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ABSTRACT OF THE DISSERTATION

Characterizing the Pathways That Initiate and Stop Dynamic Blebbing in Human
Embryonic Stem Cells

by

Nikki Jo-Hao Weng
Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology

University of California, Riverside, August, 2016
Dr. Prue Talbot, Chairperson

Dynamic blebs are membrane protrusions on the surface of healthy cells that
function in cell division and migration. The purpose of this dissertation was to discover
better methods to control dynamic blebbing by identifying pathways that initiate and
inhibit blebbing in human embryonic stem cells (hESC). Live cell imaging experiments
demonstrated that dynamic and apoptotic blebbing were morphologically and temporally
distinct during passaging of hESC. Dynamic blebs retracted faster than apoptotic blebs
and had an intact cytoskeleton. Dynamic blebbing was prolonged by depolymerization of
microtubules and stopped by drugs that disrupted actin microfilaments or inhibited
myosin Il. Plating on laminin-521 or Matrigel overcoated with laminin-111 efficiently
stopped blebbing by activating an integrin-focal adhesion kinase pathway.

To identify the pathway that initiates dynamic blebbing, we tested the hypothesis
that the P2X7 calcium channel is activated by ATP released during passaging.
Immunocytochemistry and PCR showed that the P2X7 receptor is expressed in hESC,

but not in cells starting differentiation. P2X7 inhibitors and siRNA decreased dynamic

viii



blebbing. Extracellular ATP concentration increased during passaging. While apyrase,
which degrades ATP, reduced the percentage of blebbing cells, addition of ATP to the
culture medium prolonged blebbing. When Ca** was chelated by either EGTA or
BAPTA, dynamic blebbing was inhibited. Rac activation was associated with decreased
blebbing and cell attachment, while blebbing was activated though the ROCK pathway.
These data support the idea that dynamic blebbing in hESC is initiated by extracellular
ATP binding to P2X7, allowing Ca?* influx which in turn initiates dynamic blebbing via the
ROCK- myosin Il pathway. Decreased extracellular ATP is accompanied by activation of
Rac, cessation of blebbing, and attachment.

These results introduce better ways to control dynamic blebbing and improve cell
survival during passaging. The use of P2X7 inhibitors and laminin substrates enables
attachment and improves single hESC plating efficiency, which will facilitate quantitative
work in drug discovery and toxicology. These results also introduce: (1) P2X7 as a cell
surface marker for pluripotency; (2) hESC as an excellent model for studying dynamic
blebbing and (3) the possibility of using hESC, which are similar to epiblast cells, to

study cell movements during gastrulation.

X
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Chapter 1: Introduction
Stem Cells
Overview: Stem cells are present in many tissues, and they are usually named
according to their source. For example, embryonic stem cells come from embryos, while
adipose stem cells come from fat. Until 1981, most research with stem cells was done
using adult stem cells, which are limited in their ability to differentiate and are usually
restricted to the lineages that they normally give rise to in vivo. Research on adult stem
cells has generated a great deal of excitement and numerous publications. Researchers
have found adult stem cells in many different tissues and new sources of adult stem
cells are being found each year [1]. These discoveries give researchers opportunities to
develop stem cell therapies. In fact, adult hematopoietic, or blood-forming stem cells
from bone marrow, have been used in transplants for more than 40 years [2]. Stem cells
from bone marrow and adipose tissue are currently used by many physicians to treat
joint problems, although these procedures are not FDA approved [3,4]. Adult stem cells
are believed less likely to initiate rejection after transplantation and less likely to form
tumors. In principle, adult stem cells could be obtained from a patient, expanded in
culture, coaxed into a specific cell type, and then transplanted back into the patient.
However, adult stem cells generally do not divide quickly in vitro, and they are often hard
to obtain and usually cannot be passaged indefinitely. These factors plus their limited
potency make adult stem cells less attractive than pluripotent stem cells (PSC) for use in
research. As a consequence, most differentiation and toxicological studies involving
stem cells are currently being done with embryonic stem cells (ESC), which are derived
from preimplantation embryos, or with induced pluripotent stem cells (iPSC), which are

derived by reprogramming differentiated adult cells.



Pluripotent Stem Cells

ESC: ESC are especially attractive candidates for toxicological/drug testing and

therapeutic applications as they are pluripotent, meaning they can develop into any cell

type in an embryo, and they can be passaged many times in vitro. ESC were first

isolated from the inner cell mass of mouse blastocysts in 1981 at the University of

California at San Francisco [5] and at the University of Cambridge [6]. These cells

provided the first pluripotent stem cells for experimental work that were not isolated from

a tumor. For the next 20 years, they were used extensively in research laboratories to

study differentiation and to create knock-out mice.

Human ESC (hESC) were derived in 1998 [7], 16 years after the first mouse ESC

(mESC) lines were reported.

for research purposes by
patients undergoing in vitro
fertilization. To isolate a
line of hESC, blastocysts
are usually plated on a
feeder layer of mouse
embryonic fibroblasts and
the inner cell mass (ICM) is
mechanically removed and
allowed to grow or
alternatively the trophoblast
is removed using

antibodies that lyse it,

hESC are generally derived from spare blastocysts offered
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Figure 1.1: Diagram showing the relationship between
human embryonic stem cells and human preimplantation
embryos. Human embryonic stem cells, which are
derived from the inner cell mass of preimplantation
embryos, are the best model currently available for
studying the pre and post-implantation stage of human
development. [8]




leaving just the inner cell mass which can develop into hESC [9,10] (Fig. 1.1). Five
hESC lines (H1, H7, H9, H13, and H14) originating from five separate embryos were
derived by Dr. Thomson'’s lab at the University of Wisconsin in 1998 [7] and are currently
registered with NIH. Three cell lines (H1, H13, and H14) had normal XY karyotype, and
two lines (H7 and H9) had normal XX karyotype. While all of these lines are used in
research labs, the H9 line has become the “gold standard” and is the most widely
studied, the best characterized, and the line used in this dissertation. Before using these
hESC lines, several tests were done to establish their self-renewal capability and
pluripotency. Telomerase expression is highly correlated with cell immortality.
Telomerase, which is a ribonucleoprotein that adds telomere repeats to the chromosome
ends and helps maintain telomere length, is highly expressed in ESC. These hESC
lines also have cell surface markers characteristic of undifferentiated pluripotent cells,
including stage-specific embryonic antigen (SSEA)-3, SSEA-4, TRA-1-60, TRA-1-81,
and alkaline phosphatase. [7]. The ESC isolated by Thomason et al (1998) were able to
form derivatives of the three germ layers and also produced teratomas after injection into
immunodeficient mice. Each injected mouse formed a teratoma, which included
endodermal, mesodermal, and ectodermal tissues.

hESC are being widely used in basic research, translational medicine, and
clinical applications [11]. hESC provide insights into developmental events that cannot
be studied directly in the intact human embryo but that have important consequences in
clinical areas, including birth defects and pregnancy loss.
iPSC

iPSC are a newer entry into the pluripotent stem cell research arena. iPSC were

first reported in 2006 when Yamanaka’s team reprogrammed adult mouse fibroblasts



into embryonic-like cells which were pluripotent [12]. A year later the same lab reported
success in creating human iPSC from human dermal fibroblasts [13]. Reprogramming
was accomplished by introducing viral vectors carrying the genes for Oct4, Sox-2, Klf4
and Sox2 into fully differentiated cells. After expression of these four genes in
differentiated adult cells, a small percentage of cells reverted to a pluripotent state and
became similar to ESC. This discovery was considered so significant that Dr. Yamanaka
was awarded the Noble Prize in Physiology and Medicine in 2012 [14]. Since the
publication of the two seminal papers from Dr. Yamanaka’s lab, numerous studies have
been reported on iPSC and improved methods for reprogramming have been developed
[15]. iPSC hold great promise as they are immunologically identical/similar to the donor
and therefore could provide the basis for hundreds of potential therapies that are based
on the use and differentiation of pluripotent cells. While, iPSC provide the foundation for
an entirely new field of research in cell reprogramming and translational medicine, there
is still a fundamental need for better methods of obtaining and culturing iPSC. One
purpose of my dissertation is to understand and improve methods for passaging

pluripotent cells and reducing stress during culture.

Using pluripotent cells to test the toxicity of drugs and environmental chemicals:
Researchers are developing protocols to differentiate hESC into different cells or
tissues with the expectation that these derivatives will eventually be able to cure or treat
diseases [16,17]. Much work in the field of stem cell biology has been devoted to this
goal. In addition, hESC are also being used to test new drugs and to identify chemicals

that may be harmful to embryos [8,18,19].



There are several ways in which stem cells can be used to evaluate chemical
toxicity (Fig. 1.2). First, chemicals can be added directly to undifferentiated ESC and
their effects can be evaluated on endpoints such as maintenance of pluripotency,
proliferation, apoptosis, survival, migration and growth. The endpoints can be evaluated
using morphological or molecular changes and tell something about potential harmful
effects that test regents may have on early stage preimplantation embryos. Secondly,
ESC can be cultured in media supporting differentiation. This is often done by first
making embryoid bodies and then allowing the embryoid bodies to further differentiate

into a particular cell type or differentiate spontaneously. Test chemicals can be added
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either before or after embryoid body formation. This strategy can be used to determine
how chemicals affect the process of differentiation. Finally, chemicals can be added to
the differentiated cells and their effects studied. The first approach identifies chemical
that are embryotoxic, while the latter two approaches can identify teratogens.

Our lab has an interest in identifying environmental chemicals that adversely

affect prenatal stages of human development [19]. hESC provide a uniquely powerful



technology to perform experiments that could never be done on pregnant women.
Currently such experimental work is hampered by a lack of proper culture conditions. For
example, during passaging, hESC must be plated as small colonies rather than single
cells. This makes it difficult to quantify the number of cell being plated per well, which is
necessary to perform dose response type experiments and toxicological screens.
Secondly, plating efficiency is not very good, which also hinders the development of
stem cell technology. Finally drugs such as the ROCK inhibitor, Y27632, which are often
used to facilitate plating, may themselves have toxic effects and mask results of other
toxicants [20]. Therefore, one of my goals has been to improve the passaging of single
hESC and plating efficiency and to open up more research opportunities with

improvement of cell culture methodology.

Visualization of hESC

Phase contrast optics: hESC are small cells that are hard to visualize with a
light microscope. Phase contrast microscopy is an optical technique that is especially
well suited for hESC visualization. Phase contrast microscopy can be used to resolve
hESC and structures within hESC that are not visible with brightfield and other forms of
light microscopy. Phase contrast microscopy, unlike interference microscopy, is also

compatible with the plastic culture dishes used for culturing hESC.

Time lapse videos: Live cell imaging has been widely used in cell biology and
has recently been applied to toxicological problems [19,21,22,23,24,25,26,27,28,29,30].
A number of instruments are currently marketed for collecting time-lapse videos, and the

instrumentation in this field has improved enormously in the last 10 years [30]. The



BioStation IM and its newer version the BioStation IM-Q, manufactured by Nikon, are
bench top instruments that house a motorized inverted microscope, an incubator with a
built-in high sensitivity cooled CCD camera, and software for controlling exposures,
objectives, and the type of imaging (e.g., phase contrast or fluorescence) (Fig. 1.3). The
components of this instrument are fully integrated and easy to set up. In a BioStation IM,

cells are easily maintained at a constant temperature (37°C) and relative humidity (85%)

—

Figure 1.3: The BioStation IM, which is manufactured by Nikon, is a bench top
instrument that house a motorized inverted microscope, an incubator with a built-
in high sensitivity cooled CCD camera, and software for controlling exposures,
objectives, and the type of imaging. [30]

in a 5% CO, atmosphere. The BioStation IM enables time-lapse data to be collected
reliably over hours or days without focus or image drift. In time-lapse experiments,
images can be collected as quickly as 12 frames/second. In a BioStation IM, imaging
can be also performed in the X, Y and Z-direction. The unit comes with a well-designed
software package and a GUI for controlling the instrument and all experimental
parameters. The BioStation IM was used extensively in this dissertation to analyze the

dynamic behavior of hRESC during passaging.



ESC Culturing

Initially, researchers used mouse embryonic fibroblasts (mEF) as feeder cells to
provide growth factors that help ESCs maintain their undifferentiated state and self-
renew [5,6,8]. In mouse ESC cultures, the feeder layer can be replaced by addition of
leukemia inhibitory factor (LIF) to the growth medium [31]. The importance of the LIF-
pathway in derivation and maintenance of ESCs has been studied. In mouse ESC, LIF
activates the STAT3-mediated cascade, and also induces the PI3K-pathway, which is
involved in the maintenance of pluripotency [31].

In contrast to mESC, LIF does not maintain pluripotency in hESCs. This is
because hESC represent a slightly later stage in embryonic development that is not
responsive to LIF. Although hESC are isolated from the inner cell mass of blastocysts,
once grown in culture they more closely resemble the epiblast cells of early post-
implantation embryos [9,32,33]. At first, hESC culture protocols involved the use of mEF
as substrates and media containing serum and animal proteins. However, the feeder
layers add complexity to stem cell cultures and have the potential to introduce animal
viruses and unwanted effects into the stem cell population, especially when using mouse
fibroblasts for hESC culture. Newer protocols have been developed using human
fibroblasts as feeder layers and using human serum instead of animal serum [35]. In
2001, the first feeder-free hESC culture system was introduced using different matrices,
such as Matrigel and laminin, with medium that was conditioned by mouse embryonic
fibroblasts [36].

However, using non-human elements in hESC culture is an obstacle to later
clinical use of these cells. Many groups have worked on developing new protocols that

use non-human components for culturing hESC. An alternative strategy was to use



serum-free media supplemented with soluble factors (e.g., basic fibroblast growth factor
and noggin) [37]. However, there was still a need to develop a well-established feeder-
free hESC culture system. A major improvement in hESC culture was introduced in 2001
when hESC were plated on BD Matrigel and fed with mTeSR medium, which is a fully-
defined, serum-free medium for the derivation and maintenance of hESC [38,39].
mTeSR has been tested successfully on different human ESC lines, such as H1 and H9
(STEMCELL Technologies, BV, Canada), and it can support the culture of
undifferentiated hESC. Many laboratories currently working with hESC are using
mTeSR and Matrigel for feeder-free hESC culture.

Additional media for feeder-free culture are still being developed. A newer
medium for hESC culture is TeSR-E8 which is xeno-free and contains only the 8
essential components in contrast to mTeSR1, which has more than 60 components in
supplement (STEMCELL Technologies, BV, Canada). Like mTeSR1, TeSR E8 is made
for feeder-free culture for hESC. In addition, TeSR 2 has recently been developed as an
improved version of mTeSR1, and provides a high-quality and robust system for feeder-
free maintenance of pluripotent stem cells. TeSR2 combines the advantages of a feeder-
free culture system with the added value of being free of xenogenic components
(STEMCELL Technologies, BV, Canada). Both TeSR-E8 and TeSR 2 can be used with
different matrices such as Matrigel and vitronectin-XF. In recent years, a number of new
culture media have been introduced that compete with the mTeSR products. For
example, PluriQ medium, which has standard formulation for culturing human pluripotent
ES and iPS cell line, is made by MTI-GlobalStem (BioCompare, CA); human embryonic
stem cell growth medium, which is from Cygen, is also developed for culturing

undifferentiated pluripotent stem cells. because many of the new media have been



introduced in the last year or two, few comparisons have been made with the TeSR line
of products.

hESC normally require adhesion to an extracellular matrix for growth and
survival, and different matrices are used for feeder-free hESC culture system. Matrigel,
which contains mostly laminin, collagen IC and heparin sulfate proteoglycan is isolated
from Engelbreth-Holm-Swarm mouse sarcomas, a tumor rich in ECM proteins, and is
widely used with mTeSR medium [36]. There are other matrices that have been
developed for hESC culture, such as Vitronectin XF, Geltrex, and Laminin-521. hESC
express al a5, b1, b2 and r1 laminin chains [40,41], which may combine to form four
different laminin isoforms (e.g., LN-511, LN-521, LN-111 and LN-121). Matrigel, which is
widely used for hESC culture, contains a large amount of LN-111. Laminin-521 is the
natural laminin for pluripotent stem cells and therefore reliably facilitates self-renewal of
hESC and iPSC in a chemically defined feeder-free stem cell culture system. The
advantage of using laminin-511 and laminin-521 is that a5 chain laminins are found in
stem cell niches of blastocysts (inner cell mass) [42]. One goal of my research has been
to determine if any particular substrate facilitates cell attachment, spearding, and plating

efficiency during passaging of cells.

Problems with Passaging Pluripotent Stem Cells: hESC are social cells that require
co-operative interactions and intimate physical contact with each other to maintain their
viability and self-renewal capacity during cell culture. During passaging, it is usually
necessary to dissociate hESC colonies into cellular clumps rather than into a single-cell
suspension, since a high degree of cell death is correlated with a loss of cell-to-cell

interactions. This makes hESC harder to culture than other cell types. Moreover, it is
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also difficult for researchers to plate the same cell number every time when doing drug
testing or toxicological experiments. Controlling cell number for certain experiments is
extremely important. Therefore, the Rho-associated coiled-coil kinase (ROCK) inhibitor
(ROCK:I) is often used to help cells attach and to enable passaging of single cells.
ROCKIi can increase the efficiency of hESC survival in culture [43]. Several groups have
addressed the mechanism by which ROCKi prevents cell dissociation-induced
apoptosis, and found that ROCKIi does not inhibit apoptosis directly but inhibits ROCK-
dependent myosin |l hyperactivation [43,44,45]. It has been demonstrated that myosin Il
is the predominant effector molecule downstream of Rho-Rock signaling in the
regulation of cell-cell contracts in ESC [46]. Blebbistatin, which is an inhibitor of myosin
I, can also be used to increase single cell survival during hESC culture and aid in
attachment.

However, ROCK is involved in numerous signaling pathways and may affect
many cell properties, not just attachment and spreading. In our lab, when we plate single
hESC with ROCKIi, which helps hESC attachment and survival, cells appear stressed
and abnormal (Fig. 1.4) [47]. Both our lab and Dr. Fujumura’s lab [20,47] also found that
ROCK:i alters the cell
responses in toxicological
experiments, again suggesting
it is not suitable for inclusion in

many types of experiments. To

avoid this problem, it is

Figure 1.4: hESC, were plated with ROCKIi, appear
stressed and abnormal morphology. A: control
hESC colony; B: ROCKi-Treated hESCs

important to find other ways to

increase hESC plating
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efficiency and survival and to enhance cell attachment during normal passaging or when
single hESC plating is necessary.
Dynamic and Apoptotic Blebbing

Overview: Blebs are membrane protrusions that
appear and disappear from the surface of cells (Fig. 1.5)
[48,49,50]. In most eukaryotic cells, the plasma
membrane is bound to cortical actin. When the plasma

membrane separates from the actin, cytoplasmic

pressure leads to formation of blebs around the cell Figure 1.5: Blebs were
produced in HeLa cell.
surface [48]. Blebbing is characteristic of the execution
phase of apoptosis; however, blebs are also observed in healthy cells, for example
during cytokinesis and cell migration [50,51,52]. A mechanism of blebbing has been
proposed based on work done with non-hESC cell types [53,54,55]. The model
subdivided blebbing into three phases: nucleation, expansion, and retraction [54,55].
During nucleation, blebs begin to form when small areas of the plasma membrane
detach from cortical actin or when a local rupture of the cortical actin occurs. Once a
bleb is nucleated, hydrostatic pressure in the cytoplasm drives bleb expansion causing
cytosol to flow into the developing bleb [54,55]. Concomitantly, the plasma membrane
detaches further from the cortex, increasing bleb size. As bleb expansion slows down, a

new actin cortex reforms under the bleb membrane. Finally, the motor protein myosin Il

is recruited to the bleb and powers retraction (Fig. 1.6).
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Figure 1.6: The mechanism of Blebs formation and retraction. [55]

Apoptotic Blebbing: Apoptotic blebbing has been studied in detail and is the
more commonly reported example of blebbing. Apoptotic blebs contain a cortical layer of
endoplasmic reticulum that often surrounds condensed chromatin. Dr. Woodman’s group
suggested in 2005 that microtubule motors are needed to transport endoplasmic
reticulum and chromatin along microtubules and into apoptotic blebs [56]. They
examined whether inclusion of endoplasmic reticulum in apoptotic blebs was sensitive to
the microtubule destabilizing agent nocodazole. Surprisingly in this experiment,
nocodazole markedly reduced the proportion of apoptotic cells with blebs, suggesting

that apoptotic bleb formation itself is microtubule as well as actin-dependent. In the
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absence of microtubules, about 50% of cells still formed apoptotic blebs that contained
endoplasmic reticulum, suggesting that microtubule motors do not provide the sole
means of transporting endoplasmic reticulum into blebs. It is possible that other
cytoskeletal proteins drive this relocation as well [56]. This study also speculated that the
lack of microtubules, which releases pressure inside the cytoplasm, might prevent the
initiation of apoptotic blebbing in some cells [56]. Moreover, apoptotic bleb formation
depends on actin-myosin contraction which results from the activation of myosin light
chain [55, 57,58,59,60] via phosphorylation indirectly or directly by Rho-activated kinase,
which in turn is cleaved into a constitutively active form by caspases in 3T3 cells and
hematopoietic cell lines [61,62].

Blebbing, which is usually characterized as apoptotic, has been reported in hESC
[63]. In 2010, Dr. Sasai’'s group showed that dissociated single hESC formed a number
of blebs on their surfaces. Blebbing began immediately when colonies were dissociated
into single cells and continued until cells formed apoptotic bodies; however, mESC are
easy to culture and they can survive even were passaged as single cells. Two major
questions regarding this problem have been raised: Why are hESC, unlike mESC,
vulnerable to dissociation? And how can the death of dissociated hESC be prevented? A
number of recent studies have been shown that there are multiple metastable states of
pluripotency. After implantation, the ICM differentiates into two distinct cell lineages, the
primitive endoderm and the epiblast. Recently, researchers recognized that there are at
least two distinct types of pluripotent stem cells, the ICM-like and the epiblast-like stem
cells [34,64,65,66]. mMESC are more ICM-like while hESC are epiblast-like [34]. By
switching culture conditions, these two states can be interconverted. When mESC are

converted to mouse epilbast-like stem cells (mEpiSC), mEpiSC are similar to hESC, in
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their behavior, colony morphology, growth-factor responses, and gene expressions.
Moreover, mEpiSC show vulnerability to cellular dissociation, like hESC [34].

Blebbing in hESC differs qualitatively from the conventional apoptotic blebbing. In
other cell types, blebbing is the terminal phase of apoptosis; however, hESC blebbing
appears immediately after dissociation. Moreover, the blebbing is ROCK-dependent but
not caspase-dependent even though the onset of blebbing precedes caspase activation
[34,63,67].

In 2010, Dr. Sasai’s group demonstrated that the ROCK-dependent
hyperactivation of myosin is the direct cause of blebbing in hESC and showed that
blebbing is caused by Rho/ROCK/MLC2 activation. They interpreted the blebbing to be
apoptotic since ROCK treated cells attached to the substrate and survived [63], while
those that were not treated failed to attach and died. ROCK inhibitor (ROCKIi) has been
widely used to increase the survival rate of hESC by inhibiting apoptosis during plating of
cells [43,46,63,68].

Functional imaging analysis showed that Rho activation occurs, and other
studies showed that Rac activity gradually decreases very early after hESC dissociation
[34,63], indicating that Rho/Rac might play an important role in regulating blebbing
during hESC dissociation and culture. However, the upstream regulation of the Rho/Rac

pathways in dissociated hESC is not clear.

Dynamic blebbing: Dynamic blebbing, which is observed in healthy cells, often
occurs in vitro during the first minutes after cell plating and before cell attachment and
spreading on adherent substrates. Dynamic blebs are also found at the leading edge of

migrating cells, where they drive cell movement [69]. Polarized blebbing is used to
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generate motility in a number of cell types such as Dictyostelium, Fundulus deep cells,
zebrafish germ cells, neutrophils, and tumor cells (54). Dynamic blebbing is also a
normal process during cytokinesis, when blebs appear at the poles of dividing cells
(50,54,70,71,72,73].

The mechanism regulating dynamic bleb formation is similar to apoptotic
blebbing. There is a growing body of evidence that ROCK is involved in regulating the
cytoskeleton during blebbing [55,74,75]. ROCK is one of the major downstream
mediators of Rho. The GTP-bound form of Rho interacts with ROCK, inducing a
conformational change in ROCK that elevates its kinase activity. This allows ROCK to
inactivate myosin light chain phosphatase, thus maintaining myosin light chain in an
active form. The active myosin can react with actin and drive actin filament movement. In
2007, dynamic blebbing was observed in calvarial cells from wild type, but not P2X7
knock-out mice, indicating the P2X7 receptor might regulate dynamic blebbing upstream
of Rho pathway [76].

In dissociated hESC, dynamic and apoptotic blebbing have not previously been
clearly distinguished [63,77,78]. Moreover, it is not clear from the Sasai et al study if
dynamic or apoptotic blebbing or both were affected by ROCK.i. It is also unclear what
regulates dynamic blebbing upstream of Rho. In Dr. Sasai’s paper, RNA interference
was used to demonstrate that Active BCR-Related (Abr), a unique Rho-GEF family
factor containing a functional GAP domain for Rho-class GTPase, is an upstream
regulator of apoptosis and ROCK-myosin hyperactivation. It is not clear if Abr is the only
upstream factor and other studies in the literature suggest multiple pathways may

converge on Rho in other cell types [76,79].
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Functions of dynamic blebbing in non-hESC and hESC: The function of
dynamic blebbing has recently been appreciated [80,81]. Blebs are commonly observed
during cell division, from the onset of anaphase until late cytokinesis [50,81,82].
Blebbing, during cytokinesis, might be a mere side-effect of tension build-up in the cortex
during cell division, as it has been reported that increased tension can directly result in
bleb formation [57,83,84,85]. Alternatively, blebs might represent a rapid way of
generating additional cortex or membrane surface area during cytokinesis and
subsequent cell spreading. Dynamic blebbing has been shown experimentally to
facilitate cell movement during embryonic development in amphibian and fish embryos
[86,87,88,89]. Cells dissociated from amphibian embryos can migrate using bleb-like
protrusions [90,91,92]. Studies in live zebrafish have unequivocally shown that
primordial germ cells use blebs to migrate [86].

Similar observations have been made in primordial germ cells from Drosophila
melanogaster embryos [93]. These findings suggest that dynamic blebbing may be
widely used for cell migration and further hint that dynamic blebbing may be a common
mechanism for generating motility in embryonic cells.

When cultured in vitro, hESC behave like epiblast cells, a highly motile
epithelialized type of embryonic cell [34]. During weeks 2 and 3 of human development,
epiblast cells form a single layer of tall columnar cells that undergo extensive migration
to give rise to the three germ layers of the embryo. During gastrulation, the epiblast cells
move as a sheet medially and enter the primitive streak. At the base of the primitive
groove, epiblast cells pinch off of the primitive groove, undergo an epithelial to
mesenchymal transition, and migrate as single cells to form both the endoderm and

mesoderm. During both types of migration (as sheets and as onio 1995 cell
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processessingle cells), epiblast and mesenchymal cells are highly motile. Some studies
have hypothesized that hyperactivity of the ROCK/myosin system enables the epiblast-
stage cells to undergo rapid cell movement [63]. Recently, more evidence has shown
that dynamic blebbing has an important role in cell motility. Regulating blebbing is crucial

and needed for controlling hESC that will be used in clinically in stem cell therapy.

Use of blebbing and cell spreading as toxicological/cell health endpoints

Cell health validation: Live cell imaging has been widely used in our laboratory
for many years to study dynamic cell processes [94,95,96,97,98] and has more recently
been applied to toxicological problems [19,21,22,23,24,25,26,27,28,29,30,99]. In
toxicological assays using stem cells, endpoints of interest often occur days or
sometimes a month after the experiment begins [19,30,100]. There has been interest in
shortening such assays, often by using molecular biomarkers to obtain endpoints more
rapidly [101]. In the mouse embryonic stem cells test, endpoints can now be obtained in
7 days using biomarkers for heart development [101,102]. While this significantly
reduces the time to reach an endpoint, it is still a relatively long time to obtain data on
cytotoxicity. Nowadays, analysis of dynamic events, such as cell attachment, migration,
division, and apoptosis, provides mechanistic insight into normal cellular processes and
has been widely used in ESC research [19,30] and toxicological research
(21,94,103,104].

Changes in cell behavior that depend on the cytoskeleton often indicate that cell
health is being compromised by environmental conditions [19,103]. Because spreading
depends on the cytoskeleton, it can be used to evaluate the effect of chemical

treatments on cytoskeletal health. Cell spreading is a particularly attractive endpoint in
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toxicological studies as it occurs soon after plating and does not require days or weeks
of treatment to observe. Many types of cells, such as fibroblasts can attach and spread
in 10-15 minutes. hESC require about 1- 2 hours to spread. Therefore, cells can be
plated and data collected in 4 hours or less time depending on the experimental design.
Summary

This dissertation deals specifically with dynamic blebbing, which is robust in hESC.
Dynamic blebbing, which is observed in healthy cells, often occurs in vitro during the first
minutes after cell plating and before cell attachment and spreading on adherent
substrates. Dynamic blebs are also found at the leading edge of migrating cells, where
they drive cell movement. The difference between dynamic and apoptotic blebbing has
not previously been distinguished in hESC. It is widely known that hESC are not easy to
culture. Recently, most studies have improved hESC culture by using ROCKi. However,
ROCK is involved in numerous signaling pathways and may affect many cell properties,
not just attachment and spreading. In our lab, when we plate single hESC with ROCKi,
which helps hESC attachment and survival, cells appear stressed and abnormal. The
purposes of my dissertation were to: (1) characterize dynamic and apoptotic blebbing in
hESC, (2) identify the signaling pathway that activates dynamic blebbing during
passaging of hESC, (3) identify methods that reduce dynamic blebbing once it has
started, and (4) identify targets that will enable further development of strategies to

regulate blebbing and thereby improve hESC culture and all hESC applications.

Scope of Dissertation

Chapter 2 describes a video bioinformatics protocol that was developed to quantify cell

spreading and hESC health during culture.

19



Chapter 3 distinguishes between apoptotic and dynamic blebbing in hESC. This chapter
compares the morphology, formation, retraction, and molecular markers in dynamic and
apoptotic blebbing. Methods that halt dynamic blebbing during passaging were
identified, and these will enable further development of strategies to regulate blebbing
during passaging, thereby leading to improved culture protocols that will be suitable for

all hESC applications.

The focus of Chapter 4 is to identify the pathways that are involved in initiating dynamic
blebbing in hESC. This chapter provides new insight into factors that increase dynamic
blebbing, such as release of ATP from cells that die during passaging and identities new
targets, such as the P2X7 receptor, that could be used to decrease dynamic blebbing
and improve cell attachment and survival. These results may lead to better ways to
control dynamic blebbing in cultured hESC and further show that hESC are an excellent

model for studying blebbing and its role in early embryonic development.

Chapter 5 summarizes the key findings of this project.
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1.1 INTRODUCTION

Live cell imaging has been widely used in our laboratory for many years to study
normal dynamic cell processes [1,2,3,4,5,6] and has more recently been applied to
toxicological problems [7,8,9,10,11,12,13,14,15,16,17]. Analysis of dynamic events,
such as cell attachment, migration, division, and apoptosis, can provide mechanistic
insight in to normal cellular processes [18,19] and as well as how toxicants affect cells
[1,7,20,21]. Collection of video data has recently improved and become easier to
perform with the introduction of commercial incubators that have built in microscopes
and cameras for collecting time-lapse data during both short and long-term experiments
[19,22,23].

After videos are collected, it is important to extract quantitative data from them. A
challenging but important issue until recently has been how to analyze the large complex
data sets that are produced during live cell imaging. When video data analyses are done
manually by humans, many hours of personnel time are usually required to complete a
project, and manual analysis by humans is subject to variation in interpretation and error.
Video bioinformatics software can be used to speed the analysis of large data sets
collected during video imaging of cells and also can improve the accuracy and
repeatability of analyses [19]. Video bioinformatics, which involves the use of computer
software to mine specific data from video images, is concerned with the automated
processing, analysis, understanding, visualization, and knowledge extracted from
microscopic videos. Several free video bioinformatics software packages are available
online such as ImagedJ and Gradientech Tracking Tool
(http://gradientech.se/products/gradientech-tracking-tool/). Also, some advanced video

bioinformatics software packages, such as CL-Quant, Imira, and Cell 1Q, are now
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commercially available and can be used to generate customized protocols or libraries to
analyze video data and determine quantitatively how cells behave during experimental
conditions.

This chapter presents a new application of CL-Quant software to automatically
analyze cell spreading in time-lapse videos of human embryonic stem cells (hESC)
(WiCell, Madison, WI). While hESC are presented in this chapter, other cell types could

also be used in conjunction with these protocols.

1.2 INSTRUMENTATION USED TO COLLECT LIVE CELL VIDEO DATA
BioStation IM

Data presented in this chapter were collected with a BioStation IM. The
BioStation IM or its newer version the IM-Q, manufactured by Nikon, is a bench top
instrument that houses a motorized inverted microscope, an incubator with a built-in high
sensitivity cooled CCD camera, and software for controlling exposures, objectives, and
the type of imaging (e.g., phase contrast or fluorescence). The components of this
instrument are fully integrated and easy to set up. In a BioStation IM, cells are easily
maintained at a constant temperature (37°C) and relative humidity (85%) in a 5% CO,
atmosphere. The BioStation IM enables time-lapse data to be collected reliably over
hours or days without focus or image drift. In time-lapse experiments, images can be
collected as quickly as 12 fraems/second. The fastest time interval is determined by the
number of points which are selected by users. In a BioStation IM, imaging can be also
performed in the X, Y and Z-direction. The unit comes with a well-designed software

package and a GUI for controlling the instrument and all experimental parameters.
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The BioStation IM is available in two models, the BioStation Il and BioStation II-
P, optimized for either glass bottom or plastic bottom culture dishes, respectively, and
the magnification range is different in the two models. Both models accommodate
35mm and 60mm culture dishes. A four-chambered culture dish, the Hi-Q4 sold by
Nikon, can be used for examining four different conditions of culture in the same

experiment.

1.3 SOFTWARE USED FOR VIDEO BIOINFORMATICS ANALYSIS OF STEM CELL
MORPHOLOGY AND DYNAMICS.

1.3.1 CL-Quant

CL-Quant (DR Vision, Seattle, WA) provides tools for developing protocols for
recognition and quantitative analysis of images and video data [24]. The software is easy
to learn and does not require an extensive knowledge of image-processing. CL-Quant
can be used to detect, segment, measure, analyze, and discover cellular behaviors in
video data. It can be used with both phase contrast and fluorescent images. Several
basic protocols for cell counting, cell proliferation, wound healing, and cell migration
have been created by DR Vision engineers and can be obtained when purchasing CL-
Quant software. Protocols can be created by DR Vision at a user’s request, or users can
create their own protocols. Later in this chapter, we will describe how to create a
protocol in CL-Quant, show the difference between a professional protocol and user-
generated protocol, and also show an example in which CL-Quant was used to measure

hESC spreading in experimental time-lapse videos.
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1.3.2 ImageJ

Imaged is a public domain Java-based image-processing program, which was
developed at the National Institutes of Health. ImageJ was designed with an open
architecture that provides extensibility via plugins and recordable macros. A number of
tutorials are available on YouTube and are helpful for beginners learning to use this
software. ImagedJ is compatible with major operating systems (Linux, Mac OS X, and
Windows), works with 8-bit color and grayscale, 16-bit integer, and 32-bit floating point
images. It is able to read many image formats, and it supports time- or z-stacks. There
are numerous plug-ins that can be added to ImagedJ to help solve many imaging
processing and analysis problems. Imaged is able to perform numerous standard image-
processing operations that may be useful in labs dealing with gel/image analysis and
video bioinformatics. For example, researchers have used ImagedJ to quantify bands in
western blots and also to quantify the fluorescent intensity on the images. One of the
advantages of using ImageJ is that it enables rapid conversion of images to different
formats. For example, Imaged can convert tif images to avi, it can create 3D images
from z-stacks with 360 degrees rotation, and it can be used to obtain ground truth

information when setting up a new video bioinformatics protocol.

1.4 PROTOCOLS FOR CELL ATTACHMENT AND SPREADING

In toxicological assays using [16,19). There has been interest in shortening such
assays, often by using molecular biomarkers to obtain endpoints more rapidly [25]. In the
mouse embryonic stem cells test, endpoints can now be obtained in 7 days using
biomarkers for heart development. While this significantly reduces the time to reach an

endpoint, it is still a relatively long time to obtain data on cytotoxicity.
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Pluripotent hESC model the epiblast stage of development [26] and are
accordingly a valuable resource for examining the potential effects of chemicals on an
early stage of human prenatal development [27]. We are developing video assays to
evaluate the health of hESC in short term cultures, and we then use these assays to
identify chemicals that are cytotoxic to young embryos. One hESC based assay
involves evaluation of cell spreading, a dynamic processes dependent on the
cytoskeleton. When a treatment alters the cytoskeleton or its associated proteins, cells
are not able to attach and spread normally. We have used two video bioinformatics
protocols to analyze these parameters during 4 hours of in vitro culture. At the
beginning of cell plating, hESC are round and unattached. Usually, hESC attach to their
substrate and begin spreading within 1 hour of plating. As cells attach and start
spreading, their area increases, and this can be measured in time-lapse images using
video bioformatics tools, thereby providing a rapid method to evaluate a process
dependent on the cytoskeleton. Two parameters can be derived from the time-lapse
data: rate of cell spreading (slope) and fold increase in cell area. These two parameters
were compared in control and treated groups using the linear regression and 2-way
ANOVA analysis (GraphPad Prism, San Diego)

We will compare two protocols for measuring cell spreading in this chapter. Both
protocols are performed using CL-Quant software. One, which we term a professional
protocol, was created by DR-Vision engineers for quantifying cell proliferation. Even
though the professional protocol was not created specifically for hESC spreading, we
were able to use the segmentation portion of the protocol for measuring spreading (area)
of hESC during attachment to Matrigel. In addition, we created our own protocol using

CL-Quant for analyzing the area of hESC colonies during attachment and spreading.
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Our method, which we refer to as the user-generated protocol, was created by a student
with a basic background in biology and 1 month experience with CL-Quant software.
hESC were cultured using methods described in detail previously [28]. To create
time-lapse videos for this project, small colonies of hLESC were incubated in mTeSR
medium at 37°C and 5% CO,in a BioStation IM for 4 hours. Frames were captured
every minute from 4-5 different fields. When applying either the professional or user-
generated protocol, the first step was to segment the image so as to select mainly
hESC. During segmentation, we used the DR Vision’s soft matching procedure, which
allowed us to identify the objects of interest. The second step was to remove noise and
small particles/debris that were masked during segmentation. In the third step, the area
of all cells in a field was measured in pixels. The protocol was applied to all images in
time-lapse videos to obtain the area occupied by hESC when plated on Matrigel and
incubated for 4 hours. Because the survival efficiency is low for single cells [29], hESC
were plated as small colonies, which normally attach, spread, and survive well. Figure
1A shows phase contrast images of several small hESC colonies plated on Matrigel at
different times over 4 hours. In the first frame, the cells were unattached, as indicated by
the bright halo around the periphery of some cells. During 4 hours of incubation, the cells
attached to the Matrigel and spread out. By the last frame, all cells in the field have
started to spread. Figure 2.1A also shows the same images after segmentation,
enhancement, and masking using the professional protocol supplied by DR Vision.
Comparison of the phase contrast and segmented sequences shows that the masks fit

each cell well.
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Figure 2.1: Comparison of CL-Quant segmentation protocol and ground truth. hRESC were plated
in mTeSR medium in a 35mm dish and incubated in a BioStation IM for 4 hours. (A) Phase
contrast images modified with ImageJ to remove text labels and the same images with masks
applied using the professional CL-Quant protocol. (B) Graph showing cell area (spreading) in
pixels for CL-Quant derived-data and the ground truth. The areas obtained from the two methods
were in good agreement.

To determine if the measurement data obtained from the professional CL-Quant
protocol were accurate, ground truth was obtained by tracing each hESC in all of the
video images using the freehand selection tool in ImagedJ, and then measuring the pixel
area for each frame. The ground truth (dotted line) and CL Quant derived area were very

similar for hESC grown in control conditions (mTeSR medium) (Fig. 2.1 B). For most
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times, CL Quant slightly overestimated the area of the cells due to difficulty in fitting a

perfect mask to each cell.

1.5 APPLICATION OF VIDEO BIOINFORMATICS PROTOCOLS TO hESC CELL
SPREADING IN THE PRESENCE OF ROCK INHIBITORS AND BLEBBISTATIN

In 2007, ROCK inhibitor (Y27632) was shown to increase the efficiency of hESC
survival in culture [29]. However, ROCK is involved in numerous signaling pathways,
and therefore may affect many cell properties [30]. ROCK inhibitors decrease non-
muscle myosin Il activity, and this decrease helps attachment of hESC. However, when
single hESC are plated with ROCK inhibitor, they do not adhere to each other due to
down regulation of e-cadherin [31]. In addition, hESC treated with Y27632, a potent
ROCK inhibitor, appeared stressed and not as healthy as untreated controls [32]. Finally,
the use of ROCK inhibitor (Y27632) in a toxicological study with methyl mercury
decreased the IC5, [33]. Blebbistatin, an inhibitor of myosin Il which is downstream of
ROCK, can also be used to increase attachment of hRESC and thereby improve plating
efficiency [31] and may also alter cell morphology [34].

In this study, time-lapse data were collected on hESC treated with different
ROCK inhibitors or blebbistatin, and two CL- Quant protocols were used to quantitatively
compare spreading of treated cells to controls. H9 hESC were seeded on Hi-Q4 dishes
coated with Matrigel and incubated using different treatment conditions. Cells were then
placed in a BioStation IM and cultured as described above for 4 hours during which time
images were taken at three or four different fields in each treatment/control group at 1-

minute intervals.

37



The protocols described in section 1.4 for quantifying hESC area were used to
compare spreading of cells subjected to different ROCK inhibitors (Y27632, H1152) or to
blebbistatin. First, the written data that was stamped on each image by the BioStation
software was removed using the remove outlier’s feature in ImageJ. The professional
CL-Quant protocol was applied to the resulting time-lapse videos. Examples of phase
contrast and masked images are shown in Figure 2.2 for treatment with the two ROCK
inhibitors and blebbistatin. Cells in each group were masked accurately by the
segmentation protocol, and even thin surface cell projections were masked with
reasonable accuracy. The measurement protocol was then applied to each frame to
determine the area (pixels) of the masked cells. To establish the accuracy of this
protocol, the ground truth for control and treated groups was determined using ImageJ in
two separate experiments (Fig. 2.3A, B). Each point in Figure 2.3 is the mean of 3 or 4
videos. As shown in Figure 2.3, the ground truth and the CL-Quant derived data were in
good agreement for all groups in both experiments.

In the first experiment, the fold increase in spread area was elevated by Y27632
and blebbistatin relative to the control (p<0.0001 for Y27632 and p<0.05 for blebbistatin
2-way ANOVA, Graphpad Prism), while H1152 was not significantly different than the
control (p>0.05). The rate of spreading, as determined by the slope for each group,
was greater in the three treated groups than in the control; however, only the slope for
Y27632 was significantly different than the control (p<0.0001) (slopes = 0.124 control;
0.135 H1152; 0.142 blebbistatin; 0.245 Y27632). In this experiment, the Y27632 group
was distinct from all other groups in both its rate of spreading and fold increase in spread

area. The morphology of the control cells was normal; cells had smooth surfaces with
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relatively few projections. In contrast, all treated cells had irregular shapes and more
projections than the controls (Fig. 2.3 A).

In the second experiment, the three treated groups spread faster and more
extensively than the control group. All three treated groups were significantly different
than the control with respect to fold change in spread area (by 2-way ANOVA p < 0.05
for Y27632 and H1152; p< 0.0001 for blebbistatin). In contrast to the first experiment,
the Y27632 group was similar to the other two treatments (Fig. 2.3 D). The rate of
spreading was greater in the three treated groups than in the control (slope = 0.084
control; 0.117 H1152; 0.150 blebbistatin; 0.136 Y27632), and both Y27632 (p<0.01) and
blebbistatin (p<0.001) were significantly different than the control. As see in the first
experiment, all treated cells were morphologically distinct from the controls. Treated cells
appeared attenuated and had long thin projections extending from their surfaces, while
control cells were compact and had smooth surfaces (Figs. 2.3 C). It is possible that CL-
Quant underestimated the area of the Y27632 inhibitor treated cells in the second
experiment due to the attenuation of the surface projections, which were more extensive

than in the first experiment and were difficult to mask accurately.
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Video showing the effect of ROCK inhibitors and blebbistatin on hESC spreading

can be viewed by scanning the bar code.
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Figure 2.2: Cell area (spreading) was successfully masked by the professional CL-Quant protocol in
different experimental conditions. hESC were treated with ROCK inhibitors (Y27632 and H1152) or
blebbistatin, incubated in a BioStation IM for 4 hours, and imaged at 1 minute intervals. Phase contrast
images and the corresponding masked images are shown for hESC treated with: (A) control medium, (B)
Y27632, (C) H1152, and (D) blebbistatin
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Figure 2.3: The morphology and spreading of hESC was affected by treatment with ROCK
inhibitors (Y27632 and H1152) and blebbistatin in two experiments. Spreading was measured
using the professional CL-Quant protocol. (A) Phase contrast images from the first experiment
showed that treated cells were morphologically different than the control. (B) The rate of spreading
and the fold increase in spread area was greater in Y27632 and blebbistatin treated cells than in
controls. (C) Phase contrast images of control and treated cells in the second experiment showed
morphological changes in the treated groups. (D) The fold increase in spread area was greater in
the treated cells than in the controls in the second experiment; however, the effect of Y27632 was
not as great as previously seen. Data in B and D are plotted as a percentage of the area in the first
frame. Each point is the mean + the SEM.

1.6 COMPARISON OF PROFESSIONAL AND USER-GENERATED PROTOCOLS
We also compared the professional and user-generated protocols to each other.
The cells in both the control and treated groups were well masked by the professional
protocol, and the mask included the thin surface projections characteristic of the treated
group (Fig. 4A). To validate the quantitative data obtained with the professional protocol,

ground truth was determined using Imaged (Figs. 4B). Both the control and treated

groups were in good agreement with the ground truth (Fig.4B).
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Figure 2.4: Comparison of the professional and user-generated cell spreading protocols.
(A) Phase contrast micrographs of hESC treated with Y27632 and the corresponding
masks created with the professional and user—generated protocols. (B) Comparison of
ground truth to area (spreading) data obtained with the professional protocol in control
and treated groups (C) Comparison of ground truth to area (spreading) data obtained with
the user-generated protocol in control and treated groups.

An advantage CL-Quant is that users can generate their own protocols without a
programming background. Our user-generated protocol, which was created by a student
with 1 month of experience using CL-Quant, was applied to the control and treated
groups. The resulting masks did not cover the surface projections of the treated group as

well as the professional protocol; however, the user-generated protocol did include
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single cells, some of which were filtered out by the professional protocol (Fig. 2.4 A). The
user-generated protocol did not filter out the small debris as well as the professional
protocol (Fig. 2.4 A). The data obtained with the user-generated protocol were close to
ground truth for the control group, but not for the treated group (Fig. 2.4 C). Phase
contrast images showed that the cells treated with Y27632 had many more attenuated
surface projections than the control cells (Figs. 2.5 A, D). Our user-generated protocol
and the professional protocol were able to mask the control cells well (Fig. 2.5 B, C).
However the user-generated protocol was not able to mask the thin projections on
treated cells as well as the professional protocol (Figs. 2.5 E, F). Neither protocol
recognized gaps between cells in the treated group. Overall, the professional protocol
was more similar to the ground truth than the user-generated protocol in this experiment;
however, with more experience, the user could improve the protocol to include surface

projections more accurately.
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Figure 2.5: Differences in cell morphology showing why treated hESC are more difficult to
segment than control cells. (A) Phase contrast image of hESC colonies taken at 60 minutes of
incubation. Segmentation of the image in “A” created with the user-generated protocol (B) and the
professional protocol (C). (D) Phase contrast image of hESC colonies treated with Y27632 for 60
minutes. The cells have many thin surface projections not present on controls. Segmentation of
the image in “C” with the user-generated protocol (E) and the professional protocol (F).

1.7 DISCUSSION:

In this chapter, we introduced a video bioinformatics protocol to quantify cell
spreading in time- lapses videos using CL-Quant image analysis software, and we
validated it against ground truth. A professionally developed version of the protocol was

then compared to a protocol developed by a novice user of CL-Quant. We also applied
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this protocol to hESC treated with blebbistatin and ROCK inhibitors, which are commonly
used during in vitro passaging of hESC [29].

Most evaluations of cells in culture have involved processes such as cell division,
confluency and motility, but not spreading. Cell attachment and spreading depend on the
interaction between cells and the extracellular matrix to which they attach. When cells
are plated on a substrate, they first attach, then flatten and spread. At the molecular
level, spreading depends on the interaction of membrane-based integrins with their
extracellular matrix and the engagement of the cytoskeleton, which initiates a complex
cascade of signaling events [35]. This in turn leads to the morphological changes
observed during spreading and enables cultured cells to flatten out and migrate to form
colonies [36,37].

Changes in cell behavior that depend on the cytoskeleton often indicate that cell
health is being compromised by environmental conditions [16,20]. Because spreading
depends on the cytoskeleton, it can be used to evaluate the effect of chemical
treatments on cytoskeletal health. Cell spreading is a particularly attractive endpoint in
toxicological studies as it occurs soon after plating and does not require days or weeks
of treatment to observe. Many types of cells, such as fibroblasts can attach and spread
in 10-15 minutes. hESC require about 1—- 2 hours to spread, and therefore can be plated
and data collected in 4 hours or less time depending on the experimental design.

The application of the spreading protocol to hESC enables chemical treatments
to be studied using cells that model a very early stage of post-implantation development.
hESC are derived by isolating and culturing inner cell mass cells from human
blastocysts. As these cells adapt to culture, they take on the characteristics of epiblast

cells which are found in young post-implantation embryos [26]. Embryonic cells are often

45



more sensitive to environmental chemicals than differentiated adult cells, and it has been
argued that risk assessment of environmental chemicals should be based on their
effects on embryonic cells, as these represent the most vulnerable stage of the life cycle
[38]. The sensitivity of hESC to environmental toxicants may be due to mitochondrial
priming which occurs in hESC and makes them more prone to apoptosis than their
differentiated counterparts [39].

A major advantage of the cell spreading assay is that it requires relatively little
time to perform. A complete spreading assay can be done in as little as 4 hours, while
other endpoints such as cell division and differentiation require days or weeks to
evaluate. The rapidity of the spreading assay makes it valuable in basic research on the
cytoskeleton or in toxicological studies involving drugs or environmental chemicals.
Moreover, this tool could be used in the future as a quality control check when
evaluating stem cell health for clinical applications.

The cell spreading assay introduced in this chapter provides a rapid method for
evaluating cell health and assessing the quality of cells. Using bioinformatics tools to
analyze the video data significantly reduces the time for data analysis [40,41,42,43]. If
an experiment is done for 4 hours with 1 min intervals between frames, 240 frames
would be collected for each video by the end of the experiment. Each group could have
4-10 different videos. Before we used bioinformatics tools to analyze our data, cell
spreading was analyzed by measuring cell area manually. ImageJ was used to calculate
cell area for each frame. The total time for cell spreading analysis for each video was
about 24 hours. The CL-Quant bioinformatics protocol, which we introduced in this
chapter, greatly reduces this time. In general, it takes about 30~60 minutes to create a

protocol for a specific purpose. Once the protocol is created, it takes 5 minutes to run the
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protocol using CL-Quant. The protocol can be batch run on multiple videos without
requiring users to tie up valuable time performing analysis of spreading.

Our data show that the professionally developed protocol performed better than
the one developed by the novice user. However, the novice was able to rapidly learn to
use CL-Quant software, and he obtained accurate control data as shown by comparison
to the ground truth. It was clear that the novice had difficulty masking the fine projections
on the hESC surfaces, but with additional training, he would likely be able to create a
better segmentation protocol and achieve more accurate masking of the treated group
data.

We also examined the effect of ROCK inhibitors and blebbistatin on hESC
spreading. The ROCK inhibitors and blebbistatin improved cell attachment and
spreading, as reported by others [29,31]. However, those hESC treated with ROCK
inhibitors or blebbistatin appeared stressed, had thin attenuated projections off their
surfaces, and did not seem as healthy as control cells. ROCK inhibitor or blebbistatin are
often used to improve cell survival, especially when plating single cells. ROCK inhibitor
and blebbistatin allow cells to be counted and accurate numbers can be plated. Cell
survival is also improved by the efficient attachment observed when these ROCK
inhibitors and blebbistatin are used. Cells are stressed during nucleofection, so ROCK
inhibitors are often used to improve cell survival when nucleofected cells are ready to
plate. ROCK inhibitors and blebbistatin inhibit ROCK protein and downregulate myosin |l
activity which accelerates cell attachment and cell spreading [29]. Our analysis shows
that both ROCK inhibitors and blebbistatin alter the morphology of spreading cells.
Moreover, Y27632 and blebbistatin significantly increased the rate of spreading and the

fold change in spread area when compared to untreated controls, which may be a factor
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in why they are more commonly used than H1152. While the full significance of the
above changes in cell morphology and behavior are not yet known, these inhibitors do
either indirectly or directly decrease myosin Il activity, which may lead to the stressed
appearance of the treated cells. It has not yet been established why decreasing myosin
Il activity leads to more rapid and extensive spreading of hESC. .

Use of ROCK inhibitors is not recommended in toxicological applications of
hESC as they can alter ICsgs [33]. A spectrophotometer method has been established to
determine cell number when hESC are in small colonies [44]. This method enables an
accurate number of cells to be plated without the use of ROCK inhibitors. This method
may generally be applicable to hESC culture and would avoid the morphological stress
observed in ROCK inhibitor treated cells.

The protocols reported in this chapter can be used to quantify two parameters of
cell spreading, rate and fold change. The use of spreading as an assay for cell health is
attractive as it takes relatively little time to collect data and with the application of video
bioformatics tools relatively little time is required to analyze data. In the future, the
segmentation and filtering aspects of these protocols may be improved to better gather
data on the challenging cell surface projections, but these protocols in their current form

can be reliably applied to spreading of hESC colonies.
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ABSTRACT

Improvements in methods to culture human embryonic stem cells (hESC) are
needed for future translation and clinical application of stem cell therapies. Live cell
imaging was used to show that during passaging, hESC undergo extensive dynamic
blebbing, which inhibits cell attachment and eventually leads to apoptotic blebbing and
cell death. The goals of this study were to characterize dynamic blebbing and develop
improved culture methods to increase plating efficiency and cell survival by reducing
dynamic blebbing. Manipulations of the cytoskeleton by depolymerizing microtubules
extended dynamic blebbing, while drugs that depolymerized actin filaments or blocked
myosin Il inhibited blebbing. Plating single cells at low density on recombinant laminin-
521 dramatically decreased dynamic blebbing and improved cell attachment and
survival. A similar positive effect on attachment and survival was observed when
laminin-111 was added to Matrigel. When cell attachment was prevented with a function
blocking antibody to integrin a6, a laminin receptor, blebbing continued. Additionally,
inhibition of focal adhesion kinase, which is activated by binding of integrins to laminin,
prolonged dynamic blebbing and inhibited attachment. These data are consistent with
the idea that hESC bind rapidly to laminins (especially to laminin-521) through a cell
surface integrin, which activates a focal adhesion kinase that in turn downregulates
dynamic blebbing. Addition of laminin to Matrigel or use of recombinant laminin-521
enables hESC to rapidly attach during passaging, improves plating efficiency, enables
passaging of single pluripotent stem cells, and avoids use of inhibitors that may have

non-specific, unknown, or unwanted effects.
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SIGNIFICANCE

Passaging of human embryonic stem cells (hESC) is usually done using small colonies
and plating efficiency can be low due to failure of cells to attach to the culture plate. This
study shows that failure to attach is due to dynamic blebbing and when attachment does
not occur, cells eventually undergo apoptosis. Following plating of hESC, dynamic and
apoptotic blebbing differed in time of occurrence, bleb retraction rate, mitochondrial
membrane potential, and caspase 3&7 activation. Dynamic blebbing can be prevented
by regulating the cytoskeleton with drugs that inhibit myosin Il; however, these may not
be desirable in clinical applications of stem cells. We show that laminin-521 and addition
of laminin-111 to Matrigel provides a safe method to drastically decrease dynamic
blebbing and improve cell attachment with proteins normally found in the inner cell mass.
These data provide a strategy for improving hESC culture with single cells using
biologically safe recombinant human proteins rather than drugs, which can have

unwanted effects.
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INTRODUCTION

Human embryonic stem cells (hESC) were derived in 1998 [1], 16 years after
their first mouse counterparts were reported [2,3]. hESC are generally derived from
spare blastocysts offered for research purposes by patients undergoing in vitro
fertilization [1]. Originally, hESC were cultured on mouse embryonic fibroblasts.
However, many groups have worked on developing new protocols that do not need non-
human components for hRESC culture [4,5]. Two major improvements in hESC culture
were the replacement of feeder layers with Matrigel, a hESC-qualified matrix, and the
introduction of better defined, feeder-free maintenance culture media, such as mTeSR
[5,6,7]. In spite of these improvements, hESC do not readily attach to substrates and
cannot easily be plated as single cells.

Cell blebs can be either dynamic (non-apoptotic) or apoptotic. Apoptotic blebs
occur on the surfaces of cells during death and have been reported in numerous studies
[8,9,10]. Dynamic blebs are membrane protrusions that appear and disappear from the
surface of healthy cells [11]. Dynamic blebbing occurs in three phases: nucleation,
expansion, and retraction [12]. During nucleation, blebs begin to form when small areas
of the plasma membrane detach from the cortical actin or when a local rupture occurs in
the cortical actin. Once a bleb is nucleated, hydrostatic pressure in the cytoplasm drives
bleb expansion causing cytosol to flow into the developing bleb [12]. During expansion,
the plasma membrane detaches further from the cortex, increasing bleb size. As bleb
expansion slows, a new actin cortex reforms under the bleb membrane, and the motor
protein myosin Il is recruited to the bleb to power retraction. Dynamic blebbing is a
normal process during cytokinesis, when blebs appear at the poles of dividing cells

[13,14,15,16,17,18], and in some cells, dynamic blebbing is the driving force that
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enables cell migration [19]. Therefore, dynamic blebbing appears to be an important
physiological process in certain circumstances. Dynamic blebbing also plays a role in
certain diseases. For example, blebbing provides the motive force for invasion of tissue
by Entamoeba histyltica and migration of breast cancer cells during metastasis [20].

Like many other cell types, dissociated single hESCs form a number of blebs on
their surfaces during passaging [21,22,23,24,25]. Blebbing of hESC begins when
colonies are dissociated into single cells or small colonies during passaging. hESC that
are undergoing vigorous dynamic blebbing do not attach well to Matrigel-coated dishes.
Because hESC that fail to attach eventually undergo apoptosis, blebbing of hESC is
sometimes considered to be apoptotic [26]. Understanding and controlling blebbing in
hESC is important as it decreases plating efficiency and hinders bulk production of
hESC that would be needed in stem cell clinics for therapeutic applications. It also
precludes plating of single cells for applications that require knowledge of cell numbers,
such as toxicological studies or drug testing.

To circumvent plating inefficiencies due to blebbing, Rho-associated protein
kinase (ROCK) inhibitor (Y27632) is often used in hESC culture medium to facilitate
attachment [21,27,28,29]. ROCK inhibitor suppresses blebbing by inhibiting ROCK
which in turn inhibits non-muscle myosin Il. However, Y27632 stresses cells, which
appear morphologically abnormal during ROCK inhibitor treatment [22] and may not be
acceptable for culturing cells that are eventually used for therapeutic purposes.
Inclusion of ROCK inhibitor in hESC culture medium also alters ICs values in
toxicological studies [30], raising further concern about its use in quantitative

applications.
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The goals of this study were to characterize the types of blebbing that occur
during plating of hESC, to identify methods that reduce dynamic blebbing during
passaging, and to identify targets that will enable further development of strategies to
regulate blebbing during passaging, thereby leading to improved culture protocols that

will be suitable for all hESC applications.
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MATERIALS AND METHODS

Inhibitors and Depolymerizers

Nocodazole and cytochalasin D were purchased from Sigma Aldrich (St Louis, MO), and
latrunculin A and swinholide A were gifts from Dr. Leah Haimo. Blebbistatin and ROCK
inhibitors (Y27632 and H1152) were from Tocris Bioscience (Minnesota, USA). FAK
inhibitor 14 was purchased from Sigma Aldrich (St Louis, MO) and Integrin a6/CD49f

antibody was purchased from R&D systems (Minneapolis, MN).

Cell Culture

Experiments were done using H9 hESCs purchased from WiCell (Madison, WI). Before
setting up experiments, hESCs were expanded by plating on Matrigel-coated 6-well
plates. Cultures were maintained in mTeSR medium (Stem Cell Technologies, Inc.
Vancouver, Canada) in 5% CO, at 37 °C and 95% relative humidity as described in
detail previously [31,32,33]. When colonies reached 70%-80% confluency (about 1 to
1.5 million cells), hESC were used in experiments. For single cell experiments, cells
were detached with Accutase (eBioscience, San Diego, CA) for 3 minutes. A 1 ml pipette
was used to rinse cells off the plate by pipetting the Accutase repeatedly. Once the cells
detached from the plate, Accutase was neutralized using mTeSR medium. To separate
colonies into single cells, they were passed through an 18-gauge syringe needle and
150,000 cells were plated in 35 mm high culture dishes for live cell imaging (Ibidi,
Wisconsin, USA). Dynamically blebbing cells were studied immediately after plating on
Matrigel (Corning, NY) or laminin-521 (Biolamina, Sweden) coated-dishes, while
apoptotically blebbing cells were studied after 1.5 hours of incubation on non-coated

dishes, which prevent attachment.
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Mouse embryonic fibroblasts (mEF) were derived from 12.5-day to 13.5-day
pregnant mouse using the ATCC protocol and then frozen in liquid nitrogen [31,32, 33].
mEF were expanded by plating on 0.1% gelatin (Sigma 128-K-0066, St Louis MO.) in T-
25 flasks. Cultures were maintained in MEF Medium (450 ml DMEM, 50ml FCS, 5ml 1X
L-glutamine, 5 ml 1X non-essential amino acids, and 5 ml 1X sodium pyruvate) in 5%
CO; at 37 °C. When MEFs were 90% confluent, they were used in experiments. MEFs
were detached from flasks with 0.25% trypsin for 1.5 minutes. MEF medium was used to
inactivate the trypsin. Cells were centrifuged at 1,200 rpm for 3 minutes, resuspended in
MEF medium, and cells were plated in Ibidi culture dish for live-cell imaging.

D3 mouse embryonic stem cells (MESC) were purchased from ATCC (#CRL-
11632, Manassas, VA) and used as described previously [34]. All experiments were
done with passages 9-24. D3 mESC were plated on mitotically inactivated mEFs in stem
cell medium containing 81.5% DMEM, 15% FBS, 0.98% L-glutamine, 0.98% sodium
pyruvate, 0.98% non-essential amino acids, 0.5% penicillin/streptomycin, 0.00065%
beta-mercaptoethanol and 0.00025% leukemia Inhibitory factor (LIF). The medium was
changed daily. Cells were used for experiments at 70-75% confluency.

The prostate cancer cells were a gift from Dr. Manuela Martins-Green (UCR) and

were provided for a one-time use in their standard culture medium [35].

Use of live cell-imaging to compare dynamic blebbing in four cell types

A Nikon BioStation IM, which combines an incubator, microscope, and cooled CCD
camera, was used to collect time-lapse video data [22,36,37]. To create time-lapse
videos, human prostate cancer cells, mEF, mESC, and hESC were plated on 35 mm

culture dishes and incubated in a BioStation IM. Frames were captured every 3 minutes
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for 6 hours from 10-12 different fields. To quantify blebbing and cell attachment during
the first 100 minutes of incubation, cells in videos were classified as blebbing or attached
based on their morphology. The percentage of blebbing and attached cells were counted
every 20 minutes for 100 minutes. To determine the number of blebs/cell, cells were
randomly picked from five videos in three different experiments. More than 50 cells were
analyzed in each group. The number of blebs produced by the cells was counted
manually. In some experiments, the intensity of dynamic and apoptotic blebs was

analyzed using Image J.

Verification that Live Cells Were Healthy and Dying Cells Were Undergoing
Apoptosis

MitoTracker Red CMXRos (ThermoFisher Scientific, Waltham, MA) and the Magic Red
Caspase 3&7 Assay Kit (ImmunoChemistry, Bloomington, MN) were used to evaluate
cell health and apoptosis. Mitotracker is a red-fluorescent dye that enters the
mitochondria in live cells; its accumulation is dependent on the mitochondrial membrane
potential. The Magic Red kit measures apoptosis by detecting active forms of caspase 3
and 7 in living cells. H9 hESCs were loaded with 250 nM of Mitotracker or Magic Red
during plating on a 35mm dish in a BioStation IM. Phase contrast and fluorescent
images were captured at 40X magnification every 10 minutes for 12 hours from 10

different fields in each experiment. A total of 3 experiments was performed.
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Comparison of the Rate of Bleb Formation and Retraction in Dynamic and
Apoptotic Cells

Single hESCs were incubated on non-coated 35 mm dishes in a BioStation IM. Real
time videos (30 fps) were collected from the BioStation monitor using a Canon 1080p
HD Video Camcorder (Melville, NY). The rates of bleb formation and retraction were
analyzed between 0 and 1 hour and between 1.5 and 2.5 hours for dynamic and
apoptotic blebbing, respectively. Videos were analyzed manually to determine the time
required for bleb formation and retraction for both dynamic and apoptotic blebs. Bleb
size was followed from the time a bleb was produced until it fully retracted. Formation
time was then calculated from the beginning frame to the frame when bleb size was the
largest. The retraction time was calculated from the frame of the largest bleb size to the

frame when the bleb was fully retracted back to the cell body.

Cytoskeleton Distribution During Dynamic and Apoptotic Blebbing

Dynamically blebbing cells were studied immediately after plating on Matrigel coated
dishes, while apoptotically blebbing cells were studied after 1.5 hours of incubation on
non-coated dishes, which do not enable attachment. After incubation, dynamic and
apoptotic blebbing cells were collected and centrifuged at 1100 rpm for 3 minutes. Both
types of cells were resuspended and fixed in 4% paraformaldehyde/PBS for 15 minutes.
After washing the pellet with PBS, cells were incubated with blocking solution containing
10% normal serum (from the same species as secondary antibody) in PBS and 0.1%
Triton X-100 for 30 minutes at room temperature. Cells were washed with PBS and
incubated with 1%BSA/PBS for 20 minutes at room temperature. Cells were incubated

with phalloidin-Alexa 488 (Life Technologies, Grand Island, NY) or anti-tubulin- Alexa
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555 (Cell Signaling Technology, Danvers, MA) for 20 minutes at room temperature. After
washing all groups with PBS, nuclei were stained with 4’ 6-diamidino-2-phenylindole
(DAPI), and cells were imaged with a Nikon Eclipse T1 microscope equipped with
Elements software. For unconjugated primary antibodies, cells were incubated with
rabbit anti-ezrin antibody (Epitomics, Burlingame, CA) or rabbit anti-non-muscle myosin
antibody (Sigma-Aldrich, St Louis, MO) at 4°C overnight, then washed two times the
next day, and incubated with secondary antibodies conjugated with Alexa Fluorophore
(goat anti-rabbit IgG secondary antibody, Alexa Fluor 594 conjugate, Sigma-Aldrich, St
Louis, MO) at room temperature for 1 hour. After washing with PBS, nuclei were stained
with DAPI, and cells were imaged with a Nikon Eclipse T1 with Elements deconvolution

software.

Experimental Evaluation of the Cytoskeleton in Dynamic and Apoptotic Blebbing

To examine the role of the cytoskeleton in blebbing cells, single hESC, prepared
as described above, were replated on Matrigel-coated 35 mm dishes containing
complete mTeSR medium or drug treatments. Dishes containing dynamically blebbing
single cells were immediately placed in the BioStation IM and cells were treated with
either cytochalasin D (0.5 and 2ug/ml), latrunculin A (6.25 yM), swinholide A (100nM),
nocodazole (1ug/ml), or blebbistatin (10uM), then incubated for live cell imaging where
blebbing and attachment were followed for 4 hours at 1.5 minute intervals.

For experiments with dynamic and apoptotic cells, five fields were picked for
each control and treatment group, and each experiment was repeated three times. To
quantify the blebbing and attached cells during first 100 minutes of incubation in control

and treated groups, cells were classified as blebbing or attached based on their
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morphology and dynamic behavior. The percentage of blebbing and attached cells was
counted every 20 minutes for 100 minutes. 3 or 4 videos were analyzed for each

treatment and control group.

Experimental Evaluation of Different Matrixes in hESC Culture

To examine how different matrices affect dynamic blebbing and cell attachment
in hESC culture. Single hESC, prepared as described above with 5,000 cell/35 mm dish,
were replated on Matrigel, laminin-521 (BioLamina, Sweden, NR.) or Matrigel with
laminin-111 (Sigma-Aldrich, St Louis, MO) coated 35 mm dishes containing complete
mTeSR medium. Dishes containing suspended dynamically blebbing single cells were
immediately placed in the BioStation IM for 4 hours and images were collected at 3
minute intervals. To quantify the blebbing and attached cells during first 60 minutes of
incubation on different matrixes, cells were classified as blebbing or attached based on
their morphology and dynamic behavior. The percentage of blebbing and attached cells
was counted every 12 minutes for 60 minutes. 3 or 4 videos were analyzed for each
group.

To determine if integrin and focal adhesion kinase (FAK) play roles in dynamic
blebbing and attachment, hESC were treated with an a6 integrin function blocking
antibody or FAK inhibitor 14. Cells were pre-incubated with the antibody or FAK inhibitor
14 for 1 hour, taken off their plate with Accutase, then incubated in mTeSR medium with
the a6-integrin function blocking antibody or FAK inhibitor 14 in the BioStation IM where
blebbing and attachment to Matrigel were imaged for 6 hours. The percentages of
blebbing and attached cells were counted every 3 minutes for 60 minutes. 3 videos were

analyzed in each of three independent experiments.
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Statistical Analysis

GraphPad Prism (GraphPad, San Diego, CA, USA) was used for all statistical analyses.
One-way analysis of variance (ANOVA) was used to find significant differences in Figure
1E insert. The percentage of dynamically blebbing and attached cells was calculated for
the video data. The means and standard deviations of three experiments were
compared to find significant differences. Statistical significance was evaluated using a
two-way ANOVA in Figure 1F, 1G, 7A-F, 8A-B, 8F-I. Unpaired T-tests were used in

Figure 2C, 3C and 8E.

RESULTS
hESCs Produced More Dynamic Blebs and Blebbed Longer than Other Cell Types
Human prostate cancer cells, mEF, mESC, and hESC were dissociated from
their culture dishes, transferred to new dishes, and followed for 100 minutes in a
BioStation IM. In time-lapse videos, all four types of cells underwent blebbing before
attachment to their substrates (Figs. 3.1 A-D, Supplemental Movies 1-4). This was
interpreted to be dynamic blebbing since cells blebbed, attached, and survived. In two-
dimensional images, hESCs produced 4-11 large blebs/cell at all times before
attachment, while only 1-5 large blebs/cell were observed in the other three cell types
(Fig. 3.1 E). When the average number of blebs/cell was compared over all frames in
each group, hESCs had significantly more blebs/cell (6/cell) than the other three cell

types (1-2/cell) (p< 0.001) (Fig. 3.1 E insert).
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The percentage of blebbing and attached cells was counted every 20 minutes for
100 minutes after plating cells on their substrates. Initially, 70% of the hESCs underwent
dynamic blebbing before attachment, which was significantly more than the 10-30%
observed for the other cell types (p < 0.001) (Fig. 3.1 F). Not only did a higher
percentage of hESCs bleb initially, but hESCs continued to bleb longer than the other
cells. When cells stopped blebbing, they attached and spread on their substrates (Fig.
3.1 G). hESCs were slower to attach than the other cell types, and by 100 minutes

significantly fewer hESCs had attached (p<0.001).
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Figure 3.1: Comparison of dynamic blebbing in four different cell types. All cell
types produced dynamic blebs: (A) human prostate cancer cell (HU145), (B)
mouse embryonic fibroblast (mEF), (C) mouse embryonic stem cell (mESC), and
(D) human embryonic stem cell (hESC). (E) Number of blebs/cell in different cell
types in each frame before attachment. One of three independent experiments is
shown. The insert shows the number of blebs/cell averaged over all frames in all
three experiments. The number of blebs/cell was significantly higher in hESC
than in the other cell types by one-way ANOVA. (F, G) The percentage of
blebbing cells (F) and attached cells (G) for the four cell types over 100 minutes.
Videos were collected using a BioStation IM with 62 second intervals for hESC,
60 second intervals for prostate cancer cells and mEF, and 120 second intervals
for mESC. The percentage of blebbing and attached cells were significantly
different for hRESC than for the other cell types. F and G were analyzed by two-
way ANOVA. *** = p<0.001. (H, I) Morphological and temporal comparisons of
four patterns of blebbing behavior in hRESC. (H) Phase contrast images of hESC
at various times in culture showing the four patterns of behavior (DB = dynamic
blebbing; A = attached; AB = apoptotic blebbing; R = rounding). Dynamic blebs
appear dense, while apoptotic blebs are bright. (I) Percentage of cells in each of
the behavior groups shown in H over 225 minutes of incubation. Each group is
based on a count of 25 cells. The average time to attachment, rounding, or
apoptotic blebbing + the standard deviation is shown. The percentage of cells in
each group is given on the Y axis. (J) Gray means of dynamic blebs and apoptotic
blebs were analyzed using ImageJ followed by a t-test. *** p< 0.001.
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Dynamic Blebbing and Apoptotic Blebbing were Morphologically and Temporally
Distinct
Time-lapse videos of hESCs were collected during the first 240 minutes after plating on
Matrigel (Figs. 3.1 H, I). Single hESCs exhibited four different patterns of behavior
following plating. Most hESCs (70%) underwent dynamic blebbing (Fig. 3.1 H, | DB-A 0-
40), then attached (Fig. 1 H, | DB-A 60-140), and remained attached for the duration of
the 240-minute incubation. Some hESC (12%) underwent dynamic blebbing (Fig. 3.1 H,
| DB-A-AB 0-40), attached (Fig. 3.1 H, | DB-A-AB 60-80), then detached from the
substrate, and underwent apoptotic blebbing (Fig. 3.1 H, | DB-A-AB 100-140). In the
third category, cells (12%) underwent dynamic blebbing (Fig. 3.1 H, | DB-AB 0-60)
followed directly by apoptotic blebbing without attaching (Fig. 3.1 H, | DB-AB 80-140). In
the final group, cells (5%) underwent a brief period of dynamic blebbing (Fig. 3.1 H, |
DB-R-AB 0) followed by rounding (DB-R-AB 20-60), and then underwent apoptotic
blebbing (DB-R-AB 80-140). In all cases, dynamic and apoptotic blebbing were well
separated in time and could be distinguished morphologically. Dynamic blebbing was
observed during the first hour after plating, while apoptotic blebbing, if it occurred, was
observed at least 90 minutes after plating (Fig. 3.1 1). When viewed with phase contrast
microscopy, dynamic blebs were generally dark, while apoptotic blebs were bright. Bleb
brightness was quantified using Image J, and dynamic blebs were quantitatively darker
than apoptotic blebs (Fig. 3.1 J).

To confirm the above interpretations, hESC labeled with either Mitotracker Red,
which fluoresces in healthy mitochondria (Figs. 3.2 A-H) or with Magic Red, which
fluoresces when caspases 3&7 are activated (Figs. 3.2 I-T). During the dynamic

blebbing interval (0 - 150 minutes in Fig. 3.1 A-C), Mitotracker Red was highly
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fluorescent and localized in cell bodies, not in blebs, indicating cells were healthy and
that mitochondria had an intact membrane potential (Figs. 3.2 A-C and E-G). However,
by 2 hours, the same cells showed diminished fluorescence, indicating damage to the
mitochondria and probable loss of mitochondrial membrane potential (Figs. 3.2 D, K),
which is characteristic of apoptotic cells [38]. Dynamically blebbing cells did not
fluoresce when incubated with Magic Red (Figs 3.2 I-K and O-Q); however, after these
cells had incubated 288 min in dishes that did not permit attachment, activated caspases
3&7 were detected, and subsequently apoptotic blebs appeared (Figs. 3.2 L-N and R-T).
The data with Mitotracker Red and Magic Red confirmed that dynamically blebbing cells
were not undergoing apoptosis and that cells blebbing late in the incubation interval
were indeed apoptotic.

Rate of Retraction and Size Differ in Dynamic and Apoptotic Blebs

The rates of formation and retraction of dynamic and apoptotic blebs were analyzed
using real time videos of cells that were freshly plated on Matrigel (dynamic blebbing)
and cells that had incubated on uncoated dishes for 1.5 hours (apoptotic blebbing) (Figs.
3.2 U-W and Supplemental Movies 5 and 6). The average time for dynamic (8 seconds
for 80 cells) and apoptotic (7 seconds for 69 cells) bleb formation was similar (Fig. 3.2
U). However, apoptotic blebs took significantly longer to retract (average = 64 seconds
for 69 cells) than dynamic blebs (average = 22 seconds for 80 cells) (Figs. 3.2 V), and
therefore the overall duration of dynamic and apoptotic blebbing was significantly
different (p < 0.0001) (Fig. 3.2 W). In some apoptotic cells, retraction had not occurred
by 6 minutes (not shown). More than 100 randomly chosen blebs were analyzed for
area (microns) using Imaged. Dynamic and apoptotic bleb size differed with dynamic

blebs being generally larger than apoptotic blebs (Figs. 3. 2 X).
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Figure 3.2: Verification of cell death and comparison of expansion and retraction
times. (A-H) Phase contrast (A-D) and fluorescence images (E-H) at various
times in culture showing that dynamically blebbing cells (E-G) have a strong
fluorescence which is lost in apoptotic cells (H). (I-T) Phase contrast (I-N) and
fluorescence images (O-T) at various times in culture showing cells preloaded
with Magic Red. Dynamically blebbing and attached cells (I-J and O-P) do not
show fluorescence. Cells undergoing apoptosis (L-N and R-T) have red
fluorescence indicative of activation of caspase 3 & 7. (U) The frequency of
dynamic and apoptotic blebs in various time intervals of bleb formation. (V) The
frequency of dynamic and apoptotic blebs in various time intervals of retraction.
Both frequency graphs are based on 80 dynamic and 69 apoptotic cells from
three experiments. (W) Comparison of the time for formation, retraction and
formation plus retraction (duration) for dynamic and apoptotic blebs. Each bar is
the mean + the standard deviation of three experiments. Groups were compared
using a t-test. *** = p< 0.001. (X) Size comparison of dynamic and apoptotic
blebs. Graph is based on 100 apoptotic and 100 dynamic cells from three
different experiments.
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Distribution of the Cytoskeleton During Dynamic and Apoptotic Blebbing

During formation of dynamic blebs, microtubules formed a continuous thick uninterrupted
band around the cell periphery and did not extend into the blebs (Figs. 3.3 A, B). In
contrast, apoptotically blebbing cells with fragmented nuclei contained depolymerized
tubulin (Figs. 3.3 C, D). In dynamically blebbing cells, a cortical actin ring was present
but interrupted by ruptures (arrowheads) beneath the blebs (Figs. 3.3 E, F). In contrast,
most actin in the apoptotically blebbing cells was concentrated in several hot spots
(arrowheads), and a cortical band of actin was not present (Figs. 3.3 G, H).

The relationship between actin and ezrin, an integral membrane protein that
attaches actin filaments to the plasma membrane [39], was evaluated during bleb
formation (Figs. 3.3 | - K). Ezrin was associated with the plasma membrane in non-
blebbing cells (data not shown) and was localized in the plasma membrane of both
dynamic and apoptotic blebs (Fig. 3.3 M, O). Expanding dynamic bleb membranes either
lacked associated actin (Fig. 3.3 N arrowhead 1) or had a continuous band of actin
subjacent to the bleb membrane (Fig. 3.3 N arrowhead 2). A similar distribution of actin
was seen in apoptotic blebs. Some apoptotic cells lacked actin beneath the bleb
membranes (Fig. 3.3 P arrowhead 1), while others had actin associated with blebs (Fig.
3.3 P arrowhead 2). These data suggest that actin moves into the blebs and
reassembles into filaments after expansion.

During retraction, actin and myosin localization differed in dynamic and
apoptotically blebbing cells (Figs. 3.4 A-L). In dynamically blebbing cells, small retracting
blebs had intense actin labeling adjacent to the bleb membrane (Figs. 3.4 A, B). In
apoptotically blebbing cells, actin was sometimes observed adjacent to bleb

membranes, but was often fragmented and formed hot spots (Figs. 3.4 C, D). In dynamic
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blebs, myosin was diffuse in forming blebs (Figs. 3.4 E, F, I, J), but was reassembled
with actin under membranes in small retracting blebs (Figs. 3.4 B, I, J). In late stages of
apoptosis when nuclei were highly fragmented, cells had little myosin staining (Figs. 3.4
G, H, K, L).

The preceding data demonstrate that dynamic and apoptotic blebbing are two
distinct processes that occur during plating of hESC. These types of blebbing were

further investigated in the following experiments using drugs that affect the cytoskeleton.
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DYNAMIC BLEBBING

APOPTOTIC BLEBBING

APOPTOTIC BLEBBING

Figure 3.3: Distribution of the tubulin, actin and ezrin during bleb formation in dynamic
and apoptotically blebbing cells. (A-D) Phase and fluorescent micrographs showing the
distribution of microtubules in dynamic (A, B) and apoptotic blebs (C, D). (E-H) Phase
and fluorescence micrographs showing the distribution of actin filaments in dynamic (E,
F) or apoptotic blebs (G, H) during bleb formation. Arrows indicate breaks in the cortical
actin ring of dynamically blebbing cells (F) or hot spots of depolymerized actin filaments
in apoptotically blebbing cells (H). (I-P) Phase and fluorescent micrographs showing the
localization of ezrin and actin in expanding dynamic blebs (I, J, M, N) and apoptotic blebs

(K. L. O. P).
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DYNAMIC BLEBBING APOPTOTIC BLEBBING

Figure 3.4: Distribution of the actin and non-muscle myosin in dynamic and
apoptotically blebbing cells. (A, B) Phase and fluorescent micrographs showing the
distribution of actin in retracting dynamic blebs. (C, D) Phase and fluorescent
micrographs showing the distribution of actin in late apoptotic blebs. (E, F, I, J)
Phase and fluorescent micrographs showing the distribution of non-muscle myosin |l
in non-retracting dynamic blebs (E, F) or retracting blebs (1, J). (G, H, K, L) Phase
and fluorescent micrographs showing the distribution of non-muscle myosin Il in
early (G, H) and late apoptotic blebs (K, L).

Nocodazole Prolonged Dynamic Blebbing and Inhibited Attachment

To determine if microtubules played a role in dynamic blebbing and attachment,
cells were treated with 1ug/ml of nocodazole, which depolymerized microtubules
(Supplemental Fig. 1 A-L). BioStation time-lapse video data showed that blebbing
control cells began attaching by 20 minutes of incubation, while nocodazole treated cells
were still dynamically blebbing by 60 minutes (Fig. 3.5 A, B). In quantified video data,

there were significantly more (p< 0.001) dynamically blebbing cells in the nocodazole
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treated group than in the control at 20 minutes of incubation (Fig. 3.5 A). In addition,
blebbing was prolonged by nocodazole, and by 180 minutes most treated cells were still
dynamically blebbing (p < 0.001 for control vs. treated at 180 minutes) (Fig. 3.5 A).

Dynamically blebbing cells failed to attach to the Matrigel substrate (Fig. 3.5 B).

Cytochalasin D and Blebbistatin Inhibited Dynamic Blebbing in hESC

To determine if fragmentation of actin flaments affected dynamic blebbing, cells
were treated with cytochalasin D (2ug/ml) (Fig 3.5 C), latrunculin A (6.25 uM) or
swinholide A (100 nM) (Supplemental Figs. 3.1 E-L), then incubated in a BioStation IM
where blebbing and attachment to Matrigel were imaged for 6 hours. Cytochalasin D (2
pg/ml), latrunculin A, and swinholide A depolymerized actin filaments, resulting in
numerous actin hot spots (Supplemental Figs. 1 E-L). Dynamic blebbing was completely
inhibited by cytochalasin D; cells remained round with few or no blebs and did not attach
(Fig. 3.5 D). Quantification of the video data showed that cytochalasin D inhibited both
dynamic bleb formation and cell attachment (Figs. 3.5 C-D). Inhibition of bleb formation
by cytochalasin D was dose dependent (Supplemental Fig. 3.2 G). 0.5ug/ml of
cytochalasin D enabled some cells to form blebs, which did not retract, while 2ug/ml
completely inhibited bleb formation (Supplemental Fig. 3.2 G). Attachment was also
completely inhibited by the higher dose, and partially inhibited by 0.5ug/ml of
cytochalasin D.

To determine if myosin was likewise involved in dynamic blebbing, cells were
treated with blebbistatin, a myosin Il inhibitor (Figs. 3.5 E, F). None of the cells
underwent dynamic blebbing after treatment with blebbistatin, and cells attached to the

substrate soon after plating (Figs. 3.5 E, F).
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CN Nocodazole

CN Cytochalasin D Latrunculin A Swinholide A

Supplemental Figure 3.1: Data showing that cytoskeletal drugs were effective. :
(A-D) Phase contrast (A-B) and fluorescent images (C-D) of hESC showing that
1ug/ml nocodazole depolymerizes microtubules. (E-L) Phase contrast (E-H) and
fluorescent images (I-L) of hESC showing that different actin filament
depolymerizers were effective. (E, I) Control, (F, J) 1ug/ml cytochalasin D, (G, K)
latrunculin A, and (H, L) swinholide A).
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Figure 3.5: The effect of cytoskeletal drugs on dynamically blebbing cells: (A, B) 1ug/ml
nocodazole prolonged dynamic blebbing (A) and inhibited attachment (B) in hESC. (C, D)
2ug/ml Cytochalasin D inhibited both dynamic blebbing (C) and attachment (D) in hESC. (E, F)
10uM blebbistatin inhibited dynamic blebbing (E) and accelerated attachment (F) in hESC.
Each point is the mean of three experiments * the standard deviation of three experiments. All
data were analyzed by a 2-way ANOVA. * p < 0.05; *** p < 0.001.
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CN Cyto D 0.5pg/ml Cyto D 2pg/ml

A PHASE||(B PHASE|||C PHASE

G The Effect of Different Concentrations of Cytochalasin D on

100% - Dynamic Blebbing and Attachment

®Dynamic Blebbing
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60% -
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40%

20% 1

0% - T
CN 0.5 ug/ml 2ug/ml

Supplemental Figure 3.2: hESC treated with 0.5ug/ml and 2ug/ml of cytochalasin
D. (A-F) Phase contrast (A-C) and fluorescent images showing actin and DAPI
staining (D-F). (G) Cells treated with 0.5ug/ml and 2ug/ml of cytochalasin D then
imaged in a BioStation IM. Three endpoints were analyzed in the videos:
dynamically blebbing cells, attached cells, and cells with non-retracting blebs.

Laminin-521 Inhibited Dynamic Blebbing, Accelerated Cell Attachment, and
Reduced Apoptosis
To improve plating efficiency and hESC survival, we sought a safe non-invasive

method that did not rely on xenobiotics or inhibitors to diminish or reverse dynamic
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blebbing and promote cell attachment. To do this, we evaluated dynamic blebbing and
attachment on different matrices that are used for hESC culture. Dynamic blebbing was
significantly inhibited and cell attachment was accelerated when cells were plated on
recombinant laminin-521 (Figs. 3.6 A, B). Because Matrigel contains laminin-111 [40],
we also tested cells plated on Matrigel over-coated with additional laminin-111. The
combination of laminin-111 and Matrigel also significantly reduced dynamic blebbing and
accelerated attachment, although this combination was not as efficient as laminin-521
alone (Figs. 3.6 A, B). Individual cells were monitored in the videos, and apoptotic cells
were identified and counted based on their morphology (Figs. 3.6 C, D). Apoptotically
dying cells have bright blebs with slow retraction times. Cells plated on laminin-521 had
significantly fewer apoptotic cells than the group plated on Matrigel (Fig. 3.6 E).

We next investigated the hypothesis that binding of hESC to laminin activates
signaling through an integrin and FAK which shuts down dynamic blebbing. Cells were
pre-incubated with an a6-integrin function blocking antibody for 1 hour, taken off the
plate with Accutase, then incubated in media containing the a6 integrin-function blocking
antibody and imaged in BioStation IM for 6 hours. Dynamic blebbing was not
significantly affected by the integrin a6-function blocking antibody (Fig. 3.6 F). However,
cell attachment was significantly inhibited (Fig. 3.6 G) and 56% of cells were rounded
after 1 hour in a6-integrin-function blocking antibody (Supplemental Fig. 3.3).

To determine if integrin signaled through a FAK, cells were pre-incubated with a
FAK inhibitor for 1 hour, taken off the plate with Accutase, and incubated with the
inhibitor in the BioStation IM where blebbing and attachment to Matrigel were imaged for
6 hours. Quantification of the video data showed that FAK inhibitor prolonged dynamic

bleb and slowed cell attachment (Figs. 3.6 H, I).
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Figure 3.6: Laminin, integrin, and FAK signaling reduces dynamic blebbing and
increases cell attachment/survival. (A, B) Laminin-521 and Matrigel with laminin-111
inhibited dynamic blebbing (A) and accelerated attachment (B) in hESC. (C, D) Phase
images of hESC on Matrigel (C) and laminin 521 (D). Red “A”s show apoptotic
blebbing/apoptotic cells; white “A”s show attached cells. (E) Quantitative data from the
videos showed the percentage of apoptotic cells on Matrigel and laminin-521. Each bar
is the mean of three experiments + the standard deviation. (F, G) a6- Integrin antibody
did not affect dynamic blebbing (F) but inhibited attachment (G) in hESC. (H, I) FAK
inhibitor prolonged dynamic blebbing (H) and inhibited attachment (1) in hESC.
Graphical data were analyzed by 2-way ANOVA. Each point is the mean + standard
deviation of three experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Supplemental Figure 3.3: Function blocking antibody to a6 integrin
prevents cell attachment and leads to rounding of most cells. Mean and
standard deviation of three experiments. Data were compared using at-
test. *** p < 0.001

DISCUSSION

A distinction between dynamic and apoptotic blebbing has not been made
previously in freshly plated hESC. Dynamic and apoptotic blebbing were well separated
in time, and also differed in their rates of retraction, bleb intensity, assembly of
cytoskeletal proteins, distribution of organelles during blebbing, and their response to
chemicals that affect the cytoskeleton. During passaging onto Matrigel, hESC
underwent prolonged dynamic blebbing that inhibited attachment and spreading and
appeared to stress the cells. Typically, dynamic blebbing subsided within an hour of
plating allowing cell attachment and spreading to occur. hESC that failed to attach,
eventually underwent apoptotic blebbing and died. These data demonstrate that

dynamic blebbing is a critical factor that decreases efficient passaging hESC and
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precludes passaging of single cells. Gaining control of dynamic blebbing would be useful
in hESC research and in the application of hESC therapies to patients.

Figure 3.7 summarizes our data comparing dynamic and apoptotic blebbing in
freshly plated hESC. When bundles of cortical actin became thin, the plasma membrane
detached from the actin and blebs formed. During bleb expansion, ezrin remained
associated with the bleb membrane, and actin was not attached to ezrin at this time. As
the bleb expanded, actin moved into the bleb, attached to ezrin, and reassembled under
the bleb membrane. In dynamic blebbing, myosin reassembled with actin in the bleb,
and their contraction causes bleb retraction. In apoptotic blebs, actin and myosin were
fragmented, less abundant, or absent, which may account for their slower retraction.
Depolymerizing microtubules prolonged dynamic blebbing and inhibited attachment. Use
of blebbistatin or plating on laminin 521 or 111 decreased dynamic blebbing and
facilitated cell attachment.

The preceding observations raise two questions about dynamic blebbing. What is
the significance of dynamic blebbing and why does it occur so vigorously in hESC?
Cells dissociated from amphibian embryos can migrate using bleb-like protrusions
[41,42,43], and live zebrafish have primordial germ cells that use blebs to migrate
[44,45,46,47]. Similar observations have been made in primordial germ cells from
Drosophila melanogaster embryos [48]. These findings suggest that dynamic blebbing is
widely used for cell migration and further suggest that dynamic blebbing may be a

common mechanism for generating motility in embryonic cells.
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Many cells undergo dynamic blebbing during plating, but hESCs are unusual in
producing more blebs for a longer time than the other cell types we tested. When
cultured in vitro, hESC behave like epiblast cells, a highly motile epithelialized type of
embryonic cell [26,49]. During weeks 2 and 3 of human development, sheets of epiblast
cells undergo extensive migration, and during gastrulation, they enter the primitive
streak, pinch off of the groove, and migrate as single cells to form both the endoderm
and mesoderm [50]. It has been suggested that hESC blebbing is driven by hyperactivity
of the ROCK/myosin system [21,26]. It is possible that in embryos dynamic blebbing
provides motility to epiblast cells during gastrulation. In contrast, mMESC, which resemble
the inner cell mass, did not undergo extensive blebbing (Fig 1A), indicating that earlier
stages in development have a less active cytoskeleton.

Dynamic blebbing has important consequences for cultured hESC. First, cells
that are dynamically blebbing cannot attach to their matrix until blebbing stops.
Secondly, cells that are dynamically blebbing appear stressed and often shed part of
their cytoplasm. Therefore, factors that reduce dynamic blebbing and accelerate
attachment would benefit hESC culture. ROCKIi (Y27632) is often used to help hESC
attach and spread rapidly; however, ROCKIi treated cells often appear stringy and
stressed [22]. Furthermore, 20uM ROCKI can promote the differentiation of mMESC into
motor and sensory neurons [51]. ROCKi may produce other unwanted off-target effects
that are not desirable when cells are being prepared for research, translational, or
clinical use. Blebbistatin is also used to accelerate attachment by inhibiting myosin I, but
again it is not a normal additive to culture media, and it may affect processes in addition
to blebbing, such as cytokinesis [52]. We showed that plating hESC on laminin-521, a

biological molecule found in the inner cell mass [53], signals through an integrin-FAK
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pathway to stop dynamic blebbing and accelerate attachment. For hESC culture, plating
on laminin-521 or Matrigel with laminin-111 improves cell attachment and survival by
reducing dynamic blebbing and enables efficient plating of single cells, while
concurrently incubating in conditions that resemble the cells’ natural in vivo environment

without inhibitors that may have unwanted effects.
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Abstract

Dynamic blebbing occurs during passaging of pluripotent stem cells and inhibits cell
attachment and survival. New methods are needed to reduce blebbing during passaging.
Our purpose was to test the hypotheses that the P2X7 receptor, which is activated by
extracellular ATP during passaging, initiates dynamic blebbing. The P2X7 receptor was
found in human embryonic stem cells (hESC) using PCR and immunocytochemistry, but
not in differentiating cells. Extracellular ATP concentrations were 14 x higher in medium
during passaging. Addition of ATP to culture medium prolonged dynamic blebbing and
inhibited attachment. Inhibition of P2X7 by specific drugs or by siRNA greatly reduced
dynamic blebbing and improved cell attachment. Because P2X7 is a calcium channel,
cells were incubated in calcium chelators (EGTA or BAPTA) and blebbing was reduced
and attachment improved. Calcium influx was observed using Fura-4 when ATP was
added to culture medium and inhibited in the presence of the P2X7 inhibitor. ROCK
inhibitors, which we found inhibit dynamic blebbing, are widely used to help cell
attachment during passaging. Because Rac often counteracts the ROCK pathway, we
examined activated Rac and Rho in dynamically blebbing and attached cells. Rac
activity decreased in dynamic blebbing cells. Over-expressing activated Rac in hESC
reduced blebbing and promoted cell attachment. Results were validated with a Rac
inhibitor which also prolonged dynamic blebbing and reduced cell attachment. These
data identified a pathway involving P2X7 that initiates and prolongs dynamic blebbing
during hESC passaging. This pathway provides new insight into factors that increase
dynamic blebbing, such as release of ATP from cell that die during passaging and
identities new targets, such as P2X7, that could be used to decrease dynamic blebbing

and improve cell attachment and survival. These results may lead to better ways to
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control dynamic blebbing in cultured hESC and further show that hESC are an excellent
model for studying blebbing and its role in early embryonic development.

Key words: Stem cells, P2X7 receptor, Blebbing, Cell culture, ATP signaling, Rac/Rho
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Introduction

In many cells, the plasma membrane and underlying actin filaments interact
dynamically with each other to produce cell surface blebs, which may be either dynamic
(non-apoptotic) or apoptotic (Chapter 3) [1,2,3,4,5,6]. Dynamic blebbing occurs in three
phases: nucleation, expansion, and retraction [1]. When the actin cortex separates from
the overlying plasma membrane, pressure within the cell pushes a bleb through the
ruptured actin. The bleb expands to full size until actin reassembles beneath the bleb
membrane and with myosin eventually retracts the bleb into the cell.

Dynamic blebbing occurs in a variety of cell types including fibroblasts,
endothelial and mesenchymal cells, cancer cells, immune cells, germ cells, amoeba,
parasites, bacteria [7], and human embryonic stem cells (Chapter 3) [8,9]. Dynamic
blebbing has become a topic of recent interest because of its wide spread distribution in
cells and its role in physiological and disease-related processes. Dynamic blebbing
occurs as a normal process during cytokinesis [1,10,11,12,13], and in some cells,
dynamic blebbing is the driving force that enables cell migration [14,15,16]. For example,
in amphibian and fish embryos, dynamic blebbing facilitates cell movement during
embryonic development [17,18,19,20], and cells dissociated from amphibian embryos
can migrate using bleb-like protrusions [21,22,23]. Inverse blebs were recently shown to
play a role in lumen formation during angiogenesis [24]. In addition the role of blebbing
in normal cells, dynamic blebbing is a factor in some types of disease. For example,
Entamoeba histolytica cells invade organs, such as the liver, using bleb-driven motility
[25] and blebbing has been reported to enhance the motility, migration, and invasion of

breast cancer cells [26].
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Human embryonic stem cells (hESC) undergo vigorous dynamic blebbing when
they are freshly plated on Matrigel-coated dishes (Chapter 3) [8,9]. hESC bleb longer
and produce more blebs that other cell types during passaging. Dynamic blebbing slows
cell attachment, and cells that fail to attach eventually undergo apoptotic blebbing and
die. We have previously shown that in freshly passaged hESC, dynamic and apoptotic
blebbing are separated temporally and are mechanistically distinct (Chapter 3).
Because dynamic blebbing interferes with cell attachment, Rock inhibitors (such as
Y27632) or blebbistatin, a myosin Il inhibitor, are often added to culture media to block
activation of myosin I, which in turn stops dynamic blebbing and facilitates cell
attachment and survival [27,28,29,30]. However, these inhibitors are not entirely specific
and seem to cause excess spreading and stressing of cells during treatment [31]. For
therapeutic application of pluripotent stem cells, potent inhibitors of the ROCK pathway
may not be suitable for use in expanding and culturing hESC and iPSC. Ideally,
dynamic blebbing could be controlled by alternate methods that are not stressful to cells
and which do not have off-target effects.

While the downstream effectors of dynamic blebbing have been characterized
[27,28,29,30,32,33], little is known about what initiates dynamic blebbing in hESC
upstream of Rho. P2X7 receptors are ATP-gated ion channels that upon activation lead
to an influx of extracellular calcium. Binding of ATP to P2X7 induces opening of a
channel selective for small cations, and with time the pore becomes larger allowing
molecules up to 900 kD to enter [34]. P2X7 activity can be found in a number of cell
types where it mediates the influx of Ca** and Na*. In 2007, dynamic blebbing was
observed in calvarial cells from wild type, but not P2X7 knock-out mice, suggesting the

P2X7 receptor might regulate dynamic blebbing in these cells [35]. P2X7 receptors were
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coupled to activation of phospholipase D and A,, and inhibition of these phospholipases
suppressed ATP induced dynamic blebbing in osteoblasts [35]. ATP induced dynamic
blebbing in several other cell types, including hepatocytes [36], thymocytes [37], and
macrophage cell lines [38]. These data prompted us to look for P2X7 receptors in
undifferentiated hESC and to examine their role in dynamic blebbing.

The specific purpose of this study was to test the hypothesis that dynamic
blebbing is induced during passaging of hESC by activation of P2X7 receptors that
respond to increased extracellular ATP released during cell passaging. Activation of
P2X7 enables calcium influx which in turn initiates dynamic blebbing. By characterizing
the initiation phase of dynamic blebbing in hESC, we expect to identify new targets and
strategies to facilitate cell attachment during passaging, to improve plating efficiency and
methods of hESC culture, reduce stress during culture, and to better understand the
behavior and motility of cells representative of the epiblast in early post-implantation
embryos.

Materials and Methods

Antibodies and chemicals

Mouse anti-P2X7 antibody was purchased from Proteintech Group (Chicago, IL). Rabbit
Oct4 antibody was purchased from Abcam (Cambridge, MA). Goat anti-mouse antibody
IgG secondary antibody conjugated to Alexa Fluor 594 was purchased from Sigma-
Aldrich (St Louis, MO) and goat anti-rabbit IgG secondary antibody conjugated to Alexa
Fluor 488 were purchased from Invitrogen (Carlsbad, CA). Apyrase, 1,2-Bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA),
and ethylene glycol tetraacetic acid (EGTA) were purchased from Sigma-Aldrich (St.

Louis, MO). The P2X7 inhibitors, AZ11645373 and KN-62, were purchased from Tocris
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Bioscience (Minneapolis, MN). Vectashield antifade mounting medium with 4’ 6-
diamidino-2-phenylindole (DAPI) was purchased from Vector Laboratories (Burlingame,

CA).

Cell Culture

Experiments were done using H9 hESC purchased from WiCell (Madison, WI) as frozen
vials then expanded and frozen down in our lab as described in detail previously [39,40].
Before setting up experiments, hESC were expanded by plating on Matrigel-coated 6-
well plates (Thermo Fisher Scientific, Waltham, MA). Cultures were maintained in
mTeSR medium (Stem Cell Technologies, Inc Vancouver, Canada.) in 5% CO, at 37°C.
When colonies reached 70%-80% confluency (equal to about 1 - 1.5 million cells), hESC
were used in experiments. For single cell experiments, hESC were detached by
treatment with Accutase (Affymetrix eBioscience, San Diego, CA) for 3 minutes. A 1 ml
pipette was used to rinse cells off the plate by pipetting the Accutase solution repeatedly
inside the well. Once the cells detached from the plate, Accutase was neutralized using
mTeSR medium. To ensure that cells were single, they were passed through an 18-
gauge syringe needle (0.33X12.7mm) (BD, Franklin Lakes, NJ) before plating on a new
culture dish. Dynamically blebbing cells were studied immediately after plating on
Matrigel-coated dishes, while apoptotically blebbing cells were studied after 1.5 hours of
incubation on non-coated 35 mm high dishes, (Ibidi, Madison, WI), which do not enable

attachment.

RT-PCR
Total RNA was extracted from cultured hESC using an RNeasy Mini Kit (Qiagen,

Valenica, Ca) and RNA was checked for purity and degradation using the Agilent 2100
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Bioanalyzer as described previously [41]. Only samples with a RIN (RNA integrity
number) of 7 were used for experiments. cDNA was prepared using a Qiagen RT2 First
Strand Kit (Qiagen, Valencia, CA) from 400 ng RNA. cDNA was amplified with PCR
using GAPDH and actin primers to verify that the cDNA synthesis reaction worked.
Qiagen HotStarTaq Master Mix (Qiagen, Valencia, CA) and the BioRad Thermal Cycler
(BioRad, Hercules, CA) were used for the PCR reaction. Primers used in this paper as
follows: P2X7: 5-TAT CCC TGG TGC AAG TGC TGT- (forward), 5-AGC TGT GAG
GTG GTG ATG CAG- (reverse), Actin: 5-ATC TGG CAC CAC ACC TTC TAC-(forward),
5CGT CAT ACT CCT GCT TGC TGA-(reverse). GAPDH: 5-GGA GCC AAA AGG GTC
ATC ATC-(forward). 5-AGT GAT GGC ATG GAC TGT GGT-(reverse). Lonza DNA
FlashGels were used to run the PCR products which were imaged using a Lonza

FlashGel imaging system (Lonza, Walkersville, MD)

Immunostaining

hESCs were plated in 6-well plates at 20% confluency. When cells reached 70%
confluency, they were washed with PBS and fixed in 4% paraformaldehyde/PBS at room
temperature for 15 minutes using procedures described in detail previously (Chpater 3).
After washing with PBS, cells were incubated with blocking solution (10% normal serum
from the same species as the secondary antibody in PBS and 0.1% Triton X-100) for 30
minutes at room temperature. Cells were then washed with PBS and incubated with
1%BSA/PBS for 20 minutes at room temperature. Cells were incubated with mouse anti-
P2X7 antibodies and rabbit anti-OCT4 antibodies at 4°C overnight, then washed with
PBS two times the next day, and incubated at room temperature for 1 hour with goat

anti-mouse secondary antibodies conjugated to Alexa 594 and goat anti-rabbit
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secondary antibodies conjugated to Alexa 488. Cells were washed with PBS and
mounted with Vectashield containing 4’ 6-diamidino-2-phenylindole (DAPI) for nuclear
staining, and examined with a Nikon Eclipse T1 inverted microscope equipped with
Elements deconvolution software.

In some experiments, embryoid bodies that had begun to differentiate were labelled with
the P2X7 antibody. Embryoid bodies were prepared by incubating small clumps of
hESCs in hESC medium (400 ml Knockout DMEM, 100 ml fetal bovine serum, 5 ml 10
mM non-essential amino acid, 5 ml 200 mM L-glutamine, and 5 ml 100X Beta-
mercaptoethanol) without bFGF on bacterial-grade Petri dishes. Embryoid bodies were
formed in suspension and fed every 2-3 days depending upon density and size. After 5
days, embryoid bodies were plated on Matrigel-coated dishes for another 3-4 days and

then labeled with the antibody to P2X7 and OCT4 as described above.

Extracellular ATP concentration

The concentration of ATP in the culture medium was compared at 0, 1, and 24 hours
after incubation began. The 24 hour sample was collected 24 hours after cells were
plated on 6-well plates For other times points, cells were treated with Accutase for 3
minutes, neutralized with a 2X volume of mTeSR, then centrifuged at 800 rpm for 3
minutes. After pellets were broken with fresh mTeSR, cells were re-plated in 6-well
plates. Medium was collected from the plates either immediately (0 hours) or 1 hour
after plating. Fresh mTeSR was used for the control. ATP concentrations in these
samples were determined using the VialLight Plus Sample Kit (Lonza, Allendale, NJ.)

according to the manufacturer’s instructions.
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Effect of Extracellular ATP on dynamic blebbing and attachment of hESC

The effect of extracellular ATP on dynamic blebbing and attachment was examined
using time-lapse images collected in a Nikon BioStation IM (Nikon, Tokyo, Japan), which
combines an incubator, microscope, and cooled CCD camera [31,42]. Single hESCs
were prepared following the protocol described above (cell culture). Single hESCs were
incubated in mTeSR containing 3 mM ATP in the BioStation IM, and time-lapse data
were collected every 1.5 minutes for 4 hours. Videos were examined and manually
counted every 20 minutes for 160 minutes to quantify the percentage of blebbing and
attached cells [31]. To determine if removing extracellular ATP affected dynamic
blebbing and attachment, ATP was hydrolyzed with 1 mM apyrase prior to and during
plating. Time-lapse data were collected and analyzed for blebbing and attaching cells

every 12 minutes for 60 minutes.

Effect of P2X7 antagonists on dynamic blebbing and attachment

To determine if antagonists to P2X7 blocked dynamic blebbing and accelerated
attachment, single hESCs were incubated with 100 nM AZ11645373 or 5 uM KN-62 and
imaged every 4 minutes in a BioStation IM for 4 hours. Untreated single cells were used
as the negative control group in all experiments. Data were examined and analyzed for
both dynamic blebbing and attached cells. Videos were counted manually every 4

(AZ11645373) or 12 (KN-62) minutes for 40 (AZ11645373) or 60 (KN-62) minutes.

P2X7 knockdown by siRNA Nucleofection
H9 hESC OCT4-GFP, which constitutively express GFP, were cultured using the same

protocol as described for H9 hESC. Delivering GFP siRNA into hESC OCT4-GFP cells
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served as a positive control for determining the efficiency of nucleofection and RNA
interference. Prior to nucleofection, hESC OCT4-GFP were treated with 10uM Rho-
associated protein kinase (ROCK) inhibitor for 1 hour. Cells were then dislodged from
plates into small clumps consisting of triplets of cells using 0.25% trypsin. Nucleofection
(Lonza, Allendale, NJ) was used to deliver siRNA by mixing plasmid DNA with
nucleofection stem cell solution containing supplement. GFP siRNA and P2X7 siRNA
were nucleofected into separate batches of single hESC OCT4-GFP to knockdown GFP
or P2X7 mRNA. Nucleofection was done using the B-16 program on the Amaxa
Nucleofector 2b device (Lonza, Allendale, NJ), which gives high efficiency and low cell
death when used with H9 hESC. Additional controls included cells that did not undergo
nucleofection and cells that underwent nucleofection without siRNA.

Both GFP siRNA and P2X7 siRNA nucleofected cells were plated on mouse
embryonic fibroblasts (mEFs) with 10 uM ROCK inhibitor for 3 days and without ROCK
inhibitor for another 2 days in 5% COat 37°C. After 5 days of incubation, one batch of
cells was used to determine if dynamic blebbing was inhibited by knockdown.
Nucleofected cells were evaluated in time-lapse videos collected in the BioStation IM.
The percentage of blebbing and non-blebbing cells were analyzed in at least 3 videos in
both control and P2X7 siRNA treatment groups. A second batch of hESCs was taken off
the mEFs and followed to determine the efficiency of GFP and P2X7 mRNA knockdown
and to determine if dynamic blebbing was inhibited by P2X7 knock-down. Efficiency of

knock-down was determined by qPCR.
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Calcium and Blebbing

To determine if extracellular or intracellular calcium plays a role in dynamic blebbing,
single hESCs were incubated with 10 mM EGTA or 10 mM BAPTA, and time-lapse
images were collected every 3 minutes in the BioStation IM for 4 hours. Untreated single
cells were used as the negative control group in all experiments. Cells treated with
BAPTA were pre-incubated with BAPTA for 4 hour prior to passaging. Blebbing and non-

blebbing cells were examined by following all cells individually.

Calcium influx on Blebbing Cell

Cells were removed from incubator and washed with PBS. Cells were then incubated
with 5 uM Fluo4 (Invitrogen, Carlsbad, CA) for 45 minutes at room temperature. After 45
minutes of incubation, cells were washed with PBS and incubated with mTeSR for 30
minutes at 37°C. Cells, which were pre-loaded with Fluo4, were then incubated with
Accutase, Accutase+ 3mM ATP, or Accutase+ 5 uM KN62. Images were taken with a
Nikon Eclipse T1 inverted microscope equipped with 480nm excitation wavelength.

Images were analyzed with Image J to determine the fluorescence intensity.

Effect of Rac and ROCK inhibitors on Blebbing

To determine if Rac and ROCK were involved in dynamic blebbing in hESC, cells were
treated with 50 uM Rac inhibitor (NSC23766) (R&D Systems, Minneapolis, MN) or
ROCK inhibitor (Y27632) (Tocris Bioscience, MN), and time-lapse images were collected
every 3 minutes in the BioStation IM for 4 hours. Untreated single cells were used as the

negative control in all experiments. Cells treated with NSC23766 were pre-incubated
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with NSC23766 for 4 hour prior to passaging. Blebbing and non-blebbing cells were

examined by following all cells individually.

Rac1 and Rho Pull-Down and Detection

To quantify the expression of Rac-GTP and Rho-GTP in attached and blebbing cells, the
active Rac1 and Rho Pull-Down and Detection Kits (Thermo Scientific, Carlsbad, CA)
were used. Blebbing cells were removed from plates with Accutase (3 minutes), which
was neutralized using mTeSR medium. Cells were centrifuged at 1,200 rpm for 3
minutes, then plated on non-coated dishes for 1 hour at 37°C. Lysates of attached and
blebbing cells were collected and went through the pull-down assay to monitor Rac1 and

Rho activation using the protocol in the manufacturer’s instructions.
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Results
Dynamic blebbing and attachment of hESC during plating

hESC undergo dynamic blebbing, which is distinct from apoptotic blebbing, when
passaged and plated in vitro (Chapter 3)[8,9]. Dynamic blebbing interferes with cell
attachment, and hESC that fail to attach eventually undergo apoptosis. Blebs in various
states of initiation, expansion, and retraction appear on the cell surface.Figure 4.1a
shows a film strip of a dynamically blebbing hESC, and the expansion of a single
segmented bleb is shown in Figure 4.1b. Blebbing likely stresses cells and occasionally
blebs are shed from the cell surface. Formation of dynamic blebs takes an average of 8
seconds, while retraction requires 22 seconds. When cultured with our standard
protocol, freshly plated cells normally undergo dynamic blebbing for 60 to 90 minutes,
after which time they attach and spread on the substrate (Fig. 4.1¢). Dynamic blebbing is
controlled by actin and myosin Il and is also affected by the polymerization state of

tubulin (Chapter 3).

Figure 4.1: Time lapse images of dynamically blebbing and attached hESC in
culture. (A) Phase images of a single hESC undergoing dynamic blebbing. (B)
A single bleb, masked with blue, expanding from the cell surface. (C) A cell
that has stopped blebbing and attached and spread on Matrigel.
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P2X7, an ATP-gated ion channel, is present in pluripotent hESCs but not in
differentiating hESCs

We hypothesized that dynamic blebbing is activated through P2X7 channels present on
pluripotent hESC. PCR was used to show that H9 hESC express P2X7 (Fig. 4.2 a).
Translation of the P2X7 mRNA in pluripotent hLESC was demonstrated using an anti-
P2X7 antibody (Figs. 4.2 b-e). hESC showed strong immunofluorescent labeling with
antibodies to both OCT4, indicating pluripotency, and P2X7. The P2X7 labeling was
concentrated at the cell periphery consistent with localization in the plasma membrane
(Fig. 4.2 e). The center of embryoid bodies had strong OCT4 and P2X7 labeling;
however, differentiating cells that had begun migrating away from the body did not label

for either OCT4 or P2X7 (Figs. 4.2 f-i).
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Primer

Figure 4.2: Pluripotent hESC express P2X7. (A) RT-PCR gel of hESC showing P2X7 was
expressed in pluripotent cells. (B-E) Phase contrast image and immunofluorescent labeling of
hESC with antibodies to OCT4 (green) and P2X7 (red). The nucleus was localized using DAPI
(blue). P2X7 labeling is shown at higher magnification in the insert in E. (F-I) Phase contrast
image of EBs that were labeled with antibodies to OCT4 (green) and P2X7 (red). The nucleus
was localized using DAPI (blue). Differentiating cells that had moved away from the center of
the EB did not label with OCT4 or P2X7.

Extracellular ATP increased during passaging
Since P2X7 receptors are activated by extracellular ATP, we hypothesized that ATP was
released from cells during passaging, when some cell damage and death occurs. To

determine if extracellular ATP plays a role in dynamic blebbing, we first measured ATP
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concentrations in the culture medium at different times before and after plating hESC
(Fig. 4.3 a). ATP concentrations were low in the mTeSR control (medium only). Before
removing cells that had been growing 24 hours for passaging, ATP concentrations were
also low in the extracellular medium (Fig. 4.3a 24 hour sample). However, ATP
concentration in the 0-hour medium sample taken immediately after removing cells from
the plate was about 14-fold higher than in the 24-hour sample taken before passaging.
This indicated that significant amounts of ATP were released from cells during
passaging, probably due to damage and lysis of cells. By 1-hour after plating, the levels
of extracellular ATP in the culture medium decreased significantly compared to the 0
hour sample. These results show that ATP levels are very high during passaging but
return to near control levels by about 1 hour after plating, which coincides with the
approximate time that blebbing ceases and cells attach to the substrate [31]. These
observations support our hypothesis that extracellular ATP is released during passaging
of hESC.

Extracellular ATP plays a role in dynamic blebbing

We next determined if extracellular ATP plays a role in dynamic blebbing of hESC by
adding ATP to culture medium during plating (Fig. 4.3 b-c). Cells were plated in control
medium or in medium containing 3 yM ATP, time-lapse live cell images were collected,
and blebbing and cell attachment were quantified at various times during incubation. As
shown in Figures 3 b and c, the presence of 3 uM ATP caused a significant increase in
the percentage of the cells undergoing dynamic blebbing over a 140 minute interval and
at the same time inhibited efficient attachment of cells to their substrate.

When apyrase, which degrades ATP, was added to control culture medium before and

during passaging, the percentage of cells undergoing dynamic blebbing was significantly
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reduced at the early time points after plating, and this was accompanied by an increase
in the number of attached cells (Figs. 4.3 d and e). These data support the idea that
extracellular ATP, released during passaging, increases and extends dynamic blebbing

and inhibits attachment of hESC.
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Figure 4.3: Extracellular ATP plays a role in dynamic blebbing. (A) The
viaLight Plus Sample Kit was used to quantify extracellular ATP in media
collected before, during and after passaging. Extracellular ATP increased
during passaging (0 hour) when blebbing occurred. ATP decreased by 1
hour after plating, when blebbing subsided and attachment occurred. (B,
C) ATP added to the culture medium increased dynamic blebbing and
inhibited attachment. (D, E) Apyrase, which degrades ATP, inhibited
dynamic blebbing and accelerated attachment. Analyses were done by
counting the percentage of blebbing and attached cells in three different
BioStation videos at 20 minute intervals (ATP) or 12 minute intervals
(apyrase) in three independent experiments. Data are plotted as the
means * the standard deviations of three experiments. * = p <0.05, ** =p
<0.01
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Dynamic blebbing was decreased by P2X7 inhibitors and by knocking down P2X7
expression.

To test the hypothesis that the ATP receptor P2X7 is involved in dynamic blebbing of
hESC, the effects of two P2X7 inhibitors, AZ11645373 and KN-62, on blebbing and
attachment were tested during passaging of single cells. hESC were plated with either
mTeSR alone (control) or mTeSR containing 100 nM of AZ11645373 or 5 uM of KN-62
(Figs. 4.4 a-d). Video data were collected in a BioStation IM and analyzed to determine
the effect of the inhibitors on dynamic blebbing and cell attachment. Both AZ11645373
and KN-64 significantly inhibited dynamic blebbing and accelerated hESC attachment
(Figs. 4.4 a-d).

We further tested the role of P2X7 in blebbing and attachment of hESC by knocking
down the expression of P2X7 using siRNA. OCT4-GFP hESC were used to determine
the nucleofection efficiency for this experiment. OCT4-GFP hESC were nucleofected
with either GFP siRNA or P2X7 siRNA. The cells, which were nucleofected with GFP
siRNA, were used as a control. siRNA successfully decreased expression of P2X7 in
OCT4-GFP hESC (Fig. 4.4 €). We also incubated the OCT4-GFP hESC, which were
nucleofected with P2X7 inhibitor, in a BioStation IM to determine if dynamic blebbing
was affected. We followed individual cells and determined if the cells blebbed or not. As
we found in the P2X7 inhibitor experiments, P2X7 siRNA successfully decreased
dynamic blebbing during passaging (Fig. 4.4 f). The inhibitor and siRNA knockdowns

support the idea that the ATP receptor, P2X7, plays a role in dynamic blebbing of hESC.
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Figure 4.4: P2X7 inhibitors (AZ11645373 and KN62) and P2X7 siRNA knock-down
inhibited dynamic blebbing in hESC. (A-D) Cells treated with 100 nM AZ11645373 or 5 uM
KN62 underwent less dynamic blebbing than the control groups (CN). Analyses were
done by counting the percentage of blebbing and attached cells in three different
BioStation videos at 4 minute intervals. Data are plotted as the means + standard
deviations of independent three experiments. (E-F) Cells transfected with GFP siRNA and
P2X7 siRNA using nucleofection. After 4 days, cells were collected for gPCR and time-
lapse videos. (E) Actin and P2X7 gene expression was examined by gPCR. P2X7 siRNA
successfully knocked down expression of P2X7 without affecting expression of actin. (F)
Non-blebbing and blebbing cells were analyzed by counting the percentage of cells in
each group in BioStation videos at 1.5 minute intervals. 25 cells were analyzed in the GFP

siRNA group and 10 cells were analyzed in P2X7 siRNA group. * = p <0.05, ** = p <0.01,
*** =p <0.001.
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Calcium influx plays a role in dynamic blebbing in hESC

Because activation of the P2X7 receptor by ATP permits Ca®" influx, we hypothesized
that influx of extracellular Ca* initiates dynamic blebbing of hESC. During passaging,
cells were incubated with 10 mM EGTA, a chelating agent with a high affinity for
extracellular calcium, and imaged in a BioStation IM. Individual cells were followed for 4
hours and classified as either blebbing or non-blebbing (Fig. 4.5 a). The 10 mM EGTA
treated group had a significantly higher percentage of non-blebbing cells than the control
group (Fig. 4.5 a), indicating that chelation of extracellular calcium inhibited the
occurrence of dynamic blebbing.

To determine if calcium passing through the P2X7 receptor affected blebbing,
hESC were pre-loaded with 10 mM BAPTA for 1 hour to chelate calcium that entered
during passaging (Fig. 4.5 b). hESC were then removed from their plate and passaged
onto a fresh plate in medium containing BAPTA. Individual cells were monitored in time-
lapse videos collected with a BioStation IM. Approximately 70-80% of the cells in the
control group underwent dynamic blebbing. This percentage was significantly reduced in
the BAPTA loaded group (Fig. 4.5 b). These data support idea that BAPTA chelated
calcium that entered cells through the P2X7 receptors during passaging.

Calcium influx occurred through P2X7 receptors activated by ATP.

To monitor calcium influx, cells were pre-incubated with Fluo-4 for 45 minutes
then were removed from the plates with Accutase, Accutase with 3mM ATP or, Accutase
with 5 pM KN62. Cells were then imaged with Nikon Eclipse Ti inverted microscope.
Images were taken immediately after Accutase, Accutase with ATP, or Accutase with
KN62 were added in each group. The fluorescent intensity ratio (cell/ background) was

measured using Image J. Cells that were removed from the plate with Accutase or
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Accutase with 3mM ATP had high calcium influx; however, calcium influx was
significantly blocked by 5 yM KN-62 (Fig. 4.5 c). To confirm that calcium influx was
blocked by KN-62, we also measured the ATP concentration in these three groups. ATP
concentration was significantly higher in Accutase, Accutase with ATP, and
Accuatse+KNG62 than the control (Fig. 4.5 d). These results showed that calcium influx
occurred when the P2X7 receptor was activated by extracellular ATP.
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Figure 4.5: Extracellular calcium is required for dynamic blebbing. (A) EGTA inhibited
dynamic blebbing in hESCs. Cells were treated with 10 mM EGTA before and during
passaging. Analyses were done by counting the percentage of blebbing and non-blebbing
cells in nine different BioStation videos in three independent experiments. (CN: 571 cells and
EGTA: 441 cells). (B) BAPTA, a chelator of intracellular calcium, inhibited dynamic blebbing.
Cells were treated with 10 mM BAPTA before and during passaging. Analyses were done by
counting the percentage of blebbing and non-blebbing cells in nine different BioStation videos
in three independent biological samples. (CN: 95 cells, BAPTA: 134 cells) (C) Accutase and
Accutase with ATP increased calcium influx in hESC but the effect was inhibited by KN62.
Cells were pre-incubated with Fluo4 and then treated with Accutase, Accutase with ATP, or
Accutase with KN62. Analyses were done with Image J. (D) ATP concentrations were
significantly higher in Accutase, Accutase with ATP, and Accutase with KN62. * = p <0.05, ** =
p <0.01 , *** =p <0.001.
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Rho and Rac Regulate Dynamic Blebbing and Cell Attachment in hESC

We next determined if Rac and Rho were involved in dynamic blebbing in hESC. Cells
were treated with ROCK inhibitor (Y27632) or Rac inhibitor (NSC23766) and imaged in a
BioStation IM. ROCK inhibitor blocked dynamic blebbing and accelerated cell
attachment in hESC (Fig. 4.6 A, B). In contrast, cell blebbing was prolonged and
attachment was delayed when Rac inhibitor was present (Fig. 4.6 C, D). To confirm that
Rac stops dynamic blebbing, cells were nucleofected with a GFP-Rac-activated plasmid
and imaged in BioStation IM for 6 hours. Cells which showed GFP expression were
followed to determine if they undergo blebbing (Fig. 4.6 E). The percentage of blebbing
cells in the population that underwent nucleofection with the Rac-activated plasmid was
lower than in the control on day 0. After 5 days of culture, cells were removed from the
plate with Accutase and replated. GFP positive cells with Rac-activation had significantly
less blebbing than control cells (Fig. 4.6 F). We further tested the expression of active-
Rac (Rac-GTP) and active-Rho (Rho-GTP) in attached cells and blebbing cells using
western blotting. Blebbing cells had significantly less Rac-GTP expression than attached
cells (Fig. 4.6 G). In contrast, blebbing cells had more Rho-GTP expression than
attached cells (Fig. 4.6 H). These results show that Rho was activated in dynamic

blebbing cells and Rac was activated in attached cells.
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Figure 4.6: Rho and Rac Regulate Dynamic Blebbing and Cell Attachment hESC. (A, B)
Dynamic blebbing was fully inhibited and attachment was accelerated in hESC treated
with Y27632. Analyses were done by counting the percentage of blebbing and attached
cells in three different BioStation videos at 20 minute intervals. Data are plotted as the
means + standard deviations of three independent experiments. (C, D) Cells treated with
NSC23766, a Rac inhibitor, underwent more blebbing and less attachment than the
control groups. Analyses were done by counting the percentage of blebbing and attached
cells in three different BioStation videos at 12 minute intervals. Data in C and D are
plotted as the means + standard deviations of three experiments. (E, F) hESC were
nucleofected with GFP-RAC activated plasmid and incubated in a BioStation IM. Phase
contrast and fluorescence images of single cells are shown in at 3 and 6 hours of
incubation. (F) Dynamic blebbing was inhibited in hESC after nucleofection. The DO cells
were plated and imaged in the BioStation right after nucleofection, while in the D5 cells
were grown for 5 days before replating and imaging with the BioStation. Analyses were
done by counting the percentage of blebbing and non-blebbing cells in nine different
BioStation videos in three independent biological samples. (G, H) Blebbing cells were
removed from the plates, then plated on non-coating dishes for 1 hour at 37°C. Lysates of
attached and blebbing cells were collected and went through the pull-down assay to
monitor Rac1 and Rho activation. (G) Western blotting showed the expression of Rac-
GTP was higher in attached cells than in dynamic blebbing cells. Quantification of western
blot was done by ImagedJ with three independent experiments. (H) Western blotting
showed the expression of Rho-GTP was higher in dynamically blebbing cells than in
attached cells. * = p <0.05, ** = p <0.01 , *** = p <0.001.
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Discussion

During passaging, hESC undergo vigorous dynamic blebbing that prevents
attachment and spreading of cells. If dynamic blebbing does not stop, cells fail to attach,
and eventually undergo apoptosis (Chapter 3). Dynamic blebbing, which stresses cells
and causes loss of cytoplasm, can be stopped rapidly when laminins are used as the
substrate for attachment. Binding of laminin to hESC integrins activates a FAK, and
signaling through the FAK leads to cessation of blebbing. In this study, we showed that
the key upstream event that initiates dynamic blebbing in hESC is the activation of the
P2X7 receptor which responds to extracellular ATP released during cell passaging (Figs.
3 and 4). P2X7 activation enables calcium influx which in turn initiates blebbing, through
activation of the Rho pathway.

Because dynamic blebbing stresses cells and decreases cell survival, it is
important to identify new ways to prevent or stop dynamic blebbing during passaging of
hESC. Reagents that inhibit myosin Il, such as ROCK inhibitors and blebbistatin, have
been widely used to accelerate attachment of hESC during passaging and for plating
single hESC [27,28,29,30]. However, hESC treated with ROCKi appear stressed [31],
suggesting ROCKi may have off target effects that would preclude using ROCK:i treated
pluripotent stem cells in drug/toxicant testing and in clinical applications. Plating hESC
on laminin-521 or on Matrigel coated with laminin-111 significantly reduces the time for
attachment by stopping dynamic blebbing (Chapter 3) and offers a safer method for
passaging hESC.

Little is known about the factors that initiate dynamic blebbing in hESC. In 2011,
RNA interference was used to demonstrate that Active BCR-Related protein (Abr), a

unique Rho-GEF family factor containing a functional GAP domain for Rho-class
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GTPase, is an upstream regulator of ROCK-myosin hyperactivation and apoptosis in
hESC [27]. In other cell types, multiple pathways may converge on Rho [35,44],
suggesting additional regulators may be involved in initiating dynamic blebbing. For
example, lysophosphatidic acid (LPA) is a phospholipid derivative that can act as a
signaling molecule to activate the small GTPase Rho, which in turn activates ROCK.
This pathway can lead to inhibition of myosin light-chain phosphatase [45]. However,
there is currently no evidence that LPA is increased in hESC during culture.

Our study demonstrates that the P2X7 receptor is involved in initiating dynamic
blebbing in hESC during passaging. The P2X7 receptor is an ion channel that opens in
response to extracellular ATP allowing cations to enter the cell, thereby triggering
diverse responses such as secretion, apoptosis, survival, and proliferation [46,47,48].
P2X7 is expressed in a variety of cell types including monocytes/macrophages, dendritic
cells, mast cells, mesangial, and microglial cells [49,50,51]. Its widespread expression in
immune cells suggests that the P2X7 receptor has multiple proinflammatory actions
[52,53]. In addition, P2X7 is found in many non-immune cells such as human cervical
epithelium, retinal pigmented epithelium, and corneal epithelium, where it has been
proposed to function in apoptosis, lysosomal alkalization, cell migration, cell proliferation
and cell death [54]. The normal role of P2X7 in hESC may be to facilitate proliferation, a
function attributed to P2X7 in mouse ESC [55]. However, the P2X7 inhibitor did not alter
hESC proliferation during 24 hours of incubation. In both human and mouse ESC, P2X7
was not present when cells began differentiating, indicating that it is an excellent surface
marker for pluripotent cells.

The current study demonstrates that extracellular ATP, released during

passaging, binds to P2X7 allowing calcium influx which in turn initiates dynamic blebbing
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through activation of the Rho pathway. The interplay between Rac and Rho determined
wheather cells underwent dynamic blebbing or attached. We showed that activation of
Rac reduced dynamic blebbing and that activated-Rac was less abundant in dynamically
blebbing cells than in attached hESC. Moreover, inhibition of Rac by NSC23766
extended dynamic blebbing. Rac and Rho regulate motility in many cells in which Rac
signaling antagonizes Rho directly at the GTPase level [56]. For example, the balance
between Rac and Rho activity determines cellular morphology and migratory behavior in
NIH 3T3 fibroblasts [57].

The above results identify several targets that could be used to prevent initiation
of dynamic blebbing. One strategy would be to decrease the release of ATP during
passaging by using gentle methods that minimize cell death or by using reagents, such
as apyrase, that hydrolyze extracellular ATP. Another potential target would be calcium
which influxes upon activation of the P2X7 receptor. Inclusion of a chelating agent
helped reduce dynamic blebbing, but may also interfere with cell attachment. Rac
activation could be used to prevent dynamic blebbing and may be a possible target for
improving attachment and plating of single hESC in the future (Fig. 4.7). The best
method that we found for inhibiting initiation of dynamic blebbing was includsion of the
P2X7 inhibitor (KN62) in culture medium during passaging. This inhibitor is more specific
than the ROCK inhibitors, is relatively inexpensive, and does not stress or alter cell
morphology, as seen with ROCK inhibitors.

In embryos, dynamic blebbing is a driving force that enables cell migration
[58,59,60,61]. While a blebbing cell in suspension does not have progressive motility, in
a three-dimensional matrix, blebbing cells can gain space and would be able to escape

environmental danger or migrate in an embryo [62]. hESC bleb more vigorously than

119



other cells types (Chapter 3), indicating that hESC have a cytoskeleton that is poised for
hyperactivation. Cultured hESC resemble cells of the epiblast [63,64], which undergo
massive movements during gastrulation. The dynamic blebbing observed in vitro may
occur because hESC (epiblast-like) would normally gastrulate in an embryo and migrate
first as sheets of epiblast and then as mesenchymal cells following extrusion from the
primitive steak. This point would require future investigation but the data in this study
may help understand the massive cell movements characterized of gastrulating
embryos.

In contrast to the hESC used in our study, mouse embryonic stem cells (MESC),
which resemble the inner cell mass from which they were derived [64], show relatively
little dynamic blebbing in vitro during passaging and attach rapidly to their substrate
(Chapter 3). Recently, new methods for deriving hESC have been successful in
obtaining “naive” states of pluripotent hESC, which like mESC, resemble cells of the
inner cell mass, not the epiblast [64]. It is likely that naive hESC lines would be less
prone to dynamic blebbing and may offer an additional alternative to avoid dynamic
blebbing during passaging of pluripotent cells.

In summary, while hESC culture has been evolving since 1997, there is still a
need for improvement of culture protocols. We have shown that regulation of dynamic
blebbing is key to improving hESC culture. Survival of hRESC was increased when
dynamic blebbing was controlled during passaging. Characterization of the pathways
that initiate and stop dynamic blebbing has led to the identification of targets that can be
used to control blebbing during cell passaging. By controlling dynamic blebbing, it is
possible to minimize stress, improve survival and plating efficiency, and passage single

cells. Unlike ROCKIi, the P2X7 inhibitor KN62 did not alter hESC morphology or cause
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cells to appear stressed (Supplemental Fig. 4.1). Taken together, these data suggest
that P2X7 inhibitors are good cost-effective alternatives to ROCKi during passaging of
pluripotent cells. These factors will be critical in developing culturing protocols suitable
for using human pluripotent stem cells in therapeutic applications. hESC also offer a
tractable model for studying the process of dynamic blebbing, which plays important
roles in embryonic development and occurs during cell division. Blebbing hESC may

also be developed into an interesting model for studies on human gastrulation.
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Figure 4.7: Schematic summary of the results of this study. Single hESC
culture can be improved by blocking the P2X7 signaling pathway using
P2X7 inhibitors/siRNA or by hydrolyzing extracellular ATP or chelating the
calcium in the culture medium. Rac activation could be used to prevent
dynamic blebbing and may be a possible target for improving attachment
and plating of single hESC in the future.

Supplemental Figure 4.1: (A) Single hESC plated on Matrigel. (B) Single hESC
plated with P2X7 inhibitor (KN62) on Matrigel. (C) Single hESC plated with ROCK
inhibitor (Y27632) on Matrigel. Images were taken about 20 minutes after plating.
In the control (CN) and P2X7 inhibitor group (KN62), cells have attached and are
beginning to spread normally. In the ROCKIi group, cells have spread but have an
attenuated stressed morpholoav.
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Chapter 5: Conclusion
Key findings

Chapter 2: A video bioinformatics method was developed to quantify cell
spreading in time-lapses videos using CL-Quant image analysis software. The cell
spreading assay introduced in this chapter provides a rapid method for evaluating both
the rate and fold change of spreading in hESC. We used the cell spreading assay to
show that hESC treated with ROCKi have a stressed morphology when spreading on
Matrigel. The stressed appearance of the ROCKi-treated cells suggests these inhibitors
have strong off target effects and adversely alter their cytoskeleton. The use of ROCK
inhibitors is not recommended in toxicological applications of hESC. The data obtained
in this study indicate that better methods are needed to facilitate cell attachment and
spreading during hESC passaging.

Chapter 3: This chapter shows that hESC produced more dynamic blebs and
blebbed longer than other cell types and further demonstrates that dynamic blebbing
interferes with attachment and survival of hESC during passaging. Cells that fail to
attach eventually undergo apoptotic blebbing and die. This study is the first to show that
dynamic and apoptotic blebbing were morphologically and temporally distinct. We
showed that these two types of blebbing also differed in their rates of retraction, bleb
intensity, assembly of cytoskeletal proteins, and distribution of organelles during
blebbing. In this chapter, we summarized our data comparing dynamic and apoptotic
blebbing in freshly plated hESC. When bundles of cortical actin became thin, the plasma
membrane detached from the actin and blebs formed. During bleb expansion, ezrin
remained associated with the bleb membrane, and actin was not attached to ezrin at this

time. As the bleb expanded, actin moved into the bleb, attached to ezrin, and
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reassembled under the bleb membrane. In dynamic blebbing, myosin reassembled with
actin in the bleb, and their contraction causes bleb retraction. In apoptotic blebs, actin
and myosin were fragmented, less abundant, or absent, which may account for their
slower retraction.

Dynamic blebbing has important consequences for cultured hESC. First, cells
that are dynamically blebbing cannot attach to their matrix until blebbing stops.
Secondly, cells that are dynamically blebbing appear stressed and often shed part of
their cytoplasm. ROCKIi (Y27632) is often used to help hESC attach and spread rapidly;
however, ROCKi treated cells often appear stringy and stressed and ROCKi may have
off target effects. We showed that plating hESC on laminin-521, a biological molecule
found in the inner cell mass, signals through an integrin-FAK pathway to stop dynamic
blebbing and accelerate attachment. For hESC culture, plating on laminin-521 or
Matrigel with an overlay of laminin-111 improves cell attachment and survival by
reducing dynamic blebbing and enables efficient plating of single cells, while
concurrently incubating in conditions that resemble the cells’ natural in vivo environment
without inhibitors that may have unwanted effects.

Chapter 4: During passaging, hESC undergo rapid dynamic blebbing that
prevents attachment and spreading of cells. If dynamic blebbing does not stop, cells fail
to attach, and eventually undergo apoptosis. Dynamic blebbing, which appears to stress
cells and may cause loss of cytoplasm, can be stopped rapidly when laminins are used
as the substrate for attachment. Binding of laminin to hESC integrins activates a FAK,
and signaling through the FAK leads to cessation of blebbing.

In this study, we demonstrated that activation of P2X7 receptors by extracellular

ATP released during passaging initiates dynamic blebbing in hESC and further identifies
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targets that could be used to prevent P2X7 activation and subsequent dynamic blebbing.
We showed that P2X7 activation enables calcium influx which in turn initiates blebbing,
through activation of the Rho pathway. In this chapter, we showed dynamic blebbing
was decreased by minimizing the release of ATP during passaging by using reagents
such as apyrase that hydrolyze extracellular ATP. Also, we demonstrated that inclusion
of a chelating agent (EGTA) helped reduce dynamic blebbing, but may also interfere
with cell attachment. We found that P2X7 inhibitors (e.g., KN62) significantly reduced
dynamic blebbing and accelerated cell attachment in hESC. Unlike ROCKIi, KN62 did not
alter hESC morphology or cause cells to appear stressed. Moreover, the P2X7 inhibitor
did not affect proliferation during the first 24 hours of hESC culture.

Taken together, we have shown that regulation of dynamic blebbing is a key to
improving hESC culture. Survival of hESC was increased when dynamic blebbing was
controlled during passaging. Characterization of the pathways that initiate and stop
dynamic blebbing has led to the identification of targets that can be used to control
blebbing during cell culture. By controlling dynamic blebbing, it is possible to minimize
stress, improve survival and efficiency during passaging, and passage single cells.
These factors will be critical in developing culturing protocols suitable for using human

pluripotent stem cells in therapeutic applications.
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Summary

This dissertation deals specifically with dynamic blebbing, which is robust in
hESC. Dynamic blebbing, which is observed in healthy cells, often occurs in vitro during
the first hour after cell plating and before cell attachment and spreading on adherent

substrates.
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Figure 5.1: Diagram summarizing the main findings of this dissertation

Dynamic blebs are also found at the leading edge of migrating cells, where they
drive cell movement. The difference between dynamic and apoptotic blebbing has been
distinguished in hESC in this dissertation. Figure 5.1 is the graphic summary of the key
findings of this dissertation. Single hESC culture can be improved by blocking the P2X7
signaling pathway using P2X7 inhibitors/siRNA or by hydrolyzing extracellular ATP or

chelating the calcium in the culture medium. In cases where blebbing is occurring, it can
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be stopped by plating hESC on Laminin 521, which activates a FAK leading to cessation
of bleb formation.

These results identify targets that can be used to improve hESC culture. For
example the use of a P2X7 inhibitor in conjunction with plating on laminin 521 would
minimize dynamic blebbing and facilitate cell attachment and spreading. This strategy
also permits the plating of single hESC, which can then be used in quantitative studies
involving drugs or toxicants. The work presented here also establishes hESC as an
excellent model for studying the process of dynamic blebbing. Because hESC are similar
to epiblast cells in the post implantation embryo, it would also be possible to use

blebbing hESC to better understand the motile forces involved in gastrulation.
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Chapter 7

Bio-Inspired Segmentation and Detection
Methods for Human Embryonic Stem
Cells

Benjamin X. Guan, Bir Bhanu, Prue Talbot and Nikki Jo-Hao Weng

Abstract This paper is a review on the bio-inspired human embryonic stem cell
(hESC) segmentation and detection methods. Five different morphological types of
hESC have been identified: (1) unattached; (2) substrate-attached; (3) dynamically
blebbing; (4) apoptotically blebbing; and (5) apoptotic. Each type has distin-
guishing image properties. Within each type, cells are also different in size and
shape. Three automatic approaches for hESC region segmentation and one method
for unattached stem cell detection are introduced to assist biologists in analysis of
hESC cell health and for application in drug testing and toxicological studies.

7.1 Introduction

In recent years, human embryonic stem cells (hESCs) have been used to assay
toxicity of environmental chemicals [1-5]. The hESCs are one of the best models
currently available for evaluating the effects of chemicals and drugs on human
prenatal development [6]. The hESCs also have the potential to be a valuable model
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(a) (b) (c)

Fig. 7.1 a Unattached single stem cell; b substrate-attached single stem cell; ¢ dynamically
blebbing stem cell; d apoptotically blebbing stem cell; e apoptotic stem cell

for testing drugs before clinical trial. Equally important, the hESCs can potentially
be used to treat cancer and degenerative diseases such as Parkinson’s disease,
Huntington’s disease, and type 1 diabetes mellitus [6, 7].

Figure 7.1 shows five different morphological types of hESCs: (1) unattached
single stem cell; (2) substrate-attached single stem cell; (3) dynamically blebbing
stem cell; (4) apoptotically blebbing stem cell; and (5) apoptotic stem cell. As
shown in Fig. 7.1, the inconsistency in intensities and shapes make the segmen-
tation difficult when more than two types of cells are present in a field. Therefore,
we have used bio-inspired segmentation and detection method to automate the
analysis of hESCs.

Despite the enormous potential benefits of the hESC model, large-scale analysis
of hESC experiments presents a challenge. Figure 7.2 shows an example of stem
cell images at different magnifications. The analysis of hESCs is either
semi-automated or manual [8]. CL-Quant software (DR Vision Technologies) is an
example of current state-of-the-art software for cell analysis, and it offers a
semi-automatic approach. It requires users to develop protocols which outline or
mask the positive and negative samples of stem cells using a soft matching pro-
cedure [9]. It usually takes an expert biologist 5-6 min of protocol making. The
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7 Bio-Inspired Segmentation and Detection Methods ... 137

Fig. 7.2 a Image of hESCs
taken with 10x objective;

b Image of hESCs taken with
20x objective; ¢ Image of
hESCs taken with 40x
objective

protocols are generally more accurate in the sample videos where the positive and
negative samples are derived [8]. The segmentation accuracy of the software is also
depended on the number of positive and negative samples. Although the software
requires users to make protocols, it is a better alternative than analyzing the stem
cells manually. Since there is no existing software for bleb detection and bleb
counts, biologists often analyze frame by frame to determine the number of blebs in
a video. Therefore, automatic segmentation and detection methods are essential for
the future development of fast quantifiable analysis of hESCs.

136



138 B.X. Guan et al.

In this paper, we will review bio-inspired automatic hESC region segmentation
and unattached stem cell detection methods. Segmentation is a gateway to auto-
mated analysis of hESCs in biological assays. For example, the segmented results
from those methods make automatic unattached single stem cell detection possible
[10]. The detection of unattached stem cells is important in determining whether the
cell is reactive to test chemicals. If the percentage of unattached stem cells is higher
than attached stem cells, then the test chemical inhibited attachment and probably
killed the cells that are unattached.

7.2 Related Work

There are two previous works for cell region detection in phase contrast images [11,
12]. Ambriz-Colin et al. [11] discuss two segmentation methods in this paper:
(1) segmentation by pixels intensity variance (PIV); and (2) segmentation by gray
level morphological gradient (GLMG). The PIV method performs pixel classifi-
cation on the normalized image. It recognizes the probable cell regions and labels
the rest as the background in the normalized image. The GLMG method detects the
cell regions using morphological gradient that is calculated from the dilation and
erosion operations, and by a threshold that separates the pixels belonging to a cell
and to the background. Li et al. [12] use a histogram-based Bayesian classifier
(HBBC) for segmentation. Li et al. [12] discuss a combined use of morphological
rolling-ball filtering and a Bayesian classifier that is based on the estimated cell and
background gray scale histograms to classify the image pixels into either the cell
regions or the background.

In this paper, we also touch upon segmentation methods such as k-means and
mixture of Gaussians by expectation-maximization (EM) algorithm. These
approaches are widely used techniques in image segmentation. The k-means seg-
mentation by Tatiraju et al. [13] considers each pixel intensity value as an indi-
vidual observation. Each observation is assigned to a cluster with the mean intensity
value nearest to the observation [14, 15]. The intensity distribution of its clusters is
not considered in the partition process. However, the mixture of Gaussians seg-
mentation method by the EM (MGEM) algorithm proposed by Farnoosh et al. [16]
uses intensity distribution models for segmentation. The MGEM method uses
multiple Gaussians to represent intensity distribution of an image [7, 13, 17, 18].
However, it does not take into account the neighborhood information. As the result,
segmented regions obtained by these algorithms lack connectivity with pixels
within their neighborhoods. Their lack of connectivity with pixels within their
neighborhoods is due to the following challenges:

(1) incomplete halo around the cell body.
(2) intensity similarity in cell body and substrate.
(3) intensity sparsity in cell regions.
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Our proposed method is intended to solve these problems using spatial infor-
mation of the image data. We evolve the cell regions based on the spatial infor-
mation until the optimal optimization metric value is obtained. The proposed
methods are developed with three criteria: (1) robustness; (2) speed; and
(3) accuracy.

The existing papers often detect cells in phase contrast images in a simple
environment [19, 20]. Eom et al. [19] discuss two methods for cell detection:
detection by circular Hough transform (CHT) and detection by correlation.
However, those methods do not work on the complex environment where the
occurrence of dynamic blebbing and existence of overlapping cells are prevalent.
The CHT is sensitive to the shape variations, and the correlation method in [20]
does not work on cell clusters. Therefore, a detection method based on the features
derived from inner cell region is developed to solve the aforementioned problem in
unattached single stem cells detection.

7.3 Technical Approach

The segmentation approaches reviewed in this paper range from simple to complex
and efficient to inefficient. Even though spatial information is used in all three
segmentation methods, the derivation of spatial information in each method is
different. In addition, we also provide a review on the unattached single stem cell
detection method. The segmentation and detection methods are discussed in the
following order.

1. Gradient magnitude distribution-based approach
2. Entropy-based k-means approach

3. Median filter-induced texture-based approach
4. Unattached single stem cell detection

7.3.1 Gradient Magnitude Distribution-Based Approach

The approach in [21] iteratively optimizes a metric that is based on foreground
(F) and background (B) intensity statistics. The foreground/hESC region, F, is a
high intensity variation region while the background/substrate region, B, is a low
intensity variation region. Therefore, we can use the magnitude of gradients of the
image to segment out the cell region from the substrate region. Equations (7.1) and
(7.2) show the calculation of spatial information.
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o= (&(2)
Ing = log, (% + 1> x 255 (7.2)

where G is the squared gradient magnitude of image, 1. g’; and g—; are gradients of

image, I, in the x and y directions. I, is the spatial information and the log
transform further emphasizes the difference between cell and substrate region.
Equation (7.2) normalizes G as well as transforms the image into a bimodal image.
Therefore, a single threshold can segment the transformed image into cell region
and substrate region.

The proposed approach uses a mean filter on I, iteratively to evolve the cell
regions. It is able to group the interior cell region pixels together based on the local
information. The method updates I,,; and evolves the cell region until optimization
metric in [21] is maximized. The window size of the mean filter contributes to how
fast the cell region is evolved. The transformed image is iteratively thresholded by
Otsu’s algorithm. The parameters for the optimization metric are also updated
iteratively.

7.3.2 Entropy-Based K-Means Approach

The approach mentioned in [22] utilizes the k-mean algorithm with weighted
entropy. The cell regions generally have higher entropy values than the substrate
regions due to their biological properties. However, not all cell regions have high
entropy values. Therefore, the approach exploits intensity feature to solve the fol-
lowing problems: (1) intensity uniformity in some stem cell bodies; and (2) inten-
sity homogeneity in stem cell halos. Since high entropy values happen in areas with
high varying intensities, the aforementioned properties can greatly affect the cell
region detection. Therefore, the method in [22] proposed a weighted entropy for-
mulation. The approach uses the fact that stem cell image has an intensity histogram
similar to a Gaussian distribution. Moreover, the stem cell consists of two essential
parts: the cell body and the halo [6]. The cell bodies and halos’ intensity values are
located at the left and right end of the histogram distribution, respectively. As the
result, regions with low or high intensity values have a higher weight. The back-
ground distribution is represented by the following equation:

Dug ~ Nass (1, 0%) (7.3)

where Dy, is a Gaussian distribution of background with mean, y, and variance, a2,

and Dy, € R The foreground distribution is shown in Eq. (7.4).
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W = Max(D) — D (7.4)

The weighted entropy is calculated by Eq. (7.5):

Iye(r,c) =log[ 1+ E(r,c) x Y W(I(y,x))’ (1.5)
(yx)eW

where I, (r, ) is the weighted entropy at the location (r, c) with r,c € R. E(r,c) is
the un-weighted entropy value of the image’s gradient magnitude at location (r,c),
and I(y,x) is the intensity value at location (y,x). x,y € R, and W is the set of
neighboring coordinates of (r,c). 3, yew W(I (y,x))? is the spatial energy term.
Equation (7.5) enhances the separation between cell/foreground and
substrate/background regions. The normalization of . back into a 8-bit image is
shown in Eq. (7.6):

_ _ (Iye — min(lye))
bven = nax (Tye) — min(tue)) < 2> (7:6)

7.3.3 Median Filter-Induced Texture-Based Approach

The segmentation method by Guan et al. [23] combines the hESC spatial infor-
mation and mixture of Gaussians for better segmentation. The mixture of Gaussians
alone does not able to segment the cell regions from the substrate due to its lack of
spatial consistency. The cell region intensities lie on both left and right end of the
image histogram. However, the mixture of Gaussians can accurately detect frag-
ments of the cell regions. Therefore, it can serve as a good template to find the
optimal threshold, T, and filter window size, m, in the spatial transformed image
for cell region detection. As a result, we exploited the spatial information due to the
biological properties of the cells in the image and used the result from the mixture
of Gaussians as a comparison template [23].

With the spatial information, we can easily distinguish the cell region from the
substrate region. The spatial information is generated with the combination of
median filtering. A spatial information image I at scale m in [23] is calculated by
the following equation:

It (m) = med(|]I — med(I,m)|,m + 2) (7.7)

where med(-,m) denotes the median filtering operation with window size m. The
operation |I — med(I,m)| yields low values in the substrate region and high values
in the cell regions. The larger median filter window connects the interior cell
regions while preserving the edges. The transformation of the image, 7, by Eq. (7.7)

140



142 B.X. Guan et al.

generates a bimodal image from an original image that contains three intensity
modes. Therefore, we can use the result from the mixture of Gaussians to find Ty
and mep. The cell region detection is done by finding the maximum correlation
coefficient value between the results from the mixture of Gaussian and the spatial
information at various 7' and m. The filter window size, m, varies from 3 to 25 with
a step size of 2. The threshold T is from the minimum to the maximum of the spatial
information image in steps of 0.5.

7.3.4 Unattached Single Stem Cell Detection

The unattached single stem cell detection by Guan et al. [10] is a feature-based
classification that utilizes detected inner cell region features. The inner cell region is
derived from thresholding the normalized probability map. The feature vector
contains area size, eccentricity, and convexity of the inner cell region. We use the
Euclidean distance as the classification measure. The Euclidean distances of the
target’s feature vector and the feature vectors in the training data are calculated by

Kf(l) = { } \/Zj KCOCf(iaj)z\/Zj KCoef(i)j)Z < J (78)
1

else

The symbol K(i) is the Euclidean distance of the target feature vector and
feature vectors from the training data where i € R. Kcoes(i,j) is a matrix that
contains the differences of the target feature vector and feature vectors in the
training data. Variable J is equal to v/3 and j € {1,2,3} since we have three
features in our classification method.

7.4 Experimental Result

In this subsection, we briefly discuss the experimental results for each aforemen-
tioned approach.

7.4.1 Data

All time lapse videos were obtained with BioStation IM [1]. The frames in the
videos are phase contrast images with 600 x 800 resolutions. The videos are
acquired using three different objectives: 10x, 20x, and 40x.
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7.4.2 Metrics

The true positive, TP, is the overlapped region between the binary image of detected
cell regions and its ground-truth. True negative, TN, is the overlapped region
between the binary image of detected background region and its ground-truth. The
false positive, FP, is the detected background in the background binary image that is
falsely identified as part of the cell region in cell region binary image. The false
negative, FN, is the detected cell region in cell region binary image that is falsely
identified as part of the background in the background binary image [24].

The true positive rate or sensitivity, TPR, measures the proportion of actual
positives which are correctly identified.

P

TPR=————
(TP + FN)

(7.9)

The false positive rate, FPR, measures the proportion of false positives which are
incorrectly identified.

FPR=— 1T __ (7.10)
(FP + TN)

7.4.3 Gradient Magnitude Distribution-Based Approach

The gradient magnitude distribution approach has more than 90 % average sensi-
tivity and less than 15 % average false positive rate for all datasets that are not
corrupted by noise [21]. The high performance remained after filtering is done on
the noisy dataset. The dataset taken with 40x objective is corrupted by noise, and
the proposed method has lower performance without filtering as shown in
Tables 7.1 and 7.2. Tables 7.1 and 7.2 also show comparison of the proposal

Table 7.1 Average Method 10% (%) | 20% (%) | 40x (%) | 40%* (%)

sensitivity Guan [21] |9585 9565 7500 9042
KM 51.92 51.83 79.66 40226
M2G 79.27 80.54 63.56 80.99
“filtered data

Table 7.2 Average false Method 10x (%) | 20% (%) | 40% (%) | 40x* (%)

positive rate Guan [21] | 14.64 13.33 3.18 122
KM 441 15.95 30.18 0.46
M2G 11.57 14.10 3.63 9.37
“filtered data
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method with k-means (KM) and mixture of two Gaussians (M2G). KM method
performs the worst in all three methods. The proposed method’s average sensitivity
is higher than M2G by at least 10 % in all datasets.

7.4.4 Entropy-Based K-Means Approach

In this approach, we also compare the proposed method with k-means. However,
the initial means for each cluster are assigned based on our knowledge for each
cluster. Therefore, KM in this approach has significant lower false positive rate in
all datasets. The entropy and k-means based on segmentation has more than 80 %
average sensitivity and less than 16 % average false positive rate [22]. Table 7.3
shows that the proposed method has above 96 % average sensitivity except for the
unfiltered 40x dataset. Table 7.4 shows that KM has lower average false positive
rate, but it is due to the fact that it detect all pixels as background.

7.4.5 Median Filter-Induced Texture-Based Approach

The median filter-induced texture-based approach has tested only on the six datasets
taken with 20x objective. The approach has more than 92 % average sensitivity and
less than 7 % average false positive rate [23]. The means of all six datasets in
average sensitivity and average false positive rate are 96.24 and 5.28 %. As shown
in Table 7.5, mixture of two Gaussians and mixture of three Gaussians methods
have the lowest average sensitivities. Even though other methods have the mean
average sensitivities above 94 %, they have high false positive rate as shown in
Table 7.6. Their mean average false positive rates are above 17 %.

7.4.6 Unattached Single Stem Cell Detection

The unattached single stem cell detection approach was tested on four datasets
taken under 20x objective [10]. Figure 7.3 shows an ROC plots for four different

Tab!e' 7.3 Average Method 10x (%) |20% (%) | 40x (%) | 40%* (%)

sensitivity Guan [22] | 98.09 96.73 80.82 96.18
KM 3776 3837 4028  |4028
“filtered data

Table 7.4 Average false Method 10% (%) | 20x (%) | 40x (%) |40%" (%)

positive rate Guan [22] |19.21 17.81 5.83 15.68
KM 177 251 0.61 0.61
“filtered data
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Table 7.5 Average sensitivity

145

Video |HBBC GLMG PIV M2G M3G Guan [23]
(%) (%) (%) (%) (%) (%)
1 92.08 97.08 98.90 43.52 53.16 94.30
2 84.95 93.80 97.37 29.88 42.18 92.31
3 98.46 98.89 99.80 70.46 78.14 97.67
4 99.27 98.78 99.54 79.85 87.33 98.38
5 97.07 97.66 [ 98.82 | 77.38 84.40 97.25
6 97.81 98.17 99.23 74.88 81.15 97.54
Table 7.6 Average false positive rate
Video |HBBC GLMG 'PIV ' M2G M3G Guan [23]
(%) (%) (%) (%) (%) (%)
1 19.71 22.47 [ 19.86 |2.83 5.16 441
2 26.67 21.82 18.83 2.65 4.39 6.57
3 16.62 22.47 18.50 4.80 7.22 4.78
4 14.19 1591 | 16.69 14.77 7.52 5.74
5 12.34 16.42 15.10 4.39 6.86 5.51
6 16.33 22.07 20.33 5.06 8.09 4.69
8 i
: 0.6 e \/idE0 #1 T
2
305 —— Video#2 ||
2 04 i
E
F o3 — Video #3 |
0.2 i
= Video #4
0.1 -
0 ’ . ; : . ; :
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False Positive Rate

Fig. 7.3 True positive rate versus false positive rate (ROC curves) (Note the red squares are the
optimal results of the proposed method)
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Frame #13 - Frame #16

Fig. 7.4 A sample of results of unattached single stem cell detection approach

experiments. The proposed method achieves above 70 % in true positive while
keeping the false positive rate below 2.5 %. Figure 7.4 shows the result of the
proposed method on a sequence of images. The proposed method captured majority
of the unattached single stem cells.
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7.5 Performance Analysis

In this subsection, we evaluate the three aforementioned segmentation approaches
mentioned above in terms of robustness, speed, and accuracy.

7.5.1 Robustness

The median filter-induced texture-based method in [23] was tested only on a 20x
dataset with a set of parameters. Since the parameters are tuned for the 20x datasets,
it is not reliable for datasets collected using different objectives as shown in
Fig. 7.5. Most importantly, its performance is heavily depended on initial seg-
mentation result of the mixture of Gaussians. The entropy-based k-means approach
in [22] and the gradient magnitude distribution-based approach in [21] are more

Fig. 7.5 a—c Median filter-induced texture-based method results for 10x, 20x, and 40x images
respectively; (d-f) entropy-based k-means method results for 10x, 20x%, and 40% images,
respectively; (g-i) gradient magnitude distribution-based method results for 10x, 20x, and 40x
images, respectively
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robust with different objectives. Since both methods do not need a template to
obtain the optimal segmentation, they are robust under different objectives with a
same set of parameters.

7.5.2 Speed

The entropy-based k-means in [22] and gradient magnitude distribution-based in
[21] approaches have only one optimization step. The median filter-induced
texture-based method in [23] requires two optimization steps. However, the
entropy-based k-means approach has higher time complexity than the other
methods. The reason it is slow is because the method performs k-means clustering
and entropy filtering for segmentation. The operations of k-means clustering and
entropy filtering are extremely time consuming. Consequently, the approach’s
processing time is about 28 s/frame.

Since the median filter-induced texture-based method has two optimization
steps, it also has high time complexity. The first optimization step is done to
determine the initial segmentation result by the mixture of Gaussians. The second
optimization step is done with the mixture of Gaussians result to obtain the final
segmentation. Therefore, the approach’s processing time is about 26 s/frame.

The gradient magnitude distribution-based approach only uses mean filtering
and the Otsu’s algorithm. Since mean filtering and Otsu’s algorithm are faster
operations, the method is the fastest among the aforementioned approaches. The
gradient magnitude distribution-based segmentation only requires 1.2 s/frame of
processing time. All experiments for each method are done on a laptop with an Intel
(R) Core™ 2 Duo CPU processor that run at 2.53 GHz.

7.5.3 Accuracy

The entropy-based k-means approach has the highest average true positive rate
(TPR) as well as the highest average false positive rate (FPR) [24]. It has a mean of
about 97 % average TPR and near 18 % average FPR. Both median filter-induced
texture-based and gradient magnitude distribution-based approaches have less than
12 % average false positive rate. However, the median filter-induced texture-based
approach was only tested on the dataset taken with a 20x objective, and it had a
mean of 96.24 % in average TPR. The gradient magnitude distribution-based
method has a mean near 94 % in average TPR. Both entropy-based k-means and
gradient magnitude distribution-based approaches were tested on datasets under
different objectives.
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7.6 Conclusion

This paper provides a brief review of three existing bio-inspired segmentation
methods as well as a concise discussion on the unattached single stem cell detection
method. All three segmentation approaches mentioned in this paper have above
90 % average true positive rate and less than 18 % average false positive rate in
segmentation. However, the gradient magnitude distribution-based approach out-
performs the other methods in the overall measures of robustness, speed, and
accuracy. The gradient magnitude distribution-based approach has good detection
results for images collected with all three objectives. It has smoother detected result
than the other methods as shown in Fig. 7.5. In terms of speed, the method requires
processing time of 1.2 s/frame. Compared to its counterparts, it is about 20 times
faster when run in the same machine. In terms of accuracy, the gradient magnitude
distribution-based method still has a mean near 94 % in average TPR and less than
12 % in average FPR. The unattached single stem cell detection makes possible
with the accurate cell region segmentation. Therefore, the gradient magnitude
distribution-based method is significant for the future development of fast quanti-
fiable analysis of stem cells. The methods described in this chapter could be used to
evaluate the health and viability of hESC cultures and the response of hESC to
environmental changes or toxicants.
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ABSTRACT

Determining the meaningful texture features for human
embryonic stem cells (hESC) is important in the
development of online hESC classification system. This
paper proposes the use of novel support vector machine with
bio-inspired one-against-all (OAA) multi-class structural
and statistical Gabor descriptors for hESC classification. It
investigates the statistical histogram information at four
different orientations and two different window sizes of the
Gabor filter. It demonstrates that statistical Gabor features
are more accurate and reliable than a conventional
histogram based features.

Index Terms— Classification, Gabor filter, Human
embryonic stem cells (hESC), One-against-all (OAA)

1. INTRODUCTION

Human embryonic stem cells (hESC) are derived from the
inner cell mass of developing blastocysts and can be
maintained indefinitely in vitro in a pluripotent state [1].
Because of their ability to self-renew and their potential to
differentiate into any cell type, hESC provide a unique
resource for regenerative medicine, basic research on human
prenatal development, and toxicological testing of drugs and
environmental chemicals [2][3]. In the current studies,
biologists have used time-lapse imaging of cells to monitor
dynamic behavior of hESC in different experimental
conditions [4][5][6]. While performing these studies, we
observed that hESC undergo dynamic blebbing during the
first 20-60 minutes after plating, and if they do not attach to
their substrate during the first hour after plating, they

Fig. 1 (a) Cell colony; (b) close-knit cells.

978-1-4799-5751-4/14/$31.00 ©2014 IEEE
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Fig. 2 (a) Unattached cells; (b) attached cells; (c)
dynamically blebbing cells; (d) apoptotically blebbing cells.

undergo apoptosis. Due to the fact that dynamic blebbing
occurs in the first hour of incubation, it can be used to
evaluate hESC health following plating, and it can also
serve as the basis for a rapid toxicological assay. Although
it takes little time to perform the blebbing assay, manual
analysis of the resulting video data is time-consuming and
subjective. Therefore, analysis tool such as a hESC
classification system is essential for quantified analysis. An
automated classification system can help biologists to
identify interesting behaviors of hESC easily. It can provide
the biologists the statistics of different types of stem cell in
the current analysis. It can assist the biologists to draw a
conclusion for a particular experiment.

A hESC video is made up by frames of phase contrast
image. Each frame comprises of two major categories. One
is the multi-cell category shown in Fig. 1, the other is the
single cell category shown in Fig. 2. There are two types of
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multi-cells: 1) cell colony; 2) close-knit cells. Cell colony
comprises of two or more single cells. The close-knit cells
consist of two or more individual components. Each
component can either be a single cell or a cell colony. The
four intrinsic types of single cell are: 1) unattached cell (U);
2) attached cell (A); 3) dynamically blebbing cell (D); 4)
apoptotically blebbing cell (AP). Since the assays are
formed by the four intrinsic cell types, the classification of
these cell types is important. Therefore, this paper focuses
on the classification of the four intrinsic types of stem cell.

2. RELATED WORKS

There is no existing study for the automated classification of
hESC. However, there are many classification studies that
use features based on local binary patterns (LBP), local
phase quantization (LPQ), and Gabor filtering. The simplest
LBP compare each of its eight neighbors’ intensity values
with its center intensity value [7]. The neighboring pixel has
a value of 1 if its intensity value is greater than the center
intensity value. Otherwise, the neighboring pixel has a value
of 0. LPQ obtain local frequency coefficients for each pixel
at certain frequencies [8]. The coefficients are then
quantized and translated into a histogram. The Gabor filter
is a 2D Gaussian kernel function that is modulated by a
sinusoidal plane wave at certain frequency and orientation
[9][10]. A histogram is generally generated from the Gabor
filtered image as a feature vector. Conventionally, a
histogram is either a histogram of the entire image or a
cascaded histogram from smaller windows of the image.
However, resizing the dataset is needed for a cascaded
histogram. Since our dataset images have an average size of
58 by 60 pixels, we use the histogram of the entire image in
this paper for all histogram based comparison methods.
TABLE 1
AVERAGE CROSS-CORRELATION (CC) VALUES FOR CELL
TYPES SHOWN IN FIGURE 2 (GRAY SCALE ONLY)

Histogram

+ Based v ' A ' D ' AP '
U 0.6578 | 0.1064 | 0.3184 0.5982
A 0.1064 | 0.7468 | 0.6187 0.1531
D 0.3184 | 0.6187 | 0.6960 0.3945
AP 0.5982 | 0.1531 | 0.3945 0.7365
(a)
CBasea 1 U A, D, ar
U 0.9992 | 0.9981 0.9990
A 0.9981 | 0.9996 0.9979
D 0.9984 | 0.9988 0.9982
AP 0.9990 | 0.9979 0.9992
(b)

Underline & italics denote correlation and bold denotes highest
CC value in the row.
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Our contribution in this paper is to introduce a binary
support vector machine (SVM) with a bio-inspired one-
against-all (OAA) model for multi-class classification
[11][12]. We use statistical Gabor wavelet for multi-class
classification. We investigate the Gabor filter parameters
and find out parameters that yield the best performance in
multi-class classification for the four intrinsic cell types. We
compared the conventional histogram based features and the
statistics based features in this paper.

3. TECHNICAL APPROACH

In this section, we first explain our motivation and the
problem formulation. We also briefly explain Gabor filter in
subsection 3.2. We then elaborate on the statistical Gabor
descriptors for multi-class classification.

3.1. Motivation and Problem Formulation

The four intrinsic hESC considered in this paper have
characteristics such as roundedness, elongatedness and
bubble-like shape. Texture is important to distinguish these
cell types, so we use texture features in this paper. Since
Gabor filters give useful descriptors at different window
sizes, frequencies and orientations, we investigated the
Gabor filter for classification of hESC. For the choice of a
classifier, we have used the SVM. The SVM is a binary
decision classifier. As a result, we also adopted OAA model
for multi-class classification. The OAA model is the most
efficient way to use SVM for multi-class classification [12].

The OAA model for multi-class classification is bio-
inspired. Based on biological insights, the unattached cells
are round, and they are brighter in intensity than attached
and dynamically blebbing cells. As shown in Fig. 2,
unattached and apoptotically blebbing cells have high
intensity values while attached and dynamically blebbing
cells are darker in intensity. Table 1 shows support for our
biological insights. The cross-correlation (CC) value
between cell types using either the gray scale histogram
based or statistics based features shows that highest CC
value among cell types separates the 4 cell types into 2
groups. Since apoptotically blebbing cell has a higher
average CC value than unattached cell, the positive and
negative sets at level 0 of OAA hierarchy is given by: {U}
and {A, D, AP}.

With the aforementioned facts, we deduced a bio-
inspired structure for one-against-all classification method.
Fig. 3 shows how the OAA method is constructed with
SVM as a fundamental classifier. If the input image is
recognized as negative sample, then further classification is
needed. The positive and negative samples at each level are
chosen based on how a particular cell type is prevalently
different from the rest of other cell types.

Since we are developing an online classification
system, accuracy, reliability and low time complexity are
essential. The fewer the feature descriptors, the lower the
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@ + (positive samples)

e = (negative samples)

Fig. 3 Bio-inspired one-against-all (OAA) model for multi-
class classification.
time complexity. Therefore, we only considered five key
statistical features; 1) mean; 2) mode; 3) entropy; 4)
variance; 5) energy.

3.2. Gabor Filter

Gabor filtering is a convolution of an image, I , with a 2D
Gaussian kernel, G , that is modulated by a sinusoidal plane
wave. The Gaussian equation is shown in equation (1). The
modulation, M, is shown in equation (2). The final
modulated Gabor equation, Gy, is shown in equation (3) [9].

1 e_%((é)2+(%)z) (1)

Geuy) = 2SSy
M(x,y,f,8) = cos (an (xcos(8) + ysin(a))) @)
GM(xlylfle) = G(X:Y)M(X:J’:f:e) 3)

Note that x € [—5,,5], y € [-S5,,S,], Sx and S, are
standard deviation in the x and y direction, f is the
frequency of sinusoidal wave, and 6 is the orientation. The
final filtered image, I; , is obtained by convolution as
shown in below [9][10]. (Note that * denotes convolution.)

I =1*Gy )
3.3. Statistical Descriptors

The statistical descriptors are derived directly from the
histogram of the image with or without filtering. The
following equations show the statistics based descriptors
that are derived from the histogram of an image [13].

p=3EN-onH () ®)

¥ = max, (H(n) ©

p =N Plog, ("2 +1) @)
0 = (T Hm)(n — p)? ®

_ 2eo(um)?
where H is the histogram of the image and » is an index
which spans from 0 to N. In this paper, N is 255. S is the
total number of pixels in the image. u, ¥, p, 02 and ¢ are
mean, mode, entropy, variance and energy of the image. The
statistical descriptors of all the texture filters mentioned in
this paper are obtained using the above equations.

4. EXPERIMENTAL RESULTS
4.1. Data

All time lapse videos were obtained with a BioStation IM
under 20x objective [14]. Each video frame was taken
roughly 2 minutes apart for the purpose of data variation
from frame to frame. The frames in the video were phase
contrast images with 600 x 800 resolution. Each frame was
then decomposed into smaller images by a cell region
detection algorithm [15]. The four intrinsic cell types were
then identified by an expert stem cell biologist from the pool
of images, and datasets were generated from 8 videos.
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Fig. 4 (a) Methods with Gabor statistics for each window size under different frequencies; (b) Methods with Gabor
histogram for each window size under different frequencies. (red square denotes optimal point.)
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TABLE 2: TEN-FOLD COMPARISON RESULTS IN THIS PAPER (4 ORIENTATIONS ARE USED FOR ALL GABOR METHODS)

Features Unattached AP Blebbing Attached Dynam. Blebbing ARR
Gray Scale Histogram 29.04% 94.91% 0.00% 100.00% 55.99%
Gray Scale Statistics 0.00% 0.94% 0.00% 95.00% 23.99%
LBP Histogram 34.11% 11.70% 0.00% 97.75% 35.89%
LBP Statistics 0.68% 5.85% 5.63% 83.50% 23.92%
LPQ Histogram 43.56% 24.15% 0.00% 100.00% 41.93%
LPQ Statistics 1.78% 3.58% 18.16% 76.25% 24.94%
Gabor Histogram (9x9) 70.41% 86.42% 0.00% 93.75% 62.64%
Gabor Statistics (9x9) 78.49% 87.17% 71.55% 97.50% 83.68%
Gabor Histogram (17x17) 82.74% 74.34% 0.00% 99.00% 64.02%
Gabor Statistics (17x17) 86.58% 80.38% 76.89% 100.00% 85.96%
Gabor Wavelet Histogram® 62.88% 87.74% 0.00% 99.75% 62.59%
Proposed* 78.08% 90.38% 78.25% 100.00% 86.68%

* denotes windows 9 x 9 and 17 x 17 are used. AP denotes apoptotically, and ARR denotes average recognition rate.

There was no preprocessing on the dataset images, and
their average size is about 58 by 60 pixels. The test datasets
had 269 images with 73 images of unattached cell, 103
images of attached cell, 40 images of dynamically blebbing
cell and 53 images of apoptotically blebbing cell. The
training datasets had a total of 120 images with 30 images
for each cell type.

4.2. Parameters

For the Gabor filter, we used 4 orientations and 2 different
window sizes [10]. The orientations in degrees were 0, 45,
90 and 135. The window sizes were 9 x 9 and 17 x 17. The
frequencies were learned with search from 0 to 4.5 with a
0.125 step size [9]. Note that we used 4 orientations in each
window to construct either a histogram based or statistics
based descriptor. The optimal frequencies for the Gabor
methods are selected when the average recognition rate is
achieved and it is shown in Fig. 4. The proposed method
used all orientations and window sizes for the descriptors.
The frequencies used in the histogram based methods were
2.125,2.125 and 1.5 for 9 x 9, 17 x 17 and method with all
window sizes. For the Gabor statistics based descriptors, we
used frequencies 2.375, 3.625 and 2.375 for 9 x 9, 17 x 17
and the proposed. For the LBP, we used 8 neighbors [7]. For
the LPQ, the default parameters had the window size of 3 x
3 and decorrelation value of 1 [8].

4.3. Results

We compared the proposed method with histogram and
statistics based methods in gray scale, LBP, LPQ and Gabor
features at different window sizes with four orientations.
The Gabor histogram based method with 2 window sizes
and 4 orientations was also compared. As shown in Table 2,
the proposed method yields ten-fold accuracies of 78.08%
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for unattached cell, 90.38% for apoptotically blebbing cell,
78.25% for attached cell and 100.00% for dynamically
blebbing cell. The proposed method outperformed all other
methods in the average recognition rate (ARR) for all cell
types. The methods with Gabor descriptors outperformed all
the other non-Gabor descriptors with the minimum of 6.6%
and the maximum of 62.76% in ARR. Among the Gabor
filter based methods, the proposed method outperforms
them by at least 0.72% and at most 24.09%. The histogram
based features were not able to distinguish attached and
dynamically blebbing cells. As a result, the ten-fold
accuracy of the attached cells was 0% for all histogram
based features. We also tested the proposed features with
nearest-neighbor (NN) method, and it yielded 83.95% in
ARR [16]. The SVM outperformed NN by 2.73%.

5. CONCLUSIONS

In this paper, we used SVM with bio-inspired one-against-
all model and feature vector derived from Gabor statistics
for multi-class classification. In term of accuracy, the Gabor
with statistical descriptors methods outperformed all other
comparison methods as shown in Table 2. In term of feature
vector size, the proposed approach has only 40 descriptors
which is less than a single histogram that contains 256
descriptors. In term of reliability, the ten-fold average
recognition rate of the proposed method is differed from the
predicted accuracy under optimal frequency shown in Fig. 4
by less than 0.2%.

6. ACKNOWLEDGEMENT

This research was supported by NSF-IGERT: Grant DGE
0903667 and by TRDRP: Grant 20XT-0118 and 20FT-0084.

ICIP 2014

153



7. REFERENCES

[1] J. A. Thomson, J. Itskovitz-Eldor, S. S. Shapiro, M. A.
Waknitz, J. J. Swiergiel, V. S. Marshall and J. M. Jones,
“Embryonic stem cell lines derived from human blastocysts,”
Science, vol. 282, no. 5395, pp. 1145-1147, 1998.

[2] Z. Zhu and D. Huangfu, “Human pluripotent stem cells: an
emerging model in develop | biology,” Develop vol.
140, pp. 705-717, 2013.

[3] P. Talbot and S. Lin, “Mouse and human embryonic stem cells:
can they improve human health by preventing disease?,” Current
Topics in Medicinal Chemistry, vol. 11, no. 13, pp. 1638-1652,
2011.

[4] S. Lin, V. Tran and P. Talbot, “Comparison of toxicity of
smoke from traditional and harm reduction cigarettes using
embryonic stem cells as a novel model for pre-implantation
development,” Human Reproduction, vol. 24, pp. 386-397, 2009.
[5] S. Lin, S. Fonteno, J-H Weng, and P. Talbot, “Comparison of
toxicity of smoke from conventional and harm reduction cigarettes
using human embryonic stem cells,” Toxicological Sciences, vol.
118, pp. 202-212, Aug. 2010.

[6] S. Lin, S. Fonteno, S. Satish, B. Bhanu and P. Talbot, “Video
bioinformatics analysis of human embryonic stem cell colony
growth,” Journal of visualized experiments, vol. 39, May 2010.

[7] T. Ojala, M. Pietikdinen and T. Méenpéd, “Gray scale and
rotation invariant texture classification with local binary patterns,”
Proc. ECCV, vol. 1842, pp. 404-420, 2000.

[8] J. Heikkila, V. Ojansivu and E. Rahtu, “Improved blur
insensitivity for decorrelated local phase quantization,”
International Conference on Pattern Recognition, pp. 818-821,
2010.

[9] L. Fogel and D. Sagi, “Gabor filters as texture discriminator,”
Biol. Cybern., vol 61, pp. 103-113, 1989.

[10] W. K. Kong, D. Zhang and W. Li, “Palmprint feature
extraction using 2-D Gabor filters,” Pattern Recognition, vol. 36,
pp. 2339-2347, 2003.

[11] C. Chang, C. Lin and C. J. Lin, “LIBSVM: a library for
support  vector machines,” 2001, Available Online:
http://www.csie.ntu.edu.tw/~cjlin/libsvm.

[12] O. Chapelle, P. Haffner and V. Vapnik, “SVMs for histogram-
based image classification,” IEEE transactions on Neural
Networks, vol. 10, no. 5, pp. 1055-1064, 1999.

[13] R.C. Gonzalez and R.E. Woods, Digital Image Processing:
Third Edition. Upper Saddle River, NJ: Pearson Education Inc., pp.
795-856, 2008.

[14] Nikon. Biostation-IM.
http://www.nikoninstruments.com/content/search?SearchText=Bio
station+IM (accessed 22 Jan. 2014).

[15] B.X. Guan, B. Bhanu, P. Talbot, & S. Lin, “Automated human
embryonic stem cell detection,” Proc. 2nd IEEE International
Conf. On Health Informatics, Imaging and System Biology, pp. 75-
82, Sept. 2012.

[16] J. H. Friedman, J. Bentely and R. A. Finkel, “An algorithm for
finding best matches in logarithmic expected time,” ACM Trans.
On Mathematical Software, vol. 3, No. 3, pp. 209- 226, 1977.

4106

154

ICIP 2014



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation

information: DOI 10.1109/TCBB 2015.2480091, IEEE/ACM Transactions on Computational Biology and Bioinformatics

IEEE TRANSACTIONS ON BIOMEDICAL AND HEALTH INFORMATICS, MANUSCRIPT ID

Extraction of Blebs in Human Embryonic
Stem Cell Videos
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Abstract— Blebbing is an important biological indicator in determining the health of human embryonic stem cells (hESC).
Especially, areas of a bleb sequence in a video are often used to distinguish two cell blebbing behaviors in hESC; dynamic and
apoptotic blebbings. This paper analyzes various segmentation methods for bleb extraction in hESC videos and introduces a
bio-inspired score function to improve the performance in bleb extraction. Full bleb formation consists of bleb expansion and
retraction. Blebs change their size and image properties dynamically in both processes and between frames. Therefore,
adaptive parameters are needed for each segmentation method. A score function derived from the change of bleb area and
orientation between consecutive frames is proposed which provides adaptive parameters for bleb extraction in videos. In
comparison to manual analysis, the proposed method provides an automated fast and accurate approach for bleb sequence

extraction.

Index Terms— Bleb extraction, bioinformatics, bio-inspired, human embryonic stem cell (hESC).

1 INTRODUCTION

Blebs are membrane protrusions that appear and disap-
pear from the surface of cells. The extraction of blebs
and their changing area over time in live videos is im-
portant for understanding the mechanisms and function of
human embryonic stem cell (hESC) blebbing behavior.
The nature of blebbing behavior can be used to evaluate
cell health-dynamic blebs indicate healthy cells and apop-
totic blebs indicate dying cells. The ability to analyze rates
of bleb formation and retraction are important in the field
of toxicology and could form the basis of an assay that
depends on a functional cytoskeleton [1] [2] [3]. The biolo-
gists attempt to clarify the difference between dynamic
and apoptotic blebbings in hESC by comparing the time of
their occurrences. Blebbing is considered to be related to
signaling pathways. It is significant for biologists to have
enough evidence to determine whether Calcium, ATP and
P2X7 inhibitors can change the blebbing behavior through
the Rho-Rock Pathway or not. Inhibitors can alter blebbing
behavior by either blocking the pathway leading to myo-
sin activation or inhibit myosin directly. The dynamic
segmentation of blebs enables a rapid analysis to make
quantified measurements on very large datasets collected
with hESC under different experimental conditions. This
will lead to the understanding of foundational mecha-
nisms and function of blebbing which can ultimately con-
trol/regulate dynamic blebbing in hESC.

Two types of bleb characterization are needed to be
understood: Image characterization and physical charac-
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Fig. 1. Expansion and retraction processes occuring over time.

terization of blebs. Image characterization of blebs re-
quires the development of computational methods that
can provide high detection accuracy with minimum user
interaction with blebs in video. Physical characterization
of blebs provides enormous understanding of the dynamic
cell behavior. For example, it enables the development of a
method to prevent blebbing behaviors that lead to cell
death. Bleb detection in video is a way to accelerate our
understanding of blebs for the development of its physical
characterization.

This paper uses the H9 line of hESC (WiCell, Madison,
WIL) which are normally about 10 microns in diameter.
The average bleb-to-cell body ratio is about 16:57. In 2D
images, a single cell can have an average of 6 or a maxi-
mum of 11 blebs with a 20x objective. This paper is in-
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tended to explain the bleb formation phenomena and to
introduce a method to segment sequences of bleb regions
in video for further analysis. Bleb formation consists of
two processes: 1) expansion; 2) retraction [4] [5]. In the first
stage, the bleb expands sporadically. During the retraction
stage, the bleb either retracts back and disappears or par-
tially retracts. Complete bleb retraction normally occurs
during dynamic blebbing, which is a characteristic of
healthy cells. However, if bleb retraction does not occur
or occurs slowly, the cell is likely undergoing apoptosis or
cell death. Fig. 1 shows the sequences of both bleb expan-
sion and retraction. During expansion, bleb size increases
while cell body size decreases. In contrast, during bleb
retraction, bleb size decreases while cell body size increas-
es. At the final stage of expansion, the bleb is called an
intermediate bleb. The intermediate bleb indicates that tran-
sition from expansion to retraction is occurring. The in-

»f

Frame 6 Frame 7

Fig. 2. Example of bleb expansion sequence.

Frame3

Frame 16

Frame 15

Frame 13 Frame 14

Fig. 3. Example of bleb retraction sequence.

termediate bleb has the maximum bleb size in full bleb
formation process.

Fig. 2 and 3 show phase contrast images of blebbing
sequences for both expansion and retraction. The expan-
sion and retraction processes are visually similar but bio-
logically distinct [6] [7]. Based on our observation on the
videos, the change in area and orientation between blebs
from the consecutive frames are important for the segmen-
tation of blebs. With the modeled distributions of the
change in area and orientation, adaptive parameters for
segmentation methods are possible. Additionally, segmen-
tation methods with adaptive parameters improve the
performance in the detection of blebs.

Section 2 presents related work and the contributions
of this paper. Section 3 describes the technical approach in
detail. Section 4 provides experimental results and discus-
sions on video data. Finally, Section 5 provides the conclu-
sions of the paper.

2 RELATED WORK AND CONTRIBUTIONS

2.1 Blebbing of Human Embryonic Stem Cell

Both hESC dynamic and apoptotic blebbings consist of
two processes: expansion and retraction. From our previ-
ous studies, we observed that hESC tends to have more
blebs as well as having a higher rate of blebbings. Apop-
totic blebblings in non-healthy cells are commonly stud-
ied. However, blebs exist in both healthy and non-healthy
cells. Therefore, it is essential to analyze dynamic
blebbings in healthy cells. Understanding the differences
between both dynamic and apoptotic blebbings” mecha-
nism and function can lead to a breakthrough in develop-
ment of regenerative medicine.

2.2 Computational Models for Blebbing
Charras et al. [4] [5] reasoned that blebbing depends on
parameters such as pressure, membrane-cortex, adhesion
energy and membrane tension of a cell. The plasma mem-
brane of a hESC is attached under tension to a cortex of
filaments. If the connection with the filaments is weak-
ened, a bleb is produced by an event of pouring cytoplas-
mic fluid into the weakened region. When the growth of
the bleb stops, the bleb either retracts or stays the same. If
an actin cortex reforms under the bleb membrane, retrac-
tion is likely to occur and is driven by myosin-IL
StryChalski et al. [6] assumed that blebbing occurs due
to detachment of the cytoskeleton from the plasma mem-
brane, which produces a pressure-driven flow of cytosol
toward the area of detachment and into the area of expan-
sion. They proposed a computational model of blebbing
based on the mechanics of intracellular fluid, the actin
cortex, and the cell membrane. The model considers the
bleb formation time as a function of parameters derived
from cytoplasmic properties [6]. A similar model has been
proposed in [7].

2.3 Detection and Segmentation Methods for Cells
Due to the abundance, heterogeneity, dimensionality and
complexity of the image data, manual image processing
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and analysis is not feasible. In the analysis of biological
images, the performance of a segmentation method heavi-
ly depends on the tuning of segmentation parameters [8].
It is a tedious process yet the tuned parameters do not
guarantee the same performance on similar images. Object
detection and segmentation are essential in the analysis of
hESC and they are closely related.

Guan et al. [9] [10] present bio-inspired detec-
tion/segmentation methods for hESC in phase contrast
images. Their segmentation method was developed based
on the image property differences between cell region and
background [10]. Yin et al. [11] also developed a cell seg-
mentation method by using a bag of local Bayesian classi-
fier. Their segmentation method classifies each pixel in a
region with a Bayesian classifier. However, both methods
only work for extraction of cell and cell colony from a
phase contrast video. In this paper, we are concerned with
the detection of blebs of a single cell. Note that blebs are
part of the cell with similar image properties. Since there is
no previous work on detection of blebs, we will exploit the
following four commonly used methods for image seg-
mentation: region growing, normalized cut,

watershed.

Region growing (RG) by Adams et al. [12] [13] grows a
region initially from a seed point and groups its neighbor-
ing pixels to its region based on their similarity coefficient
threshold. Normalized cut (NC) method by Shi et al. [14] is a
graph based approach, and performs segmentation by
maximizing association within groups while minimizing
disassociation between groups. Meanshift (MS) method by
Comaniciu et al. [15] is a well-known density based ap-
proach that partitions the image by assigning pixels into
clusters with the same mode [16] [17]. Watershed (WS)
method performs a flooding process on a gradient image
where it starts at a local minima and builds watersheds to
separate adjacent catchment basins [18] [19].

2.4 Challenges for Bleb Analysis

Since a bleb is part of the cell, it brings the following chal-
lenges: i) bleb intensity and texture vary for different cells;
ii) blebs are connected to the cell bodys; iii) blebs have simi-
lar intensity/texture as the cell body or background; iv)
neighboring blebs share similar intensity and texture. Fig.
4 shows a set of expanding and retracting blebs. Although
these blebs look similar, they are different from each other
in intensity and texture. Therefore, the conventional seg-
mentation methods with constant parameters will not
work well on all the bleb images in a video. Most im-

S
T3 .
(b) (c) (d) (e)
4 " ~
.
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(h) (i)

O]

()
Fig. 4. A sample of blebs. (Note: the variety of blebs that are circled
in these images)
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TABLE 1
DEFINITION OF THE SYMBOLS USED IN THIS PAPER
Symbol Definition
t Index for the distribution functions.
E(t;Ap) Exponential distribution function.
Ap Inverse scaling parameter of the exponential.
G(t; Az, By) Gaussian distribution function.
Ag Mean for the Gaussian distribution.
B, IStandard deviation for the ian distribution.
LN(t; Ay, B,y) |Lognormal distribution function.
Ay Location parameter of the lognormal.
B,y |Scale parameter of the lognormal.
P(t; Ap) Poisson distribution function.
Ap Mean parameter of the Poisson.
RL(t; Ag) Rayleigh distribution function.
Ap, Mode parameter of the Rayleigh distribution.
GAM (t; Ag . Boay)|Gamma distribution function.
Ay hape parameter of the Gamma distribution.
By lScaIe parameter of the Gamma distribution.
Sa,p(AA,A6) Bio-inspired optimization metric.
AA, A6 Values for change in bleb area and orientation.
hift and a Parameters vector of modeled A4 distribution.
) Parameters vector of modeled A@ distribution.

portantly, blebbing is a dynamic process, and the bleb
properties change over time. As a result, subsequent blebs
in the same video sequence might have different image
properties. Consequently, the performance of RG, NC, MS
and WS methods will suffer from any constant input pa-
rameters.

2.5 Contributions of this Paper

We propose a bio-inspired optimization method for the
segmentation of dynamic blebs. The proposed approach
adapts parameters for images in the bleb formation pro-
cess: expansion and retraction. The parameters for the bio-
inspired metric are derived directly from the distributions
of change in area and orientation between consecutive
blebs. Since the health status of a cell can be determined
from the bleb formation process, it is important to im-
prove the accuracy in bleb detection. Therefore, the pro-
posed optimization method is essential in quantitative
analysis of cell health.

3 TECHNICAL APPROACH

In this section, we first introduce the derivation of the
statistical models for bio-inspired optimization metric.
We also elaborate on the optimization metric. We then
explain the segmentation methods for the detection of
blebs in video. In addition, a summary of the proposed
algorithm and a flowchart for segmentation in video are
also provided. For the convenience of the reader, a sum-
mary of the symbols used in this paper is given in Table 1.
Fig. 5 shows the overview of the proposed system.

The proposed system uses exhaustive search to obtain
an optimal solution. Segmentation result with specific
parameters is given a score in the bio-inspired optimiza-
tion step. This score is calculated based on the modeled

distributions. The modeled distributions are the general-
EE permission. See
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Video

and A6 can be characterized as Gamma distributions. Fig.
6 shows the best models that fit the actual AA and A@ dis-
tributions.
TABLE 2
MODELED DISTRIBUTIONS: PARAMETERS AND MSE
Parameters and MSE for AA Distribution

S 1
~—
A

—

y
gmmmmm s )
' \ 1 inenk
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 Distr 1 Op
N e - /
Output

Fig. 5. Overview of the proposed system.
ized distributions obtained from distribution fitting the
change in bleb areas and orientations.

3.1 Modeled Distributions

3.1.1 Motivation

Since image properties of a bleb changes with time, con-
stant parameters of segmentation methods will perform
poorly. Therefore, dynamic parameters with considera-
tion of bleb changes over time are needed for the segmen-
tation methods. Based on our observation of the hESC
blebbing videos, we concluded that A4 and A6 between
consecutive frames provide relative behavior of a bleb
over time. Fig. 1 shows an example of how bleb changes
over time. Therefore, we obtain the generalized models
for AA and A@ distributions through model fitting.

3.1.2 Learning the Distributions of A4 and A6
We used a model fitting technique on the actual distribu-
tions of AA and Af. Equations (1)-(6) are used in our mod-
el fitting technique [20] [21]. Definitions of parameters for
the following equations are provided in Table 1.
Exponential distribution function:

E(t; Ag) = Age™ 4t
Gaussian distribution function:

®

G(t:Ac Be) = ;- me %6 @
Lognormal distribution function:
. _ (in@)-a7y)*
LN(t; Ay, Biy) = P L 28in ®)
Poisson distribution function:
t
P(t; A4p) = Ze @
Rayleigh distribution function:
_¢2
RL(t; Ag,) = A:f e ®)
Gamma distribution function:

t

1 __t
tAcaM—1g Bgay

GAM(&; Agam Boan) = ———7ez; i
(t; Agam Boan) r(AGAM)Bg%lM ©

I'(*) is a gamma function operator. The optimal parame-
ters and mean squared error (MSE) for each distribution is
shown in Table 2. Since we are seeking model that yields

fow MSE for eal ity s rclad et b

http://www ieee.org/publications_standard

P s| Exp. | Gauss. Log. Poisson | Rayleigh |Gamma
A 61.810 | 61.810 2,617 61.810 103.134 0.431
B NA'" | 132356 2.983 NA' 'NA' 143.288
MSE 1.07E-03|1.43E-03| 9.48E-04 |2.10E-03| 1.77E-03 |[9.29E-04
Parameters and MSE for A@ Distribution
Parameters| Exp. | Gauss. Log. Poisson | Rayleigh |Gamma
A 19.474 | 19.474 0.970 19.474 31.116 0338
B NA' | 39.535 4.369 NA' NA' 57.574
MSE  |4.29E-03|6.25E-03| 4.11E-03 |[8.80E-03| 831E-03 |3.60E-03

Note: A and B — parameters for each model distribution;
MSE - mean squared error; Bold — best result ; Exp. — Exponential;
Gauss. - Gaussian; Log. - Lognormal; NA — not applicable.

3.2 Bio-inspired Optimization for Segmentation

For this paper, the segmentation methods with the bio-
inspired optimization are called bio-optimized methods.
The bio-inspired optimization metric provides an adaptive
solution to the segmentation problem with following two
steps. First, the metric yields scores for a set of parameters
in a particular segmentation method and retains the corre-
sponding scores of the parameters in the set. Second, op-
timal solution is selected from the parameters with the
highest score.

3.2.1 Bio-inspired Optimization Metric
The optimization metric S, 4(AA, AB) considers D;and D,,
the modeled AA and A6 distributions, as two independent
distributions. D, (A4; @) is a score of AA in a distribution
that is parameterized by a. D,(A6; ¢) is a score of Af in a
distribution that is parameterized by ¢. The general form
of the optimization metric is shown below.

Sa.9(AA,08) = D (AA; @) * D;(46; ) @)
The final form of the optimization metric is shown in the
following equation:

Smax = MaXa4 9 Sap(A4, AG) ®)

The optimized S, is found when the metric score is max-
imized with a given AA and A6 values.

3.2.2 Parameter Update

The initial centroid and area of the bleb are given by the
end user. Bleb centroid tells the algorithm about the region
of interest. Bleb area is needed to calculate AA and A6 for
the segmentation parameters. The subsequent bleb cen-
troid and bleb area in a video sequence are generated au-
tomatically. The bleb centroid of the next frame is the cen-
troid of the current detected bleb region [22]. Moreover,
the assumption of smooth/gradual transition between
consecutive frames is made for bleb formation processes.
The detected bleb at each frame is a region where the op-
timal parameters of a segmentation method that maxim-
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ized the bio-inspired optimization metric which is de-
scribed in equation (8). Equation (8) uses the modeled dis-
tributions as shown in Fig. 6 to calculate the scores for the
segmentation parameters. When the maximum score is
found, the estimated bleb centroid and current bleb area
for the next frame are updated. The output of the method
for a video is a sequence of binary masks of the detected
blebs.

3.3 Segmentation Methods Compared

In this section, we explain each segmentation method in
detail and show how bio-optimization is achieved. We
also provide Table 3 which summarizes the search range

for each optimization parameter.
TABLE 3
OPTIMIZATION PARAMETERS AND RANGES

Method Optimizing Parameters Range of Optimization

Region Growing | Similarity coefficient threshold 0 to 1 with step 0.01

NCUT Number of clusters 2to 10 with step 1
Spatial bandwidth 1 to 8 with step |
Range bandwidth 1 to 8 with step 1

hed lue/threshold 1 to 254 with step 1

3.3.1 Region Growing

Region growing is a region based segmentation method. It
starts with an initial seed point and iteratively evolves its
region by evaluating its region’s neighboring contour. It
groups the contour pixels based on a similarity threshold.
The contour pixels are grouped into the region if the simi-
larity between the pixel and region feature is less than a
threshold. As a result, the performance of the region
growing method depends on the selection of the thresh-
old. In the bio-optimized region growing approach, the
threshold is an adaptive parameter that is needed to be
found. The search range for the optimal threshold in the
bio-optimized region growing is from 0 to 1 with stepsize
0.01.

3.3.2 Normalized Cut

Normalized cut is a graph based approach. It considers each
pixel as a vertex and edge as a connection weight between
pixels. The main objective of this approach is to minimize
the disassociation between the groups while maximizing
the association within the groups. The number of possible
groups is determined by the end user. As a result, the
number of possible groups in an image is the adaptive
parameter in the bio-optimized normalized cut. Since the
bleb is the foreground and the rest of the image is the
background, we have at least two components in the im-
age. Based on observation, each frame consists of five dif-
ferent regions: 1) background; 2) cell body; 3) halo; 4) bleb;
5) debris or part of neighboring cell. Since the image con-
tains these five basic regions, the number of expected re-
gions is five under ideal condition. With the consideration
of the worst case scenario, we double the number of pos-
sible components in an image. Therefore, the search range
is set to be 2 to 10 components.

3.3.3 Meanshift

Meanshift method is a density based approach. It has two
parameters: spatial and range bandwidths. It also requires
the minimum size of a region. In this paper, the minimum
size of a region is set to be 60 pixels which is the smallest
recognizable bleb. The spatial range determines the size of
the search window that computes the meanshift. The
range bandwidth determines the window size that is used
to compute the feature. In this paper, the optimization
search range for the spatial bandwidth is from 1 to 8 and
the range bandwidth is from 1 to 8.

3.3.4 Watershed

Watershed is a topological based method. It is often applied
on a gradient image. It partitions the image into two dif-
ferent sets: catchment basins and watershed line. The wa-
tershed method floods the topographic surface of a gradi-
ent image from its regional minima. It builds watershed
lines to prevent waters in different catchment basins from
merging. In this paper, the gradient image is the Euclidean
distance transform of the marker image. The marker im-
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age (binary image) is obtained with the extended mini-
mum of the original image [19]. The extended minimum
approach depends on the suppressing value to binarize
the image. Therefore, the suppressing value is the adap-
tive parameter for the bio-optimized watershed. Since the
image is an 8 bit image, the search range for the optimal
suppressing value is from 1 to 254.

3.4 Summary of the Proposed Algorithm

Algorithm 1 Bleb extraction in video

Input: V is a video with a total F number of frames. B,
and By, are given bleb centroid and area initially.
Output: R is a sequence of binary masks of blebs.

1: procedure BlebExtraction(V, Bent , Barea)

2:  Set frame index f to 1.

3:  Perform segmentation with different segmentation
parameters on f;, video frame, V(f).

4:  Obtain optimal parameters/segmentation result by
equation (8)

5:  Save optimal segmentation result to R(f)

6:  Update estimated B, and B,,, with R(f)

7:  Increment frame index f by 1.

8:  Repeat steps 3 to 7 until index f > F

9:  Output segmentation result R.

10: end procedure

To further explain the segmentation block as shown in
Fig. 5, a flow chart of segmentation is provided in Fig. 7.
It shows a general process of segmentation with a set of
parameters for a single bleb.

4 EXPERIMENTAL RESULTS

4.1 Data

All time lapse videos were obtained with a BioStation IM
[23] [24]. The frames in the video are phase contrast imag-
es. The videos were acquired using 20x objective with 600
x 800 resolution. Each video frame is acquired at 2 seconds
time interval. For this experiment, we have 26 expansion,
30 retraction, and 9 full bleb formation videos which are
cropped randomly from the BioStation’s raw videos. A
total of 692 frames are in the 65 videos. The A4 and A6
distributions are derived from the first 13 expansion and
15 retraction videos. The remaining 13 expansion, 15 re-
traction and 9 full bleb formation videos are used as the
testing dataset. The ground-truth for all videos was gener-
ated manually by expert biologists.
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4.2 Parameters

4.2.1 Segmentation Parameters of Standard
Algorithms

The conventional segmentation parameters are identified
individually by a receiver operating characteristic (ROC)
curve [25]. Fig. 8 shows the ROC curves for four different
segmentation methods. The training frames are obtained
from the first frame of each 28 experimental videos. The
optimal point is the maximum true positive rate within
the range of 0 to 0.4 false positive rates. Based on the
ROC, we determined that the region growing’s optimal
similarity threshold is set to be 0.15. For the normalized
cut method, the optimal number of components is 2. For
meanshift, optimal range and spatial bandwidths are 1
and 3. Its minimum region criterion is set to 60 pixels
which is the smallest recognizable bleb size. For water-
shed, the optimal suppressing value is 115.

4.2.2 Parameters for the Proposed Method

For the proposed method, the first bleb area and center
were needed initially for each video sequence and were
provided by the end user. The modeled distribution pa-
rameters are also required for the bio-inspired optimiza-
tion metric. Since AA and A@ distributions are best fitted
by Gamma distribution with different parameters, we
uses their optimal parameters in the optimization metric.
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Fig.8. ROC plot for (a) Region growing, (b) normalized CUT, (c) meanshift, (d) watershed.
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AA distribution is modeled as Gamma distribution with
parameters Ag,y and Bgay equal to 0.431 and 143.288. AG
distribution is also modeled as a Gamma distribution
with parameters A;,y and B4y equal to 0.338 and 57.574.
The aforementioned model parameter values are used in
equations (7) and (8).

There are two different types of parameters that need
to be considered for our approach: (a) the parameters of
the optimization metric and (b) the range of parameters of
the selected segmentation method. For the optimization
metric parameters, the parameter sensitivity depends on
the size and the quality (independent samples, image
quality, etc.) of the representative dataset. Typically, a
larger training dataset can better generalize the parame-
ters in the optimization metric. For each segmentation
method, the range of parameter values depends on the
method and the characteristics of video frames. For this
paper, a detailed discussion is provided in Subsections 3.3
and 4.2 to determine the parameter range for each seg-
mentation method. This range provided good segmenta-
tion results for the videos used in this paper.

4.3 Performance Measures

For comparison, we use methods suggested by Shattuck et
al. [25][26]. Our comparison metrics are Jaccard similarity
(JAC), Dice coefficient (DIC), sensitivity (SEN), specificity
(SPC) and balanced accuracy (BAC). The JAC is a measure of
similarity between experimental results and the ground-truth.
The DIC is the measure of the agreement between experi-
mental results and ground-truth. The SEN is a measurement
of the proportion of actual positives which are correctly identi-
fied. The SPC measures the proportion of the actual negatives
which are correctly identified. Moreover, the true positive rate
(TPR) is equivalent to SEN, and the false positive rate (FPR) is
same as SPC subtracted from 1. The BAC is an average of
SEN and SPC. The equation for each metric is shown below:

TP

Jac = (TP+2F1}_’P+FN) ©)
bic= (2TP+FP+FN) (10)
SEN = (TP+FN) 1)

TN

(FP+TN)
SEN+SPC

SPC = (12)

BAC = (13)
The variables are defined as follows: 1) true positive (TP),
2) true negative (IN), 3) false positive (FP) and 4) false
negative (FN). TP indicates the overlapped region of the
detected bleb’s binary mask and the bleb ground-truth’s
binary mask. TN is the overlapped region of the detected
background’s binary mask and the background ground-
truth’s binary mask. FP is the detected background’s bina-
ry mask that is falsely identified as part of the bleb region.
FN is the detected bleb’s binary mask that is falsely identi-
fied as part of the background.

4.4 Segmentation Results

4.4.1 Qualitative Results

The bio-inspired optimization on all segmentation meth-
ods, combined bio-optimized method, has better perfor-
mance on average than other methods as shown in Fig. 9.
All bio-optimized methods have segmentation results
closer to the ground-truth. Since the segmentation with
the bio-optimized methods is constrained by the bio-
optimization metric, over-segmentation was less signifi-
cant than the conventional methods.

4.4.2 Quantitative Results

The segmentation methods with the bio-inspired optimi-
zation outperformed all conventional segmentation
methods in this paper. The conventional meanshift with
fixed parameters outperforms the other conventional
segmentation methods. Based on average mean JAC and
average mean DIC of the three datasets, the bio-
optimized meanshift outperformed the conventional
meanshift by more than 12%. In addition, all other bio-
optimized methods outperformed their conventional
counterparts by at least 5% in both mean JAC and mean
DIC. The mean JAC and mean DIC performances for each
dataset are shown in Table 4.
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The top four performers based on the average mean
JAC and average mean DIC of the three datasets are
ranked as combined bio-optimized method, bio-
optimized region growing, bio-optimized meanshift and
bio-optimized watershed. Table 5 shows corresponding

average mean JAC and average mean DIC for the afore-
mentioned top performers. The combined bio-optimized
method is the best performer in all datasets. The com-
bined bio-optimized method also has 79.19% in average
mean BAC which is the best overall performance in all

TABLE 4
RESULTS ON EXPERIMENTAL DATA (NOTE ALL VALUES ARE IN PERCENTAGE)
Results on Expansion Videos

Metric JAC DIC SEN SPC
Method Min Max Std Mean| Min Max Std Mean| Min Max Std Mean| Min Max Std Mean
Region Growing | 2.02 | 77.96 | 26.42 | 2192 | 3.95 | 87.61 | 29.36 | 30.16 | 68.75 | 99.86 | 9.27 | 84.09 | 3.00 | 99.97 | 40.49 [ 49.04
Region Growing* | 4322 | 80.69 | 1297 | 60.11 | 6035 | 8931 | 1012 | 7433 | 4322 | 81.18 | 1259 | 63.73 | 95.56 | 100.00 | 1.38 | 99.44
NCUT 197 | 6211 | 2049 | 21.75 | 3.86 | 76.62 | 25.05 | 31.87 | 58.87 [ 100.00 | 1524 | 78.43 | 2.86 | 100.00 [ 3573 | 61.18
NCUT* 9.58 | 62.07 | 20.16 | 4290 | 17.48 | 76.59 | 21.97 | 57.19 | 55.17 | 83.62 | 9.14 | 67.71 [ 85.61 | 100.00 | 512 | 9548
Meanshift 2.57 | 69.74 | 2084 | 39.78 | 5.01 | 82.18 | 23.74 | 53.68 | 4625 | 73.55 | 8.89 | 60.95 [ 35.84 | 100.00 [ 17.58 | 90.94
Meanshift* 2983 | 73.70 | 13.67 | 5524 | 4595 | 84.86 | 12.02 | 70.19 | 29.89 | 77.36 | 14.63 | 58.62 | 9693 | 100.00 [ 0.82 | 99.59
Watershed 389 | 61.10 | 1821 | 21.99 | 7.50 | 75.85 | 2237 | 32.99 | 43.11 | 100.00 | 18.61 | 7691 | 23.51 | 98.77 | 22.81 | 73.91
Watershed* | 27.55 | 73.99 | 1517 | 4599 | 4320 | 85.05 | 14.00 | 61.67 | 27.55 | 78.63 | 17.69 | 51.14 | 9621 [ 100.00 | 1.16 | 99.14
Combined* | 45.06 | 7887 | 9.05 | 60.68 | 62.13 | 88.18 | 7.05 | 75.17 | 48.12 | 81.18 | 9.76 | 6530 | 9630 | 100.00 | 099 [ 99.54

Results on Retraction Videos

Metric JAC DIC SEN SPC
Method Min Max Std Mean| Min Max Std Mean| Min Max Std Mean| Min Max Std Mean
Region Growing | 4.68 | 32.64 | 839 | 1278 | 894 | 4922 | 1236 | 21.80 | 63.59 | 9830 | 897 | 8143 | 471 | 86.57 | 30.18 [ 5322
Region Growing* | 1521 | 74.55 | 14.86 | 57.26 | 26.41 | 8542 | 14.65 | 71.54 | 37.82 | 7457 | 9.63 | 6231 | 76.12 | 100.00 | 6.12 | 98.22
NCUT 269 | 1666 | 415 | 1095 | 524 | 2857 | 685 | 19.50 | 66.24 | 100.00 | 11.66 | 84.78 | 578 | 8221 | 22.09 | 51.10
NCUT* 1430 | 6262 | 1331 | 4320 | 25.03 | 77.01 | 13.98 | 59.13 | 47.47 | 86.69 | 11.76 | 62.90 | 78.70 | 99.95 | 6.67 | 95.51
Meanshift 482 | 7087 | 2030 | 4223 | 921 [ 8295 | 21.73 | 56.52 | 4191 | 76.04 | 10.12 | 59.96 | 77.12 | 100.00 | 6.74 | 9534
Meanshift* 4163 | 7377 | 922 | 5830 | 58.78 | 84.90 | 753 | 7325 | 4653 | 7684 | 7.99 | 6097 | 99.02 | 100.00 | 028 [ 99.77
Watershed 573 | 49.89 | 1423 | 2222 | 10.83 | 66.57 | 18.07 | 34.40 | 32.34 | 94.16 | 1934 | 62.27 | 53.77 | 98.63 | 15.08 | 82.52
Watershed* | 26.62 | 68.73 | 1341 | 47.59 | 42.04 | 8147 | 12.84 | 63.40 | 28.08 | 78.80 | 15.09 | 52.63 | 97.83 [ 100.00 | 0.75 [ 99.21
Combined* | 41.63 | 73.77 | 942 | 5992 | 5878 | 84.90 | 7.60 | 7452 | 49.48 | 82.05 | 1041 | 6573 | 9635 | 100.00 | 1.00 | 9932

Results on Full Bleb Formation Videos

Metric JAC DIC SEN SPC
Method Min Max Std Mean| Min Max Std Mean| Min Max Std Mean| Min Max Std Mean
Region Growing | 1.25 | 2145 | 6.60 | 507 | 247 | 3533 | 1078 | 9.05 | 62.65 | 9132 | 855 | 7876 | 2.83 | 96.43 | 33.70 [ 55.73
Region Growing*| 9.71 | 5508 | 13.71 | 40.79 | 17.70 | 71.03 | 1615 | 56.56 | 1145 | 5528 | 13.11 | 41.94 | 99.60 | 100.00 | 0.13 | 99.93
NCUT 144 | 408 | 084 | 249 | 285 | 7.85 | 1.60 | 4.84 | 87.05 [ 100.00 | 4.55 | 9722 | 143 | 77.52 | 19.56 | 4531
NCUT* 147 | 3622 | 1549 | 1695 | 2.89 | 53.18 | 2262 | 2633 | 50.05 | 99.67 | 21.48 | 7329 | 1.43 | 99.53 | 3523 | 71.28
Meanshift 357 | 4878 | 17.02 | 3746 | 6.90 | 65.58 | 21.82 | 52.10 | 16.04 | 56.30 | 12.18 | 47.85 | 83.05 | 99.93 | 557 | 97.90
Meanshift* 1115 | 5579 | 13.02 | 4333 | 2006 | 71.62 | 1536 | 5923 | 14.02 | 56.62 | 1254 | 44.46 | 99.42 | 100.00 | 0.19 | 99.92
Watershed 281 | 6493 | 2020 | 1724 | 547 | 78.74 | 24.10 | 25.75 | 19.48 | 88.07 | 19.07 | 64.57 | 76.63 | 99.77 | 8.44 | 90.86
Watershed* | 1352 | 5835 | 19.19 | 3397 | 2382 | 73.70 | 21.17 | 48.03 | 17.72 | 69.68 | 20.19 | 37.56 | 98.08 [ 100.00 | 0.62 | 99.71
Combined* 1115 | 5579 | 13.14 | 44.07 | 2006 | 71.62 | 1551 | 5992 | 14.02 | 56.62 | 12.62 | 4524 | 99.42 | 100.00 | 0.19 | 99.92

* denotes a bio-optimized method and bold denote the top four performers. Combined* denotes optimization on all four segmentation

methods.
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TABLE 5
Top FOUR PERFORMERS

Measure Combined* G‘:zg“’“ « | Meanshift* ! Watershed*
Average

Mean JAC 54.89% 52.72% 52.29% 42.52%
Average

Mean DIC 69.87% 67.48% 67.56% 57.70%
M'::{gggc 79.17% 77.59% 77.22% 73.23%

* denotes a bio-optimized method, and bold denotes best performance.
three experimental datasets. The combined bio-
optimized’s average mean BAC shows that at least 79% of
bleb and background regions can be accurately retrieved.

To determine the statistical significance of the top four
performers (combined*, region growing*, meanshift*, and
watershed*) as shown in Table 5, a t-test with 5% signifi-
cant level for the combined* method against the other
three top performers (region growing*, meanshift* and
watershed*) is carried out. The t-test was done for DIC
measure. We found that the bio-optimized combined
method failed to reject the null hypothesis for the bio-
optimized region growing and bio-optimized meanshift
methods. However, the null hypothesis was rejected for
the bio-optimized watershed method. The acceptance of
the null hypothesis was due to the fact that the combined*
approach favored one individual segmentation method in
some experiments. Therefore, it essentially yields the
same solution as a particular segmentation method.

Based on Table 4, the bio-optimized methods generally
have lower average standard deviation (Std) in both JAC
and DIC measures than their counterparts with exceptions
of bio-optimized NC and bio-optimized RG. The conven-
tional NC and RG have consistent lower performances in
both JAC and DIC for all three datasets. Since the cell and
the bleb are dynamically changing over time, adaptive
parameters that are found with the bio-optimized metric
improves the performance and consistency of the segmen-
tation methods significantly. The fixed parameters in the
conventional segmentation methods are not sufficient to
handle the blebbing sequence where the bleb’s image
properties change over time.

Due to the bio-optimized metric, the bio-optimized
segmentation methods did not suffer from severe over-
segmentation. The bio-optimized segmentation methods’
solutions are bounded by the bio-optimized metric. There-
fore, the bio-optimized segmentation methods have higher
performance for the blebbing sequence than the conven-

TABLE 6
COMPUTATIONAL TIME STATISTICS PER FRAME IN SECONDS

Method Min Max Mean Std
Region Growing 0.02 1.39 0.32 0.35
Region Growing* 242 38.52 12.52 11.99
NCUT 0.29 4.81 1.74 1.48
NCUT* 2.36 47.56 16.49 14.18
Meanshift 0.02 0.17 0.06 0.05
Meanshift* 0.33 3.86 1.22 113
Watershed 0.01 0.05 0.02 0.01
Watershed* 1.67 12.79 4.85 3.28
Combined* 6.61 122.54 36.14 35.07

* denotes a b
enotes a bio-optimized Methiod: 15 IEEE. Personal use s permitted, but repablication/rediuib

dard hli

tional segmentation methods. The constant parameters in
the conventional segmentation approaches are the cause
for their low performance. The proposed methods with
adaptive parameters are able to capture the local region of
the bleb more accurately.

4.5 Discussion

4.5.1 Effect of Model Parameters on Performance

The parameters that characterized the AA and A8 distribu-
tions are essential in the optimization process. Inaccurate
model parameter values might lead to either under-
segmentation or over-segmentation of the bleb. As a re-
sult, the model parameters found through model fitting
are important for equation (7) which yields a score for
each element in a set of segmentation parameters.

4.5.2 Effect of Bleb and Cell Sizes on Performance
The bleb and cell body size are important for the perfor-
mance in the optimization process. There are three types
of small blebs that have poor performance in the proposed
method:

1. Small blebs due to smaller cell (typically a small

bleb has roughly 240 pixels or less).

2. Small blebs at the initial stage of the expansion.

3. Small blebs at the final stage of the retraction.
The smaller blebs for any process are not fully developed
and often have similar intensity and texture as the cell
body. Therefore, over-segmentation is bound to happen if
the cell body and its bleb share similar image properties.
The proposed method yields a lower value in comparison
metric for small blebs. However, larger cells with larger
blebs often perform better. A typical large bleb has 1700 or
more pixels.

4.5.3 Automation in Segmentation

The bio-optimized segmentation method is a semi-
automated approach in which the initial bleb centroid and
area is given by the user in the first frame. Automation is
done on the subsequent frames in a video for the optimal
segmentation result with equation (8). However, it still
alleviates the biologist’s burden from complete manual
extraction of bleb in video for analysis. The proposed
yields bleb area distribution and provides the bleb bound-
ary over time. It is a useful data mining approach to help
biologist quantify analyses on dynamic and apoptotic
blebbing behavior.

4.5.4 Time Complexity

Since the proposed method was an iterative optimization
process, it yielded higher time complexity for all bio-
optimized segmentation methods. The best performer
among the bio-optimized segmentation methods was the
combined bio-optimized method. However, it required an
average of 36.14 seconds to process a single frame as
shown in Table 6. The bio-optimized meanshift was the
only bio-optimized method with the lowest time complex-
ity. The tradeoffs between the bio-optimized meanshift
and combined bio-optimized method were performance

d time com‘PIexx The experiments were done on a
tion requires IEEE permission. See
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laptop with an Intel(R) Core™ 2 DUO CPU processor that
run at 2.53 GHz.

5 CONCLUSIONS

The bio-optimized segmentation methods have better per-
formances than their conventional counterparts. Their
high performance shows the modeled distributions is sig-
nificant for segmenting blebs in videos. With the bio-
inspired optimization metric, low performance due to
over-segmentation is reduced. However, the segmentation
method might not generate an ideal/exact solution to op-
timize the metric tightly due to the fact that a bleb has sim-
ilar image properties to its cell body. The over-
segmentation in the approach is the inability of the seg-
mentation method to discern the bleb from its cell body.

In terms of biological contribution, this paper intro-
duces a new concept that the bleb formation/retraction
process can be used as a biological indicator of cell health.
Healthy cells retract their blebs back to the cell body, while
non-healthy cells do not retract them or retract them slow-
ly. In terms of a computational contribution, this paper
suggests a bio-inspired optimization metric to segment
bleb regions. We introduced an approach to improve bleb
detection accuracy by using adaptive parameters instead
of using constant parameters for all bleb frames in a video.
The proposed segmentation methods with adaptive pa-
rameters found by the bio-inspired optimization metric
has consistently higher performance. In the future work,
we will consider incorporating shape prior information in
our approach for accurate bleb detection [27][28]. Shape
prior will introduce shape variability consideration in our
approach [27].

This work can be used by biologists to evaluate the
state of health of hESC in culture in various experimental
conditions. It could be valuable in drug screening and in
toxicological studies where short times to an endpoint are
desirable, as well as resource and time saving. It may be
adaptable in the future to high throughput screening of
chemicals and drugs that need to be evaluated for embry-
otoxicity.
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