
are recapitulated, with ten times higher collagen content than limb
muscles at 16 months of age [30]. A possible explanation for these
discrepancies between DMD and mdx may include species-specific
compensatory mechanisms, differences in the self-renewal ability of
satellite cells, muscle loading and body size, as well as in the
duration of the growth phase [31, 32]. In any case, mdx mice
remain instrumental since it is a cost-efficient model, they are easy
to manipulate and have a short generation time, being used rou-
tinely by many laboratories to gain understanding of the disease and
in preclinical tests of DMD therapies. Since diaphragm muscle only
represents a small portion of the total muscle mass, is not easily
accessible, and appreciable ECM deposition takes months to
develop, procedures aiming at accelerating and increasing fibrosis
development should be designed for research purposes.

1.3 Increasing

Naturally Occurring

Fibrosis in mdx Mice

by Genetic Strategies

Several strategies have been used to develop mouse models that
recapitulate the DMD phenotype (including the presence of muscle
fibrosis) more faithfully. These include producing a series of double
knockout mouse models, combining the mdx dystrophin mutation
with mutations in other genes to exacerbate the disease pheno-
types, and generating a number of alternative versions of mdx in
different genetic backgrounds. See references (33–35) for detailed
information on different mdx models.

Some examples of the first strategy are the increased fibrosis
observed in mdx mice with haploinsufficiency of utrophin
(an autosomally encoded homolog of dystrophin (mdx/utrn+/
�)) [36, 37] (available at https://www.jax.org/strain/019014),
with differences from mdx mice in limb muscles already evident at
2 months of age and increased collagen deposition in diaphragm
and quadriceps muscles at 6 months of age; mdx mice with an
inactivating deletion of the CMAH (cytidine monophosphate–sialic
acid hydroxylase) gene (Cmah�/�mdx), which eliminates the
biosynthesis of the N-glycolylneuraminic sialic acid and have appre-
ciable fibrosis in the quadriceps muscle at 2 months of age [38]
(available at https://www.jax.org/strain/017929), or mdx mice
lacking the RNA component of telomerase (mdx/mTR), which
display limb fibrosis at 76 weeks of age [39] (available at https://
www.jax.org/strain/023535).

Introduction of the point mutation in exon 23 of the Dmd
gene into the DBA/2J (D2) genetic background (by intercrossing
mdx mice in the C57BL/10 background, C57BL/10-mdx with
DBA/2J mice) to generate D2-mdx mice (available at https://
www.jax.org/strain/013141) resulted in a more severe pathology
accompanied by a myogenic deficit and prominent fibrosis in limb
muscles, already evident at 6 months of age [31]. A complete
phenotypic characterization of the D2-mdx strain has been recently
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published [32]. Indeed, in D2-mdxmice, the failure of regenerative
myogenesis and increased FAPs accumulation leading to prominent
fibrosis has been shown to depend on enhanced TGF-β1 signaling
with respect to other mdx strains which show a milder dystrophic
phenotype [40].

1.4 Accelerating

and Expanding

Fibrosis Development

in mdx Mice

As described previously, even if muscle degeneration cycles, chronic
inflammation, and aberrant regeneration are features of mdx mice,
excessive ECM deposition is not prominent until late stages of the
disease. This hampers fibrosis research in dystrophic models and we
have proposed various strategies to accelerate and extend the
appearance of fibrosis, allowing using younger mice, easily accessi-
ble limb muscles, and increasing the amount of available muscles
developing fibrosis to examine [23]. Early studies showed that lack
of dystrophin in muscles of mdx mice make myofibers particularly
sensitive to damage after exercise, due to the induction of local
micro-damages, which allow the transient leakage of proteins from
the fibers [41, 42]. More recent data confirm that eccentric type of
exercise causes more damage to mdx muscles than predominately
concentric contractions [43]. Implementing exercise protocols is a
noninvasive physiological method to periodically induce transient
muscle damage and inflammation, fostering the process of accumu-
lation of ECM components [23].

2 Materials

2.1 Materials

for Traumatic Skeletal

Muscle Fibrosis in mdx

Mice

l Dystrophic mice of the desired strain and age. We have success-
fully used mdx mice of 2, 3, and 5 months of age to produce
limb fibrosis.

l Commercially available treadmill apparatus for rodents. For
instance, Exer-3/6 Open Treadmill (Columbus Instruments,
USA) or 76-0896 LE8710MTS Touchscreen Treadmill (Har-
vard Apparatus, USA) models (see Note 1 and Fig. 1).

l Grip strength meter (Grip Strength Meter, Bioseb Harvard
Apparatus, USA).

2.2 Morphological

Assessment

of Fibrosis by

Picro-Sirius Red Stain

l Isopentane.

l Liquid nitrogen.

l Cryostat.

l Standard glass adhesion slides.

l Bouin’s solution fixative: Prepared with saturated picric acid
(0.9% w/v), formaldehyde (9% w/v), and acetic acid (5% v/v)
(Sigma-Aldrich HT10132).
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l Picro-sirius Red solution: 0.5 g of Direct Red 80, also known as
Sirius red F3BA or Sirius red F3B (Sigma-Aldrich 365548) in
500 mL of saturated picric acid solution 1.3% in H2O (P6744
Sigma-Aldrich). This solution is stable for at least 3 years.

l Acetic acid solution 2% (v/v): Acetic acid (glacial) (A6283
Sigma-Aldrich) 2 mL in 100 mL of H2O.

l Standard light microscope.

2.3 Biochemical

Determination

of Collagen on Muscle

Sections

l Direct Red 80, also known as Sirius red F3BA or Sirius red F3B
(Sigma-Aldrich 365548).

l Fast green FCF (F7252 Sigma-Aldrich).

l Saturated picric acid solution 1.3% in H2O (P6744 Sigma-
Aldrich).

l 0.1 M NaOH in absolute methanol solution (1:1 v/v).

3 Methods

3.1 Traumatic

Induction of Skeletal

Muscle Fibrosis in mdx

Mice

Skeletal muscles of mdx mice are more sensitive to repeated con-
tractions than non-dystrophic muscles. Forced treadmill exercise
increases the severity of dystrophic pathology and is a useful
method to exacerbate muscle damage and accelerate the develop-
ment of fibrosis in limb muscles.

1. Experimental and housing conditions should be maintained as
stable as possible to increase the reproducibility of the method
and diminish the stress of the animals.

Fig. 1 Picture of the mouse treadmill apparatus. Five mice can be exercised
simultaneously
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2. The time of the day in which the training is performed during
the repeated sessions must be kept constant.

3. Experimental groups should be randomized and every single
mouse belonging to an experimental group must be unambig-
uously identified.

4. Mice should follow an acclimation period of at least 3 days prior
initiation of the experiment. During these days, allow the
animals to stay on the treadmill without the motor turned on
for about 5 min. Then, subject mice to a daily session of 20 min
at 6 m per minute speed to get used to run on the treadmill.

5. Following the acclimation period, mdx mice are exercised three
times per week on a horizontal treadmill for 30 min at a
constant speed of 12 m per minute, with a rest of 5 min every
10 min of exercise. We have used this protocol for up to
3 months (see Notes 2–4). Compared to age-matched non--
exercised control mice, a month of training is enough to aggra-
vate the dystrophic phenotype. A longer duration of the
training program further increases the presence of muscle
fibrosis [23].

6. To monitor the effectiveness of the traumatic exercise protocol
at inducing muscle tissue damage, blood samples obtained the
day before starting, every week during the exercise period and
at the end of the training regime (3 months) can be used to
analyze the release of muscle proteins such as creatine kinase, a
marker of body-wide muscle damage, into the bloodstream (see
Note 5).

7. Performing periodical grip strength tests as a quick, simple, and
noninvasive method to evaluate mouse muscle force in vivo is
advisable. After positioning horizontally the grip strength
meter, mice held by their tail are allowed to grab the metal
grid of the instrument and are then pulled manually backward
in the horizontal plane. The force applied to the grid just before
it loses grip is recorded as the peak tension by as sensor in the
apparatus (see Note 6 and Fig. 2).

3.2 Morphological

Assessment

of Fibrosis by

Picro-Sirius Red Stain

This protocol allows the histological visualization of collagen fibers
in muscle tissue sections. With a standard light microscope, colla-
gen appears red and the cytoplasm of muscle fibers has a yellow
color. Under polarized light microscope, resulting collagen fibers
are birefringent (see Note 7 and Fig. 3).

1. Skeletal muscle samples, previously frozen in isopentane cooled
with liquid nitrogen and stored at �80 �C, are sectioned on a
cryostat and placed on glass adhesion slides to minimize tissue
loss during staining (see Note 8).
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Fig. 2 Measurement of muscle force in mdx mice by the Grip Strength Test

Fig. 3 Illustrative examples of Sirius Red stains of muscle cryosections from
non-exercised mdx mice (left) and exercised mdx mice (right). Scale bar:
50 microns
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2. After drying the slides at room temperature (RT), they are
incubated overnight in Bouin’s fixative.

3. Wash with tap water 5 min and incuba te in Picro-sirius Red
solution for at least 1 h at RT.

4. Wash rapidly with 2% acetic acid solution.

5. Dehydrate with EtOH 70%/96%/100% 5 min each.

6. Clear with Xylol 5 min and mount in a solvent-based mounting
medium.

3.3 Biochemical

Determination

of Collagen on Muscle

Sections

This simple procedure allows sensitive and quantitative determina-
tion of collagen and protein content in muscle cryosections. It is
based on the selective binding of collagen by the Direct Red 80 dye,
and the binding of Fast green FCF to non-collagenous proteins
[44]. Once bound to the sample, both dyes are eluted simulta-
neously with a solution of NaOH-methanol readily and the amount
of collagen and protein is determined based on the absorbances
obtained at 540 and 605 nm. This protocol also works on formalin-
fixed paraffin-embedded samples and the results on collagen con-
tent match those obtained by hydroxyproline analyses. It has the
advantage of using very small amount of sample, which sometimes
is a limiting factor in fibrosis research in skeletal muscle.

1. Prepare the staining solution containing 0.1% Direct Red
80 and 0.1% Fast Green FCF in saturated picric acid solution
(100 mg Direct Red 80 and 100 mg of Fast Green in 100 mL
of saturated picric acid solution).

2. Place at least ten cryosections (10μm thickness each) in a
1.5 mL microcentrifuge tube (sections are collected with a
needle inside the cryostat) and cover the tube with
aluminum foil.

3. Preincubate the tubes with a solution of 0.1% Fast Green FCF
in saturated picric acid solution for 15 min at RT on a rotary
shaker (this step prevents unspecific binding of Direct Red80 to
non-collagenous proteins). A volume of 200μL per tube is
enough.

4. Wash with distillated water three times.

5. Incubate tubes with the staining solution for 30 min at RTon a
rotary shaker.

6. Wash with distillated water three times until water is colorless.

7. Wash the samples with a solution containing 0.1 M NaOH in
absolute methanol (1:1, v/v) for a few seconds, until all the
color is eluted.

8. Measure the absorbance of the eluate in a spectrophotometer at
540 and 605 nm corresponding to the maximal absorbances of
Direct Red 80 and Fast green FCF, respectively.
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9. Calculations:
9.1 Correct the absorbance at 540 nm by the following for-

mula: absorbance 540 nm � (absorbance at
605 nm � 0.291). This step subtracts the interference of
the absorbance of Fast green FCF on the absorbance of
Direct Red 80.

9.2 Divide the absorbance at 605 nm by 2.08. This indicates
the net amount of non-collagenous proteins in the
sections.

9.3 Divide the corrected absorbance at 540 nm by 38.4. This
indicates the net amount of collagen proteins.

9.4 Calculate the relative amount of collagen per mg of protein
by dividing the value obtained in step 9.3 by the sum of
values of steps 9.2 + 9.3 (total protein). The results are
expressed as mg of collagen/mg of total protein.

3.4 Other

Downstream

Techniques Suitable

to Investigate Muscle

Fibrosis

A variety of techniques can be used to assess fibrosis in skeletal
muscle. Biochemical methods quantifying collagen content or dig-
ital image analysis of histochemical or immunostaining of ECM
components are the gold standard. Noteworthy, complementary
analyses such as analyzing FAPs numbers on muscle samples or
determination of the levels of fibrosis-related genes do not correlate
with amount of collagen in tissue samples, particularly when fibrosis
has already developed. For instance, in D2-mdx mice, expression
levels of genes related with fibrosis (Tgf-β, connective tissue growth
factor (Ctgf) and collagen) diminished with aging (from 10 to
34 weeks) and did not parallel increased amount of fibrosis based
on histological observations [45]. Therefore, care should be taken
when interpreting isolated data on fibrosis based exclusively on
gene expression levels.

4 Notes

1. This type of instruments consists of motor-driven rolling belts
in which speed and slope can be easily adjusted and reproduced
on different animals to allow the desired forced exercise train-
ing protocol. The suggested models, with 5 or 6 different
lanes, allow training several mice simultaneously, saving a sig-
nificant amount of time.

2. Eventually some mice will stop on the belt and will need an
external motivating stimulation to continue running. Tread-
mill apparatuses are normally equipped with an electrified grid
that can apply light electric foot shocks to induce the mice
return to running on the belt. Alternative stimulating methods
are the use of air-puff accessories of the apparatus or gentle
encouragement by the operator using objects like a stick and
touching the tail and/or applying a sound stimulus.
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3. Eccentric type of exercise has been shown to increase muscle
damage. This effect can be induced by placing the treadmill
with a downstairs inclination. Reports in the literature on this
type of protocols range from 10� to 16� degrees inclination,
average running speeds of 10 m/min and duration of the
sessions from 5 to 90 min (see [46] for review). Repeated
downhill treadmill sessions in rat showed that, to maintain
damage ongoing, sessions should be repeated every 4 days,
and that a beneficial muscle adaptation and reduced damage
was observed if the frequency of the sessions was reduced to
one every 7 days [47]. If a downhill running protocol wants to
be adopted, the intensity and durations of the sessions should
be adapted to the age and particular conditions of the animals,
since a proportion of mice may not be able to complete the
protocol.

4. Lower exercise intensities of the above indicated may not reach
the necessary threshold to increase fibrosis in mdx muscles. For
example, a training protocol in horizontal treadmill at speeds of
4 or 8 m/min, for 30 min, three times a week during 24 weeks
did not cause damage nor increased muscle fibrosis in 4–5-
month-old D2-mdx mice [48].

5. This type of protocol requires continuous supervision of the
mice during the training sessions. All parameters of the session
should be carefully monitored. Some experimenters perform
video recording of the sessions to identify possible behavioral
alterations.

6. Practical details on this protocol can be found in [49].

7. On a light microscope, collagen fibers will appear red. Digital
pictures can easily be analyzed following these steps with the
public domain software ImageJ (available at https://imagej.
nih.gov/ij/download.html):
(a) Open the image file and transform the color image into a

8-bit grayscale image (command sequence File, Open,
Image, Type, 8-bit).

(b) Convert the image into a black and white binary image by
adjusting the threshold (command sequence Image,
Adjust, Threshold, Apply).

(c) Measure the total area of the image (command: Analyze,
Measure) and the area occupied by collagen (by selecting
the option Limit to threshold in the menu Analyze, Set
Measurements and then Analyze, Measure).

(d) Calculate the relative area occupied by the collagen stain-
ing in the image versus the total area using the data of the
Results window.
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(e) Once the images are open, specific areas of interest can be
selected on the pictures with the Freehand selection tool
and the commands Edit, Clear outside.

8. This protocol is also suitable for paraffin-embedded samples. In
this case, deparaffinization and rehydration of the samples are
required as initial steps of the protocol. We prefer to use frozen
samples since the formalin-fixation and paraffin-embedding
procedures tend to shrink muscle fibers and alter interstitial
spaces.
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13. Wosczyna MN, Rando TA (2018) A muscle
stem cell support group: coordinated cellular
responses in muscle regeneration. Dev Cell 46
(2):135–143

14. Joe AW, Yi L, Natarajan A, Le Grand F, So L,
Wang J et al (2010) Muscle injury activates
resident fibro/adipogenic progenitors that
facilitate myogenesis. Nat Cell Biol 12
(2):153–163

15. Uezumi A, Fukada S, Yamamoto N, Takeda S,
Tsuchida K (2010) Mesenchymal progenitors
distinct from satellite cells contribute to ectopic
fat cell formation in skeletal muscle. Nat Cell
Biol 12(2):143–152

16. WosczynaMN, Konishi CT, Perez Carbajal EE,
Wang TT, Walsh RA, Gan Q et al (2019) Mes-
enchymal stromal cells are required for regen-
eration and homeostatic maintenance of
skeletal muscle. Cell Rep 27(7):2029–2035. e5

17. Lemos DR, Babaeijandaghi F, Low M, Chang
CK, Lee ST, Fiore D et al (2015) Nilotinib
reduces muscle fibrosis in chronic muscle injury
by promoting TNF-mediated apoptosis of
fibro/adipogenic progenitors. Nat Med 21
(7):786–794

18. Murray IR, Gonzalez ZN, Baily J, Dobie R,
Wallace RJ, Mackinnon AC et al (2017) Alphav
integrins on mesenchymal cells regulate skele-
tal and cardiac muscle fibrosis. Nat Commun 8
(1):1118

19. Contreras O, Cruz-Soca M, Theret M,
Soliman H, Tung LW, Groppa E et al (2019)
Cross-talk between TGF-beta and PDGFRal-
pha signaling pathways regulates the fate of
stromal fibro-adipogenic progenitors. J Cell
Sci 132(19)

20. Biferali B, Proietti D, Mozzetta C, Madaro L
(2019) Fibro-adipogenic progenitors cross-
talk in skeletal muscle: the social network.
Front Physiol 10:1074

21. Contreras O, Rebolledo DL, Oyarzun JE,
Olguin HC, Brandan E (2016) Connective tis-
sue cells expressing fibro/adipogenic progeni-
tor markers increase under chronic damage:
relevance in fibroblast-myofibroblast differen-
tiation and skeletal muscle fibrosis. Cell Tissue
Res 364(3):647–660

22. Gonzalez D, Contreras O, Rebolledo DL,
Espinoza JP, van Zundert B, Brandan E
(2017) ALS skeletal muscle shows enhanced
TGF-beta signaling, fibrosis and induction of
fibro/adipogenic progenitor markers. PLoS
One 12(5):e0177649

23. Pessina P, Cabrera D, Morales MG, Riquelme
CA, Gutierrez J, Serrano AL et al (2014) Novel
and optimized strategies for inducing fibrosis
in vivo: focus on Duchenne muscular dystro-
phy. Skelet Muscle 4:7

24. Belhasan DC, Akaaboune M (2020) The role
of the dystrophin glycoprotein complex on the
neuromuscular system. Neurosci Lett
722:134833

25. Dumont NA, Wang YX, von Maltzahn J,
Pasut A, Bentzinger CF, Brun CE et al
(2015) Dystrophin expression in muscle stem
cells regulates their polarity and asymmetric
division. Nat Med 21(12):1455–1463

26. Chang NC, Sincennes MC, Chevalier FP, Brun
CE, Lacaria M, Segales J et al (2018) The
dystrophin glycoprotein complex regulates the
epigenetic activation of muscle stem cell com-
mitment. Cell Stem Cell 22(5):755–768. e6

27. Mahdy MAA (2019) Skeletal muscle fibrosis:
an overview. Cell Tissue Res 375(3):575–588

28. Smith LR, Barton ER (2018) Regulation of
fibrosis in muscular dystrophy. Matrix Biol
68–69:602–615

29. Salimena MC, Lagrota-Candido J, Quirico-
Santos T (2004) Gender dimorphism influ-
ences extracellular matrix expression and
regeneration of muscular tissue in mdx dystro-
phic mice. Histochem Cell Biol 122
(5):435–444

30. Stedman HH, Sweeney HL, Shrager JB,
Maguire HC, Panettieri RA, Petrof B et al
(1991) The mdx mouse diaphragm reproduces
the degenerative changes of Duchenne muscu-
lar dystrophy. Nature 352(6335):536–539

31. Fukada S, Morikawa D, Yamamoto Y,
Yoshida T, Sumie N, Yamaguchi M et al
(2010) Genetic background affects properties
of satellite cells and mdx phenotypes. Am J
Pathol 176(5):2414–2424

32. van Putten M, Putker K, Overzier M, Adamzek
WA, Pasteuning-Vuhman S, Plomp JJ et al
(2019) Natural disease history of the D2-mdx
mouse model for Duchenne muscular dystro-
phy. FASEB J 33(7):8110–8124

33. McGreevy JW, Hakim CH, McIntosh MA,
Duan D (2015) Animal models of Duchenne
muscular dystrophy: from basic mechanisms to
gene therapy. Dis Model Mech 8(3):195–213

34. Rodrigues M, Echigoya Y, Fukada SI, Yokota T
(2016) Current translational research and
murine models for Duchenne muscular dystro-
phy. J Neuromuscul Dis. 3(1):29–48

35. Yucel N, Chang AC, Day JW, Rosenthal N,
Blau HM (2018) Humanizing the mdx
mouse model of DMD: the long and the
short of it. NPJ Regen Med 3:4

36. Zhou L, Rafael-Fortney JA, Huang P, Zhao
XS, Cheng G, Zhou X et al (2008) Haploin-
sufficiency of utrophin gene worsens skeletal
muscle inflammation and fibrosis in mdx
mice. J Neurol Sci 264(1–2):106–111

Mouse Models of Muscle Fibrosis 369



37. Gutpell KM, Hrinivich WT, Hoffman LM
(2015) Skeletal muscle fibrosis in the
mdx/utrn+/� mouse validates its suitability
as a murine model of Duchenne muscular dys-
trophy. PLoS One 10(1):e0117306

38. Chandrasekharan K, Yoon JH, Xu Y, de Vries S,
Camboni M, Janssen PM et al (2010) A
human-specific deletion in mouse Cmah
increases disease severity in the mdx model of
Duchenne muscular dystrophy. Sci Transl Med
2(42):42ra54

39. Sacco A, Mourkioti F, Tran R, Choi J,
Llewellyn M, Kraft P et al (2010) Short telo-
meres and stem cell exhaustion model Duch-
enne muscular dystrophy in mdx/mTR mice.
Cell 143(7):1059–1071

40. Mazala DA, Novak JS, Hogarth MW,
Nearing M, Adusumalli P, Tully CB et al
(2020) TGF-beta-driven muscle degeneration
and failed regeneration underlie disease onset
in a DMD mouse model. JCI Insight 5(6)

41. Brussee V, Tardif F, Tremblay JP (1997) Mus-
cle fibers of mdx mice are more vulnerable to
exercise than those of normal mice. Neuromus-
cul Disord 7(8):487–492

42. Vilquin JT, Brussee V, Asselin I, Kinoshita I,
Gingras M, Tremblay JP (1998) Evidence of
mdx mouse skeletal muscle fragility in vivo by
eccentric running exercise. Muscle Nerve 21
(5):567–576

43. Mathur S, Vohra RS, Germain SA, Forbes S,
Bryant ND, Vandenborne K et al (2011)
Changes in muscle T2 and tissue damage after

downhill running in mdx mice. Muscle Nerve
43(6):878–886

44. Lopez-De Leon A, Rojkind M (1985) A simple
micromethod for collagen and total protein
determination in formalin-fixed paraffin-
embedded sections. J Histochem Cytochem
33(8):737–743

45. Gordish-Dressman H, Willmann R, Dalle
Pazze L, Kreibich A, van Putten M, Heyde-
mann A et al (2018) “Of mice and measures”:
a project to improve how we advance Duch-
enne muscular dystrophy therapies to the
clinic. J Neuromuscul Dis 5(4):407–417

46. Hyzewicz J, Ruegg UT, Takeda S (2015)
Comparison of experimental protocols of phys-
ical exercise for mdx mice and Duchenne mus-
cular dystrophy patients. J Neuromuscul Dis 2
(4):325–342

47. Marqueste T, Giannesini B, Fur YL, Cozzone
PJ, Bendahan D (2008) Comparative MRI
analysis of T2 changes associated with single
and repeated bouts of downhill running lead-
ing to eccentric-induced muscle damage. J
Appl Physiol (1985) 105(1):299–307

48. Zelikovich AS, Quattrocelli M, Salamone IM,
Kuntz NL, McNally EM (2019) Moderate
exercise improves function and increases adipo-
nectin in the mdx mouse model of muscular
dystrophy. Sci Rep 9(1):5770

49. Aartsma-Rus A, van Putten M (2014) Asses-
sing functional performance in the mdx mouse
model. J Vis Exp 85

370 Antonio L. Serrano and Pura Muñoz-Cánoves



Chapter 25

Mouse Models of Skin Fibrosis

Aleix Rius Rigau, Markus Luber, and Jörg H. W. Distler

Abstract

Systemic sclerosis (SSc) is a rare systemic autoimmune disease associated with a high mortality. The first
histopathological hallmarks are vasculopathy and inflammation, followed by fibrosis of the skin and internal
organs. The molecular and cellular mechanisms are incompletely understood. Rodent models provide
important insights into the pathogenesis of SSc and are a mainstay for the development of novel targeted
therapies. Here we describe the mechanistic insights of inducible and genetic models, and also discuss in
detail the limitations and pitfalls of the most frequently used SSc mouse models. We also describe protocols
for running the established bleomycin-induced scleroderma skin fibrosis model.

Key words Bleomycin, Skin fibrosis, Systemic sclerosis, Chronic graft-versus-host disease, Mouse
model

1 Introduction

Systemic sclerosis (SSc), also known as systemic scleroderma, is a
complex and heterogeneous disease. The limited-cutaneous form
affects mainly the skin, whereas the diffuse-cutaneous form often
involves internal organs. The main hallmarks of this disease are
vasculopathy, activation of immune system, autoimmunity, and
fibrosis [1]. The molecular pathogenesis is complex and still incom-
pletely understood. However, cytokines and growth factors such as
TGF-β, PDGF, WNT [2], and Hedgehog [3, 4] as well as tran-
scriptions factors (SMADs, AP1 family members such as FRA2 [5],
ATF3 [6], and ETS family members such as PU.1 and FLI1 [7])
have been identified as key players in the pathogenesis of fibrotic
tissue remodeling.

The earliest events in the disease are vascular injury and endo-
thelial cell apoptosis. The damaged vessels are surrounded by peri-
vascular infiltrates, consisting of T and B lymphocytes,
macrophages, and mast cells. All these perivascular leucocytes
release profibrotic mediators. This promotes fibroblast-to-
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myofibroblast differentiation and accumulation of extracellular
matrix (ECM), resulting in tissue fibrosis [8].

In this context, animal models are necessary to better under-
stand the cellular and molecular mechanisms involved in SSc. Many
murine models are available to study this disease; however, none of
them mimics the whole spectrum of histopathological features. A
single model is also not able to recapitulate the heterogeneity of SSc
with its broad spectrum of different clinical manifestations.

Here, we discuss the pathogenic drivers of the most commonly
used mouse models to study SSc, their advantages, disadvantages,
and limitations. We are thereby aiming to provide a guideline for
the optimal use of mouse models in SSc research.

1.1

Bleomycin-Induced

Skin Fibrosis

Bleomycin was originally isolated from Streptomyces verticillus and
used in cancer treatment [9]. Higher doses of bleomycin were
frequently associated with lung injury and subsequent fibrosis,
and these side effects limit its therapeutic application [10]. Cases
of skin fibrosis as an adverse event of bleomycin treatment were also
reported. These tissues express the lowest levels of bleomycin-
hydrolase compared to other organs, being thus particularly sensi-
tive to bleomycin-induced injury. For this reason, bleomycin is used
in murine models to induce skin and lung fibrosis.

The bleomycin model of skin fibrosis was established in 1999
by Yamamoto and coworkers, and nowadays is one of the most
frequently used animal models in SSc research. Fibrosis is induced
by repeated subcutaneous injections of bleomycin in a defined skin
area for 3-4 weeks, leading to fibrosis that persists for appr. 6 weeks
after the last injection [11]. Similarly, intratracheal administration
of bleomycin leads to lung fibrosis, showing the strongest pheno-
type around 4 weeks after one single injection [12].

Interestingly, there is variation in the sensitivity to bleomycin
among different mouse strains. For example, C3H/He, DBA/2,
B10.D2, and B10.A strains develop more intense fibrosis compared
to C57BL/6 [13]. A study showed a correlation between the
bleomycin-hydrolase activity and the bleomycin-induced lung
fibrosis phenotype in two different mouse strains [14].

Bleomycin-induced skin fibrosis mimics the early inflammatory
changes that occur in SSc patients (see Note 1). Bleomycin injec-
tions in the skin induce the release of reactive oxygen species (ROS)
and promote the expression of adhesion molecules and influx of
immune cells as T and B lymphocytes, macrophages, eosinophils,
and mast cells [8]. The inflammatory infiltrates release pro-fibrotic
and pro-inflammatory cytokines, growth factors, and chemokines
like TGF-β, IL-4, IL-6, IL-13, PDGF, and MCP-1 with
subsequent accumulation of myofibroblasts and excessive ECM
deposition [8, 15]. This model is also characterized by the occur-
rence of antinuclear antibodies (ANA), anti-topoisomerase-I, anti-
U1 RNP, and anti-histone antibodies [16]. The levels of these
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autoantibodies are, however, low and they occur only infrequently
with most protocols. Injections of higher doses of bleomycin into
the skin may lead to plasma concentrations that are high enough to
induce pulmonary fibrosis. The histological features of lung fibrosis
in this case yet differ from that induced by intratracheal injection of
bleomycin, with more perivascular fibrosis as compared to peri-
broncheolar damage [11, 17].

1.2 Sclerodermatous

Chronic

Graft-Versus-Host

Disease

(SclGvHD) Model

Chronic graft-versus-host disease (cGvHD) is themajor complication
after allogenic hematopoietic cell transplantation, occurring in
60–80% of long-term survival patients [18], and it decreases the
success of transplantation by increasing the risk of death and disability
[19]. Sclerodermatous GvHD (SclGvHD) is a form of cGvHD that
manifests as severe fibrosis of skin and fascia, and accounts for 20% of
all cases with cGvHD [20]. SclGvHD shows many commonalities
with the inflammatory phase of diffuse SSc [21].

Jaffe and Claman [22] developed 35 years ago a murine
cGvHD model to study human SSc. This model is based on the
transplantation of hematopoietic cells with a mismatch in the minor
histocompatibility antigens from donor into recipient mice.
Although many different models have been described, the most
common model is the B10.D2 (H-2d)!BALB/c (H-2d) model of
SclGvHD. In this model, splenocytes and bone marrow cells of
B10.D2 are isolated and injected into the tail veins of sublethally
irradiated Balb/c mice. Other models use, e.g., splenocytes from
LP/J mice and C57BL/6 as recipient mice (LP/J (H-2b)!C57/
Bl6 (H-2b)) [22, 23].

This model demonstrates severe inflammatory infiltrates com-
posed mainly of T cells, but also monocytes/macrophages, B cells,
and mast cells [8, 24]. The leukocytes stimulate resident fibroblast
to release large amounts of ECM leading to tissue fibrosis. The
fibrotic injury is most severe in the skin, but most models also
develop mild-to-moderate pulmonary fibrosis and may develop
intestinal and kidney fibrosis [25].

Alloreactive T cells play a key role in the pathogenesis of this
model, but the infiltrates are heterogeneous, and different T cell
population may synergize to drive disease in these models
[26]. Th1 differentiation was long considered to represent the
paradigm of T cell response in cGvHD, but recent studies have
also shown the implication of Th17 cells [27]. Moreover, although
donor-derived B cell antibodies are not essential to initiate the
tissue injury, they promote cutaneous Th17 infiltration and perpet-
uate the SclGvHD [28].

In the B10.D2 (H-2d)!BALB/c (H-2d) model, first manifesta-
tions of SclGvHD are detectable at around 3 weeks after transplan-
tation, and they are characterized by loss of dermal fat, hair follicle
destruction, mononuclear cell infiltration, and increased collagen
deposition [29]. Systemic manifestations such as weight loss also
occur [29, 30].
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1.3 Fibrosis Induced

by Recombinant DNA

Topoisomerase I and

Complete Freund’s

Adjuvant

Autoimmunity is a key feature of SSc. Moreover, the presence of
autoantibodies against multiple intracellular antigens is a serologi-
cal hallmark of the disease. These antibodies are helpful biomarkers
and can be found in more than 95% of the patients [31]. One of
these autoantibodies is the anti-topoisomerase I, which is asso-
ciated with diffuse-cutaneous SSc and a poorer prognosis. SSc
patients with anti-topoisomerase I antibodies have higher risk of
pulmonary fibrosis and cardiac involvement [32].

Yoshizaki et al. have generated a model, in which subcutaneous
administration of DNA topoisomerase I in Complete Freund’s
adjuvant (CFA) induces dermal and lung fibrosis within
8 weeks [33].

The pathogenesis of this model is not completely understood,
but apart from the autoimmunity, increased levels of IL-6, IL-17,
and TGF-β and decreased IL-10 production were observed along
with Th2 and Th17 T cell differentiation [33].

1.4 Tight Skin Mice

1 (Tsk1) Mice

The Tight skin 1 (Tsk1) phenotype was first described in the mouse
strain B10.D2(58N)/Sn in 1976 [34]. However, the underlying
genetic mutation was not identified until 1996 [35]. The Tsk1
phenotype is caused by an autosomal dominant mutation on chro-
mosome 2 that consists an in-frame tandem partial replication of
the fibrillin 1 gene (Fbn1). Homozygous embryos degenerate in
utero at 8–10 days of gestation. Heterozygous mice develop
SSc-like features with skin fibrosis and autoimmunity [36].

The mechanisms causing the skin fibrosis in the Tsk1 mice are
not clear, but abnormal fibrillin might activate the TGF-β signaling
and thereby promote myofibroblast differentiation [37]. These
mice demonstrate thickening of the hypodermal layer and fascial
layers without striking thickening of the dermis. The lung manifes-
tations also differ from those of human SSc patients: Tsk1 mice
develop lung emphysema rather than lung fibrosis [38].

Tsk1 mice also develop autoantibodies, in particular against
fibrillin, which is also observed in a subset of SSc patients [31, 39,
40]. Of particular interest, fibroblasts explanted from Tsk1 mice
demonstrate a persistently activated phenotype in vitro, even after
several passages. Tsk1 fibroblasts thus resemble the activated phe-
notype of SSc fibroblasts.

The Tsk1 mouse strain is used as a model for the later stages of
human SSc, when inflammation has largely subsided in the majority
of the patients.

1.5 Fra2-Transgenic

Mice

Fra2 (Fos related antigen 2) is a transcription factor that belongs to
the Activator Protein 1 (AP1) family. Fra2 is implicated in cell
proliferation, inflammation, wound healing [5], osteoblast differ-
entiation, and collagen production [41]. Epigenetics alterations at
the Fra2 promoter have been described in SSc patients [42].
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The group of Erwin Wagner developed a transgenic mouse
strain where the Fra2 expression is under the control of the ubiq-
uitous MHC-I antigen H-2kb promotor. This strain develops sys-
temic inflammation and fibrosis in multiple organs, including the
skin, the lungs, and the heart [43, 44]. One important characteris-
tic of the Fra2-transgenic mice is the vascular phenotype: apoptosis
of microvascular endothelial cells is observed at an age of 9 weeks,
but is not present at birth. Fibrosis of the lungs and skin follows at
an age of 12 weeks [45]. Mice also demonstrate proliferation of the
vascular smooth muscle cells with subsequent development of pul-
monary arterial hypertension.

This model is particularly useful to study the complex interplay
between different disease features in SSc, e.g., between vasculopa-
thy and fibrosis.

1.6 Other Genetic

Models

In 1986, Peters et al. described the tight skin 2 (Tsk2) mouse
model. In this strain, the mutation was induced by a chemical
compound (ethylnitrosourea) and consists of an autosomal domi-
nant mutation on chromosome 1 [46], specifically a deletion in the
Col3a1 gene that results in a gain-of-function mutation [47]. Simi-
lar to Tsk1 mice, homozygous embryos degenerate in utero. The
cutaneous changes in the heterozygous mice become apparent at
3–4 weeks of age with thickening of the dermis and excessive
deposition of thick collagen fibers, which extended deeply into
the subdermal adipose tissue [46]. Cultured fibroblasts isolated
from Tsk2 express increased levels of Col1a1 and Col3a1
mRNA [48].

TGF-β is a key player of fibroblast activation and ECM produc-
tion in SSc. For this reason, Sonnylal and coworkers inserted a
STOP cassette flanked by LoxP sites /in front of the TBRICA

mouse gene. When cross-breed with mice expressing a proα2
(I) collagen promoter-dependent Cre-ER, these mice express active
TGF-β receptor type I (TGFβRI) selectively in fibroblasts upon
tamoxifen-challenge [49].

Hydroxyltamoxifen injection leads to selective excision of the
stop cassette and TGFβRI expression in fibroblasts. These mice
then develop progressive and generalized dermal fibrosis. This
model does not develop pulmonary fibrosis; however thickening
of the vascular wall in arteries of the kidneys, lungs, and adrenal
glands have been reported [49].

This mouse model is very useful to study TGF-β signaling
in vivo, but do not recapitulate the complex interplay of different
profibrotic pathways that are simultaneously activated in SSc
patients [8]. Other features of this disease such as autoimmunity
and inflammation are absent in this model.

Alternative to fibroblast-specific Cre-mediated overexpression
of TBRICA, TGFβRI overexpression can also be achieved using
vectors such as adenoviruses. This approach has been extensively
used to study the TGF-β signaling in skin fibrosis in vivo [50–54].
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Denton et al. also developed a mouse strain with aberrant
TGFβRII [55]. Using the same transcriptional enhancer of the
proα2(I) collagen gene as in the TBRCA;CreER model, they gen-
erated a mouse strain, in which the fibroblasts express mutant type
II TGF-β receptor that lacks the intracellular kinase domain
(TβRIIΔk). While overexpression of TβRIIΔk inhibits TGFβ sig-
naling in fibroblasts in vitro [56], TβRIIΔk mice demonstrate
enhanced TGFβ signaling [55]. Themechanisms of this paradoxical
TGF-β activation are not fully understood.

TβRIIΔk mice develop fibrosis of the lungs, the skin, the heart,
and the intestine. Vascular fibrosis is also observed. Newborn
TβRIIΔk transgenic mice appear normal, but from 6 weeks after
birth approximately 25% of the animals failed to thrive and lose
weight. Contrasting with the sporadic lung abnormalities, all trans-
genic mice develop increased dermal thickness at 12 weeks of
age [55].

Development of skin fibrosis is the only common characteristic
present in all SSc models outlined above. Indeed, no mouse model
mimics all features of SSc. Moreover, a single model alone is not
sufficient to capture the heterogeneity of SSc with a wide range of
different clinical manifestations in different patient subgroups.

In summary, a perfect moue model for SSc does not exist.
However, a careful combination of different mouse models enables
modeling of different aspects, distinct stages, and various sub-
groups of SSc patients. The pipeline for preclinical development
of novel therapeutic compounds should not be restricted to a single
mouse model, but should rather include different models in con-
junction with studies on human cells and tissues.

In the next lines, we will describe in detail the material and
reagents needed as well as the protocols of the most used SSc
animal models: bleomycin-induced skin fibrosis.

2 Materials

2.1

Bleomycin-Induced

Skin Fibrosis

1. DBA mice (see Notes 2 and 3), 6 week old (see Note 4),
same sex.

2. Bleomycin, 0.5 mg/mL in 0.9% NaCl.

3. 0.9% NaCl sterile.

4. 27G Needles and 1 mL syringes.

5. Shaver.

6. Skin marker pen.

7. Ketamine chloride, 100 mg/mL and xylazine chloride 2%
(or any anesthetic of your choice).

8. Infrared lamp.
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3 Methods

3.1

Bleomycin-Induced

Skin Fibrosis

1. The animal welfare needs to be respectful of specifically and
strict ethical rules (see Note 5).

2. Prepare the anesthesia by mixing 0.9% NaCl, ketamine chlo-
ride, and xylazine chloride in 2:1:1 proportion.

3. Anesthetize the mice injecting intraperitoneal 30μL of the
anesthetic mixture prepared.

4. Wait until the mouse falls asleep. Apply 0.9% NaCl to the eyes
to prevent blindness.

5. Shave a large area of 2 cm � 2 cm between the shoulders at the
back of the mouse.

6. With the skin marker pen, mark a square of 1 cm � 1 cm
between the shoulders at the back of the mouse.

7. Inject 100μL of Bleomycin intradermally (use 100μL of 0.9%
NaCl for the control mice) (see Note 6).

8. Prevent excessive cooling down of the mouse during anesthesia
by using an infrared lamp.

9. During the next 6 weeks, every other day bleomycin is again
injected intradermally at varying injection sites (see Note 7).
For this, an assistant should hold the mouse to prevent moving,
so no further anesthesia is required (see Note 8).

10. If necessary, anesthetize the mice again for reshaving or
refreshing the marks on the back (see Note 9).

11. Sacrifice the mice 4 weeks after the first injection (seeNotes 10
and 11).

3.2 Assessment

of Skin Fibrosis

Skin fibrosis can be assessed by histological analysis via H&E,
Picrosirius Red, and Masson’s Trichrome stainings. Immunohisto-
chemical stainings for fibrosis (collagen type I, fibronectin) or
myofibroblast (α SMA) markers are commonly used. The thickness
of the dermal and the hypodermal layers are also good surrogate
markers of skin fibrosis. The dermal thickness is typically quantified
by measuring the distance from the epidermal/dermal border to
the dermal/hypodermal border at four random sites per mouse.
Biochemical measurement of collagen type I via determination of
hydroxyproline levels in skin tissue samples is also a standard
method to determine skin fibrosis.

4 Notes

1. Although the bleomycin-induced skin fibrosis model is widely
used as a model for scleroderma, it does not capture the
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heterogeneity of SSc. The advantages and disadvantages of this
model are discussed in the following summary:

(a) Advantages:

l Very well documented and characterized in detail

l Mimics the inflammatory features of SSc, thus, useful to
evaluate anti-inflammatory and anti-fibrotic therapies

l Can be applied to numerous mouse strains

l Easy to handle

(b) Disadvantages:

l No systemic effect, since fibrosis is limited to the site of
injection

l The vascular phenomena that precedes fibrosis in human
scleroderma is usually absent in the bleomycin model

l The anti-fibrotic effects of anti-inflammatory therapies can
be overestimated.

2. Depending on the experimental setup and purpose, different
mouse strains can be used. It is important to take into account
that the sensivity to bleomycin can vary among different mouse
strains, so the protocol should be adapt to each strain.

3. The method described above is also well established in
C57BL/6 mice, a strain easier to handle than DBA/2.

4. Don’t use mice younger than 6 weeks old since they may suffer
from increased toxicity.

5. For ethical reasons, during in vivo experiments all scientists
must take care about animal welfare. One of the most impor-
tant rules to follow is the well known 3 R’s. This principle
consists of: replacement (methods to replace the use of ani-
mals), reduction (methods to minimize the number of animals
used) and refinement (methods to minimize animals suffering
and improve welfare) [57]. Moreover, to avoid animal stress,
the experiment must be started at least one week after the
animals arrive in the facility.

6. Be sure that the bleomycin is administrated intradermal and
not subcutaneous. A wrong administration can affect dramati-
cally the experiment results.

7. To ensure that all the marked area has a homogeneous fibrosis,
we recommend dividing it in five small areas: 1) top left; 1) top
right; 3) bottom right; 4) bottom left; 5) center. After the first
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injection in position 1, the mice will be injected every other day
at the next position, until the circle restarts every 10 days.

8. To reduce the amount of anesthesia for the mice, the bleomy-
cin injections can be performed with the help of an assistant.
He should hold the tail and the ears of the animal to leave the
back region, allowing a proper injection procedure.

9. Reshave the mouse back (under anesthesia) and remark the
injection field as often as needed to inject the bleomycin always
in the same skin area.

10. To test therapeutic compounds for the treatment of skin fibro-
sis, different protocols can be used depending if the effects of
the drug should be tested in a preventive or therapeutic
approach (see Fig. 1).

(a) Preventive model: Run the animal modelfor 3 weeks with the
following three groups:

l Healthy control (injection with 0.9% NaCl).

l Fibrotic control (injection with bleomycin).

l Test group (injection with bleomycin + treatment)

(b)Therapeutic model: Run the animal model6 weeks, with the
following four groups:

l Healthy control (injection with 0.9% NaCl).

Bleomycin 6 weeks

0.9% NaCl 6 weeks

0.9% NaCl 3 weeksBleomycin 3 weeks

Bleomycin 3 weeks Bleomycin + treatment 3 weeks

0.9% NaCl 3 weeks

Bleomycin 3 weeks

Bleomycin + treatment 3 weeks

Prevention of fibrosis

Treatment of fibrosis

Time 0 Week 3

Week 3 Week 6Time 0

Fig. 1 Protocols for testing of drug candidates in bleomycin-induced skin fibrosis
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l Second control (injection with Bleomycinin the first 3 weeks
and with 0.9% NaCl for the last 3 weeks).

l Fibrotic control (injection with bleomycinfor 6 weeks).

l Test group (injection with bleomycinfor 6 weeks, and add
the treatment the last 3 weeks).

11. Many techniques can be applied to study the fibrotic pheno-
type. Those include studies on transcriptional changes using
qPCR or RNA sequencing. . .), protein analysis, e.g., with
Western blot, histology (from both, paraffin embedded tissue
and cryosections), and cell isolation for flow cytometry or cell
culture, as well as peripheral blood tests.

The mice can be sacrificed by cervical dislocation under
narcosis (CO2 or isoflurane). Once the mice are dead, the hair
of the fibrotic skin area can be removed with a depilatory cream
and the treated 1 cm � 1 cm skin area can be removed and put
in a petri dish (with the epidermis to the top). Depending on
the readouts that you plan to perform, a specific processing of
the tissue may be needed.
(a) Genetic analysis: A 3 mm punch is usually enough to

extract enough mRNA for qPCR or RNAseq.

(b) Histology: Ideally, a larger area, e.g., samples of
1 cm � 0.3 cm should be collected.

(c) Flow cytometry: It is important to obtain a high-quality
single-cell suspension from the enzymatic digestion.
Depending on the localization of the cells of interest you
should remove the fat layer or do a dispase epidermal
digestion. It is also necessary to filter the samples (70μm
restrainer minimum) and add some debris removal step to
avoid blocking of the FACS device. If you want to study
small cell, it may be necessary to pool samples from several
mice. The same digesting protocol can be used to culture
the cell population of interest.

(d) Protein: Homogenize at least a 3 mm punch with the
appropriate protein lysis buffer.
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Chapter 26

Mouse Models of Intestinal Fibrosis

Jiannan Li, Dina Dejanovic, Megan T. Zangara, Jyotsna Chandra,
Christine McDonald, and Florian Rieder

Abstract

Mouse models are essential for investigation of underlying disease mechanisms that drive intestinal fibrosis,
as well as assessment of potential therapeutic approaches to either prevent or resolve fibrosis. Here we
describe several common mouse models of intestinal inflammation and fibrosis, including chemically driven
colitis models, a bacterially triggered colitis model, and spontaneous intestinal inflammation in genetically
susceptible mouse strains. Detailed protocols are provided for dextran sodium sulfate (DSS) colitis, 2,4,6-
trinitro-benzene sulfonic acid (TNBS) colitis, adherent-invasive Escherichia coli (AIEC)-triggered colitis,
the interleukin-10 knockout (IL-10KO) mouse model of spontaneous colitis, and the SAMP/YitFc model
of spontaneous ileocolitis.

Key words Mouse models, Dextran sodium sulfate (DSS), 2,4,6-Trinitro-benzene sulfonic acid
(TNBS), Adherent-invasive Escherichia coli (AIEC)-triggered colitis, IL-10 knockout, SAMP/YitFc

1 Introduction

Over half of Crohn’s disease (CD) patients develop disease compli-
cations during their disease course that can include fibrosis-induced
intestinal obstruction and result in debilitating symptoms [1] and
ultimately require surgery [2]. Although less appreciated, intestinal
fibrosis also occurs in ulcerative colitis (UC) patients [3]. Short gut
syndrome, need for hospitalizations, as well as the tremendous
financial burden of fibrosis-associated complications pose signifi-
cant concerns to these patients and their healthcare providers. No
specific anti-fibrotic therapies are currently available, which empha-
sizes the critical need to obtain a mechanistic understanding of the
drivers of intestinal fibrosis. The goal remains to develop novel
preventive and effective therapeutic approaches.

Human studies have been limited in this field due to lack of
available tissue for in vitro investigations and clinical trials end-
points. Hence, well-characterized animal models of intestinal fibro-
sis are filling this void to better define and understand the
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pathophysiology of fibrosis. Animal models enable us to perform
mechanistic studies, and facilitate the testing of novel,
pathophysiology-based therapeutic approaches at the same time.

This chapter provides detailed protocols for several frequently
used animal models of intestinal fibrosis. These models include
chemically induced intestinal inflammation, such as dextran sodium
sulfate (DSS) [4–6] and 2,4,6-trinitro-benzene sulfonic acid
(TNBS) [7–9], that when applied repetitively, result in the devel-
opment of intestinal fibrosis. Another model described is chronic
inflammation and fibrosis induced in response to colonization with
a specific adherent-invasive Escherichia coli (AIEC) strain
[10, 11]. Finally, genetically driven spontaneous interleukin-10
(IL-10) knockout [12–14] colitis, as well as the SAMP1/YitFc
[15] spontaneous ileocolitis model are discussed (Table 1).

Unless otherwise noted, these models are performed with mice
of the ages of 6–8 weeks and between 18 and 20 g of weight at the
start of the experiments. For all these models, disease severity is
strongly influenced by genetic background and animal housing
facility. Therefore, if performing these models using mice with a
mixed strain background, littermate controls are required for
robust interpretation of the results. Additionally, each model will
require optimization for each animal facility. Generally, a sample
size of 10 mice per group repeated in two independent experiments
provides robust statistical power analysis. However, it is recom-
mended that a formal power analysis is performed using the degree
of effect and experimental variation expected for the hypothesis
being tested. All models require the review and approval of the
institutional animal care and use committee (IACUC) and must
comply with the local regulations of the animal care facility.

2 Materials

2.1 DSS

Colitis Model

1. DSS (30,000–50,000 colitis grade) solution: Prepare 1–10%
(w/v) DSS solutions in sterile deionized water in 1% steps and
store at room temperature. Confirm that the DSS powder is
completely dissolved in water; otherwise it may clog the water
bottle sipper tube.

2. Animals: 6–8-week-old male mice of preferred strains. This
model can be performed in both male and female mice; how-
ever, the estrus cycle influences disease activity in this model
and increases the variability of response. DSS induces colitis in a
broad range of standard inbred mouse strains (e.g., C57BL/6
[16], BALB/c [17], as well as CD1 mice [18]), but severity of
colitis is influenced by genetic background.

3. Hemoccult Sensa Single Slides(Beckman Coulter,
Indianapolis, IN, USA).
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2.2 TNBS

Colitis Model

1. Pre-sensitization solution: Prepare pre-sensitization solution
freshly on the day of pre-sensitization. Mix acetone and olive
oil in a 4:1 volume ratio by vortexing rigorously. Prepare 1%
(w/v) TNBS solution: Mix 4 volumes of acetone/olive oil with
1 volume of 5% TNBS solution to obtain 1% (w/v) TNBS. Mix
the solution by rigorous vortexing (see Note 1).

2. Control pre-sensitization solution: prepare acetone and olive
oil in a 4:1 volume ratio.

3. TNBS solution for intrarectal administration: Combine etha-
nol, double-distilled water (ddH2O), and TNBS to create
0, 0.5, 1, 2, 3, and 4% (w/v) TNBS in 70% ethanol. Ensure
mixing through vigorous vortexing. Prepare enough solution
to administer 100 μL/mouse with an additional 300 μL vol-
ume to account for loss during administration.

4. Vehicle solution for intrarectal administration: 70% ethanol
diluted in ddH2O. Prepare enough solution to administer
100 μL/mouse with an additional 300 μL volume to account
for loss during administration.

5. French (F) catheter at least 6 cm in length.

6. Lubricant to help inserting catheter.

7. Electric razor.

8. 6–8-week-old mice with TNBS-sensitive genetic
background [19].

9. Isoflurane for anesthesia.

2.3 AIEC

Colitis Model

1. Bacterial strain: AIEC strain NRG857c (O83:H1); isolated
from an ileal tissue biopsy from a CD patient in the Charité
Hospital (Berlin, Germany) [10] (see Note 2).

2. Bacterial culture reagents: NRG857c is cultured in LB broth
and is resistant to chloramphenicol (34 μg/mL) and ampicillin
(100 μg/mL). Selective LB agar plates should be prepared with
one or both antibiotics for monitoring colonization of mice by
fecal AIEC levels and determination of tissue colonization and
dissemination.

3. Animals: C57BL/6, CD1, DBA/2, C3H, or 129e mice
housed in an animal biosafety level 2 (ABSL2) facility. Due to
variation in colonization levels, we recommend performing the
experiment with n ¼ 4–5/group, independently repeating the
experiment 3–4 times.

4. Antibiotics: Streptomycin (100 mg/mL) or vancomycin
(17.5 mg/mL) diluted in sterile water for gavage into mice
to disrupt the intestinal microbiota and provide a niche for
AIEC colonization [10].
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5. Commercially available phosphate-buffered saline.

6. Enzyme-linked immunosorbent assay (ELISA) reader.

2.4 IL-10-Deficiency

Colitis Model

1. Mice: The strain background and housing conditions of the
IL-10KO mouse are major contributing factors for the severity
of disease and the time to onset. Another factor to consider is
the age of the mouse at the time of intervention or study. To
examine factors that accelerate disease onset (e.g., diet), mice
should be challenged between 3 and 5 weeks of age. For
experiments involving chemical or infectious agents to result
in earlier or more severe colitis, animals should be between
8 and 10 weeks of age at the initiation of the accelerant.

2. ELISA reader.

2.5 SAMP1/YitFc

Ileocolitis Model

1. Mice: Specific pathogen-free (SPF) environment does not
affect the time of onset of disease; however, the severity of
disease could be less, characterized by less inflammation
[20]. For prevention of fibrosis, therapy can be started at
6–8 weeks of age. This stage is characterized by intense
immune response without severe lesions histologically
[21]. The long duration of this model to 30 weeks of age,
however, is making daily administration of drugs bothersome
or in case of intraperitoneal (IP) injections may even lead to risk
of peritonitis over time. Alternative approaches could be
implantation of drug pumps [22]. For therapeutic approaches
to already established fibrosis, mice should be treated starting
week 30 onward for approximately 8–10 weeks [15, 21].

2. ELISA reader.

3 Methods

3.1 DSS

Colitis Model

Mice drinking the sugar polymer DSS (36,000–50,000 molecular
weight fragments) for several days develop a highly reproducible
colitis with bloody diarrhea, ulcerations, and weight loss
[23, 24]. DSS is believed to have a toxic effect on intestinal epithe-
lial cells leading to disruption of the epithelial barrier. Subsequently,
activation of intestinal macrophages might contribute to intestinal
inflammation. DSS-induced colitis is characterized by weight loss,
bloody diarrhea, ulcer formation, loss of epithelial cells, and infil-
tration of neutrophils, which resembles human UC [24]. In certain
strains, chronic, intermittent administration of low concentrations
DSS for several cycles results in chronic colitis with the develop-
ment of a substantial amount of fibrosis [6]. From a technical
perspective, this model is easy and yields reproducible results,
explaining its popularity and widespread use [25]. The main disad-
vantage of this model is the questionable relevance to human IBD,
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as IBD is not caused by a chemical and more cell types than
epithelial cells and macrophages are involved [26]. Mouse genetic
background and microbiota [27] affects the degree of induced
colitis as well, which makes it essential to perform a DSS dose
titration in a specific animal facility.

3.1.1 DSS Titration (5–

8 d)

DSS dose titration is recommended for each mouse strain and
housing facility prior to deciding on the DSS dose for the chronic
experiments. Disease severity in this model is strongly influenced by
strain background and housing conditions (e.g., environmental
microbes and/or intestinal microbiota).

1. On day 7, start training the mice to use water bottles as their
only source of water. Acclimatization to the water bottles will
reduce stress and prevent weight loss due to the change of
water source.

2. On day 0, mark the mice for identification and determine their
weight and baseline water volume (e.g., bottle weight). Collect
stool to check occult blood and stool consistency.

3. Administer DSS solution (0% as control, then 1%, 2%, 3%, etc.)
to the cage water. Estimated water consumption is ~5 mL of
DSS solution per mouse per day. Control mice should receive
sterile deionized water without DSS.

4. Determine the mouse weight, water consumed, assess stool
consistency and stool occult blood every day when the mice
are on DSS as well as control mice (see Note 3). The above
indicators determine mouse clinical disease severity, which is
also referred to as clinical score. Briefly, weight loss of 1–5%,
5–10%, 10–20%, and more than 20% can be scored as 1, 2,
3, and 4, respectively. Stool consistency is scored as 0 for well-
formed pellets, 2 for pasty and semi-formed stools, which does
not stick to the anus, 3 for pasty unformed stool, and 4 for
liquid stools that remain adhesive to the anus. Bleeding is
scored 0 for no blood in hemoccult, 2 for positive hemoccult,
3 for obvious blood stick to the surface of stool, and 4 for gross
bleeding from the rectum. Occult blood is tested by Hemoc-
cult Sensa Single Slides(Beckman Coulter, Indianapolis, IN,
USA). Weight, stool consistency, and bleeding sub-scores will
be added and divided by 3, resulting in a total clinical score
ranging from 0 (healthy) to 4 (maximal activity of colitis).

5. At the time points of choice (generally on days 5–8), euthanize
the mice and proceed to harvest mouse colons. We measure the
colon length, and collect terminal ileum, proximal colon, trans-
verse colon, and rectum segments. For each segment, we col-
lect one piece immersed in HistoChoice (VWR, PA, USA)
overnight for paraffin-embedded tissue sections, freeze one
piece in OCT for frozen sections, one piece for mRNA extrac-
tion, and one piece for protein extraction.
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6. After harvesting the tissue, use the paraffin-embedded tissue
sections for hematoxylin and eosin (H&E) staining, as well as
Masson Trichrome staining, to evaluate the level of inflamma-
tion and fibrosis. The degree of inflammation and fibrosis
should be evaluated ideally by a trained histopathologist
blinded to treatment conditions using a standardized scoring
systems [28, 29]. The most preferable DSS concentration is
determined by weight loss between 15% and 20% within 5–8 d
of DSS administration with 100% viability of the animals. The
preferable DSS dosage will be used in the chronic colitis model.

3.1.2 DSS Induction of

Chronic DSS Colitis (30–

42 d)

1. On day 7, start training the mice to use water bottles as their
only source of water.

2. On day 0, mark the mice for identification and determine their
weight and water bottle weight. Collect stool to check occult
blood and stool consistency.

3. Administer the preferred DSS dose in cage water bottles. Esti-
mate water consumption as ~5 mL of DSS solution per mouse
per day. Control mice should receive sterile deionized water
without DSS.

4. Determine the mice weight and water bottle weight and check
the stool consistency and stool occult blood every day when the
mice are on DSS as well as control mice (see Note 4). Mouse
disease severity is also determined by the clinical score, com-
bining the score of weight loss, stool consistency, and occult
blood as above mentioned. Briefly, weight loss of 1–5%, 5–10%,
10–20%, and more than 20% can be scored as 1, 2, 3, and
4, respectively. Stool consistency is scored as 0 for well-formed
pellets, 2 for pasty and semiformed stools, which does not stick
to the anus, 3 for pasty unformed stool, and 4 for liquid stools
that remain adhesive to the anus. Bleeding is scored 0 for no
blood in hemoccult, 2 for positive hemoccult, 3 for obvious
blood stick to the surface of stool, and 4 for gross bleeding
from the rectum. Occult blood is tested by Hemoccult Sensa
Single Slides (Beckman Coulter, Indianapolis, IN, USA).
Weight, stool consistency, and bleeding sub-scores will be
added and divided by 3, resulting in a total clinical score
ranging from 0 (healthy) to 4 (maximal activity of colitis).

5. The preferred DSS dose is administered in the drinking water
for a cycle of 5–7 d, followed by 10 d of recovery on water. As
mentioned above there are differences in susceptibility of dif-
ferent strains to DSS (e.g., C57B6 background mice are more
sensitive to DSS, while BALB/c are more resistant) and disease
activity is also influenced by housing conditions. Change the
water bottle to sterile deionized water in all experimental ani-
mals for recovery. Continue monitoring the mice for disease
activity as described in step 4 throughout the experiment.
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6. A second cycle of DSS is performed, administering the same
concentration of DSS for the same length of time as cycle one
followed by 10 d of recovery. Harvest according to Subheading
3.1.1, steps 5 and 6, after two cycles of DSS and two cycles of
recovery.

3.2 TNBS

Colitis Model

Colitis can be induced in susceptible murine strains by intrarectal
instillation of the hapten TNBS diluted in ethanol [30]. It is critical
to check in the literature the susceptibility of the mouse strain to
TNBS [19]. For instance, BALB/c is considered to be susceptible
to TNBS, while C57BL/6 is considered resistant [19]. Comparable
to the DSS models, a dose titration is strongly recommended, as
disease severity is influenced by genetic background and housing
facility (e.g., environmental microbes and/or microbiota). Mecha-
nistically, ethanol breaks the epithelial barrier and TNBS is believed
to modify colonic proteins and activate a delayed-type hypersensi-
tivity reaction. This depends on T cells and leads to transmural
inflammation [9]. When given weekly for 6 weeks of escalating
doses of TNBS (chronic model), chronic colitis leads to fibrosis.
This model is one of the most widely used to study intestinal
fibrosis in vivo. Its limitations are the high variability [31] and
again the nature of a chemical inducing colitis.

3.2.1 TNBS Titration (5–

8 d)

1. Weigh and mark the mice to allow identification.

2. Lightly anesthetize the mouse via a nose cone with 1.5%
isoflurane-mixed gas while it is resting on an isothermal
warming pad.

3. Pre-sensitization: On day 1, carefully shave a 1.5� 1.5 cm field
of the skin of the mouse using an electric razor. To avoid the
mouse from grooming TNBS off the skin (may potentially
induce oral tolerance), we preferentially select an area on the
back between the shoulders. While holding the lightly anesthe-
tized mouse with one hand, we apply 150 μL pre-sensitization
solution using a 200 μL pipette to the shaved back skin. The
solution is absorbed by the skin quickly. Control mice are
treated with pre-sensitization solution without TNBS.

4. On day 8, weigh the mouse.

5. Anesthetize the mouse by using 1.5% isoflurane-mixed gas.
Attach a 1-mL syringe to a 3.5 F catheter, and load it with
0, 0.5, 1, 2, 3, and 4% (w/v) TNBS solution in 70% EtOH.
Lubricate the catheter tip and insert the catheter through the
anus into the colon ~4 cm (see Note 5).

6. Slowly inject 100 μL of TNBS solution into the lumen of the
colon, and remove the catheter from the colon, and position
the mouse head down for 1 min (see Note 6).
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7. Closely monitor the animals for signs of distress, perform daily
measurement of weight, stool consistency, and blood in
stool [32].

8. At the timepoint of choice, euthanize the animal and proceed
to harvest mouse colons. We measure the colon length, collect
transverse colon and rectum. For each segment, we collect one
piece immersed in HistoChoice overnight for paraffin-
embedded tissue sections, one piece for optimal cutting tem-
perature (OCT) compound embedded frozen sectioning, one
piece for mRNA extraction, and one piece for protein
extraction.

9. After harvesting the tissue, use the paraffin-embedded tissue
sections for H&E staining, as well as Masson Trichrome stain-
ing, to evaluate the level of inflammation and fibrosis. The
degree of inflammation and fibrosis should be evaluated ideally
by a trained histopathologist blinded to treatment conditions
using a standardized scoring system [28, 29]. The most prefer-
able TNBS concentration is determined by weight loss between
15% and 20% within 5–8 d of TNBS administration with 100%
viability of the animals.

3.2.2 Chronic TNBS

Colitis (56 d)

Mice tolerize to TNBS over the duration of the experiment. For the
chronic model we hence use escalating doses of TNBS with starting
with the optimal dose from the titration experiments and increase
by 0.5 mg increments every 2 weeks for up to 6 weeks.

1. Weigh and mark the mice to allow identification.

2. Lightly anesthetize the mouse via a nose cone with 1.5%
isoflurane-mixed gas while it is resting on an isothermal
warming pad.

3. Pre-sensitization: On day 1, we carefully shave a 1.5 � 1.5 cm
field of the skin of the mouse using an electric razor. To avoid
the mouse from grooming TNBS off the skin (may potentially
induce oral tolerance), we preferentially select an area on the
back between the shoulders. While holding the lightly anesthe-
tized mouse with one hand, we apply 150 μL pre-sensitization
solution using a 200 μL pipette to the shaved back skin. The
solution is absorbed by the skin quickly. Control mice are
treated with pre-sensitization solution without TNBS.

4. On day 8, weigh the mouse.

5. Anesthetize the mouse by using 1.5% isoflurane-mixed gas.
Attach a 1-mL syringe to a 3.5 F catheter and load it with
either (1) the optimal TNBS dose, (2) vehicle control solution
for administration rectally. Lubricate the catheter tip and insert
the catheter through the anus into the colon ~4 cm (see
Note 7).
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6. Closely monitor the animals for signs of distress, perform daily
measurement of weight, stool consistency, and blood in
stool [32].

7. Repeat steps 5 and 6 weekly, escalating the TNBS dose by
0.5 mg every 2 weeks, up to 6 weeks. Harvest at 8 weeks
according to Subheading 3.2.1, steps 8 and 9.

8. At week 8, euthanize the animal and proceed to harvest mouse
colons. We measure the colon length, collect transverse colon
and rectum. For each segment, we collect one piece immersed
in HistoChoice overnight for paraffin-embedded tissue sec-
tions, one piece for OCT embedded frozen sectioning, one
piece for mRNA extraction, and one piece for protein
extraction.

9. After harvesting the tissue, use the paraffin-embedded tissue
sections for H&E staining, as well as Masson Trichrome stain-
ing, to evaluate the level of inflammation and fibrosis. The
degree of inflammation and fibrosis should be evaluated ideally
by a trained histopathologist blinded to treatment conditions
using a standardized scoring system [28, 29].

3.3 AIEC

Colitis Model

The microbiota plays a key role in the initiation and perpetuation of
chronic inflammation in IBD [33]. A singular pathogenic microbial
species has not be identified; rather, it is thought that the combina-
tion of host genetic susceptibility and the opportunistic expansion
of commensal microbes initiates and perpetuates IBD [33]. Escher-
ichia coli, a Gram-negative commensal member of the Proteobac-
teria phyla, is a normal component of the intestinal microbiota and
contributes to intestinal homeostasis [10]. However, CD patients
have been found to harbor higher than normal levels of E. coli that
have acquired virulence factors [34, 35]. AIEC is one such mucosa-
associated bacterium often found in ileal biopsies of CD patients
[34, 36]. Several strains of AIEC have been shown to exacerbate or
even initiate experimental colitis in murine models [10, 37–
41]. However, several of these models require specific genetically
altered mice [38–41] and/or mono-colonization [40, 41] to
induce chronic intestinal inflammation. The exception to this is a
model that utilizes the AIEC strain NRG857c that can colonize a
broad variety of standard inbred mouse strains after antibiotic
treatment [10]. AIEC strain NRG857c induces a strong Th17
response in the mouse intestine, which drives chronic intestinal
inflammation and transmural fibrosis, mainly in the cecum, with
limited mortality [10]. Extracellular matrix deposition can be
detected by Masson trichrome stain or picrosirius red stain as
early as 7 d post-infection and persists up to 63 d post-infection.
These features have been observed in multiple standard inbred
mouse strains, such as CD1, DBA/2, C3H, 129e, and C57BL/6,
adding to its utility as a model of intestinal fibrosis [10, 11].
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3.3.1 Induction of AIEC

Colitis (7–63 d)

1. Day-4: Weigh mice and identify individual mice by ear punch
or ear tag. If not already housed in an ABSL2 facility, transfer
mice to the ABSL2 facility.

2. Day-2: Prepare a fresh AIECNRG857c stock plate on selective
LB agar.

3. Day-1: Antibiotic pretreatment: Remove food and water from
the cage 4 h prior to gavage and weigh the mice. Orally gavage
mice with 20 mg streptomycin or 3.5 mg of vancomycin in
200 μL sterile water. Sedation or anesthesia is not recom-
mended before performing oral gavage, as it may increase the
risk of aspiration pneumonia. Return food and water to cage
after gavage.

4. Day-1: Inoculate duplicate aliquots of 4 mL sterile LB contain-
ing chloramphenicol/ampicillin with a single colony of AIEC
NRG857c from the stock plate. Incubate overnight at 37 �C
while shaking at 220 rpm.

5. Day 0: Mouse preparation: Remove food and water from the
cage 4 h prior to gavage and weigh the mice.

6. Day 0: AIEC inoculation preparation: Measure the density of
the overnight AIEC bacterial culture by reading the absorbance
at 600 nm in a spectrophotometer. Calculate the volume of
culture required to deliver 2 � 109 colony forming units (cfu)
to twice the number of mice intended for colonization. Con-
centrate overnight culture by centrifuging for 10 min at
4000 � g. Aspirate supernatant and gently, but thoroughly,
resuspend bacterial pellet in sterile PBS at a volume of 200 μL
per mouse. Inoculum should look milky white, but easily pass
through the gavage needle. Use a small aliquot of this final
inoculum to dilute and plate on duplicate selective LB agar
plates to confirm the actual concentration of the inoculum.
Incubate plate overnight at 37 �C and count colonies the
next morning to calculate the actual amount of AIEC delivered
to each mouse.

7. Day 0: Bacterial inoculation: Orally gavage mice with
2� 109 cfu in 200 μL volume inside a biosafety cabinet. Return
food and water after gavage. As AIEC NRG857c is a human
pathobiont, mouse handling must take place as specified in an
approved biosafety protocol (e.g., within a biosafety cabinet
during inoculation, and all subsequent work with these mice
must also take place in a biosafety cabinet using BSL2
precautions).

8. Monitoring: Mouse weight and activity is evaluated daily as a
gross measure of disease activity. The productivity of AIEC
colonization can be monitored by AIEC cfu in stool homo-
genates as early as day 1 post-inoculation and every 3–4 d after
inoculation. Stool pellets are collected fresh from mice and
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placed in a pre-weighed screw-cap tube containing 500 μL of
sterile PBS. Tubes are then weighed to determine the amount
of stool/mL. Stool samples are then homogenized in a bio-
safety cabinet by vortexing vigorously. Stool homogenates are
then serially diluted in a sterile 96-well plate containing sterile
PBS and 5 μL of the dilutions spot plated on duplicate selective
LB agar plates to quantify the number of AIEC cfu per weight
of the stool sample. Approximately 107–109 AIEC cfu/g of
stool can be expected on day 1 post-infection [11]. Fecal loads
generally peak at day 3, then steadily decline over the next
1–3 weeks post-inoculation depending upon the mouse strain
background [10].

9. Endpoint collections (Day 0, 7, 14, 21, 63 post-inoculation):
After euthanasia, collect blood for the analysis of systemic
inflammation markers by ELISA (e.g., serum amyloid A). Col-
lect intestinal tissue, including jejunum, terminal ileum, cecum,
proximal colon, transverse colon as well as distal colon seg-
ments for fixation and histologic analysis of tissue damage,
fibrosis, and inflammation. Stool, and segments of the colon,
cecum, small intestine, liver, spleen, and mesenteric lymph
nodes can be collected into pre-weighed screw-cap tubes con-
taining sterile PBS for analysis of AIEC tissue colonization and
dissemination. These tubes are weighed before processing to
determine tissue weight and then homogenized in a biosafety
cabinet using a tissue grinder. The volume of PBS for homoge-
nization ranges between 0.5 and 5 mL depending on the day of
collection and tissue type (use a lower volume for
non-intestinal tissues or later in the experimental time course).
Serially dilute and plate supernatants in duplicate from tissue
homogenates on selective LB agar plates as performed with
stool samples. Final AIEC tissue or stool levels are reported as
cfu/g.

10. Analysis of inflammation and fibrosis: Sections from fixed tis-
sues embedded in paraffin blocks are stained with H&E for
evaluation of tissue histology and inflammation or Masson
Trichrome stain to evaluate the deposition of extracellular
matrix/fibrosis. The degree of inflammation and fibrosis
should be evaluated ideally by a trained histopathologist
blinded to treatment conditions using a standardized scoring
system [10, 42, 43].

3.4 IL-10-Deficiency

Colitis Model

IL-10 is an important immunoregulatory cytokine with anti-
inflammatory properties that are normally employed to ramp
down inflammation caused by the host immune response to patho-
gens [44]. Therefore, IL-10 is a major regulator of mucosal
homeostasis and IL-10-deficient mice (IL-10KO) have been
shown to develop chronic enterocolitis in response to even
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commensal microbiota stimuli [44, 45]. The severity and scope of
colitis developed by IL-10KO mice is dependent on the milieu of
microbes they are exposed to; germ-free IL-10KO mice will not
develop inflammation, SPF mice will develop mild colitis generally
restricted to the large intestine, and conventional or experimentally
infected mice will develop severe enterocolitis. The other major
contributor to disease activity and time to disease onset in this
model is genetic background. The strains most susceptible to dis-
ease development are C3H/HeJBir and 129/SvEv, while the
C57BL/6 J and C57BL/10 strains are the most resistant [14, 25,
44]. Taken together, depending on the strain background and the
housing conditions, development of robust colitis in the IL-10KO
model can vary between 12 and 20 weeks of age and must be
experimentally determined in each animal facility.

The gradual onset of disease in the IL-10KO model is ideal for
testing the contribution of environmental factors (such as food
products or lifestyle choices like smoking tobacco) or specific
immune system components to the acceleration or amelioration
of disease onset [45–47]. However, since the development of
spontaneous colitis in IL-10KO mice is slow, alternate methods
are being investigated to accelerate the onset of disease. One
approach relies on the administration of an anti-mouse IL-10R
neutralizing antibody, rather than genetic deletion, to initiate dis-
ease more effectively [48–50]. Other approaches include the addi-
tion of intestinal irritants (e.g., DSS [51] or piroxicam [13]) or
infectious agents (e.g., Helicobacter spp. [48, 49, 52] or AIEC
[41]) to accelerate disease.

3.4.1 Spontaneous

Colitis in IL-10 Knockout

Mice (~20 Weeks)

1. Mice between 3 and 5 weeks of age should be assigned to
groups and identified (e.g., ear punch or ear tag) for
monitoring.

2. Measure the weight of the mice weekly and monitor stool
consistency, occult blood in stool, and any sign of stress of
the mice. Biomarkers of inflammation, such as fecal lipocalin-
2 (Lcn-2) or circulating serum amyloid A can monitored
weekly by ELISA to assess the levels of intestinal and systemic
inflammation, respectively [53].

3. At weeks 12, 16, and 20, euthanize animals, collect blood for
the analysis of systemic inflammation markers by ELISA (e.g.,
serum amyloid A), and proceed to excise the intestine. Observe
any gross pathology of the intestine (e.g., intestinal thickening,
strictures, intestinal shortening, poorly formed stool/diarrhea)
and measure the colon length. Collect sections from the termi-
nal ileum, proximal colon, transverse colon, and rectum for
fixation and paraffin-embedding for histologic analysis of tissue
damage, fibrosis, and inflammation. A key component of the
histologic analysis is to select tissue from the same position
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(e.g., x cm from the cecum) in every mouse and every experi-
ment, due to the heterogeneity of disease severity along the
length of the intestine [54]. Collect additional pieces of ileal
and colon segments for RNA extraction and/or for protein
extraction, if desired. Collect stool in pre-weighed screw-cap
tubes containing 500 μL PBS for homogenization and mea-
surement of fecal Lcn2 levels (pg/mg stool) by ELISA.

4. Analysis of inflammation and fibrosis: Sections from fixed tis-
sues embedded in paraffin blocks are stained with either H&E
for evaluation of tissue histology and inflammation or Massons’
Trichrome stain to evaluate the deposition of extracellular
matrix/fibrosis. The degree of inflammation and fibrosis
should be evaluated by a trained IBD histopathologist blinded
to treatment conditions using a standardized scoring system
[42, 43, 54, 55].

3.5 SAMP1/YitFc

Ileocolitis Model

While the abovementioned models develop mainly colitis, the
SAMP1/Yit mouse exhibits spontaneous inflammation at
10–20 week of age with almost 100% penetrance after 30 weeks
[20]. The strain was created by breeding a senescence-accelerated
mouse line with inflammation being most severe in the terminal
ileum [56]. What makes this model attractive is the spontaneous
development of ileocolitis, the location in the terminal ileum, the
segmental and transmural nature of the inflammation, and granu-
lomas on histopathology. Foremost from a fibrosis perspective, this
model develops accumulation of extracellular matrix in the small
and large bowel and a thickening of the muscularis mucosa, which
resemble features of human CD-associated intestinal strictures
[15, 56]. Drawbacks of the SAMP/Yit mouse are the poor breed-
ing ability, which makes very large colonies necessary, as well as the
inconsistent location and severity of inflammation in younger mice
in this model.

3.5.1 Spontaneous

Colitis in SAMP1/YitFc Mice

(~40 Weeks)

1. Mice between 3 and 7 weeks of age should be assigned to
groups and identified (e.g., ear punch or ear tag) for monitor-
ing (see Note 8).

2. Measure the weight of the mice weekly and monitor stool
consistency, occult blood in stool, and any sign of stress of
the mice [32].

3. At the timepoints delineated above, euthanize animals, collect
blood for the analysis of systemic inflammation markers by
ELISA, and proceed to harvest the intestine. Observe any
gross pathology of the intestine (e.g., intestinal thickening,
intestinal shortening, poorly formed stool/diarrhea) and mea-
sure the colon length. Collect sections from the terminal ileum,
cecum, proximal colon, transverse colon, and rectum [56] for
fixation and paraffin-embedding for histologic analysis of tissue
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damage, fibrosis, and inflammation. A key component of the
histologic analysis is to select tissue from the same position
(e.g., x cm from the cecum) in every mouse and every experi-
ment, due to the heterogeneity of disease severity along the
length of the intestine [54]. Collect additional pieces of ileal
and colon segments for RNA extraction and/or for protein
extraction, if desired. Collect stool in pre-weighed screw-cap
tubes for further experiments.

4. Analysis of inflammation and fibrosis: Sections from fixed tis-
sues embedded in paraffin blocks are stained with either H&E
for evaluation of tissue histology and inflammation or Masson
Trichrome stain to evaluate the deposition of extracellular
matrix/fibrosis. The degree of inflammation and fibrosis
should be evaluated by a trained IBD histopathologist blinded
to treatment conditions using a standardized scoring
system [20].

4 Notes

1. Both acetone and TNBS are harmful. Handle them using
appropriate safety equipment and measures, including eye pro-
tection, gloves, and lab coat. Always prepare the solutions
freshly on the day of the intrarectal challenge. Protect TNBS
from light.

2. This is a biosafety level 2 (BSL2) microorganism; therefore, use
and handling procedures for this bacterial strain must be
approved by the local institutional biosafety committee. Ani-
mals colonized with AIEC NRG857c require housing in an
ABSL2 facility.

3. If the mice lose 20% weight as compared to Day 0 weight, the
mice may to be euthanized (dependent on local regulations).
Subcutaneous injection of saline solution, as well as giving
hydrogels, may be provided as supportive care to alleviate
dehydration of the mice.

4. If the mice lose 20% weight as compared to Day 0 weight, the
mice may to be euthanized (dependent on local regulations).
Subcutaneous injection of saline solution, as well as giving
hydrogels may be provided as supportive care to alleviate dehy-
dration of the mice.

5. Place the tube in the colon gently since it is easy to cause
damage and perforation of the colon wall. If any resistance is
sensed during catheter insertion, remove the catheter, and
reinsert gently.
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6. The mouse might wake up during the recovery period and
cause TNBS to leak out of the colon. It is essential to make
sure the TNBS solution remains in the colon, which can be
achieved by keeping the mouse upside down and attempt to
calm the animal. Then use a heating pad to make sure that the
mouse stays warm.

7. The mouse might wake up during the recovery period and
cause TNBS to leak out of the colon. It is essential to make
sure the TNBS solution remains in the colon, which can be
achieved by keeping the mouse upside down and attempt to
calm the animal. Then use a heating pad to make sure that the
mouse stays warm.

8. If any treatments need to be applied to prevent the early onset
of the inflammation, 3-week-old mice are preferable [57].
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Chapter 27

A Rodent Model of Hypertrophic Scarring: Splinting of Rat
Wounds

Dong Ok Son and Boris Hinz

Abstract

Human hypertrophic scars are the result of imperfect healing of skin, which is particularly evident from the
scars developing after severe burns. In contrast, mouse and rat full-thickness skin wounds heal normally
without forming visible scar tissue, which reduces the suitability of rodent models for the study of skin
scarring. We here provide a simple procedure to splint the edges of full-thickness rodent skin with a sutured
plastic frame that prevents wound closure by granulation tissue contraction. The resulting mechanical
tension in the wound bed and the lack of neo-epithelium amplify myofibroblast formation and generate
hypertrophic features, not unlike those of human skin. In addition to producing scar tissue, the splint
provides a reservoir that can be used for the delivery of cellular and acellular wound treatment regimen.
Despite being simple and almost historical, wound splinting is a robust and reliable model to study
myofibroblast biology.

Key words α-Smooth muscle actin, Stress fibers, Mechanical stress, Hypertrophic scarring, Wound
healing, Splint, Myofibroblast

1 Introduction

Myofibroblast biology is most widely studied in the context of
fibrosis where myofibroblast activities result in connective tissue
deformations that impede organ function, sometimes to the point
of failure [1]. However, the discovery of the myofibroblast in 1971
by Gabbiani and coworkers was originally motivated by the desire
to understand the fundamental principles of dermal wound
closure—or more generally, how mammalian tissues repair after
injury and damage [2, 3]. It has been known since the work of
Carrel in the early twentieth century that the forces of wound
contraction are generated within the healing tissue [4], which is
called granulation tissue because of the granular appearance of
neo-vessels in histology sections. Until five decades ago, two poten-
tial mechanisms were still highly debated to be at the origin of these
forces: either active cellular contraction or rearrangement of
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collagen extracellular matrix by a “shrinking”-like process. The
discovery of non-muscle cells (fibroblasts) with muscle features,
i.e., contractile actin-myosin bundles, within granulation tissue
[2] has largely ended this debate.

Full-thickness skin wounds produced in rabbit skin and ears
and in rodent dorsal skin are the prototypical small animal models
to study wound healing processes [5–7]. However, in contrast to
humans, such loose skin animals possess a layer of striated muscle
located within the subcutaneous layer of the skin, called panniculus
carnosus [8] (Fig. 1). The presence of “true” muscle as part of
rodent skin has led to the occasional misconception that wound
contraction is promoted by the panniculus carnosus. However, this
muscle layer is excised in all full-thickness wound models and it has
been shown in numerous studies that excised strips of wound
granulation tissue, devoid of this skeletal muscle structure, contract
in response to smooth muscle agonists [9, 10]. Nevertheless, there
are important differences between rodent and human skin wound
healing, one of which is the degree of scarring after wound closure.
Healing of larger adult human skin wounds is almost always imper-
fect and stiff hypertrophic scar tissue remains at the original wound
site even decades after the insult. Hypertrophic scarring is particu-
larly evident in burn patients that suffer from the severe scarring of
large area skin wounds, often for the rest of their lives [11]. Thus,
achieving scarless healing is an important surgical aim—far beyond
mere esthetic considerations [12, 13].

One crucial element driving human skin scarring—as opposed
to rodent “scarless” healing—is mechanical stress, partly exerted by
the higher mechanical resistance of tight human versus loose rodent
skin [14–17]. To enhance mechanical stress in the granulation
tissue of rodents various models of hypertrophic scarring have
been developed [18–21]. In rodent skin, splints are used to restrain
contraction of full-thickness wounds passively or actively using
actuated expander devices sutured to the edges of incisional
wounds [21–24]. The possibly simplest approach can be traced
back at least to the ground-breaking works of Abercrombie and
coworkers, who splinted full-thickness rabbit skin wounds with a
plastic frame, superglued to the wound edges [23]. The procedure
that we describe herein for rat wounds is essentially derived from
this seminal study, which is highly recommended to readers who are
interested in the younger history of wound healing research
[23]. Mechanical fixation of the wound edges prevents
re-epithelialization which is also a characteristic of human large
area wounds and accelerates the buildup of disorganized granula-
tion tissue and formation of myofibroblasts [21]. In our own
studies, we have used this approach to demonstrate enhanced
formation of myofibroblast features in granulation tissue by stress
[21, 25, 26] and to treat hypertrophic scarring in vivo with anti-
myofibroblast compounds [27]. Another advantage of the splint
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Fig. 1 Splinted wounds. (a) Acrylic plastic frame design and picture. (b) Schematics to illustrate positioning of
the frame on the rat dorsum and side view of wounded rat skin layers with superposed frame. (c) Rats recover
quickly after the surgery and are astonishingly little affected by the presence of a frame on their back. (d) Few
minutes after excision of a 2.5 � 2.5 cm skin area, the wound edges expand beyond the initial size due to
release of skin resting tension. The frame is sutured to maintain a 2.5� 2.5 cm wound area over several days
post-wounding. In open wounds, a scab develops within one day and needs to be carefully removed with
forceps just before removing the splint by cutting the sutures. Following removal of the frame, the wound
contracts within 1 h to ~50% of its initial surface area due to the myofibroblast-derived tension release. (e)
Scheme provides an example how wound tissue can be collected for further analysis. For histological analysis
such as after Masson trichome staining in (f), it is advised to include parts of the adjacent normal skin as
“internal” control tissue. Scale bar: 5 mm
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model is that the frame provides a reservoir that can be used to
apply therapeutic cells, such as mesenchymal stromal cells [28],
which will be briefly indicated in the following protocol.

2 Materials

2.1 Experimental

Animals: Rats

1. Animal protocols approved by animal ethics committees.

2. Female Wister strain rats obtained from a commercial breeder,
10–12 weeks old (225–250 g).

3. Animal housing room with automated light-dark cycle control
and free access to food and water.

4. Clean cages with bedding, autoclaved water bottle, food, and
animal toys.

5. Animal scale.

2.2 Anesthesia,

Operation Preparation,

and Personal

Protective Equipment

(See Note 1)

1. Hair caps.

2. Surgical face mask.

3. Gown.

4. Surgical gloves.

5. Anesthesia setup with isoflurane and oxygen tank.

6. Nail clipper.

7. Hair clipper.

8. Gauze.

9. 70% Alcohol.

10. 10% Povidone-iodine (betadine).

11. Analgesics (e.g., slow release (SR) buprenorphine).

12. Needles (23G).

13. Syringes (1 mL).

14. Saline solution (0.9% NaCl).

15. Eye cream to prevent animal eye drying during surgery.

16. Alcohol resistant marker.

17. Thermally regulated water blanket to keep animal warm during
surgery.

2.3 Surgical

Instruments

1. Sterilized surgical packs: scalpel handle, tweezers, scissors, nee-
dle holder, gauzes (see Note 2).

2. Scalpel blades #10.

3. Nonabsorbable surgical silk threads (2-0 and 3-0).

4. Sterilized or disposable drape.
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5. Dry glass beads sterilizer.

6. Sterile acrylic plastic frames for wound splinting (see Note 3)
(Fig. 1a).

2.4 Post-Operation

Treatment

1. Optional for cell delivery to the wounds: thrombin (500 μL of
50 mg/mL per rat) and fibrinogen (500 μL of 4 IU/mL
per rat).

2. Tegaderm (optional-only needed for cell transplant studies; see
Note 4).

3. Local anesthetic cream (e.g., Emla from AstraZeneca, 2.5%
Lidocaine and 2.5% prilocaine) for pain control.

4. Anti-inflammatory ointment (e.g., Polysporin).

5. Heat lamp.

2.5 Sampling 1. One-side razor blades.

2. Forceps.

3. Dissection board (e.g., Styrofoam).

4. Needles to pin skin tissue.

5. 50 mL Tubes.

6. Cryo mold.

7. Embedding compound, e.g., optimal cutting temperature
(OCT) compound.

8. 1.5 mL Cryovials.

9. Liquid nitrogen.

10. 3% Paraformaldehyde (PFA).

11. Scissors (e.g., Iris scissors) to chop tissues.

12. Freshly prepared collagenase/DNase (7.5 mg collage-
nase + 2 mg DNase + 5 mL HBSS).

13. Phosphate-buffered saline (PBS) and 70% ethanol to wash
sampling instruments.

3 Methods

3.1 Animal Order

and Preparation

1. Order animals in advance and acclimatize animals in the animal
facility for 7 d or according to local regulations.

2. Book operation room and surgical preparation equipment in
advance.

3. Autoclave surgical instruments with indicator strip.

4. Check animal health condition and weigh animals 24–48 h
before surgery to prepare appropriate dose of analgesics.
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3.2 Anesthesia

and Operative

Preparation

1. Set the preparation table with anesthesia machine, hair clipper,
nail clipper, eye cream, 70% ethanol, and betadine.

2. Set the operation table with anesthesia machine, water blanket
with cover, surgical instruments, analgesic, and saline solution.

3. Prepare the recovery stage with clean cages lined with paper
towel under a safe heat source to pre-warm.

4. Calculate analgesics volumes based on concentration of the
drug, animals’ weight, and drug dosages. Prepare each volume
of analgesics and 1 mL of saline in an appropriately sized
syringe with needle (e.g., 1 mL syringes with 23G needles
for rats).

5. Transfer animals from the housing room to the
operation room.

6. Anesthetize rats with 5% isoflurane (usually less than 5 min) (see
Note 5) and continuously monitor breathing pattern, color of
extremities, temperature, and toe pinch response.

7. Maintain rats under 2.0–2.5% isoflurane with an oxygen flow of
1 L/min.

8. Apply eye cream to rat to prevent drying of the conjunctiva.

9. Inject 1 mL of warm saline solution subcutaneously to avoid
dehydration.

10. Inject slow release (SR) buprenorphine (1.2 mg/kg)
subcutaneously once.

11. Record the concentration and volume of buprenorphine, time
of administration, animal registration number, and weight on
the anesthesia log sheet.

12. Shave the animal back fur thoroughly to remove hairs in an area
that is 2 cm wider (16 cm2) than the wound excision area
(4 cm2) to reduce contamination of the wound bed with fur
(Fig. 1b).

13. Clip animal nails to minimize scratching of the wound by the
rat post-operation.

14. Place position marks with alcohol-resistant pen on the animal
dorsal skin, using the four corners of the frame (Fig. 1b). The
shoulder level in the middle of the dorsum will be good posi-
tion to prevent removal of splint by the animal.

15. Disinfect rat skin with 70% ethanol and 10% betadine three
times (last betadine on operation table).

16. Change to new gloves, clean gown, mask, and hair net to avoid
contamination of the surgical wounds with rat hair from the
shaving procedure.

410 Dong Ok Son and Boris Hinz



17. Transfer animal to a thermally regulated water blanket and
keep under 2.0–2.5% isoflurane via nose cone to maintain
general anesthesia on operation table.

18. Disinfect plastic frames with 70% ethanol and 10% betadine
three times on the operation table (see Note 3).

3.3 Generation

of Splinted Wounds

1. Open all surgical packs on the operation table.

2. Wash your hands and put on surgical gloves.

3. Cover the animal with drape except the surgical area.

4. Generate a full-thickness dorsal wound of 2.5 � 2.5 cm at the
shoulder level centered to the animal’s axis on the using sterile
surgical scissors (see Note 6) (Fig. 1b–d): Lift skin with tissue
forceps and make a sharp cut including the cutaneous muscle
with scalp. Create the full wound with Metzenbaum scissors
(curved blunt surgical scissors) not to damage any other
tissues.

5. Collect the excised skin patch for control histology if required.

6. Suture the edges of the wound onto a plastic frame with suture
holes, using nonabsorbable surgical silk (thickness 3-0). Dou-
ble suture four corners with 2-0 thinker threads (see Note 7)
(Fig. 1d). For studies comparing normally healing to mechani-
cally restrained wounds [21, 25, 26], it is good practice but not
required to also perform a mock suture without the frame
being present.

7. Check animal breathing pattern, color of extremities, tempera-
ture, and toe pinch response regularly during operation (see
Note 8).

8. Optional—only needed for therapeutic cell delivery: Using a
1 mL syringe without needle, mix thrombin and fibrinogen
with suspended therapeutic cells (e.g., mesenchymal stromal
cells [28]) to a final volume of 1 mL without forming bubbles
and immediately apply onto the splinted wound.

9. Required when applying therapeutic cells; otherwise optional:
Cover the wound by wrapping Tegaderm around the frame
edges (see Note 4).

10. Apply local anesthetic cream (e.g., Emla) for rat pain control.

11. Turn the isoflurane concentration to 0% but keep oxygen flow
running.

3.4 Post-Operative

Management

1. Transfer animals individually to a clean cage with a heat source
and ensure that the animal cannot overheat or burn. Monitor
animals continuously until they are fully awake (see Note 9)
(Fig. 1c).
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2. Place cage cards on each cage, including information which
procedure has been performed, and all drugs that have been
administrated, in addition to all information required by local
regulations. Complete monitoring sheets with operation time,
drug administration time, and animal information.

3. Clean surgical instruments with soap water and sterilize in a dry
glass beads sterilizer to be ready for the next animal surgery.
Ensure that instruments cool down before using them; you will
notice.

4. Return animals to regular housing room and check daily for
body temperature, food intake, locomotion, behavior, and any
complications (see Note 10) (Fig. 1c).

3.5 Sample

Collection

and Analysis

1. After defined time points (e.g., 2, 4, 6, 9, and 12 d post-
wounding), euthanize animals by exposing to CO2 followed
by cervical dislocation.

2. Carefully remove Tegaderm from covered wounds. In open
wounds, a scab will develop within one day and needs to be
carefully taken off using general-purpose broad-tipped dressing
forceps just before detaching the splint.

Detach the frame by cutting all sutures with a scalpel or Iris
scissors. Observe wound contraction for 15–30 min (see Note
11) (Fig. 1d). Wound area reduction following splint release
can be quantified from images as a measure for wound tension
(initial wound area of 4 cm2/wound area � min after release).

3. Cut a large flap of skin with the wound area using straight-
bladed Mayo scissors (at least 2 cm wider than the wound area)
and place it and pin four covers with needles on a dissection
board. Dissect the skin with one-side razor blade.

4. Harvest samples for protein analysis (e.g., flow cytometry or
immunoblotting), RNA analysis (e.g., real-time qPCR), and
immunohistochemical analysis (e.g., immunofluorescence
staining of cryo-sections or paraffin sections) according to the
pattern shown in Fig. 1e (see Notes 12 and 13).

5. Other parameters can be assessed to quantify wound quality:
Collagen density and alignment can be determined by image
analysis of second-harmonic generation images and histological
sections stained with Sirius red [25] or Masson’s trichrome
(Fig. 1f). Wound-breaking strength can be measured using a
mechanical strain tester [29] and wound stiffness using atomic
force microscopy [30]. Splinted wounds will not
re-epithelialize due to the presence of the frame; however
epidermal thickness at the wound edge can be determined
using morphometric analysis of histological sections.
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6. Myofibroblasts can be detected in immunofluorescence as
α-SMA-positive, desmin-negative cells (Fig. 2). Additional
myofibroblast markers in the ECM of granulation tissue are
the extradomain-A (ED-A) splice variant of fibronectin [21] or
periostin [31].

4 Notes

1. Use additional protective garments such as shoe covers, gog-
gles, double gloves, and disposable gowns when handling con-
tamination level 2 (CL2) materials including virus and primary
human cells for transplant studies.

2. Surgical tools must be cleaned and disinfected with a dry glass
beads sterilizer between every animal surgery. Surgical packs
should be changed every four animals to avoid contamination
and instruments becoming dull over time.

Fig. 2 Wound harvest and analysis. Splinted rat wounds are compared to
normally healing wounds after 9 d of healing. Cross-sections of cryo-embedded
wound granulation tissue has been stained for alpha smooth muscle actin
(α-SMA) and vascular smooth muscle marker desmin. Occurrence of desmin-
negative and α-SMA positive myofibroblasts is strongly enhanced by wound
splinting. Scale bar: 40 μm
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3. For our experiments, plastic frames were cut out of acrylic
plastic sheets with a thickness of 2 mm using a laser cutter.
Acrylic plastic frames are not autoclavable but can be sterilized
with 70% ethanol and betadine preceding the operation.

4. Tegaderm will keep the wound moist and change healing char-
acteristics. Dry wounds develop scar features better compared
to moist wounds. There is also a risk that rats will remove
overhanging Tegaderm cover, leading to uneven healing of
the partly exposed wounds.

5. Rodents can be anesthetized with inhalant gas, injectable
drugs, or a combination of both. Inhalants (e.g., isoflurane)
are easy to control but the surgeon may be exposed if there is a
leak in the system; symptoms are nausea, dizziness, fatigue, and
headache. Injectable drugs (ketamine/xylazine at 90 mg/kg
for rats) only affect the experimental animal but are more
difficult to adjust. In overdose animals will die, in underdose
animals will wake up and repeated drug injection will be
required during surgery.

6. The position of the wound is chosen to prevent removal of the
splint by the animal. Immediately after excision, the wound
surface will enlarge over the 2.5 � 2.5 cm excision due to skin
strain over the rodent body axis. Because of higher strain along
the caudal-dorsal axis, non-splinted wounds will become some-
what asymmetric.

7. High granulation tissue tension will build up especially in the
frame corners which can lead to detachment of the skin when
one suture is cutting through.

8. Continuous animal condition check is important during oper-
ation. If extremities are of light blue color, reduce isoflurane
and continue to supply oxygen via nose cone. If the rat stops
breathing, massage its heart. If animals respond to a toe pinch
test, increase isoflurane concentration.

9. Usually, there is no bedding in the recovery cage. Because it is
delicate to lift the rat with a frame on their back, line paper
towels on top of beddings and remove the paper towels once
animal is fully awake. Provide food, water, and toys when
animals are recovered and start moving around.

10. If rat wounds have been provided with biohazardous agents
such as human-derived cells, virus, or toxic chemicals, animals
will have to be maintained in biosafety level 2 facilities for at
least 48 h and then returned to regular housing room. This
period and regulations will change according to local
authorities.
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11. Following removal of the frame, the wound can spontaneously
contract within 1 h by 25–75% of its initial surface area,
depending on wound age and amount of myofibroblast-
derived stored tension [28]. Be aware that this tension gradu-
ally increases over time and can eventually exceed the strength
of the frame plastic, and/or sutures will cut through the skin.
The resulting damage will result in uneven tension distribution
and results will not be interpretable. We have not been able to
keep an intact splint beyond day 12 post-wounding using the
rat model.

12. For morphological assessment by histology, immunohisto-
chemistry, or immunofluorescence, dissect wound tissue with
adjacent normal skin which will serve as internal control in each
sample. For any analysis that includes loss of positional infor-
mation (e.g., immunoblotting, PCR, flow cytometry), make
sure to excise comparable regions of the wound as indicated
(Fig. 1e). Rodent healing of full-thickness wounds starts from
the edges rather than from the central deep wound bed that has
been excised in full-thickness wounds [32]. Consequently,
there will be spatial differences in cell and ECM composition
between the wound edges and the center (Fig. 1f).

13. For protein and RNA extraction, chop tissues into small pieces
with Iris scissors on cryovial and snap freeze in liquid nitrogen.
For flow cytometry assay, cut into small pieces with Iris scissors
on 50 mL tubes and add 5 mL collagenase/DNase to digest
and isolate singe cells. For Cryo sections, place the tissue on the
mold and add embedding compound (e.g., optimal cutting
temperature compound) and snap freeze in liquid nitrogen.
You can keep your samples in �80 �C until you process sam-
ples. For paraffin sections, put tissues in 50 mL tube and add
3% paraformaldehyde (PFA) for 24–48 h to fix tissues. See our
chapter on “Myofibroblast markers and microscopy detection
methods in cell culture and histology” in this issue and follow
the detailed procedures described therein.
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Chapter 28

Three-Dimensional Model of Hypertrophic Scar
Using a Tissue-Engineering Approach

Veronique J. Moulin

Abstract

Following wound healing, skin is replaced by a specialized tissue called scar. Sometime, this scar can become
pathologic, called hypertrophic scar, with a high amount of extracellular matrix, capillaries, and myofibro-
blast persistence. To understand the mechanisms at the origin of the fibrosis is paramount to treat patients,
but despite few animal models and in vitro studies using mainly human pathological cells cultured on plastic
on monolayer, the treatment of these fibrotic scars remains unsatisfactory. As in tissue, cells are most often
imbedded in extracellular matrix, we have developed, using a tissue engineering method, new in vitro
models to study human fibrotic skin pathologies as hypertrophic scars. Human cells isolated from hyper-
trophic scars are used to reconstitute a three-dimensional fibrotic skin comprising both dermal and
epidermal parts. This method called the self-assembly approach is based on the cell capacity to reconstitute
their own environment as in vivo. In this chapter, the described methods include extraction and culture of
human scar keratinocytes and fibroblasts from cutaneous biopsies as well as the protocols to produce
fibrotic skin that can be used to study pathological process.

Key words Fibrosis, Hypertrophic scar, Skin, Skin substitutes, Reconstructed tissues, Tissue
engineering

1 Introduction

Hypertrophic scars are fibrotic cutaneous pathologies that result
from a perturbed wound healing process. They are often observed
following large burn wound area and are thought to be one of the
main long-term problems for these patients. The treatment of
fibrotic scars is limited because of the limited knowledge
concerning the mechanisms at the origin of these problems. In
addition to a few animal models [1–3], the pathology can be
studied using human cells cultured on plastic on monolayer.
These studies have been useful to determine that fibrotic fibroblasts
produce a higher quantity of extracellular matrix elements and/or
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lower quantities of degradative enzymes than fibroblasts isolated
from normal skin [4, 5]. However, cell behavior is known to be
different according to the environment. Moreover, in tissue cells
are most often imbedded in extracellular matrix, whose composi-
tion can also modulate cell phenotype [6–8]. Using a mix of
extracellular matrix and cells, the aim of tissue engineering method
is to recreate a tissue in vitro that mimics the architecture and the
functionality of the original tissue.

The research group LOEX from Université Laval in Quebec
city, Canada, has used the natural properties of cells to secrete and
organize matrix as well as to spontaneously organize themselves
into biological structures as capillary network [9, 10] or multilayer
epithelium [11, 12]. Using specific culture conditions, cells can
reproduce a tissue that is very similar than those observed in vivo.
We call this the self-assembly method. According to the used cells,
we have developed various tissues like skin [11, 12], blood vessel
[13], adipose tissues [14], or cornea [15] that can be used to
replace defective tissues in patients [16, 17]. However, these
in vitro reconstituted tissues can also be used to understand physi-
ological mechanisms as well as pathological ones [18–20].

My team has utilized the self-assembly method to study patho-
logical fibrotic mechanisms, using keratinocytes and fibroblasts that
were isolated from hypertrophic scars or normal skin obtained after
reconstructive surgery [20–22]. Three-dimensional (3D) fibrotic
scar is then reconstructed using the self-assembly approach and
compared with 3D skin, reconstructed with cells isolated from
normal skin. A mix of cells can also be used to better understand
cell-cell interactions. We have demonstrated that the origin of the
keratinocytes is crucial on the final thickness of the dermis: kerati-
nocytes originating from fibrotic scars can stimulate fibrotic dermis
formation, even when normal skin fibroblasts are used to reconsti-
tute dermis [20, 22]. This result allows to hypothesize that epider-
mis can play a role into fibrotic development of the skin.

In this chapter, the methods for extraction and culture of
fibroblasts and keratinocytes from the same skin biopsy are
described in detail, followed by protocols for the reconstruction
of the fibrotic scars using the self-assembly approach. This is an
update of the previously published protocols in [23]. Our protocols
allow to obtain a thick dermis constituted of fibroblasts imbedded
into a complex extracellular matrix as well as a differentiated epi-
dermis (Fig. 1). This model is useful to further understand patho-
physiological process of the fibrosis.
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2 Materials

2.1 Culture Media

2.1.1 Tissue Transport

Medium

1. Dulbecco’s modified Eagle’s medium (DME): 13.5 g/L
DME, 3.7 g/L NaHCO3 (44 mM). Dissolve in apyrogenic
ultrapure water and adjust pH to 7.1. Sterilize by filtration
through a 0.22 μm low-binding disposable filter. Distribute
in 450 mL aliquots and store protected from light at 4 �C.

2. Fetal calf serum: Thaw fetal calf serum (e.g., cat. no. 088-150,
Wisent, Saint-Bruno, QC, Canada) in cold water. Inactivate
complement proteins in 56 �C hot water for 30 min. Distribute
in 50 mL aliquots and store at �20 �C until use (see Note 1).

3. Antibiotics solution: Dissolve 50,000 IU/mL of penicillin G
and 12.5 mg/mL of gentamicin sulfate in apyrogenic ultrapure
water to make a 500� stock solution. Sterilize by filtration
through a 0.22 μm low-binding disposable filter, distribute in
1 mL aliquots, and store at �80 �C.

4. Fungizone: Dissolve 0.25 mg/mL of amphotericin B
(0.27 mM) in apyrogenic ultrapure water to make a 500�
stock solution. Sterilize by filtration through a 0.22 μm
low-binding disposable filter, distribute in 500 μL aliquots,
and store at �80 �C.

5. Thaw all components at 4 �C and mix according to Table 1.
Aliquoted transport medium in sterile container can be stored
at 4 �C (1 month) or �20 �C (6 months).

Fig. 1 Histological cross-section of human skin (left) and human reconstructed skin after 2 weeks of culture at
the air/liquid interface (right) stained by Masson’s trichrome
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2.1.2 Human Fibroblast

Culture Medium (Fb

Medium)

1. To prepare Fb medium, thaw and mix selected components
described in Subheading 2.1.1. at 4 �C according to Table 2:
90% DME, 10% Fetal Calf Serum, Penicillin G/Gentamicin.

2. Fb medium can be stored protected from light at 4 �C for 10 d.

2.1.3 Human

Keratinocyte Culture

Medium (K Medium)

1. DME-Ham: Mix DME and Ham’s F12 medium in 3:1 ratio.
Add 3.07 g/L NaHCO3 (36.54 mM), 24.3 mg/L adenine
(0.18 mM). Dissolve in apyrogenic ultrapure water and adjust
pH to 7.1. Sterilize by filtration through a 0.22 μm
low-binding disposable filter. Aliquot and store protected
from light at 4 �C.

2. FetalClone II serum: Thaw FetalClone II serum (cat.
no. SH30066.03, HyClone, GEHealthcare Life Sciences, Mis-
sissauga, Ont, Canada) in cold water. Inactivate in hot water
(56 �C) for 30 min. Distribute in single use aliquots and store
at �20 �C.

3. Insulin stock solution: Dissolve 250 mg insulin in 50 mL
0.005 N HCl to make a 1000� stock solution (0.87 mM).
Sterilize by filtration through a 0.22 μm low-binding dispos-
able filter, distribute in single use aliquots, and store at�80 �C.

4. Hydrocortisone stock solution: Dissolve 25 mg hydrocorti-
sone in 5 mL of 99% ethanol and complete to 125 mL with
DME-Ham to make a 500� stock solution (0.55 mM). Steril-
ize by filtration through a 0.22 μm low-binding disposable
filter, distribute in single use aliquots, and store at �80 �C.

Table 1
Tissue transport medium

Component Quantity Final concentration

DME 900 mL 90% (v/v)

Fetal calf serum 100 mL 10% (v/v)

Penicillin G/Gentamicin 500� 2 mL Penicillin G 100 IU/mL, Gentamicin 25 μg/mL

Fungizone 500� 2 mL 0.5 μg/mL

Table 2
Human fibroblast culture medium (Fb medium)

Component Quantity Final concentration

DME 900 mL 90% (v/v)

Fetal calf serum 100 mL 10% (v/v)

Penicillin G/Gentamicin 500� 2 mL Penicillin G 100 IU/mL, Gentamicin 25 μg/mL
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5. Isoproterenol hydrochloride stock solution: Dissolve 21.2 mg
isoproterenol hydrochloride in 100 mL of HCl 0.001 N to
make a 1000� stock solution (8.55 � 10�4 M). Sterilize by
filtration through a 0.22 μm low-binding disposable filter,
distribute in single use aliquots, and store at �80 �C.

6. Epidermal growth factor stock solution: Dissolve 500 μg epi-
dermal growth factor in 2.5 mL of 10 mM HCl. Complete to
50 mL with DME-Ham (see Subheading 2.1.3, step 1)
supplemented with 10% (v/v) fetal clone II serum to make a
1000� stock solution. Sterilize by filtration through a 0.22 μm
low-binding disposable filter, distribute in single use aliquots,
and store at �80 �C.

7. Antibiotics solution as described in Subheading 2.1.1.

8. To prepare K medium, thaw all components at 4 �C and mix
according to Table 3 (see Note 2). K medium can be stored at
4 �C for 10 d.

2.1.4 Air Liquid

Epidermis Culture Medium

(A/L Medium)

1. Thaw all components described in Subheading 2.1.3, at 4 �C,
except for epidermal growth factor according to Table 4 (see
Note 2). A/L medium can be stored at 4 �C for 10 d.

2.1.5 Freezing Medium 1. Fetal calf serum as described in Subheading 2.1.1.

2. Dimethyl sulfoxide (DMSO): Distribute the stock solution
(99.7%) in single-use aliquots and store at �20 �C.

3. To prepare freezing medium, thaw all components at 4 �C and
mix according to Table 5. Keep on ice at 4 �C (see Note 3).

Table 3
Human keratinocyte culture medium (K medium)

Component Quantity Final concentration

DME-Ham 950 mL 95% (v/v)

Fetal Clone II 50 mL 5% (v/v)

Insulin 1000� 1 mL 5 μg/mL

Hydrocortisone 500� 2 mL 0.4 μg/mL

Isoproterenol 1000� 1 mL 0.212 μg/mL

Epidermal Growth Factor 1000� 1 mL 10 ng/mL

Penicillin G/Gentamicin 500� 2 mL Penicillin G 100 IU/mL, Gentamicin 25 μg/mL
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2.2 Monolayer

Culture of Human

Fibroblasts

2.2.1 Extraction and

Culture of Human

Fibroblasts

1. The source of cells are small pieces of fibrotic skin (hypertro-
phic scar) removed by surgery and following procedures
approved by the institution’s committee for the protection of
human subjects.

2. Transport medium (see Subheading 2.1.1).

3. 50 mL Reaction tubes.

4. Phosphate-buffered saline (PBS) with -Penicillin G/Gentami-
cin/Fungizone: 137 mM NaCl, 2.7 mM KCl, 6.5 mM
Na2HPO4, 1.5 mM KH2PO4 in apyrogenic ultrapure water
and verify that pH is 7.4. Sterilize by filtration through a
0.22 μm low-binding disposable filter. Store at room tempera-
ture. Before use, add Penicillin G-Gentamicin 500� stock
solution and Fungizone 500� stock solution (see Subheading
2.1.1) by diluting these additives to 1 � .

5. Culture dish 100 � 15 mm (not tissue-culture treated).

6. HEPES solution: First, make a 10� HEPES stock solution in
apyrogenic ultrapure water, using 0.1 M HEPES, 67 mM KCl,
1.42 M NaCl, and adjust pH to 7.3. Protect from light and
store at 4 �C. To prepare HEPES 1� solution, dilute the 10�
stock solution to 1� with apyrogenic ultrapure water and add
1 mM CaCl2 and adjust pH to 7.45. Protect from light (see
Note 4) and store at 4 �C.

Table 4
Air/liquid culture medium (A/L medium)

Component Quantity Final concentration

DME-Ham 950 mL 95% (v/v)

Fetal Clone II 50 mL 5% (v/v)

Insulin 1000� 1 mL 5 μg/mL

Hydrocortisone 500� 2 mL 0.4 μg/mL

Isoproterenol 1000� 1 mL 0.212 μg/mL

Penicillin G/Gentamicin 500� 2 mL Penicillin G 100 IU/mL, Gentamicin 25 μg/mL

Table 5
Freezing medium

Component Quantity Final concentration

Fetal calf serum 0.8 mL 80% (v/v)

DMSO 0.2 mL 20% (v/v)
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7. Thermolysin stock solution: Dissolve 500 μg/mL thermolysin
in HEPES 1� and sterilize by filtration through a 0.22 μm
low-binding disposable filter and store at 4 �C (see Note 3).

8. Dissecting curved forceps.

9. Scalpel #4 and blade size 22.

10. Parafilm.

11. Collagenase H: Dissolve 0.125 U/mL collagenase H in Fb
medium (see Subheading 2.1.2) and sterilize by filtration
through a 0.22 μm low-binding disposable filter (see Note 3).

12. Trypsinization unit (e.g., Celstir suspension culture flask,
Wheaton Sciences Products).

13. Tissue culture flask, 75 cm2.

14. Fb medium (see Subheading 2.1.2).

2.2.2 Subculture of

Human Fibroblasts

(Passage)

1. Fb medium (see Subheading 2.1.2).

2. Trypsin/EDTA stock solution: 2.8 mM D-glucose, 0.05%
(w/v) trypsin 1–500, 0.00075% (v/v) phenol red,
100,000 IU/L penicillin G, 25 mg/L gentamicin, 0.01%
(w/v) ethylenediaminetetraacetic acid (EDTA, disodium salt).
Dissolve in 1� PBS, adjust to pH 7.45, and sterilize by filtra-
tion through a 0.22 μm low-binding disposable filter. Distrib-
ute in single use aliquots, and store at �20 �C.

3. 15 mL reaction tubes.

4. Tissue culture flask, 75 cm2.

2.2.3 Cryopreservation of

Human Fibroblasts

1. Freezing medium (see Subheading 2.1.5).

2. Sterile cryogenic vials.

3. Freezing container, precooled at 4 �C.

2.2.4 Thawing of Human

Fibroblasts

1. Fb medium (see Subheading 2.1.2).

2. 15 mL Reaction tubes.

3. Tissue culture flask, 75 cm2.

2.3 Monolayer

Culture of Human

Keratinocytes

2.3.1 Extraction and

Culture of Human

Keratinocytes

1. Use as source of cells the same small piece of fibrotic human
skin (hypertrophic scar) used to isolate fibroblasts.

2. Trypsin/EDTA (see Subheading 2.2.2).

3. Trypsinization unit (e.g., Celstir suspension culture flask,
Wheaton Sciences Products).

4. 50 mL Reaction tubes.

5. Tissue culture flask, 75 cm2.

6. K medium (see Subheading 2.1.3).
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7. Fibroblast feeder layer: Irradiated human newborn skin fibro-
blasts obtained as described in this protocol are irradiated with
6000 rads with a selenium source (e.g., Gammacell® Elite
irradiator) and are kept frozen in nitrogen liquid tank until
used. 600,000 cells are then seeded in 75cm2 flasks with
20 mL of K medium and kept in 8% CO2, 100% humidity
atmosphere at 37 �C at least 7 d before to be used. Change
medium once per week and seed keratinocytes at least 24 h
after last medium change (see Note 5).

2.3.2 Subculture of

Human Keratinocytes

(Passaging)

1. K medium (see Subheading 2.1.3).

2. Feeder layer (see Subheading 2.3.1).

3. Trypsin/EDTA (see Subheading 2.2.2).

4. 50 mL Reaction tubes.

5. Tissue culture flask, 75 cm2.

2.3.3 Cryopreservation of

Human Keratinocytes

1. As described in Subheading 2.2.3 for fibroblasts.

2.3.4 Thawing of Human

Keratinocytes

1. K medium (see Subheading 2.1.3).

2. Tissue culture flask, 75 cm2.

3. Feeder layer (see Subheading 2.3.1).

4. 15 mL Reaction tube.

2.4 Formation of

Dermal Sheets

1. Confluent fibroblasts between passages 2 and 6 (see Subhead-
ing 2.2.2).

2. Ascorbic acid stock solution: Dissolve 10 mg/mL of ascorbic
acid in DME (see Subheading 2.1.2) to make a 200� stock
solution, and sterilize by filtration through a 0.22 μm
low-binding disposable filter (see Note 6).

3. Fb medium (see Subheading 2.1.2), containing 50 μg/mL
ascorbic acid.

4. Ingots, stainless steel grade # 316.

5. Curved forceps.

6. Six-well polystyrene plate (see Note 7).

7. Anchoring paper (see Note 7): Cut Whatman sheet paper in a
circle with a diameter that allows to place it in the wells of a
6-well plate. Remove the concentric inside disk of 25 mm
diameter after cutting.

8. PBS (see Subheading 2.2.1).
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2.5 Keratinocyte

Addition on the Dermis

1. Keratinocytes at 80% confluency between their third and fifth
passages (co-cultured with feeder layer) (Subheading 2.3.1).

2. Trypsin\EDTA (see Subheading 2.2.2).

3. K medium (see Subheading 2.1.3) containing 50 μg/mL
ascorbic acid.

2.6 Skin Assembly 1. Woven Membrane Filters (e.g., Spectra Mesh®, Spectrum®

Laboratories).

2. Air–liquid stand, stainless steel grade #316.

3. Curved forceps.

4. Cell culture petri dish, 60 mm diameter (not tissue-culture
treated).

5. A/L medium (see Subheading 2.1.4) containing 50 μg/mL
ascorbic acid.

6. Ligaclips and Ligaclip applicator.

3 Methods

3.1 Monolayer

Culture of Human

Fibroblasts

3.1.1 Extraction and

Culture of Human

Fibroblasts

1. Transport and conservation: In the surgery room, put the skin
specimen (~1 cm2) into a sterile container filled with cold
(4 �C) transport medium (at least 30 mL). Skin specimen can
be stored at 4 �C for a maximum of 24 h before to be treated.
All further manipulations are performed under a sterile laminar
flow hood cabinet. All solutions added on cells must be previ-
ously warmed at 37 �C.

2. Remove and discard the subcutaneous fat. Wash the skin speci-
men in a 50 mL tube containing 30 mL PBS with Penicillin
G/Gentamicin/Fungizone. Agitate vigorously. With sterile
forceps, transfer the skin specimen in another tube filled with
PBS. Repeat this step three times.

3. Spread out the skin specimen, epidermis on the top, into a
100 mm cell culture dish.

4. Cut the skin into 3 mm slices width with a scalpel blade 22.

5. Add 10 mL of cold (4 �C) thermolysin. Seal the culture dish
with parafilm.

6. Incubate overnight at 4 �C.

7. With two curved forceps, separate the epidermis from the
dermis. Put dermal pieces within a culture dish and cut the
dermis in as small as possible pieces using the scalpel.

8. Place dermal pieces within a trypsinization unit containing
20 mL of collagenase H. Incubate under agitation for 4 h at
37 �C.
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9. Collect the cellular suspension. Put into a 50 mL tube and add
20 mL of Fb medium. Wash the trypsinization unit with 10 mL
of Fb medium and add it to the tube (total 40 mL) (see
Note 8).

10. Count cells and measure the viability by trypan blue staining.

11. Centrifuge cell suspension at 300 � g for 10 min at room
temperature.

12. Remove supernatant and add 10 mL of Fb medium on the
pellet. Resuspend cell pellet by gentle pipetting.

13. Seed 3–4� 106 fibroblasts in a 75 cm2 culture flask with 15mL
of Fb medium. Incubate in 8% CO2, 100% humidity atmo-
sphere at 37 �C. Change culture medium three times a week.

14. When the fibroblasts reach confluency, subculture or freeze
cells.

3.1.2 Subculture of

Human Fibroblasts

(Passaging)

1. All following manipulations are described for one 75 cm2 cul-
ture flask of fibroblasts and are performed under a sterile lami-
nar flow hood cabinet. All solutions added to cells have been
previously warmed to 37 �C.

2. Remove medium.

3. Wash the culture flask with 2 mL of trypsin/EDTA and
discard it.

4. Add 3 mL of trypsin/EDTA. Incubate at 37 �C until the cells
are detached from the flask. Gently tap the flask after than
4 min to stimulate detachment.

5. Add 3 mL of Fb medium. Collect the cellular suspension. Put
into a 15 mL conical tube. Wash the flask with 4 mL of Fb
medium, collect the cellular suspension, and add it to the
15 mL tube (total 10 mL).

6. Count the cells and measure the viability by trypan blue stain-
ing. The cell viability should be higher than 95%. Usually, a
confluent 75 cm2 culture flask contains 4 � 106 cells.

7. Centrifuge cell suspension at 300 � g for 10 min at room
temperature.

8. Resuspend cell pellet in Fb medium.

9. Seed 3� 105 fibroblasts in a 75 cm2 culture flask with 15 mL of
Fb medium. Incubate in 8% CO2, 100% humidity atmosphere
at 37 �C. Change culture medium three times a week.

3.1.3 Cryopreservation of

Human Fibroblasts

1. All following manipulations are performed under a sterile lam-
inar flow hood cabinet.

2. Following Subheading 3.1.2, resuspend fibroblasts in a given
volume of 4 �C cold fetal calf serum in order to obtain 2 � 106

fibroblasts/mL.
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3. Drop by drop with gently mixing, dilute the cell suspension to
1 � 106 fibroblasts/mL with the freezing medium (see Note
9). Aliquot 1000 μL of cells in sterile cryogenic vials.

4. Put vials in a freezing container that has previously been cooled
at 4 �C and freeze overnight at �80 �C, in the freezing
container.

5. Store in liquid nitrogen tank.

3.1.4 Thawing of Human

Fibroblasts

All following manipulations are performed under a sterile laminar
flow hood cabinet. All solutions must be previously warmed at
37 �C before being added to cells.

1. Put the cryogenic vial in the water bath at 37 �C until complete
thawed.

2. Using a pipette, transfer the content of the cryogenic vial into a
new 50 mL tube and add drop by drop with manual shaking
9 mL of warm Fb medium. Do not vortex.

3. Count the cells and measure viability by trypan blue staining.

4. Centrifuge cell suspension at 300 � g for 10 min at room
temperature.

5. Resuspend cell pellet in Fb medium.

6. Seed 5� 105 fibroblasts in a 75 cm2 culture flask with 15 mL of
Fb medium. Incubate in 8% CO2, 100% humidity atmosphere
at 37 �C. Change culture medium three times a week.

3.2 Monolayer

Culture of Human

Keratinocytes

3.2.1 Extraction and

Culture of Human

Keratinocytes

1. All following manipulations are performed under a sterile lam-
inar flow hood cabinet. All solutions added to cells must be
previously warmed at 37 �C.

2. Surgically removed epidermis is placed into a trypsinization
unit containing 20 mL of 37 �C warm trypsin/EDTA. Incu-
bate under agitation during 15–30 min at 37 �C.

3. Collect the cell suspension. Put into a 50 mL tube and add
20 mL of warm (37 �C) K medium. Wash the trypsinization
unit with 10 mL of same medium, add it to the tube, and
complete the volume to a total of 40 mL with K medium.

4. Count the cells and measure the viability by trypan blue stain-
ing. Cell viability should be superior to 80%.

5. Centrifuge cell suspension at 300 � g for 10 min at room
temperature.

6. Resuspend cell pellet in K medium.

7. Seed 1 � 106 keratinocytes in a 75 cm2 culture flask containing
feeder layer and 24 h-conditioned medium. Incubate in 8%
CO2, 100% humidity atmosphere at 37 �C. Change culture
medium three times a week.

8. When the keratinocytes reach 80% confluency, subculture or
freeze cells.

Three-dimensional Model of Skin Fibrosis 429



3.2.2 Subculture of

Human Keratinocytes

(Passage)

All following manipulations are performed under a sterile laminar
flow hood cabinet. All solutions added on cells must be previously
warmed at 37 �C. Procedures are described for a 75 cm2 culture
flask of keratinocytes.

1. Remove medium.

2. Wash the culture flask with 2 mL of trypsin/ EDTA and
remove after last rinse.

3. Add 8 mL of trypsin/EDTA. Incubate at 37 �C until the cells
are detached from the flask (5–6 min) following a gentle tap on
the flask.

4. Add 8 mL of K medium. Collect the cell suspension and
transfer to a 50 mL tube. Wash the flask with 2 mL of K
medium, collect the cell suspension, and add it to the 50 mL
tube to a total of 18 mL.

5. Count the cells and measure the viability by trypan blue stain-
ing. Cell viability should be superior to 80%.

6. Centrifuge cell suspension at 300 � g for 10 min at room
temperature.

7. Resuspend cell pellet in K medium.

8. Seed 3� 105 to 7� 105 keratinocytes in a 75 cm2 culture flask,
containing fibroblast feeder layer and 24 h conditioned
medium. Incubate in 8% CO2, 100% humidity atmosphere at
37 �C. Change culture medium three times a week.

3.2.3 Cryopreservation of

Human Keratinocytes

Performed as described for fibroblasts in Subheading 3.1.3.

3.2.4 Thawing of Human

Keratinocytes

All following manipulations are performed under a sterile laminar
flow hood cabinet. All solutions must be pre-warmed to 37 �C
before being added to cells.

1. Put the cryogenic vial in 37 �C water bath until complete
thawed.

2. Using a pipette, transfer the content of the cryogenic vial into a
new 50 mL tube and add drop by drop with manual shaking
9 mL of warm K medium. Do not vortex.

3. Count the cells and measure cell viability by trypan blue
staining.

4. Centrifuge cell suspension at 300 � g for 10 min at room
temperature.

5. Resuspend cell pellet in 37 �C warm K medium.

6. Seed 5 � 105 to 7 � 105 keratinocytes in a 75 cm2 culture flask
containing feeder layer and 24 h conditioned medium. Incu-
bate in 8% CO2, 100% humidity atmosphere at 37 �C. Change
culture medium three times a week.
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3.3 Human Skin

Reconstruction by the

Self-Assembly

Approach

All following manipulations are performed under a sterile laminar
flow hood cabinet. All solutions must be pre-warmed to 37 �C
before being added to cells.

3.3.1 Formation of

Dermal Sheets

1. Put one anchoring paper in each well into the 6-well plate (see
Note 7). Rinse anchoring papers with PBS, three times to
eliminate paper fragments and then remove PBS. Add two
ingots on the anchoring papers to prevent moving of the
anchorage.

2. Seed a cell suspension corresponding to 50,000 fibroblasts/
well in 2 mL of Fb medium.

3. Incubate in an 8% CO2, 100% humidity atmosphere at 37 �C.

4. Two days after cell seeding, replace medium by 2 mL of Fb
medium containing 50 μg/mL ascorbic acid into each well.
From then on, change culture media (2 mL) three times
a week.

3.3.2 Keratinocyte

Addition

1. Typically, after 28 d of fibroblast culture, trypsinize keratino-
cytes as described in Subheading 3.2.2. Centrifugate and make
a suspension of 106 keratinocytes/mL of K medium.

2. Remove the culture medium and the ingots from half of wells
containing the dermal sheets and seed 2 � 106 keratinocytes
(2 mL) with the ring. Incubate in 8% CO2, 100% humidity
atmosphere at 37 �C.

3. Two hours later, add 2 mL of K medium containing 50 μg/mL
ascorbic acid. Incubate in 8% CO2, 100% humidity atmosphere
at 37 �C. Change culture medium (4 mL) every day over 4 d.

3.3.3 Skin Assembly 1. Place an air-liquid stand in an empty culture dish and add a
membrane filter on the top of the stand.

2. Carefully detach a fibroblast sheet from the bottom of the well
by holding the paper anchorage using fine forceps and transfer
into a culture dish.

3. Repeat step 1 and transfer a sheet containing keratinocytes on
top of the previous fibroblast sheet. Typically, two cell sheets
are superimposed to produce thicker tissues for routine experi-
ments, but higher number of fibroblast sheets can be used. Cell
sheets are then clipped together through the anchoring device
using 2–3 Ligaclips.

4. Using curved forceps, place the skin on the membrane on the
air–liquid stand.

5. Add 10 mL of A/L medium containing 50 μg/mL ascorbic
acid (seeNote 10). Incubate in 8% CO2, 100% humidity atmo-
sphere at 37 �C. Change culture medium three times a week
(see Note 11).
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6. After 2 weeks, reconstructed skin is then ready for various types
of analysis after removal of the anchoring device.

7. The reconstructed skin can be cultivated at the air–liquid inter-
face more than 28 d. A well-organized basement membrane is
obtained after 14 d of culture at the air–liquid interface [11].

4 Notes

1. Serum must be screened to select the serum lot ensuring maxi-
mal cell performance according to the used cells (growth but
also differentiation status and matrix production). Avoid
changing serum lot between experiments.

2. Serum must be added first followed by addition of insulin with
a new sterile plastic pipette.

3. This solution must be prepared the day of its use.

4. When exposed to light, HEPES buffer may undergo degrada-
tion and become toxic.

5. Feeder layer can be kept 1 month in 8% CO2, 100% humidity
atmosphere at 37 �C with changing medium every week. The
presence of at least 24 h-feeder layer conditioned medium is
crucial for the keratinocyte growth.

6. Ascorbic acid stock solution must be prepared immediately
before use and protected from light.

7. We usually perform this model using 6-well plates but also
successfully used 12-well plates or 25 cm2 culture flask accord-
ing to the need of the experiment. The size of the cell culture
dish to be used is thus not limited and is to be chosen according
to the desired type of reconstruction and experiment to be
performed. Therefore, anchoring devices, membrane, and
air-liquid stand should be customized to the culture dish
format.

8. If pieces of dermis remain visible, allow dermis decantation,
collect the supernatant, and further add new collagenase solu-
tion before to return unit at 37 �C for 1–2 h until complete
dissociation.

9. DMSO is an oxidative agent toxic for the cells, especially at
temperature above 10 �C. Thus, it must be used at 4 �C when
added on cells.

10. The lower surface of the reconstructed skin must be in direct
contact with culture medium. Avoid bubble formation
between culture medium and dermis.

11. If medium become yellow after 2 d, change it every day.
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Gauvin R, Roberge C, Auger FA, Goulet D,
Bourdages M, Plante M, Germain L, Moulin V
(2010) Restoration of the transepithelial
potential within tissue-engineered human skin
in vitro and during the wound healing process
in vivo. Tissue Eng Part A 16:3055–3063

13. L’Heureux N, Paquet S, Labbé R, Germain L,
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Chapter 29

Methods for the Study of Renal Fibrosis in Human
Pluripotent Stem Cell-Derived Kidney Organoids

Alejandro Moran-Horowich and Dario R. Lemos

Abstract

The mechanisms of kidney injury and fibrosis can now be studied using kidney organoids derived from
human pluripotent stem cells (hPSCs). Mature kidney organoids contain nephrons and stromal cells with
fibrogenic potential, spatially organized in a manner that resembles the anatomy of the kidney. Organoid
nephron damage and interstitial fibrosis can be induced under well-controlled experimental conditions
in vitro, making this an ideal system for the study of tissue-intrinsic cell signaling and intercellular crosstalk
mechanisms in the absence of systemic signals and immune cells that are present in vivo. Here we describe
methods for the generation of kidney organoids from a widely used hPSC line, and for the induction and
analysis of nephron damage and interstitial fibrosis.

Key words Organoid, Nephron, Injury, Fibrosis

1 Introduction

Recently developed protocols allow the specification of hPSCs into
metanephric mesenchymal cell cultures with the developmental
potential to form renal vesicles that self-organize into nephron
structures and interstitial stroma [1, 2]. These protocols involve
directed differentiation of hPSCs in a stepwise fashion, by sequen-
tial addition of the GSK-3β inhibitor CHIR99021 (CHIR), Activin
A and FGF9 into the media, to mimic the process of nephrogenesis
that occurs during embryonic development [3]. When the differ-
entiation is performed on ultralow-attachment culture surfaces,
three-dimensional kidney organoids are formed, which contain
major nephron structures including glomeruli, proximal tubules,
and distal tubules. Kidney organoids also contain non-epithelial
stromal cells with fibroblastic phenotype expressing the cell surface
marker platelet-derived growth factor receptor beta (PDGFRβ).
Incubation of kidney organoids with nephrotoxic molecules such
as cisplatin or with acute inflammatory cytokines, such as interleu-
kin 1β(IL1β), results in nephron epithelial cell damage and
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interstitial fibrosis [2, 4–6]. Organoid fibrosis recapitulates key
cellular events observed in kidney fibrosis, including early metabolic
activation and proliferation of PDGFRβ+ stromal cells, and their
accumulation around damaged tubules within a period of 48 h
[4]. As the proliferative response progresses, PDGFRβ+ stromal
cells adopt a fibrogenic phenotype that is characterized by expres-
sion of the myofibroblast marker ACTA2 [4]. This process is con-
comitant with increased synthesis and deposition of extracellular
matrix proteins such as collagen 1, fibronectin 1, and fibrillin
[4]. The resulting anatomical pattern of fibrosis accumulation in
the organoid interstitium largely resembles the process of tubuloin-
terstitial scarring observed in the kidneys of patients with acute or
chronic kidney disease [7, 8].

Fibrosis development in organoids can be studied using fluo-
rescence microscopy and quantitative real-time polymerase chain
reaction (qPCR). While fluorescence microscopy provides anato-
mical and semiquantitative information on the molecules analyzed,
qPCR permits detecting quantitative changes in the expression of
injury- and fibrosis-associated mRNAs. Protein quantification
remains a challenge due to the low amount of tissue obtained
from organoids. As described below, the combination of fluores-
cence imaging and qPCR permits remarkably precise analysis of the
mechanisms of renal fibrosis.

2 Materials

2.1 Plating hPSCs for

Differentiation

1. 6-Well plates.

2. 24-Well plates.

3. 96-Well ultralow-attachment round-bottom plates.

4. H9 human embryonic cell line (passage 27–65). Permission to
use this cell line should be granted by institutional embryonic
stem cell research oversight committee and by institutional
regulatory board, prior to its use.

5. Complete mTeSR™1 medium: prepare by adding 5�
mTeSR™1 Supplement to mTeSR™1 Basal Medium, to get
1� final concentration. Keep aliquots at �20 �C and thaw at
4 �C overnight. Use aliquot within a week.

6. Complete mTeSR™1 medium with ROCK inhibitor (ROCKi,
Y27632): Prepare aliquot of complete mTeSR™1 medium
containing 10 nM ROCKi (working concentration). Store ali-
quots at 4 �C.

7. Cell dissociation reagent Accutase®: Store at 4 �C.

8. Matrigel: Store frozen aliquots at �20 �C. Thaw an aliquot
overnight in refrigerator at 4 �C for plate coating the
following day.
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9. Dulbecco’s modified Eagle medium and Ham’s F-12
(DMEM/F12) media: Store at 4 �C.

10. Trypan Blue.

11. Luna II Automated Cell Counter.

12. Luna Cell Counting Slides.

13. Micropipettes.

14. Centrifuge.

2.2 Differentiation of

hPSCs into Kidney

Organoids

1. Basic differentiation medium: Add 5 mL of l-GlutaMAX to
500 mL of Advanced Roswell Park Memorial Institute
(RPMI) 1640. Store at 4 �C and use it within a month.

2. CHIR (glycogen synthase kinase 3 inhibitor): Prepare 10 mM
stock aliquots by reconstituting 5 mg of CHIR in 1.074 mL of
DMSO. Make 10 μL aliquots and store them at �80 �C. Thaw
aliquots at room temperature 10 min prior to preparing the
Phase I differentiation medium. Once it has been thawed, the
aliquot should be stored in a refrigerator at 4 �C. Use it within
1 week.

3. Recombinant Activin A: Prepare 50 μg/mL stock aliquots by
reconstituting 50 μg of Activin A in 1 mL of PBS. Make 10 μL
aliquots and store them at �80 �C. Thaw aliquots on ice,
15 min prior to preparing the Phase II differentiation medium
(see below). After thawing, the aliquot should be stored in the
refrigerator at 4 �C and use it within 1 week.

4. Fibroblast Growth Factor 9 (FGF9): Prepare 50 μg/mL stock
aliquots by reconstituting 25 μg of FGF9 in 500 μL of PBS
with 0.1% (wt/vol) bovine serum albumin (BSA). Make 20 μL
aliquots and store them at �80 �C. Thaw aliquots on ice,
15 min prior to preparing the Phase III solution. After thaw-
ing, the aliquot should be stored in the refrigerator at 4 �C and
use it within 1 week.

5. Phase I differentiation medium: Prepare by adding CHIR from
10 mM stock aliquot to basic differentiation medium to a final
concentration of 8 μM.

6. Phase II differentiation medium: Prepare by adding Activin A
from 50 μg/mL stock aliquot to basic differentiation medium
to a final concentration of 10 ng/mL.

7. Phase III differentiation medium: Prepare by adding FGF9
from 50 μg/mL stock aliquot to basic differentiation medium
to a final concentration of 10 ng/mL.

2.3 Injury of Kidney

Organoids

1. Cisplatin: Prepare 5 mM stock aliquots by reconstituting
15 mg of cisplatin in 10 mL of sterile water. Make 20 μL
aliquots and store them at �80 �C. Thaw aliquots at room
temperature 10 min prior to addition to the medium. Once an
aliquot has been thawed, store it at 4 �C. Use it within 1 week.
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2. Interleukin 1 beta (IL1β Prepare 50 μg/mL aliquots of recom-
binant human IL1β by reconstituting 50 μg in 1 mL of PBS.
Make 10 μL aliquots and store them at �80 �C. Thaw aliquots
on ice, 15 min prior to addition to the medium. After thawing,
the aliquot should be stored at 4 �C and use it within 1 week.

3. Basic differentiation medium with cisplatin: Add cisplatin from
5 mM stock aliquot to basic differentiation medium to a final
concentration of 20 μM.

4. Basic differentiation medium with cisplatin IL1β: Add IL1β
from 50 μg/mL stock aliquot to basic differentiation medium
to a final concentration of 50 ng/mL.

2.4 Organoid

Fixation and

Cryopreservation

1. Paraformaldehyde (PFA) 4% (wt/vol): Prepare 20 mL by add-
ing 5 mL of 16% (wt/vol) PFA to 15 mL PBS.

2. Sucrose: Prepare 100 mL of 20% (wt/vol) sucrose solution for
cryopreservation by mixing 20 g of sucrose in 100 mL PBS.

2.5 Organoid

Analysis by Confocal

Microscopy

1. Antibodies and lectin: hPDGFRβ (Novus, AF385) 1:200;
human Actin Alpha 2 (hACTA2; Sigma-Aldrich, F3777)
1:500 dilution; human Collagen 1 (hCOL1; Rockland) 1:300
dilution; human Fibronectin 1 (hFN 1; Abcam, ab154211Ab)
1:200 dilution; E-cadherin (CDH1; Abcam, cat. no. ab11512)
1:500 dilution; hKi67 (Abcam, ab15580) 1:200; hKIM1
1:500 dilution; Lotus Tetragonolobus Lectin (LTL; Vector
lab, cat.no. B-1325) at 1:200 dilution.

2. Blocking buffer containing 0.3% Triton X-100 and 2.5% don-
key serum: Prepare by adding 30 μL of Triton X-100 and
250 μL donkey serum to 10 mL of PBS. Shake the solution
for 10 min to dissolve the Triton X-100 and the serum thor-
oughly. Store at 4 �C and use it within 2 weeks.

3. Antibody dilution buffer: Prepare by adding 400 mg of BSA to
40 mL of PBS with Triton X-100 (PBST). Shake the solution
for 10 min to dissolve BSA thoroughly. Store at 4 �C and use it
within 1 month.

4. Vectashield mounting media with DAPI.

5. Confocal microscope.

2.6 Organoid

Analysis by Real-Time

PCR (qPCR)

1. RNeasy Plus Mini Kit.

2. iScript Reverse Transcription Supermix, oligo(dT) and random
primers.

3. Real-Time PCR System.

Taqman assays: GAPDH Hs02758991_g1; ACTA2
Hs00426835_g1; COL1A1 Hs00164004_m1; FN1
Hs01549976_m1; KIM1 (HAVCR1) Hs00930379_g1.
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3 Methods

The following procedures must be performed in a sterile laminar
flow hood unless otherwise specified.

Cell culture incubator settings must be 37 �C and 5% CO2.
3.1 Differentiation of

hPSCs into

Metanephric

Mesenchyme (Fig. 1)

1. Coat 24-well plates with Matrigel by diluting 15 μL of Matrigel
in 1 mL of DMEM/F12, use 250 μL per well. Incubate plates
at room temperature for 1 h. While coating takes place, prepare
single cell suspensions.

2. Wash 6-well plate wells containing hPSC cultures with PBS.

3. Add 500 μL Accutase® into each well containing hPSC cultures
to be used in differentiation assays, and incubate plate at 37 �C
for 7 min.

4. Stop Accutase® activity by adding 500 μL of complete
mTeSR™1 medium.

5. Lift cells using a 1000 μL micropipette and transfer to a
15 mL tube.

6. Rinse cells by adding another 1 mL of mTeSR™1 medium.

7. Add mTeSR™1 medium to the 15 mL tube to a final wash
volume of 6 mL.

8. Centrifuge the tube at 900 rpm for 5 min at room temperature.

Fig. 1 Protocol for generation of kidney organoids from hPSCs. (a) Sequential exposure to well-defined factors
drives hPSC differentiation into metanephric mesenchymal cells capable of generating nephrons in vitro.
Incubation times (Days) in Phase I, Phase II, and Phase III differentiation medium (DM) are indicated. Transfer
of single cell suspensions of metanephric mesenchymal cells to ultralow-attachment wells is indicated. OCT4,
POU class 5 homeobox 1; SOX2, SRY-box 2; WT1, Wilms tumor 1; PAX2, paired box 2; SALL1, spalt-like
transcription factor 1; Podocalyxin 1 (PDXL1); Cadherin 1 (CDH1); Lotus Tetranoglobus Lectin (LTL)
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9. Discard supernatant without disturbing the cell pellet.

10. Resuspend the pellet in 1 mL of mTeSR™1 medium with
ROCKi.

11. Take 50 μL of the cell suspension and mix with 50 μL of
Trypan Blue. Load the mix into a Luna cell counting slide
and count the number of viable cells. See Note 1.

12. Plate 100,000 cells per well in a 24-well plate pre-coated with
Matrigel, adjust the final volume to 300 μL. Allow the cultures
to settle down overnight.

13. Next day confirm that cells are at approximately 40–50% con-
fluency and wash the cultures with PBS. Add Phase I differen-
tiation medium and place in incubator. Change half the volume
of medium in each well every day for 4 days.

14. At the beginning of day 5, remove Phase I medium, wash the
cultures with PBS and add 300 μL of Phase II differentiation
medium and place in incubator. Change half the volume of
Phase II medium in each well every day, for a total of 3 days. See
Note 2.

15. On day 7 remove Phase II differentiation medium, wash the
cultures with PBS and add 300 μL of Phase III differentiation
medium. Place cells in the incubator. Change half the volume
of medium in each well every day, for 2 days.

16. On day 9 remove Phase III differentiation medium, wash the
cultures with PBS.

17. Prepare Phase III differentiation medium supplemented with
3 μM CHIR. To that end, add CHIR from 10 mM stock
aliquot to the Phase III differentiation medium to a final
concentration of 3 μM.

18. Treat cell cultures with 300 μL of Accutase per well of the
24-well plate. Incubate the cells at 37 �C in 5% CO2 incubator
for 10 min.

19. Dissociate cells with a 1000 μL micropipette, then transfer
them to a 15 mL tube containing 300 μL of Phase III medium
with 3 μM CHIR.

20. Stop Accutase® activity by adding 300 μL of complete RPMI
medium.

21. Dissociate cells with a 1000 μL micropipette and transfer cells
to a 15 mL tube.

22. Rinse cells by adding another 300 μL of complete RPMI
medium.

23. Complete the volume of the 15 mL tube to 1 mL.
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24. Take 20 μL of the cell suspension and mix with 20 μL Trypan
Blue. Add 15 μL to a Luna cell counting slide and count the
number of viable cells.

25. Complete the volume of the 15 mL tube to 6 mL.

26. Centrifuge at 900 rpm for 5 min at room temperature.

27. Resuspend cell pellet with 1 ml of Phase III medium supple-
mented with CHIR 3 μM.

28. Plate 200,000 cells/well in 200 μL of Phase III medium sup-
plemented with CHIR 3 μM onto 96-well ultralow-attach-
ment round-bottom plates. Centrifuge the plates at 850 rpm
for 15 s, and incubate for 2 days.

29. On day 11, gently aspirate as much Phase III medium supple-
mented with CHIR 3 μM as possible and rinse with PBS. Add
200 μL of Phase III differentiation medium (without CHIR)
and incubate. Change half the volume of Phase III medium in
each well every day for 3 days. See Notes 3 and 4.

30. On day 14, carefully remove Phase III differentiation medium,
and add complete RPMI medium. Incubate the organoids for
7 days changing medium every other day. See Notes 3 and 4.

31. Kidney organoids are maintained in complete RPMI medium
in the incubator. See Note 5.

3.2 Induction of

Organoid Nephron

Damage and

Interstitial Fibrosis

(Fig. 2)

1. Incubation with IL1β. Incubation with this inflammatory cyto-
kine recapitulates essential cellular and molecular events of
acute kidney injury in vivo.

(a) Remove organoid culture medium and add 200 μL of
medium with IL1β. Place the organoids back in the incu-
bator for 24 h, 48 h, or 96 h.

(b) 1.2 Change medium completely every other day.

(c) Remove medium with IL1β and wash three times with
200 μL PBS.

2. Induction of injury and fibrosis with cisplatin. Cisplatin is a
nephrotoxicant known for its ability to induce tubular cell
damage in cancer patients as well as in laboratory animal mod-
els of kidney injury.

(a) Remove medium and add 200 μL of medium with cis-
platin. Place in incubator for 48 h.

(b) Remove medium with cisplatin and wash three times with
200 μL PBS.
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3.3 Assessment of

Organoid Nephron

Damage and Fibrosis

Using

Immunofluorescence

Microscopy (Fig. 3)

These procedures do not need to be performed in a sterile laminar
flow.

1. Organoid Fixation and Cryosectioning

(a) Add 200 μL PBS 4% PFA and incubate at room tempera-
ture for 20 min.

(b) Wash twice with 300 μL PBS.

(c) Add 300 μL of 20% sucrose. Incubate at 4 �C overnight.

(d) Next day, lift the organoids with a 200 μL pipette with a
tip previously cut to ensure the whole organoid can be
pipetted without damaging it. Deposit the organoid in a
histology mold.

(e) Add OCT to the mold, embedding the organoids
completely.

(f) Freeze the embedded organoids at �80 �C overnight, or
until solid OCT blocks are formed.

Fig. 2 Schematic representation of organoid fibrosis development during incubation with 100 ng/mL IL1β. (a)
Non-damaged kidney organoids present healthy tubules that are labeled with LTL, and peritubular interstitial
stromal cells identified by expression of the mesenchymal marker PDGFRβ. Incubation with IL1β triggers
metabolic activation and proliferation of PDGFRβ+ cells after 48 h, resulting in stroma growth and increased
organoid size. Concomitantly, proximal tubule epithelial cells become damaged and the tubules dilate
moderately. At 96 h PDGFRβ+ cells adopt a myofibroblast phenotype, expressing ACTA2 and synthetizing
excessive amount of ECM. The proximal tubules show severe dilation and loss of brush borders (LTL�).
Glomeruli show no sign of injury, indicated by lack of proliferative response or apoptosis
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(g) Using a cryostat, cut 15 μm sections, mounting the sec-
tions on positively charged glass slides.

(h) Store the slides at �80 �C until ready to use.

2. Immunolabeling for fluorescence microscopy and confocal
microscopy

(a) Remove slides from �80 �C, let them sit at room temper-
ature for 15 min.

(b) Wash slides three times for 5 min with PBS.

(c) Block samples with blocking buffer for 1 h.

(d) Wash slides three times with PBS for 5 min.

(e) Add primary antibodies diluted in dilution buffer and
incubate overnight at 4 �C.

(f) Next day, wash slides three times for 5 min with PBS.

Fig. 3 Development of interstitial fibrosis in injured kidney organoids. (a) Immunofluorescence used to assess
the progression of Collagen I deposition in basement membranes and interstitium, in kidney organoids treated
with IL1β. Values on the bar graph represent mean � SD. **P < 0.01. Student’s t-test. n ¼ 3 organoids per
treatment/time point. (b) Immunofluorescence for the detection of ACTA2 expression in interstitial PDGFRβ+

stromal cells, after 96 h of stimulation with IL1β. Values on the bar graph represent mean � SD. **P < 0.01
vs. Ctl. One-way ANOVA. n ¼ 3 organoids per treatment. (c) Assessment of Col1a1, Fn1, and Acta2 by qPCR.
Values on the bar graph represent mean � SD. *P < 0.05; **P < 0.01. Student’s t-test. n ¼ 3 organoids per
treatment/time point. Figure adapted from [4] Lemos D et al. J Am Soc Nephrol. 2018 Jun;29(6):1690–1705,
and reproduced with permission granted by the Journal of the American Society of Nephrology
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(g) Add secondary antibodies conjugated to fluorescent
probes, incubate at room temperature for 1 h.

(h) Next day, wash slides three times with PBS for 5 min.

(i) Add vectashield with DAPI and place coverslip.

(j) Seal slides with nail polish, secure the coverslip.

(k) Examine samples in confocal or fluorescence microscope.

3. Measurement of injury and fibrosis markers with qPCR.

(a) Wash organoids three times for 5 min with 200 μL PBS at
room temperature.

(b) Extract total RNA using RNeasy Plus Mini Kit.

(c) Determine purity by measuring absorbance at 260 nm and
280 nm, and calculating the ratio A260/A280. Use RNA
samples with a ratio of 2.0 or above.

(d) Synthetize cDNA using iScript Reverse Transcription
Supermix; using a combination of oligo(dT) and random
primers.

(e) Perform qPCR in Real-Time PCR System.

4 Notes

1. It is important to consider that the number of single cells
obtained following treatment with Accutase will vary depend-
ing on the initial confluence of the 6-well plate well and the
resulting cell viability. Under optimal conditions, one well at
80–90% confluence at 85–100% viability can yield approxi-
mately 2.5–3 � 106 live cells.

2. On day 5 of the differentiation protocol it is important to
visually confirm that the cell monolayers contain regions were
the cells appear more condensed. These condensations are the
initial substrate for the subsequent formation of pre-tubular
aggregates.

3. Following incubation in Phase III medium supplemented with
3 μM CHIR, the presence of renal vesicles (day 11) and subse-
quently of pre-tubular aggregates (day 14) can be visually
assessed along the edges of the organoids using a bright-field
microscope. The presence of these structures can also be con-
firmed by means of immunofluorescence for the detection of
the two homeobox factors Paired Box 8 (PAX8) and LIM
Homeobox 1 (LHX1).
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4. Throughout the differentiation protocol, care must be taken
when changing medium to not disturb the cell aggregates or
the organoids mechanically with the pipette tips.

5. On day 21 nephron formation can be verified by means of
immunofluorescence microscopy on sampled organoids
through detection of nephron structures labeled with anti-
Podocalyxin 1 (PDXL1); Cadherin 1 (CDH1); Lotus Tetra-
noglobus Lectin (LTL), antibodies.

References

1. Lam AQ, Freedman BS, Morizane R, Lerou PH,
Valerius MT, Bonventre JV (2014) Rapid and
efficient differentiation of human pluripotent
stem cells into intermediate mesoderm that
forms tubules expressing kidney proximal tubu-
lar markers. J Am Soc Nephrol 25
(6):1211–1225. https://doi.org/10.1681/
ASN.2013080831

2. Morizane R, Lam AQ, Freedman BS, Kishi S,
Valerius MT, Bonventre JV (2015) Nephron
organoids derived from human pluripotent
stem cells model kidney development and injury.
Nat Biotechnol 33(11):1193–1200. https://
doi.org/10.1038/nbt.3392

3. Morizane R, Bonventre JV (2017) Generation
of nephron progenitor cells and kidney orga-
noids from human pluripotent stem cells. Nat
Protoc 12(1):195–207. https://doi.org/10.
1038/nprot.2016.170

4. Lemos DR, McMurdo M, Karaca G,
Wilflingseder J, Leaf IA, Gupta N, Miyoshi T,
Susa K, Johnson BG, Soliman K, Wang G,
Morizane R, Bonventre JV, Duffield JS (2018)
Interleukin-1 beta activates a MYC-dependent
metabolic switch in kidney stromal cells neces-
sary for progressive tubulointerstitial fibrosis. J
Am Soc Nephrol 29(6):1690–1705. https://
doi.org/10.1681/ASN.2017121283

5. Freedman BS, Brooks CR, Lam AQ, Fu H,
Morizane R, Agrawal V, Saad AF, Li MK,

Hughes MR, Werff RV, Peters DT, Lu J,
Baccei A, Siedlecki AM, Valerius MT,
Musunuru K, McNagny KM, Steinman TI,
Zhou J, Lerou PH, Bonventre JV (2015) Mod-
elling kidney disease with CRISPR-mutant kid-
ney organoids derived from human pluripotent
epiblast spheroids. Nat Commun 6:8715.
https://doi.org/10.1038/ncomms9715

6. Takasato M, Er PX, Chiu HS, Maier B, Baillie
GJ, Ferguson C, Parton RG, Wolvetang EJ,
Roost MS, Chuva de Sousa Lopes SM, Little
MH (2015) Kidney organoids from human iPS
cells contain multiple lineages and model human
nephrogenesis. Nature 526(7574):564–568.
https://doi.org/10.1038/nature15695

7. Kramann R, Fleig SV, Schneider RK, Fabian SL,
DiRocco DP, Maarouf O, Wongboonsin J,
Ikeda Y, Heckl D, Chang SL, Rennke HG, Wai-
kar SS, Humphreys BD (2015) Pharmacological
GLI2 inhibition prevents myofibroblast cell-
cycle progression and reduces kidney fibrosis. J
Clin Invest 125(8):2935–2951. https://doi.
org/10.1172/JCI74929

8. Campanholle G, Ligresti G, Gharib SA, Duffield
JS (2013) Cellular mechanisms of tissue fibrosis.
3. Novel mechanisms of kidney fibrosis. Am J
Physiol Cell Physiol 304(7):C591–C603.
https://doi.org/10.1152/ajpcell.00414.2012

Studying Renal Fibrosis with Kidney Organoids 445

https://doi.org/10.1681/ASN.2013080831
https://doi.org/10.1681/ASN.2013080831
https://doi.org/10.1038/nbt.3392
https://doi.org/10.1038/nbt.3392
https://doi.org/10.1038/nprot.2016.170
https://doi.org/10.1038/nprot.2016.170
https://doi.org/10.1681/ASN.2017121283
https://doi.org/10.1681/ASN.2017121283
https://doi.org/10.1038/ncomms9715
https://doi.org/10.1038/nature15695
https://doi.org/10.1172/JCI74929
https://doi.org/10.1172/JCI74929
https://doi.org/10.1152/ajpcell.00414.2012


Chapter 30

Decellularized Human Lung Scaffolds as Complex
Three-Dimensional Tissue Culture Models to Study
Functional Behavior of Fibroblasts

Gerald Burgstaller, Michael Gerckens, Oliver Eickelberg,
and Melanie Königshoff

Abstract

In vitro culturing of cells in two-dimensional (2D) environments is a widespread used methodology in
biomedical research. Most commonly, cells are cultured on artificial plastic dish surfaces, which lead to
abnormal functional behaviors, as plastic does not reflect the native microenvironment found in vivo or in
situ. Therefore, a multitude of three-dimensional (3D) cell culture systems were developed in the past years,
which aim to bridge the gap between 2D cell culture dishes and the in vivo situation. One of the more
recent development in the field, the generation of viable precision-cut tissue slices from various organs
emerged as an exciting approach to study complex interactions and biological processes ex vivo in 3D.
Decellularization of such tissue slices leads to the removal of all functional cells, and leaves behind a scaffold
of extracellular matrix (ECM), which closely recapitulates the molecular composition, mechanical proper-
ties, topology, and microarchitecture of native ECM. Subsequently, decellularized precision-cut lung slices
(PCLS), also called 3D lung tissue culture (3D-LTCs), can be successfully reseeded with a variety of cell
types, including fibroblasts, which attach to and engraft into the matrix. Here, we describe the generation of
PCLS from resected human lung tissue and their decellularization and recellularization with primary human
fibroblasts. This novel 3D tissue culture model allows for various functional studies of fibroblast behavior
on native ECM composition and topology.

Key words 3D cell culture models, Tissue engineering, Myofibroblasts, Fibroblasts, Human ex vivo
models, Precision-cut lung slices, PCLS, 3D-LTCs, Decellularization, Recellularization, Pharmaco-
logical testing, Transdifferentiation

1 Introduction

Ideally, functional behavior of cells is studied in their native in situ
or in vivo microenvironment. Signals from the extracellular matrix
(ECM) instruct cells and fundamentally affect their biological pro-
cesses, such as gene expression, adhesion, migration, proliferation,
survival, apoptosis, and differentiation [1–3]. However, in vivo
functional studies are largely restricted to animal models and it is
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well described that these findings are often poorly predictive for
human pathophysiology. In contrast, in vitro studies investigating
fundamental cellular processes are mostly restricted to 2D models
utilizing rigid surfaces of cell culture dishes, all of which do not
replicate the inherent intricacy of in vivo tissues in respect of cellular
and molecular composition, as well as topology, architecture, and
biomechanics. Moreover, cells cultured on 2D plastic surfaces
might display abnormal cellular behavior as well as altered
responses in pharmaceutical testing [4, 5]. Therefore, human
ex vivo tissue cultures obtained from diverse healthy and diseased
human tissues emerged as an exciting and highly relevant tool to
bridge the experimental gap between in vitro and in vivo studies
[3, 6–12]. Standardized slicing with vibratomes or similar devices
yields reproducible cuts of human tissues with constant thicknesses
as so-called precision-cut tissue slices (PCLS).

Within this chapter, we first provide a detailed and optimized
protocol for the generation of precision-cut lung slices from human
lungs, which are obtained from surgically resected soft-elastic
patient lung tissue. Usually, these lung samples require special
preparation, in contrast to whole lobe or entire lung explants.
Furthermore, proper slicing entails the filling of the bronchoalveo-
lar space by means of low-melting-point agarose, which provides
sufficient stiffness for cutting and largely preserves the native lung
structure and its architecture [11]. Human PCLS are subsequently
generated with a vibratome to produce 500 μm thick slices, which
can be cultured in using either regular cell culture dishes or trans-
well setups. Furthermore, we describe the process of decellulariza-
tion and recellularization of human PCLS. Decellularization of
human ex vivo tissue aims to remove all resident cells, but leaving
an intact acellular extracellular matrix scaffold with integrated
growth factors as well as an overall preserved tissue architecture.
Decellularized PCLS scaffolds can be successfully recellularized
with primary human lung fibroblasts. These recellularized human
PCLS can be applied for (a) functional studies investigating the
instructive nature of ECM, transdifferentiation of fibroblasts to
myofibroblasts, migratory and proliferative behavior of fibroblasts
and myofibroblasts, cell-matrix adhesions and subcellular struc-
tures, and (b) pharmacological testing of novel compounds
interfering with pathological relevant aberrant fibroblast behavior
[2, 3, 12].

2 Materials

The human tissue was provided by the CPC-M bioArchive and its
partners at the Asklepios Biobank Gauting, the Klinikum der Uni-
versit€at München and the Ludwig-Maximilians-Universit€at
München. The study was approved by the ethics committee of
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the Ludwig-Maximillian University [Munich, Germany (project
number 455-12)] and by the Asklepios Biobank for Lung Diseases
(Gauting, Germany, project number 333-10). Written consent was
obtained from all patients. We gratefully acknowledge the provision
of human biomaterial and clinical data from the CPC-M bioArchive
and its partners at the Asklepios Biobank Gauting, the Klinikum der
Universit€at München and the Ludwig-Maximilians-Universit€at
München.

All solutions and consumables must be sterile and handled
under sterile conditions.

2.1 Generation

of Human

Precision-Cut Lung

Slices (PCLS)

1. Equipment: Hyrax V50 Vibratome (Zeiss).

2. Cyanoacrylate glue.

3. Tissue culture petri dishes: 15 cm dishes, 12-well and 96-well
plates.

4. Laminar flow hood.

5. Water bath.

6. Scalpels.

7. Tweezers.

8. Forceps.

9. Threads.

10. Surgical clamps.

11. 30 mL Syringes.

12. Peripheral venous catheter.

13. Metal tray.

14. Agarose solution: low-melting 3% (w/v) agarose is dissolved in
a minimum of 30 mL cultivation medium. The solution is
heated in a microwave oven until boiling and then cooled to
42 �C in a water bath. 50 mL conical Falcon tubes (Corning)
for aliquoting the agarose solution.

15. Culture medium: Dulbecco’s Modified Eagle Medium
(DMEM) F-12 supplemented with L-Glutamine, HEPES,
10,000 IE Penicillin, 10,000 μg Streptomycin, 2.5 μg/mL
amphotericin B, and 0.1% (v/v) fetal bovine serum. Cell cul-
ture medium is used at 37 �C.

16. Resected lung tissue: fresh and tumor-free lung tissue from
lobectomy, which must be kept in culture medium at 4 �C
(see Note 1).

17. 4 mm Biopsy puncher.

2.2 Decellularization

of PCLS

1. Deionized water.

2. Phosphate-Buffered Saline (PBS): 138 mMNaCl, 26 mMKCl,
84 mM Na2HPO4, 14 mM KH2PO4, pH ¼ 7.4.
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3. Decel-Solution A: 0.1% SDS dissolved in deionized water and
warmed to 37 �C.

4. Decel-Solution B: 1 M NaCl in deionized water.

5. DNAse solution: 30 μg/mL DNAse (Roche) dissolved in
5 mM MgCl2 in PBS.

6. Storage solution: 100 IE/mL Penicillin and 100 μg/mL Strep-
tomycin in PBS.

7. Tube roller, Thermomixer for 50 mL tubes.

2.3 Recellularization

of PCLS with Primary

Human Fibroblasts

1. Primary human lung fibroblasts.

2. 0.25% Trypsin-EDTA.

3. PBS: 138 mM NaCl, 26 mM KCl, 84 mM Na2HPO4, 14 mM
KH2PO4, pH ¼ 7.4.

4. Decellularized or punched PCLS.

5. Culture medium.

6. Cell culture incubator equipped with a tube roller.

3 Methods

All procedures are performed under sterile conditions using laminar
flow hoods as well as sterile solutions and consumables.

3.1 Generation

of Human

Precision-Cut Lung

Slices (PCLS)

3.1.1 Human Lung

Tissue Inflation by Agarose

Filling

1. The lung tissue stored at 4 �C in culture media is transferred
into a 15 cm cell culture dish.

2. A 30 mL syringe is filled with 42 �C warmed up low-melting
agarose solution.

3. Remove the obturator of a peripheral venous catheter and
attach it to a 30 mL syringe.

4. Within the piece of lung tissue identify a bronchus (0.5–3 mm
in diameter) that ventilates an intact section (Fig. 1a).

5. The cannula of the venous catheter is inserted into the selected
bronchus and gently pushed forward as far as possible.

6. The bronchus is sealed around the cannula by compressing the
surrounding bronchial wall with forceps.

7. Lift the tissue with the forceps from the culture dish and
manually start the filling at an approximate speed of 0.3 mL/
s (see Note 2) (Fig. 1b).

8. If either high resistance or high agarose leakage during filling is
experienced, the whole procedure can be repeated using a
different bronchus (see Notes 3 and 4).

9. Apply enough agarose until the secondary pulmonary lobuli
connected to the cannulated bronchus are entirely filled (see
Note 5).
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10. After successful filling the cannula of the venous, catheter has
to be removed and the bronchus immediately closed with a
surgical clamp.

11. In order to facilitate solidification of the agarose, the tissue is
incubated at 4 �C in culture medium.

12. The filling procedure with liquid agarose can be repeated if the
resected piece of lung is large and consists of several bronchial
entries.

13. The agarose-filled lung tissue is stored in culture medium at
4 �C until slicing.

3.1.2 Precision-Cut Lung

Slicing of Agarose-Filled

Human Lung Tissue

1. Identification of sections firmly filled with agarose within the
lung tissue (see Note 6).

2. By using a scalpel excise a block of tissue with the approximate
size of 1–1.5 cm3. Ideally, one side of the block should be
covered with pleura.

3. Individual tissue blocks are attached to the vibratome holder by
their broadest base and preferably via their pleural side with a
cyanoacrylate glue (see Note 7) (Fig. 2a).

4. Slicing of the lung tissue blocks is accomplished with a vibra-
tome using the following parameter settings: thickness:
500 μm, frequency: 100 Hz, amplitude of the knife: 1.2 mm,
forward speed of the blade of 3–12 μm/s (see Note 8)
(Fig. 2b).

5. Single 500 μm thick precision-cut lung slices (Fig. 2c) are
gently transferred with forceps from the vibratome tray to
wells of 12-well plate which are filled with culture medium.

Fig. 1 Agarose filling of resected lung tissue. (a) The lung tissue is cannulated with a peripheral venous
catheter which is inserted into a bronchus adjacent to the pulmonary artery. (b) Liquid agarose is poured into
the lung tissue by a 30 mL syringe
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6. The well plates containing the PCLS are incubated in a con-
ventional cell culture incubator under standard culturing con-
ditions (5% CO2, 95% humidity, and 37 �C) (see Note 9).

7. Additionally, to get a higher number of tissue samples from the
same block, a 4 mm biopsy puncher can be used to cut out
various 4 mm punches from one PCLS. Punches can be incu-
bated in 96-well plates in culture medium and standard cultur-
ing conditions.

3.2 Decellularization

of PCLS

1. Transfer native human PCLS (Fig. 3a) or punches with forceps
from the 12-well plate into a 50 mL Falcon tube filled with
50 mL deionized water.

2. Incubate the Falcon tube slowly rolling on a tube roller at room
temperature for 10 min.

3. Remove the water from the Falcon tube and refill with fresh
50 mL deionized water.

4. Incubate the Falcon tube slowly rolling on a tube roller for 16 h
at 4 �C.

5. Remove deionized water from the Falcon tube and refill with
50 mL Decel-Solution A and incubate the Falcon tube slowly
rolling on a tube roller at room temperature for 2 h.

6. Remove Decel-Solution A and refill with 50 mL fresh Decel-
Solution A and incubate the Falcon tube slowly rolling on a
tube roller at room temperature for 2 h.

7. Remove Decel-Solution A and wash twice with 50 mL deio-
nized water for 10 min.

8. Remove deionized water from the Falcon tube and refill with
50 mL Decel-Solution B and incubate the Falcon tube slowly
rolling on a tube roller for 16 h at 4 �C.

Fig. 2 Vibratome cutting of PCLS. (a) Preferably, the tissue is glued with its pleural surface to the surface of the
tissue holder. (b) 500 μm thick slices are cut by the vibratome with a sapphire knife in a 10�–15� angle
relative to the tissue. (c) The cutting procedure results in 2–3 cm3 large intact precision-cut lung slices. Scale
bar ¼ 5 mm
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9. Remove Decel-Solution B and wash with 50 mL deionized
water for 10 min.

10. Wash with 50 mL PBS for 10 min.

11. Remove PBS and leave 7.5 mL PBS in the Falcon Tube, add
DNAse in a final concentration of 100 μg/mL and incubate
slowly shaking for 2 h at 37 �C.

12. Wash twice with 50 mL deionized water for 10 min.

13. Store decellularized PCLS or punches (Fig. 3b) in storage
solution in 12-well plates at 4 �C (see Note 10).

3.3 Recellularization

of PCLS with Primary

Human Lung

Fibroblasts

1. Use a primary human fibroblast cell culture from a 10 cm cell
culture dish, trypsinize, and generate a cell suspension of
3 � 106 cells/mL of primary human fibroblasts in cultivation
medium and put 1.5 mL of this cell suspension in a 2 mL
Eppendorf tube (see Note 11).

2. Add a maximum of 2–3 decellularized PCLS or 10–15 punches
to the same 2 mL Falcon tube.

3. Seal the 2 mL Eppendorf tube with parafilm to allow a better
gas exchange.

4. Incubate the 2 mL Eppendorf tube rolling at 10–15 rpm in a
cell culture incubator at standard cell culture conditions (5%
CO2 and 37 �C) for 16 h.

5. Remove the recellularized PCLS from the cell suspension with
a pair of tweezers, transfer PCLS one by one into a 12-well
plate, and incubate them at standard cell culture conditions (5%
CO2 and 37 �C) until used for experimental work (see
Note 12).

Fig. 3 Decellularization of PCLS. (a) 500 μm thick and 2–3 cm3 large PCLS cultured in growth medium. Scale
bar ¼ 5 mm. (b) Decellularized and punched PCLS. Scale bar ¼ 1 mm. (c) Immunofluorescence staining of
Laminin V demonstrating intact microstructures (here: basal lamina) after decellularization. Scale
bar ¼ 100 μm
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3.4 Functional

Studies

Recellularized human PCLS can be used for (a) functional studies
investigating migratory and proliferative behavior of fibroblasts as
well as transdifferentiation of fibroblasts to myofibroblasts, and
(b) pharmacological testing of novel compounds interfering with
pathological relevant aberrant fibroblast behavior.

4 Notes

In the following paragraph, we emphasize some of the major chal-
lenges, which might appear and require adaptation when imple-
menting these protocols. We also refer the reader also to the
following referenced resources for further description and sugges-
tions [10, 11, 13, 14].

1. Fresh and tumor-free lung tissue from lobectomy must be
stored immediately after resection in chilled culture media at
4 �C. Prior to processing, the cold ischemia time of 4–8 h
should not be exceeded.

2. The speed of filling with liquid agarose needs to be adapted
depending on the state of the lung tissue in respect of airway
resistance and/or atelectasis.

3. If high resistance is experienced various positioning of the
venous catheter might help to properly fill the tissue. Addition-
ally, plugs of already solidified agarose or other obstructions
might block proximal bronchi and leads to incomplete filling.
Here, using too much force on the syringe can lead to tissue
damage in the obstructed parts.

4. The respiratory tree from the cannulated bronchus might be
damaged due to the resection. This will lead to constant aga-
rose leakage. Sealing the damaged peripheral airways with sur-
gical clamps, sewing as well as a more peripheral repositioning
of the catheter might help to fill at least a smaller portion of the
tissue.

5. Inflation of the lung tissue with too much liquid agarose will
lead to damage of lung structures.

6. Agarose solidification can be tested by softly squeezing the
lung tissue with tweezers against the bottom of the cell culture
dish. Sections which are solidly filled with agarose will not
collapse.

7. The pleura provides a crucial barrier between the cyanoacrylate
glue and the parenchymal tissue.

8. The protrusion speed depends on the tissue stiffness and has to
be reduced if the slicing does not work properly, or if the tissue
block itself starts to vibrate.
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9. To avoid detrimental effects on tissue integrity due to the
gluing process, stop slicing if only 2–3 mm of the tissue block
are left.

10. Quality control of the decellularization process can be accom-
plished by histological and immunofluorescence stainings
(Fig. 3c), protein content measurements (BCA), Western blot-
ting, and qPCR [2, 12]. Ideally, no cellular components
are left.

11. Depending on the requirements and the amount of cells avail-
able, the recellularization process can be upscaled on demand
by using larger containers like 15 mL or 50 mL Falcon tubes.

12. Living cells, subcellular structures, as well as components of the
extracellular matrix can be labeled either with numerous com-
mercially available live tracking dyes or antibodies. Alterna-
tively, recellularized PCLS can be fixed by standard fixing
procedures and accordingly stained by immunofluorescent,
immunohistological, and histological protocols. Living as well
as fixed recellularized PCLS can be applied to widefield, bright-
field, and confocal microscopy, lightsheet microscopy (Fig. 4a,
b), as well as 2-photon microscopy [2, 9, 15, 16].

Fig. 4 Recellularization of acellular PCLS with primary human lung fibroblasts. (a) PCLS were recellularized
with primary human fibroblasts, which were stained with a cell tracking dye (green). Collagen-I was live-
immunostained with a Collagen-I antibody. Z-stacks were acquired by light-sheet fluorescence microscopy
and are shown here as maximum intensity projection. Scale bar ¼ 50 μm. (b) Software-based surface
rendering of z-stacks acquired as described in (a). Scale bar ¼ 200 μm
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