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We induced partial �-cell loss within the pancreas of neonatal
rats using streptozotocin (STZ) to better characterize the
mechanisms leading to �-cell regeneration postnatally. Rats
were administered either STZ (70 mg/kg) or buffer alone on
postnatal d 4, and the endocrine pancreas was examined be-
tween 4 and 40 d later. STZ-treated rats showed an approxi-
mately 60% loss of existing �-cells and a moderate hypergly-
cemia (<15 mM glucose), with levels returning to near-control
values after 20 d. Within preexisting islets, there was in-
creased cell proliferation in both insulin- and glucagon-pos-
itive cells at 8 d as well as �-cell hyperplasia. These were
associated with increased pancreatic content and circulating
levels of glucagon. Pancreatic levels of glucagon-like polypep-
tide-1 (GLP-1) were increased 8 d after STZ compared with

control values, and the GLP-1/glucagon ratio changed in favor
of GLP-1. Administration of a GLP-1 receptor antagonist,
GLP-1-(9–39), resulted in decreased recovery of �-cells after
STZ and worse glucose tolerance. Atypical glucagon-positive
cells were found within islets that colocalized pancreatic du-
odenal homeobox-1 or glucose transporter-2. Pancreatic lev-
els of insulin mRNA did not return to control values until 40 d
after STZ. Insulin-positive cells were found after 8 d that co-
localized glucagon and GLP-1. The model shows that the pan-
creas of the young rat can rapidly regenerate a loss of �-cells,
and this is associated with hyperplasia of �-cells with an al-
tered phenotype of increased GLP-1 synthesis. The target cells
of GLP-1 probably include immature �-cells that coexpress
proglucagon. (Endocrinology 147: 2346–2356, 2006)

REGENERATION OF pancreatic �-cell mass after either
toxin- or autoimmune-mediated destruction is possi-

ble in the young rodent, but the extent of the recovery de-
creases with age and is incomplete in adult life. Similarly,
there is histological evidence of islet cell neogenesis and
regenerative response in children and adolescents with type
1 diabetes (1, 2). However, robust regeneration of endoge-
nous �-cell mass was found in adult mice after induction by
transplanted, marrow-derived, hemopoietic stem cells (3)
and in nonobese diabetic mice after administration of spleno-
cytes together with complete Freund’s adjuvant (4). Al-
though the latter was partially due to transdifferentiation of
a splenocyte fraction into both pancreatic endocrine and duct
cells, the ability of irradiated splenocytes to cause islet re-
generation showed that this also involved induction of re-
generation by endogenous mechanisms. The loss of regen-
erative capacity in the untreated pancreas with age after
�-cell depletion, therefore, is caused by a paucity of one or
more rate-limiting trophic stimuli and is potentially
reversible.

Although the embryonic origins and development of islets
of Langerhans have been extensively studied (5–7), it is not
clear whether regeneration postnatally involves a recapitu-
lation of these pathways or whether �-cells derive from dif-

ferent precursor populations. We and others have shown that
the endocrine pancreas in the rat undergoes substantial re-
modeling between 1 and 4 wk of fetal life, involving a loss
of �-cells due to developmental apoptosis and their replace-
ment with newly derived �-cells, demonstrating a more ma-
ture phenotype of acute, glucose-sensitive insulin release (8,
9). We hypothesized that this period of natural developmen-
tal plasticity of �-cells would allow the identification of
mechanisms for �-cell replacement after depletion with
streptozotocin (STZ).

Islet cell development in the embryo occurs from the pan-
creatic duct epithelium and involves a sequence of expres-
sion of transcription factors, including pancreatic duodenal
homeobox-1 (Pdx-1), neurogenin-3, and Nkx2.2 (5, 6). Dif-
ferentiation of lineages leading to �- and �-cells is deter-
mined by the differential expression of Pax (paired box) 4 vs.
Pax6. The exact nature of the endocrine embryological cell
precursor in the pancreas is uncertain, although is appears to
be neurogenin-3-positive (10, 11). Cells immunopositive for
nestin and c-Kit are located adjacent to pancreatic ducts and
within islets (12). Although these were originally thought to
be endocrine cell precursors, they were subsequently shown
through lineage tracing to be mesenchymal and more closely
associated with endothelial cell formation and vascular re-
modeling (13, 14). However, they appear intimately con-
nected to endocrine cell development. Herrera (15) used
cell-targeted diphtheria toxin expression to specifically de-
lete glucagon-, insulin-, and pancreatic polypeptide-express-
ing cells, and concluded that glucagon-positive cells were not
precursors for �-cells. Studies with Cre-tagged cells showed
that insulin- and glucagon-expressing cells derive from mu-
tually exclusive cell populations, but both can derive from
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Pdx-1-positive cells (15, 16). Both insulin and glucagon pre-
cursors can express the pancreatic polypeptide gene, but
somatostatin and insulin share more immediate precursors
than either do with glucagon (17).

Despite an 8-fold increase in �-cell mass between 1 month
of age and adulthood in the rat, the endogenous rate of DNA
synthesis falls 5-fold by 3 months of age (18). Renewal of
�-cells postnatally potentially originates from several
sources. Increased �-cell mass after prolonged experimental
hyperglycemia resulted from tubular foci of new islet de-
velopment and the frequent appearance of individual insu-
lin-positive cells within acinar tissue, suggestive of cellular
transdifferentiation (19). Destruction of acinar tissue after
pancreatic duct ligation results in hyperplasia of the pan-
creatic ducts and the appearance of new islets by neogenesis
(20). After partial pancreatectomy, there is partial compen-
sation by the expansion of remaining islets through either
�-cell replication or the activation and differentiation of en-
dogenous precursor cells (21). The model of STZ depletion of
�-cells in the neonatal rat has been studied extensively (22–
24) and has been shown to result in substantial �-cell re-
placement, although the animals are predisposed to glucose
intolerance later in life. Near-complete removal of �-cells
leads to partial replacement through the appearance of new
islets, whereas subtotal destruction is followed by renewal
from within the islets (17, 22–25). Cell lineage marking of
�-cells in mice followed by partial pancreatectomy showed
that new �-cells in the remaining organ derived almost ex-
clusively from existing �-cells in adult life (26). However,
there is also clear evidence of a scarce subpopulation of
multipotent islet precursor cells resident in both ducts and
islets of the adult mouse pancreas (27). We have used partial
deletion of �-cells with STZ in the neonatal rat to better define
the mechanisms by which regeneration of �-cells can occur
in early life.

Materials and Methods

Materials

Mouse anti-proliferating cell nuclear antigen (anti-PCNA) antibody
(1:750 dilution) was purchased from Sigma-Aldrich Corp. (St. Louis,
MO). Goat antiglucagon-like polypeptide-1 (anti-GLP-1; C-17) antibody
(1:250 dilution) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), and mouse antiinsulin and antiglucagon (1:250 dilu-
tion) were obtained from Sigma-Aldrich Corp. Rabbit antiglucagon (1:
250 dilution) was purchased from Santa Cruz Biotechnology, Inc. Rabbit
anti-GLP-1 receptor (1:200 dilution) and guinea pig antiinsulin (1:250
dilution) were purchased from Abcam (Cambridge, MA), and rabbit
antiglucose transporter-2 (anti-Glut-2; 1:500 dilution) was obtained from
Biogenesis, Inc. (Kingston, Ontario, Canada). Rabbit anti-Pdx-1 (1:500
dilution) detecting predominantly nuclear protein was a gift from
C. V. E. Wright (Vanderbilt University, Nashville, TN). Biotinylated goat
antirabbit, horse antimouse, or donkey antigoat IgG (1:500 dilution) and
avidin-labeled peroxidase were purchased from Vector Laboratories,

Inc. (Burlington, Ontario, Canada). Alexa Fluor350 goat antirabbit, Alexa
Fluor488 goat antimouse and antiguinea pig IgG, and Alexa Fluor555
goat antirabbit and antimouse IgG were purchased from Molecular
Probes, Inc. (Eugene, OR). Tetramethylrhodamine isothiocyanate (rho-
damine) rabbit antigoat IgG were purchased from Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, PA). All secondary fluorescent
antibodies were used at 1:200 dilutions for 1 h. For double or triple
labeling using mouse, rabbit, and guinea pig antisera, the secondary
antibody used to visualize them did not cross-react with the other
species. GLP-1-(9–39) was obtained from American Peptide Co. (Sunny-
vale, CA).

Animals

Timed pregnant Wistar rats were purchased from Charles River Lab-
oratories, Inc. (Montréal, Canada) and were delivered to the animal care
facility at Lawson Health Research Institute at 17 d gestation to allow for
acclimatization before parturition. Access to water and standard rat
chow was given ad libitum, and animals were provided with a 12-h dark,
12-h light cycle. Litters were reduced to 12 pups at birth. On d 4 of
postnatal life, half the pups in each litter were given a single ip bolus
injection of 70 mg/kg STZ (Sigma-Aldrich Corp.) freshly prepared in
citrate buffer (pH 4.5). The remainder received a sham injection of
vehicle only. In one series of animals, the pups were anesthetized the day
after receiving STZ or sham injection with a mixture of ketamine (30
mg/ml) and xylazine (3 mg/ml; 1 �l/g body weight), a microosmotic
pump (model 1002; Alzet Corp., Cupertino, CA) was located sc in the
dorsal area, and the incision was closed. Pumps were preloaded with
0.182 mg GLP-1-(9–39) in 100 �l saline, which was calculated to release
at a rate of 50 pm/kg�min for 2 wk. Control animals received pumps
loaded with saline alone. Glucose was monitored daily with a hand-held
glucometer DEX-2 (Bayer, Inc., Toronto, Canada) by lancing the tail vein
(2 �l blood). Body weight was recorded, and animals were killed every
2 d by decapitation (up to d 6 of age) or by CO2 asphyxiation until d 20,
then at 40 d. Animals with minipumps were killed after exhaustion of
their contents on d 19. Pancreata were collected immediately and snap-
frozen on liquid nitrogen or fixed for histology. Blood was collected, and
serum was separated and stored at �20 C. Four to six pups from at least
three separate litters were studied at each time point. Some animals
receiving osmotic minipumps were subjected to a glucose tolerance test
on postnatal d 28. A bolus of ip glucose (2 g/kg weight) was given after
a 5-h fast, and blood was sampled from the tail vein for up to 2 h for
glucose measurement.

FIG. 1. Mean (�SEM) concentrations of fasting blood glucose in con-
trol animals (�) or animals treated with STZ (f) between 2 and 20 d
after STZ treatment. Data are derived from 12–18 animals at each
time point. *, P � 0.05 or better vs. control.

TABLE 1. Characteristics of the primers used for real-time PCR using the SYBR Green technique

Primer name Primer pair sequence (5�–3�) Fragment size (bp) Ct range Ref. no.

Insulin tca cac ctg gtg gaa gct c 180 16–23 31
aca atg cca cgc ttc tgc (Genomic: 679)

GLP-1 receptor agt agt gtg ctc caa ggg cat 191 24–30 32
aag aaa gtg cgt acc cca ccg

�-Actin gcc cct ctg aac cct aag 139 15–20 33
cat cac aat gcc agt ggt a (Genomic: 603)
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Animal procedures were performed with the approval of the animal
care committee of the University of Western Ontario in accordance with
the guidelines provided by the Canadian Council for Animal Care.

Immunohistochemistry

Tissue was fixed in 10% neutral buffered formalin for 24–36 h and was
embedded in paraffin. Sequential sections of 5 �m were cut and
mounted on SuperFrost Plus glass slides (Fisher Scientific, Toronto,
Canada). Immunohistochemistry was performed on pancreas sections to
localize insulin and glucagon by a modified avidin-biotin peroxidase
method (28). All antisera were diluted in 0.1 m PBS (pH 7.5) containing
0.25% (wt/vol) BSA, 0.3% (vol/vol) Triton X-100, and 0.01% (wt/vol)
sodium azide (100 �l/slide). Slides were incubated for 24 h in a hu-
midified chamber at 4 C. Biotinylated horse antimouse and goat anti-
rabbit were used as secondary antibodies. Peptide immunoreactivity
was localized by incubation in fresh diaminobenzidine tetrahydrochlo-
ride (Biogenex, San Ramon, CA). Tissue sections were counterstained
with Carazzi’s hematoxylin.

Dual staining for PCNA and glucagon was performed by first incu-
bating with mouse anti-PCNA as described above. Signal amplification
and visualization were accomplished by incubation in an avidin-biotin
complex solution (Vectastain ABC Elite, Vector Laboratories, Inc., Bur-
lingame, CA) and were visualized using alkaline phosphatase with blue
reaction product (alkaline phosphatase substrate kit III, Vector Labo-
ratories, Inc.) as the chromogen. Sections were then subjected to im-
munohistochemistry for glucagon as described above, using alkaline
phosphatase with a red reaction product (Vector Laboratories, Inc.) as
the chromogen. Sections were mounted under glass coverslips with an
aqueous mounting solution.

For dual immunofluorescent localization of Pdx-1 and glucagon or of
Glut-2 and glucagon, sections were deparaffinized and blocked with
10% (vol/vol) goat serum for 1 h at room temperature. After blotting,
a mixture containing either rabbit anti-Pdx-1 or rabbit anti-Glut-2 and
mouse antiglucagon antibody was added and incubated for 2 h at room
temperature. After washing for 10 min in PBS, a mixture of the secondary
antibodies, goat antimouse (Alexa 488) and antirabbit (Alexa 555), was
added and incubated for 1 h at room temperature. Sections were washed
in PBS for 10 min, covered with two or three drops of Prolong Antifade
solution (Molecular Probes), and dried at room temperature before
examination. GLP-1 and insulin were colocalized as described above by
first blocking with 5% (vol/vol) rabbit serum and applying goat anti-
GLP-1 antibody, followed by rabbit antigoat (tetramethylrhodamine
isothiocyanate) secondary antibody. After 10 min of washing in PBS, the
sections were blocked with 5% goat serum, and mouse antiinsulin an-
tibody was applied, followed by goat antimouse (Alexa 488) secondary
antibody. Glucagon, insulin, and the GLP-1 receptor were colocalized in
a triple-immunofluorescence reaction as described above, except that the
primary antiserum was rabbit anti-GLP-1 receptor; mouse antiglucagon
and guinea pig antiinsulin were applied simultaneously and were de-
tected with a mixture of goat antirabbit (Alexa 350), antimouse (Alexa
555), and antiguinea pig (Alexa 488) secondary antibodies.

Controls included substitution of primary antisera with nonimmune
serum, omission of secondary antiserum, and, for insulin, glucagon, and
GLP-1, absence of staining after preincubation of the antiserum with
excess antigen. Briefly, the last positive dilution for each antiserum was
determined, and the respective peptide was added at 5 times that molar
concentration. After overnight incubation at 4 C, the antibody-peptide
complex was centrifuged at 4 C at 14,000 rpm for 30 min, and the

FIG. 2. Immunohistochemical localization of insulin in sec-
tions of rat pancreas, demonstrating islets in control (A) and
STZ-treated (B) animals 4 d after treatment with STZ. The
reduction in �-cell area was approximately 60%. Eight days
after STZ treatment, increased numbers of small insulin-
positive cell clusters were seen in association with pancre-
atic ducts (C); by 20 d, no evidence of remaining damage was
apparent within islets (D). Arrows indicate �-cell loss after
STZ. Magnification bar, 25 �m.

TABLE 2. Mean body and pancreatic weight in control and STZ-treated animals between 4 and 20 d after STZ treatment on
postnatal d 4

Days after STZ treatment

4 8 12 16 20

Body weight (g)
Control 13.0 � 0.5 25.1 � 1.3 31.3 � 1.2 36.5 � 1.6 51.3 � 2.9
STZ 12.0 � 0.4 23.2 � 1.2 27.1 � 1.2 35.4 � 1.7 45.4 � 2.1

Pancreas weight (mg)
Control 22 � 3 53 � 3 62 � 4 84 � 8 194 � 10
STZ 18 � 2 52 � 3 60 � 4 86 � 7 170 � 10

Data are the mean � SEM (n � 3 litters; 18 animals).
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supernatant was collected. An absence of signal using the supernatant
as a first antibody indicated antibody specificity. The supernatant of
antiserum without the blocking peptide was also collected as a positive
control.

Morphometric analysis

Pancreata from at least three separate litters of rats representing
between 12 and 18 animals were examined at each age for sham- and
STZ-treated rats. Morphometric analysis was performed for three to five
sections, representing different regions of the pancreas, using a trans-
mitted light microscope (Carl Zeiss, Inc., New York, NY) at a magnifi-
cation of �250, �400, or �1000. Automatic image analysis of pancreatic
sections for calculation of tissue areas was performed with Northern
Eclipse (version 6.0) morphometric analysis software (Empix Imaging,
Mississauga, Canada). The number of small (�5000 �m2), large (�10,000
�m2), or medium (5000–10,000 �m2) islets and the percentage of islet
cells immunoreactive for insulin, glucagon, or somatostatin were cal-
culated for each group between 2 and 20 d after treatment. To estimate
�-cell number, the total number of glucagon-immunoreactive cells per
10 mm2 pancreas was calculated. The number of glucagon- or insulin-

positive cells that also showed nuclear staining for PCNA was expressed
as a percentage relative to the total number of each cell type within the
same sections.

Pancreatic volume-weighted mean islet volumes were calculated as
described by Bock et al. (29, 30). Volume-weighted mean islet volume
represents the mean volume of islets weighted proportional to their
volume and is considered a more accurate estimate than a simple num-
ber-weighted mean islet volume (29). This was calculated from:

Vv � ��/3 � l0
3

where Vv is the volume-weighted mean islet volume, and l0 is the length
of the line between the two intercepts of an islet and a horizontal line
through a point grid that intercepts an islet (29).

RNA isolation and RT

Total RNA was isolated from entire frozen pancreas using TRIzol
reagent (Invitrogen Life Technologies, Inc., Carlsbad, CA) and was ad-
ditionally purified using the RNeasy 96-kit (QIAGEN, Valencia, CA)
before being resuspended in diethylpyrocarbonate-treated distilled wa-

FIG. 3. Mean (�SEM) percentage of
small (�5,000 �m2), medium-sized
(5,000–10,000 �m2), or large (�10,000
�m2) islets in pancreata of control an-
imals (�) or animals treated with STZ
(f; A–C) and mean weighted mean islet
volume (D) at 4, 8, and 20 d after STZ
treatment. Data represent 12–18 ani-
mals at each time point. *, P � 0.05; **,
P � 0.01 (vs. control). #, P � 0.05; ##,
P � 0.01 (vs. controls on d 4 and 20).
Between 10 and 21 islets were analyzed
for each tissue section.

TABLE 3. Mean percentage of islet area occupied by cells immunopositive for insulin, glucagon, or somatostatin in control or STZ-treated
animals between 2 and 20 d after STZ treatment on postnatal d 4

Days after treatment

2 4 8 12 16 20

Insulin
Control 67.5 � 1.2 63.7 � 0.8 63.6 � 0.8 62.0 � 3.8 64.2 � 6.9 62.0 � 2.7
STZ 44.5 � 4.0a 45.1 � 0.7 43.4 � 0.2a 48.6 � 6.7 63.0 � 2.1 63.9 � 1.4

Glucagon
Control 22.9 � 1.9 24.3 � 1.0 22.1 � 3.5 31.1 � 1.3 25.5 � 2.0 31.2 � 2.5
STZ 35.1 � 1.9a 29.4 � 1.2 46.4 � 3.4a 42.2 � 3.5a 32.5 � 0.7 33.7 � 1.7

Somatostatin
Control 3.8 � 0.8 4.0 � 0.7 5.3 � 1.3 9.2 � 0.8 10.4 � 0.5 8.4 � 0.6
STZ 5.1 � 0.3 6.0 � 0.7 12.0 � 0.5a 7.7 � 0.3 12.0 � 0.7 12.3 � 0.5a

Data are the mean � SEM for tissue sections from 12–18 animals. Between eight and 17 islets were analyzed for each tissue section.
a P � 0.05 vs. control.
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ter. RNA concentrations were determined from spectrophotometric ab-
sorption at 260 nm, and the ratio of absorbance at 260/280 nm was
assessed to confirm purity (ratios �1.9). RT was performed using the
Omniscript RT Kit (QIAGEN) following the manufacturer’s instructions.
Five micrograms of total RNA were reverse transcribed in a total volume
of 50 �l using oligo(deoxythymidine) primers from Sigma-Genosys
Corp. (Oakville, Canada). For every RT reaction set, one RNA sample
was set up without reverse transcriptase enzyme to provide a negative
control. Reactions were incubated at 25 C for 10 min, at 42 C for 50 min,
and at 70 C for 15 min. After RT, samples were diluted by adding
diethylpyrocarbonate-treated distilled water.

Real-time quantitative RT-PCR

Two different methods of real time PCR were performed. 1) Real-time
quantitative PCR was performed using TaqMan probe technologies in
an ABI PRISM 7900HT sequence detection system (Applied Biosystems,
Foster City, CA) to determine the relative abundance of glucagon
(Rn00562293-m1). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was used as an endogenous control (TaqMan Rodent GAPDH
Control Reagents, P/N: 4308313, Applied Biosystems). These primer
probe sets span an intron for RNA specificity. PCRs were run in triplicate
50-�l reactions that contained 25 �l TaqMan Universal PCR Master Mix
(P/N 4304437), 2.5 �l 20� Assays-on-Demand Gene Expression Assay
Mix (Applied Biosystems), and 150 ng cDNA. Two-step PCR cycling was
carried out as follows: one cycle of 50 C for 2 min, one cycle of 95 C 10
min, and 45 cycles of 95 C for 15 sec and 60 C for 1 min. 2) SYBR Green
I quantitative real-time PCR was used to study the expression of insulin,
GLP-1 receptor, and �-actin as an endogenous control. Gene-specific
primers are shown in Table 1. All primers were purchased from Sigma-
Genosys Corp. SYBR Green I Master Mix (QIAGEN) was used as rec-
ommended by the manufacturer [25 �l Master Mix, 2 �l primers (15 �m

each), and 400 ng RT product in a total volume of 50 �l in triplicate].
Thermal cycling conditions were 15 min at 95 C, followed by 50 cycles
of 15 sec at 95 C, 30 sec at 61.5, and 30 sec at 72 C, followed by a standard
dissociation curve. The specificity of the SYBR Green I assay was verified
by performing a melting curve analysis and by subsequencing the PCR
products. The comparative threshold (CT) method (		CT method) was
used, and validation experiments were performed to demonstrate that
the efficiencies of target and reference genes were approximately equal
(the plot of log input amount vs. 	CT has a slope � 0.1). The threshold
cycle range for proglucagon mRNA was 15–21; that for GAPDH mRNA
was 20–28. These varied with the age of animal.

Hormone extraction and RIA

Frozen pancreata were weighed and homogenized twice in 2–3 ml
0.5% trifluoroacetic acid in a sonicator and left for 1 h at 4 C. Samples
were rehomogenized and spun at 10,000 � g, and supernatants were
stored at �20 C. Before the analysis, extracts were purified using Sep-
Pak C18 (Waters Corp., Milford, MA) cartridges as previously described
(34). Concentrations of glucagon or GLP-1 were measured in pancreatic
extracts and serum by RIA (Linco Research, Inc., St. Charles, MO) fol-
lowing the manufacturer’s instructions. Results were expressed as pi-
comoles per milligram of pancreas. Assay sensitivities were 3 pm (9.89
pg/ml) for GLP-1 and 5.74 pm (20 pg/ml) for glucagon. Intra- and
interassay coefficients of variation for GLP-1 were 26.5% and 26.7%,
respectively; those for glucagon were 4.9% and 11.7%. Addition of up
to 10 �m glucagon in the assay for GLP-1 caused no displacement of
tracer.

Statistical analysis

Data are represented as the mean � sem and were compared using
Student’s t test or two-way ANOVA to assess the statistical significance
between time courses, followed by a Bonferroni posttest when interac-
tion was present. Significance was set at P � 0.05. All calculations were
performed using PRISM version 4 (GraphPad, Inc., San Diego, CA) for
Windows (Microsoft Corp., Redmond, WA).

Results

In animals receiving STZ, blood glucose levels were sig-
nificantly elevated within 2 d of treatment compared with

control animals and reached a plateau of approximately 13
mm between d 4 and 12 (Fig. 1). By d 20 after STZ treatment,
blood glucose levels did not differ significantly from those in
control rats, which remained euglycemic throughout the

FIG. 4. A, Immunohistochemical localization of glucagon (red) and
PCNA (blue) in sections of rat pancreas from control animals (A and
B) or 8 d after STZ treatment (C and D). Representative islets are
shown in A and C, and pancreatic ducts are shown in B and D.
Magnification bar, 20 �m. E, Number (mean � SEM) of �-cells per 10
mm2 pancreas in control (�) vs. STZ-treated (f) animals 4, 8, and 12 d
after treatment. F, Percentage of pancreatic ductal epithelial cells
that costained for PCNA at 4, 12, and 16 d after STZ treatment. Data
represent 12–18 animals at each time point. *, P � 0.05; **, P � 0.01
(vs. control).
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study. Treatment with STZ did not significantly alter mean
body weight, pancreatic weight (Table 2), or liver weight
(data not shown) compared with controls at any time point,
and no mortality occurred.

Histological analysis showed that approximately 60% of
insulin-immunoreactive cells within islets were lost after STZ
treatment (Fig. 2). Four days after treatment, an increased
number of small clusters of insulin-immunoreactive cells
were seen adjacent to pancreatic ducts; by d 8, increased
numbers of small islets were present without evidence of
STZ-induced �-cell destruction. Between d 20 and 40 after
STZ, the larger islets that had originally exhibited �-cell loss
had now remodeled with a uniform core of insulin-positive
�-cells. Calculation of the volume-weighted mean islet vol-
ume over the study period in control animals showed a
substantial increase between 4 and 8 d (8 and 12 d age), with
a decline between d 8 and 20, presumably associated with
maturation and expansion of the exocrine tissue compart-
ment. In animals receiving STZ, there was a 66% reduction
in mean islet volume vs. controls on d 8 (Fig. 3D). When the
percentages of small (�5000 �m2), medium-sized (5000–
10,000 �m2), or large (�10,000 �m2) islets were compared,
the pancreata from STZ-treated animals had a significantly
increased percentage of smaller islets compared with con-
trols on d 8 after treatment, whereas the relative percentage
of larger islets was much reduced (Fig. 3, A–C).

We subsequently determined how the relative volumes of
islet endocrine cell types had changed to account for the
reduced mean islet volume after STZ treatment. As expected,

there was a significant reduction in the mean area of islets
accounted for by �-cells, and this resulted in a greater relative
area accounted for by glucagon- or somatostatin-immuno-
reactive cells (Table 3). However, between 8 and 14 d after
treatment, the area occupied by glucagon-positive cells
increased sharply, as did the presence of somatostatin-
containing cells on d 8. Dual immunohistological staining for
both glucagon and PCNA confirmed an increased presence
of �-cells with evidence of DNA synthesis 8 d after STZ
treatment compared with control rats (Fig. 4A). When quan-

FIG. 5. Glucagon content in serum (A) and the ratio of mRNA en-
coding proglucagon (B) relative to GAPDH (mean � SEM) in pancreata
from control animals (�) or 8, 16, and 40 d after STZ treatment (f).
Data represent 12–18 animals at each time point. *, P � 0.05; **, P �

0.01 (vs. control).

FIG. 6. Pancreatic content (mean � SEM) of immunoreactive GLP-1
(A) or glucagon (B) and percentage of GLP-1/glucagon (C) in tissue
from control animals (�) or 4, 8, and 40 d after STZ treatment (f).
Data represent 12–18 animals at each time point. *, P � 0.05; ***, P �

0.001 (vs. control). #, P � 0.05 (vs. control on d 4). &, P � 0.05 (vs. STZ
group on d 4).
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tified, the number of �-cells per area of pancreas was sig-
nificantly increased 8 and 12 d after STZ compared with
controls (Fig. 4B). On d 8, the percentage of these �-cells that
also showed nuclear staining for PCNA was 23 � 2% in
control animals, but it was 41 � 3% was STZ treatment (P �

0.01). Within the same tissue sections, the percentage of
�-cells that also stained for PCNA was 16 � 3% in controls
and 25 � 4% after STZ (P � 0.05). PCNA labeling was also
seen within ductal epithelial cells and was significantly in-
creased in pancreas from STZ-treated rats on 12 d (Fig. 4C).

We examined the implications of an increased �-cell pres-
ence on the expression of the proglucagon gene and the

presence of its products. Circulating glucagon was increased
8 d after STZ treatment, but was no different from control
values on d 16 (Fig. 5A). Proglucagon mRNA was quantified
by real-time PCR in intact pancreas and was significantly
greater in STZ-treated animals between 16 and 40 d (Fig. 5B).
The discrepancy between gene expression and circulating
glucagon levels prompted the measurement of a second ma-
jor product of the proglucagon gene, GLP-1. Glucagon and
GLP-1 levels were each measured by RIA in extracts from
intact pancreata. Both were present on d 4 and 8 after STZ
treatment and declined by d 40 (Fig. 6). On d 8, the content
of GLP-1 was significantly elevated in STZ-treated animals,
whereas that of glucagon was unaltered, resulting in a sig-
nificant change in the proglucagon gene product ratio in
favor of GLP-1.

To examine the functional significance of increased GLP-1
synthesis, we administered the GLP-1 receptor antagonist,
GLP-1-(9–39), to rats after saline or STZ treatment. These
experiments were terminated on d 19, when the capacity of
the minipumps was exhausted and before a full renewal of
�-cells could be expected after STZ treatment. GLP-1-(9–39)
treatment did not alter weight gain in these animals or have
any visible deleterious effect. GLP-1-(9–39) alone caused a
significant reduction in the mean islet area compared with
controls (Fig. 7A) and in the area of pancreas represented by
�-cells (Fig. 7B); this was reduced further in STZ-treated

FIG. 7. Percent area of pancreas (mean � SEM) occupied by total islet
area (A) or �-cells (B) in animals that received saline alone (�), saline
with GLP-1-(9–39) (u), STZ (f), or STZ and GLP-1-(9–39) (s). Fig-
ures represent eight to 10 animals at each time point. *, P � 0.05; **,
P � 0.01; ***, P � 0.001 (vs. control). &, P � 0.05 (vs. STZ). C, Glucose
values (mean � SEM) during a glucose tolerance test in animals that
had received saline (�), saline
GLP-1-(9–39) (u), STZ (f), or STZ
and GLP-1-(9–39) (s). Data represent five rats at each time point. ***,
P � 0.001 [STZ and STZ plus GLP-1-(9–39) vs. control or control and
GLP-1-(9–39)]. #, P � 0.05 [STZ vs. STZ and GLP-1-(9–39]. a, P � 0.01
[control vs. control and GLP-1-(9–39)]. b, P � 0.01 [STZ or STZ and
GLP-1-(9–39) vs. time zero].

FIG. 8. Ratio of mRNAs encoding insulin (A) or GLP-1 receptor (B)
relative to �-actin (mean � SEM) in pancreata from control animals (�)
or 4–40 d after STZ treatment (f). Data represent 12–18 animals at
each time point. *, P � 0.05; **, P � 0.001 (vs. control).
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animals. Some animals were followed until 28 d of age and
subjected to a glucose tolerance test. GLP-1-(9–39) alone did
not alter the glucose excursion profile, but animals receiving
STZ had a significantly worse glucose tolerance if they had
also received GLP-1-(9–39) (Fig. 7C).

Quantification of insulin mRNA showed that this contin-
ued to be lower than in control animals until at least d 16, but
had returned to control values by d 40 after STZ (Fig. 8A).
Similarly, mRNA for the GLP-1 receptor, which is present on
�-cells, was also less abundant (Fig. 8B). Visualization of
insulin-positive cells within islets of control rats by immu-
nofluorescence on d 8 showed little costaining with GLP-1 or
glucagon (Fig. 9), although they did contain the GLP-1 re-
ceptor (Fig. 10). However, in pancreata from animals receiv-
ing STZ, costaining of insulin with GLP-1 and glucagon was
seen (Figs. 9 and 10), especially in small and medium-sized
islets, at more than twice the frequency in control rats (Fig.
11). Islet cells from STZ-treated rats, but not controls, also
demonstrated colocalization of glucagon with Pdx-1 and of
glucagon with Glut-2 (Fig. 12).

Discussion

Developmental remodeling in the neonatal rat pancreas
results in a relative reduction in �-cell mass relative to body
weight at 2 wk of age, which is largely recovered by weaning
(8). The induction of an approximately 60% loss of �-cells at
this time using STZ was followed by the recovery of �-cell
volume between 20 and 40 d later. Although the model

resulted in transient hyperglycemia, no differences in mean
body or pancreatic weight were seen compared with control
animals. However, measurement of pancreatic insulin
mRNA showed that this was substantially lower in STZ-
treated rats on d 16 and had not recovered until d 40, sug-
gesting that the recovered �-cell mass seen at 16 d after STZ
treatment was not functionally mature. Nevertheless, the
model demonstrates that an exaggeration of the develop-
mental turnover of �-cells with STZ in neonatal life, with a
60% loss, is largely reversible within 5 wk. The ability to
rapidly regenerate islet mass may be partly explained by the
moderate and transient nature of the associated hypergly-
cemia. Prevention of hyperglycemia with insulin therapy in
more severe models of STZ-induced cell loss resulted in a
more rapid recovery of �-cell mass (23, 25).

Loss of �-cells was rapidly followed by the increased ap-
pearance of individual insulin- and glucagon-positive cells
associated with pancreatic ducts, although increased labeling
of duct epithelium with PCNA was not seen until d 12. This
suggests that new endocrine cells appearing within the first
4 d after STZ treatment were derived directly from existing
precursors within the ducts. By d 8 after treatment, there was
a significantly increased population of smaller islets. This
occurred despite a substantial reduction in total volume-
weighted mean islet volume and a reduction in the number
of larger islets subsequent to �-cell destruction, and it agrees
with the islet neogenic activity reported previously after STZ
treatment (35–37). However, a second likely source of new

FIG. 9. Immunofluorescent colocalization of
insulin (A), GLP-1 (B), and their superimposi-
tion (C) and of glucagon (D), GLP-1 (E), and
their superimposition (F) in sections from the
same islets from control animals (A–F). Insulin
(G), GLP-1 (H), and their superimposition (I)
are also shown for an animal 8 d after treatment
with STZ (G–I). Magnification bar, 10 �m.
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�-cells was from within existing islets. By 8 d after STZ
treatment, an increased frequency of PCNA staining was
seen in both glucagon- and insulin-positive cells. The in-
crease in proliferative activity in glucagon-positive cells co-
incided with a significant increase in numbers on d 8 and 12.
Hyperglycemia and reduced insulin availability are known
to cause increased proglucagon gene expression and circu-
lating glucagon (38, 39), but �-cell hyperplasia has only pre-

viously been reported in extreme models of glucagon loss,
such as with deletion of the prohormone convertase-2 (PC2)
gene (40). Some �-cells showed colocalization of glucagon
with either Pdx-1 or Glut2, suggesting the appearance of an
immature phenotype of �-cell. However, the major feature of
this phenotype was a relative shift in proglucagon gene pro-
cessing toward GLP-1.

GLP-1 has a variety of trophic effects on �-cells, including
enhancement of glucose-stimulated insulin release, stimula-
tion of cell replication, inhibition of cytokine-mediated ap-
optosis, and ability to promote the replication and differen-
tiation of �-cell progenitors (41–43). A homeostatic increase
in islet-derived GLP-1 in juxtaposition to �-cells in damaged
islets would be ideally placed to enable �-cell renewal by
increased proliferation of existing cells or from resident pre-
cursors. Such a shift in gene product would imply a change
in the expression of PCs within �-cells. All islet endocrine cell
types express PC1/3, whereas �-cells express mainly PC2
(44). PC1/3 and PC2 act together at the �-cell to process
proinsulin to insulin, whereas PC2 selectively converts pro-
glucagon to glucagon in the �-cell. In intestinal L cells, pro-
glucagon is processed by PC1/3 to form GLP-1, GLP-2, and
glicentin (45). Deletion of the PC1/3 gene produces a com-
plex phenotype of postnatal dwarfism with hyperproinsu-
linemia and a failure to process proglucagon and insulin (46).
Disruption of the PC2 gene caused a delay in islet cell dif-
ferentiation with a prolonged presence of cells coexpressing
glucagon and insulin, a cell phenotype not normally seen
after embryonic d 13 of development in mice, or glucagon,
Pdx-1, and Nkx6.1 (46, 47). A 3-fold increase in the prolif-
erative rate of proglucagon cells occurred in perinatal life,
resulting in adult �-cell hyperplasia. Increased numbers of
smaller islets were also found in the pancreas. Deletion of the
PC2 gene resulted in hyperplasia of somatostatin cells (47).
The PCs in pancreas changed dramatically as a result of
hyperglycemia/hypoinsulinemia. When most �-cells in the
adult rat were deleted using STZ, a much-increased presence
of PC1/3, PC2, glucagon, and GLP-1 was reported after 6 d
in the remaining islets, whereas GLP-1 levels were increased
in pancreas and serum (48). However, the ratio of proinsulin
to insulin was unaltered, and the increase in PC2 expression
was limited to �-cells.

The present studies strongly suggest a change in the rel-
ative expression of PC1/3 and PC2 within the �-cell popu-
lation 1–2 wk after STZ treatment. As in the PC2 gene-deleted
mouse, we found rapid �-cell hyperplasia with evidence of
�-cell immaturity and a greater appearance of locally pro-
duced GLP-1. Because circulating GLP-1 was also elevated,
the possibility cannot be excluded that altered processing of
the proglucagon gene also occurred in intestinal L cells.
These findings suggest that a regenerative plasticity of the
�-cell population in early life involves an ability to modulate
proglucagon gene processing and cell number in the adjacent
�-cells, resulting in the increased local availability of GLP-1.
Pancreatic GLP-1 was detected in control animals on post-
natal d 8 (4 d after STZ) and declined with age until it was
barely detectable by 44 d of age. This is not a direct measure
of �-cell ontogeny, because substantial acinar cell hyperpla-
sia and hypertrophy occur before weaning in rats, but it
indicates that local production of GLP-1 contributes to the

FIG. 11. Percentage of cells within islets showing immunofluorescent
colocalization of insulin and GLP-1 from control animals or those
treated with STZ, 8 d after treatment. Values show the mean � SEM

(n � 18 animals). **, P � 0.01 vs. control.

FIG. 10. Immunofluorescent colocalization of insulin (A and E), glu-
cagon (B and F), GLP-1 receptor (C and G), and their superimposition
(D and H) in the same histological sections from control animals (A–D)
or animals 8 d after treatment with STZ (E–H). Magnification bar,
10 �m.
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developmental remodeling of the islets seen at this time. The
abundance in the rat pancreas of the biologically active and
processed amidated form of GLP-1 is maximal on postnatal
d 8 (49). This GLP-1 is functionally active, because we found
that administration of the GLP-1 receptor antagonist, GLP-
1-(9–39), caused a reduction in the recovery of �-cells after
STZ and resulted in worse glucose tolerance in these animals.
The use of GLP-1-(9–39) was previously shown to be less
effective in preventing �-cell recovery after partial pancre-
atectomy compared with the phenotype in GLP-1 receptor-
null mice (50).

The identity of the target cells for GLP-1 action is unclear.
This is likely to include remaining differentiated �-cells, be-
cause the proliferation rate of insulin-positive cells was in-
creased 8 d after STZ, and expression of GLP-1 receptor was
present at this time. However, after STZ treatment, an in-
creased number of atypical insulin-positive cells was found
in the core of small and medium-sized islets that colocalized
both glucagon and GLP-1 receptor. This may reflect differ-
entiation of new endocrine cells from resident precursors (27)
or, possibly, dedifferentiation of existing endocrine cells to a
proliferative precursor phenotype and subsequent rediffer-
entiation into �-cells. Similar cells coexpressing insulin and
glucagon were also reported after near-total ablation of
�-cells with STZ in neonatal rats (51). Dedifferentiation of
islet-derived endocrine cells into cytokeratin-positive epi-
thelial cells expressing c-Kit and/or nestin and their expan-
sion over multiple passages have been reported in vitro (52–
54). These cultures lose expression of all endocrine cell
markers, but are able to form pseudoislet structures and

reexpress insulin once transferred to a collagen type 4/lami-
nin-rich matrix.

In summary, by inducing � -cell loss with STZ between
birth and weaning, we have documented a rapid regenera-
tion that appears to involve the generation of new islets and
the restructuring of preexisting islets. Coincident with � -cell
renewal within islets was a hyperplasia of glucagon-positive
cells and a change in proglucagon gene processing to favor
GLP-1. This is likely to reflect a homeostatic stimulus to
restore �-cell mass, which may become rate limiting with age.
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