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Abstract

Blood vessel networks provide nutrients and gaseous exchange that are essential for functions. Pancreatic islet
capillaries deliver oxygen to endocrine cells while transporting hormones to organs and peripheral locations
throughout the body. We have developed a zebrafish diabetes model in which adult islets can be followed in vivo
during beta cell regeneration while calibrating changes in beta cell mass and fasting blood glucose levels. After
genetic ablation, beta cells are initially dysfunctional or dying, and blood glucose levels increase fourfold. During
a 2-week period, hyperglycemia eventually normalizes as beta cell mass regenerates. We show that mCherry-
fluorescent, insulin-positive beta cells re-emerge in close contact with the vascular endothelium. Alterations in
the dense vascular network of zebrafish islets were visualized by the expression of green fluorescent protein
(GFP) in endothelial cells derived from the Fli transcription factor promoter. The rapid destruction and regen-
eration of beta cell mass was evaluated in the same animal over time, providing a functional model for inves-
tigating the interactions of islet cell types with vascular cells as well as the consequences of hyperglycemia on
other tissues. Regenerating adult zebrafish can be utilized as vertebrate, metabolically active models for gen-
erating new insights into treatments for type 2 diabetes.

Introduction

PANCREATIC BETA CELLS control metabolic homeostasis by
secreting insulin into islet capillaries after sensing in-
creases in blood glucose. Sustained hyperglycemia in adults
due to increased demand on beta cells is a metabolic disease
that leads to multiple end organ failure, including functional
complications of the eye, heart, kidney, liver, muscle, and
vasculature. The irreplaceable loss of beta cell function in
human diabetes has driven research into methods that can be
used in generating new islets in situ from existing progenitors,
differentiating beta cells, or improving transplantation of
exogenous islets. At least two human cadavers should be
rapidly processed to provide enough islets for transplantation
into a single type 1 diabetic patient, and alternative supplies of
islets are necessary. The variable nature of human islet prep-
arations, influenced by factors such as donor health, time from
death, and exposure to ischemia, limits the use of islets for
transplantation and research. During transport, continued
degradation of the severed islet vasculature and the resulting
hypoxia undermine islet integrity and function.' Islet vascu-
larization controls the expansion of beta cell mass in response
to increased insulin demand, a condition that has been linked
to glucose intolerance and type 2 diabetes.” Understanding

the role of islet vasculature in vivo and the supporting factors
needed to sustain beta cell function will enhance our ability
to produce medical interventions for a growing diabetes
epidemic.

While some expansion of beta cell mass is seen in very
young mammals, this ability is lost in aging adults.’ In disease
states such as diabetes, beta cells become larger, compensat-
ing by producing more insulin to control blood glucose. Beta
cells eventually cease functioning, and insulin injections are
required. Unlike mammals, adult zebrafish can regenerate
beta cells after several methods of destruction,* and blood
glucose levels return to normal without intervention. The cell
types and signaling mechanisms responsible for the recovery
of beta cells in adults are under investigation. Since beta cell
regeneration relies on nutritional factors delivered by the
vasculature as well as non-nutritional metabolic cues that rely
on the systemic circulation, we sought to evaluate changes in
islet vasculature in concert with beta cell mass during regen-
eration in adult zebrafish. Methods to visualize changes in
mammalian beta cell mass have relied on fluorescent tags to
image pancreatic tumors in situ.” In addition, islets trans-
planted onto the retina of immunodeficient mice have been
used to measure islet re-vascularization and normalization of
blood glucose after streptozotocin treatment.® However, the
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adult zebrafish model is advantageous in that the conditional
genetic ablation of endogenous beta cells followed by the re-
turn of beta cell mass can be directly imaged in the same
animal over time without surgical resection, providing a re-
producible physiological model. We describe the interaction
of regenerating beta cells and the vasculature of adult islets.
Ablation of endogenous pancreatic beta cells is followed by
the return of beta cell mass. Transparent transgenic adults
expressing both mCherry in pancreatic beta cells and green
fluorescent protein (GFP) in vascular cells have distinct
morphologies that were evaluated at a discrete time points
during a 2-week regeneration period. These unique changes
in beta cell mass and their associations with islet endothelial
cells during regeneration in 1-year-old zebrafish were ac-
companied by a return to glucose homeostasis without fur-
ther intervention.

The adult zebrafish pancreas shares important similarities
with its human counterpart. The endocrine pancreas contains
multiple large islets (Fig. 1) incorporating specialized endocrine
cells” that can secrete characteristic hormones in response to
metabolic signals present in the blood. Islets are embedded in a
dense capillary network. Mammalian islet capillaries have
been described as being more compact and fenestrated than the
surrounding exocrine tissue, providing rapid responses to
changes in blood glucose.? Structural support for islets is pro-
duced by the basement membrane of endothelial cells and
smooth muscle cells called pericytes, promoting beta cell pro-
liferation and insulin expression.” Vascular pericytes are sup-
porting cells of the islet vasculature that serve to regulate
capillary blood flow and permeability, influencing changes in
beta cell mass.'’ During early development, islet endothelial
cells are required for pancreas specification; while at later
stages, the vasculature restricts and coordinates growth that
does not appear to depend on perfusion.'' Beta cells secrete
both pro- and anti-angiogenic factors that have been implicated
in hyperglycemia-induced vasculopathy in adults.'* Angio-
genic factors, including vascular endothelial growth factor
(VEGEF) are secreted from beta cells, maintaining a dense and
fenestrated capillary network; while VEGF receptors are dif-
ferentially expressed in islets versus acinar endothelium."
Understanding the cross-talk between angiogenic instructions
exchanged between endothelial cells and beta cells during
pancreas development, pathological conditions,'* or regen-
eration can lead to novel therapies for diabetes.

Transgenic Tg (Flil:eGFP)!" zebrafish used in this study
label the endothelial lineage from angioblasts during early
development'® and during normal or defective pancreas de-
velopment.'® The Fli transcription factor is a highly conserved
member of the Ets-domain family of transcriptional activators
and repressors. Using Fli as an endothelial cell marker in
developing zebrafish, distinct requirements for VEGF-A in
specifying axial or intersegmental vessels were discovered."”
Fli is expressed early in zebrafish angioblasts, endothelial
cells, and human lymphocy’ces,18 generating signals that
promote maturation and migration, even in the absence of
oxygen or nutrient delivery."” However, many of these ob-
servations have been made at a time when organogenesis is
incomplete and systemic influences are immature. To evalu-
ate the re-growth of beta cells after conditional ablation in
contact with islet vascular endothelium in adult zebrafish, we
employed the transparent casper strain,® where changes in
beta cell mass were followed throughout regeneration in situ
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and analyzed at discrete time points for vascular density and
blood glucose levels. We observed clumps of insulin-positive
beta cells around remodeling islet vasculature as blood glu-
cose levels returned to normal. Functional beta cells increas-
ingly occupied the area between blood vessels, rebuilding
islets within 2 weeks.

Materials and Methods
Zebrafish husbandry and transgenics

Zebrafish were maintained with IJACUC approval in an
Aquatic Habitats 8-rack, continuous flow system with a 14h
on/10h off light/dark cycle. Water quality was maintained
daily at 800 uS conductivity, 27°C-28°C, and pH 7.6-7.8. Fish
were fed twice daily: AM-shrimp containing Zoe Marine vi-
tamins and PM-Zeigler Zebrafish Adult Diet dry food. AB Tg
(1.0ins:eGFP)*" zebrafish referred to as INSGFP*' are cur-
rently available through the ZIRC stock center (http://zfin
.org). Casper™ embryos (gift of R.M. White) were injected with
the conditional DNA construct Tg(T2Kins:nfsB-mCherry)™
(generous gift of M.J.Parsons™) using tol2-mediated recom-
bination,*? generating transparent beta cell conditional knock
out zebrafish. Casper Insulin Nitroreductase mCherry (INC)
F2 heterozygotes were bred with Tg(Flil:ecGFP)"" casper zeb-
rafish (generous gift of B.M. Weinstein) to yield the 1-year-old
compound heterozygous INCFli adult males or 6 day (unfed)
INCFli larvae that were used in this study.

Blood glucose monitoring and metronidazole treatment

Fasted blood glucose was measured after cold-water an-
esthesia®*** at four different time points in a terminal assay
using the Abbott AlphaTRAK monitor and blood glucose
strips set at code 7. This veterinary monitor is commonly used
in metabolic rodent research and functions identically to the
Abbott Freestyle monitor for humans.* The inserted glucose
oxidase-coated strips (Abbott #32006-6) have not been opti-
mized by the company to determine the ratios of glucose in
plasma vs. red blood cells for zebrafish. However, we ac-
quired similar baseline readings for fasted adult male zebra-
fish irrespective of whether we used Abbott’s strips and
Freestyle monitor (57.4 mg/ dL,* or AlphaTRAK blood glu-
cose test strips and the AlphaTRAK monitor set at code 7
(65mg/dL, Fig. 3a). After 90s of anesthesia in 14°C system
water, gill movements became slow and regular. The fish
were transferred to a paper towel with a spoon, patted dry,
and the heads were severed at the caudal edge of the oper-
culum. The strip was then placed directly in the severed heart
and held there to measure blood glucose. Sixteen to 20 adult,
age-matched males 8 months-1 year old were imaged after an
overnight fast on days 1, 3, 7 and/or 14 in each of three in-
dependent studies. The average weight of male fish was
0.42+0.15g, n=48 (total of three independent studies). At
least four fish were imaged at each time point and were then
sacrificed for fasting blood glucose measurements. Each fish
was transferred into a 125mL glass jar holding 100 mL of
0.2 ym filtered system water containing 12 mM metronidazole
(Met; Sigma) or vehicle. After 18 h in a 28°C incubator where
the light/dark cycle was maintained, fish were transferred
individually into 1 L tanks and returned to the aquatic system.
Each fish was fed shrimp and monitored for feeding and
swimming behavior.
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Imaging

Microscopy of anesthetized zebrafish was accomplished by
placing the adult with the right side facing the 1.0xlens in a
shallow, black tray containing tricaine.”® Images were taken at
the same settings for all fish using a Leica MZF1 III microscope
and mCherry or GFP 2 filters (Chroma). A VariSpec color
wheel (Caliper Life Sciences) was used to capture color im-
ages. Openlab (Improvision) software driving a Hamamatsu
ORCA camera generated images that were processed in
Adobe Photoshop on Apple computers. Multiphoton laser
scanning microscopy was performed on an Olympus FV1000
Imaging System using a Chameleon Vision II single box Ti:
Saph fsec laser with 960-nm pulses (Coherent, Inc.) and a
25xwater objective after mounting in agarose. Stacks of
frame-averaged sections were collected digitally and pro-
cessed using open source software (FiJi/Image] 1.47h, http:/
imagej.nih.gov.ij) or Imaris software.

Histology

After sacrifice, the intestine, pancreas, spleen, gall bladder,
and liver were excised as a single piece and placed in buffered
4% paraformaldehyde at 4°C overnight. Larvae were fixed at
room temperature for 4h, placed in 55°C histogel (Thermo
Scientific), cooled, and transferred to a six-compartment bi-
opsy cassette (Lab Storage Systems #503-2) for paraffin pro-
cessing. Five-micrometer sections were cut, de-paraffinized,
and hybridized with insulin (Dako anti-guinea pig; 1:500) or
glucagon (Dako anti-rabbit; 1:500) antibodies. The Alexafluor
(Invitrogen) secondary antibodies (555nm or 488 nm) were
used at concentrations of 1:5000. Slides were imaged on a
Zeiss Axioplan 2 microscope using a Retiga Exi (Qimaging)
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camera. For confocal imaging, larvae or adult gut sections
were fixed for 2h, mounted using low-melt agarose in 6 cm
dishes, overlaid with phosphate buffered saline, and imaged
immediately.

Results

Beta cells and other endocrine cells are organized in prin-
cipal islets surrounded by exocrine tissue in adult zebrafish
(Fig. 1). The translucent exocrine pancreas can be observed
surrounding individual islets in Figure 1a (bracket) and en-
compasses the islets (dashed line), though it is difficult to
identify with light microscopy.?” Digestive enzymes produced
by the exocrine pancreas are delivered in response to hor-
monal signals to collecting ducts that empty into a main
pancreatic duct attached to the intestine. In contrast, islet
hormones are secreted into capillaries that eventually flow into
the portal vein, regulating diverse metabolic processes.”® GFP
in beta cells was expressed as a function of the zebrafish in-
sulin promoter in AB Tg(1.0ins:eGFP)*! transgenics (INSGFP).
We observed GFP only in beta cells that were either organized
in large multiple islets (Fig. 1a, dashed line) or in smaller,
caudal islets or individual beta cells (Fig. 1a, bracket). Fluor-
escence within the entire endocrine pancreas is shown in Fig-
ure 1b. A 0.4mm volume of clustered, large multiple islets
located anteriorly is followed by a trail of small groups of islets
or individual beta cells extending caudally along the intestine.
A compact segment of the intestinal loop”” and three overlying
liver lobes® along with the attached pancreas and spleen were
excised, allowing precise comparison of gut anatomy and
protein expression after paraffin embedding (Fig. 1c). A 5 um
paraffin section was de- paraffinized, re-hydrated, and treated
with anti-glucagon antibody. Endogenous beta cell-specific

FIG. 1. Multiple islets are organized within the endocrine pancreas of adult zebrafish and express endocrine hormones. (a)
Right lateral bright field view of a dissected INSGFP adult female zebrafish with superimposed fluorescent image. Green
fluorescent protein (GFP) expression is seen in multiple large islets located in the endocrine pancreas (scale bar =400 ym). Sp:
spleen, Int: intestine, L: liver, dashed line: GFP + islets surrounded by translucent exocrine tissue: bracket. (b) Whole mount
fluorescence image of the adult zebrafish endocrine pancreas, right lateral view. Dashed line: multiple large islets. Arrowheads:
isolated islets and individual beta cells extending caudally along the intestine. (c) Five micrometer paraffin section of multiple
large islets (scale bar=40 ym). Immunohistochemistry was performed without antigen retrieval. Green: endogenous GFP
expressed in beta cells within multiple large islets, red: anti-glucagon antibody in alpha cells. Color images available online at

www.liebertpub.com/zeb
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GFP fluorescence was retained during paraffin processing
unless antigen retrieval was used. Endocrine alpha cells within
the islets expressed glucagon (red), indicating that zebrafish
islets share morphological characteristics with human islets,
having a randomly distributed alpha and beta cell pheno-
type.’! The disadvantages of using INSGFP adults for study-
ing adult regeneration are twofold. Pigmentation in the AB
strain obscures in vivo fluorescence. In addition, off-target ef-
fects from injected beta cell toxins*?* cause damage to the liver
and kidneys. To improve the metabolic zebrafish beta cell re-
generation system, we transferred a conditional toxigene into
the unpigmented, casper strain that combines nacre and roy
mutations.” Nacre lacks melanocytes and roy is a spontaneous
mutant having uniformly black eyes, translucent skin, a few
melanocytes, and no iridophores. The toxigene (In-
sulin:NtrmCherry [INC]) contains nfsB, a gene expressing
bacterial nitroreductase (Ntr) which is fused to the mCherry
fluorescent protein that is expressed by the zebrafish insulin
promoter only in beta cells.”* Delivery of the prodrug Met to
zebrafish water destroys beta cells but causes no known off-
target effects. INC male, heterozygous F2 caspers were bred
with Tg(Flil:eGFP)" casper zebrafish (Fli) to generate the
beta cell/endothelial cell-labeled INCFIi transgenic zebrafish
(Fig. 2).

We evaluated living, 6 day-old casper INCFIi heterozygous
larvae for red and green fluorescence before them being
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placed in the aquatic system (Fig. 2). At this stage of devel-
opment, larval yolk had diminished and the pancreas could
be identified as a single principal islet surrounded by refractile
exocrine tissue under a dissecting microscope (Fig. 2a, dashed
line). Red fluorescence due to mCherry expression was ob-
served only in pancreatic beta cells (Fig. 2b). Secondary islets™®
expressing mCherry were not apparent in most larvae at this
stage. Green fluorescence was present in the vasculature of
the gill, heart, swim bladder, and ventral extensions of the
trunk (Fig. 2c, dashed line). A few endothelial cells were
identified in distinct patterns within the developing pancreas
(Fig. 2d). To increase resolution of the nascent islet vascula-
ture, multiphoton confocal imaging analysis (Fig. 2e) verified
that cells marked with FIi were present in the principal islet,
representing an environment in which active angiogenic and
vasculogenic modeling was occurring. In support of previous
studies,” we did not observe blood flow through islet capil-
laries and concluded that systemic insulin action was not
occurring at this stage. Although there may be important
factors relevant for beta cell regeneration in embryos and
larvae, it is not clear that the same signals would be relevant in
the adult.

To understand re-growth of adult islets and their func-
tionally mature islet capillaries, we followed GFP-labeled
vascular cells and mCherry-labeled beta cells in the pancreas
of living, regenerating adult casper zebrafish and recorded

FIG. 2. The pancreatic vasculature at larval day 6. (a) Bright field image of the right side of a living Insulin Nitroreductase
mCherry (INCFIi) zebrafish (scale bars in a—c¢=30 um). The dashed border defines the pancreas where islet endocrine cells are
developing in a single principal islet surrounded by exocrine tissue. (b) Endogenous mCherry fluorescence in transgenic
INCFIi islets is restricted to beta cells. (¢) Endogenous GFP expressed by the Fli promoter within the trunk vasculature.
Arrowhead: swim bladder, arrow: heart, G: gills, dashed line: pancreas. (d) Merged red and green fluorescence defines the
endocrine pancreas containing nascent blood vessels. Scale bar =60 um. (e) Multiphoton confocal image of living casper larva.
Scale bar=10 um. Color images available online at www. liebertpub.com/zeb
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terminal blood glucose concentrations at four regeneration
time points (Fig. 3a). A timeline is included to indicate the
treatment regimen. INCFIi adults were evaluated before
treatment (day 1) and after 3, 7, or 14 days of regeneration
within the endocrine pancreas. Placement of zebrafish in
12 mM Met at day 1 resulted in beta cell ablation through the
conversion of Ntr into a compound that forms a cytotoxic
metabolite only in beta cells.*>*® Two to 3 fish from each of
three independent studies were either unaffected by Met
treatment or died by day 3 (15%). This increased toxicity of
Met treatment in caspers compared with the previously stud-
ied EK strain® may be due to differences in drug susceptibility
or genetic background. By treatment day 3, GFP- positive
vasculature was visible in the trunk and fins, while only a few
remaining red fluorescent beta cells could be observed be-
neath the unpigmented skin and liver after ablation (Fig. 3a,
day 3). Average fasted blood glucose levels were recorded
from affected fish after cold-water anesthesia and could be
functionally linked to the re-appearance of beta cells. Values
from a baseline of 65+5mg/dL (n=9) to 303+24mg/dL
(n=11) at day 3 were followed by a return to near normal
levels by day 14 (72+7mg/dL [n=11]). Hyperglycemia had
fallen significantly by day 7, when blood glucose values were
recorded as 125+21mg/dL (n=11), and mCherry-positive

65 mg/dL

Day 1
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beta cells were clearly visible in living caspers (Fig. 3, day 7).
We were able to rapidly identify regenerating beta cells in
affected individuals and to determine the time required to
achieve glucose homeostasis in INCFIi adults using this me-
dium throughput, standardized protocol.

Gut sections from affected adults at each time point were
briefly fixed and mounted in agarose for multiphoton confo-
cal (days 1, 3 or 14) or microscopic (day 7) analysis (Fig. 3b).
On day 1, a representative whole mount section in which the
overlying liver had been removed indicated groups of
mCherry-positive beta cells clustered throughout a volume of
200 yum within the endocrine pancreas. GFP-labeled islet
capillaries invested the islets before Met treatment. By day 3,
when blood glucose was recorded at maximum levels, a few
remaining mCherry-positive beta cells or new beta cells ap-
peared to line an expanded GFP-positive islet capillary bed.
The surrounding exocrine capillaries had a distinct mor-
phology (day 3, *). Affected adults sacrificed at day 7 por-
trayed variable phenotypes that may be correlated to
variability in blood glucose levels recorded at this regenera-
tion time point. In Figure 3b, a representative 7 day pancreas
is indicated with an arrowhead and magnified in the inset.
mCherry-positive beta cells are located along the GFP-labeled
vasculature. By day 14, the endocrine pancreas regenerated

Day 14

+Met

Day 1

Day 3

Day 7

Day 14

FIG.3. Regeneration in living adults, associated changes in blood glucose, and alterations in islet morphology. (a) Images of
an affected INCFli adult male casper during regeneration days 1, 3, 7, and 14. Scale bars=0.5mm. Red: pancreatic beta cells,
green: vasculature. The average blood glucose of animals sacrificed at each time point is indicated (mg/dL). A regeneration
timeline is depicted below the images. (b) Single multiphoton confocal images of fixed gut sections from affected individuals
(1, 3, and 14 day). Scale bar=10 um. *: vasculature in exocrine pancreas at day 3. Whole mount, Leica MZFIIII microscope
image of green vasculature and red beta cells in affected adult on dissection at day 7. Scale bar =100 um. Arrowhead: multiple
large islets. Inset: magnification of multiple large islets. Color images available online at www.liebertpub.com/zeb
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within the region that had been initially defined by multiple
large islets in control, animals and the vasculature sur-
rounded and invested these mCherry-positive clusters.
Changes in the morphology of islets were analyzed using
paraffin sections prepared from each regeneration time point
(Fig. 4). Endogenous GFP expression marked blood vessel
morphology, and either endogenous mCherry expression or
an insulin antibody was used to identify beta cells using im-
munohistochemistry without antigen retrieval. Untreated is-
lets contained a dense, GFP-positive vasculature that was
closely aligned with mCherry-positive beta cells (Fig. 4a).
After a 14 day regeneration period, islet mass had been re-
stored and contained large numbers of insulin-expressing
beta cells and condensed, GFP-positive endothelial cells (Fig.
4b). These before and after images portray the rapid regen-
eration properties of many adult zebrafish organs. To assess
intermediate stages of regeneration, we analyzed sections

FIG. 4. Changes in islet
vasculature during beta cell
regeneration. Five-micrometer
paraffin sections. Represen-
tative sections from each time
point are shown. Scale bars=
20pum  (a—f) endogenous
green fluorescence in vascu-
lature. Cell nuclei (stained
with Hoechst) are shown in
gray (sections c¢—f). Beta cells
are marked with mCherry red
fluorescence (a, e, f) or insu-
lin antibodies (b, ¢, d). (a)
Day 1 control (before Met
treatment). (b) A regenerated
pancreas from an affected
INCFIi adult sacrificed at day
14 (after). (c, d) Independent,
affected male casper trans-
genics sacrificed at day 3. (c)
Arrow points to pancreatic
ducts. An islet containing la-
beled vasculature is circled.
(d) A different affected adult
sacrificed at day 3 with la-
beled beta cells in an islet
(dashed circle). Arrow points to
a beta cell near labeled vas-
culature surrounding main
pancreatic duct. (e) Affected
INCFIi adult sacrificed at day
7. Arrow points to region
magnified in (f) Dashed circle:
islet. (f) Regeneration day 7.
Magnification of region in (e).
Arrowhead: beta cells emerg-
ing from small pancreatic
duct. Color images available
online at www.liebertpub
.com/zeb
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acquired from affected adults 3 days after the addition of Met
(Fig. 4c, d). Sparse insulin staining was present in islets and
beta cells near the exterior of what appeared to be small
pancreatic ducts (Fig. 4c). These cells were previously de-
scribed during pancreas regeneration.”*” We were still able to
define islet vasculature (dashed line), as it was more compact
than vasculature in surrounding exocrine tissue. However,
there were very few insulin-positive beta cells present at day 3
(Fig. 4d). Extra-islet blood vessels (arrow) surrounded exo-
crine ducts at day 3 where insulin-positive cells were found. A
few positive cells were infrequently seen at the islet periphery
but not in the center of the islet. It was unclear whether every
differentiated beta cell had first died or had only ceased
producing insulin.* By day 7, mCherry expression in islets
had increased (Fig. 4e, f). Changes in both vascular and beta
cells were apparent. Large islets (dashed line) containing a
few insulin-positive beta cells as well as smaller islets with
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robust mCherry staining were present. Islets were frequently
observed budding from pancreatic ducts in the vicinity of
labeled capillaries (Fig. 4f, arrowhead). mCherry-positive beta
cells and GFP-positive capillaries were imaged with a
63xobjective in Figure 4f. Large islet capillaries invested, re-
generating islets at a time when blood glucose levels were
returning to normal.

Discussion

Zebrafish embryos have been used as inexpensive, tracta-
ble models for discovering new signaling pathways that affect
beta cell mass during development.*®**’ In contrast, we have
engineered regenerating zebrafish to interrogate beta cell
morphology and the effects of hyperglycemia on islet vascu-
lature in living adults. Insulin action is initiated on secretion of
insulin from beta cells into islet capillaries, maintaining meta-
bolic homeostasis after a meal by removing glucose from the
blood. To probe the supporting role of the vasculature beta
cell growth in adults, we developed a transparent adult zeb-
rafish regeneration model to observe islet vasculature in
conditionally ablated beta cells during a return to normo-
glycemia. We verified that the vasculature in developing
zebrafish was not fully formed by larval day 6. Developing
islets require endothelial cell growth factors (including VEGF)
for proper specification and differentiation*’ despite their lack
of a fully functional vasculature. Although arterial-venous
pathways are in place at this stage,®* it is known that both
nutritional and non-nutritional signals are required for nor-
mal islet and vascular function.!* Therefore, we assayed
morphological interactions of islet endothelial cells with beta
cells in the adult zebrafish pancreas during the onset and
resolution of hyperglycemia. These experiments set the stage
for additional studies, where end organs affected by high
blood glucose can be evaluated in regenerating adult zebra-
fish using both morphological and metabolic analyses. Al-
though we have not evaluated what happens when
hyperglycemia is sustained through multiple applications of
Met, a single dose induced a reproducible return to normo-
glycemia in INCFIi adult zebrafish by day 14. Other metabolic
measurements made from zebrafish blood are being used to
define the functional status of adult zebrafish,*! providing
rapid assays that can help determine the relevance of mor-
phological changes with regard to physiological function.
Differences in biology between mammals and zebrafish can
be exploited to better understand how to promote regenera-
tion, as in the case of spinal cord injury42 or blood stem cells.*?

Adult zebrafish recover from damage to pancreatic beta
cells without insulin therapy, rapidly normalizing blood
glucose levels using as yet to be defined regenerative signals.
We would expect that chronic elevation of blood glucose
would have negative long-term effects on beta cell prolifera-
tion in the zebrafish as it does for mice.** The failure in hu-
mans of an adaptive response between blood vessels and beta
cells in the islet contributes to diseases such as type 2 diabetes.
During growth, pregnancy, or insulin resistance, hypergly-
cemia exacerbates beta cell proliferation. Adult rodent models
of type 2 diabetes have been shown to lack the regenerative
plasticity of the adult zebrafish pancreas, instead resorting to
beta cell compensation until beta cell exhaustion and hyper-
glycemia lead to cell death.”® Injectable agents causing beta
cell toxicity, including streptozotocin, caused a permanent
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loss of intraislet vasculature, limiting beta cell regeneration
and permanently impairing glucose tolerance in neonatal
rats.”> Changes in glycemic control in adult zebrafish are
correlated with changes in beta cell mass, suggesting an in-
crease in insulin secretion from beta cells into the functional
islet circulation. Although blood glucose levels are linked to
beta cell proliferation in vivo, chronic changes in beta cell
glucose metabolism have recently been shown to positively
regulate basal and compensatory growth.*® After genetic ab-
lation, surviving beta cells proliferated in young mice due to
circulating high glucose levels, causing elevated glucokinase
activity, Kap channel closure, and subsequent membrane
depolarization in beta cells. Therefore, there may be a tem-
poral requirement for hyperglycemia to precede beta cell re-
generation, followed by a return to normoglycemia once beta
cell mass has been restored.

The limited regeneration of beta cells found in young adult
mice is controlled by systemic as well as local factors.”” Re-
ciprocal signaling between beta cells and islet capillaries relies
on VEGFA activity as well as other paracrine signals, pro-
moting a dynamic cross-talk during development and dis-
ease.'* Although islet capillaries coordinate islet growth and
are known to provide vascular niches for survival and
maintenance of beta cell function, they also serve to restrict
outgrowth and morphogenesis depending on localized
VEGFA expression and modulation of Delta-Notch signal-
ing."" Our results provide a basis for discovering mechanisms
that coordinate islet vascular remodeling with increases in
beta cell mass in adults. We found that islet vascular mor-
phology dramatically changed 3 days after beta cell ablation
had been initiated. A looser, lower-density scaffold of GFP-
labeled capillaries was visible within hyperglycemic adult
zebrafish where few differentiated beta cells were present. By
comparison, whole mount imaging of vascular-marked, anti-
CD31 (PECAM)-hybridized diabetic mouse islets indicated
differences in intra-islet capillary length and volume from
normoglycemic mice.*® In addition, beta cells engineered to
chronically over-express VEGF in adult mice induced hyper-
glycemia, impaired insulin secretion, and decreased beta cell
mass.*’ Since we observed a few mCherry as well as insulin-
positive beta cells attached to the islet vasculature at this
stage, these sites may represent a vascular niche in re-
generating zebrafish. By day 14 of zebrafish regeneration,
clusters of beta cells had either recovered and/or were formed
from precursors via neogenesis within a tightly woven mesh of
islet capillaries. The levels of expression of VEGFA and other
angiogenic signaling molecules in the observed beta cells at
different stages of regeneration could be used to understand
the mechanisms required to potentiate endogenous expansion
of beta cell mass, revealing important inducers of beta cell
neogenesis and/or function. A further analysis of cell-type-
specific expression of VEGFs and VEGF receptors, as well as
angiogenic signaling molecules will be necessary to unravel
the signaling between vascular and beta cells during regen-
eration. It may also be possible to interfere with this signaling
using small molecules that selectively affect islet/trunk vas-
culature without excessive damage to other organs.”*”!
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