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Metabolic trajectory of cellular
differentiation in small intestine by Phasor
Fluorescence Lifetime Microscopy of
NADH
Chiara Stringari1, Robert A. Edwards2, Kira T. Pate3, Marian L. Waterman3, Peter J. Donovan4,5

& Enrico Gratton1

1Laboratory of Fluorescence Dynamics, Department of Biomedical Engineering, University of California, Irvine, 2Department of
Pathology, University of California, Irvine, 3Department of Microbiology & Molecular Genetics, University of California, Irvine,
4Department of Developmental & Cell Biology, University of California, Irvine, 5Department of Biological Chemistry and Sue and Bill
Gross Stem Cell Research Center, University of California, Irvine.

There is a lack of fast and high resolution methods to measure metabolic activity of single cells in their native
environment. Here we develop a straightforward, non-invasive and sensitive method to measure metabolic
phenotype of single cells in a live tissue. By using NADH as optical biomarker and the phasor approach to
Fluorescence Lifetime microscopy (FLIM) we identify cellular metabolic fingerprints related to different
rates of oxidative phosphorylation and glycolysis. For the first time we measure a three dimensional
metabolic gradient in the small intestine (SI) epithelia that appears tightly associated with epithelial cell
proliferation, differentiation and the Wnt gradient. The highest free/bound NADH ratios are measured at
the base of the crypt within the highly proliferative stem cells, indicating high levels of glycolysis. For the first
time mouse small intestinal stem cells in intact live crypts are identified within the tissue by their metabolic
fingerprint.

A
lthough several methodologies to measure physiological processes in tissues and gene expression in single
cells have been developed in the last decades, the major limitation remains the absence of robust and non-
noninvasive methods that provide a fast quantitative readout of single cells metabolism within the native

microenvironment of the living tissue.
Metabolic activity in proliferating cells, such as cancer cells and stem cells, is fundamentally different from non-

proliferating cells. Warburg first observed that most cancer cells ferment glucose into lactate regardless of the
presence of oxygen1. This effect, known as aerobic glycolysis, supports the efficient synthesis of macromolecular
components necessary for rapidly dividing cells. Most proliferative cells rely on aerobic glycolysis in contrast to
normal differentiated cells which rely primarily on oxidative phosphorylation2. During proliferation, the large
increase in glycolytic flux rapidly generates cytosolic ATP resulting in high ATP/ADP and NADH/NAD1

ratios2–4.
The metabolic coenzyme nicotinamide adenine dinucleotide (NADH) is the principal electron acceptor in

glycolysis and electron donor in oxidative phosphorylation. NADH ubiquity renders this coenzyme one of the
most useful and informative intrinsic biomarkers for metabolism, mitochondrial function, oxidative stress, aging
and apoptosis in live cells and tissues5. Since the pioneering work of Britton Chance6 metabolic imaging of NADH
levels and of the relative amounts of reduced and oxidized NADH is extensively used to monitor changes in
metabolism. Chemical methods that infer NADH:NAD1 ratios indirectly from the concentrations of redox
couples such as lactate and pyruvate7 require the use of cell extracts and are incompatible with studying dynamics
in intact living cells and tissues. Instead, optical readouts of NADH autofluorescence allows real time and non-
invasive monitoring of the metabolic state of a cell during (patho)physiological changes and reports on levels of
oxidative phosphorylation and glycolysis. Monitoring the NADH fluorescence intensity provides useful informa-
tion on NADH/NAD1 ratios8, since NADH loses fluorescence upon oxidation to NAD1. However intensity-
based measurements of NADH/NAD1 contain artifacts due to the heterogeneity of fluorophore concentration
and to differing quantum yields of NADH in the free and bound form. This problem can be tackled by using
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fluorescence lifetime imaging (FLIM), since lifetime is a concentra-
tion-independent optical response and is minimally affected by tis-
sue absorption and scattering and fluctuation in excitation intensity.
FLIM reports on a fluorophore’s micro-environment and can dis-
criminate free or protein-bound NADH. The combination of FLIM
and multi-photon excitation provides 3-D images of NADH life-
times with cellular and subcellular resolution in living tissues with
minimal photo damage and phototoxicity9,10, and is becoming a
valuable technique to assess metabolic states of cells associated with
carcinogenesis and cell differentiation in vitro11–14 and in vivo15,16.
NADH has either a short or long lifetime component depending
whether it is in a free or protein-bound state. Protein-bound
NADH is characterized by a complex multi-exponential lifetime
decay that has been related to its binding to different enzymes, such
as malate dehydrogenase (MDH) and lactate dehydrogenase
(LDH)17. Metabolic pathways related to carcinogenesis and differ-
entiation are known to change NADH binding sites and enzymatic
binding is directly related to NADH cycling through the energy
production pathway18. For example, Bird et al. 2005 demonstrated
that changes in the ratio of free to protein-bound NADH are assoc-
iated with the NADH/NAD1 redox ratio in breast cancer cells11.
Although technological advancements in time resolved micro-
scopy19,20 are allowing for more sensitive measurements, one of the
major limitations of NADH metabolic imaging remains the inter-
pretation of complex multi-exponential lifetime decays for NADH.
The traditional way of fitting intensity decays in every pixel with two
exponentials assumes that the ratio of the ‘‘short’’ and ‘‘long’’ com-
ponents is equivalent to the ratio of free/bound NADH. This appro-
ximation is misleading because free and protein-bound NADH
have common exponential components and the NADH binding
sites with different enzymes cannot be taken in account. We recently
introduced the phasor approach to fluorescence lifetime imaging
analysis that provides a fit-free, unbiased representation of the raw
autofluorescence FLIM data16,21. We demonstrated that phasor FLIM
is a very sensitive tool to quantify the relative concentrations
of intrinsic fluorophores, regardless of the complexity of the life-
time decay and allows discrimination of small cellular redox ratio
differences16.

In this work we develop a label-free method to measure non-
invasively metabolic phenotypes of single cells in a live tissue. We
quantify the rate of oxidative phosphorylation and glycolysis in sin-
gle cells and we associate cellular metabolic fingerprint to their pro-
liferation and differentiation state. We characterize the metabolic
phenotype of native, living small intestinal crypt epithelium using
the phasor approach to FLIM and the ratio of free to protein-bound
NADH biomarker. The small intestine is an important model for
stem cell biology and cancer research due the high proliferative rate
of epithelial cells. The position and number of stem cells are strictly
regulated in order to maintain tissue homeostasis and to prevent
tissue degradation or tumor growth. One major regulator of cell
proliferation, differentiation and stem cell self-renewal in the intest-
inal crypt is the Wnt signaling pathway22–28. Wnt signals are strongest
at the base of each crypt where the Wnt target gene Lgr5 marks
multipotent stem cells29. The tight regulation of self-renewal of these
stem cells and proliferation of the committed progenitor cells they
produce is subverted in cancer cells by aberrantly high levels of Wnt
signaling leading to malignant transformation. Constitutive activa-
tion of the Wnt signaling pathway occurs most often via loss-of-
function mutations in the adenomatous polyposis coli gene (APC)
and when this critical event occurs in Lgr51 stem cells, the resultant
patterns of aberrant proliferation and differentiation lead to malig-
nant transformation and colorectal cancer30,24.

Although recent work has characterized spectrally the intrinsic
contrast in healthy and diseased gastric tissue31, to our knowledge
no previous study has investigated the metabolism of intestinal
tissue via the intrinsic biomarker NADH. Phasor approach to

FLIM identifies different tissue components of the small intestine
live tissue and differentiates the metabolic activity of crypt base epi-
thelial cells (including Lgr51 cells and Paneth cells) from terminally
differentiated villus epithelial cells. We show that Lgr51 stem cells
have a unique metabolic fingerprint; their characteristic free/bound
NADH ratio allows their label-free identification and separation
both from the neighboring Paneth cells and from their differentiated
progeny. By mapping the free/bound NADH concentration in the
intestinal epithelium we measure the 3D metabolic gradients from
the base of the crypt to the tip of the villi. For the first time we identify
a unique metabolic fingerprint of proliferative small intestine stem
cells and a metabolic trajectory (M-Trajectory) along the crypt-villus
axis, which is strongly correlated with Wnt gradient and the level of
cell proliferation and differentiation.

Results
Origin of the intrinsic contrast in the small intestine tissue. Two-
photon microscopy and Phasor FLIM cluster analysis (See methods
and ref.16) are used to visualize and identify the intrinsic contrast of
the small intestine. Figure 1g shows a schematic diagram of small
intestinal structure. The small intestine is covered by a single layer of
epithelial cells organized into crypts. Each crypt is populated with 8–
14 stem cells at the crypt base, whose progeny perpetually move
upward and are lost from villus tips. All progeny are regenerated
every 4–6 days. Crypt epithelia sit on a complex scaffold of myo-
fibroblasts, vascular endothelia, and immune cells that comprise the
lamina propria of the villus core. Figure 1 shows that different com-
partments of the small intestinal tissue are characterized by unique
Phasor FLIM signatures that correspond to specific intrinsic sources.
The two-photon intensity images and FLIM maps excited at 740 nm
and 880 nm (Fig 1a–d) acquired at the base of the crypt (black arrow
in Figure 1g) show round crypts that contain epithelial cells. Here we
use transgenic mice expressing eGFP in Lgr51 stem cells in intestinal
crypt bases29. Individual GFP-Lgr51 stem cells intercalate between
adjacent Paneth cells (Fig 1b) at crypt bases, consistent with their
previously described pattern29. Two-photon fluorescence intensity
excited at 740 nm highlights NADH contrast of single epithelial
cells within the round crypt base, showing subcellular details, such
as the dim nuclei and bright mitochondria. (Fig 1d) The Phasor
FLIM signature of the epithelial cells excited at 740 nm (Fig 1f)
corresponds to the typical complex multi-exponential lifetime
distribution of NADH located in the center of the phasor plot16.
The blue-peaked emission spectrum of small intestine colon crypts
(Fig SM1b) and the free NADH accumulation upon blocking cellular
respiration (Fig SM1a) confirms that the primary contributor to the
epithelial fluorescence signature is NADH, in agreement with pre-
vious work31. The regular spacing between round crypts is consti-
tuted by the lamina propria. When excited at 880 nm, lamina propria
is characterized by a short lifetime (Fig 1a–c) and Second Harmonic
Generation (SHG) signal (SM2), that corresponds to collagen
fibers16. The Phasor FLIM signature of the lamina propria excited
at 740 nm is instead characterized by a longer lifetime (purple in
Fig 1d–f) that indicates a mixture of erythrocyte porphyrins16 within
capillaries and NADH within fibroblasts and macrophages.

Proliferative stem cells in the small intestine have a unique NADH
metabolic fingerprint. Here we show that the epithelial stem cells
located at the base of the crypt have a unique NADH Phasor FLIM
signature that allows their identification in living tissue without any
extrinsic labeling. Stem cells at the base of the crypt alternate with
Paneth cells, differentiated epithelial cells that function in innate
immunity32 and as ‘nurse’ cells to the stem cells33. To distinguish
between Paneth cells and stem cells, we use Lgr5-GFP mice to
mark the Lgr51 stem cell population at the base of small intestine
(SI). (See Material and Methods). The excitation wavelength of the
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Ti:Sapphire laser is tuned between 880 nm and 740 nm to excite
alternatively GFP and NADH9. Fig. 2 shows the 2-photon excited
fluorescence images and FLIM maps acquired in ex-vivo small
intestine from an Lgr5-GFP mouse excited at 740 nm (Fig. 2a–b)
and at 880 nm (Fig. 2c–d). The broad lifetime distribution measured
in crypt epithelial cells excited at 740 nm (Fig 1.f and Fig 2.b) has a
characteristic linear-elongated pattern that reflects a mixture of free
and bound NADH, yielding information on different distributions of

metabolic states and redox ratios of the cells within the same crypt. In
Fig 2 we map the relative concentration of free and bound NADH
within the epithelial cells at the base of SI crypts, according to the
FLIM phasor location of the free NADH measured in solution16 and
the bound NADH measured in epithelial cells (Fig.SM1.a). Different
ratios of free and protein-bound NADH reflect different rates of
glycolysis and oxidative phosphorylation (SM4 and SM5) in
agreement with ref.11.

Figure 1 | Intrinsic contrast in the small intestine. (a-b) Fluorescence Intensity images at the base of small intestine crypts excited at 880 nm (a) and

740 nm (b). Images are acquired at the level of the black arrow in fig g. (c–d) Phasor FLIM maps of the tissue excited at 880 nm (c) and 740 nm (d)

highlight Lgr51GFP stem cells (green), collagen (blue), porphyrins within the lamina propria (purple) and NADH within the epithelial cells (cyan).

Phasor plot histogram of the FLIM image at 880 nm (e) and 740 nm (f). The color scale (from blue to purple ) corresponds to the

64 levels of the contours that indicate the percent occurrence in the phasor histogram of the pixels of the image. Four clusters corresponding to different

tissue components are identified in the phasor distribution with different colors. (g) Epithelium is organized with differentiated villi and crypts that

contain the stem cell (in green) while the lamina propria (dotted area) forms the core of each villus and is composed of loose connective tissue containing

lymphocytes, myofibroblasts and a network of capillaries and lymphatics.

www.nature.com/scientificreports
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Figure 2 | Label-free identification of stem cells at the base of the small intestine. Two-photon fluorescence intensity images excited at 740 nm (a) and

880 nm (d) of the small intestine from Lgr5-GFP mice that express eGFP in the crypt base stem cells. Dotted lines indicate the border of the round crypts

within the SI tissue. (b) Phasor color maps at 740 nm of porphyrin (blue) and of the relative concentrations of free NADH and bound NADH in the

lamina propria. Red-purple color indicates a high free/bound NADH ratio, while violet, cyan and white indicate linearly and progressively decreasing

ratios free/bound NADH ratio, as shown in f. (c) Phasor color map at 880 nm highlights GFP (green) stem cells. (e) Phasor histogram of the FLIM image

excited at 740 nm. Linear cluster represents all possible relative concentrations of free NADH (purple) and bound NADH (white). (f) Phasor histogram of

the FLIM image excited at 880 nm, with a circular cluster that highlights the GFP (green). (g) Scatter plot of the cell phasor of all stem cells (cyan triangles)

and Paneth cells (purple squares) excited at 740 nm.

www.nature.com/scientificreports
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The metabolic phasor FLIM signature at the base of the crypts
excited at 740 nm (Fig 2.b) strikingly follows the map of stem cells
intercalated between adjacent Paneth cells. Stem cells (cyan) are
characterized by a lower free/bound NADH ratio with respect to
the Paneth cells (purple) (Fig 2.b, Fig 2e,g). The unique NADH
FLIM signature of stem cells and the alternated pattern of high
and low free/bound NADH cells within the crypts is present in all
crypts of the small intestine tissue, regardless of GFP expression
(Fig 2.b and Fig 2.c). We calculate the average phasor values of stem
cells and Paneth cells by performing manual image segmentation in
the Lgr5-GFP positive crypts of Fig 2.b and Fig 2.c (See Material and
Methods). We select the region of interest’s stem cells using a cursor
of arbitrary shape that marks the outlines of the single Lgr51GFP
stem cells in Fig 2.c. Paneth cells are identified at the base of the
round crypts by the absence of Lgr51GFP expression. The average
phasor value of cells is calculated within the cursor and plotted in the
scatter diagram of Fig 2g. The average FLIM phasor values of stem
cells are significantly different from the values of Paneth cells, indi-
cating a different metabolism (t-test, p,0.05, Fig 2g).

NADH metabolic trajectory from glycolysis to oxidative phos-
phorylation is associated with cellular proliferation and dif-
ferentiation along the small intestine crypt-villus axis. Here we
show that the epithelial cells in the small intestine follow a pre-
cise metabolic trajectory associated with free and protein-bound
NADH. Proliferative cells at the base of the crypt are characterized
by a glycolytic metabolic phenotype, while differentiated cells have
an oxidative phosphorylation phenotype (Fig 3, Fig 4, SM4 and SM5).

In Figure 3 and 4 we measure the three-dimensional NADH FLIM
signature of small intestine and we map the metabolic gradients of
epithelial cells in the small intestine from the base of the crypt to the
villus tips. The stem cell pool is located at the base of the intestinal
crypt where they self-renew and generate differentiated cell types
(Fig 1g). When stem cells divide they frequently undergo asymmetric
cell division, forming a new stem cell and a committed daughter cell.
Stem cell cycling produces rapidly proliferating ‘‘committed progen-
itor’’ (CP) cells capable of differentiation towards all cell lineages. CP
cells then undergo a limited number of cell divisions before they
terminally differentiate on the villus surface.

Figure 3 | Metabolic gradient in the epithelial cells in the small intestine crypt. Two-photon fluorescence intensity images (a) and free/bound NADH

FLIM maps (b) of the ex-vivo small intestine crypts excited at 740 nm at different depths (z) of the tissue starting from the base of the crypt. (c) Phasor

FLIM distribution at different depths (z). The circular blue cluster is used to highlight the porphyrin in the lamina propria. A linear cluster represents

relative concentrations of free NADH (purple) and bound NADH (white). Red-purple color indicates a high free/bound NADH ratio, while violet, cyan

and white indicate linearly and progressively decreasing ratios of free/bound NADH. (d) Scatter plot of the cell phasor of stem cells and differentiated

epithelial cells at different depths from the collagen fibers of the basal membrane (Figure SM3) excited at 740 nm. Cyan diamond for Z555mm, black stars

for Z544 mm, red triangles for Z534 mm, green squares for Z524 mm and blue circles for Z514 mm). Along the Z axis the cell phasor shifts toward a

longer lifetime indicating an increase of bound NADH with respect to free NADH. i.e. a decrease in NADH/NAD1 ratio. (e) Schematic diagram of the

small intestine epithelia shows a free/bound NADH gradient along the epithelial cells of the SI crypt.

www.nature.com/scientificreports
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In Figure 3 we imaged ex-vivo small intestine tissue from the
‘outside in’ using an intact section of small intestine. (Fig 3e and
Material and Methods). Starting from the external serosal surface
of intact small intestine we first imaged submucosal collagen fibers,
then the crypt bases and interspersed lamina propria. (Fig SM1). In
Figure 4 we open the SI tube to image the mucosal surface from the
villus tips toward the SI crypt bases (Fig 4e and Material and
Methods).

The NADH lifetime distribution measured in the epithelial cells
excited at 740 nm is different at various depths (z) along the crypt/
villus axis (Fig 3c–d and Fig 4c–d). Their three dimensional FLIM

phasor is distributed along a linear trajectory in the phasor plot that
corresponds to the mixture of free and bound NADH (Fig SM1.a and
ref16). We define ‘‘M-Trajectory’’ (metabolic trajectory) the traject-
ory from a glycolytic phenotype with high free/bound NADH ratios
to an oxidative phosphorylation phenotype with high free/bound
NADH ratios (Fig 4g and SM4 and SM5). Mapping the relative
concentration of free and bound NADH within the epithelial cells
of the SI crypts and villi shows a shift toward lower ratios of free/
bound NADH with differentiation from the base of the crypt to the
villus tip (In Fig 3b and 4b). We calculate the average phasor values of
stem cells and the differentiating progenies by performing manual

Figure 4 | Metabolic gradient in the epithelial cells in the small intestine villi. Two-photon fluorescence intensity images (a) and free/bound NADH

FLIM maps (b) of ex-vivo small intestine mucosa excited at 740 nm at different depths (z) of the tissue starting from the tip of the villi. (c) Phasor FLIM

distribution at different depths z. Circular blue cluster is used to highlight the porphyrin in the lamina propria vessels. A linear cluster represents the

relative concentrations of free NADH (purple) and bound NADH (white). Purple color indicates a high free/bound NADH ratio, while violet, cyan and

white indicate linearly and progressively decreasing ratios free/bound NADH ratio. (d) Scatter plot of the cell phasor of stem cells and differentiated

epithelial cells at different depths from the tip of the villi. Along the Z the cell phasor shifts toward the shorter lifetime indicating an increase of free/bound

NADH ratio. (e) Schematic diagram of the small intestine epithelia shows a free/bound NADH gradient along the epithelial cells of the SI villi.

(f) Metabolic trajectory (M-trajectory) from free to protein-bound NADH indicated a shift from a glycolytic phenotype to an oxidative phosphorylation

phenotype.

www.nature.com/scientificreports
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image segmentation. (See Material and Methods). The average pha-
sor value of epithelial cells at different depths is calculated within the
cursor and plotted in the scatter diagram of Fig 3g and 4g. The FLIM
phasor values of stem cells are statistically different from differen-
tiated epithelial cells at different depths, (t-test, p,0.05 Fig 3d) show-
ing a gradual decrease of the free/bound NADH ratio along the crypt.
Stem cells (z514 um and z524 um) (Fig 3d) and Paneth cells
(Fig 2b), located within the Wnt-rich environment at the crypt base,
are characterized by a glycolytic metabolic phenotype within the M-
Trajectory (Fig 4g, SM4 and SM5) with the shortest lifetime and the
highest free/bound NADH (i.e NADH/ NAD1) ratio. Movement up
the crypt to the committed progenitor compartment (Fig 3b–d) and
on to areas of fully differentiated cells on the mucosal surface (Fig 4b–
d) corresponds to a movement along the M-Trajectory, with decreas-
ing free/bound NADH (i.e NADH/ NAD1) ratios (white Fig 3b–d),
thus indicating a metabolic shift from glycolysis to oxidative phos-
phorylation (SM4 and SM5). The same trend is observed in five
different animals (SM6 and SM7).

Discussion
Here we developed a non-invasive, label-free optical method to mea-
sure and identify the NADH metabolic signature associated with
glycolysis and oxidative phosphorylation within a living tissue.
Our method provides the identification of metabolic state associated
with cell proliferation and differentiation within the live murine
small intestine and identifies the proliferative intestinal stem cells
based on their unique metabolic fingerprint.

By performing ex-vivo two-photon excited Fluorescent lifetime
microscopy and Phasor analysis we show that we can identify differ-
ent SI cell populations and structures based on their unique FLIM
signatures (Fig 1). Collagen fibers (Fig 1, SM2 and SM3) are imaged
at the base of the crypts supporting the stem cell niche, and the
lamina propria is identified by its peculiar long lifetime that indicates
the presence of porphyin within the vascular network of the capil-
laries (Fig 1d, f). We show that the major source of intrinsic contrast
of epithelium is the metabolic coenzyme NADH (Fig 1d–f and Fig.
SM1). These findings are consistent with the measurements per-
formed on intrinsic contrast by hyper-spectral microscopy in gastric
tissue31. Our method provides a straightforward way to identify
and target the intrinsic contrast of intestinal tissue by assigning
FLIM contrast to intracellular and extracellular physiological fluoro-
phores (Fig 1). More importantly our method provides physiological
information related to the metabolism of single cells within the tis-
sue. We show that the Phasor FLIM signature of epithelial cells yields
information on the content of free and protein-bound forms of
NADH associated with the glycolysis and oxidative phosphorylation
(SM4 and SM5) and with cellular proliferation and differentiation
(Fig 3 and Fig 4).

Our results show that Phasor FLIM identifies the highly prolif-
erative intestinal stem cells based on their metabolic signature with-
out the need of any extrinsic label or genetic marker. We showed that
the Lgr5 positive stem cells have a unique NADH FLIM signature
that distinguishes them both from the neighboring Paneth cells
(Fig 2) and from differentiated epithelial cells along the crypt
(Fig 3) and the villi (Fig 4). FLIM maps of free and bound NADH
(Fig 2b and Fig 3b) and Phasor FLIM metabolic fingerprints (Fig 2g
and Fig 3d) sort intestinal stem cells and differentiated progenies by
their metabolic state. The metabolic state of intestinal stem cells
(Fig 3) is characterized by a high ratio of free/bound NADH, indi-
cating that they mainly rely on glycolysis, as expected in highly
proliferative cells2,3. We demonstrate that the three-dimensional
Phasor FLIM signature of small intestine allows straightforward
mapping of the relative concentration of free and bound NADH
and provides information on the metabolic gradients associated with
proliferation and differentiation (Fig 3c and Fig 4c). The evolution of
the cell phasor fingerprint from the base of the crypt to the top of the

villi (Fig 3d and Fig 4d) reflects a decrease of free NADH with respect
to protein-bound NADH along the M-Trajectory (Fig 4g). Our find-
ings therefore indicate a decrease in the relative contribution of the
glycolytic metabolic pathway with respect to oxidative phosphoryla-
tion during epithelial stem cell differentiation in the living small
intestine (Fig 3, Fig 4, SM4 and SM5). The observed shift from gly-
colysis to oxidative phosphorylation is consistent with the increased
NADH lifetime measured during adult stem cell differentiation in
vitro12,13 and in living tissue16. The change in the NADH FLIM fin-
gerprint during differentiation (Fig 3 and Fig 4) may also suggest a
change in the binding sites of NADH with different enzymes such as
malate dehydrogenase (MDH) and lactate dehydrogenase (LDH)17.
The metabolic gradient at the tip of the villi (Fig 4d) could indicate a
contribution of FAD, while cell-to-cell metabolic heterogeneity at the
tip of the villi (Fig 4b) might indicate cell types with different func-
tion, such as goblet cells, enterocytes or enteroendocrine cells.
Alternatively, it could indicate epithelial cells under oxidative stress
and undergoing apoptosis.

Interestingly the free/bound NADH FLIM gradient that we mea-
sure (Fig 3 and Fig 4) is tightly associated with the Wnt gradient
along the crypt-villus axis, which shows the highest signaling activity
at the crypt bottom where it controls cell proliferation, stem cell self-
renewal and cell fate decisions24,34. Epithelial cells at the crypt base
(Lgr51 stem cells and Paneth cells) are both characterized by high
Wnt signaling26,35, and we observe them to have the highest free/
bound NADH ratio, (Fig 2 and Fig 3) i.e the highest glycolysis/oxid-
ative phosphorylation ratio (SM4 and SM5). Interestingly, Paneth
cells are characterized by a higher free/bound NADH ratio than
Lgr51 stem cells, indicating that they utilize a strong, active glyco-
lytic metabolism for their functions. Although Paneth cells are dif-
ferentiated cells, they express several Wnt target genes such as
defensins and cryptdins26,36 and they provide essential niche signals
for stem cell support and self renewal such as EGF, Wnt3, R-Spondin
and Notch33,37.

To our knowledge this is the first time that intestinal stem cells
have been identified label-free within a living tissue based on their
metabolic fingerprint. Metabolic states of single cells are measured
and the rate of glycolysis and oxidative phosphorylation are mapped
in the living tissue. We report for the first time that a metabolic
gradientassociated with free and protein-bound NADH correlates
with cellular proliferation, differentiation and Wnt signaling in the
small intestine. The ability to identify intestinal stem cells and to
discriminate the metabolic state of highly proliferative cells assoc-
iated with high Wnt signaling without any extrinsic marker might
greatly impact the field of stem cell biology, cancer research and
clinical diagnosis. Our methods would allow non-invasive imaging
of metabolic shifts in any given cell compartment, associated with
epithelial growth dysregulation in any model of colorectal cancer.
Mutated cells with constitutively active oncogenic pathways that
allow a metabolic phenotype of biosynthesis independent of normal
physiological conditions could be isolated and detected at early states
of the disease. In future work we plan to characterize the metabolic
signatures of colon and small intestine tissues in transgenic animal
models of inflammatory bowel disease and colorectal cancer. Since
our approach is label-free and non-invasive, our method could have
tremendous utility in the diagnosis and management of cancer enab-
ling the development of ‘‘metabolic histology’’ signatures and even-
tually in-vivo and in-situ endoscopic microscopy38. Miniaturized
fiber optic approaches have been adapted for intravital microscopy
and endoscopic clinical imaging39 with recent advancement in fluor-
escence lifetime imaging endoscopy40. FLIM endoscopes would allow
in vivo diagnostic imaging with molecular contrast- and label-free
identification of cancer cells and possibly stem cells based on their
metabolic states.

Our method provides a straightforward and quantitative measure-
ment of oxidative phosphorylation and glycolysis metabolic rates
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(SM4 and SM5) and associates metabolic phenotypes with prolifera-
tion and differentiation within the M-Trajectory (Fig 3 and Fig 4). By
providing high sensitivity to the free/bound NADH molecular gra-
dient our method represents a promising tool to monitor (patho)-
physiological processes correlated to metabolic changes. Our
methods could be used to identify single highly proliferative stem
cells and cancer cells and to measure metabolic gradients and
dynamic metabolic adaptation to the level of oxygen and nutrients
uptake during development and cancer progression in a variety of
living tissues.

Methods
Animal model and procedures. We used Lgr51GFP mice that express GFP within
the stem cells of the small intestine and colon epithelium (Jackson Labs strain
008875). Ex-vivo tissue imaging is performed immediately after mice euthanasia.
Selected freshly excised small intestine is cleaned by flushing with Hank’s Balanced
Salt Solution (HBSS) (Thermo Scientific Part NumberSH30031.02). To image the SI
crypt, images were acquired from the outside (serosal) surface. To acquire images of
the SI villi, a length of SI tissue was opened flat, gently rinsed and imaged, villi up, in a
Mat-Tek dish with a #1 coverslip. Tissue was bathed in HBSS while imaging and all
imaging occurred immediately after isolation. All procedures followed were reviewed
and approved by the Irvine University Institutional Animal Care and Use Committee
(IACUC animal protocol number 2002-2357-3).

We block the respiratory chain of the DLD-1 colon cancer cells by means of
potassium cyanide (KCN) to inhibit the Oxidative phosphorylation and increase the
mitochondrial concentration of NADH. KCN in PBS was added to the culture
medium with a final concentration of 4 mM. Cells were imaged immediately after the
addition of KCN.

DLD-1 colon cancer cells are treated for 24 hours with 50 mM Sodium dichlor-
oacetate (Sigma #34779) to inhibit glycolysis.

NIH3T3 fibroblasts are treated for one hour with Low Glucose (4.4 mM glucose)
and High Glucose (22 mM glucose) media. Low Glucose medium (Invitrogen
Dulbecco’s Modified Eagle Medium (D-MEM), # 11885-092, no Fetal Bovine Serum).
High Glucose medium (Invitrogen Dulbecco’s Modified Eagle Medium (D-MEM) #
11965-092, no Fetal Bovine Serum).

Imaging. Fluorescence lifetime images are acquired with a Zeiss 710 microscope
coupled to a Ti:Sapphire laser system (Spectra-Physics Mai Tai) and a ISS A320
FastFLIM system20. A 4030.8 NA water immersion objective (LUMPlanFl Olympus.)
is used. For image acquisition the following settings are used: image size of 2563256
pixels or 1024v1024 pixels and scan speed of 25 mm/pixel. A dichroic filter (690 nm)
is used to separate the fluorescence signal from the laser light and the fluorescence.
For the acquisition of FLIM images, fluorescence is detected by a photomultiplier
(H7422P-40 of Hamamatsu) and a 610 nm short pass filter is placed in front of the
detector. FLIM data are acquired and processed by the SimFCS software developed at
the Laboratory of Fluorescence Dynamics. The excitation wavelengths used were
880 nm and 740 nm. An average power of about 5 mW was used to excite the live
tissue. FLIM calibration of the system is performed by measuring the known lifetime
of the fluorescein with a single exponential of 4.04 ns. FLIM data are collected until
100 counts in the brightest pixel of the image are acquired. Typically the acquisition
time was of the order of few seconds.

FLIM Phasor data analysis. Every pixel of the FLIM image is transformed in one
pixel in the phasor plot as previously described in ref16,21. The coordinates g and s in
the phasor plot are calculated from the fluorescence intensity decay of each pixel of
the image by using the transformations defined in ref16,21. The analysis of the phasor
distribution is performed by cluster identification. Clusters of pixel values are
detected in specific regions of the phasor plot. The cluster assignment is performed by
taking in account not only the similar fluorescence properties in the phasor plot but
also exploiting the spatial distribution and localization in cellular substructures or
tissues, as described in ref16. Fractional intensities of chemical species in every pixel of
the image are evaluated with a graphical analysis in the phasor plot as described in
ref21. We perform image segmentation on the FLIM data by selecting the region of
interest of cells within the tissue. The region of interest of cells is selected by using a
cursor with arbitrary shape. We calculate the phasor average value within these
regions of interest. When measuring the cell phasor, all pixels of the cell (about 1000)
are taken in account and the signal to noise ratio of the FLIM signature of cells is
higher than in single pixels. All phasor transformation and the data analysis of FLIM
data are performed using SimFCS software developed at the LFD.

All procedures followed were reviewed and approved by the Irvine University
Institutional Animal Care and Use Committee (IACUC animal protocol number
2002-2357-3).
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