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Abstract
BACKGROUND & AIMS—Pancreatic β-cell mass increases in response to increased demand
for insulin, but the factors involved are largely unknown. Glial cell line-derived neurotrophic
factor (GDNF) is a growth factor that plays a role in the development and survival of the enteric
nervous system. We investigated the role of GDNF in regulating β-cell survival.

METHODS—Studies were performed using the β-TC-6 pancreatic β-cell line, isolated mouse
pancreatic β-cells, and in vivo in transgenic mice that overexpress GDNF in pancreatic glia.
GDNF receptor family αl and c-Ret receptor expression were assessed by RT-PCR and
immunofluorescence microscopy. Apoptosis was evaluated by assessing caspase-3 cleavage.
Phosphoinositol-3-kinase signaling pathway was analyzed by Akt phosphorylation. Glucose
homeostasis was assessed by performing intraperitoneal glucose tolerance tests. Insulin sensitivity
was assessed using intraperitoneal injection of insulin.

RESULTS—We demonstrate the presence of receptors for GDNF, GFR-α1 and c-Ret on β-cells.
GDNF promoted β-cell survival, proliferation and protected them from thapsigargin-induced
apoptosis (P<0.0001). GDNF resulted in phosphorylation of Akt and GSK3β. Transgenic mice
that overexpress GDNF in glia exhibit increased β-cell mass, proliferation and insulin content. No
differences in insulin sensitivity and c-peptide levels were noted. Compared to wild-type mice
GDNF-transgenic mice have significantly lower blood glucose levels and improved glucose
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tolerance (P<0.01). GDNF-transgenic mice are resistant to streptozotocin-induced β-cell loss
(P<0.001) and subsequent hyperglycemia.

CONCLUSIONS—We demonstrate that overexpression of GDNF in pancreatic glia improves
glucose tolerance and that GDNF may be a therapeutic target for improving β-cell mass.
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Type 1 and type 2 diabetes are characterized by loss or dysfunction of β-cells. The rate of β-
cell proliferation, hyperplasia, neogenesis, and death combine to determine β-cell mass1,
and are influenced by exposure to insulin, IGF-1, glucose, glucagon like peptide-1, growth
hormone and several other growth factors2. Among signaling cascades, the significance of
the PI-3-kinase/Akt pathway in enhancing β-cell proliferation and survival has been
recognized 3, 4.

Pancreatic β-cells share several biological properties with neuronal cells including
expression of the neuronal differentiation factor neuroD/β2 and dependence on nerve growth
factor (NGF) in vitro5. Moreover, multipotent precursors that generate both neural and
pancreatic lineages have been isolated from pancreatic ductal cells and islets6 suggesting
that neurotrophic factors such as GDNF might play a role in β-cell growth and survival

GDNF is a neurotrophic factor that plays a critical role in the development and survival of
the enteric nervous system 7. GDNF mediates its functions through binding to a multi-
component receptor complex consisting of the Ret receptor tyrosine kinase and the
glycosylphosphoinositol (GPI)-anchored co-receptor, GFRα18. Although the role of GDNF
in pancreatic β-cell growth and survival is not known, reports of increased expression of
GDNF and other neurotrophic factors in the proximity of pancreatic β-cells following islet
injury 9 raises the possibility that GDNF and other neurotrophic factors might be involved in
islet repair. In the present study we examined the role of GDNF in the regulation of β-cell
proliferation and survival and the physiologic consequence on glucose homeostasis. We
show that pancreatic β-cells express receptors for GDNF, and that GDNF supports the
survival and proliferation of β-cells in vitro. Using transgenic mice that over express GDNF
in glial cells we show that GDNF promotes increased β-cell mass, improves glycemic
control, and protects against β-cell destruction in vivo.

Methods
Materials

The following antibodies were used for immunocytochemistry: rabbit polyclonal antibodies
to GDNF (D-20) and GFRα1 (H-70) (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.),
human c-Ret (R787: IBL, Japan), S-100β (BD Pharmingen, San Diego, CA, U.S.A.),
cleaved caspase-3 (Cell Signaling Technologies, Danvers, MA, U.S.A.), and guinea pig anti-
insulin (Zymed Laboratories, San Francisco, CA, U.S.A.) were used at 1:50 dilution. Biotin-
conjugated donkey anti-rabbit IgG secondary antibody and peroxidase-conjugated
streptavidin (Jackson ImmunoResearch Laboratories, Westgrove, PA, U.S.A.), Alexa Fluor
488 and 594 donkey anti-guinea pig and rabbit IgG (Molecular Probes, Eugene, OR, U.S.A)
and Ki67 (Novocastra, Newcastle, U.K.) were used at a 1:500 dilution.

For Western blotting, rabbit polyclonal antibodies to phospho-Akt (ser473), Akt, and
phospho-GSK3β, GSK3β and cleaved caspase-3 (Cell Signaling Technologies) were used at
a 1:1000 dilution, streptavidin-horseradish peroxidase conjugated anti-rabbit and anti mouse
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IgG (Cell Signaling Technologies) at 1:2500 dilution, and mouse monoclonal antibody to β-
actin (Sigma, St. Louis, MO, U.S.A.) at 1:5000 dilution.

Animals
In vivo studies were conducted in littermates obtained from crossing CF1 WT mice with
GFAP-GDNF transgenic mice on a CF1 background generated at Washington University, in
St. Louis, MO, U.S.A. GFAP-GDNF transgenic mice are engineered to overexpress GDNF
in glial cells under the control of the glial fibrillary acidic protein promoter10. The genotypes
of the mice were determined by PCR using DNA extracted from mouse tail using the
REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich CO, St. Louis, MO, USA) according
to recommended procedure. Forward (5'-AGACGCATCACCTCCGCT-3') and reverse (5'-
TGACGTCATCAAACTGGTCAGG-3') primers designed to only amplify the transgene
sequence were used.

MIP-GFP transgenic mice 11 were used to isolate primary β-cells for in vitro studies. These
mice express green fluorescent protein (GFP) in pancreatic β-cells under the control of the
mouse insulin I promoter (MIP). The mice were used at 8–10 weeks of age. All animal
studies were approved by the Emory University Animal care and use committee.

Islet isolation and cell culture
Islets were isolated using a modification of the procedure described by Bernal-Mizrachi et
al 3. Pancreata were digested for 40 min at 37°C with 2 mg/ml collagenase (Type IV, Gibco
BRL, Grand Island, NY, U.S.A.), and islets isolated by density gradient centrifugation using
1.108, 1.096, and 1.037 islet gradient (Mediatech Inc., Herndon, VA, U.S.A). To obtain
single cells, islets were digested with 0.01% trypsin in modified Eagle's medium and
dispersed by gently pipetting up and down 3. β-TC-6 cells (ATCC, Manassas, VA, U.S.A.)
were cultured in Dulbecco's Modified Eagles' Medium (DMEM) (ATCC) supplemented
with 15% fetal bovine serum. For GDNF stimulation studies cells were serum deprived for
48 hours, followed by incubation with DMEM alone or DMEM supplemented with different
concentrations of GDNF.

PCR
First-strand cDNA synthesized using the Omniscript reverse transcription kit (Qiagen
GmbH, Hilden, Germany) from RNA isolated using the RNeasy Mini kit (Qiagen) was
subjected to 40 cycles of PCR amplification. The primers used included mouse GFRα1
forward (5'<ATGAAGAACGAGAGAGGCCCAA>3') and reverse
(5'<ACTCTGGCTGGCAGTTGGTAAA>3') primers, Ret forward
(5'<TACCGTACACGGCTGCATGAGAAT>3') and reverse
(5'<ATGTGGAAGTGGTAGAAGGTGCCA>3') primers, and GDNF forward
(5'<TCGATATTGCAGCGGTTCCTGT>3') and reverse
(5'<ACATCCACACCGTTTAGCGGAA>3') primers. All primers used were designed to
span at least an intron and thus are able to discriminate between products amplified from
mRNA and genomic DNA.

Immunocytochemistry
β-TC-6 cells, isolated pancreatic β-cells, and pancreatic sections from frozen and paraffin-
embedded tissues were stained for immunofluorescence microscopy as previously
described 12 and analyzed on a Zeiss Axioskop 2 plus fluorescent microscope (Carl Zeiss
Werk, Gottingen, Germany) mounted with an AxioCam MRc 5 camera. Images were taken
with the aid of the Axiovision (Rel 4.5) software (Carl Zeiss Imaging System). Cells were
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also scanned with an LSM 510 laser scanning confocal microscope (Zeiss, Heidelberg,
Germany).

Apoptosis
Apoptosis was assessed either by Western blotting for cleaved caspase-3 or cleaved
caspase-3 with immunofluorescence microscopy 12, 13.

Proliferation
Cell proliferation in cultured cells and pancreatic tissue was assessed by
immunofluorescence microscopy 13 using an anti-Ki67 polyclonal antibody 14.

Western blotting
Western blotting were performed as previously described12. A semiquantitative
measurement of band density was performed using Scion Image for Windows software
(Scion Corp, MD, U.S.A.).

Immunohistochemistry
Pancreata were frozen in Tissue-Tek O. C. T. compound (Sakura Finetek, Torrance, CA,
U.S.A.) or fixed in 10% formalin solution and embedded in paraffin using standard
techniques. Frozen sections were fixed in 4% paraformaldehyde and paraffin sections
processed according to suggested protocols (Cell Signaling Technologies). Staining was
performed according to standard protocols using the Histomouse-SP (AEC broad spectrum)
kit (Zymed).

Assessment of β-cell mass and size
Four 5 µm pancreas sections (separated by 200 µm)/ per mouse were used to assess β-cell
mass as previously described 3. Images were taken after insulin staining, and islet size, islet
number, β-cell size and the total areas of the sections determined using the Image-Pro Plus
5.0 software (Media Cybernetics, Silver Spring, MD, U.S.A.). The percentage of β-cell area
in each pancreas was then determined.

Assessment of insulin content
Pancreata were homogenized using acid-alcohol as previously described 15 and insulin
levels measured by radioimmunoassay at Linco Diagnostic Services (St. Louis, MO,
U.S.A.).

Glucose tolerance test and estimation of insulin sensitivity
Age-matched WT and GDNF-tg mice were fasted for 6 h and baseline blood glucose levels
measured with the aid of an Accu-Check Advantage blood glucose meter (Roche,
Mannheim, Germany) using blood collected from the tail vein. To tests for glucose
tolerance, the mice were injected intraperitoneally with 2 mg glucose/g body weight in
sterile PBS and blood glucose levels measured 30, 60 and 120 min after injection 3. For the
insulin sensitivity test, fasted mice were injected intraperitoneally with 0.75 U/Kg human
rapid insulin (Eli Lilly Co, Indianapolis, IN, USA), and blood glucose measured 15, 30, 60,
90, and 120 min after injection16.

Assessment of insulin and c-peptide secretion
For in vivo insulin secretion, 6-h fasted mice were injected with 3 mg glucose/Kg body
weight and plasma insulin measured 0 and 2.5 min post-injection using a rat/mouse insulin
ELISA kit (Linco). For in vitro insulin secretion analysis, isolated islets were cultured
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overnight in Ham's F10 medium, and 40 hand picked islets cultured per well for 2 h in
Kreb's Ringer bicarbonate buffer containing 1.67 mM glucose followed by 1 h in buffer
containing 1.67 mM or 20 mM glucose. The culture media were collected, the islets lysed in
acid-alcohol, and insulin concentrations measured by insulin ELISA (Linco).Values are
expressed as percent of islet content relative to basal secretion.

Resistance to induction of diabetes
WT and GDNF-tg littermates were injected intraperitoneally with 75 mg/Kg streptozotocin
followed by another 75 mg/Kg streptozotocin after 12 h and their blood glucose levels
measured once daily to monitor onset of hyperglycemia. Hyperglycemia was defined as
post-prandial blood glucose greater than 145 mg/dL. At the end of the experiments, the mice
were sacrificed, pancreata embedded in paraffin, sectioned and stained for insulin and islet
images obtained. The outlines of islets were marked, the images thresholded based on
insulin staining intensity, and threshold area relative to total islet area calculated with the aid
of the MetaMorph Offline version 7.0r3 software (Molecular Devices Corp., Downingtown,
PA, U.S.A.).

To assess apoptosis, pancreas sections from STZ-treated mice were made and apoptosis
assessed by cleaved caspase-3 immunofluorescence microscopy with TUNEL staining12.

Statistical Analysis
All statistical analyses were conducted using the GraphPad Prism software version 3.00 for
Windows (GraphPad Software, San Diego CA, U.S.A). Data were tested for normality and
subjected to t-tests or One-way ANOVA with Tukey post test.

Results
Ret and GFRα1 receptors are expressed in β-TC-6 cells and mouse pancreatic β-cells

To understand the role of GDNF in β-cell growth and survival, we first analyzed by RT-
PCR the expression of its receptors in cells of the insulin-secreting mouse pancreatic β-TC-6
cell line and mouse pancreatic β-cells. As seen in Fig. 1A, both cell types express significant
amounts of GFRα1 and Ret receptor mRNA. The expression of the receptors was further
analyzed by immunofluorescence microscopy using receptor-specific antibodies. High
expression of both receptors was observed in cultured β-TC-6 cells and isolated mouse
pancreatic β-cells (Fig. 1B and C). The localization of the receptors on the surface of the
cells was confirmed by laser confocal microscopy (Fig. 1D).

GDNF promotes β–cell survival and proliferation in vitro
GDNF is known to be a trophic factor for neurons, but its role in β-cell growth and survival
is not known. We thus tested if GDNF (10–500 ng/ml) could prevent apoptosis and promote
proliferation of primary β-cells and β-TC-6 cells. Apoptosis was assessed by blotting for
cleaved caspase-3 and cleaved caspase-3 immunocytochemistry. GDNF treatment for 72h
suppressed caspase-3 cleavage in β-TC-6 cells in a dose-dependent fashion (Fig. 2A and B).
To further investigate the ability of GDNF to promote β-cell survival, we assessed the
ability of GDNF to block the effects of thapsigargin, a pro-apoptotic stimulus for β-cells.
GDNF significantly reduced thapsigargin-induced apoptosis in β-TC-6 cells compared to
vehicle treated cells (Fig. 2C). Similarly, isolated mouse pancreatic β-cells from MIP-GFP
mice revealed a significant reduction in apoptosis when cultured for 48h in the presence of
GDNF (100–500 ng/ml) compared to vehicle (Fig. 2D).

We next assessed if GDNF could promote the proliferation of β-cells in vitro. β-TC-6 cells
were cultured in serum-free medium for 48 h followed by 24 h in the presence or absence of
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GDNF and assessed for proliferation by staining for the proliferation marker Ki6717. GDNF
increased the number of Ki67 positive cells in a dose dependent fashion (Fig. 2E). Taken
together these data suggest an important survival and proliferation role for GDNF in β-cells
in vitro.

GDNF Signals through the PI-3-kinase/Akt pathway to promote β- cell survival
Since GDNF signals through the PI-3-kinase/Akt pathway in neurons to promote cell
survival, we examined the possible activation of this pathway in β-cells by GDNF. β-TC-6
cells pre-cultured in serum-free medium for 48 h were stimulated with vehicle only (no
GDNF), GDNF (100ng/ml) or serum (15%) for 30 min, and analyzed by Western blotting
for Akt phosphorylated at ser 473. Significant amounts of phospho-Akt were detected in
cells cultured in the presence of GDNF, but absent in cells cultured in vehicle only
(P<0.001; Fig. 3A). We also investigated the ability of GDNF to stimulate the
phosphorylation of glycogen synthase kinase-3β (GSK3β), a downstream target of Akt, in
these cells. More than 2.7 fold more phospho-GSK3β (ser9) was detected by Western
blotting in β-TC-6 cells cultured for 30 min with GDNF than in cells cultured in vehicle
only (P<0.001; Fig. 3B). This increase was lost when the cells were cultured with GDNF in
the presence of the PI3-kinase inhibitor LY294002. These data, thus, demonstrate that
GDNF activates the PI-3-K/Akt signaling pathway in β-cells in vitro.

Mice overexpressing GDNF in pancreatic glia have higher β-cell mass and β-cell
proliferation

Having demonstrated the effects of GDNF in vitro we next examined the effects of GDNF in
vivo using a GDNF transgenic (GDNF-tg) mouse in which the overexpression of GDNF has
been demonstrated in astrocytes in the brain and spinal cord 10 and glia in the peripheral
nervous system. Experiments were performed on GDNF-tg mice and their WT littermates.
Both male and female GDNF-tg mice have approximately 20% lower body weight
compared to their WT littermates (weight in gms at 8 Weeks, WT-M: 35.1 ± 1.4, GDNF-tg
M: 30.8 ± 0.7 P<0.05, WT-F: 29.5 ± 0.8, GDNF-tg F: 23.7 ±1.2, P<0.01). Despite their
lower body weights, GDNF-tg mice have normal eye opening, fur growth, and weaning and
reproductive capacity, similar to WT mice. GDNF-tg mice have a slight tremor at birth that
disappears by 2–3 Weeks of age. To confirm the overexpression of GDNF in the pancreas of
GDNF-tg mice, we compared by RT-PCR the levels of GDNF mRNA in pancreas from WT
and GDNF-tg mice. GDNF-tg mice had more than 2.2 fold more GDNF message than WT
mice (P<0.01; Fig. 4A). To identify the specific areas of the pancreas where GDNF is
expressed, sections of pancreas from both WT and GDNF-tg mice were
immunofluorescently stained for GDNF. As seen in Fig. 4B, GDNF expression was
localized to glial cells identified by the glial specific marker, S-100β, and was enhanced in
GDNF-tg mice compared to WT mice.

To assess the effects of increased GDNF expression in the pancreas, successive sections
taken 200 µm apart from pancreata from 8 week-old WT and GDNF-tg mice were stained
for insulin. Examination of these sections revealed significantly more islets in GDNF-tg
mice than their WT littermates (Fig. 5A). A more detailed morphometric analysis to assess
β-cell mass showed a 2.5 fold increase in β-cell area/pancreas in transgenic mice compared
to WT mice (P<0.001; Fig. 5A). The number of islets per unit pancreatic tissue was higher
in GDNF-tg mice compared to WT mice (P<0.05; Fig. 5B). The size of individual islets was
higher in GDNF-tg mice compared to WT mice (P<0.05; Fig. 5C). However, individual β-
cell size appeared similar (P >0.05; n=26, Fig. 5D) and no change in the islet architecture
was noted, with a similar distribution of β and α cells. Assessment of pancreatic insulin
content also revealed a 3.2 fold higher insulin content in GDNF-tg mice than in WT mice
(P<0.05; Fig. 5E). To understand the processes accounting for the increased β-cell mass in
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GDNF-tg mice, WT and GDNF-tg mice were stained for insulin and Ki67 to assess β-cell
proliferation (Fig. 5F). A significantly higher number of Ki67+/insulin+ cells were observed
in islets of GDNF-tg mice compared to WT mice. (P<0.0001, n = 3).

Functional evidence of improved glucose homeostasis in GDNF transgenic mice
To assess the functional effect of increased β-cell mass on glucose homeostasis, glucose
tolerance tests were conducted in male and female WT and GDNF-tg mice. Fasting blood
glucose levels of GDNF-tg mice of both sexes were significantly (P<0.05) lower than those
of WT mice (Fig. 6A, B). Following intraperitoneal glucose administration, blood glucose
levels remained significantly lower in GDNF-tg mice than in WT mice at all time points
except at the 120 min time point in females (Fig. 6A, B). Intraperitoneal glucose tolerance
curves were compared in weight matched WT and GDNF-tg mice and the impairment in
glucose tolerance persisted (blood glucose 30 min post injection of glucose (mg/dL) WT:
252 ± 34, GDNF-tg, 175 ± 12, P<0.01, WT weight (gms): 33.73 ± 0.9, GDNF-tg weight
(gms): 32.94 ± 0.36, n=5 p>0.05. We also assessed if there was a difference in insulin
sensitivity between WT and GDNF-tg mice using an intraperitoneal insulin sensitivity test,
and found no difference (Fig. 6C). To investigate the factors contributing to the improved
glucose tolerance, c-peptide and insulin levels were assessed in plasma samples collected
following 6 hr of fasting. GDNF-tg mice had similar plasma c-peptide and insulin levels to
WT mice (P>0.05; Fig. 6 D, E). We then assessed glucose-stimulated insulin release in vivo.
We found that 2.5 minutes after intraperitoneal glucose administration, plasma insulin
increase relative to baseline was 144.7 ± 28.75 % in GDNF-tg mice compared to 30.85 ±
15.52 % in WT mice (Fig. 6F, p<0.01). These data suggest that the increased β-cell mass
and associated increased insulin release in GDNF-tg mice results in improved glucose
tolerance. We also tested glucose-stimulated insulin secretion in vitro in islets isolated from
WT and GDNF-tg mice. Glucose-stimulated insulin secretion was assessed in response to
20mM glucose compared to baseline 1.67 mM glucose. We found no difference in in vitro
insulin release in islets isolated from WT vs. GDNF-tg mice (% insulin release, WT: 109.2 ±
27.68; GDNF-tg : 89.3 ± 52.61, n=4, P>0.05).

GDNF transgenic are resistant to the induction of diabetes mellitus
Administration of multiple low doses of streptozotocin (STZ) produces diabetes by the
selective loss of β-cells18. The rate of conversion to hyperglycemia following a low dose
STZ protocol was used to assess diabetes susceptibility. While WT mice developed diabetes
as early as day 4 post STZ injection, GDNF-tg mice remained normoglycemic. At day 14
post STZ injection the number of hyperglycemic mice was significantly higher among WT
mice than GDNF-tg mice (Fig. 7A). The effect of STZ on β-cell mass was assessed by
insulin staining. STZ-treatment resulted in over 2.8 fold (P<0.001) reduction in insulin
staining in WT mice than in GDNF-tg mice, which would suggest a resistance to STZ-
induced destruction of β-cells in GDNF-tg mice (Fig. 7B, C). To determine the mechanisms
involved in insulin loss following STZ administration, β-cells apoptosis was assessed by a
combination of TUNEL staining19 with cleaved caspase-3 immunocytochemistry. GDNF-tg
mice showed 4 fold less β-cell apoptosis than WT mice twelve days after injection with STZ
as evidenced by the smaller number of TUNEL and cleaved caspase-3 positive β-cells in
these mice (P<0.05; Fig. 7D). GDNF-tg mice also had enhanced proliferation compared to
WT mice (Figure 7E). Since WT mice received more STZ compared to GDNF-tg mice due
to their higher body weights, the studies were repeated in weight-matched male WT and
GDNF-tg mice. The effect of STZ on induction of hyperglycemia was independent of
weight as we found a difference in STZ-induced hyperglycemia in weight matched WT
compared to GDNF-tg mice (blood glucose (mg/dL) post STZ, WT: 265 ± 39, GDNF-tg:
179 ± 31, P<0.05; weight (gms): WT: 33.93 ± 1.38, GDNF-tg: 31.79 ± 0.37, n=3 in each
group P=0.21).
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Discussion
The role of the enteric nervous system in influencing β-cell survival or mass has not been
studied. In the current series of experiments we document the presence of GDNF receptors
on β-cells, and demonstrate that GDNF can influence β-cell mass by promoting survival and
increasing proliferation. Similar to its effect on neurons, GDNF stimulates the PI-3-kinase
pathway in β-cells.

We demonstrated GDNF effects on β-cells in vivo using the GFAP-GDNF transgenic mouse
that overexpresses GDNF in glial cells. In addition to exhibiting increased rates of β-cell
proliferation and β-cell mass these mice demonstrated significantly lower fasting glucose
levels and an enhanced response to an intraperitoneal glucose load. They demonstrated no
difference in insulin resistance. Consistent with this finding, fasting plasma insulin levels
were comparable in both mice. However, GDNF-tg mice demonstrated higher insulin
release in response to intraperitoneal glucose administration compared to WT mice, which
explains the improved glucose tolerance seen in these mice. The ratio of plasma insulin to
blood glucose was higher in the GDNF-tg mice compared to WT mice. This is similar to
what was observed in transgenic mice that overexpress placental lactogen in β-cells that also
have increased β-cell mass20. The capacity of GDNF to diminish chemically induced β-cell
destruction was also demonstrated in vivo. Intraperitoneal STZ injection induced less β-cell
loss in GDNF-tg mice than in WT mice. This β-cell sparing effect was reflected in the
maintenance of normal blood glucose levels in GDNF-tg mice injected with STZ in contrast
to STZ-injected WT mice. The results of this study demonstrate novel GDNF effects that
may prove useful in sustaining β-cell mass, or promoting survival.

Tissue-specific overexpression of Akt in mice increases β-cell mass3. Our in vitro results
demonstrate that GDNF can activate the PI-3-kinase/Akt pathway. This may be one of the
mechanisms through which GDNF enhances β-cell mass. GDNF is expressed in pancreatic
enteric glia. The close proximity of these ganglia to β-cells suggests a paracrine effect of
GDNF on β-cells. Further studies are necessary to examine the mechanism by which GDNF
overexpression in enteric glia activates its receptors on β-cells, and to evaluate the
contribution of potential indirect effects. Our studies demonstrate a three-fold increase in β-
cell mass in GDNF-tg mice compared to WT mice. This degree of enhancement is similar to
the three-fold increase in β-cell mass observed in other growth factor overexpression
studies, including PTH-RP and placental lactogen20, 21. It is important to note that the
effects of GDNF on β-cells is not a systemic effect as serum GDNF levels have been
measured in GDNF-tg mice and are no different from littermate controls10.

Islet β-cell mass is influenced by changes in proliferation, apoptosis and neogenesis1. In our
study we found that GDNF can reduce thapsigargin-induced apoptosis in β-cells in vitro as
well as streptozotocin-induced apoptosis in vivo. GDNF induces phosphorylation of Akt and
its downstream target GSK3β. Other downstream targets of Akt may be involved in this
survival pathway and will be examined in future studies. GDNF has been shown to increase
NPY expressing neurons. One of the possible mechanisms GDNF could influence β-cell
mass could be through NPY13. Future studies will examine this possibility.

A recent study that traced the genetic lineage of newly forming adult β-cells in mice
concluded that pre-existing β-cells, and not adult stem cells, are the major source of β-cell
neogenesis in adults following pancreatectomy22. Several other studies, however, report the
presence of a pool, in both rodents and humans, of endocrine and non-endocrine pancreatic
precursors that differentiate into cells of the β-cell lineage6, 23. Future studies will examine
the possibility that GDNF induces β-cell neogenesis and the involvement of notch
signaling24.
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The protection from STZ-induced β-cell loss in the transgenic model suggests a potential
mechanism for the prevention of diabetes. We found that GDNF-tg mice have lower rates of
STZ-induced β-cell destruction. Aside from a reduced apoptotic rate, other potential reasons
for the increased β-cell mass in the STZ-treated transgenic mice include a greater initial β-
cell mass or an enhanced ability to rapidly replenish β-cells by neogenesis or replication.
Cross-breeding of GDNF-tg mice with genetic models of β-cell failure may help elucidate
potential mechanisms underlying the resistance to the development of diabetes.

In summary, the current study demonstrates a novel mechanism of a neurotrophic factor
expressed in the enteric nervous system that clearly influences β-cell mass. The enteric
nervous system can affect both functional and structural effects of β-cells by increasing
cellular proliferation, reducing apoptosis, and improving glycemic control in vivo. The
current study provides new therapeutic targets for improving β-cell mass.
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Figure 1. Analysis of GFRa1 and Ret receptors expression
(A) RT-PCR analysis of GFRα1 and Ret receptor mRNA expression in the β-TC-6 cell line
and mouse pancreatic β-cells. (B) Immunofluorescence staining for GFRα1 and Ret
receptors in β-TC-6 cells. Scale bar, 10 µm. Cell nuclei are labeled with the nuclear stain
Hoechst (blue) (C) Immunofluorescence staining for GFRα1 and Ret receptors on
pancreatic β-cells isolated from MIP-GFP mice. Scale bar, 10 µm. (D) Laser confocal
microscopy images of β-TC-6 cells and mouse pancreatic β-cells stained with anti-GFRα1
and Ret antibodies. Scale bar: 2 µm.
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Figure 2. GDNF promotes β-cell survival
(A) Western blot analysis of cleaved caspase-3 in β-TC-6 cells cultured for 72 h in the
presence of vehicle or GDNF, and histogram comparison of the relative band densities.
Plotted are means ± SE. (B) Immunofluorescence staining for cleaved caspase-3 (red) and
Hoechst (nuclear, blue) in β-TC-6 cells exposed for 48h to vehicle or GDNF, and histogram
showing rate of apoptosis (C) Immunofluorescence staining for cleaved caspase-3 (red) and
Hoechst nuclear staining (blue) in β-TC-6 cells exposed for 24 h to thapsigargin (0.1 µM) in
the presence of vehicle or GDNF. Scale bar, 20 µm. Histogram shows the rates of apoptosis.
(D) Representative images showing cleaved caspase-3 staining (yellow) in isolated MIP-
GFP pancreatic β-cells (green) cultured for 24 h in the presence of vehicle or GDNF (100–
500 ng/ml). Scale bar: 10 µm. Histogram shows rate of apoptosis (mean ± SE, ***,
P<0.001). Data are representative of four independent experiments. (E) Assessment of
proliferation by fluorescent staining for Ki67 (green) in β-TC-6 cells cultured for 24 h in
serum-free medium with or without GDNF. Cell nuclei are counterstained with DAPI. Scale
bar, 20 µm. Histogram shows the percentages of Ki67 positive cells (mean ± SE *, P<0.05;
**, P<0.01). Data are representative of four independent experiments.
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Figure 3. GDNF stimulates the phosphorylation of Akt and its downstream target GSK3β in β-
TC-6 cells
(A) Western blot analysis of Akt phosphorylation (ser473) in β-TC-6 cells treated with
vehicle, GDNF (100ng/ml) or fetal bovine serum for 30 min. Total Akt was assessed to
control for protein loading. Histogram shows relative phospho-Akt (pAkt) band densities
(mean ± SE) adjusted for protein loading and expressed as a percentage of that of cells
treated with serum. (B) Western blot analysis of GSK3β phosphorylation (ser9) and total
GSK3β in β-TC-6 cells treated for 30 min with vehicle, GDNF (100 ng/ml) or GDNF plus
the PI3K inhibitor LY294002 (50 µM). Histogram shows relative phospho-GSK3β band
densities adjusted for protein loading to total GSK3β staining and expressed as a percentage
of that of cells treated with vehicle (mean ± S.E, ***, P<0.001). Data are representative of
four independent experiments.
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Figure 4. GDNF-tg mice have increased GDNF expression in the islets
(A) RT-PCR analysis of GDNF mRNA expression in pancreata from WT and GDNF-tg
mice. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression shows
equal mRNA loading. Histogram shows relative GDNF PCR band densities. (**, P<0.01).
(B) Immunofluorescent staining of pancreas sections from WT and GDNF-tg mice showing
co-localization of GDNF (green) with S100β (red). Cell nuclei are stained with Hoechst
(blue). Insulin staining in the same islet from an adjacent section is shown (green). Scale bar
20 µm.
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Figure 5. GDNF transgenic mice have higher β-cell mass and increased proliferation compared
to WT mice
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(A) Pancreatic sections from WT and GDNF-tg mice stained for insulin (red) and
counterstained with hematoxylin (blue). Images in the lower panel are higher magnifications
of the islets in the upper panel. Arrows show representative islets. Scale bar: 100 µm.
Histogram shows comparison of β-cell mass (expressed as percentage insulin stained area/
pancreatic area) between WT and GDNF-tg mice (means ± SE, ***, P<0.001). (B) Number
of islets per unit pancreatic tissue area in WT and GDNF-tg mice. (C) Islet size of WT and
GDNF-tg mice. (D) Comparison of β-cell sizes between WT and GDNF-tg mice (n=26,
P>0.05). (E) Total insulin content of pancreata from WT and GDNF-tg mice (male and
female, n= 6, *P<0.05). (F) Pancreatic sections from WT and GDNF-tg mice
immunostained for Ki67 (green), insulin (red) and DAPI nuclear stain (blue) to show the
presence of proliferating β-cells within islets. Higher magnification image of boxed area is
shown. Scale bar; 20 µm. Histogram shows a plot of percentage of Ki67+ β-cells (mean ±
SE, ***, P<0.001).
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Figure 6. GDNF transgenic mice have improved glucose tolerance
Eight Week-old mice were fasted for 6 hour, injected intraperitoneally with glucose (2 mg/g
body weight), tail blood samples taken at indicated time points, and blood glucose levels
measured. Data represents plasma glucose levels of (A) female and (B) male WT and
GDNF-tg mice (mean ± SE, *** P<0.001; **, P<0.01; *, P<0.05; females, n = 6 in each
group; males n = 8 in each group). (C) Insulin sensitivity tests. Blood glucose levels (mean ±
SE) expressed as a percentage of baseline at noted time points after insulin injection are
shown (n=4). (D) Fasting (mean ± SE) plasma c-peptide and (E) insulin levels of WT and
GDNF-tg mice (male and female, n = 8). (F) Glucose-induced insulin release at (t=2.5 min)
in WT and GDNF-tg mice, ** P<0. 01, n=6 in each group.
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Figure 7. GDNF transgenic mice are more resistant to STZ-induced diabetes than WT mice
(A) Diabetes conversion rates in WT and GDNF-tg mice after two injections of
streptozotocin (75mg/Kg). (B) Representative images showing residual insulin staining in
pancreatic islets in pancreas sections from GDNF-tg and WT mice 6 days after STZ or
vehicle injection, and plot of islet residual insulin staining (expressed as percentage of total
islet area for each group, mean ± SE, *** P<0.001). Scale bar, 20 µm. (C) Representative
pancreas sections of STZ injected WT and GDNF-tg mice stained for insulin (red) and
Hoechst (blue) 14 days after STZ-injection. Histogram shows average insulin positive cells
in WT and GDNF-tg mice. (D) Representative images showing both cleaved caspase-3 (red)
and TUNEL (green) positive cells within islets in pancreas sections from STZ-treated WT
and GDNF-tg mice. Arrows show cleaved caspase-3 and TUNEL positive cells. Arrowheads
point at islets. Scale bar, 20µm. (E) Assessment of proliferation in islets from STZ-treated
WT and GDNF-tg mice. Histogram shows average Ki67+ cells. Representative images
showing both Ki67 (red) and insulin (green) positive cells within islets in pancreas sections
from STZ-treated WT and GDNF-tg mice. Arrow shows Ki67+/insulin+ cell. Nuclei are
stained with DAPI (blue).
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