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Adrb2 controls glucose homeostasis by
developmental regulation of pancreatic

islet vasculature
Alexis M Ceasrine, Eugene E Lin, David N Lumelsky, Radhika lyer, Rejji Kuruvilla*

Department of Biology, Johns Hopkins University, Baltimore, United States

Abstract A better understanding of processes controlling the development and function of
pancreatic islets is critical for diabetes prevention and treatment. Here, we reveal a previously
unappreciated function for pancreatic f2-adrenergic receptors (Adrb2) in controlling glucose
homeostasis by restricting islet vascular growth during development. Pancreas-specific deletion of
Adrb2 results in glucose intolerance and impaired insulin secretion in mice, and unexpectedly,
specifically in females. The metabolic phenotypes were recapitulated by Adrb2 deletion from
neonatal, but not adult, B-cells. Mechanistically, Adrb2 loss increases production of Vascular
Endothelial Growth Factor-A (VEGF-A) in female neonatal $-cells and results in hyper-vascularized
islets during development, which in turn, disrupts insulin production and exocytosis. Neonatal
correction of islet hyper-vascularization, via VEGF-A receptor blockade, fully rescues functional
deficits in glucose homeostasis in adult mutant mice. These findings uncover a regulatory pathway
that functions in a sex-specific manner to control glucose metabolism by restraining excessive
vascular growth during islet development.

DOI: https://doi.org/10.7554/eLife.39689.001

Introduction

Glucose homeostasis is maintained by secretion of the insulin hormone from islets of Langerhans in
the pancreas. Loss or dysfunction of insulin-producing B-cells in islets results in dysregulation of
blood glucose levels and leads to diabetes. B-cells receive and integrate input from multiple extra-
cellular cues throughout life to control insulin secretion. An important goal in diabetes prevention
and treatment is a better understanding of the molecular and cellular processes governing B-cell
development and function.

B-adrenergic receptors are G-Protein-Coupled Receptors (GPCRs) that are widely expressed
throughout the body and respond to adrenergic nerve-derived norepinephrine or adrenal gland-
derived epinephrine to regulate diverse physiological processes including glucose metabolism. In
humans, B-adrenergic agonists augment circulating insulin levels, and stimulate insulin secretion
from isolated islets (Ahrén and Scherstén, 1986; Lacey et al., 1993). Adult mice with global dele-
tion of the B2-adrenergic receptor exhibit impaired glucose tolerance and glucose-stimulated insulin
secretion (GSIS) (Santulli et al., 2012). However, the tissue-specific functions of B-adrenergic recep-
tors in glucose metabolism remain undefined.

Here, we identify a pancreas-specific requirement for the f2-adrenergic receptor (Adrb2) in con-
trolling glucose homeostasis by suppressing VEGF-A production in B-cells and limiting vascular
growth in islets during development. Pancreas-specific loss of Adrb2 results in glucose intolerance
and impaired glucose-stimulated insulin secretion, which surprisingly, was observed only in female
mice. Adrb2 expression in islets declines from neonatal to adult stages. Consistently, Adrb2 deletion
from neonatal, but not adult, B-cells elicited metabolic defects in mice, supporting a critical role for
B-cell Adrb2 during development. We provide evidence that Adrb2 acts in B-cells to suppress
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VEGF-A expression and thus restrict islet vascular growth, which in turn, influences insulin synthesis
and secretion. Remarkably, developmental blockade of VEGF-A signaling corrects islet hyper-vascu-
larization in neonatal mice and rescues glucose intolerance and insulin secretion defects in adult
Adrb2 mutant mice. These findings reveal Adrb2 as a negative regulator that controls islet develop-
ment and glucose metabolism by influencing bi-directional communication between islet B-cells and
the vasculature.

Results

Adrb2 is required in neonatal p-cells for glucose homeostasis and insulin
secretion in female mice

Global Adrb2 knockout mice exhibit impaired glucose tolerance and glucose-stimulated insulin
secretion (GSIS) at 6 months (Santulli et al., 2012). However, whether Adrb2, acting specifically in
the pancreas, impacts B-cell function and glucose homeostasis remains unclear. To address pan-
creas-specific functions of Adrb2, we crossed mice carrying a floxed Adrb2 allele (Adrb2” mice)
(Hinoi et al., 2008) with transgenic Pdx1-Cre mice (Hingorani et al., 2003) to delete Adrb2 in cells
of the pancreatic anlage starting at embryonic stages. Pdx1-Cre;Adrb2”f mice (henceforth referred
to as Adrb2 cKO mice) were born at expected Mendelian frequencies, had normal body weight at
birth, no gross morphological abnormalities, and survived to adulthood. Significant Adrb2 reduction
was observed in Adrb2 cKO pancreas assessed at postnatal day 6 (P6) (Figure 1—figure supple-
ment 1A). Importantly, quantitative PCR (qPCR) analysis showed that levels of other - and -adren-
ergic receptors were unaltered in Adrb2 cKO pancreas (Figure 1—figure supplement 1A),
indicating that pancreatic Adrb2 depletion does not elicit compensatory changes in expression of
other adrenergic receptor genes. Although in Pdx1-Cre transgenic mice, Cre recombinase activity
has been reported in the hypothalamic regions (Song et al., 2010), there is little Adrb2 expression
in these areas (Allen Brain Atlas, http://mouse.brain-map.org/). Additionally, the (Tg(de1—CreT“")
transgenic mice that we employed have not been reported to carry a human growth hormone mini-
gene, commonly found in several Cre lines, that elicits metabolic defects (Brouwers et al., 2014).

To assess the role of pancreatic Adrb2 in glucose homeostasis, we evaluated metabolic parame-
ters at the whole animal level in adult Adrb2 cKO mice and control littermates at 2 months of age. In
performing these analyses, we noted that some Adrb2 mutant mice exhibited a glucose intolerance
phenotype, while in other mutants, glucose tolerance was indistinguishable from control animals. In
order to understand the basis for the conflicting results from mutant animals, we assessed glucose
tolerance separately in males and females. Surprisingly, we found that only female Adrb2 cKO mice
were glucose intolerant, while male Adrb2 cKO mice exhibited normal glucose tolerance
(Figure 1A-D). Female Adrb2 cKO mice also showed reduced insulin secretion during the first phase
of the glucose challenge (measured 5 min after the glucose challenge), as well as dampened insulin
levels in the sustained second phase (30 min after the glucose challenge) compared to same-sex
control mice (Figure 1E). In contrast, glucose-induced insulin secretion was unaffected in male
Adrb2 cKO mice (Figure 1F). Consistent with previous studies in mice (Gannon et al., 2018,
Goren et al., 2004, Lavine et al., 1971), control males showed lower glucose tolerance relative to
control females (compare Figure 1A,B versus 1C,D), and also lower glucose-stimulated insulin secre-
tion (compare Figure 1E and F). Using gPCR analyses, we found similar depletion (~90% decrease)
of Adrb2 mRNA from male and female mutant islets relative to same-sex controls (Figure 1—figure
supplement 1B), indicating that absence of metabolic phenotypes in male mutant mice is not due
to inefficient Adrb2 deletion. Both male and female Adrb2 cKO mice showed normal insulin sensitiv-
ity (Figure 1—figure supplement 1C and D), suggesting that the glucose intolerance in female
Adrb2 cKO mice does not stem from defects in insulin responsiveness.

Given the unexpected sex-specific metabolic phenotypes in Adrb2 cKO mice, we chose to mainly
focus on female mice for the rest of our studies to understand the role of pancreatic Adrb2 in regu-
lating glucose homeostasis. The reasons why male Adrb2 cKO mice are protected from deficits in
glucose homeostasis remain unclear. However, we note that even in control animals, there are sex-
specific differences in islet Adrb2 expression, with the levels in male islets being significantly lower
relative to females (Figure 1—figure supplement 1B; also see Figure TH).
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Figure 1. Loss of Adrb2 in neonatal B-cells results in glucose intolerance and impaired insulin secretion in female mice. (A) Adult (2-month-old) female
Adrb2 cKO mice have elevated fasting blood glucose and are glucose intolerant. Means = SEM for n = 6 control and seven mutant female mice.
*p<0.05, ***p<0.001, t-test. (B) Area under the curve (AUC) for glucose tolerance. *p<0.05, t-test. (C) Glucose tolerance is unaffected in male Adrb2
cKO mice at 2 months. Means + SEM for n = é control and nine mutant mice for glucose tolerance. (D) Area under the curve (AUC) for glucose

Figure 1 continued on next page
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Figure 1 continued

tolerance in males. (E, F) Glucose-stimulated insulin secretion (GSIS) in vivo is reduced in female but not male Adrb2 cKO mice. Means + SEM forn = 6
control and eight mutant female mice; n = 5 control and six mutant male mice *p<0.05, t-test. (G) Decreased basal insulin secretion and GSIS in
isolated adult female Adrb2 cKO islets. Means + SEM from n = 4 control and six mutant mice. **p<0.01, ****p<0.0001, two-way ANOVA with
Bonferroni’s post-test. (H) Islet Adrb2 expression declines postnatally and is significantly lower in adult males and females compared to neonatal
stages. For female islets, p<0.01, t-test for P60 compared to Pé. For male islets, p<0.0001 for P60 compared to P6 (one sample t-test since male P6
values were normalized to (1). Adrb2 levels are higher in female islets compared to males at all timepoints assessed. *p<0.05, **p<0.01, t-test. Adrb2
expression in P2, P6, and P40 islets was assessed by gRT-PCR analyses and data were normalized to 18S rRNA. Results are means +SEM and expressed
as fold-change relative to P6 male islets for n = 3-5 mice/sex/age. (I) Neonatal B-cell-specific Adrb2 deletion elicits glucose intolerance in mice.
Neonatal Adrb2 i-cKO mice were injected with TMX or vehicle on the day of birth and 1 day later (PO-P1), and glucose tolerance was tested when mice
were 2 months old. Means + SEM for n = 7 vehicle and 5 TMX-injected Adrb2 i-cKO mice. *p<00.5, **p<0.01, ***p<0.001, t-test. (J) AUC for glucose
tolerance. *p<0.05, t-test. (K) Neonatal B-cell-specific Adrb2 deletion results in impaired GSIS. Means + SEM for n = 4 vehicle and 4 TMX-injected
Adrb2 i-cKO mice. *p<0.05, **p<0.01, t-test.

DOI: https://doi.org/10.7554/elife.39689.002

The following source data and figure supplements are available for figure 1:

Source data 1. This spreadsheet includes raw data for glucose tolerance and insulin secretion.

DOI: https://doi.org/10.7554/eLife.39689.005

Figure supplement 1. Adrb2 expression, insulin sensitivity and islet morphology in adult Adrb2 cKO mice, and effects of adult B-cell-specific Adrb2
deletion on glucose tolerance and insulin secretion.

DOI: https://doi.org/10.7554/eLife.39689.003

Figure supplement 1—source data 1. This spreadsheet includes raw data for Adrb2 expression, metabolic analyses, and islet morphology.

DOI: https://doi.org/10.7554/eLife.39689.004

We next asked if the altered insulin secretion in female Adrb2 cKO mice was an islet-intrinsic
defect. Thus, we measured basal insulin secretion (in response to 2.8 mM glucose), and insulin
release induced by high glucose (16.7 mM) in isolated islets from control and Adrb2 cKO mice. Both
basal and glucose-stimulated insulin secretion were significantly blunted in adult female Adrb2 cKO
islets (Figure 1G). Together, these results reveal a pancreas-specific requirement for Adrb2 in regu-
lating glucose homeostasis and insulin secretion specifically in female animals.

To address if glucose intolerance and impaired insulin secretion in female Adrb2 cKO mice
stemmed from defective islet formation and/or maintenance, we performed immunostaining for the
islet hormone markers, insulin and glucagon, in adult animals at 2 months of age. These analyses
revealed the stereotypical arrangement of insulin-producing B-cells at the core surrounded by gluca-
gon-producing o-cells at the periphery or mantle in both control and Adrb2 mutant islets (Figure 1—
figure supplement 1E), suggesting that islet shape and cyto-architecture were unaffected by pan-
creatic Adrb2 loss. Intriguingly, we observed an increase in insulin immunoreactivity in adult Adrb2
cKO islets (Figure 1—figure supplement 1E). Enhanced insulin expression in mutant islets was con-
firmed by ELISA (Figure 1—figure supplement 1F). These results indicate that islet insulin content is
increased with pancreatic Adrb2 deletion, despite a profound reduction in insulin secretion (see
Figure 1G). Morphometric analyses revealed normal endocrine cell numbers in adult Adrb2 mutant
islets (Figure 1—figure supplement 1G), although the mutants had a greater distribution of smaller
islets relative to control Adrb2”f mice (Figure 1—figure supplement 1H). Despite smaller islets,
there were no significant differences in the number of EdU/insulin double-positive cells between
Adrb2 cKO and control islets (Figure 1—figure supplement 1I,J). The percentage of replicating -
cells in both Adrb2 cKO and control adult islets was low (<1%), consistent with previous studies
(Puri et al., 2018). Together, these results suggest that the metabolic phenotypes with pancreatic
Adrb2 deletion do not arise from alterations in islet architecture, B-cell mass, or diminished insulin
production.

In Adrb2 cKO mice, Adrb2 would be deleted in all cells of the pancreas anlage. We next asked if
Adrb2 is specifically required in B-cells to regulate insulin secretion and glucose homeostasis. Previ-
ously, Adrb2 has been reported to be enriched in B-cells at embryonic and neonatal stages, and its
expression declines with age (Berger et al., 2015). We analyzed Adrb2 transcript levels in neonatal
islets (postnatal days 2 and 6) and in adult islets (postnatal day 60) using gPCR analyses. Consistent
with previous findings (Berger et al., 2015), Adrb2 expression was significantly depleted in adult
islets compared to neonates (Figure 1TH). The postnatal decline in Adrb2 mRNA was observed in
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both female and male islets. We also observed that Adrb2 mRNA is 4-fold higher in purified B-cells
relative to the non-B-cell population at postnatal day 6 (P6) (Figure 1—figure supplement 1K).
These findings raised the possibility that Adrb2 acts in B-cells during a critical neonatal window to
influence islet function.

To test the functional requirement for Adrb2 in neonatal B-cells, we crossed floxed Adrb2
(Adrb2") mice with transgenic mice expressing tamoxifen-inducible Cre-ER fusion protein driven by
the Pdx1 promoter (Tg(de1-cre/Esr1*)Dam) (Gu et al., 2002). Pdx1 expression becomes restricted
to B-cells and somatostatin-expressing 8-cells after birth (DiGruccio et al., 2016; Guz et al., 1995).
Therefore, we administered tamoxifen or vehicle corn oil to neonatal Pdx1-cre/Esr1*P2™;Adrb2"*
mice (henceforth referred to as Adrb2 i-cKO mice) at the day of birth (PO) and postnatal day one
(P1). Pups were allowed to grow to adulthood before testing for glucose tolerance and insulin secre-
tion at 2 months of age. Tamoxifen injection in neonatal mice resulted in significant Adrb2 mRNA
depletion in adult islets (86% decrease, p=0.01, one sample t-test). Neonatal loss of Adrb2 from -
cells elicited pronounced defects in glucose tolerance and glucose-stimulated insulin secretion
(Figure 1I-K), similar to the phenotypes observed in Adrb2 cKO mice. Consistent with the low
Adrb2 expression in adult mice, there were no significant differences in glucose tolerance or glu-
cose-stimulated insulin secretion (GSIS) between the tamoxifen- and vehicle-injected adult Adrb2
i-cKO mice at 6 weeks of age (Figure 1—figure supplement 1L-O). Together, these findings indi-
cate that Adrb2 is primarily required in neonatal B-cells for insulin secretion and glucose
homeostasis.

Adrb2 suppresses insulin expression and islet vasculature during
development

How does Adrb2 influence B-cells during islet development? Given our results that Adrb2 is largely
enriched in neonatal B-cells, the similar metabolic phenotypes in Adrb2 cKO and Adrb2 i-cKO mice
with neonatal deletion, and since tamoxifen injections in neonatal mice resulted in some pup mortal-
ity, we used the non-inducible Adrb2 cKO mice for these and later analyses. Similar to adult mutant
mice, islet formation and endocrine cell numbers were unaffected in neonatal Adrb2 cKO mice at
P6, (Figure 2A and Figure 2—figure supplement 1A), while mutants had a greater distribution of
smaller islets relative to control Adrb2”f mice (Figure 2—figure supplement 1B). B-cell proliferation
in neonatal islets was also unchanged by Adrb2 deletion (Figure 2—figure supplement 1C,D),
although we noted higher B-cell proliferation in Pé islets compared to adults as expected (see Fig-
ure 1—figure supplement 1J). Notably, insulin immunoreactivity (Figure 2A) and islet insulin con-
tent (Figure 2—figure supplement 1E) were increased in neonatal (P6) Adrb2 cKO islets, similar to
the findings in adult mutant islets. qPCR analyses revealed an increase in insulin transcript (Ins2) lev-
els in neonatal Adrb2 cKO islets beginning two days after birth (Figure 2B). Further, ultra-structural
analyses revealed a pronounced increase in insulin granule density in B-cells from Adrb2 cKO islets
at P6 (Figure 2C,D). These results suggest that Adrb2 negatively regulates insulin expression during
islet development. To ask if Adrb2 directly suppresses insulin, we stimulated cultured MINé cells, an
insulinoma-derived cell line analogous to B-cells, with epinephrine or norepinephrine, the endoge-
nous ligands for Adrb2, or salbutamol, an Adrb2-specific agonist. Assessment of Ins2 transcript lev-
els showed Adrb2 activation did not elicit any changes (Figure 2—figure supplement 1F). These
results hint that the repressive effect of Adrb2 on insulin expression in B-cells is indirect.

Pancreatic islets are highly vascularized where endocrine cells are embedded in a dense mesh-
work of capillaries that allows for accurate glucose sensing, provides continuous oxygen supply to
facilitate high aerobic metabolism, and ensures rapid insulin secretion into the blood stream (Bon-
ner-Weir and Orci, 1982; Eberhard et al., 2010; Hogan and Hull, 2017). The intra-islet vascular
network is established during embryonic development, but undergoes pronounced expansion after
birth, concomitant with endocrine cell clustering and maturation (Brissova et al., 2006;
Johansson et al., 2006a). We examined islet vasculature in neonatal Adrb2 cKO mice by immunos-
taining for the endothelial cell-specific protein, PECAM1 (CD31). Strikingly, these analyses revealed
a prominent increase in intra-islet vasculature in Adrb2 cKO islets (Figure 2E,F), similar to observa-
tions of increased insulin. Intra-islet capillaries are highly fenestrated to allow for the rapid exchange
of nutrients and hormones between islet-cells and the bloodstream (Bearer and Orci, 1985;
Henderson and Moss, 1985). Using transmission electron microscopy, we observed altered endo-
thelial cell morphologies with thicker cell bodies, fewer fenestrae, and more caveloae, which are
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Figure 2. Adrb2 suppresses insulin expression and islet vasculature in neonatal mice. (A) Adrb2 loss increases insulin immunoreactivity in neonatal (P6)
islets, although islet cyto-architecture is unaffected. Scale bar, 25 um. (B) Enhanced Ins2 transcript levels in neonatal Adrb2 cKO pancreata. Ins2 levels
were assessed by qRT-PCR and normalized to 18S RNA. Results are means +SEM for n = 4 mice per genotype for the PO and P2 time points, and 10
mice per genotype for P6. *p<0.05, n.s. not significant, one-sample t-test. (C) Transmission electron microscopy reveals an increase in insulin granules in
Figure 2 continued on next page
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B-cells from P6 Adrb2 cKO mice. B-cells outlined in dashed lines. Scale bar, 2 um. (D) Quantification of cytoplasmic insulin granule density. Means for

n = 3 mice per genotype. *p<0.05, t-test. (E) Adrb2 cKO mice have excess intra-islet vasculature, using PECAM1 immunostaining. Islets are outlined in
dashed lines. Scale bar, 50 um. (F) Quantification of total vessel length (mm) per islet area (mm?). Means + SEM for n = 3 mice per genotype. **p<0.01,
t-test. (G) Transmission electron microscopy shows disruptions in endothelial morphologies and vascular basement membrane in Adrb2 cKO islets.
Fenestrae (arrows) are reduced, while caveolae (arrowheads) are increased in Adrb2 cKO islets. Basement Membrane (B.M) is expanded in mutants.
Scale bar, 500 nm. (H) Quantification of fenestrae and (l) caveolae density. Means for n = 3 mice per genotype, *p<0.05, **p<0.01, t-test. (J) Vegfa
transcript levels are significantly increased in the Adrb2 cKO pancreas starting at P2. Vegfa levels were assessed by gRT-PCR analysis and normalized to

18S RNA. Results are means +SEM expressed as fold-change relative to age-matched control Adrb.

2" values. n = 3 PO per genotype, 3 control and four

mutant P2, and 5 P6 mice per genotype **p<0.01, n.s. not significant, one-sample t-test. (K) Increased Vegfa mRNA in purified B-cells from P6 Adrb2
cKO mice. Vegdfa levels were assessed by qRT-PCR analysis and normalized to 18S RNA. Means + SEM and expressed as fold-change relative to control
values. n = 5 control and seven mutant mice. *p<0.05, one sample t-test. (L) Vegfa transcript levels (normalized to 185 rRNA) are unchanged in non--
cells from Adrb2 cKO mice. Means = SEM and expressed as fold-change relative to control values. n = 4 control and six mutant mice. n.s. not

significant, one sample t-test.

DOI: https://doi.org/10.7554/eLife.39689.006
The following source data and figure supplements are available for figure 2:

Source data 1. This spreadsheet includes raw data for islet morphology and transcript changes in neonatal mice.

DOI: https://doi.org/10.7554/eLife.39689.009

Figure supplement 1. Islet morphology and vasculature in neonatal Adrb2 cKO mice.

DOI: https://doi.org/10.7554/eLife.39689.007

Figure supplement 1—source data 1. This spreadsheet includes raw data for islet morphology and transcript changes in neonatal mice.
DOI: https://doi.org/10.7554/eLife.39689.008

plasma membrane invaginations involved in macromolecule transport across endothelial cells
(Parton and Simons, 2007), in Adrb2 cKO islets (Figure 2G-I). Islet endothelial cells also produce
the vascular basement membrane, a specialized extracellular matrix consisting of collagen and lami-
nin proteins that offer structural support, influence B-cell proliferation, and insulin gene transcription
(Kaido et al., 2004, Nikolova et al., 2006; Nikolova et al., 2007). Ultra-structurally, we observed
an increase in the thickness of the basement membrane in Adrb2 cKO islets (Figure 2G), as well as
enhanced immunoreactivity for Collagen IV and Laminin-411/511 (Figure 2—figure supplement
1G), two of the most abundant basement membrane molecules (Kaido et al., 2004; Nikolova et al.,
2006). Since intra-islet capillaries have been proposed to form a scaffold to promote postnatal
growth of autonomic fibers (Reinert et al., 2014), we performed Tyrosine Hydroxylase (TH) immu-
nostaining to visualize sympathetic axons innervating Adrb2 cKO and control islets. Despite the pro-
nounced increase in intra-islet endothelial cells, sympathetic innervation in and around Adrb2 cKO
islets was indistinguishable from that in control tissues (Figure 2—figure supplement 1H,I). These
results suggest that Adrb2 suppresses vascular growth during islet development. Since in Adrb2
cKO mice, Pdx1-Cre activity is restricted to cells in the pancreatic anlage (Hingorani et al., 2003),
we reason that islet hyper-vascularization does not arise from Adrb2 deletion in vascular cells.

To understand the basis for hyper-vascularized islets in female Adrb2 cKO mice, we assessed
expression of VEGF-A, the primary vascular mitogen in islets that is predominantly produced by B-
cells (Brissova et al., 2006). We observed a pronounced increase (3.5 — 4.7-fold) in Vegfa mRNA in
Adrb2 cKO pancreas starting at two days after birth, similar to the increase in insulin expression
(Figure 2J). To determine if excess Vegfa expression is B-cell specific, we assessed Vegfa transcript
levels in purified B-cells isolated by FACS from P6 Adrb2 cKO mice that were mated to MIP-GFP
mice (where GFP is expressed under the mouse insulin promoter) (Hara et al., 2003). Mutant B-cells
showed an 8-fold increase in Vegfa transcript levels compared to control B-cells (Figure 2K). There
were no differences in Vegfa mRNA between control and mutant non-B-cells (Figure 2L). We next
asked if Adrb2 activity directly regulates VEGF-A expression by treating MIN6 cells with the Adrb2
agonists, salbutamol, epinephrine, or norepinephrine. Salbutamol and epinephrine significantly sup-
pressed Vegfa mRNA levels, while norepinephrine had no effect (Figure 2—figure supplement 1J).
Together, these findings provide evidence for a developmental role for pancreatic Adrb2 activity in
restricting intra-islet vascular growth by limiting VEGF-A production in B-cells.

Given sex-specific differences in Adrb2 expression between male and female islets (Figure 1H),
one prediction would be that lower Adrb2 expression in males would correlate with enhanced Vegfa
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levels and intra-islet vasculature relative to females. Indeed, Vegfa mRNA was 2.6-fold higher in neo-
natal (P6) male pancreata compared to females (Figure 2—figure supplement 1K). PECAM1 immu-
noreactivity was also increased in neonatal male islets compared to females (Figure 2—figure
supplement 1L,M). These results suggest that Vegfa expression and intra-islet vasculature are
higher in neonatal male islets, which inversely correlate with the lower Adrb2 expression compared
to females. Adrb2 loss had no effect on Vegfa expression or islet vasculature in neonatal male islets
(Figure 2—figure supplement 1K-M), suggesting that male islets are less susceptible to Adrb2 loss
compared to females, similar to observations of intact glucose tolerance and insulin secretion in
adult male Adrb2 cKO mice (see Figure 1C,D and F).

Loss of Adrb2 perturbs islet calcium responses and exocytosis

Our findings so far indicate that adult female Adrb2 cKO islets have a pronounced impairment in
insulin secretion, despite elevated insulin content that is manifested as early as neonatal stages. We
next sought to understand the basis for the B-cell secretory dysfunction in Adrb2 cKO mice. In B-
cells, regulatory control of insulin secretion occurs at the level of glucose uptake and metabolism, B-
cell plasma membrane depolarization, and insulin granule mobilization and exocytosis
(MacDonald et al., 2005). To address mechanisms by which Adrb2 influences islet insulin secretion,
we exposed islets to high potassium chloride (KCI) which depolarizes the B-cell plasma membrane
and results in the opening of voltage-dependent Ca®* channels to promote the exocytosis of secre-
tion-ready insulin granules (Hatlapatka et al., 2009), thus by-passing the need for glucose uptake
and metabolism to trigger insulin release. We observed a striking decrease in KCl-induced insulin
secretion in isolated Adrb2 cKO islets, similar to the defects in GSIS in mutant islets (Figure 3A).
These findings suggest that Adrb2 regulates step(s) in insulin secretion that are at least distal to -
cell plasma membrane depolarization.

To further probe the role for Adrb2 in GSIS, we used transmission electron microscopy to exam-
ine insulin granule docking at the plasma membrane in response to glucose. In control Adrb2”*
mice, we observed a marked increase in insulin granule localization at the B-cell plasma membrane
in response to an in vivo glucose challenge compared to the fasted state (Figure 3B,C). However,
glucose-induced recruitment of insulin granules to the cell surface was completely suppressed in
Adrb2 cKO B-cells (Figure 3B,C). These results suggest that Adrb2 is necessary for glucose-depen-
dent insulin granule positioning at the B-cell surface.

Elevation in intracellular Ca®* concentration is a critical determinant of insulin granule exocytosis
and GSIS in B-cells (Rorsman and Ashcroft, 2018). Glucose-induced enhancement of B-cell electrical
activity triggers an increase in cytoplasmic Ca®* levels, largely via influx of extracellular Ca®* through
voltage-gated Ca®* channels (Rorsman and Ashcroft, 2018). Given the deficits in insulin granule
localization at the B-cell plasma membrane and the pronounced impairment in insulin secretion upon
Adrb2 loss, we asked if Adrb2 is required for glucose-dependent calcium responses in B-cells. Iso-
lated islets were loaded with the calcium indicator dye, Fluo-4 AM, and islets were imaged while
being stimulated with low glucose (2.8 mM) followed by high glucose (20 mM) and subsequent
depolarization with 30 mM KCI. Control islets showed a robust increase in intracellular calcium in
response to high glucose and to subsequent KCl-stimulated membrane depolarization, but in con-
trast, Adrb2 cKO islets showed significantly diminished calcium responsiveness under both condi-
tions (Figure 3D,E, and Videos 1 and 2).

To gain further insight into the mechanisms underlying dysregulated calcium responsiveness and
impaired GSIS in Adrb2 cKO islets, we examined the expression of several genes known to be
involved in glycolysis, B-cell depolarization, Ca®* influx, and insulin granule exocytosis, by qPCR anal-
yses of adult Adrb2 cKO and control islets at 1.5 — 2 months of age. Notably, we observed a signifi-
cant down-regulation (72% decrease) in Cacnalc which encodes for Cav1.2, the principal L-type
voltage-gated calcium channel in B-cells (Figure 3F). Similar to findings for Adrb2 loss, B-cell-specific
ablation of Cacnalc suppresses GSIS and elicits systemic glucose intolerance in mice (Schulla et al.,
2003). We also observed down-regulated gene expression for components of the exocytosis appa-
ratus in B-cells, Snap-25, Rph3al (Noc2), and Pclo (Piccolo) (Figure 3F). Noc2, an effector of the
Rab3 and Rab27 GTPases, is an essential component of insulin granule exocytosis
(Matsumoto et al., 2004; Matsunaga et al., 2017). Piccolo is a scaffold protein that functions as a
Ca®* sensor and links Katp channels, L-type calcium channels and insulin granules into exocytosis-
competent complexes (Shibasaki et al., 2004), whereas Snap-25 is a t-SNARE protein that is critical
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Figure 3. Loss of Adrb2 perturbs islet calcium responses and exocytosis. (A) Adrb2 is required for KCl-induced insulin secretion. Means = SEM for n = 4
control and five mutant mice. *p<0.05, ****p<0.001, two-way ANOVA with Bonferonni's post-test. (B) Adrb2 is necessary for glucose-induced surface

localization of insulin granules. Docked insulin granules in B-cells (within 50 nm of plasma membrane) are indicated by arrowheads. Scale bar, 1 um. (C)
Quantification of docked insulin granules per micron of plasma membrane. Means + SEM from n = 3 mice each per genotype/per condition. **p<0.01,

Figure 3 continued on next page
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n.s. not significant; two-way ANOVA with Bonferonni's post-test. (D) Loss of Adrb2 loss impairs islet calcium responses induced by high glucose or KCI.
Scale bar, 50 pm. (E) Quantification of normalized Fluo-4 intensities over time. Means + SEM for n = 3 female mice per genotype, 10 cells analyzed per
animal. (F) Decreased expression of transcripts involved in calcium signaling and insulin exocytosis in isolated islets from adult female Adrb2 cKO mice.
Adrb2 loss also results in aberrant expression of genes involved in B-cell maturation including Neurod1, Npy, and Slc2a2. Transcript levels were
assessed by qRT-PCR and data normalized to 185 RNA. Means + SEM and expressed as fold-change relative to control female Adrb2” values. n = 6
control and 3 — 5 mutants. *p<0.05, one sample t-test compared to normalized female control values.

DOI: https://doi.org/10.7554/eLife.39689.010

The following source data and figure supplement are available for figure 3:

Source data 1. This spreadsheet includes raw data for insulin secretion, calcium responses, and islet gene expression.

DOI: https://doi.org/10.7554/eLife.39689.012

Figure supplement 1. Altered expression of Glut2 and NPY in Adrb2 cKO islets.

DOI: https://doi.org/10.7554/eLife.39689.011

for insulin granule fusion (Wheeler et al., 1996). Since in B-cells, Noc2, Pclo and Snap-25 are known
to be regulated by the basic helix-loop-helix (bHLH) transcription factor Neurod1 (Gu et al., 2010),
we also assessed Neurodl levels in Adrb2 cKO islets and observed a significant decrease
(Figure 3F). The decreased Neurod1 expression in Adrb2 cKO islets suggests that B-cell maturation
may be affected by Adrb2 deletion (Gu et al., 2010). To address if Adrb2 loss affects B-cell matura-
tion, we analyzed mRNAs for additional genes associated with B-cell functional maturity including
Nkx6.1, Npy, Pdx1, Ucn3, and Sic2a2. Of these genes, we found that Npy mRNA was significantly
elevated in Adrb2 cKO islets while Slc2a2 was decreased (Figure 3F). Npy encodes for Neuropep-
tide Y (NPY), a hormone that is normally downregulated in islets during postnatal development
(Myrsén-Axcrona et al., 1997), while its persistent expression in adult islets is associated with
decreased B-cell responsiveness (Gu et al., 2010; Rodnoi et al., 2017). Slc2a2 encodes for the B-
cell-specific glucose transporter, Glut2, which is essential for GSIS in mature B-cells (Thorens, 2003).
Immunostaining also revealed a marked upregulation of NPY, and diminished Glut2 expression, in
adult Adrb2 cKO islets (Figure 3—figure supplement 1). There were no significant differences in
genes involved in glycolysis (Aldob, Pfkl, Ldha, Tpi, or Pklr) or encoding for potassium channel subu-
nits found in B-cells (Kenj11 or Abcc8) between
Adrb2 cKO and control islets (Figure 3F).
Together, these results suggest that impaired
insulin secretion in Adrb2 cKO islets arise, in
part, from decreased expression of key compo-
nents of the calcium regulation and exocytotic
machinery in B-cells, as well as aberrant expres-
sion of specific genes associated with [B-cell
maturity.

Developmental VEGF blockade
rescues defects in islet
morphology, insulin secretion, and
glucose tolerance in Adrb2 cKO
mice

Given that islet vasculature has been postulated
to impact adult islet function (Brissova et al.,
2014; Brissova et al., 2006; Cai et al., 2012),
we next asked if early developmental pheno-
types in VEGF-A expression and islet hyper-vas-
cularization in Adrb2 cKO mice are causal for the
later glucose intolerance and insulin secretion
defects. If so, then remedying the neonatal

Video 1. Glucose- and KCl-induced calcium responses

in a control islet. Representative video (15 frames per
second) of a Fluo-4 AM-loaded islet isolated from a
fernale control (Adrb2”) mouse. Both high glucose and

hyper-vascularization should rescue the meta-
bolic phenotypes in adult Adrb2 cKO mice. To
test this prediction, we sought to attenuate

KCl elicit a robust increase in islet intracellular calcium
levels.
DOI: https://doi.org/10.7554/eLife.39689.013
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VEGF-A signaling during development by inject-
ing a neutralizing monoclonal antibody against
VEGFR-2 (KDR or Flk-1), the primary VEGF-A
receptor expressed in intra-islet endothelial cells
(Brissova et al., 2006; Kim et al., 2011). Since
developmental anomalies in Adrb2 cKO mice
manifested at postnatal day 2 (P2), mice were
injected with VEGFR2 blocking antibody every
three days, starting at birth (postnatal day 0),
and mice were either harvested for morphologi-
cal analyses at P6, or following a final injection at
P6, allowed to grow into adulthood and meta-
bolic parameters were assessed at 2 months of
age. Antibody-injected Adrb2 cKO mice survived
to adulthood, had normal body weight, and did
not exhibit any gross morphological abnormali-
ties. VEGFR2 blocking antibody administration
corrected the excessive islet vascularization in
neonatal Adrb2 cKO mice (Figure 4A,B),
although it had no effect on elevated Vegfa

Video 2. Diminished calcium responses to high
glucose and KCl in an Adrb2 cKO islet. Representative
video (15 frames per second) of a Fluo-4AM loaded

islet isolated from a female Adrb2 cKO mouse. Islet expression (Figure 4—figure supplement 1A),
calcium levels are not elevated by high glucose or 30 as expected. VEGFR2 neutralization also normal-
mM KCl in the absence of Adrb2. ized Ins2 transcript levels in neonatal pancreas
DOI: https://doi.org/10.7554/eLife.39689.014 (Figure 4C), suggesting that enhanced insulin

expression is a consequence of aberrant VEGF-A
signaling and perturbed islet vasculature in
Adrb2 cKO mice. Remarkably, administration of
the VEGFR2 blocking antibody during the first week of birth fully rescued the deficits in glucose tol-
erance and islet GSIS in adult Adrb2 cKO mice (Figure 4D-F).

Finally, we asked if islet hyper-vascularization during development is also responsible for altered
expression of genes involved in calcium signaling, insulin granule exocytosis, and B-cell maturation in
Adrb2 cKO islets. Neutralizing VEGFR2 activity at neonatal stages restored the expression of Cac-
nalc, Pclo, Rph3al, Snap25, Neurod1 and Npy in islets isolated from 2 month old Adrb2 cKO mice
(Figure 4G). Additionally, immunostaining analyses revealed normal Glut2 and NPY expression in
VEGFR2 neutralizing antibody-injected Adrb2 cKO islets (Figure 4—figure supplement 1B).
Together, these results support a causal link between Adrb2-mediated control of the intra-islet vas-
culature via regulating VEGF-A expression during development and the later effects on adult B-cell
function and glucose homeostasis.

Discussion

During development, negative regulatory pathways are as important as positive pathways to counter
un-restricted growth of tissues/organs. Here, we reveal a previously uncharacterized role for p2-
adrenergic receptors (Adrb2) in acting as an endogenous ‘brake’ to curtail excessive vascularization
during islet development to thereby influence blood glucose homeostasis later in life. Our findings
support a scenario (Figure 5) where Adrb2, acting in B-cells, suppresses VEGF-A production to limit
excessive intra-islet vasculature during islet maturation. Islet endothelial cells are critical for regula-
tion of insulin biosynthesis and exocytosis in neighboring B-cells. Loss of pancreatic Adrb2 disrupts
the balance in bi-directional signaling between islet B-cells and endothelial cells, resulting in hyper-
vascularized islets and enhanced insulin production. These early effects of Adrb2 on islet vasculature
are essential for insulin secretion in adult islets and for glucose homeostasis, in part via transcrip-
tional regulation of key components of calcium signaling, exocytotic machinery, and functional matu-
ration in B-cells. Unexpectedly, we found that the phenotypes in insulin secretion and glucose
tolerance upon pancreatic Adrb2 loss are specific to female mice, revealing an Adrb2-mediated sex-
ually dimorphic pathway that underlies islet development and mature function.
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Figure 4. Developmental VEGF blockade rescues defects in islet vasculature, insulin secretion, and glucose tolerance in Adrb2 cKO mice. (A) VEGFR2
antibody injections rescue islet hyper-vascularization in neonatal Adrb2 cKO mice. Islets are outlined in dashed lines. Scale bar, 25 um. (B)
Quantification of total vessel length (mm) per islet area (mm?). Means = SEM from three control and Adrb2 cKO+ vehicle injected, and 4 Adrb2

cKO +antibody injected mice. *p<0.05, one-way ANOVA with Tukey's post-test. (C) Ins2 levels are normalized in VEGFR2 antibody-injected Adrb2 cKO
Figure 4 continued on next page
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neonates. Means + SEM from 12 control (Adrb2”)+vehicle injected, 7 Adrb2 cKO +vehicle injected, and 5 Adrb2 cKO +antibody injected mice.
*p<0.05, **p<0.01, one-way ANOVA with Tukey’s post-test. (D) Neonatal administration of VEGFR2 blocking antibody (PO-Pé) rescues glucose
intolerance in adult female Adrb2 cKO mice. Means + SEM for n = 10 control+vehicle, five mutant +vehicle, and six mutant +antibody injected mice.
*p<0.05, **p<0.01 Adrb2 cKO +vehicle significantly different from control Adrb2”f mice, and #p<0.05, ##0<0.01 Adrb2 cKO +vehicle significantly
different from Adrb2 cKO +antibody injected mice, one-way ANOVA with Tukey's post-test. (E) Area under the curve (AUC) for glucose tolerance.
***5<0.001, n.s. not significant, one-way ANOVA with Tukey’s post-test. (F) Rescue of adult islet GSIS in Adrb2 cKO mice injected with VEGFR2
antibody during the first week of birth. Means + SEM for n = 4 control+vehicle, three mutant +vehicle, and four mutant +antibody injected mice.
*p<0.05, n.s. not significant, two-way ANOVA with Bonferroni’s post-test. (G) Developmental VEGFR2 blockade restores expression of genes involved in
calcium signaling, exocytosis, and B-cell maturation in adult Adrb2 cKO mice. Transcript levels were assessed by gRT-PCR analysis and normalized to
18S RNA. Means + SEM and expressed as fold-change relative to control Adrb2"+ vehicle values. n = 3 control+vehicle, 4 — 6 mutant +vehicle, and
three mutant +antibody injected mice. *p<0.05, **p<0.01, one-sample t-test and t-test where Adrb2 cKO values are significantly different from both

control and cKO +AB values.

DOI: https://doi.org/10.7554/eLife.39689.015
The following source data and figure supplements are available for figure 4:

Source data 1. This spreadsheet includes raw data for islet morphology, metabolic analyses, and gene expression after VEGF-A blockade.
DOI: https://doi.org/10.7554/eLife.39689.018
Figure supplement 1. VEGFR2 neutralizing antibody treatment does not affect Vegfa levels in Adrb2 cKO mice, but restores Glut2 and NPY

expression.

DOI: https://doi.org/10.7554/eLife.39689.016
Figure supplement 1—source data 1. This spreadsheet includes raw data for insulin transcript levels after VEGF-A blockade.
DOI: https://doi.org/10.7554/eLife.39689.017

Islets constitute less than 2% of the total pancreatic volume, but receive disproportionately
greater blood supply (Jansson and Hellerstrém, 1983), in part, because of the exquisite depen-
dence of islet B-cells on a high and sustained oxygen supply for aerobic glycolysis. An intimate rela-
tionship between B-cells and intra-islet microvasculature is critical for multiple aspects of islet
biology including B-cell mass, islet innervation, insulin secretion, and regenerative capacity of islets
(Brissova et al., 2014, Brissova et al., 2006; Cai et al., 2012; Eberhard et al., 2010, Hogan and
Hull, 2017; Reinert et al., 2014). This cross-talk between islet endothelial and B-cells is under pre-
cise regulation (Brissova et al., 2006; Cai et al., 2012), and a set-point of endothelial to B-cell ratios
is critical for mature islet function (Hogan and Hull, 2017). In mice, hypo- or hyper-vascularization of
newly formed islets by B-cell-specific deletion (Brissova et al., 2006) or over-expression of VEGF-A
(Cai et al., 2012), respectively, both elicit detrimental effects on B-cell mass, insulin secretion, and
glucose tolerance, suggesting that VEGF-A levels in B-cells must be maintained within a narrow
range. Surprisingly, inactivation of VEGF-A and subsequent islet hypo-vascularization in adult islets
did not perturb islet mass and insulin secretion, and elicited only modest elevations in blood glucose
(D'Hoker et al., 2013; Reinert et al., 2013). Together, these studies imply that the influence of the
intra-islet vasculature and VEGF-A levels on islet morphology and function is predominantly exerted
during development. However, the factors modulating the precise control of B-cell VEGF-A expres-
sion, and the link between early islet vascular patterning and later metabolic functions, have
remained poorly defined. Here, we reveal that Adrb2 activity in B-cells constitutes an endogenous
brake to suppress VEGF-A production and curtail excessive endothelial cell expansion during the
first week of birth in mice, a period that is characterized by pronounced growth of intra-islet capillary
network and endothelial cell proliferation (Johansson et al., 2006a).

The precise molecular mechanisms by which Adrb2 regulates VEGF-A production in B-cells remain
to be determined. Adrb2 is activated both by circulating epinephrine, derived from adrenal glands,
and norepinephrine, secreted locally by sympathetic nerves, although Adrb2 has 100-fold higher
affinity for epinephrine (Molinoff, 1984). Our findings that epinephrine, but not norepinephrine,
suppressed VEGF-A expression in MINé cells, together with observations of differences in pheno-
types between Adrb2 cKO and sympathectomized mice (Borden et al., 2013), suggest that epi-
nephrine is the likely ligand responsible for Adrb2-mediated effects on VEGF-A levels and islet
vasculature. Adrb2 is a prototypical GPCR that is classically thought to couple with Go, proteins and
activate transcriptional events via a cAMP-PKA-CREB pathway, which stimulates VEGF-A expression
in several cell types (Claffey et al., 1992; Lee et al., 2009; Wu et al., 2007). However, association
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Figure 5. Adrb2 regulates adult islet function by controlling bi-directional signaling between B-cells and islet vasculature during development. During
islet development, B-cell-Adrb2 receptors suppress VEGF-A expression to limit excessive growth of intra-islet endothelial cells. Endothelial cells, in turn,
are critical for precise regulation of insulin gene expression in neighboring B-cells, via producing vascular basement membrane proteins, and likely for
transcriptional regulation of key components of insulin exocytosis. Loss of Adrb2 disrupts bi-directional signaling between islet B-cells and endothelial
cells during development, resulting in islet hyper-vascularization, aberrant insulin expression, and impaired glucose-stimulated insulin secretion in adult

islets.
DOI: https://doi.org/10.7554/eLife.39689.019

of GPCRs with specific Go proteins is dependent upon the cellular context. Our findings suggest
that in pancreatic B-cells, Adrb2 might act via Go; to negatively regulate cAMP-mediated transcrip-
tional signaling. In support of this idea, loss of Adrb2 enhanced CREB phosphorylation in bone
osteoblasts (Kajimura et al., 2011).

Both neonatal and adult Adrb2 cKO islets showed an up-regulation of insulin content, despite a
profound impairment in insulin secretion. It is reasonable to assume that impaired insulin secretion in
mutant B-cells leads to an accumulation of insulin granules. However, insulin transcript levels were
also elevated in Adrb2 cKO islets, suggesting that enhanced synthesis could also be an important
factor contributing to elevated insulin content. Vascular endothelial cells instruct B-cell gene expres-
sion and maturation by supplying extracellular matrix molecules and soluble factors including hepa-
tocyte growth factor and thrombospondin-1 (Eberhard et al., 2010; Hogan and Hull, 2017,
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Johansson et al., 2009; Johansson et al., 2006b; Olerud et al., 2011). In particular, intra-islet
endothelial cells regulate insulin gene transcription by producing vascular basement membrane pro-
teins (Kaido et al., 2004; Nikolova et al., 2006; Nikolova et al., 2007). Our results that VEGFR2
neutralization restores insulin transcript levels in Adrb2 cKO islets support the notion that enhanced
insulin expression is a consequence of aberrant VEGF-A signaling and perturbed islet vasculature.

We reason that the defect in mature B-cell secretory function in mutant islets is, in part, due to
dysregulated expression of genes associated with B-cell maturation, calcium responsiveness, and
insulin granule exocytosis. mRNA analyses of B-cell genes in adult Adrb2 cKO islets revealed
decreased Neurod? and Glut2 but enhanced Npy expression, which are characteristics of juvenile B-
cells (Gu et al., 2010), although other late maturation markers such as Ucn3 (Blum et al., 2012;
van der Meulen et al., 2012) were unchanged. Adrb2 loss also did not elicit enhanced B-cell replica-
tion in adult islets, which has been associated with functional immaturity (Puri et al., 2018). NPY
expression declines postnatally with B-cell maturation, and its re-emergence in animal models of B-
cell dysfunction, for example, in B-cell-specific Neurod1 knockout mice (Gu et al., 2010), or during
diabetes (Rodnoi et al., 2017), is thought to contribute to altered B-cell identity and impaired GSIS.
Thus, diminished expression of genes essential for GSIS (Glut2) and de-repression of disallowed
genes (Npy) could alter B-cell maturation and/or identity and eventually contribute to the secretory
dysfunction observed in adult Adrb2 cKO islets. It is unclear if these gene expression changes reflect
compensatory efforts to counter the excessive insulin production that develops neonatally and pro-
tect against hypoglycemia, or a bonafide effect of endothelial cells in instructing mature B-cell phe-
notype. Developmental VEGFR2 blockade restored the gene expression of B-cell maturation and
GSIS machinery in Adrb2 cKO islets, suggesting that effects of Adrb2 loss are secondary to the dis-
ruption of islet endothelial cells. Of note, in contrast to previous studies where VEGF-A over-expres-
sion and islet vascular hypertrophy is accompanied by B-cell loss (Agudo et al., 2012;
Brissova et al., 2014, Cai et al., 2012), we did not observe major disruptions in B-cell proliferation,
islet size, or architecture in Adrb2 cKO animals. This could reflect differences in the timing 