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INTRODUCTION
The primary function of blood vessels is to provide organs with
oxygen and nutrients that are essential for tissue growth and
maintenance. In recent years, additional roles of vascular
endothelial cells in organ development and tissue homeostasis have
been discovered. In the case of the embryonic liver and pancreas,
seminal studies have shown that blood vessels provide perfusion-
independent paracrine signals, which are crucial for early stages of
organ development and differentiation (Jacquemin et al., 2006;
Lammert et al., 2001; Matsumoto et al., 2001; Yoshitomi and Zaret,
2004). Paracrine factors secreted from endothelial cells also support
adult liver regeneration (LeCouter et al., 2003). Survival and proper
function of adult pancreatic -cells were shown to depend on
extracellular matrix produced by blood vessels (Nikolova et al.,
2006; Zaret, 2006). In addition, it has been proposed that a
‘vascular niche’ maintains self-renewal in several adult stem cell
systems, including the brain, testis, bone marrow and fat (Butler et
al., 2010b; Palmer et al., 2000; Shen et al., 2008; Tang et al., 2008;
Tavazoie et al., 2008; Yoshida et al., 2007). At least for neuronal
and hematopoietic stem cells, blood vessels are able to impact self-
renewal in vitro in the absence of blood flow, demonstrating the
importance of paracrine signals from endothelial cells (Butler et al.,
2010b; Shen et al., 2004). The effects of blood vessels on self-
renewal of hematopoietic stem cells appear to involve the
activation of Notch signaling within stem cells (Butler et al.,
2010b).

Notably, the net effect of blood vessels on tissue development in
all these cases is seemingly a positive one. Endothelial cells
provide important cues for early organ formation, maintain stem

cell potential and help carrying the limiting nutrients needed for
tissue growth beyond the minimal size afforded by passive
diffusion.

Here, we describe a series of experiments that examine the role
of blood vessels during the morphogenetic stages of pancreas
development, using both endothelial cell ablation and forced
hypervascularization. During these stages (embryonic days 10-13
in the mouse), the pancreas starts to undergo an extensive process
of branching morphogenesis, growth and the beginning of
differentiation (Cleaver and MacDonald, 2009; Gittes, 2009;
Jorgensen et al., 2007; Murtaugh, 2007; Oliver-Krasinski and
Stoffers, 2008). At the tip of each branch, rapidly dividing cells that
express Cpa1 and Ptf1a are multipotent progenitors, which leave
behind ‘trunk’ cells (Zhou et al., 2007). As shown by time-lapse
studies (Cleaver and MacDonald, 2009; Puri and Hebrok, 2007;
Solar et al., 2009) and lineage tracing (Solar et al., 2009), trunks
can give rise to new lateral branches headed by tips. Endocrine
progenitor cells expressing neurogenin 3 (Ngn3) emerge in the
trunks, delaminate and differentiate to hormone-producing cells
that will coalesce to form the islets of Langerhans. Trunk cells
eventually form the differentiated ductal epithelium. Tip cells
differentiate later in development to acinar cells, which secrete
digestive enzymes to the ducts (Zhou et al., 2007). We show that
in this context, perfusion-independent signals from blood vessels
surprisingly act to slow down organ growth and have a net negative
effect on organ size. The underlying mechanism is vascular
sustenance of a simple tubular pancreatic epithelium, and the
restriction of pancreas tip and endocrine progenitor cell formation.
Consequently, blood vessels favor reduced branching and inhibit
endocrine and exocrine differentiation.

MATERIALS AND METHODS
Mice
Pdx1-tTA mice (Holland et al., 2002) were the generous gift from Ray
MacDonald (University of Texas Southwestern, TX, USA). TET-VEGF
(Dor et al., 2001), TET-sFLT1 (Dor et al., 2001; May et al., 2008), Flk1-
lacZ (Shalaby et al., 1997) and Pdx1-GFP (Gu et al., 2004) mice have been
described previously. Embryos were genoyped by PCR using the following
primers: Pdx1-tTA, 5�-TAGATGTGCTTTACTAAGTCATCGCG-3� and
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SUMMARY
How organ size and form are controlled during development is a major question in biology. Blood vessels have been shown to be
essential for early development of the liver and pancreas, and are fundamental to normal and pathological tissue growth. Here,
we report that, surprisingly, non-nutritional signals from blood vessels act to restrain pancreas growth. Elimination of endothelial
cells increases the size of embryonic pancreatic buds. Conversely, VEGF-induced hypervascularization decreases pancreas size. The
growth phenotype results from vascular restriction of pancreatic tip cell formation, lateral branching and differentiation of the
pancreatic epithelium into endocrine and acinar cells. The effects are seen both in vivo and ex vivo, indicating a perfusion-
independent mechanism. Thus, the vasculature controls pancreas morphogenesis and growth by reducing branching and
differentiation of primitive epithelial cells.
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5�-GAGATCGAGCGGGCCCTCGATGGTAG-3�; TET-VEGF, 5�-
CGCGAAGCTTCCACCATGGACTTTCTGCTCTCTTGGGT-3� and 5�-
CGCGGATATCACCGCCTTGGCTTGTCACA-3�; Flk1-lacZ, 5�-
CAACAGTTGCGCAGCCTGAATGG-3� and 5�-AAATCGCTGAT -
TTGTGTAGTCGGT-3�; Pdx1-GFP, 5�-TCGTGGAACTGGA TGG -
CGATG-3� and 5�-CTTCAGCTCGATTCTATTCACCA-3�. The joint
ethics committee (IACUC) of the Hebrew University and Hadassah
Medical Center approved the study protocol for animal welfare. The
Hebrew University is an AAALAC International accredited institute.

Pancreatic explants
Pancreatic buds were cultured on filters, in the liquid-air interface, as
previously described (van Eyll et al., 2004). Briefly, the dorsal pancreatic
bud from embryonic day (E)12.5 mouse embryos was excised under a
dissecting microscope in Hank’s balanced salts solution (HBSS).
Alternatively, the gut and pancreas from E9.5 embryos were isolated. The
explants were cultured in DMEM supplied with 10% fetal bovine serum,
containing 100 U/ml penicillin and 100 mg/ml streptomycin. Explants were
cultured on microporous membranes and no medium was added on top of
the filter, so that the tissue grew at the air/medium interface. Medium was
changed every other day.

To ablate endothelial cells in pancreatic explants, we used 1-[4-(6,7-
Dimethoxy-quinolin-4-yloxy)-3-fluoro-phenyl]-3-(2-fluoro-phenyl)-urea
(Ilovich et al., 2008) (VEGFR2i). The molecule has a low IC50 (5-15 nM)
to VEGFR2 and PDGFRb, and a high IC50 (>500 nM) for IGF1R, EGFR
and Her2. Drug was dissolved in DMSO (stock solution 25 mM) and added
to explants at a final concentration of 100 nM. -Secretase inhibitor XX
(Calbiochem, catalog number 565789), was added to explants at a final
concentration of 100 nM.

Immunostaining, antibodies and microscopy
Whole-mount immunostaining was performed essentially as described
previously (Ahnfelt-Ronne et al., 2007b). Alternatively, staining was
performed on 5 mm paraffin sections of dissected guts (E15.5) or isolated
pancreata (E15.5-P3). Tissue was fixed in 4% buffered zinc-formalin for 2
hours at 4°C, dehydrated in an ethanol series, cleared in histoclear and
embedded in Paraplast (Kendall). When required, antigen retrieval was
performed using a pressure cooker. Primary antibodies used in this study
included: guinea pig anti-insulin (1:500; DAKO), armenian hamster anti-
Muc1 (1:250; Labvision), rat anti-CD31/Pecam (1:50; BD), rabbit anti-
amylase (1:100; Sigma), rabbit anti-carboxypeptidase 1 (1:200; Rockland),
guinea pig, goat and rabbit anti-Pdx1 (1:2500; a generous gift from Chris
Wright, Vanderbilt University, TN, USA), rabbit anti-ptf1a (1:2000; Beta
Cell Biology Consortium), rabbit anti-Ngn3 (1:500; Beta Cell Biology
Consortium), guinea pig anti-Ngn3 (1:500; a generous gift from Maike
Sander, UCSD, CA, USA), mouse anti-Nkx2.2 (1:50; Developmental
Studies Hybridoma Bank), rabbit anti Nkx6.1 (1:800; Beta Cell Biology
Consortium), rabbit anti phospho histone H3 (PHH3) (1:100; Cell
Signaling), rabbit anti active caspase 3 (1:100; Cell Signaling), and
Hypoxyprobe (Hypoxyprobe Kit, Chemicon). For DNA counterstain we
used DAPI (Sigma). Secondary antibodies were from Jackson
ImmunoResearch, used at 1:200. Immunofluorescence images were
captured on a Nikon C1 confocal microscope or Olympus FV1000. For
FACS analysis, E15.5 pancreata from Pdx1-GFP embryos were dissociated
to single cells with Collagenase P (2 mg/ml, Roche), and stained with either
Apc-conjugated anti-Flk1 (1:20; BD) or rabbit anti-Flt1 (1:100; Santa
Cruz) followed by a secondary antibody Cy5 anti-rabbit (1:800; Jackson).
To measure proliferation by FACS, E12.5 explants treated for 3 days with
VEGFRi or vehicle were dissociated and stained with antibodies against
Pdx1 and Ki67, followed by fluorophore-conjugated secondary antibodies.

RNA
For RT-PCR, total RNA was prepared using Qiagen RNeasy microkit
according to the manufacturer’s protocol. Total RNA (100 ng) was used for
first-strand cDNA synthesis using random primers (Roche) and reverse
transcriptase (ImProm-II, Promega). Quantitative real-time PCR was
performed with SYBR Green PCR master mix (Applied Biosystems) in 96-
well plates using the 7900HT instrument (Applied Biosystems). All
reactions were performed in triplicates. The relative amount of Ngn3

mRNA was calculated using the comparative CT method after
normalization to Pdx1. Primer sequences were: Ngn3, 5�-
ACTGACCTGCTGCTCTCTATTCTTT-3� and ACTGACC TGC -
TGCTCTCTATTCTTT-3�; Pdx1, 5�-AGGCCAGTGGGCAGGAG-3� and
5�-CTCTTGTTTTCCTCGGGTTCC-3�. For transcriptome analysis, RNA
was isolated using QIAGEN RNeasy micro Kit from pancreatic buds of
Pdx1-tTA (n3) and littermate Pdx1-tTA; TET-VEGF (n3) E12.5
embryos, or from E12.5 wild-type pancreatic buds explanted and treated
with VEGFR2i (n5) or vehicle (n5) for 2 days. Affymetrix mouse gene
1.0 st arrays were used. The arrays were RMA normalized using Partek
Genomic Suite 6.5. Differentially regulated genes were selected based on
P-values and ratios using t-test. Data are deposited in Gene Expression
Omnibus (Accession Number GSE32098).

Analysis
To measure the area of explants stained in whole mount we obtained
confocal z-stacks of the whole tissue. The fraction of tissue covered by
Pdx1 or Muc1 staining was determined using NIS-Elements software.
Significance was determined using two-tailed Student’s t-test. A P-value
less than 0.05 was considered significant. Data are presented as
mean±s.e.m.

RESULTS
Blood vessels restrict the size of the developing
pancreas
To examine the role of blood vessels in pancreas morphogenesis and
growth, we manipulated the vasculature of the embryonic pancreas.
To enhance the formation of blood vessels, we crossed Pdx1-tTA and
TET-VEGF transgenic mice (Dor et al., 2001; Holland et al., 2002)
to drive expression of vascular endothelial growth factor (VEGF)
specifically in the pancreas. Importantly, VEGF receptors are not
expressed in the pancreatic epithelium (see Fig. S1 in the
supplementary material), indicating that any effect of VEGF on the
epithelium will be indirect, via the vasculature. As expected, VEGF
expression led to massive hypervascularization of the pancreas,
evident by the intense staining for the endothelial cell marker Pecam
(Fig. 1A). Surprisingly, the pancreas of VEGF-expressing mice was
significantly smaller compared with littermate controls, during
embryonic development (see Fig. S2 in the supplementary material)
as well as immediately after birth (Fig. 1B,C). Organ size was
assessed by documenting total organ size and weight (in newborns)
or total Pdx1-stained area (in embryos). As the absolute mass of
blood vessels in transgenic mice was increased, the smaller organ
size represented an even more dramatic inhibition of growth of the
parenchymal component of the pancreas.

To rule out a possible non-specific toxic effect of
hypervascularization, we performed reciprocal loss of function
experiments. Pancreata were isolated from E12.5 wild-type embryos
and cultured on filters, in the liquid-gas interface (van Eyll et al.,
2004). Explants were treated with a small molecule inhibitor of
VEGFR2 (VEGFR2i) (Ilovich et al., 2008), which led to a rapid and
total ablation of endothelial cells, seen as a complete loss of staining
for Pecam (Fig. 1D). To validate that endothelial cells were
eliminated and have not simply lost Pecam expression, we treated
Flk1-LacZ explants with the same inhibitor. Loss of X-Gal staining
confirmed that endothelial cells were indeed efficiently ablated (Fig.
1D). In agreement with the TET-VEGF experiments, elimination of
endothelial cells led to a significant increase in organ size after 3
days of culture, evident from the larger area stained for the pancreatic
marker Pdx1 relative to vehicle-treated explants (Fig. 1E,F). Vehicle
and VEGFR2i-treated explants had similar heights, as determined by
confocal slices along the z axis, indicating that avascular buds had a
larger total volume (see Fig. S3 in the supplementary material). As
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with the VEGF-expressing pancreas, the larger organ size in the face
of reduced vasculature suggests that our measurements
underestimate the impact on growth of the pancreas.

Finally, we took an independent genetic approach to eliminate
blood vessels in the pancreas. Using the same Pdx1-tTA driver line
described above, we overexpressed in the pancreatic epithelium a
soluble receptor of VEGF, which acts as an efficient VEGF-trap
(TET-sFLT1) (May et al., 2008). Expression of the sFLT1
transgene led to a dramatic reduction of blood vessel density in the
developing pancreas (see Fig. S4 in the supplementary material).
In vivo, this led to tissue hypoxia beyond embryonic day 11.5,
followed by massive apoptosis, failure of pancreas development
and death of newborn mice (see Fig. S4 in the supplementary
material). The likely contribution of hypoxic stress to this
phenotype precluded the analysis of Pdx1-tTA; TET-sFLT1 mice
in vivo. However, explant cultures of E9.5 pancreatic buds from
Pdx1-tTA; TET-sFLT1 mice grew to a size significantly larger than
control littermates (see Fig. S5 in the supplementary material),
consistent with the results obtained using the pharmacological
inhibitor of VEGFR2.

Taken together, these results reveal that, contrary to expectation,
blood vessels restrict the growth of the embryonic pancreas. The
function of blood vessels is perfusion independent, as the same
effects are seen in vivo and in explants, cultured in ambient oxygen
and standard culture medium in the absence of blood flow.

Reduced branching and differentiation in
hypervascularized pancreata
To study the basis for the surprising negative effect of blood vessels
on pancreas size, we examined how the patterns of branching
morphogenesis and differentiation are affected by VEGF
overexpression. Examination of VEGF-expressing pancreata
revealed a striking block in branching at E12.5, apparent from
immunostaining for either Muc1 (Fig. 2A) or Pdx1 (Fig. 2B and
see Fig. S6 in the supplementary material). Transgenic pancreata
had fewer branches, and instead presented with elongated
unbranched tubes.

To determine whether multi-potent tip cells were affected by
VEGF overexpression, we examined the expression pattern of the tip
cell marker Cpa1. As shown in Fig. 2B, transgenic pancreata had a

4745RESEARCH ARTICLEVasculature restrains pancreas growth and branching

Fig. 1. The vasculature restricts pancreas growth. (A)Hypervascularization of pancreata overexpressing VEGF. Whole-mount staining for Pecam
(green) and Pdx1 (red) in pancreata from an E13.5 Pdx1-tTA; TET-VEGF embryo and a control littermate. Scale bar: 100mm. (B)Smaller pancreas in
newborn mice (postnatal day 1) overexpressing VEGF. Dotted lines mark the pancreas. Among control animals, top image is from a Pdx1-tTA animal
and bottom image is from a TET-VEGF animal. All images are from the same litter. (C)Reduced pancreas weight in newborn mice overexpressing
VEGF. n describes the number of mice analyzed. Graphs show cumulative data from three litters. In each litter, wild-type pancreas weight was
normalized to 1, to correct for inter-litter differences. Data are mean±s.e.m. (D)Elimination of endothelial cells upon treatment of pancreatic
explants with VEGFR2 inhibitor. Pancreatic buds from E12.5 wild-type embryos were cultured for 3 days in the presence or absence of VEGFR2i. In
the lower panels, mice contained a Flk1-LacZ reporter allele. X-gal stains blood vessels in such mice. Scale bars: 200mm (top); 80mm (bottom).
(E)Larger size of E12.5 pancreatic buds cultured for 3 days in the presence of VEGFR2i. Images show confocal z-stacks of explants in whole-mount
stained for Pdx1. Shown are representative images from three individual explants. Yellow numbers describe the area stained for Pdx1. Scale bar:
200mm. (F)Quantification of explant size after treatment with VEGFR2i, as in E. n describes the total number of explants analyzed. Graphs show
cumulative data from ten experiments using ten independent litters. Data are mean±s.e.m.
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dramatic reduction in Cpa1 staining. Similar results were obtained
with another tip marker, the transcription factor Ptf1a (see Fig. S6 in
the supplementary material). Both Cpa1 and Ptf1a are also expressed
in differentiated acinar cells, and thus changes in their expression
could reflect a delay in acinar cell differentiation, rather than a
change in tip cell formation. To examine this possibility, we stained
embryonic pancreata for the definitive acinar cell marker amylase,
which is absent from multipotent tip cells. Amylase expression was
absent in E12.5 pancreata (see Fig. S7 in the supplementary
material), consistent with Cpa1 and Ptf1a expression marking
multipotent tip cells, rather than differentiated acinar cells. Thus,
hypervascularization blocks tip cell formation and branching.

We then examined endocrine lineage development in transgenic
embryos. Strikingly, expression of the key marker of endocrine
progenitor cells, Ngn3, was nearly abolished in E12.5 VEGF-
expressing pancreata (Fig. 2A). This suggests that blood vessels
inhibit the development of both exocrine and endocrine lineages in
the pancreas.

Finally, we characterized the unbranched tubes in Pdx1-tTA;
TET-VEGF pancreata. Epithelial cells in E13.5 transgenic
pancreata expressed key markers of undifferentiated trunk
epithelium (Cleaver and MacDonald, 2009; Zhou et al., 2007),
including Pdx1 (Fig. 2B), Nkx2.2 and Nkx6.1 (see Fig. S8 in the

supplementary material). These results suggest that
hypervascularization does not induce duct differentiation, but rather
supports the maintenance of trunk tubular epithelium.

To validate the immunofluorescence results at the mRNA level,
we harvested pancreata from E12.5 VEGF-overexpressing embryos
and control littermates, prepared RNA and compared their
transcriptomes using Affymetrix microarrays. The analysis of
transcriptome data confirmed the finding that VEGF
overexpression led to a dramatic increase in the number of vascular
endothelial cells, and a concomitant decrease in the level of
endocrine progenitor cells, as well as their differentiation products.
Interestingly, although markers of differentiated acinar cells are not
detected at this age at the protein level in wild-type embryos,
mRNA for acinar genes is already expressed at significant levels.
Similar to its impact on differentiated endocrine cell markers,
VEGF overexpression led to a decrease in the level of acinar cell
markers such as Amylase and elastase (see Fig. S9, Table S1 and
Table S2 in the supplementary material).

Together, these results show that VEGF-driven
hypervascularization reduces the formation of multipotent tip cells,
reduces branching, and prevents endocrine and exocrine
differentiation of the embryonic pancreas, while sustaining
primitive undifferentiated (proto-differentiated) epithelial cells.
These combined effects can account for the unexpected smaller
size of transgenic pancreata shown above.

The effects of VEGF on branching and
differentiation are perfusion independent
To determine whether the effects of VEGF and hypervascularization
on pancreas branching and differentiation depend on blood flow, we
isolated pancreatic buds from VEGF-expressing embryos and
cultured them on filters in complete medium and ambient oxygen.
As shown in Fig. 3A, transgenic E10.5 buds explanted for 3 days
were smaller compared with wild-type littermates, had an altered
pattern of Muc1 staining, indicative of defective branching, and had
only faint staining for Ngn3. Similarly, VEGF-expressing E12.5 buds
explanted for 2 days had a dramatic reduction in size and branching
compared with control littermates (Fig. 3B). In addition, transgenic
explants had fewer Ngn3+ cells and fewer insulin+ cells, showing
that the reduction of endocrine progenitor cells results in fewer
downstream differentiation products.

To control for potential early effects of VEGF expression in
vivo, we treated pregnant females with tetracycline to repress
transgenic VEGF expression until the time of culture at E10.5.
Transgenic embryos at E10.5 were indistinguishable from wild-
type littermates (Pecam, Pdx1 and Ngn3 expression patterns),
suggesting efficient repression of the VEGF transgene. However,
after 3 days of culture in the absence of tetracycline, VEGF-
expressing explants had more blood vessels (not shown) and a
dramatic decrease in Ngn3+ cells (see Fig. S10 in the
supplementary material).

These results show that the repressive effect of blood vessels on
pancreas branching and endocrine differentiation is not mediated
through blood flow, circulating cells or plasma factors, nutrients or
oxygen. Rather, factor(s) produced by vascular endothelial cells are
likely to be responsible for this effect.

Ablation of endothelial cells triggers tip cell
formation and differentiation
The experiments with transgenic mice overexpressing VEGF
suggest a novel role for blood vessels in restraining branching
and differentiation. We therefore used our loss-of-function
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Fig. 2. Reduced branching, tip cell formation and endocrine
specification in pancreata from E12.5 embryos overexpressing
VEGF. (A)Whole-mount immunostaining for Muc1 (red) and Ngn3
(green), showing reduced branching and fewer Ngn3+ cells in VEGF-
expressing pancreata. (B)Whole-mount immunostaining for Pdx1
(green), Pecam (red) and Cpa1 (blue), showing elongated unbranched
tubes and fewer tip cells in VEGF-expressing pancreata. Scale bars:
200mm. Images are z-stacks of serial confocal sections.
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approach to examine whether the endogenous vasculature has
similar effects during pancreas development. E12.5 pancreatic
explants from wild-type mice were cultured for 2-3 days in the
presence of VEGFR2i, which totally ablated vascular endothelial
cells as shown in Fig. 1D. We then compared branching and
differentiation in VEGFR2i-treated and control explants, using
whole-mount immunostaining. We used the pattern of Muc1
staining as a convenient readout for tips and trunks. In normal
explants, tips located in the periphery show strong and dense
staining for Muc1, overlapping with established tip markers such
as Cpa1 and Ptf1a, whereas large trunks in central areas stain
more weakly for Muc1 (see Fig. S11 in the supplementary
material). In further support of the use of Muc1 pattern as a
tip/trunk indicator, the key trunk marker Hnf1 colocalized with
weakly stained Muc1, whereas the dense clusters strongly
expressing Muc1 were largely Hnf1 negative (see Fig. S12 in
the supplementary material). VEGFR2i treatment eliminated the
center/periphery dichotomy in Muc1 staining, and essentially
transformed the whole explant into a homogenous field
exhibiting a peripheral pattern of Muc1 staining (Fig. 4A). A
similar trend was seen in the pattern of the tip cell marker Ptf1a.
Although in control explants cultured for 2 days Ptf1a was

expressed in discrete foci, vascular ablation caused a more
extensive and uniform distribution of Ptf1a protein, consistent
with widespread formation of tips in central areas of the bud
(Fig. 4B).

Tip cells eventually give rise to acinar cells. To examine
whether endothelial cell ablation triggered acinar differentiation,
we stained explants for amylase. In E12.5 buds cultured for 3
days, amylase+ cells appear mostly in the periphery, reflecting
the location of tip cells. By contrast, in VEGFR2i-treated
explants the domain of amylase expression expanded into central
areas of the bud, normally containing mostly trunks (Fig. 4C).
Quantification of amylase staining intensity relative to Pdx1
staining showed a significant, >2 fold, increase in the amylase-
stained area (Fig. 4C). Consistent with this finding, western
blotting revealed a striking 2.2-fold increase in the amount of
amylase protein in explants that were exposed to VEGFR2i,
when normalized to -actin (Fig. 4D). In agreement with these
data, expression of the tip/acinar marker Cpa1 expanded beyond
peripheral tips, to abundant expression in central areas in
VEGFRi-treated explants (see Fig. S13 in the supplementary
material). Last, the mRNA levels of multiple acinar genes were
significantly increased upon vascular ablation (Fig. 4E).

We then asked whether the formation of endocrine progenitor
cells was also affected by ablation of blood vessels. Wild-type buds
were cultured in the presence or absence of VEGFR2i, and stained
in whole mount for endocrine progenitor cells. In cultures of E12.5
buds, vascular ablation had no detectable effect on endocrine
progenitor cells (not shown). However, E9.5 explants cultured for
6 days in the presence of VEGFR2i had more Ngn3+ cells (Fig.
5A). To validate and quantify these results, we extracted RNA from
remaining explants of the same litter, and determined the levels of
Ngn3 mRNA using quantitative RT-PCR. In agreement with
immunostaining results, avascular explants had a significant
increase in Ngn3 mRNA (Fig. 5B). Thus, blood vessels restrain the
formation of Ngn3+ endocrine progenitor cells during normal
development of the pancreas.

Finally, we used microarray analysis to identify transcriptome
changes in pancreatic explants upon vascular ablation. As expected,
E12.5 explants treated with VEGFR2i for 2 days showed a
dramatic reduction in the expression of vascular endothelial cell
markers, reflecting efficient ablation of blood vessels (see Fig. S9,
Table S3 and Table S4 in the supplementary material). Although
endocrine cell markers showed little or no change in these samples,
acinar cell markers such as amylase, elastase and Rnase1 were
significantly upregulated compared with control explants (see Fig.
S9 in the supplementary material), consistent with the western blot
and immunofluorescence data. In summary, these results show that
ablation of vascular endothelial cells induces the formation of tip
cells and acinar differentiation, as well as the formation of
endocrine progenitor cells.

Evidence for involvement of Notch pathway in
endothelial to epithelial signaling
What is the molecular nature of the endothelial signals that restrain
epithelial branching and differentiation? Delta-Notch signaling
represents an attractive candidate for a mediator of this tissue
interaction. Notch is a well-recognized regulator of pancreas
differentiation decisions, acting to restrict Ngn3 cell formation and
acinar cell differentiation; in fact, the phenotype of pancreata
expressing a constitutively active Notch transgene is reminiscent
of VEGF-expressing pancreata, in that endocrine and exocrine
differentiation is inhibited (Hald et al., 2003; Murtaugh et al.,
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Fig. 3. Reduced branching and endocrine differentiation in
explanted Pdx1-tTA; TET-VEGF pancreatic buds, suggesting
perfusion-independent effects of hypervascularization.
(A)Whole-mount immunostaining for Pdx1 (green), Muc1 (red) and
Ngn3 (blue) in E10.5 buds cultured for 3 days. (B)Whole-mount
immunostaining for insulin (green), Muc1 (red) and Ngn3 (blue) in
E12.5 buds cultured for 2 days. Note smaller size, reduced branching
and reduced numbers of -cells in VEGF-expressing pancreata. Scale
bars: 200mm.
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2003). Furthermore, Notch signaling has been recently implicated
in vascular control of stem cell dynamics in neuronal (Shen et al.,
2004) and hematopoietic stem cells (Butler et al., 2010b). We thus
hypothesized that blood vessels affect branching and differentiation
by modulating Notch signaling in the epithelium, either directly or
via a relay (Jacquemin et al., 2006). To begin and examine this
hypothesis, we treated hypervascular pancreatic explants with a
pharmacological -secretase inhibitor (GSI), which prevents the
activation of Notch. As shown in Fig. 6, GSI partially rescued the
defects in Ngn3 cell formation and branching in VEGF-expressing
explants. GSI induced the rapid expression of Ngn3 in the majority
of epithelial cells in VEGF transgenics (Fig. 6), as well as in wild-
type explants (Magenheim et al., 2011). Longer exposure to GSI
caused thinning of tubes and excessive tip formation in both VEGF
transgenics (Fig. 6) and wild-type explants (Magenheim et al.,
2011). Therefore, the epithelium in hypervascularized pancreatic
buds remains sensitive to Notch inhibition, supporting the idea that
the vasculature could be acting by modulating an upstream step in
epithelial Notch signaling. These results are consistent with the
hypothesis that the vasculature restrains pancreas differentiation
and branching at least in part via modulation of Notch signaling
within the epithelium.

DISCUSSION
Vascular control of pancreas branching and
differentiation
We show here that during pancreas development, blood vessels
restrain pancreas tip cell formation and branching morphogenesis,
and antagonize differentiation of epithelial cells into exocrine and

endocrine fates. Consequently, the surprising net effect of blood
vessels on pancreas development is inhibition of growth and a
restriction of final organ size. The signals that mediate this
response are independent of blood flow, circulating plasma factors
and the provision of nutrients and oxygen, as manipulations of the
vasculature lead to similar effects in vivo and in explants cultured
in complete medium and ambient oxygen.

These findings seem counterintuitive and run against the well-
established notion that blood vessels are positive regulators of
tissue growth during development and postnatal life, as well as in
pathologies such as cancer. How can our results be reconciled with
this view? More specifically, how do our findings fit into the
current understanding of pancreas development and
morphogenesis, in particular the ‘tip-trunk’ model describing
branching, progenitor cell dynamics and differentiation (Zhou et
al., 2007)? We propose that epithelial cells in the developing
pancreas, most of which reside in the trunks, face a fundamental
choice. They can either divide symmetrically to generate two
identical daughters, or take the differentiation/morphogenesis path,
involving either the generation of a new, rapidly dividing tip cell
followed by formation of a lateral branch (Puri and Hebrok, 2007;
Solar et al., 2009), or the expression of Ngn3, followed by
delamination and endocrine differentiation (Ahnfelt-Ronne et al.,
2007a; Apelqvist et al., 1999).

Taking the first path, which we propose represents ‘self-
renewal’, the epithelium generates elongated, unbranched tubes and
retains multipotentiality. Taking the second path, the epithelium
generates the branched pancreas, including its typical differentiated
cell types. Proper development of the pancreas (and indeed, any
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Fig. 4. Excessive formation of tips and acinar differentiation upon ablation of endothelial cells in explanted pancreatic buds. E12.5
wild-type buds were cultured with or without VEGFR2i and stained in whole mount. (A)Staining for Muc1 after culturing for 3 days. (B)Staining for
Ptf1a after culturing for 2 days. Upper panels, z-stacks of 11 confocal sections. Bottom panels, individual confocal sections. (C)Top: staining for
amylase after culturing for 3 days. Bottom: quantification of amylase-stained area in explants, normalized to the Pdx1-stained area. n denotes the
number of individual explants analyzed. Data are mean±s.e.m. Bottom panels in A and C show higher magnification images of the areas marked in
yellow in the upper panels. Scale bars: 200mm. (D)Western blot showing increased amylase expression in avascular buds cultured as in C. Each lane
represents a pool of three explants. The intensity of the amylase band relative to -actin was increased 2.2-fold in the avascular samples. (E)Fold
change in the mRNA levels of selected acinar cells upon vascular ablation. Data are extracted from microarray data (see Tables S1-4 and Fig. S9 in
the supplementary material).
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organ) must balance these two processes. In the absence of self-
renewal, premature differentiation will deplete pools of
stem/progenitor cells and compromise organ size and regenerative
capacity, whereas a self-renewal bias will prevent branching and
differentiation. We thus hypothesize that blood vessels are key
regulators of the balance between self-renewal and
branching/differentiation decisions of the pancreatic tubular trunk
epithelium (see model, Fig. 7). In support of this hypothesis, we
found that epithelial cells in hypervascularized pancreata expressed
markers of undifferentiated trunk epithelium such as Pdx1, Nkx2.2

and Nkx6.1, strongly suggesting that they did not become
differentiated duct cells. Furthermore, VEGF-affected pancreatic
epithelial cells retained their differentiation potential, as evidenced
by the expression of Ngn3 and the normalization of branching
pattern later in development, when transgenic VEGF expression
was decreased (owing to reduced expression of Pdx1-tTA in the
epithelium) (see Fig. S14 in the supplementary material). This was
accompanied by perinatal loss of Nkx6.1 in the ductal epithelium
and normal expression pattern of the duct marker cytokeratin 19
(see Fig. S8 in the supplementary material), consistent with normal
duct differentiation. Nonetheless, the temporary block in branching
during a crucial developmental stage was sufficient to reduce
newborn organ size.

This view is consistent with recent reports on vascular niches
acting to maintain adult stem cells in a self-renewing state. Such
niches were shown for neuronal stem cells (Shen et al., 2008;
Tavazoie et al., 2008), for spermatogonial stem cells (Yoshida et
al., 2007), for hematopoietic stem cells (Butler et al., 2010b) and,
potentially, for adipocyte progenitor cells (Tang et al., 2008). In the
context of pancreas development, our results are consistent with a
recent report that endothelial cells limit acinar differentiation, but
with minimal impact on endocrine cells (Pierreux et al., 2010). This
paper used either mosaic deletion of VEGF or the addition of
recombinant VEGF to explants. We believe that the stronger
impact on the vasculature afforded by our tools (complete
elimination of endothelial cells by sFLT1 or VEGFRi, and
transgenic overexpression of VEGF) exposed additional key effects
of blood vessels on the developing pancreas. Thus, our study
reveals that endothelial cells restrict not only exocrine
differentiation, but also the formation of endocrine progenitor cells.
In addition, we show that endothelial cells have a surprisingly
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Fig. 5. Accelerated formation of endocrine progenitor cells in
avascular buds. E9.5 wild type pancreatic buds were cultured for 6
days in the presence or absence of VEGFR2i. (A)Whole-mount
immunostaining for Pdx1 (red), Pecam (green) and Ngn3 (white). Each
image is a z-stack of one whole individual pancreas. Insets show a
higher magnification of Ngn3-stained cells. Scale bar: 100mm. (B)qRT-
PCR for Ngn3, normalized to Pdx1 expression. Results shown are the
combined data from six independent litters. n represents the total
number of buds in each group. Data are mean±s.e.m.

Fig. 6. Evidence for involvement of Notch pathway in
endothelial signaling to the epithelium. A -secretase inhibitor (GSI)
partially rescues the branching and endocrine differentiation defects of
Pdx1-tTA; TET-VEGF explants. GSI was added to E12.5 transgenic
explants for 15 or 24 hours to document the patterns of Ngn3 and
Muc1, respectively. Scale bars: 100mm.
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negative effect on organ size, and propose a general mechanism for
the activity of the vascular niche in controlling pancreas
differentiation, morphogenesis and growth.

We thus propose that a conserved function of endothelial cells is
maintenance of progenitor pools. In the context of late pancreas
development (but not in earlier stages prior to branching, see
below), the net effect of vasculature-driven excessive self-renewal
and deficient branching/differentiation is a smaller organ size. The
surprising conclusion that blood vessels restrict organ size is
consistent with a recent paper (Sand et al., 2011), which used S1P1
deficiency and vascular ablation in mice to show that endothelial
cell hyperplasia negatively influences growth of the pancreas,
stomach and liver.

It will be interesting to test whether signals from endothelial
cells act in a similar manner in the context of adult tissue
regeneration and tumorigenesis (Butler et al., 2010a). Progress in
this direction may offer new insights into the role of the vasculature
in regenerative biology, and into the mode of action of anti-
angiogenic cancer therapy.

We note that an important aspect of the vascular effect on
pancreas size remains unresolved. Differences in size could result
from differences in cell number, cell size or the extracellular space.
We could not find significant differences in the rate of cell
proliferation and apoptosis between the epithelium of VEGF-
expressing mice and control littermates, and between the
epithelium of VEGFRi-treated and vehicle-treated explants (see
Fig. S15 in the supplementary material). However, we believe that
small differences in replication and apoptosis could be missed by

this analysis and still have a significant effect. We also examined
the possibility that differences in organ size were the result of
changes in the proportion of acinar cells, which are known to be
much larger than other cell types in the adult pancreas. However,
amylase+ cells in embryonic explants were not larger than adjacent
amylase–; Pdx1– cells, in both control and VEGFRi-treated
explants (see Fig. S16 in the supplementary material). This result
argues against the possibility that differences in cell size account
for the differences in organ size upon vascular manipulations.

It is important to acknowledge a limitation of our experiments.
Since all our manipulations targeted VEGF signaling, it is
theoretically possible that the effect on pancreas development was
mediated through a non-endothelial VEGFR+ compartment, and
that the effect on the vasculature was an epiphenomenon. To
address this possibility, we showed that VEGF receptors are not
expressed in pancreatic epithelial cells, suggesting that VEGF
cannot act directly on the epithelium. However it is more difficult
to exclude the possibility that VEGF affects pancreas development
via a non-endothelial, non-epithelial VEGFR+ compartment such
as macrophages. While we could not rule out this formal
possibility, we believe it is unlikely given the bulk of accumulated
knowledge on the biology of vascular niches in multiple tissues.

Early and late effects of blood vessels on pancreas
development
Although our results appear at odds with previous studies which
identified an essential role of blood vessels in pancreas
development (Lammert et al., 2001; Yoshitomi and Zaret, 2004),
we note that these studies addressed an earlier developmental stage,
after organ specification but before the onset of branching
morphogenesis and differentiation. It is possible that either
endothelial cells produce different signaling molecules at different
developmental stages, or alternatively, that molecular responses of
the epithelium to the same signals change as development
proceeds, as recently suggested (Zaret and Grompe, 2008). We
favor a third alternative, whereby the same endothelial signals and
the same signaling responses have different consequences at the
tissue level depending on context.

During early stages of pancreas formation, self-renewing
divisions are essential to generate a pool of stem/progenitor cells
from which branches and differentiated products will emerge;
interfering with this process by vascular ablation leads to a
premature exhaustion of this pool and developmental failure, as
reported before (Lammert et al., 2001; Yoshitomi and Zaret, 2004).
During later stages of development, cell choices must gradually
shift to branching (including the formation of rapidly dividing tip
cells) and differentiation; in this setting, ablation of blood vessels
will accelerate organ growth (if hypoxic effects are avoided, as in
explants), and hypervascularization will restrain branching,
differentiation and growth, as we observe. More experiments will
be required to distinguish between these possibilities.

Involvement of Notch signaling in vascular
restriction of branching and differentiation
The molecular mechanism underlying the perfusion-independent
interaction of blood vessels with the developing pancreas during
early stages remains unknown to date (Jacquemin et al., 2006;
Lammert et al., 2001; Yoshitomi and Zaret, 2004). As a first step
towards identifying the molecular basis for the later endothelial-
epithelial interaction that we report here, we considered Notch
signaling. Of the central signaling pathways known to be involved
in pancreas development, the Notch system represents a
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Fig. 7. Model. Perfusion-independent signals from blood vessels favor
self-renewal of trunk pancreatic epithelium. This comes at the expense
of forming Ngn3+ endocrine progenitors and multipotent tip cells.
Consequently, blood vessels restrain the formation of lateral branches,
acinar and endocrine differentiation. The net result is a paradoxical
restriction of organ size by endothelial cells. We propose that the
vasculature acts by modulating Notch-mediated lateral signaling in the
epithelium, which favors the coupled formation of endocrine
progenitors and tip cells. See text for details.
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particularly attractive candidate for mediating the effects of the
vasculature on self-renewal versus differentiation (Esni et al., 2004;
Hald et al., 2003; Murtaugh et al., 2003). The effects of forced
Notch activation closely resemble the phenotype of VEGF
overexpression, namely inhibition of endocrine differentiation and
branching (Murtaugh et al., 2003). Moreover, Notch signaling
within vascular niches has been implicated in the control of
neuronal and hematopoietic stem cells (Butler et al., 2010b; Shen
et al., 2004).

We found that pharmacological inhibition of intracellular Notch
activation can partially rescue the VEGF phenotype, with regard to
both endocrine differentiation and branching. Thus, the epithelium
in VEGF-expressing pancreata remain sensitive to Notch
inhibition, suggesting that blood vessels affect an upstream step in
Notch signaling in the epithelium. This view is consistent with the
recent report of Pierruex et al. that blood vessels positively regulate
the Notch target genes Hey1 and Hey2 (Pierreux et al., 2010).

In light of these findings, we propose the following model
(Fig. 7). Within the pancreatic epithelium, Notch-mediated
lateral interactions cause the coupled formation of endocrine
progenitor cells (cells downregulating Notch) and tip cells
(adjacent cells upregulating Notch). We hypothesize that,
normally, signals from blood vessels restrain these lateral
interactions, perhaps by providing a constant low level of an
endothelial Notch ligand (e.g. Dll4) that dampens the tendency
of adjacent epithelial cells to undergo lateral inhibition, either
losing or gaining Notch signaling. When blood vessels are
eliminated, lateral interactions are uninhibited and lead to
premature divergence of adjacent epithelial cells into low notch
(endocrine) and high notch (tips). Hypervascularization prevents
the Notch-controlled lateral divergence to endocrine/tip cells,
and maintains the epithelium in a primitive proliferative state
that might be termed ‘self-renewal’. Genetic and gene expression
studies are ongoing to test this model. Finally, it is entirely
possible that additional signaling pathways affect the
endothelial-epithelial interaction reported here. For example,
endothelial cells could signal via the extracellular matrix and
integrins (Kesavan et al., 2009; Nikolova et al., 2006) or via Fgf
receptors (Hart et al., 2003; Jacquemin et al., 2006; Norgaard et
al., 2003). More studies will be needed to test these ideas.

Implications for directed differentiation of
embryonic stem cells to beta cells
These findings may have practical implications for the derivation
of transplantable, insulin-producing -cells from embryonic stem
cells (ESC) (D’Amour et al., 2006; Kroon et al., 2008). Our data
may explain the failure of early attempts to use co-cultures of ESC
and vascular endothelial cells for the derivation of -cells (O.C.,
unpublished). It is becoming increasingly evident that the
contribution of endothelial cell signals to pancreas and -cell
development is much more dynamic than previously assumed, and
its practical use will have to take this complexity into account.
Specifically, we propose that endothelial cells may positively
influence the expansion of ESC-derived, multipotent pancreatic
progenitor cells, but final differentiation may require the timed
removal of endothelial cells at distinct intervals.

In summary, we show that blood vessels act to restrain pancreas
branching and differentiation, leading to an overall restriction of
organ growth. We propose that these effects reflect a conserved,
perfusion-independent function of vascular endothelial cells, acting
to favor self-renewal at the expense of branching and
differentiation.
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