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Human proinsulin with C-peptide-bearing Superfolder
Green Fluorescent Protein (CpepSfGFP) has been ex-
pressed in transgenic mice, driven by the Ins1 pro-
moter. The protein, expressed exclusively in B-cells, is
processed and stored as CpepSfGFP and human insu-
lin comprising only ~0.04% of total islet proinsulin plus
insulin, exerting no metabolic impact. The kinetics of
the release of insulin and CpepSfGFP from isolated is-
lets appear identical. Upon a single acute stimulatory
challenge in vitro, fractional release of insulin does not
detectably deplete islet fluorescence. In vivo, fluores-
cence imaging of the pancreatic surface allows, for the
first time, visual assessment of pancreatic islet insulin
content, and we demonstrate that CpepSfGFP visibly
declines upon diabetes progression in live lepR¥/%
mice. In anesthetized mice, after intragastric or intra-
venous saline delivery, pancreatic CpepSfGFP (insulin)
content remains undiminished. Remarkably, however,
within 20 min after acute intragastric or intravenous
glucose delivery (with blood glucose concentrations
reaching >15 mmol/L), a small subset of islets shows
rapid dispossession of a major fraction of their stored
CpepSfGFP (insulin) content, whereas most islets
exhibit no demonstrable loss of CpepSfGFP (insulin).
These studies strongly suggest that there are “first
responder” islets to an in vivo glycemic challenge,
which cannot be replicated by islets in vitro.

While a major thrust of modern diabetes research has
concentrated on measuring pancreatic B-cell mass and its
loss in pathological states (1), increasing consideration
has been given to perturbation of islet function (2,3) as

a possible cause of pancreatic exhaustion, especially the
loss of B-cell insulin content (4). Certainly, the depletion
of islet insulin can be observed in various conditions lead-
ing to type 2 diabetes (5); however, to date, imaging of
pancreatic insulin content, or insulin secretion, in the
pancreata of live animals or humans has not been achiev-
able. With this goal in mind, we initially engineered
transgenic mice expressing a fluorescent proinsulin in
the hopes of monitoring islet insulin content in vivo
(6). Unfortunately, total pancreatic fluorescence in
those animals was exceedingly weak, rendering the sen-
sitivity of in vivo fluorescence imaging insufficient un-
less one or more endogenous Ins gene alleles were
deleted (6). To overcome this problem, a human proinsulin
(hPro)-C-peptide-bearing Superfolder Green Fluorescent
Protein (CpepSfGFP) construct (which has 9-amino acid
substitutions to enhance GFP protein folding stabil-
ity and brightness) was designed, and this fluorescent
proinsulin was found to faithfully replicate normal
trafficking, processing, C-peptide storage, and secretion in
pancreatic B-cell lines (7,8).

When considering fluorescent C-peptide as a dynamic
reporter of insulin storage and secretion in situ, it is
worth noting that overall pancreatic insulin content
changes very little as a consequence of acute secretory
stimulation (9). On average, the readily releasable insulin
pool is thought to comprise =2% of the total (10) during
the first phase of insulin secretion (11), which lasts
<20 min (12). In terms of total pancreatic fluorescence,
such a small change should never be detected by imaging.
On the other hand, in vivo islets do respond robustly to
the absolute concentration (and rate of change) of blood
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glucose (13). Moreover, although rarely cited, it has been
reported (14) that, in vivo, acute secretory stimulation in
normal animals causes 3-cell insulin stores in a subset of
islets to become dramatically depleted, which seems in-
congruent with the general impression that very little
pancreatic insulin is released by acute secretory stimulation
(9). In the current study, we studied two independent
founder lines of Ins1-hPro-CpepSfGFP transgenic mice that
behave identically and synthesize fluorescent proinsulin
exclusively in B-cells. The extent of transgene expression
(and the human insulin derived from it) does not affect
normal growth or metabolism, but the insulin stored in
pancreatic islets can now be visualized and quantified by
fluorescence microscopy, even in live animals. This fea-
ture allows, for the first time, a morphological estima-
tion of the insulin content of individual islets on the
pancreatic surface and dispossession of that insulin con-
tent during in vivo insulin secretion in real time.

RESEARCH DESIGN AND METHODS

Materials

Guinea pig anti-insulin, rat insulin-plus-proinsulin radio-
immunoassay (RIA) that cross-reacts with other species
(RI-13K), and human insulin-specific RIA (HI-14K) were
from Millipore; ultrasensitive mouse insulin ELISA (80-
INSMSU-E01) was from Alpco; “RIA-grade” BSA was from
Sigma-Aldrich.

Transgenic Mice

The hPro-CpepSfGFP construct (i.e., with the Superfolder-
GFP ¢DNA [15] ligated into the Xhol site of the human
C-peptide coding sequence [7]), driven by the upstream
8.3-kb mouse Ins1 promoter and downstream 2.5-kb hu-
man growth hormone (hGH) minigene that serves as an
enhancer (6), was introduced into pronuclei of C57BL/6J
fertilized eggs. PCR genotyping of tail-tip genomic DNA
from 4-week-old animals used GFP-specific primers (for-
ward primer 5'-AGG TCT ATA TCA CCG CCG ACA-3' and
reverse primer 5'-TGC AGT AGT TCT CCA GCT GGT AG-3'),
giving rise to a 400-bp product. Transgenic mice were
backcrossed to C57BL/6J. Biochemical and cell biological
characterizations in this article used animals derived from
two independent mouse lineages originating from foun-
ders #207 and #369. Housing and all animal procedures
were performed in accordance with the rules and regula-
tions of the Committee on the Use and Care of Animals at
the University of Michigan.

To examine GFP expression, tissues were fixed in 10%
neutral formaldehyde, dehydrated in a graded ethanol
series, and embedded in paraffin; 5-pm-thick sections
were cut and deparaffinized in Citrisolv (Fisher), rehydrated
followed by antigen retrieval (Retrieve-ALL-1; Cova-
nce), and immunostained with chicken anti-GFP 1:1,000
(Abcam) and Alexa Fluor 488-conjugated secondary
antibody (Invitrogen). Slides were mounted with Pro-
long Gold with DAPI (Invitrogen) and imaged using an
Olympus FV-500 Confocal Microscope.
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Intraperitoneal Glucose Tolerance Testing

Mice were fasted for 16 h, and blood glucose level were
measured before intraperitoneal injection of D-glucose (1 mg/g
body wt).

Pancreatic Islet Preparation

Ice-cold collagenase (2 mg/2 mL; type V; Sigma-Aldrich)
in Hanks’ balanced salt solution was injected into the
pancreatobiliary duct. The pancreas was excised and fur-
ther digested for 28 min at 37°C, and islets were separated
by Histopaque gradient and handpicked under a dissecting
microscope. Islets were cultured overnight in RPMI 1640
medium containing 11.1 mmol/L glucose, 10% FBS, and
1% penicillin-streptomycin (Gibco; Thermo Fisher Scien-
tific). Digital image capture of whole-islet fluorescence
used a Nikon Diaphot 200 Microscope (Fig. 1B) or an
AZ100 Microscope (Fig. 5D).

Fluorescence Imaging of Dispersed Primary B-Cells
Isolated islets were dissociated with 0.25% trypsin plus
3 mmol/L EGTA,; dispersed B-cells were incubated in RPMI
1640 medium containing 11.1 mmol/L glucose and 10% FBS
for 48 h. Before confocal microscopy, cells were fixed in
2% formaldehyde, permeabilized with 0.1% NP-40, in-
cubated in blocking solution, and immunolabeled with
mouse anti-GFP and Alexa Fluor 488-conjugated second-
ary antibody as well as guinea pig anti-insulin and a Cy5-
conjugated secondary antibody.

Glucose-Stimulated Insulin Secretion

Islets were preincubated for 1 h at 37°C in Krebs-Ringer
bicarbonate HEPES buffer (KRBH) (4.7 mmol/L KCl,
115 mmol/L Na(l, 1.2 mmol/L KH,PO,, 1.2 mmol/L MgSO,,
2.56 mmol/L CaCl,, 20 mmol/L. NaHCOs3, and 16 mmol/L
HEPES, pH 7.2) supplemented with 0.2% BSA, followed
by 1 h (or 20 min) of incubation in KRBH supplemented
with 0.2% BSA in the presence of 2.8 or 25 mmol/L glu-
cose. Media were collected and islets were lysed in boiling
SDS-gel sample buffer. Insulin release was measured by a
rat insulin-plus-proinsulin RIA that cross-reacts between
species, human insulin-specific RIA (Fig. 4), or mouse
insulin-specific ELISA (Fig. 5C).

Transmission Electron Microscopy

Islets were fixed in 2.5% glutaraldehyde and 2% formal-
dehyde in 0.1 mmol/L Na cacodylate, pH 7.4 (2.5 h);
postfixed in 1% OsO4 in 0.1 mol/L Na cacodylate (2 h);
washed in 0.15 mol/L NaCl; stained overnight in 0.5%
uranyl acetate, pH 5.5; dehydrated in a graded acetone
series; and embedded in EPON; and thin sections were cut
and stained with uranyl acetate and lead citrate before
examination in a Jeol 1230 Electron Microscope.

SDS-PAGE and Western Blotting

Islet lysates and media were resolved by 4-12% NuPAGE
Bis-Tris gels (Invitrogen), electrotransferred to nitrocellu-
lose, and probed overnight at 4°C with primary antibodies
against insulin (Linco/Millipore), GFP (Immunology Con-
sultants Laboratories), or a-tubulin (Sigma). Western blots
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Figure 1—Transgenic expression of hPro-CpepSfGFP. A: Sections of various tissues as indicated were examined by indirect immunoflu-
orescence microscopy. As shown, SfGFP expression (green) was detectable only in the endocrine pancreas (n = 6 independent animals
examined). DAPI nuclear staining is shown in blue. Scale bar = 100 um. B: Isolated islets from hPro-CpepSfGFP transgenic mice (lines 207
and 369; n = 5 independent animals) and islets from previously reported hPro-CpepGFP transgenic mice (6) were examined for epifluor-
escence at identical exposure. Scale bar = 100 um. The panel at far right is an overexposure (overX) of the original hPro-CpepGFP islets.
C: Dispersed B-cells (n = 6 independent animals) were examined by immunofluorescence for insulin (red) and CpepSfGFP (green); one
cell is shown with X100 objective. Scale bar = 10 um. D: Representative transmission electron micrograph of cytoplasm from a B-cell of
hPro-CpepSfGFP transgenic mice. Scale bar = 1 um. ER, endoplasmic reticulum.

were developed with enhanced chemiluminescence, and
quantified using ImageJ Software.

Single-Islet Perifusion

Single islets in heated chambers were perifused (not under
pressure) at 0.6 pwL/min in etched microchips allowing
for continuous small-volume sampling of insulin release
(by competitive immunoassay, at 8-s intervals) and quan-
titative SEGFP fluorescence release from sequential electro-
pherograms, as described (16).

Single B-Cell Real-Time CpepSfGFP Secretion
Dispersed islet B-cells were preincubated for 1 h in stan-
dard KRBH (including 5.5 mmol/L glucose, 4.4 mmol/L
K(l, and 110 mmol/L NaCl plus 1 mg/mL BSA) on a 37°C
heated microscope stage. Once an imaging field was
located, the perfusion of cells was initiated with a
depolarizing KRBH solution (including 5.5 mmol/L glucose,
60 mmol/L KCl, and 54.4 mmol/L NaCl, plus 1 mg/mL
BSA), and image capture included a continuous series of
200-ms exposures (i.e., 5 frames/s).

Live Mouse Pancreatic Imaging

Mice were anesthetized with isoflurane inhalation (plus
oxygen at 1 L/min); the surgical site was shaved and
cleaned, and mice were placed on a warm sterile stage.
Live mouse pancreas fluorescence was performed as
previously described (6); additional details are included
in the RESULTS section. To measure blood flow to the

pancreas, jugular vein injections of uranine (5 mg/mL)
were administered followed by live animal fluorescence
image capture of the pancreatic surface. All digital fluo-
rescence images of the live mouse pancreas were cap-
tured using a Nikon AZ100 Microscope equipped with
a Photometrics CoolsnapEZ Digital Camera. In some ex-
periments, immediately after imaging, the incision was
closed and the mouse recovered in a warmed padded
cage—all mice recovered uneventfully. Reimaging of the
mouse pancreas was taken 2 weeks later following the
same procedure. Digital images of SfGFP intensity
and pancreas area were quantified with MetaMorph
Software.

For intragastric or intravenous glucose response, after
anesthesia and exposure of pancreas as above, saline (as
a negative control) or glucose (4 mg/g body weight intra-
gastric; 1 mg/g intravenous) was administered. Fluorescence
images were captured as above at 0, 10, and 20 min after
injection. Simultaneously, the tail vein blood glucose con-
centration was measured by glucometer. The integrated
fluorescence intensity of each islet at these time points
was analyzed with MetaMorph Software.

Statistical Analysis

Results are presented as the mean *= SEM, calculated
using GraphPad Prism Software version 5.0. Statistical
differences were determined using a two-tailed Student
t test or ANOVA, with a significant value at P < 0.05.
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RESULTS

Generating hPro-CpepSfGFP Transgenic Mice

We generated founder mice (transgene positive by PCR)
expressing hPro-CpepSfGFP, driven by the 8.3-kb mouse
Insl promoter, which transmitted the transgene to
progeny with expected Mendelian ratios. None of the
transgenic lines exhibited a pathological phenotype.
The two lines with the strongest transgene expression
were derived from founders #207 and #369 (Supple-
mentary Fig. 1), and the results using animals derived
from both founders were identical. Five-micron paraf-
fin tissue sections were examined by fluorescence
microscopy: we could not detect fluorescent protein
expression in the small intestine, large intestine, stom-
ach, thymus, spleen, liver, lung, heart, kidney, muscle,
or hypothalamus (Fig. 1A). Indeed, fluorescence derived
from hPro-CpepSfGFP was detected only in the pancreas,
in an islet distribution (Fig. 14). All isolated islets from
the progeny of both founders were strongly positive for
epifluorescence compared with those of the original
hPro-CpepGFP transgenic mice (6), which lack Super-
folder-GFP substitutions and can be detected only upon
overexposure (Fig. 1B). Isolated islets were dissociated into
single cells, fixed, permeabilized, and processed for
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immunofluorescence with anti-insulin. All cells expressing
hPro-CpepSfGFP also were labeled positively with anti-
insulin in a colocalizing, punctate distribution (Fig. 1C).
These B-cells exhibited entirely normal cellular ultrastruc-
ture, including nondistended endoplasmic reticulum,
stacked Golgi cisternae, abundant insulin secretory gran-
ules, healthy-appearing mitochondria, and autophagosomes
and lysosomes (Fig. 1D).

hPro-CpepSfGFP Is Efficiently Processed to
Fluorescent C-Peptide

Isolated islets from hPro-CpepSfGFP transgenic mice
were examined by reducing SDS-PAGE and Western
blotting with anti-GFP. Two main bands were identified
at 36 and 32 kDa (Fig. 2A). These bands correspond to
fluorescent proinsulin (hPro-CpepSfGFP) and fluores-
cent C-peptide (CpepSfGFP), respectively, and the pattern
appeared similar to that from Western blotting with anti-
insulin (Fig. 2B). By quantitative densitometry, it was
apparent that ~85% of the transgene product from both
founder lines is processed to the mature fluorescent
C-peptide in the steady state (Fig. 2C), which is consistent
with the abundance of mature granules in the B-cells of
these animals (Fig. 1D).
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Figure 2—Preliminary characterization of hPro-CpepSfGFP mice. A: Isolated islets from hPro-CpepSfGFP mice were lysed and were
resolved by SDS-PAGE and Western blotting with anti-GFP. The unprocessed hPro-CpepSfGFP precursor and mature CpepSfGFP from
representative animals derived from lines 207 and 369 are shown. Western blotting for a-tubulin is shown as a loading control. B: Western
blotting of normal mouse islets with anti-insulin to detect unprocessed proinsulin and mature processed insulin. C: Quantitative densito-
metric analysis of anti-GFP immunoblots like those from panel A; n = 7 animals examined for panels A and B; *P < 0.05 compared with
C57BL/6 mice. D: Body weights of 8-week-old transgenic and gender-matched nontransgenic control mice. Values are expressed as the

mean *+ SEM. n = 5-10 per group.
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hPro-CpepSfGFP Mice Synthesize Very Limited
Quantities of Human Insulin

There were no significant differences in body weight
between transgenic and nontransgenic littermates (Fig.
2D). Further, both fasting blood glucose and intraperi-
toneal glucose tolerance were identical in transgenic
and nontransgenic animals (Fig. 3A-D). Moreover, there
were no significant differences between transgenic and
nontransgenic littermates in insulin levels in the circula-
tion after either fasting or acute stimulation (30 min)
(Fig. 3E). Even after 6 months of age, transgenic animals
maintained normal glucose tolerance (Fig. 3F). In short,
we could detect no metabolic effect of hPro-CpepSfGFP
expression in transgenic mouse islets. Yet, the bright fluo-
rescence of hPro-CpepSfGEP islets implies a contribution
of human insulin to the total insulin plus proinsulin pre-
sent in these animals. To examine this, islets from control
C57BL/6 mice and hPro-CpepSfGFP mice were extracted
and total insulin-plus-proinsulin levels were measured us-
ing an RIA that cross-reacts between species and does not
discriminate between proinsulin and insulin. No signifi-
cant changes in total insulin-plus-proinsulin level were
found in the islets of transgenic mice (Fig. 4A). However,
by human-specific insulin assay it was apparent that only
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~0.04% of total insulin plus proinsulin was composed of
human insulin in these islets (Fig. 4B). Nevertheless, this
was sufficient to detect both unstimulated and stimulated
secretion of human insulin from isolated islets (Fig. 4C),
and this secretion occurred in parallel with the release of
endogenous mouse insulin (Fig. 4D).

CpepSfGFP Is Stored and Released in Parallel With
Endogenous Mouse Insulin

To examine the release of stored secretory granule contents,
we stimulated isolated islets in vitro. By Western blotting
with anti-GFP, it was clear from static incubations that
within 5 min of plasma membrane depolarization, both
(mouse) insulin and (human) CpepSfGFP were coreleased
into the medium (Fig. 54, left). The same was true when
raising extracellular glucose from 2.8 to 25 mmol/L (Fig. 54,
right). We also followed secretion from single islets
by perifusion, monitoring secretion with a competitive
insulin immunoassay within 8 s of release, using a micro-
fluidics device for delivery to the assay chamber (16). In
parallel, we followed the release of green fluorescence from
single islets in real time. Although it has been suggested
that some cosecreted insulin is released from B-cells more
slowly than GFP-tagged C-peptide (17), we could not—over
multiple individual islets analyzed—discern any significant
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Figure 3—hPro-CpepSfGFP transgenic mice exhibit normal carbohydrate metabolism. Fasting blood glucose and intraperitoneal glucose
tolerance test (IPGTT) in hPro-CpepSfGFP transgenic mice and nontransgenic littermates, matched for gender, in lines 369 (A and B) and
207 (C and D), with no significant differences. E: Circulating insulin levels were screened at 0 min (fasting) and 30 min after initiating the
IPGTT, with no significant differences. F: IPGTT was repeated in 6.25-month-old transgenic and nontransgenic males, with no significant
differences. Values are expressed as the mean = SEM. n, number is shown in the panels.
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Figure 4—Transgenic hPro-CpepSfGFP mice have normal insulin levels. A: Total insulin-plus-proinsulin (Ins+Proins) levels (derived pri-
marily from the endogenous Ins7 and Ins2 gene products) in islet lysates of hPro-CpepSfGFP transgenic mice (lines 207 and 369; n =5
independent animals for panels A and B) and negative control C57BL/6 mice. B: In transgenic hPro-CpepSfGFP mice, >99.9% of total
Ins+Proins is mouse derived; ~0.04% is human insulin. We do note a small cross-reacting signal in the human-specific insulin assay that
can be detected even in mouse-derived samples that contain little or no human insulin. Human insulin secretion (C) is stimulated in parallel
with mouse insulin secretion (D) from isolated islets of hPro-CpepSfGFP mice incubated at 25 mmol/L glucose. n = 6 independent animals

for panels C and D. Values are expressed as the mean = SEM.

kinetic differences between CpepSfGFP and endogenous
insulin secretion (Fig. 5B). However, when a pooled pop-
ulation of islets was stimulated in the short term to
release insulin (Fig. 5C) simultaneous with fluorescence
microscopy, we could not discern an appreciable de-
crease in fluorescence in individual islets in vitro (Fig.
5D), and overall fluorescence in the islets remained con-
stant (Fig. 5E). These findings are consistent with those
of reports (9) that only a small fraction (=2%) of islet
insulin content is discharged during acute insulin secre-
tion. To reliably detect insulin secretion by fluorescence
in vitro, we stimulated dispersed islet B-cells with either
KCI or high glucose and monitored exocytosis by spin-
ning disk confocal microscopy (Supplementary Video 1,
beginning ~30 s after secretagogue addition). A frame-
by-frame dissection at 200-ms intervals showed multi-
ple flashes (Fig. 6A)—the rapid rise of fluorescence that
occurs upon granule fusion with plasma membranes fol-
lowed by a rapid loss of fluorescence as the released
content disperses (Fig. 6B)—indicating granule exocyto-
sis (18) (Supplementary Video 1). The same character-
istics of exocytosis were observed upon depolarization
with KCl (Supplementary Video 1 and Fig. 6B) and stim-
ulation with high glucose (data not shown), but were
undetectable under basal conditions. Altogether, these
data clearly establish that CpepSfGFP release from
islets is costored and cosecreted with endogenous in-
sulin via discrete exocytotic events (Figs. 5A and B and

6A and B), but secretory stimulation in vitro does not
appreciably deplete insulin stores from any individual is-
let (Fig. 5D and E).

Loss of Pancreatic CpepSfGFP During Progression of
Diabetes
Because CpepSfGFP is a parallel marker of endogenously
stored insulin, we exploited survival surgery using epi-
fluorescence imaging of the pancreatic surface in vivo to
estimate insulin content in the pancreatic tail region (6).
Briefly, a small, left-sided, longitudinal incision was used
to expose the tail and part of the body of the pancreas
(maintaining splenic vascular connections), which was
placed on a glass slide and overlayed with a glass coverslip
above at a 1.5-mm tissue thickness (using plastic spacers
including a fluorescent ruler, between the layers of glass).
Blood flow to the pancreas was unimpeded by these ma-
nipulations as judged by vascular delivery of uranine to
the pancreas within 2 s after tail vein injection (Fig. 6C).
Pancreata of live C57BL/Ks lepR™* and lepR*™’* male
mice were examined at 5 weeks when animals were nor-
mal or prediabetic, respectively, and again at 7 weeks
when the lepR*® males had progressed to diabetes as
diagnosed by elevated random blood glucose. The db/+
heterozygous males never developed diabetes and never
decreased (indeed, tended to increase) their pancreatic
surface fluorescence as body growth progressed to com-
pletion at 7 weeks (Fig. 7A, top panels including blood
glucose, and Fig.7B, left). By contrast, db/db homozygous
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Figure 5—Kinetics of transgenic CpepSfGFP and mouse insulin from isolated hPro-CpepSfGFP islets. A: Islets were incubated sequen-
tially in nonstimulating bathing medium (4.4 mmol/L KCI [left] or 2.8 mmol/L glucose [right]) and then in secretagogue-containing bathing
medium (60 mmol/L KCI [left] or 25 mmol/L glucose [right]). The media were collected and analyzed by SDS-PAGE and Western blotting
with anti-GFP (top panels) or anti-insulin (bottom panels); n = 5 independent experiments. B: Single islets were microperfused at 3 mmol/L
glucose and then switched to 25 mmol/L glucose (arrow at top). Single-islet secretion was measured by the release of GFP fluorescence
(averaging of nine single-islet traces is shown by the dark solid line, with the lighter surrounding area showing the SEM on these
measurements) and by competitive immunoassay for insulin (averaging of four single-islet traces shown in dashed line, with lighter
surrounding area showing the SEM of these measurements), both at 8-s intervals throughout a 22.5-min time course. C: Insulin secretion
(measured by RIA) from isolated islets in 20-min static incubations of unstimulated (2.8 mmol/L = 50 mg/dL) and then stimulated (25 mmol/L =
450 mg/dL) glucose. Insulin release is plotted as the fold increase upon stimulation; the stimulated secretion corresponds to ~6 pg of
immunoreactive insulin per islet. D: Simultaneous epifluorescence imaging of isolated islets during the 20 min of stimulation at 25 mmol/L
glucose (representative of n = 5 independent experiments for panels C, D, and E). E: Individual islet fluorescence during experiments like
those shown in panel D was quantitated, and the percentage change for each islet calculated at each time point. No individual islets
exhibited a 50% change in fluorescence in any of these stimulation experiments; the average fractional change in individual islet fluores-

cence during glucose stimulation is plotted in the figure.

males all developed diabetes, and all showed a significant
decline of pancreatic surface fluorescence as they ad-
vanced from puberty to adulthood (Fig. 7A, bottom panels
including blood glucose, and Fig. 7B, right). During this
same time course, db/db homozygotes are known to expe-
rience a decline in pancreatic insulin content (19); thus,
our data strongly suggest that pancreatic surface epifluor-
escence is a useful indicator to follow changes in pancre-
atic insulin content of any individual hPro-CpepSfGFP
mouse over time.

Dynamic Analysis of In Vivo Pancreatic Insulin
(CpepSfGFP) Secretion

To follow pancreatic insulin (CpepSfGFP) secretion in real
time during a nutrient challenge, we prepared live anes-
thetized mice for imaging of the pancreatic surface
upon acute administration of glucose (or saline as a
negative control) at 0, 10, and 20 min, and individually
examined and quantified the fold change in fluorescence
intensity from every islet in the field. After intragastric
administration of saline (Fig. 84, a representative image
shown with time points vertically aligned), some islets

modestly increased and others modestly decreased in
fluorescence intensity, but no islet from the entire group
of negative control animals ever exhibited more than a
50% change in fluorescence intensity during the time
course, and, overall, there was no loss of average islet
fluorescence (Fig. 8B). After intragastric administration
of glucose in vivo sufficient to raise blood glucose levels
in the short term to =280 mg/dL, fluorescence intensity
of most islets remained unchanged (Fig. 8C), as they did
in vitro (Fig. 5D). However, in vivo, a small subfraction
(=20%) of islets of stimulated mice showed a major
decrease in fluorescence intensity (>50% loss) that
can be explained only by degranulation of a major frac-
tion of B-cells of that islet (Fig. 8C [quantified in Fig.
8D]). This was consistently replicated in multiple ani-
mals and was never observed under control condi-
tions. These experiments were then repeated using
intravenous glucose administration (Fig. 8E); once again,
most islets showed no change in fluorescence, yet rare islets
responded with acute loss of CpepSfGFP fluorescence
(Fig. 8F), which was not seen in saline-infused controls.
This surprising result strongly suggests that the insulin
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Figure 6 —Pancreatic 3-cell exocytosis, and blood flow to the live mouse pancreas under imaging conditions. A: From Supplementary Video 1,
showing a series of 200-ms spinning disk confocal microscope fluorescence exposures of a B-cell stimulated with 60 mmol/L KCI (also seen
with 25 mmol/L glucose); five sequential images (spanning 1 s) demonstrate the appearance of fluorescent insulin secretory granules and their
disappearance after a “flash.” Arrows highlight the locations before, during, and after the flash seen for three different granule fusion events.
The flash reflects a neutral pH-elicited increase in CpepSfGFP fluorescence upon granule fusion followed by the rapid loss of signal as the
released content disperses. B: Intensity trace documents the kinetics of fluorescence emission from a single granule exocytotic event.
Specifically, the intensity of a region of interest was normalized to the mean intensity of that region of interest. The time indicated on the
Xx-axis represents the time after the initiation of perfusion with KCl solution. Scale bar = 2.5 um. C: The pancreata of live mice were externalized
as described in the text, placed on a glass slide, and either sandwiched with an overlying glass coverslip or not. Animals on a warmed
microscope stage were administered uranine (5 mg/mL) by jugular vein injection during live animal fluorescence imaging. The data are

representative of five animals per group.

secretory response to acute stimulation in vivo includes a
subset of islets that serve as “first responders” to the
nutrient challenge.

DISCUSSION

Secretory granules are the essential storage pool for
pancreatic secretory proteins, including insulin (20). In
the steady state, normal humans maintain an intra-
pancreatic storage pool of insulin sufficient for =1
week of metabolic demand (21). In individuals with
type 2 diabetes, pancreatic insulin stores decline, and
this has been attributed to both B-cell death (22)
and B-cell dedifferentiation (23). A major thrust of
diabetes research in recent decades has focused on
preventing these changes (24).

Despite potential differences between mouse and
human pancreas, genetically engineered mice have been
extremely valuable for proof-of-concept studies regarding
the potential for visualization of pancreatic B-cells (25)
and quantification of pancreatic B-cell mass (26). How-
ever, because increasing emphasis has been placed on
pancreatic insulin content as a better measure of residual
pancreatic function (27), our interest has shifted to de-
velop a means to follow insulin mass rather than B-cell
mass. Although it has not proved possible to directly label

insulin for imaging in live animals, the next best thing is
to follow costored C-peptide.

In the current study, we describe hPro-CpepSfGFP
mice that were created with precisely this intent. This
protein was already known to migrate successfully
through the B-cell Golgi complex for processing and stor-
age of human insulin (7). Using Insl promoter—driven
expression, the protein is expressed only in pancreatic
islets (Fig. 1) and is limited exclusively to (-cells.
The fluorescent proinsulin, like endogenous proinsu-
lin, is efficiently processed to C-peptide (Fig. 2A) that
is cosecreted with insulin (Fig. 4C and D). Pancreatic
fluorescence in hPro-CpepSfGFP mice is not a perfect
marker of processed insulin, as only ~85% of the epi-
fluorescence is expected to report granule C-peptide
(Fig. 2B), whereas the remaining 15% represents
unprocessed (or incompletely processed) fluorescent
proinsulin (7).

An hGH minigene was included to serve as an enhancer
in the hPro-CpepSfGFP transgene construct, which has
potential independent effects on pancreatic B-cell mass
(28). Indeed, islets of hPro-CpepSfGFP mice did exhibit
a threefold to fivefold increase in mRNA levels of tryp-
tophan hydroxylase; however, these mRNA levels are
~100-fold to 2,000-fold lower than in islets of other
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Figure 7—Live mouse pancreatic surface fluorescence imaging of islet CpepSfGFP. The pancreata of five transgenic hPro-CpepSfGFP
lepR¥# mice and five hPro-CpepSfGFP lepR™* control mice were examined by epifluorescence imaging (500-ms exposure) of the
pancreatic surface of living animals, with images captured at 5 weeks of age and again at 7 weeks of age. A fluorescent ruler (right of each
image) shows 1-mm spacing. A: Repeat analysis of the hPro-CpepSfGFP lepR¥’* control mouse (top panels) shows a stable random blood
glucose level (bottom right corner “BG”) and no loss of surface fluorescence between 5 and 7 weeks. By contrast, repeat analysis of an
hPro-CpepSfGFP lepR¥’? mouse (bottom panels) shows the onset of frank diabetes (BG), and a decline of surface fluorescence between
5 and 7 weeks. B: Metamorph image analysis software was used to quantify the total integrated islet pixel intensity in the image divided by
total pancreatic surface area in the image. Values are expressed as the mean = SEM. *P < 0.05 at 7 weeks compared with 5 weeks in

lepR¥% mice.

hGH minigene-containing transgenic models (28), and
we have established that islets of hPro-CpepSfGFP do
not exhibit increased B-cell proliferation or diminished
cell death (data not shown). Further, in contrast with
C57BL/6N mice, we used C57BL/6J mice that have
functional deletion of the nicotinamide nucleotide
transhydrogenase gene (29). However, recent studies
(30) have shown that insulin secretion responses to
an intragastric or intravenous glucose bolus are not
different between C57BL/6J and C57BL/6N animals.
Moreover, we are confident that the animals developed
in this study, derived from two independent transgenic
lineages, do not exhibit detectable metabolic differ-
ences from wild-type littermates, because both males
and females exhibit normal fasting blood glucose levels,
acute insulin responses, glucose tolerance (Fig. 3A-F),
and body weight that are unaffected by aging. Further,
these animals do not possess appreciably more pancre-
atic insulin when expressing the hPro-CpepSfGEP
transgene because only 0.04% of total insulin plus
proinsulin is composed of the human insulin compo-
nent (Fig. 4B). Moreover, the transgene does not pro-
tect lepRdb/? animals from developing severe diabetes,
which is accompanied by significant loss of pancreatic
CpepS{GFP (Fig. 7).

The temporal release of fluorescent C-peptide ap-
pears indistinguishable from that of insulin using
either static incubation of isolated islets (Fig. 5A) or
dynamic release from individual islets measured using
a sophisticated microfluidics analysis (Fig. 5B). Acute
stimulation of individual B-cells yields unmistakable
visual proof of granule exocytosis (Supplementary
Video 1 and Fig. 6A and B), but this does not result
in a discernible decrease of CpepSfGFP fluorescence
from islets incubated in vitro. However, imaging of islet
insulin content in vivo has never previously been exam-
ined, even as there is every reason to believe that in
vivo fluorescence imaging of the pancreatic surface of
hPro-CpepSfGFP mice provides a valid assessment of
both pancreatic insulin content under basal conditions
and insulin loss from islets upon acute or chronic stim-
ulation. Our imaging modality does not impair blood
delivery to the pancreas (Fig. 6C) but readily detects a
decline in pancreatic insulin content during diabetes
progression in db/db mice. In negative control animals
given either intragastric (Fig. 8A) or intravenous saline
(not shown), there is no acute loss of islet fluorescence
(Fig. 8B). Remarkably, however, after acute intragastric
or intravenous administration of glucose, the fluores-
cence intensity of most islets remains unchanged, but a
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Figure 8—Pancreatic imaging after acute glucose administration to hPro-CpepSfGFP transgenic mice. Live hPro-CpepSfGFP trans-
genic mice were anesthetized for epifluorescence imaging of the pancreatic surface (500-ms exposure) as described in RESEARCH DESIGN
AND METHODS. A: After initial image capture, saline was delivered to the stomach lumen at time 0, with subsequent images captured at 10
and 20 min (aligned vertically). Blood glucose from the tail vein was examined simultaneously (shown in the lower right corner of each
image). A fluorescent ruler (right of each image) shows 1-mm spacing. Five animals were examined in each group with identical results —
a representative set of images is shown—and five additional animals were imaged in this way, with identical results upon intravenous
delivery of saline via jugular vein (data not shown). B: Fluorescence intensity of each surface islet from panel A at each time point was
quantified using MetaMorph image analysis software, normalized to fluorescence intensity at time 0. Any islet that showed a =50%
change in fluorescence intensity between time points was graphed individually instead of being included in the group analysis; no such
islets were found in the control animals that were given saline. The data are plotted as the mean = SEM. C: After initial image capture,
glucose was delivered to the stomach lumen at time 0, with subsequent images aligned as in panel A. Individual islets that showed
a =50% decrease in fluorescence intensity between time points were noted with colored arrows. Five animals were examined with
similar results —a representative set of images is shown. D: Change in fluorescence intensity within individual islets imaged in panel C.
The majority of islets showed no significant change in fluorescence intensity, and the signal from those islets was averaged with the n
number shown = SEM. Islets from the same pancreas that showed a =50% decrease of fluorescence intensity between time points
were plotted individually, using colors matched to the arrows of panel C. E: After initial image capture, glucose was delivered via jugular
vein at time 0, with subsequent images aligned as in panel A. Individual islets that showed a =50% decrease in fluorescence intensity
between time points were noted with colored arrows. Five animals were examined with similar results —a representative set of images is
shown. F: Data from panel E were quantified and plotted as in panel D.

subpopulation of imaged islets within the pancreas in
vivo shows a =50% decrease in fluorescence (Fig. 8C
and D), which is consistent with a major fraction of
insulin released from this islet subset. Importantly, as
noted in the introduction, Stefan et al. (14) also looked
at acute secretory stimulation in vivo and reported
dramatic but heterogeneous depletion of insulin
stores from {-cells in the pancreatic tail—the same
region that we have been imaging. However, their
earlier work (31) used longer times of stimulation
(and included sulfonylureas), whereas we limited our
analysis to a 20-min postglucose challenge to exclude
the powerful (but potentially confounding) stimulatory
effects of glucose on the translation of new proinsulin.

Our data thus suggest that upon an acute increase in
blood glucose level, islet first responders contribute dis-
proportionately to initial insulin secretory response in
vivo.

We must reiterate that all our intravital imaging ex-
periments were performed under anesthesia that can
affect blood pressure or may alter central nervous system
neural outputs to pancreatic islets—and might also be
affected by tissue oxygenation and breathing (32). Fur-
ther, we have yet to discern a spatial pattern to predict
first responder islets that may be preferentially activated
via the nervous system or by favorable nutrient delivery
originating from splenic and mesenteric arteries. Regard-
less, it is tempting to speculate that, based on these
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findings, “pancreatic exhaustion” might be initiated as a
patchy defect, caused by initial secretory overactivity and
insulin depletion in first-responder islets.
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