Diabetes Volume 71, August 2022

Ll

1679

L)

Check for
updates
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The pancreatic islet depends on blood supply to efficiently
sense plasma glucose levels and deliver insulin and gluca-
gon into the circulation. Long believed to be passive con-
duits of nutrients and hormones, islet capillaries were
recently found to be densely covered with contractile peri-
cytes with the capacity to locally control blood flow. Here,
we determined the contribution of pericyte regulation of is-
let blood flow to plasma insulin and glucagon levels and
glycemia. Selective optogenetic activation of pericytes in
intraocular islet grafts contracted capillaries and dimin-
ished blood flow. In awake mice, acute light-induced stim-
ulation of islet pericytes decreased insulin and increased
glucagon plasma levels, producing hyperglycemic effects.
Interestingly, pericytes are the targets of sympathetic
nerves in the islet, suggesting that sympathetic control of
hormone secretion may occur in part by modulating peri-
cyte activity and blood flow. Indeed, in vivo activation of
pericytes with the sympathetic agonist phenylephrine de-
creased blood flow in mouse islet grafts, lowered plasma
insulin levels, and increased glycemia. We further show
that islet pericytes and blood vessels in living human pan-
creas slices responded to sympathetic input. Our findings
indicate that pericytes mediate vascular responses in the
islet that are required for adequate hormone secretion and
glucose homeostasis. Vascular and neuronal alterations
that are commonly seen in the islets of people with diabe-
tes may impair regulation of islet blood flow and thus pre-
cipitate islet dysfunction.

Pancreatic islets play a crucial role in maintaining glucose
homeostasis. There is general agreement that a functional

islet vasculature is needed for adequate nutrient sensing,
efficient release of insulin and glucagon into the circula-
tion, and timely responses to changes in glycemia (1,2).
There is also compelling evidence that islet blood perfu-
sion and microvascular structure are disrupted in diabe-
tes, but it is not known whether these disturbances are of
pathogenic importance (3) because the mechanisms that
control islet blood flow and their systemic impact on glu-
cose homeostasis have not been fully elucidated.

Blood flow in the islet was proposed to be controlled by
external gates at the level of the arteriole, as well as by inter-
nal gates at the level of capillaries (4,5). We recently estab-
lished that these internal gates are vascular pericytes (6).
Indeed, islet capillaries are densely covered with contractile
pericytes whose activity is tightly coupled to capillary con-
striction and dilation and to decreases and increases in
blood flow in the islet (6). The islet pericyte could thus be
responsible for regulating islet blood flow independently
from that of the exocrine pancreas (7-10). Importantly, con-
tractile elements around capillaries, likely pericytes, are the
predominant cellular targets of autonomic innervation in
the human islet (11). We previously reported that sympa-
thetic agonists activate pericytes to constrict capillaries and
reduce blood flow in the mouse islet (6), but we did not in-
vestigate the possibility that autonomic nerves control hor-
mone delivery into the circulation by altering capillary blood
flow. Of note, islet pericytes change their phenotype under
conditions of vascular fibrosis, and pericyte coverage of islet
capillaries changes in type 2 diabetes (6,12).

In its vascular context, the islet pericyte could play a piv-
otal role for islet function that goes beyond providing
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trophic support for the insulin-secreting 3-cell (13-17). The
role of pericytes in controlling capillary blood flow, however,
is hotly debated not only in islet biology but also in other
fields. While some studies clearly showed that pericytes
modulate capillary diameter and influence blood flow in tis-
sues such as the brain, retina, and kidney (18-23), other
studies reported that most of the control occurs upstream
at the level of arterioles (24,25). Studying the functional im-
pact of the pericyte in the islet is particularly important be-
cause changes in local blood flow may affect the delivery of
glucoregulatory hormones that produce systemic effects.
Here, we tested the hypothesis that pericyte regulation of
islet blood flow alters circulating levels of insulin and gluca-
gon, thus influencing glucose homeostasis. To achieve selec-
tive in vivo manipulation of pericytes in the islet, we
transplanted islets bearing pericytes expressing the light-
gated ion channel channelrhodopsin (ChR2) into the anteri-
or chamber of the eye of diabetic mice. Once islets en-
grafted and restored normoglycemia, we manipulated
pericytes with light in awake mice. Because pericytes in is-
lets are targets of sympathetic nerves, we also examined
whether sympathetic control of islet hormone secretion was
mediated by pericytes controlling islet blood flow. To mimic
sympathetic activation, we administered the al-adrenergic
receptor agonist phenylephrine topically to islet grafts in
the eye. Our results show that activating pericytes de-
creased islet blood flow, lowered plasma insulin levels, and
increased plasma glucagon levels, affecting glycemia and
glucose tolerance. Importantly, using living human pancreas
slices, we assessed the impact of sympathetic agonists on
pericyte activity and blood vessel diameter in the human
islet.

RESEARCH DESIGN AND METHODS

Transgenic Mice
Mouse lines used in this study were from The Jackson Lab-
oratory (JAX) (Bar Harbor, ME) and Envigo (Indianapolis,
IN). For optogenetic manipulation, we crossed homozygous
ChR2-tdTomato—floxed male mice (no. 012567; JAX) with
heterozygous female mice that express Cre recombinase
under the Cspg4 promoter/enhancer (neuron-glial antigen
2 [NG2]-Cre) (no. 008533; JAX) to produce NG2-ChR2+
and NG2-ChR2— donor mice. Glucose metabolism, islet en-
docrine cell composition, and vascular architecture was
similar in NG2-ChR2+ and NG2-ChR2—
(Supplementary Fig. 3). Islets were isolated from female
and male NG2-ChR2 mice (4-6 months) and transplanted
into the anterior chamber of the eye of immunocompro-
mised nude mice (Hsd:Athymic Nude-v, age 8 weeks; Envi-
go). Male and female nude mice were used as transplant
recipients and yielded similar results (Supplementary Fig. 2).
Optogenetics allows a more specific and controlled acti-
vation of cellular activity, but it is an artificial manipula-
tion. We therefore also studied the potential effects of
sympathetic nervous system activation on pericyte func-
tion, islet blood flow, and glucose metabolism using

donor mice
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sympathomimetics. To examine the effects of sympathetic
agonists on islet pericytes ex vivo, we generated NG2-
GCaMP3 mice by crossing male GCaMP3-floxed mice (no.
029043; JAX) with NG2-Cre female mice. For activation
of pericytes in vivo with a sympathomimetic, we used
C57BL/6 male and female mice (age 12 weeks, no.
000664; JAX) as islet donors and transplant recipients.
All animals were housed in virus antibody-free rooms
and kept in microisolated cages (five mice per cage) with
free access to autoclaved food and water. All experiments
were conducted according to protocols approved by the
University of Miami Institutional Animal Care and Use
Committee.

Human Organ Donors

We obtained living human pancreas slices from deiden-
tified cadaveric donors (Supplementary Table 1) from
the Network of Pancreatic Organ Donors with Diabetes
(Gainesville, FL). Slices were shipped overnight to Mi-
ami and used within 3-30 h after arrival (26,27).

Confocal Imaging of Living Pancreas Slices

Functional imaging of living human pancreas slices was
done as previously described (26). Briefly, slices were incu-
bated with Fluo4-AM (6.3 pmol/L) and DyLight 649 lectin
from Lycopersicon esculentum (3.3 pg/mL) for 1 h in
3 mmol/L glucose buffer solution containing aprotinin
(25,000 IU/mL). To identify pericytes, slices were incubated
for 2 h with NG2-Alexa Fluor 647 (1:50). We recorded
changes in [Ca®*]; and blood vessel diameter induced by
norepinephrine (20 pmol/L), endothelin-1 (10 nmol/L),
and tyramine (100 pmol/L) on an upright confocal micro-
scope (Leica TCS SP5 system). Functional data were quanti-
fied as described in the Supplementary Methods and
Analysis.

Islet Isolation and In Vitro Hormone Secretion
Pancreatic islets were isolated from NG2-ChR2+, NG2-
ChR2—, and C57BL/6 mice as previously described (28) and
cultured overnight before transplantation. ChR2-expressing
pericytes remained in islets after isolation and overnight
culture (Supplementary Fig. 9). We assessed responses of
C57BL/6 isolated islets to epinephrine (10 pmol/L) and
phenylephrine (10 pwmol/L) applied in 3 mmol/L glucose so-
lution in perifusion experiments and of NG2-ChR2+ and
NG2-ChR2— islets to blue light exposure (for 5 min and for
30 min) in basal (3 mmol/L) and high (16 mmol/L) glucose
in static incubation experiments at 37°C. Secreted hor-
mones in supernatant were detected with ELISA kits
(Mercodia).

Transplantation Into the Anterior Chamber of the Eye

Recipient mice were rendered diabetic before islet trans-
plantation with streptozotocin (200 mg/kg i.v.). Islets were
isolated from five to seven NG2-ChR2+ or NG2-ChR2—
donor mice and pooled together before transplantation.
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Transplantation into the anterior chamber of the eye was
performed as previously described (28,29). Only animals
with glycemia >450 mg/dL were used. We transplanted
200 mouse islet equivalents from NG2-ChR2+ and NG2-
ChR2— mice into diabetic nude mice (optogenetic manipu-
lation) and from C57BL/6 mice into diabetic B6 siblings
(for pharmacological manipulation with phenylephrine eye
drops). This provided an optimal [-cell mass that allowed
reversal of diabetes in 26 of 28 recipient mice (total number
of transplanted mice for both manipulations) within 1
month after transplantation. The two animals that never
recovered from diabetes received NG2-ChR2+ islets
(Supplementary Fig. 2) and were excluded.

In Vivo Imaging of the Mouse Eye

A detailed description of in vivo imaging of intraocular islet
grafts is included in the Supplementary Methods and
Analysis. To activate and deactivate ChR2, we turned on
and off the 488-nm laser during image acquisition (100%
laser power). Blood vessels were labeled by tail vein injec-
tion of fluorescent dextrans. For monitoring the uptake of
glucose analog, 100 pL of 2-(N-(7-nitrobenz-2-oxa-1,3-dia-
zol-4-yl)amino)-2-deoxyglucose (2-NBDG) (5 mg/ml) was
injected iv. Data analysis was performed using Image]
software (https://imagej.nih.gov/ij) as described in the
Supplementary Methods and Analysis. To estimate changes
in blood flow, we used the “Stack Difference” plugin to de-
tect dynamic pixel changes that correspond to the move-
ment of red blood cells (RBCs) (30). We drew regions of
interest on different vessels in islet grafts and quantified
changes in fluorescence over time (Supplementary Fig. 6).
To estimate RBC fluxes, we calculated the area under the
curve of fluorescence traces every 5 s after turning on the
488-nm laser, which reflects the total amount of RBCs flow-
ing during that period, and divided it by 5.

Manipulation of Pericyte Activity in Awake Mice and
Assessment of Metabolic Effects
To manipulate pericyte activity in awake, freely moving,
transplanted mice, blue light-emitting diodes (LEDs) (emis-
sion peak 465 nm) were fixed on a special ion cage as previ-
ously described (31) (Fig. 4A). As a control, cages with red
LEDs were also built. The output power of each LED was
10 mW, and there were 87 LEDs around the cage’s perime-
ter (cage dimensions 45.5 x 30.5 cm), yielding an intensity
of 0.6 mW/cm? for the light stimulation. Blue light was de-
livered chronically for 10 min (Supplementary Fig. 7) or in
pulses (1 min on, 4 min off) (Figs. 4 and 5). Stimulation
with blue light occurred only acutely; otherwise, trans-
planted mice were kept in a controlled environment under a
normal 12-h light/dark cycde. Mice transplanted with
NG2-ChR2+ or NG2-ChR2— islets were housed together
and always subjected to the same light stimulation protocol.
To assess changes in glucose tolerance, transplanted
mice were placed in the dark and fasted overnight. Stimu-
lation with pulsed blue light started 1 h before the
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intraperitoneal glucose tolerance test (IPGTT) and contin-
ued throughout the test (glucose 2 g/kg i.p.). As a control,
we performed IPGTTs with the same mice in the presence
of pulsed red light (Supplementary Fig. 8). To determine
changes in glucose-stimulated hormone secretion, trans-
planted mice were fasted for 6 h. Stimulation with pulsed
blue light started 4 h before glucose injection and contin-
ued throughout the test. Blood was collected from the tail
vein before and 15 and 120 min after glucose injection.
To assess changes in glucose counterregulation, animals
were fasted for 6 h, and insulin was administered at 0.75
units/kg i.p. (Humulin-R; Eli Lilly). Blood was collected
from the tail vein before and 30 min after insulin injec-
tion to measure changes in plasma glucagon levels.

To study the effects of sympathetic activation of peri-
cytes in vivo, we used diabetic C57BL/6 mice transplanted
with B6 islets. Animals were analyzed 7 days after trans-
plantation (islets had still not engrafted; fed glycemia
>300 mg/dL) and 3 months after transplantation (islets
were fully revascularized; fed glycemia <200 mg/dL).
Transplanted animals were fasted for 6 h and treated
with phenylephrine eye drops (2.5%, one drop in trans-
planted eye). Glycemia and blood were collected before
and 30 min after the phenylephrine drop. Control mice
were treated with vehicle. To confirm that phenylephrine
activates pericytes, we produced living pancreas slices
from NG2-GCaMP3 mice as previously described (6) and
recorded changes in cytosolic calcium levels induced by
phenylephrine (10 and 100 pmol/L) ex vivo.

Assessment of Tissue Hypoxia and Nitric Oxide
Production

Mice transplanted with NG2-ChR2+ or NG2-Chr2— islets
were placed in the dark and stimulated with pulsed blue
light (4 min off, 1 min on) for 4 h. Pimonidazole (Hypo-
xyprobe Kit, 60 mg/kg i.v.) was injected 90 min before
sacrificing the mice. Eyes were collected and processed for
immunohistochemistry. To assess local nitric oxide levels,
we used the NADPH-diaphorase histochemistry technique
(32) (Supplementary Methods and Analysis).

Immunohistochemistry

Pancreata and eyes containing islet grafts from mice ex-
pressing ChR2 in pericytes were dissected, fixed overnight
in 4% paraformaldehyde, and cryoprotected. Living human
pancreata were fixed in 4% paraformaldehyde for 3 h,
washed with PBS, and then used for immunohistochemis-
try. Immunohistochemistry was performed as described in
Supplementary Methods and Analysis. We immunostained
B-cells (insulin), sympathetic nerves (tyrosine hydroxylase),
endothelial cells (CD31), and pericytes with antibodies
against different markers: NG2, platelet-derived growth fac-
tor receptor-B (PDGFR), CD146, and smooth muscle a-ac-
tin (aSMA). tdTomato was used as a reporter of ChR2
expression and amplified with an antibody against mCherry.
To determine colocalization between pericyte markers NG2,
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PDGFRf, and CD146 and ChR2 (tdTomato), we used the
ImageJ plugin “intensity correlation analysis” and calculated
Mander colocalization coefficients (M1 and M2). To distin-
guish pericytes from vascular smooth muscle cells that also
express NG2 and aSMA, we also analyzed cellular morphol-
ogy and location (33). Vascular smooth cells have circumfer-
ential cytoplasmic processes and form multiple rings
around larger blood vessels (diameter ~10 wm), while peri-
cytes have elongated shapes and cover islet capillaries (ves-
sel diameter ~5-7 pm) (26) (Supplementary Fig. 1).

Statistical Analysis

Results are expressed as mean + SE or in box and whisker
plots (min to max) from at least three independent bio-
logical experiments. P < 0.05 was considered statistically
significant. All statistical tests, sample sizes, and P values
are provided in the figure legends. All statistics were per-
formed using GraphPad Prism software.

Data and Resources

All data are available in the article or Supplementary
Material. Data sets and resources are available from the
corresponding author upon reasonable request.

RESULTS

The Islet Vasculature Is Densely Covered With
Pericytes

Anatomical and physiological evidence indicates that
most islet capillaries are continuous with those in the
exocrine pancreas (34-36). This is at odds with studies
showing that circulating glucose regulates blood flow in
the pancreatic islet without affecting the flow rate in the
exocrine pancreas (7-9). We posited that anatomical dif-
ferences in microvascular elements (endothelial cells and
pericytes) could explain differential blood flow regulation.
The density of endothelial cells was higher in the endo-
crine compartment of the human pancreas (CD31 immu-
nostained area was 10.7 + 1% in islets vs. 5.1 £ 0.5% in
exocrine tissue, P < 0.0001 by paired t test, n = 31 islets
from four different nondiabetic donors) (Fig. 1D). Never-
theless, even when normalizing for blood vessel density,
the abundance of pericytes labeled for NG2 (chondroitin
sulfate proteoglycan) was significantly higher in islets
than in surrounding exocrine tissue in the human pancre-
as (Fig. 1A and B). Indeed, islets could be easily distin-
guished from surrounding tissue by their high abundance
of NG2-expressing pericytes (Fig. 1C).

Because there is no single molecular marker that is exclu-
sively expressed by pericytes (33), we immunostained hu-
man pancreatic sections for other mural cell markers, such
as PDGFRB (2), CD146 (37), and the contractile protein
aSMA. Pericytes in human islets were also immunoreactive
for PDGFRB and CD146, although expression of these
markers was not limited to pericytes (Supplementary Fig.
1). Moreover, approximately half of the islet pericyte popu-
lation expressed aSMA (6,26) (Supplementary Fig. 1). Our
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data indicate that islets are enriched in pericytes and that
pericyte coverage of blood vessels differs greatly between
exocrine and endocrine regions of the human pancreas.

Using Optogenetics to Selectively Manipulate
Pancreatic Islet Pericytes

We have previously shown that pericytes control capillary
diameter and blood flow in the mouse islet (6). To exam-
ine the systemic impact of pericyte-mediated control of is-
let blood flow on plasma hormone levels and glucose
metabolism, we used an experimental approach that al-
lowed direct and selective manipulation of islet pericytes
(Fig. 2). We transplanted islets into the anterior chamber
of the eye of mice rendered diabetic with the B-cell toxin
streptozotocin (Fig. 2B). This model has been used exten-
sively to study islet blood vessels because the revasculari-
zation of the graft faithfully reconstitutes the structural
elements of the vasculature of the islet in the native pan-
creas (28,38-40). Importantly, pericytes cover the endo-
thelial network in islet grafts as they do in the pancreas
(Fig. 2C and D). Of note, intraocular islet grafts restore
and maintain normoglycemia a couple of weeks after
transplantation (Supplementary Fig. 2), which allowed us
to correlate local manipulation of islet cells to systemic
effects.

To manipulate pericytes, we transplanted islets isolated
from mouse donors expressing the light-gated ion channel
ChR2 under the control of the NG2 promoter/enhancer
(NG2-ChR2+ mice) (Fig. 2A and E-G and Supplementary
Fig. 3). As a control, we used Cre-negative mice
(NG2-ChR2—-). In the pancreas, the NG2-Cre mouse line
drives expression of genes of interest selectively in
smooth muscle cells and pericytes (6,12) (Supplementary
Fig. 4). We confirmed that ChR2 is expressed exclusively
in pericytes after revascularization of islet grafts in the
eye as determined by colocalization with the pericyte
markers NG2, PDGFRp, and CD146 (37) (Supplementary
Fig. 4). Approximately 50% of the pericyte population in
islet grafts expressed ChR2 (Fig. 2E), indicating that, simi-
larly to what had been described for endothelial cells (41),
pericytes from both donor (ChR2+) and host (nude, thus
ChR2—) mice participate in the engraftment process.
ChR2-expressing pericytes covered the islet endothelial
network in grafts as they do in the pancreas (Fig. 2F) and
did not colonize the surrounding vasculature (Fig. 2G and
Supplementary Fig. 5). Once islets fully engrafted on the
iris and took over control of glucose metabolism, we ma-
nipulated pericytes optogenetically to determine the ef-
fects on capillary diameter, islet blood flow, plasma
hormone levels, and glycemia.

Pericytes Control Islet Blood Flow and Glucose
Diffusion

To determine how activation of pericytes affects blood flow
in vivo, we placed transplanted mice under a confocal mi-
croscope and stimulated intraocular islet grafts with a 488-
nm laser. Activating ChR2-expressing pericytes with blue
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Figure 1—Blood vessels in human pancreatic islets are densely covered by pericytes. A: Maximal projection of confocal images of a hu-
man pancreatic section immunostained for the pericyte marker NG2 (green). The majority of NG2-expressing cells is present in islets in
the human pancreas. NG2 is also expressed by smooth muscle cells around arteries and islet-feeding arterioles. B: Quantification of NG2
immunostained area normalized to CD31 immunostained area in endocrine (islets) and exocrine tissue compartments of the human pan-
creas. Data are shown in a box and whisker plot (min to max) (n = 31 islets from four different donors without diabetes). *P < 0.05 by un-
paired t test. C: Confocal images of a human pancreatic section immunostained for insulin (red) and NG2 (green). Regions rich in NG2-
expressing cells are islets. D: Maximal projection of confocal images of a human pancreatic section immunostained for the endothelial cell
marker CD31 (green) and insulin (red). Scale bars = 50 um (A, C, and D).

light diminished the diameter of ~30% of islet capillaries
(32.5 + 10.4%) (Fig. 3A and B and Supplementary Movie
1). The proportion of the microvasculature that was respon-
sive in islet grafts was similar to what we had reported in
the native pancreas (6), suggesting that pericytes coming
from the iris of the (host) mouse adopted an islet pericyte-
like phenotype. Changes in capillary diameter ranged from
20 to 50% reduction of the initial value and were resumed
as soon as the 488-nm laser was turned off. We then exam-
ined the impact of pericyte activation on islet blood flow.
To examine changes in blood flow dynamics, we estimated
RBC flux (cell density/time). RBCs were seen moving as
nonfluorescent shadows within the fluorescent plasma of is-
let graft capillaries (Fig. 3D). Pericyte activation decreased
RBC flux by ~50% in islet grafts from ChR2+ mice (Fig.
3C-F, Supplementary Fig. 6, and Supplementary Movies 2-
4). We then investigated how light stimulation of pericytes
affected plasma glucose diffusion into the islet parenchyma.
Activating islet pericytes diminished the diffusion of circu-
lating fluorescent glucose into the islet endocrine parenchy-
ma (Fig. 3G-I). Thus, optogenetic activation of pericytes

constricted graft capillaries, decreased blood flow, and limit-
ed perfusion of the islet. We could not observe vascular ef-
fects when we used red instead of blue light to stimulate or
when pericytes did not express ChR2 (NG2-ChR2—) (Fig.
3F and Supplementary Fig. 6).

Optogenetic Manipulation of Pericytes Affects Glucose
Homeostasis

We then investigated how manipulating pericyte activity
and blood flow in the islet affected systemic glucose me-
tabolism by performing studies in awake, freely moving,
transplanted mice (Fig. 44). Animals were placed in cages
equipped with blue LEDs for ChR2 activation (intensity
0.6 mW/cm?). To confirm that manipulation with light af-
fected vascular function in the islet, we exposed animals
to blue light for 4 h (1 min on, 4 min off) and measured
changes in oxygen and nitric oxide in islet grafts. Pimoni-
dazole staining and NADPH-diaphorase activity increased
in islet grafts, suggesting that the manipulation increased
hypoxic levels and nitric oxide production in islet grafts,
likely because of impaired vascular perfusion (Fig. 4B-E).
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Figure 2—Experimental strategy to selectively activate islet pericytes. A and B: To visualize and manipulate islet pericytes, we generated
mice that expressed ChR2 fused to tdTomato under the control of the NG2 promoter (NG2-ChR2+ mice and control NG2-ChR2— mice)
and transplanted 200 islets from these animals into the eyes of nude mice rendered diabetic with streptozotocin. C: Pericyte coverage
(pericytes-to-endothelial cells ratio) of capillaries in islets in the pancreas and intraocular grafts is similar. D: Maximal projection of confo-
cal images showing pericytes (NG2, green) covering capillaries (CD31, red) in an intraocular islet graft. E: Mander coefficient reflecting co-
localization of ChR2 (tdTomato) and NG2 immunostaining for islet pericytes in the pancreas and in the eye. F: In vivo imaging shows that
ChR2-expressing pericytes (red) remain associated with islet capillaries in the islet graft (FITC dextran i.v.). G: Islets (backscatter signal in
blue) fully engraft and control glycemia 1 month after transplantation into the eyes of diabetic mice. In mice transplanted with islets from
NG2-ChR2+ mice, but not from NG2-ChR2— mice, pericytes can be selectively stimulated with blue light because they express ChR2
(red, left). Because islets were isolated from different NG2-ChR2+ mice and pooled together before transplantation, some variability is ob-
served in the proportion of pericytes that express ChR2 in different grafts on the same transplanted animal (G). Data are shown in box and
whisker plots (min to max) (C and E). Scale bars = 50 um (D) and 500 pum (G).

To account for the possible influence of autonomic con- By contrast, in mice transplanted with islets from NG2-
trol of pupillary size on islet graft function, we exposed ChR2+ donors, light reduced plasma hormone levels
mice transplanted with islets from NG2-ChR2— donors (Supplementary Fig. 7). These data indicate that our ma-
(control) to acute light stimulation (10 min). In these nipulation of pericyte activity and blood flow overcomes
mice, light increased plasma insulin and glucagon levels. the effects of autonomic input on islet grafts in the


https://doi.org/10.2337/figshare.19706524

diabetesjournals.org/diabetes Tamayo and Associates 1685

Diameter (um)

0 30 60 90 120 150
Time (s)

E ® ChR2+ 0 ChR2-
100

w

®

©

< 50

x

>

=

&)

g 0 *

< * ¥

015 150 165 180 10 20 30
Time (sec) Time (sec)

Figure 3—Optogenetic activation of islet pericytes constricts capillaries, decreases blood flow, and limits perfusion of the islet. A and B: Confo-
cal images taken during in vivo imaging of an intraocular islet graft show that activating ChR2-expressing pericytes with blue light (488-nm laser)
constricted an islet capillary (arrow; changes in diameter are plotted in B). C: In vivo confocal image of an islet graft showing islet vessels (dextran,
green) and ChR2-expressing pericytes (red). Arrow indicates a potential “sphincter” pericyte. D: Blood flow through an islet graft capillary (region
within rectangle in C) is reduced upon turning on the 488-nm laser. Asterisks indicate different RBCs (shadows). E: Quantification of changes in
RBC flux over time in an NG2-ChR2+ islet graft (RBC flux — baseline values are shown). The 488-nm laser had been on for 1 min before starting
in vivo recording and was turned off from t = 20-140 s. RBC density was estimated in 5-s intervals (n = 7 vessels). F: Relative changes in RBC
flux in capillaries in islet grafts from NG2-ChR2+ (black symbols) and NG2-ChR2— mice (white symbols) induced by the 488-nm laser (n = 14-24
vessels per three mice in each group). *P < 0.05 by multiple t test. G: Quantification of changes in 2-NBDG fluorescence intensity in regions with-
in the islet parenchyma as shown in H and / (fluorescence levels in the islet graft were normalized to those in the aqueous humor; arrow indicates
time of injection). H and /: Diffusion of the fluorescent glucose analog 2-NBDG (5 mg/kg i.v.) was reduced by optogenetic stimulation started at
30 s before glucose injection. In vivo images of 2-NBDG fluorescence (green) in islet grafts from NG2-ChR2— (H) and NG2-ChR2+ (/) mice 30 s
after injection. Asterisk indicates blood vessels. Data are mean + SEM (E-G). Scale bars = 10 um (A) and 20 um (C, H, and /).
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Figure 4—Activation of pericytes with blue light affects vascular perfusion of islet grafts. A: Mice
with intraocular islet grafts from NG2-ChR2+ and NG2-ChR2 mice were housed together in cages
equipped with a blue LED around their perimeter and subjected to the same light stimulation
protocol. B: Stimulation with blue light pulses for 4 h (1 min on, 4 min off) increased levels of the
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but not in mice with NG2-ChR?2 islets (top). C: Quantification of results as in B showing the density
of Pimo immunostaining (immunostained area/graft area) in islet grafts (n = 4-6 grafts per six mice).
*P 0.05 between ChR2+ mice Pimo injected and exposed to blue light and all other groups by one-
way ANOVA with Tukey multiple comparisons test. D: Optogenetic activation of islet pericytes
increased NADPH-diaphorase activity (black staining) in grafts from NG2-ChR2+ mice upon

context of pupillary light reflex (42). Transplanted ani-
mals from both groups were therefore always housed
together and subjected to the same light stimulation
protocols.

We next addressed the impact of pericyte activation
on the islets’ in vivo response to changes in glycemia.
We conducted IPGTTs in awake, freely moving, trans-
planted mice. Activating pericytes in intraocular islet
grafts of mice placed in cages equipped with blue light
increased the glucose excursion and made mice glucose
intolerant (Fig. 5A-C). Red light exposure did not affect
glucose tolerance (Supplementary Fig. 8). Mice with con-
trol islets from NG2-ChR2— donors showed the typical
hormone response to a glucose challenge, that is, an in-
crease in insulin and a decrease in glucagon plasma

levels (Fig. 5D). By contrast, mice with activatable peri-
cytes in their islet grafts from NG2-ChR2+ donors
showed a tendency toward reduced insulin and increased
glucagon plasma levels (Fig. 5D and Supplementary Fig.
8). Importantly, pericyte activation abolished the ex-
pected change in the insulin-to-glucagon ratio upon a
glucose challenge (Fig. 5E). Under conditions of insulin-
induced hypoglycemia, pericyte activation with blue
light increased plasma glucagon levels (Fig. 5F and G). In
vitro exposure to blue light did not affect either basal or
stimulated hormone secretion from islets isolated from
NG-ChR2+ mice (Supplementary Fig. 9), indicating that
pericyte activation did not directly affect B- and a-cell
function. These data indicate that local capillary con-
striction induced by pericyte activation in vivo affects


https://doi.org/10.2337/figshare.19706524
https://doi.org/10.2337/figshare.19706524
https://doi.org/10.2337/figshare.19706524
https://doi.org/10.2337/figshare.19706524

diabetesjournals.org/diabetes

Tamayo and Associates 1687

A B C
300- 250, * 2.5- %
%\ E 200 2.0
? 200+ 8 — - ||: -
£ chR2+ 7T 150 Q 154
£ 8 21004 O 104
8 1001 05)5100 >
& S 50- 0.5
ChR2- o
0= T T T T 0- 0.0-
0 30 60 90 120 Q:V Qg’x Q:V Qg'x
Time after glucose (min) & [N
D ChR2 ChR2+ E
2- 2- ~ T 109
—_ S S
< ES) £ 84
2 & p ChR2-
= c O 6
c o) o))
= [e)) ®
] ® [&]
(%] o =} 4 4
£ =) O
o O = 24| chre+ &
° [ £
D a 0-_ﬁ_|_|_|_
£ 0 60 120
Time (min) Time (min) Time (min)
ChR2- ChR2+
F G g00- %
~ 1001 -
3 E ]
? 75 g 600-
=t ChR2+ c
€ 50+ S
g § 300
> 254 =)
(D -
© ChR2- — é
0+ T r ! 0-
0 50 100 150 0 30 0 30
Time after insulin (min) Time (min)

Figure 5—Optogenetic activation of islet pericytes affects plasma hormone levels and glucose metabolism in awake, freely moving, trans-
planted mice. A: Glucose excursions of an IPGTT performed in awake, freely moving mice transplanted with islets from NG2-ChR2+ (black)
and NG2-ChR2— mice (white) in the presence of blue light pulses (1 min on, 4 min off; light pulses started 1 h before and continued during
the IPGTT; n = 7-9 mice/group). B: Glycemia at 120 min after glucose injection. C: Area under the curve (AUC) of IPGTTs performed upon
stimulation with blue light (n = 7-9 mice/group). *P < 0.05 by unpaired t test). Values were normalized for AUC values from NG2-ChR2—
mice. D: Changes in plasma insulin (circles) and glucagon (squares) induced by glucose in control mice (white symbols, left) and mice with
ChR2 in islet pericytes (black symbols, right) during the IPGTT. E: Optogenetic activation of islet pericytes abolished the increase in the insu-
lin-to-glucagon ratio induced by the glucose challenge (n = 5-6 mice). *P < 0.05 by muiltiple t test. Ratios were normalized to values before
glucose administration. F: Insulin tolerance test performed in mice transplanted with islets from NG2-ChR2+ (black) and NG2-ChR2— mice
(white) in the presence of blue light pulses (1 min on, 4 min off; light pulses started 4 h before and continued during insulin tolerance test; n =
7-9 mice/group). G: Changes in plasma glucagon levels induced by insulin in transplanted mice. *P < 0.05 between ChR2+ mice 30 min af-
ter insulin injection and all other groups by one-way ANOVA with Tukey multiple comparisons test. norm, normalized.

islet hormone release into the circulation in response
to changes in glycemia.

Pericyte Activation With the Sympathetic Agonist
Phenylephrine Affects Glucose Homeostasis

In the pancreas, blood flow is controlled by local sympa-
thetic and parasympathetic nerves (43,44). We had previ-
ously shown that sympathetic adrenergic input activates
pericytes and decreases blood flow in mouse islets (6), but
we had not assessed the impact of sympathetic-mediated
control of pericyte function and blood flow on glucose

metabolism. To mimic sympathetic nervous input, we tar-
geted adrenergic receptors that are expressed by islet peri-
cytes but not by endocrine cells. Smooth muscle cells
and pericytes in various tissues express ol-adrenergic
receptors. Endocrine a- or B-cells in rodents express
mainly B1- or a2-adrenergic receptors, respectively (45,46)
(Supplementary Fig. 10). Accordingly, epinephrine stimu-
lated glucagon secretion and inhibited insulin secretion,
but the al-adrenergic receptor agonist phenylephrine
did not affect hormone secretion in vitro (Supplementary
Fig. 10). By contrast, phenylephrine increased [Ca®"]i in
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pericytes and smooth muscle cells in islets in living pancre-
as slices from NG2-GCaMP3 mice (6) (Fig. 6A and B). We
then assessed the in vivo effects of phenylephrine in the
syngeneic eye transplantation model (islets from C57BL/6
mice into the eyes of diabetic siblings). Phenylephrine was
applied topically as eye drops (2.5%) 7 days after transplan-
tation, when transplanted islets had not been revascular-
ized yet, or 3 months after transplantation, when islets
were fully engrafted (29). Importantly, 3 months after
transplantation, intraocular islet grafts were also densely
innervated, and sympathetic nerves could be seen along in-
growing blood vessels, directly contacting pericytes (42)
(Supplementary Fig. 5). In fully revascularized and reinner-
vated islets, phenylephrine significantly reduced islet capil-
lary diameter (from 9.2 + 0.6 to 7.8 + 0.5 wm 10 min after
phenylephrine administration, P = 0.0001 by paired t test)
(Fig. 6C) and reduced blood flow (6). Importantly, phenyl-
ephrine decreased plasma insulin levels in mice with fully
engrafted islets (3 months) but not in nontransplanted
mice or in the same mice early after transplantation
(7 days) (Fig. 6D and E). Although plasma glucagon levels
did not change upon phenylephrine administration (Fig.
6F), the insulin-to-glucagon ratio decreased, and glycemia
increased (Fig. 6G and H). That the sympathetic agonist
acted only on fully vascularized islet grafts demonstrates
that the resulting changes in plasma insulin levels were eli-
cited by changes in islet perfusion, not by directly inhibit-
ing insulin secretion from B-cells.

Pericytes Are Major Targets of Sympathetic Nerves,
and Sympathomimetics Activate Pericytes and
Constrict Blood Vessels in the Human Islet

We then examined innervation patterns and responses of
pericytes in human islets to sympathetic input. Nerve fi-
bers labeled for the sympathetic marker tyrosine hydroxy-
lase could be seen entering the human islet along arterioles
and capillaries, where they contacted NG2-labeled pericytes
(Fig. 7A and (). Most of tyrosine hydroxylase—positive fi-
bers were closely associated with pericytes, in particular
those labeled for aSMA (Fig. 7B), but not with the endo-
crine parenchyma (11). Only a subset of islet pericytes was
contacted by sympathetic nerve fibers (Fig. 7D).

We then recorded islet pericyte activity using [Ca®*]i
imaging in living human pancreas slices (26,27). We visu-
alized pericytes and blood vessels with fluorescent anti-
bodies against NG2 (NG2-Alexa Fluor 647) (Fig. 84) or
lectins (from L. esculentum) (Fig. 8F), respectively. Norepi-
nephrine (20 pmol/L) and the potent vasoconstrictor
endothelin-1 (10 nmol/L; used as a positive control) in-
creased [Ca®"]i in a subset of islet pericytes (32% and 57%
of islet pericyte population, respectively) (Fig. 8B, D, and
E). Most pericytes that responded to norepinephrine were
contacted by sympathetic nerve fibers, as determined by
immunostaining after physiology (Fig. 8C). To assess the
effects of endogenously released norepinephrine in human
islets, we examined pericyte responses to tyramine, an
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Figure 6—Activation of pericytes with the sympathetic agonist
phenylephrine (PE) decreases plasma insulin levels and increases
glycemia. A: In living pancreas slices from NG2-GCaMP3 mice, the
a1-adrenergic receptor agonist PE increases [Ca®*]i in islet peri-
cytes (asterisks) and in smooth muscle cells around the islet-feeding
arteriole (arrow). B: Traces (mean + SEM) showing changes in
GCaMP3 fluorescence induced by PE (10 and 100 pmol/L) in
3 mmol/L glucose in regions of interest placed around islet pericytes
(dark gray) or vascular smooth muscle cells (vSMCs) (light gray) (n =
11 cells per three mice). C: Eyes of C57BL/6 mice transplanted with
syngeneic islets were treated with topical application of PE eye
drops (2.5%) at 7 days (pink symbols) and 3 months (red symbols)
after transplantation. PE eye drops decreased capillary diameter in
islet grafts 3 months after transplantation (blood vessels labeled with
dextran [red]). D-H: The effects of PE eye drops on plasma insulin (D
and E) and glucagon levels (F), their ratios (G), and glycemia (H) were
determined after fasting the animals for 6 h. PE-induced changes in
plasma insulin (n = 5 mice, *P < 0.05 by paired t test) (E), decreased
insulin-to-glucagon ratio (n = 5 mice, *P < 0.05 between 7 days and
3 months 30 min after PE drop by paired t test) (G), and increased
glycemia (n = 5 mice, *P < 0.05 between PE treatments at 0 and 30
min by one-way ANOVA Sidak multiple comparisons test) (H) were
significantly different at 3 months. Ratios were normalized to values
before PE. Data are mean + SEM. Scale bar = 10 um (C). 3G, extra-
cellular solution; norm, normalized.
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Figure 7 —Contractile pericytes in human islets are targets of sympathetic nerves. A: Maximal projection of confocal images of a human islet
showing that pericytes (NG2, magenta) are contacted by sympathetic nerve fibers (visualized with an antibody against tyrosine hydroxylase
[TH], green). A’: Zoomed image (20 um) of a vessel in the islet in A showing dense sympathetic innervation of pericytes. B: Sympathetic nerve
fibers (TH, green) innervate « SMA-expressing pericytes in human (top) and mouse islets (bottom). C: Quantification of the percentage of TH-
immunostained area that is in contact with NG2-expressing pericytes. D: Quantification of the percentage of NG2-immunostained area that
is in contact with TH-expressing nerve fibers (n = 9 islets from three human donors). Data are shown in box and whisker plots (min to max).

Scale bars =20 pm (A) and 10 pum (B).

indirect sympathomimetic agent (47). Tyramine increased
[Ca?"]i in a subset of NG2-Alexa Fluor 647-labeled islet
pericytes as well as in some endocrine cells (Fig. 8F and G
and Supplementary Fig. 11). Norepinephrine administra-
tion constricted islet capillaries and feeding arterioles (Fig.
8H) (26). In the human islet, [Ca®"]i increases in pericytes
were thus associated with vasoconstriction. Our data fur-
ther suggest that endogenous norepinephrine, likely from
sympathetic nerves, activates islet pericytes. We conclude
that the human islet vasculature is generously equipped
with contractile pericytes that are major targets of sympa-
thetic innervation. Our study suggests that sympathetic
control of hormone secretion in human islets may be medi-
ated by pericytes changing islet blood flow.

DISCUSSION

Our study shows that acute activation of islet pericytes,
induced either by light or by a sympathetic agonist, de-
creases islet blood flow, affecting islet hormone secretion
and glucose homeostasis. Our results argue against the
idea that islet capillaries are only conduits for nutrients,
gases, and hormones with little impact on blood flow. On
the contrary, we show that the islet vasculature is en-
dowed with pericytes that can actively modulate local
blood flow and alter islet function. So far, our under-
standing of the importance of the islet vasculature for
glucose homeostasis was derived from studies based on
manipulation of the systemic vasculature and circulation
(17,48,49) or on chronic ablation of islet blood vessels
(50-52). Although in our study islets were removed from
their native location in the pancreas, this report shows
that direct and acute manipulation of islet blood flow has
systemic effects.

Given their capacity to alter vessel diameter and blood
flow, it is surprising that the role of islet pericytes in reg-
ulating islet perfusion has been mostly neglected. Studies
have mainly focused on how pericytes contribute to the
composition of the vascular niche and to B-cell matura-
tion and secretion (12-17). Here, we manipulated islet
pericyte activity acutely to demonstrate the importance of
regulation of islet blood flow in the maintenance of glu-
cose homeostasis. We did not manipulate pericytes chron-
ically to avoid additional and potentially confounding
effects of permanent pericyte loss/dysfunction on endo-
thelial cells and vascular permeability (53,54). Indeed, in a
recent study in the brain, pericyte ablation affected blood
flow most likely secondary to a substantial breakdown of
the blood-brain barrier and edema (55). Their chronic ma-
nipulation could also alter the composition of the islet
vascular niche and indirectly affect endocrine cell function
independently of blood flow. Here, we performed a cause-
and-effect study (22) in which pericytes were activated
acutely, reversibly, and selectively to elucidate their ef-
fects on islet blood flow in real time and in vivo (Fig. 3).

Our anatomical data show that islets can be readily dis-
tinguished from the surrounding exocrine tissue by their
high density of pericytes (Fig. 1). For blood vessels that are
otherwise fully integrated with those in exocrine regions
(33), this anatomical feature suggests a structural basis for
differential regulation of blood flow in the islet. Blood glu-
cose, as well as autonomic and local vasoactive signals from
endothelial and endocrine cells, could target islet pericytes
to achieve their reported effects on blood flow (6-9,
56-58). Among these factors, sympathetic input deserves
attention. In the human islet, autonomic innervation con-
sists mainly of sympathetic nerves predominantly targeting
contractile pericytes (11) (Fig. 7). We now show that nor-
epinephrine activates pericytes and constricts capillaries
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Figure 8 —Pericytes in human islets are activated by sympathetic input that leads to vasoconstriction. A and B: Living human pancreas sli-
ces were incubated with a fluorescent antibody against NG2 (NG2-Alexa Fluor 647, magenta) and with a membrane-permeant Ca®* indi-
cator (Fluo4, green) for [Ca®"]i imaging. Pericyte responses to norepinephrine (NE) (20 umol/L) and endothelin-1 (ET-1) (10 nmol/L) in
3 mmol/L glucose containing extracellular solution (3G) were recorded. C: After physiological experimentation, living slices were proc-
essed for immunohistochemistry (Immuno). Antibodies against B-cells (insulin, gray), pericytes (NG2, magenta), and sympathetic nerves
(tyrosine hydroxylase [TH], green) were used. Responsive pericytes in B are contacted by sympathetic nerves (arrows point to the same
cells in A-C). D: Heat maps showing changes in [Ca®*]iinduced by NE (left) and ET-1 (right) in islet pericytes in living pancreas slices from
seven donors without diabetes (Supplementary Table 1). Each line corresponds to one pericyte. Dashed lines indicate when stimuli (NE or
ET-1) were applied. E: Traces showing changes in [Ca®*]i in islet pericytes induced by NE or ET-1. Data are mean + SEM (n = 167 [NE] and
133 [ET-1] pericytes). F: Islet pericytes respond to tyramine (Tyr) (100 pmol/L), a sympathomimetic agent that stimulates the release of ve-
sicularly stored NE from sympathetic nerve terminals. Human pancreas slices were incubated with Fluo4 (green) and lectin (red) to label
blood vessels. Tyr induces an increase in [Ca®*]i in the pericyte cell body (arrow) and cytoplasmic processes. G: Traces showing changes
in [Ca2*]i induced by Tyr in pericytes (green) and in a neighboring endocrine cell (black). H: Quantification of changes in diameter in islet
capillaries or arterioles induced by NE or ET-1. Values were normalized to initial diameters (in 3 mmol/L glucose, before stimulus was ap-
plied; n = 10-12 vessels per three donors). *P < 0.05 by one-sample t test (values compared with a theoretical mean of 1). Scale bars =
10 pm (A, B, and F) and 20 um (C).

and feeding arterioles in human islets (Fig. 8). Pericytes
that were responsive to adrenergic stimulation were con-
tacted by sym-pathetic nerves. We further show that the
sympathetic agonist phenylephrine activates islet peri-
cytes and decreases blood flow in mouse islets in vivo, re-
ducing insulin plasma levels and increasing glycemia (6)
(Fig. 6). We thus propose that sympathetic nerves control
hormone release into the circulation by fine-tuning islet

blood flow via pericytes. This could help to explain the ef-
fects sympathetic nervous input has on plasma insulin
levels in humans (47).

Our results show that optogenetic-induced vasoconstric-
tion in the islet limits the diffusion of circulating glucose
into the endocrine parenchyma (Fig. 3) and affects plasma
levels of islet hormones. The net systemic effect is hypergly-
cemic, as evidenced by the increased glucose excursion in
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the glucose tolerance test and the improved glucagon secre-
tion in response to hypoglycemia (Fig. 5). We do not know
yet whether these effects are caused by changes in glucose
uptake, hormone secretion from endocrine cells, altered de-
livery into the circulation, or all three. Although pericytes
cover ~30% of the capillaries in the islet, and only half of
them may be contractile (6), we estimate that activating
pericytes led to a reduction in blood flow in ~75% of islet
vessels (Supplementary Fig. 6). This is possible because the
vessel network of mouse islets is highly branched (37), and
contractile pericytes are widely distributed, often seen at
branching points (6). It is difficult to explain, however, how
a reduced blood flow would produce opposite effects on in-
sulin and glucagon levels. Because glucagon-secreting a-cells
are preferentially located in the periphery of the mouse is-
let, it is possible that a-cells are supplied by vessels with a
different structure and perfusion pattern. In addition, if
a-cells are downstream of 3-cells as suggested (59), a reduc-
tion of inhibitory factors from B-cells could lead to in-
creases in glucagon secretion (60).

An alternative explanation is that vasoconstriction pro-
duces paracrine signals that affect hormone secretion. Al-
though it cannot be considered a definite measure for
nitric oxide production (31), our NADPH-diaphorase re-
sults suggest that decreased islet blood flow increases ni-
tric oxide levels (Fig. 4), perhaps to compensate for the
diminished supply of oxygen and nutrients (61). Nitric
oxide is a widely accepted intracellular messenger that has
been shown to decrease insulin and increase glucagon se-
cretion (62), but the role of nitric oxide in islet hormone
secretion is still controversial (63).

Because pericytes and sympathetic nerves progressively
disappear from islets in people with diabetes (6,64), our
study has pathophysiological implications. Moreover,
other vascular abnormalities, such as immune cell infiltra-
tion, amyloid accumulation, and fibrosis, are present in
the islets of people with diabetes (65). Together, these al-
terations may disrupt endocrine and neurovascular cou-
pling and chronically impair local adaptation of islet blood
flow to changes in glycemia and metabolic needs. Indeed,
islet vascular responses to norepinephrine or high glucose
are impaired in a mouse model of islet fibrosis and abnor-
mal pericyte coverage (12). In addition, chronic vascular
dysfunction could alter gene expression and affect hor-
mone production or glucose sensing by endocrine cells. In
future studies, we will determine whether pericyte func-
tion is altered in islets from individuals at different stages
of type 1 and type 2 diabetes and assess whether islet vas-
cular dysfunction contributes to diabetes pathogenesis.
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