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ABSTRACT
Despite progress in our knowledge about pancreatic
islet specification, most attempts at differentiating
stem/progenitor cells into functional, transplantable β
cells have met only with moderate success thus far. A
major challenge is the intrinsic simplicity of in vitro
culture systems, which cannot approximate the
physiological complexity of in vivo microenvironments.
Oxygenation is a critical limitation of standard culture
methods -and one of special relevance for the
development of β cells, known for their high O2
requirements. Based on our understanding of islet
physiology, we have tested the hypothesis that
enhanced O2 delivery (as provided by novel
perfluorocarbon-based culture devices) may result in
higher levels of β cell differentiation from progenitor

cells in vitro. Using a mouse model of pancreatic
development, we demonstrate that a physiological-like
mode of O2 delivery results in a very significant upregulation of endocrine differentiation markers (up to
30-fold for insulin 1 and 2), comparable to relevant in
vivo controls. This effect was not observed by merely
increasing environmental O2 concentrations in
conventional settings. Our findings indicate that O2
plays an important role in the differentiation of β cells
from their progenitors, and may open the door to more
efficient islet differentiation protocols from embryonic
and/or adult stem cells.

INTRODUCTION

great clinical significance. Bone marrow-derived
mesenchymal [4, 5], umbilical cord [6, 7] and,
more recently, amniotic fluid [8] cells have
received considerable attention within the field
of “adult” stem cells. It has also been proposed
that the adult pancreas may contain expandable
subpopulations of cells with the ability to
become endocrine tissue. Among these, ductal
[9], acinar [10] or islet-derived sources [11, 12]
are commonly cited. While expansion from the
latter was originally thought to happen through
epithelial-to-mesenchymal transition [13], recent
studies suggest otherwise [14-16], which raises
concerns about their actual potential. Embryonic
stem (ES) cells, on the other hand, are known to

Islet transplantation is a promising therapy, but
its prospects as the treatment of choice for type I
diabetes will be bleak until the issues of
immunosuppresion and donor tissue supply are
properly addressed [1, 2]. The latter remains
arguably the most immediate concern, as the
number of potential recipients greatly exceeds
that of available pancreata. This problem is
further aggravated by a progressive loss of
function of the graft over time [3], which may
require periodic re-infusions of islets. Therefore,
the definition of a self-renewable source of cells
with the potential to become β cells would be of
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In this context, it is not unreasonable to think
that a prerequisite to generate β cells might be to
mimic the physiological conditions that they
need to survive in the first place. The very same
limitations that result in progressive β cell death
in culture may also hinder their terminal
differentiation from immature progenitors –
especially if there is a requirement for
reaggregation into 3D structures, which would
render them sensitive to hypoxia [45-47].

Our understanding of islet development has
progressed enormously over the last decade, to a
point where the most important molecular
players appear to have been identified [29, 30].
Not surprisingly, a mainstream goal has been to
recapitulate in vitro, to the highest possible
extent, the evolving molecular environment of
these cells. Little attention has been paid,
however, to their physiological environment.
Mounting evidence points at physical variables
as major determinants of development/cell
specification. Among these, some of the most
studied are mechanical forces [31, 32], pH and
bioelectrical fields [33-35], oxygenation levels
[36-39] and the nature of the substrate/mode of
culture [40-43]. However, most attempts at
differentiating β cells from stem cells have
generally disregarded physiological “niche” of
islet cells. Growing cells as monolayers may
facilitate the even distribution of nutrients, O2
and signaling molecules, but only at the expense
of compromising 3D cell-to-cell interactions
deemed essential for the development and
maintenance of the β cell phenotype [44-47].
Also, adult islets are surrounded by an elaborate
network of capillary vessels and connective
tissue, critical to their high metabolic activity. In
fact, although islets account only for 1-2% of the
total number of cells of the pancreas, they
receive nearly 15% of the overall blood flow to
the organ, using 25% of the pancreatic O2 supply
[48, 49]. When removed from their native
environment, the islet microvascular network is

The above hypothesis has been difficult to test
thus far because of the lack of appropriate
culture systems that ensure uniform oxygenation
throughout cell clusters. Conventional methods
are based on the diffusion of atmospheric O2
through the culture medium to the cells, which
rest atop a gas-impermeable plastic bottom.
Increasing the concentration of O2 injected into
the incubators will not solve this problem, as
sharp gradients will still form throughout the
tissue. We have designed a novel culture system
where tissues receive air both from the top (after
diffusion through medium) and the bottom
(through
direct
diffusion
across
a
perfluorohydrocarbon-silicone
membrane).
Perfluorohydrocarbons
(PFCs)
are
inert
compounds made of long carbon chains where
hydrogen atoms are replaced with fluorine. This
unique feature gives PFCs an unmatched ability
to bind and transfer molecular oxygen.
Functional studies have shown that O2 solubility
of PFCs is about 50 times higher than that of
culture medium, surpassing even that of
hemoglobin at higher environmental pO2 levels
[52]. Furthermore, their O2 diffusivity is also
2
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destroyed and viability decreases dramatically
[50]. While islets in vivo maintain a relatively
constant O2 partial pressure throughout their
diameter, those cultured in standard conditions
are exposed to sharp pO2 gradients that may
range from extreme surface hyperoxia (158 mm
Hg) to central anoxia (0 mm Hg [51]). A
thorough review of the state of the art warrants
the assertion that standard culture practice is not
favorable for long-term islet survival and
function [50].

be pluripotent and immortal under defined
conditions [17, 18]. Both mouse [19-21] and
human [22-26] ES cells have been induced to
produce insulin under a variety of experimental
settings. The first report on “canonical” ES cell
differentiation into β cells [22] came shortly
after the description of the conditions for
definitive endoderm differentiation [27, 28]. The
resulting β cells, however, were relatively scarce
(~7%) and did not secrete insulin in response to
glucose stimulation. In summary, all attempts to
efficiently generate functional β cells from either
adult or embryonic stem cells have been largely
unsuccessful thus far.

oxygenation promotes beta cell differentiation

Using a highly reproducible murine model of
pancreatic development, we tested the
hypothesis that a more physiological mode of O2
delivery, as provided by the above culture
system, would result in enhanced rates of
endocrine differentiation. Our results indicate
that this is indeed the case. We observed a very
significant up-regulation of all tested pancreatic
differentiation genes in the experimental group
compared to controls cultured in standard
conditions. Endocrine-to-exocrine and β-to-α
cell differentiation ratios were also significantly
higher, not only compared to in vitro controls but
also to the corresponding in vivo stage of
development. While high O2 enhanced the
proliferation of epithelial cell types both in
standard and PFC/Si platforms, the positive
effect on endocrine differentiation was seen only
in the latter. Potential molecular mechanisms
underlying these effects are discussed in the
context of the definition of strategies to improve
the yield and functionality of β cells from stem
and/or progenitor cells in vitro.

Real Time qRT-PCR. Total RNA was purified
using Qiagen kits (QIAShredder, RNeasy and
DNase-free). The First-Strand system (Roche)
was used to generate cDNA (random oligomers).
Relative gene expression was calculated using
Taqman assays in a 7500 Fast Real Time PCR
cycler (Applied Biosystems, ABI). The ∆Ct
method for relative quantification was deemed
optimal for this application after discussion with
ABI researchers. All assays (ABI) were designed
to span exon-exon junctions, thus eliminating the
possibility of genomic DNA contamination.
qRT-PCR results are the average of several
independent experiments, as indicated in the
Results section. In addition, in each experiment
each marker was analyzed in triplicates. Specific
assay numbers are provided as supplementary
information. Gene expression was normalized
against 18S rRNA. This endogenous control has
been validated in our system and proven
extremely stable and more accurate over varying

MATERIALS AND METHODS
Tissue procurement and culture. Pancreatic buds
from e9.5-e16.5 CBA x B6 embryos (noon of the
day a vaginal plug is found is considered 0.5
days of gestation) were isolated and
microdissected as described elsewhere [55].
Culture medium was GMEM (Invitrogen)
supplemented with 0.1 mM MEM non-essential
amino acids (Invitrogen), sodium pyruvate, 5%
(v/v) new-born bovine serum, 5% (v/v) fetal calf
serum, 0.1 mM 2-mercaptoethanol, penicillin
(100 U/ml)/streptomycin (100 µg/ml) and Lglutamine (250 µM) (Invitrogen). Controls were
plated in 12 mm, 0.4 μM Millicell inserts
(typically 2 buds/ insert) and incubated at 37
[0]C and 5% CO2, either at 21% or 35% O2.
Buds assigned to the experimental group were
plated in PFC/Si culture plate inserts (see fig. 1)
and incubated at 37 0C and 5% CO2 and 35% O2
(see supp. methods for manufacture).
3
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Immunostaining and image analysis. Explants
were grown as above for 3 days and then fixed
with 4 % paraformaldehyde (30 min.), washed
with PBS (30 min.) and frozen in O.C.T.
compound (Sakura). Pancreatic rudiments were
sectioned in their entirety (5 µm) and mounted
with DAPI-vectashield (Vector). Guinea pig
anti-insulin and rabbit anti-glucagon antibodies
(BioGenex, ready-to-use solution) were used for
double staining. BrdU (Sigma) was added to the
culture medium at a final concentration of 10
μM and kept overnight (and added freshly every
day)
before
fixation.
Rat
antibromodeoxyuridine (BrdU) antibody (Accurate,
1:100
dilution)
and
FITC-conjugated
hypoxyprobe (Chemicon, 1:100 dilution) were
used for detection of proliferating cells and
hypoxia, respectively. Rabbit antibodies against
amylase (1:200), carboxypeptidase (1:200), Ecadherin (1:100) and Nestin (1:100) were
obtained from Santa Cruz, Sigma, Zymed and
Covance, respectively. Al secondary antibodies
were purchased from Molecular Probes
(Invitrogen). Metamorph® software was used to
quantitate insulin and glucagon staining (see
supp. methods for details).

2.5-fold that of water or culture medium [53,
54].

oxygenation promotes beta cell differentiation

O2 concentrations than other standards (data not
shown).

RESULTS

Statistical analysis. ANOVA tests were used to
analyze variance between the means of the
different groups (P < 0.05). When more than two
groups are compared, paired student’s t-tests
usually result in a higher probability of type I
errors (i.e., when the null hypothesis is rejected
even though it is true), hence the use of
ANOVA. Standard error of the means (S.E.M)
was used for all our analyses.
O2 diffusion modeling. 3D Diffusion/Reaction
theoretical modeling was performed on
permutations of control and experimental culture
systems using COMSOL v.3.2 finite element
analysis software. Iterative solutions for
concentration profiles were determined utilizing
the time dependent solver. The modeling
allowed us to examine the effect of multiple
variables, including medium height, tissue
proximity, perfluorocarbon volume fraction and
external O2 concentration. Our calculations were
based on published diffusion coefficients for
tissue and culture medium, as well as measured
dimensions and O2 consumption rates (OCRs) of
mouse pancreatic buds (see supp. methods). The
validity of the models was confirmed by direct
O2 readings of pancreatic buds in vitro, using
polarographic microelectrode-based techniques
(see supp. methods).

Traditional culture of pancreatic buds is done in
inserts where the tissue rests atop a permeable
membrane, barely bathed with the medium
beneath.
These
“medium/air
interface”
conditions ensure acceptable oxygenation levels,
but nutrient diffusion is suboptimal, growth is
limited and medium needs to be replenished
often to prevent desiccation. This is a
cumbersome and very specialized culture system
with few uses, if any, outside the area of
developmental studies of small explants. Stem
cell differentiation, particularly for large-scale
therapeutic applications, will require standard
expansion systems where cells are properly
immersed in culture medium.
In order to replicate the air transfer restrictions
of standard stem cell culture methods, while
accommodating the special needs of our
biological model (which requires a basal
membrane to maintain the morphological
integrity of the buds), we have modified the
basal control conditions so that pancreatic buds
sit on top of a permeable membrane but culture
medium bathes them all around (up to 1 mm
above the cells, see fig. 1). As it could be argued
that the level of oxygenation in this “hybrid”
system would be lower than in conventional

Multiplex analyses. Basic protein kinase profiles
were obtained using a Bioplex instrument from
BioRad and manufacturer’s assays, as described
in [56].
Insulin measurement. Total protein was
extracted from groups of 6-8 pancreatic buds,
and insulin content measured using Mercodia
ELISA kits.

4
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PFC/Si devices ensure high oxygenation levels
in e13.5 pancreatic buds
We used dorsal pancreatic buds explanted at
e13.5 as our primary model of in vitro
differentiation. This point is within the period of
maximal β cell specification in the developing
mouse [57], and the effect of interventions on
their in vitro spontaneous development can be
readily quantified [55]. 30 dorsal pancreatic buds
pooled from e13.5 embryos (6 pregnant C57
females) were microdissected and measured.
Their average dimensions were 449.7+/-78.5 μm
x 649.8+/-79.3 μm x 450.1+/-79.1 μm. Average
O2 consumption rate was 8.95+/-0.75 x 10-3
mol/m3.s-1. Variability between samples was
<10%, despite using tissue from different
harvests.

Genomic DNA quantitation. DNA was measured
using the Quant-iT pico Green kit (Invitrogen),
and cell number inferred using the biological
constant of ~7 pg DNA/nucleus.

oxygenation promotes beta cell differentiation

High O2 promotes the growth of pancreatic
buds in PFC/Si settings without hypoxia or
oxygen-related stress
e13.5 dorsal pancreatic buds were explanted and
cultured in normal conditions (standard control;
n=13), 35% O2 (high O2 control; n=14) and
PFC/Si membranes at 35% O2 (experimental
group; n=14). Maximal growth of the explants
was observed at 72h of culture. Longer periods
(up to 1 week) did not result in additional
expansion (data not shown). Buds in the
experimental group almost tripled their volume
over the 3-day culture period. Explants kept at
high O2 alone also expanded, but not as much (2fold). Buds in standard conditions, finally,
showed the least increase in size (1.1-fold) (fig.
2a and b, left column). DNA quantitation
experiments (n = 3 buds/group) were
subsequently performed to calculate overall
number of cells using the Quant-iT pico Green
kit (Invitrogen). Freshly explanted buds had an
average of 413,483 cells; after 3 days, these
values were as follows: 567,654 in buds cultured
in control conditions; 585,233 in high O2
controls; and 910,985 in PFC/Si-grown explants.
qRT-PCR measurements show a 4.4-fold
increase in PCNA expression in the PFC/Sicultured buds over both controls (n = 7
experiments, 2-3 buds/group). Our theoretical
calculations, adjusted for the increased size of
the buds at 72h, indicate that this growth is
accompanied by a decrease in O2 diffusion
across the tissue (data not shown). This was
confirmed by the use of a histological probe for
hypoxia in samples fixated after 3 days in
culture. The hypoxyprobe binds to protein
adducts formed when tissue is exposed to O2
partial pressures of <10 mm Hg [59]. Mid-point
sections of representative samples of each group
show large hypoxic areas in buds cultured both
in standard and high O2 conditions, but not in
those plated in PFC/Si devices (figure 2b, right
column). Taken together, the above observations
strongly suggest that the volumetric increase
observed in the PFC/Si group is due mostly to
proliferation, whereas changes in the high O2
control might be just due to a decrease in tissue
compaction (probably due to cell death in the

Finite element modeling of the diffusion/reaction
parameters of each culture environment was
performed using COMSOL v3.2 software. These
calculations were validated by experimental O2
measurements throughout the tissue (see supp.
methods). At the beginning of the culture (day
0), pancreatic buds cultured in standard control
conditions (fig. 1b, top) have overall
oxygenation levels below 100 mm Hg, with
large areas (depicted in white) below 0.1 mm
Hg. This is generally considered the threshold of
anoxia [58]. Increasing the O2 concentration
from 21 to 35% in the standard culture system
(fig. 1b, middle) prevents anoxia and improves
oxygenation, although not as much as in PFC/Si
devices (fig 1b, bottom).
5

Downloaded from www.StemCells.com at University of Miami School of Medicine, Calder Memorial Library on August 30, 2007

settings, we added a second control where O2
concentration is increased to 35% in the
incubator. Mathematical modeling and direct in
vitro measurements demonstrate that such
adjustment results in oxygenation levels
comparable to those of the “medium/air
interface” conditions (data not shown), while
maintaining an adequate medium height to
support nutrition, expansion and differentiation.
Thus, we modeled three culture platforms: (a)
Standard control (Millipore Teflon inserts
cultured in conventional O2 concentration in a
95% room air/5% CO2 incubator); (b) High O2
control (the above system cultured in the
presence of 35% O2) and (c) PFC/Si (where the
bottom of the Millipore inserts was replaced by a
450μm-thick Silicone/20% perfluorocarbon
membrane), also cultured at 35% O2. In both
controls, the samples rest at the top of liquidpermeable Teflon membranes that suspend them
above the plastic bottom, so that both their apical
and basal regions are bathed with culture
medium (figure 1a, top). PFC/Si membranes, in
contrast, are liquid-impermeable. By resting atop
these membranes, samples are bathed by
medium just from the top, while directly exposed
to environmental O2 from the bottom (figure 1a,
bottom). The mass transfer rate of O2 to the cells
is greatly enhanced in this system, as it is not
limited by diffusivity through the culture
medium.

oxygenation promotes beta cell differentiation

core of the buds after an initial burst of
proliferation).
We also conducted a basic multiplex kinase
profile analysis (BioRad) in order to test whether
enhanced oxygenation, as provided by PFC/Si
devices, might lead to oxygen-induced stress.
Preliminary experiments (n = 2 x 10 pooled
buds, cultured for 3 days) shows differential
activation of the survival signal AKT (ratio
phosphorylated/total protein: C = 1.07 +/- 0.162;
PFC/Si = 1.67 +/- 0.004) and suppression of the
stress-activated kinases c-jun (ratio: C = 0.825
+/- 0.003; PFC/Si = 0.72 +/- 0.018), NF-kB
(ratio: C = 0.26 +/- 0.024; PFC/Si = 0.12 +/0.012) and ERK (ratio: C = 6.2 x 10-2 +/- 0.003;
PFC/Si = 3.6 x 10-2 +/- 0.001) in the PFC/Si
group compared to the regular O2 control. In
conclusion, our studies confirm that PFC/Si
platforms prevent hypoxia and ensure high
oxygenation levels in our test system, without
inducing oxygen-related stress.
PFC/Si-induced growth is due to replication
of undifferentiated epithelial cells
In order to determine the nature of the cells
responsible for the proliferation observed during
culture, we added bromodeoxyuridine (BrdU) to
the culture medium for the entire length of the
experiment (72h), and then fixed, sectioned and
immunostained the samples. Co-expression of
BrdU and markers of terminal differentiation
(Insulin,
Glucagon,
Amylase
and
Carboxypeptidase A) was rare in all the groups,
as shown in fig. 3 (top row). This observation
indicates that there is no significant replication
of mature epithelial cells. It is known that
mesenchymal E-cadherin-/Nestin+ cells are
intermingled with epithelial cells at this stage of
development [60]. These cells, however, turned
out to be scarce and largely BrdU-negative in all
the groups (data not shown). Most of the BrdU
incorporation was found to be localized in Ecadherin+/differentiation marker- cells (fig. 3,
bottom row). In summary, our results indicate
that proliferation occurs preferentially in
undifferentiated epithelial cells that do not
mature during the course of the experiment.
6
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Differentiation is greatly enhanced in PFC/Si
devices compared to standard and high O2
controls.
e13.5 dorsal pancreatic buds were harvested and
cultured as above. At day 3, the explants were
lysed for RNA isolation and protein extraction,
or fixed for immunohistochemical analysis. A
panel of genes involved in the progression of
pancreatic differentiation and β cell maturation
was tested by qRT-PCR in 7 independent
experiments (2-3 buds/group). As shown in
figure 4a, all genes examined are up-regulated in
the PFC/Si group compared to the standard
control: Insulin 1 (30-fold), Insulin 2 (34-fold),
Glucagon (8-fold), Pdx1 (2-fold), Ngn3 (8-fold),
Isl1 (4-fold), Pax4 (14-fold), Pax6 (3.5-fold),
Arx (15-fold), P48 (4.5-fold), Carboxypeptidase
A (9-fold), Amylase (5-fold) and Glut-2 (4-fold).
Surprisingly, the values observed in the high O2
control were barely above those of the standard
control, and in some cases even lower.
Differences between the PFC/Si group and the
controls were statistically significant for Insulin
1 (P=0.025) and 2 (P=0.025), Glucagon
(P=0.020), Ngn3 (P=0.017), Pax4 (P=0.039),
Pax6 (P=0.037) and Glut-2 (P=0.025), but not
for the pancreatic endocrine markers Pdx1
(P=0.07), Isl1 (P=0.06) and Arx (P=0.09) or the
exocrine
markers
P48
(P=0.45),
carboxypeptidase A (P=0.43) and amylase
(P=0.34). Metamorph® analysis (see supp.
methods) of immunofluorescence-labeled buds
(n=5 independent experiments, 3 buds/group)
confirmed the up-regulation of Insulin and
Glucagon, the two major endocrine hormones
observed at this point of development. As
represented in figure 4b, Insulin+ staining in
PFC/Si buds is nearly 10-fold that of standard
controls (2.5-fold that of high O2 controls).
Similarly, Glucagon+ signal was 5 times more
abundant in the experimental group than in
conventional settings (3-fold that of high O2
controls). ANOVA tests show that differences
between the PFC/Si and the standard control
group (P=0.01 and 0.001 for insulin and
glucagon, respectively), but not between the two
control groups, are statistically significant.
Representative sections of buds cultured in each

oxygenation promotes beta cell differentiation

Since the majority of these new endocrine and
exocrine cells that differentiated during in vitro
culture arose from post-mitotic progenitor cells
(fig. 3), it could be concluded that the increased
rates of growth and differentiation are two
distinct effects of culture in PFC/Si devices. We
sought additional proof by examining PFC/Siinduced differentiation in the absence of
proliferation. Prior to culture in each condition,
we treated freshly microdissected e13.5 buds
with mitomycin C (MMC), a potent inhibitor of
cell division. Cell growth arrest was confirmed
by genomic DNA quantitation in buds (n = 3)
before and after treatment. Although less
dramatically than before, differentiation was still
significantly higher in the experimental group
compared to both controls (2- to 6-fold for
endocrine cell markers, data not shown). This
observation is consistent with the hypothesis that
the enhancement of endocrine differentiation in
PFC/Si-cultured buds is independent from the
parallel increase in their proliferative capacity.

PFC/Si promotes endocrine over exocrine and
β- over α cell differentiation
One possible interpretation of the above results
is that a better method of O2 delivery simply
promotes
overall
differentiation.
We
hypothesized, however, that our method for
enhanced oxygenation would preferentially
induce the specification of endocrine cells, as
their O2 demands exceed greatly those of
exocrine tissue [48, 49]. To test this hypothesis,
and based on the qRT-PCR data presented
above, we calculated the ratios of endocrine-toexocrine and β-to-α cell differentiation. As
shown in fig. 6, these ratios are consistently
higher in the PFC/Si group than in the two in
vitro
controls
(up
to
30-fold
for
endocrine/exocrine and 2-3 fold for β-to-α cell
ratios) and even the e16.5 pancreatic buds (2-3
fold for both types of ratios). As it could be
argued that the varying O2 levels could be
affecting gene expression without significantly
altering cell fate choices, we sought additional
confirmation of our hypothesis by doing a
ratiometric analysis of the values previously
obtained by Metamorph® quantitation of
immunofluorescently-labeled buds (n = 5). The
β-to-α cell ratio in the PFC/Si group was almost
2-fold higher than that of the standard control
(1.5-fold higher than the high O2 control). While
further immunolabeling studies would be

In vitro maturation in PFC/Si devices closely
mimics in vivo development
In order to assess the extent to which buds
cultured in PFC/Si approximate in vivo levels of
differentiation, pancreatic buds obtained at e16.5
(a time point corresponding to e13.5 buds + 3
days of ex vivo development) were lysed for
RNA and protein extraction (n=4 independent
7
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experiments). These values were compared to
those previously obtained from PFC/Si-cultured
buds. Total insulin content of buds cultured for 3
days in PFC/Si was nearly 80% that of freshly
explanted e16.5 buds, compared to 30% and
15% in the high O2 and standard control groups,
respectively (fig. 5a). This observation was
confirmed and further expanded by qRT-PCR,
where the above panel of genes was run in the
e16.5 harvests and compared to the 7 PFC/Si in
vitro experiments. Figure 5b presents gene
expression profiles of the PFC/Si group
expressed as a percentage of that determined for
e16.5. Most of the differences between the
PFC/Si group and e16.5 are statistically
insignificant (P>0.05), suggesting that in vitro
maturation occurred at in vivo rates.

condition, shown in fig. 4c, show that clusters of
insulin- and glucagon-producing cells were
thicker and denser in PFC/Si than in control
buds. Scattered somatostatin+ cells could be seen
in PFC/Si-cultured buds, but not in any of the
control groups. This was confirmed by qRT-PCR
analysis in two independent samples (n = 3
buds/condition), which showed an average 18fold somatostatin signal increase in the PFC/Si
group vs. the standard control (in which, given
the absence of signal, a Ct of 40 was used for
calculations). As expected of the natural pattern
of development of PP cells (which do not arise
until e18 [61]), no PP signal could be detected in
any of the groups, either by immunolabeling or
qRT-PCR.

oxygenation promotes beta cell differentiation

DISCUSSION
Success at efficiently differentiating pancreatic
endocrine tissue from a renewable source of cells
could have immediate therapeutic applications
for the treatment of type I diabetes. However,
current methods for the in vitro specification of β
cells are still inefficient. We hypothesized that a
better recapitulation of the physiological
environment of β cells (of which oxygenation is
a key component) may be conducive to higher
differentiation yields.

Our results could be interpreted as a reflection of
better culture conditions, rather than a
preferential effect of enhanced oxygenation on
endocrine differentiation. However, the observed
up-regulation of exocrine markers in PFC/Sicultured bud was statistically insignificant. The
above hypothesis was further disproved by
calculating the quotients between endocrine
(Insulin
1
and
2)
and
exocrine
(Carboxypeptidase A, Amylase and p48)
markers. Within endocrine cells, we also
determined Insulin/Glucagon, Pax4/Pax6 and
Pax4/Arx ratios. The latter has been shown to be
important at the crossroads between α and β cell
segregation from a common progenitor cell
(excess of Pax4 over Arx will result in β cell
differentiation, whereas the opposite will lead
towards the generation of α cells [62, 63]).
Similarly, expression of Pax6, but not Pax4, is
normally associated to α cell specification at this
stage of development [64]. In all the experiments
conducted, the PFC/Si group showed invariably
higher endocrine-to-exocrine and β-to-α cell
differentiation ratios than the two in vitro
controls. Surprisingly, they were even higher
than in freshly explanted e16.5 pancreatic buds,
which represent a valuable control of in vivo
differentiation. While we cannot entirely rule out
the possibility that all these effects occur only at
the gene expression level, β-to-α cell
differentiation
ratios
calculated
from
immunofluorescently-labeled buds are indeed
higher in the PFC/Si group than in the controls.
It is certainly possible that β cells differentiated
in PFC/Si dishes not only are more numerous,
but also express higher amounts of insulin. This

Our results confirmed the above hypothesis in a
mouse model of pancreatic development, but
only when air was delivered in a basal-apical
fashion. Increasing the concentration of O2 in the
incubator in standard culture conditions did not
result in any significant up-regulation of
endocrine differentiation. While the “oxygen
sandwich” effect could also be achieved with
membranes made of silicone alone, those that
included PFC in their composition proved
superior in preliminary experiments. Expression
of endocrine markers (Glucagon, Insulin 1,
Insulin 2 and Pax4) was between 2- and 5-fold
higher in PFC/Si than in the silicone alone
group, with no significant differences in exocrine
gene differentiation or proliferation markers
(data not shown). The advantages of PFC/Si over
silicone alone in terms of O2 diffusion were
additionally confirmed by direct measurements
using non-invasive optical O2 biosensors
(Presens, GMBH, data not shown). Hence, we
opted for PFC/Si devices for all subsequent
experiments.
Our data show an unequivocal enhancement of
endocrine differentiation, with Insulin 1 and 2
expression levels exceeding 30-fold those of
buds cultured in standard conditions, be it at
21% or 35% O2. All markers of endocrine
differentiation were also up-regulated, including
8
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Ngn3 (a marker of pro-endocrine cell types),
Glucagon and Pax-6 (α cells), Isl1 (endocrine
cells), Pax4 (pro-β cells), Glut-2 and Pdx1 (β
cells) and Pax6 (pro-α cells). Although the
increase in Pdx1 levels observed in PFC/Sicultured buds over the standard control was a
seemingly modest 2-fold (6-fold over high O2
control), it must be noted that, other than
throughout the duct epithelium, expression of
this gene is just starting to reappear around this
time in arising β cells.

necessary to fully confirm this observation for
other cell types, our results are consistent with a
preferential
differentiation
towards
endocrine/beta cell fates.

oxygenation promotes beta cell differentiation

would be consistent with the observation that the
ratios obtained by immunofluorescence are
slightly lower than those calculated from the
qRT-PCR values. This slight disparity, however,
could be simply a reflection of the variability
expected of two different methodologies.
An enhanced growth rate was also observed
when using PFC/Si devices. BrdU incorporation
studies show that the majority of the newly
generated cells were epithelial (E-cadherin+).
BrdU, however, was very rarely seen in
terminally differentiated cells (Amylase+,
Carboxypeptidase+, Insulin+ or Glucagon+). This
suggests that most of the newly differentiated
endocrine or exocrine cells arose from
progenitors that were already quiescent at the
beginning of the experiment. Our data, therefore,
support the notion that PFC/Si matrices have two
distinct effects on e13.5 pancreatic buds: (a)
enhanced proliferation of epithelial cells that do
not differentiate during the course of the
experiment; and (b) enhanced endocrine
differentiation of a post-mitotic sub-population
of progenitor cells. The independence between
proliferation and differentiation was further
confirmed by experiments where, despite a
mitomycin C-induced arrest of proliferation,
endocrine differentiation was still enhanced. We
did not observe any evidence of PFC/Sienhanced mesenchymal cell proliferation, which
may have had some influence in the fate of
epithelial progenitors.

However (as we also see in our in vitro model),
higher oxygenation can also induce proliferation
of non-endocrine cell types, a behavior that
cannot be explained by the HIF-1/Notch
pathway. This typically happens through the
generation of reactive oxygen species (ROS),
which have been shown to participate as signal
transducers in numerous biological processes
[76-79]. Recently, Funato et al. demonstrated
that the redox-regulating protein nucleoredoxin
(NRX) blocks the Wnt/β-catenin pathway by
binding to Dishevelled (Dvl), a signal transducer
in the process [80]. ROS-mediated oxidation of
NRX results in its dissociation from Dvl. This
results in activation of the Wnt/β-catenin
pathway, which has been associated with the
maintenance of undifferentiated proliferating
exocrine progenitor cells [81].
A model that fits the experimental evidence is
presented in fig. 7. Hypoxic conditions present
until e13.5 would theoretically favor the Notchdependent
proliferation
of
pancreatic
progenitors. Since these conditions also promote
angiogenesis in a HIF-1-dependent manner, the
initiation of blood flow and subsequent
oxygenation would: (a) arrest Notch signaling in
endocrine progenitor cells (thus allowing a
massive wave of endocrine differentiation
around that time); and (b) activate Wnt/β-catenin
signaling in exocrine progenitor cells (thus
triggering sustained acinar cell proliferation).
According to this hypothesis, PFC/Si devices
(but not hypoxic control conditions) would, to
some extent, mimic the two independent effects
of angiogenesis in different cell subsets of the
developing pancreas. The testing of this

At this point, we can only speculate about the
molecular mechanisms by which enhanced
oxygenation exerts the observed influence on
pancreatic
development.
Among
the
differentiation pathways directly influenced by
O2 tension, Notch is of utmost relevance for
pancreatic development [65]. This pathway is
generally involved in the maintenance of an
undifferentiated state, and its down-regulation is
key for the initiation of the endocrine
differentiation cascade [66-71]. Under hypoxic
conditions, the hypoxia-inducible factor 1α
(HIF-1α) is stabilized and interacts with the
intracellular domain of Notch, activating this
9
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signaling cascade [36, 39, 72-74]. In this context,
it follows that higher oxygenation would
destabilize HIF-1α, which in turn would inhibit
Notch
signaling,
promoting
endocrine
differentiation. This would be consistent with the
observation that the second and most significant
wave of β cell specification (secondary transition
[61]) is concurrent with the initiation of blood
flow within the pancreatic buds, long after
endothelial cells first appear in the tissue [75].

oxygenation promotes beta cell differentiation

hypothesis is presently the subject of several
lines of research in our laboratory.
The observation that high O2 concentrations per
se did not enhance differentiation over basal
levels demonstrates that standard methods of air
delivery are ill-suited to sustain growth and
differentiation of cell aggregates. After three
days in culture, buds cultured in high O2 had a
very significant incidence of hypoxia, which was
not observed in PFC/Si-cultured explants. The
detection of δ cells in PFC/Si-cultured buds
offers additional evidence that these platforms
are close to reproducing in vivo development
conditions. Notably, improved O2 delivery was
not accompanied by oxygen-induced stress, as
shown by preliminary multiplex analyses.
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CONCLUSIONS
To date, most attempts at differentiating islets
from stem cells have focused only on their
molecular environment. Our results emphasize
the importance of providing developing
progenitor cells with the right physiological
environment, opening a new avenue of research
that timely complements parallel advances in the
field. In short, this work: (1) presents evidence
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FIGURE 1. Enhanced oxygenation in PFC/Si devices
(A) Schematic representation of the “oxygen sandwich” principle. In standard culture vessels,
atmospheric oxygen can reach the tissue only after diffusion through the culture medium. In PFC/Si
devices, the sample rests atop a perfluorocarbon-enriched, air-permeable silicone membrane, which
provides additional oxygenation. (B) COMSOL v.3.2 mathematical modeling of oxygen gradients in
pancreatic buds immediately after equilibration (day 0) in standard conditions at 21% oxygen (top),
standard conditions at 35% oxygen (middle) and PFC/Si devices at 35% oxygen (bottom). Left,
oxygen partial pressure scale (mm Hg), from blue (minimum) to red (maximum). White represents
areas with <0.1 mm Hg oxygen (anoxia).
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FIGURE 2. PFC/devices induce higher proliferation rates
(A) Volume of pancreatic buds (m3) after three days of culture in each condition (standard control,
high oxygen control and PFC/Si), showing a favorable effect of oxygen on cell proliferation. The
baseline represents the average volume of buds immediately after harvesting (day 0). Error bars:
standard error for each group. (B) Left column: microphotographs of buds cultured for 3 days in each
condition. Scale bar: 400 μm. Right column: immunofluorescent analysis of pancreatic buds (day 3 of
culture) with a hypoxyprobe (Chemicon), which detects areas at <10 mm Hg (hypoxia) (green). Blue,
DAPI nuclear counter-staining. Scale bar: 500 μm.
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FIGURE 3. PFC/Si-induced growth is due to replication of undifferentiated epithelial cells
Confocal immunofluorescent analysis of pancreatic buds cultured for three days in PFC/Si devices in
the presence of BrdU (green). Blue, DAPI nuclear counter-staining. Top row: in red, clockwise from
the left: Glucagon (Glu), Insulin (Ins), Carboxypeptidase A (CPA) and Amylase (Amy). Few
terminally differentiated cells had BrdU co-staining. Bottom row: BrdU (green), DAPI (blue) and Ecadherin (E-cad) (red) staining of PFC/Si-cultured buds, shown as two-channel combinations
(microphotographs 1, 2 and 3) and 3-channel combination (microphotograph 4). As expected, most of
the cells in the bud are E-cadherin+ (epithelial). Proliferation occurs preferentially within the Ecadherin+-undifferentiated population. Scale bars: 50 μm (Glu, Ins, CPA) and 75 μm (Amy, E-cad).
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FIGURE 4. Culture in PFC/Si platforms promotes endocrine differentiation
(A) Relative qRT-PCR analysis of pancreatic buds cultured in standard conditions (closed bars), high
oxygen (striated bars) and PFC/Si devices (grey bars). Values are represented as x–fold increase over
the control (= 1). Error bars: standard error (7 independent experiments). P values lower than 0.05 are
indicated with asterisks. All values were normalized against 18S RNA (see Methods) (B) Metamorph
® analysis of insulin (left) and glucagon (right) signal in immunostained buds cultured in standard
(closed bars), high oxygen (striated bars) and PFC/Si (grey bars) settings. Y axis: x-fold increase over
standard control (= 1). Error bars: standard error (5 independent experiments). (C) Confocal
microphotographs of representative sections from e13.5 buds cultured for three days in standard
conditions (left), high oxygen (middle) and PFC/Si platforms (right). Insulin (Ins)-positive cells are
stained in red and glucagon (Glu)-positive cells in green. Blue: DAPI nuclear counter-staining. A
white dotted line has been added to highlight the contour of the samples. Scale bar: 100 μm.
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FIGURE 5. Insulin content and gene expression profiles of PFC/Si-cultured e13.5 buds approximate
that of e16.5 buds
(A) Total insulin content in each group (standard control, high oxygen control and PFC/Si),
represented as the proportion of that found in dorsal pancreatic buds obtained from e16.5 embryos (
=1). Error bars: standard error for each group (n = 4). N.S., non-statistically significant. (B) Gene
expression profile of PFC/Si-cultured e13.5 buds, expressed as a percentage of that of freshly isolated
e16.5 buds. A dotted line highlights 100% of e16.5 expression. Error bars: standard error for each
group (n=4 independent harvests for e16.5 and 7 independent experiments for PFC/Si). Asterisks
represent P values equal to or lower than 0.05.
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FIGURE 6. PFC/Si induces preferential endocrine over exocrine and β cell over α cell differentiation
Ratiometric analysis of gene expression in the PFC/Si group compared to e16.5 buds (striated boxes)
as well as standard (grey boxes) and high oxygen (closed boxes) controls. Values are represented as xfold increase of the net ratio for each pair of genes in the PFC/Si group over that of the other three
groups (see supp. methods). (A) Endocrine-to-exocrine ratiometric analysis: Ins1/Amy (Insulin 1 to
amylase); Ins1/p48 (Insulin 1 to P48); and Ins1/CPA (Insulin 1 to Carboxypeptidase A). The same
ratios were calculated for Insulin 2 (Ins2). (B) β-to-α cell ratiometric analysis: Pax4/Arx; Ins1/Glu
(Insulin 1 to Glucagon); Ins2/Glu (Insulin 2 to Glucagon); and Pax4/Pax6. Error bars: standard error
for each group. Asterisks represent P values equal to or lower than 0.05.
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FIGURE 7. A hypothetical model to explain the role of O2 in pancreatic development.
According to the hypothesis presented in the main text, hypoxic conditions present in the pancreas
prior to the initiation of blood flow would favor the HIF-1α-mediated activation of Notch in endocrine
progenitor cells, promoting their self-renewal but largely preventing their differentiation. HIF-1α
stabilization in hypoxic conditions also induces VEGF-mediated angiogenesis, which will eventually
lead to the initiation of blood flow at around e13.5. Enhanced oxygenation of pancreatic tissues at that
point will destabilize HIF-1α, resulting in Notch down-regulation and differentiation of endocrine cell
types. Exocrine progenitor cells, in contrast, may react to higher O2 levels by activating the Wnt/βcatenin pathway via NRX sequestration by ROS. This would promote their expansion throughout the
rest of embryonic development.
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