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Abstract
Aims/hypothesis Endothelial–endocrine cell interactions and
vascular endothelial growth factor (VEGF)-A signalling are
deemed essential for maternal islet vascularisation, glucose
control and beta cell expansion during mouse pregnancy.
The aim of this study was to assess whether pregnancy-
associated beta cell expansion was affected under conditions
of islet hypovascularisation.
Methods Soluble fms-like tyrosine kinase 1 (sFLT1), a
VEGF-A decoy receptor, was conditionally overexpressed in
maternal mouse beta cells from 1.5 to 14.5 days post coitum.
Islet vascularisation, glycaemic control, beta cell proliferation,
individual beta cell size and total beta cell volume were
assessed in both pregnant mice and non-pregnant littermates.

Results Conditional overexpression of sFLT1 in beta cells re-
sulted in islet hypovascularisation and glucose intolerance in
both pregnant and non-pregnant mice. In contrast to non-
pregnant littermates, glucose intolerance in pregnant mice
was transient. sFLT1 overexpression did not affect
pregnancy-associated changes in beta cell proliferation, indi-
vidual beta cell size or total beta cell volume.
Conclusions/interpretation Reduced intra-islet VEGF-A sig-
nalling results in maternal islet hypovascularisation and im-
paired glycaemic control but does not preclude beta cell ex-
pansion during mouse pregnancy.
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Abbreviations
Dox Doxycycline
dTg Double transgenic
dTg NP Double transgenic non-pregnant mice
dTg P Double transgenic pregnant mice
dpc Days post coitum
G Gestational day
hGH Human growth hormone
RIP Rat insulin promoter
rtTA Reverse tetracycline-dependent transactivator
sFLT1 Soluble fms-like tyrosine kinase 1
sTg Single transgenic
VEGF Vascular endothelial growth factor

Introduction

Vascular endothelial growth factor (VEGF)-A signalling is
crucial for normal pancreas development [1, 2], islet
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vascularisation [3] and glucose regulation [3, 4]. In contrast,
interference with VEGF-A signalling and the resulting intra-
islet hypovascularisation do not hamper normal, age-
dependent augmentation of the adult beta cell mass or injury-
induced beta cell generation [5]. The question remains, howev-
er, whether VEGF-A and intra-islet endothelial cells are impor-
tant for pregnancy-associated beta cell expansion and maternal
glucose homeostasis. To address this issue, we used transgenic
mice [5] in which beta cells conditionally produce soluble fms-
like tyrosine kinase 1 (sFLT1) that acts as a VEGF-A decoy
receptor. Overexpression of sFLT1 was induced from concep-
tion, blood glucose was monitored and, at gestational day
(G)14.5, when maternal beta cell proliferation is maximal [6],
islet vascularisation and beta cell adaptation were assessed.

Methods

Animal procedures Rat insulin promoter (RIP)-reverse
tetracycline-dependent transactivator (rtTA) mice (RIPrtTA

mice) and tetracycline operator (tetO)-sFLT1 mice (both on a
mixed background, mainly CD1[ICR]) have been described
previously [5, 7]. Briefly, RIPrtTA mice were crossed with
tetO-sFLT1mice. In the resulting double transgenic (dTg) mice,
sFLT1, a splice variant of the VEGF receptor 1, known to in-
hibit signalling by VEGF-A, VEGF-B and placental growth
factor (reviewed in [8]), is expressed and secreted from beta
cells when doxycycline (Dox) is administered via the drinking
water. sFLT1 functions as a VEGF decoy receptor and reduces
intra-islet VEGF-A bioavailability. All animal procedures were
conducted ethically and in strict accordance with the Guide for
the Care and Use of Laboratory Animals, eighth edition (2011),
as well as with specific national laws and institutional guide-
lines. Mice were housed under standardised conditions (12 h
dark/12 h light cycle) and fed a standard diet ad libitum.

Genotyping was performed by PCR with gene-specific
primers (see electronic supplementary material [ESM] Table 1).
Genomic tail DNA of the transgenic strains was shown not to
contain the human growth hormone (hGH) mini-gene (see ESM
Fig. 1), analysed as described inOropeza et al [9]. Since the hGH
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Fig. 1 Experimental design and
validation of the mouse model in
pregnancy. (a) Schematic
representation of the
RIPrtTA–tetO-sFLT1 transgenic
mouse model and (b) the
experimental design. (c, d) At
G14.5, overt islet
hypovascularisation was seen in
(c) dTg P+Dox mice (COLL-IV
[red], insulin [green], DNA
[blue]), compared with (d) dTg P
−Dox mice, resulting in
significant decreases in (e) the
ratio of islet vessel area to total
islet area and (f) islet vessel
density. Data are shown as
mean ± SEM, n = 3–4. Scale bar,
50 μm. White squares, dTg P
−Dox; black squares, dTg P
+Dox. *p < 0.05 and ***p < 0.001,
Student’s t test
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mini-gene acts as a lactogen on beta cells, inducing pregnancy-
related changes [10], its absence was mandatory for the study.

Nulliparous female RIPrtTA–tetO-sFLT1mice were set up
for timed mating with Crl:CD1(ICR) male mice (Janvier,
Saint-Berthevin, France) at 8 weeks of age. Dox (0.4 mg/ml,
Sigma-Aldrich, St Louis, MO, USA) was administered via
drinking water (protected against light, pH 3.0, 2% [wt/vol.]
sucrose) from 1.5 until 14.5 days post coitum (dpc), hence-
forth referred to as gestational day (G) in pregnant mice.
Glucose tolerance was evaluated by IPGTT before timed mat-
ing and at 13.5 dpc (see ESMMethods for further details). The

transgenic mouse model and the experimental design are sche-
matically represented in Fig. 1a, b.

Protein analysis Pancreas samples were fixed in 10% (vol./
vol.) neutral-buffered formalin before paraffin embedding.
For primary antibodies, see ESM Table 2. Secondary antibod-
ies were labelled with cyanine or AlexaFluor (Jackson
ImmunoResearch, Newmarket, UK). Hoechst 33342
(Sigma-Aldrich) was used for nuclear counterstaining.
Sections were imaged using an Olympus BX61 (Tokyo,
Japan) or, for whole-section analyses, a Nikon TE2000-E
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Fig. 2 The effect of islet hypovascularisation on metabolic control, beta
cell proliferation rate and beta cell volume. (a) In non-pregnant mice, islet
hypovascularisation resulted in increased 2 h fasting blood glucose from
7.5 dpc onwards. (b) During pregnancy, islet hypovascularisation resulted
in a transiently increased fasting glucose that normalised by G14.5. Data
are shown as mean ± SEM (n = 6–18). (c) In non-pregnant mice, islet
hypovascularisation resulted in impaired glucose clearance at 13.5 dpc.
(d) In pregnant mice, glucose clearance at G13.5 was similar in the dTg P
−Dox and dTg P+Dox groups. The insets show the AUCs for each
IPGTT, with lines indicating the mean ± SEM (n = 6–18). (e) The per-
centage of Ki67+ insulin+ (INS+) cells was markedly increased at G14.5
in dTg P compared with dTg NP mice. Beta cell proliferation was not

significantly affected by Dox administration per se, nor was a significant
interaction observed between (non-)pregnancy (NP vs P) and Dox admin-
istration (−Dox vs +Dox) (see also ESM Fig. 4). Data are shown as
mean ± SEM (n = 5–6). (f) Total beta cell volume was also increased at
G14.5 in pregnant mice compared with non-pregnant littermates. Beta
cell volume was not significantly affected by Dox administration per se,
nor was a significant interaction observed between (non-)pregnancy and
Dox administration (see also ESM Fig. 4). Data are shown as
mean ± SEM (n = 6–7). Circles, dTg NP; squares, dTg P; white symbols,
−Dox; black symbols, +Dox. *p < 0.05, **p < 0.01; and ***p < 0.001, (a,
b) Student’s t test and (c–f) two-way ANOVA with Tukey post hoc
comparison
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(Tokyo, Japan) microscope equipped with a Marzhauser
Tango stage (Wetzlar, Germany). Pictures were analysed
using Fiji image processing software [11]. Quantitation of beta
cell proliferation was assessed by Ki67 immunoreactivity.
Morphometric analysis of beta cell volume was done on at
least 3% of the pancreas, as previously described [12]. Mean
beta cell size was determined from the mean cross-sectional
area per beta cell. See ESM Methods for further details.

Measurement of vascularisation Blood vessels and their
basement membrane were visualised using an anti-collagen
IV (COLL-IV) antibody. The ratios of intra-islet vessel area
to insulin area and the intra-islet vessel densities (vessels/mm2

of insulin-positive area) were analysed by Fiji image process-
ing software as previously described [5]. Additional validation
included immunostaining for CD31 as an endothelial cell
marker and i.v. injected biotinylated lectin as a marker for
functional blood vessels (Lycopersicon esculentum; Vector
Laboratories, Burlingame, CA, USA; see ESM Fig. 2e–h),
while hypoxia was detected with the oxygenation marker
pimonidazole (60 mg/kg body weight i.v.; HPI, Burlington,
MA, USA), as described previously [5] (see ESM Fig. 2i–l).

Statistical analyses Two-tailed unpaired Student’s t tests or
two-way ANOVA were used for data analysis as indicated
(GraphPad Prism v7.0, San Diego, CA, USA). Data are pre-
sented as mean ± SEM. Univariate scatterplots were used as
much as possible to convey the full distribution of the data. A
probability value of p < 0.05 was considered statistically
significant.

Results

Dox-administered dTg pregnant mice (dTg P) expressed the
VEGF decoy receptor sFLT1 in 80% of their beta cells (see
ESM Fig. 2a–d), and showed an overt regression of intra-islet
endothelial cells and their supporting basement membrane at
G14.5 (Fig. 1c, d and ESM Fig. 2e–h). The ratio of islet vessel
area:total islet area decreased by 70% (0.089 ± 0.009 in dTg P
in the absence of Dox (−Dox) vs 0.027 ± 0.004 in dTg P+Dox;
Fig. 1e). Islet vessel density decreased by 43% compared with
dTg P−Dox (1418 ± 227 vessels/mm2 in dTg P−Dox vs
808 ± 82 vessels/mm2 in dTg P+Dox; Fig. 1f), and by 56%
and 57%, respectively, compared with single transgenic (sTg)
P+Dox (data not shown). Pimonidazole precipitation in dTg
P+Dox indicated intra-islet hypoxia (see ESM Fig. 2i–l). The
effect of islet hypovascularisation and hypoxia on glucose
homeostasis and glucose tolerance was assessed by compar-
ing 2 h fasting blood glucose and IPGTT values before and at
the end of Dox administration (Fig. 2a, b shows blood glucose
during the study period, while IPGTT results are shown in
ESM Fig. 3a, b [before Dox] and Fig. 2c, d [end of Dox]).

Non-pregnant littermates were included to discriminate
pregnancy-induced changes in glucose metabolism from islet
hypovascularisation-induced changes. In dTg non-pregnant
littermates (dTg NP), Dox administration resulted in impaired
fasting glucose and glucose intolerance compared with dTg
NP−Dox (Fig. 2a, c). In dTg P+Dox, fasting blood glucose
was transiently increased at G7.5 and G10.5 but was compa-
rable with dTg P−Dox at G14.5 (Fig. 2b), in line with the
IPGTT at G13.5 (Fig. 2d). Glucose tolerance in dTg P+Dox
at G0 and G13.5 was comparable with dTg P−Dox and sTg
P+Dox (data not shown). The increase in body weight from
G0 to G14.5 was similar in dTg P−Dox, dTg P+Dox (see
ESM Fig. 3c) and sTg P+Dox (data not shown).

Beta cell proliferation, as determined by Ki67 immuno-
staining, increased 7–8-fold in pregnant mice at G14.5 com-
pared with non-pregnant littermates. Pregnancy-associated
hyperproliferation of beta cells in dTg mice was independent
of Dox administration (0.44 ± 0.11% Ki67+ insulin+ cells in
dTg NP−Dox vs 0.42 ± 0.30% in dTg NP+Dox vs
3.27 ± 0.31% in dTg P−Dox vs 2.91 ± 0.35% in dTg P+
Dox; Fig. 2e) and comparable with that in sTg littermates
(see ESM Fig. 3d). Similarly, total beta cell volume was in-
creased 1.5–2-fold in pregnant mice at G14.5 compared with
non-pregnant littermates, independent of Dox administration
(0.52 ± 0.03 μl in dTg NP−Dox vs 0.65 ± 0.05 μl in dTg
NP+Dox vs 0.94 ± 0.13 in dTg P−Dox vs 0.95 ± 0.09 μl in
dTg P+Dox; Fig. 2f). Furthermore, at G14.5, individual beta
cell size was increased in pregnant mice compared with non-
pregnant littermates, again irrespective of Dox (160 ± 5 μm2

in dTg NP−Dox vs 170 ± 8 μm2 in dTg NP+Dox vs
184 ± 5 μm2 in dTg P−Dox vs 190 ± 9 μm2 in dTg P+Dox;
ESM Fig. 3e).

The summary data from the two-way ANOVA of AUC
IPGTT at 13.5 dpc, beta cell proliferation, total beta cell vol-
ume and individual beta cell size are additionally shown in
ESM Fig. 4 and described in ESM Table 3.

Discussion

VEGF-A is a master regulator of endothelial–beta cell
crosstalk during beta cell development and regeneration [1,
13, 14]. By using a previously described transgenic mouse
model that allows conditional beta cell-specific overexpres-
sion of sFLT1 [5], we investigated the effect of reduced
intra-islet VEGF-A bioavailability on islet vascularisation,
blood glucose control and beta cell expansion in pregnant
mice. Concordant with its previously reported effect in non-
pregnant mice [5], overexpression of sFLT1 resulted in a clear
regression of islet endothelial cells and their supporting base-
ment membrane. This effect was associated with overt intra-
islet hypoxia and glucose intolerance at mid-gestation. The
latter is in line with previous reports that demonstrated
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impaired insulin secretion on intra-islet hypovascularisation
or hypoxia in vivo [5, 15, 16]. Indeed, preliminary data
indicated impaired glucose-stimulated insulin secretion
in vivo. However, isolated hypovascularised islets
were not functionally impaired. Such an apparent
in vivo/in vitro discrepancy has been reported previously
and suggests that glucose intolerance results from a delay
in glucose sensing or insulin diffusion rather than beta cell
dysfunction per se [5, 16]. Interestingly, and as opposed to
non-pregnant littermates, glucose intolerance was only
transient as blood glucose spontaneously normalised in
pregnant mice between G10.5 and G14.5. It is likely that
glucose intolerance seen at G7.5 was mitigated by beta
cell-adaptive changes that occur beyond this time point.
Pregnant mice overexpressing sFLT1 indeed showed all
previously reported beta cell adaptations [17], i.e. both
hyperplasia and hypertrophy, resulting in a significant
increase in total beta cell volume at G14.5. Our data thus
provide in vivo evidence that weakens the presumed
importance of the endothelial–endocrine axis in
pregnancy-associated beta cell expansion. This appears to
contradict a previous report [18] in which islet endothelial
cell proliferation preceded beta cell proliferation in
pregnant rats, and purified islet-derived proliferating
endothelial cells stimulated beta cell proliferation in vitro.
While these data indirectly suggest that endothelial cell-
derived signals promote beta cell proliferation in the
context of pregnancy, our current in vivo data tone down
the actual importance of endothelial cells for pregnancy-
associated beta cell proliferation. Whether this difference
in outcome is related to study design (i.e. in vitro vs
in vivo) or species is presently not clear. In mice with islet
hypovascularisation, it cannot unequivocally be excluded
that the residual islet vasculature still contributes to the
observed beta cell adaptations. Moreover, our current data
cannot exclude that cell cycle-activating mechanisms
under hypoxic conditions (e.g. mechanistic target of
rapamycin complex 1 [mTORC1] signalling) may mask
differences in beta cell proliferation.

Taken together, the results obtained with conditional reduc-
tion of VEGF-A signalling in islets of pregnant mice support
the importance of this signalling for vessel maintenance and
tight glucose control until mid-gestation but, in contrast to
interference with prolactin [19] or serotonin [20] signalling,
it does not preclude pregnancy-associated beta cell expansion.
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