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BACKGROUND AND PURPOSE

Glucagon-like peptide-1 (GLP-1) receptors are widely expressed in neural tissues and diminish neuronal degeneration or
induce neuronal differentiation. The aim of this study was to investigate the effect of the GLP-1 pathway on peripheral nerves
in streptozotocin-induced diabetic rats.

EXPERIMENTAL APPROACH

Diabetic and nondiabetic rats were treated with the GLP-1 receptor agonist, synthetic exendin-4 (i.p., 1 nmol-kg™"-day™") or
placebo for 24 weeks, and current perception threshold values, cAMP levels and nerve fibre size in the sciatic nerve were
measured. We also investigated GLP-1 receptor expression, quantitative changes in PGP9.5-positive intraepidermal nerve fibres
and cleaved caspase 3-stained Schwann cells by immunohistochemistry.

KEY RESULTS

GLP-1 receptor expression was detected in the sciatic nerve and skin. After exendin-4 treatment, the increase seen in current
perception threshold values at 2000 and 250 Hz in diabetic rats was reduced. Also, the decrease in myelinated fibre size or
axon/fibre area ratio in the sciatic nerve and the loss of intraepidermal nerve fibre in the skin of diabetic rats were
ameliorated. These responses were closely associated with the attenuation of Schwann cell apoptosis and improvement in the
cAMP level in exendin-4-treated diabetic rats, compared with placebo-treated animals.

CONCLUSION AND IMPLICATIONS

Synthetic exendin-4 may prevent peripheral nerve degeneration induced by diabetes in an animal model, supporting the
hypothesis that GLP-1 may be useful in peripheral neuropathy. The neuroprotection is probably attributable to GLP-1 receptor
activation, antiapoptotic effects and restoration of CAMP content.

Abbreviations
DPP-1V, dipeptidyl peptidase-IV; GLP-1, Glucagon-like peptide-1; OGTT, oral glucose tolerance test

Introduction 2003). However, its potential as a therapy in diabetic subjects

is limited by its short biological half-life because of degra-
Glucagon-like peptide-1 (GLP-1) is secreted from enteroendo- dation mediated by dipeptidyl peptidase IV (DPP-1V).
crine L cells in response to digestion of food and exhibits Exendin-4, which displays ligand-binding affinity to the
insulinotropic and beta-cell-proliferating effects (Drucker, GLP-1 receptor (nomenclature follows Alexander et al., 2009)
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and acts as an agonist, is more useful for treating diabetes
because of its resistance to degradation by DPP-IV (Thorens
et al., 1993; Parkes et al., 2001). Some studies have suggested
that exendin-4 or exenatide (synthetic exendin-4) prevents
beta-cell failure, stimulates insulin release, reduces food
intake and body weight and improves glycaemic control and
metabolic anomalies in humans and rodents with diabetes
mellitus (Egan et al., 2003; Verspohl, 2009). By modulating
the GLP-1 receptor, treatments with 1 nmol-kg™" exendin-4
and 0.05 pug-kg! exendin-4 analog (E4a) are reported to ame-
liorate diabetic nephropathy and retinopathy, two microvas-
cular complications that are commonly found in diabetes
along with diabetic neuropathy (Park etal., 2007; Zhang
et al., 2009). The close relationship of diabetic microvascular
complications and neuropathy suggested to us the possibility
that exendin-4 could also provide neuroprotective effects
(Girach and Vignati, 2006).

GLP-1 receptors are expressed widely in the central and
peripheral nervous systems, and evidence is accumulating
that they are active (Goke et al., 1995; Nakagawa et al., 2004).
GLP-1 and exendin-4 mediate differentiation in PC12 cells
and protect neurons from damage in vitro, through the acti-
vation of the GLP-1 receptor and a cascade involving cAMP
(Perry etal., 2002a,b). GLP-1 and a receptor agonist offer
protective effects in neuronal cells in addition to in insulin-
secreting cells, by coupling to trophic and antiapoptotic sig-
nalling pathways (Perry et al., 2002a; 2003; Li et al., 2003).
Some studies indicate that intracerebroventricular (i.c.v.)
injection of GLP-1 and infusion of exendin-4 attenuate the
neuronal apoptosis and nerve injury induced by kainate
(During et al., 2003) and pyridoxine (Perry et al., 2007) in
vivo. GLP-1 or exendin-4 also retarded neuron degeneration
and stimulated cell proliferation by attenuating the toxicity
of amyloid-f and oxidative challenge, findings that reinforce
the potential value of incretins in treating Parkinson’s disease
and Alzheimer’s disease (Perry ef al., 2003; Li et al., 2009a,b;
2010). We recently suggested that a DPP-IV inhibitor might
prevent peripheral nerve degeneration in an induced diabetes
model by enhancing the endogenous levels of GLP-1 (Jin
et al., 2009). Therefore, GLP-1-receptor activation mediated
by GLP-1 or exendin-4 has been implicated in several pro-
cesses including the mediation of cyclic AMP, the action of
neurotrophic factors and the antiapoptosis pathway in a
variety of nerve insults. The objective of the present study
was to clarify whether synthetic exendin-4 had a therapeutic
effect against a model of diabetic peripheral neuropathy and
to investigate the possible mechanism(s), in streptozotocin-
induced diabetic rats.

Methods

Animals and study design

All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of the
Chonbuk National University Medical School. Male Sprague-
Dawley rats weighing 240 to 260 g each were housed in a
12 h light/dark room, at a constant temperature of 24°C, with
food and water available ab libitum. Diabetes was induced by
a single intraperitoneal injection of streptozotocin (Sigma, St.
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Louis, MO, USA; 60 mg-kg' body weight) dissolved in
0.1 mol-L™ citrate buffer (pH 4.5). Age-matched control rats
were injected with an equal volume of vehicle (sodium citrate
buffer). Diabetes was verified 48 h later by evaluating tail vein
blood glucose levels by Precision Xtra Plus (Abbot Laborato-
ries, MediSence Products, Bedford, MA, USA). Rats with a
blood glucose level higher than 3 mg-mL™ after overnight
fasting were studied. Two weeks after the verification of dia-
betes (designated as week 0), either normal or diabetic rats
were randomly divided into two groups (six to eight per
group). Synthetic exendin-4 (exenatide; Amylin Pharmaceu-
ticals, San Diego, CA, USA) was dissolved in normal saline
and administered intraperitoneally at 1 nmol-kg™'. Normal
and diabetic rats were treated with the compound or vehicle
once a day for 24 weeks.

Body weight, blood glucose, oral glucose
tolerance test (OGTT), insulin level and
HbA 1c measurements

Body weight and tail blood glucose were measured after over-
night fasting every 4 weeks. In week 24, following overnight
fasting, the rats received 2 g-kg™ body weight of dextrose by
gastric gavage, and blood glucose was assayed at hour 0, 0.5,
1, 2, 3 during an OGTT. At hour O, 1 and 3, blood was
sampled from the tail vein and serum insulin levels were
measured using an ELISA (enzyme-linked immunosorbent
assay) kit (Linco Research, St. Charles, MO, USA). HbAlc was
measured by a NycoCard READER II by boronate affinity
assay in weeks 12 and 24.

Current perception threshold measurement

The current perception threshold was examined as reported
previously (Liu et al., 2010), to quantify nerve dysfunction in
weeks 0, 8, 16 and 24. Sine-waves were delivered by Neurom-
eter CPT/C (Neurotron Inc., Baltimore, MD, USA), with stimuli
intensities for 2000, 250 and 5 HZ increased 40, 20 and 10 pA
per second respectively. The current perception threshold was
defined as the minimum intensity value that caused a lift in
the hind paw, or appearance of vocalization or agitation.

Radioimmunoassay of cAMP concentration in
sciatic nerve

All the rats were killed 4 h after administration of exendin-4
or placebo in week 24, and the left sciatic nerves were imme-
diately dissected, frozen in liquid nitrogen and kept at —-80°C
until assay. For measurement of CAMP concentration, 25 mg
tissue was minced in 0.5 mL ice-cold trichloroacetic acid (6%)
and homogenized at 4°C in a Polytron homogenizer (Brink-
man, Westbury, NY, USA). The homogenate was centrifuged
at 1000x g for 10 min at 4°C, and the supernatant extracted
with water-saturated ether three times and dried using a
Speedvac concentrator (Savant, Farmingdale, NY, USA). The
pellet was treated with 0.5 mL NaOH (1 N), ultrasonicated
and used for protein determination (Bradford method). The
cAMP levels were measured by equilibrated radioimmunoas-
say as described previously (Park et al., 2002). Briefly, stan-
dards or samples were taken up in a final volume of 100 uL of
50 mM sodium acetate buffer (pH 4.8) containing theophyl-
line (8 mM), and 100 uL of diluted cAMP antiserum
(Calbiochem-Novabiochem, San Diego, CA, USA) and
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iodinated 2’-0-monosuccinyl-adenosine 3’,5-cyclic mono-
phosphate  tyrosyl —methyl ester (['*I]-SCAMP-TME,
10 000 cpm per 100 ul) were added. ['*1]-ScCAMP-TME was
prepared as described previously (Cui et al., 2000), by the
Department of Physiology, Chonbuk National University.
Samples were then incubated for 24 h at 4°C. For the acety-
lation reaction, 5 uL of a mixture of acetic anhydride and
triethylamine (1:2 dilution) were added to the assay tube
before antiserum and tracer were also added. Bound form was
separated from the free form by charcoal suspension, and the
supernatant was counted in a gamma counter (Packard
Instrument; Meriden, CT, USA). The cAMP concentration was
expressed as fmol-mg™ extracted protein.

Histopathology

Skin biopsies of the hind left index, left middle, right index
and right middle toe were performed in weeks 0, 8, 16 and 24
respectively. After death, segments of right sciatic nerve and
skin samples of the hind left dorsum were obtained. Each
sciatic nerve sample (separated into three segments for stain-
ing with toluidine blue, anti-cleaved caspase 3 and anti-
GLP-1 receptor) and skin tissue [separated into two samples
for staining with anti-protein gene product 9.5 (PGP9.5) and
anti-GLP-1 receptor] was subjected to morphometric or
immunohistochemical analysis. One segment of sciatic nerve
tissue was post-fixed overnight in 4% paraformaldehyde prior
to embedding in JB-4. A 1.5 pm transverse section was cut on
a Leica RM2165 microtome (Leica Microsystems, Inc., Ban-
nockburn, IL, USA) and stained with toluidine blue.

For fluorescence immunohistochemistry using antibody
against the GLP-1 receptor, samples were frozen in liquid
nitrogen and cut into 10 um sections with a Microm HMS525
cryostat (Microm, Walldorf, Germany) before fixing with 4%
paraformaldehyde at room temperature for 20 min and stain-
ing as described below. For staining using antibodies against
PGP9.5 and cleaved caspase 3, skin and sciatic nerve samples
were fixed with PLP (2% paraformaldehyde, 0.075 M lysine,
0.05 M phosphate buffer pH 7.4, 0.01 M sodium meta-
periodate) solution for 12 h. After thorough rinsing in PBS,
and successive transfer to 20% and 30% glycerol in 0.1 M
phosphate buffer for 12 h each at 4°C, all tissues were cryo-
protected with Tissue-tec O.C.T. compound (Miles, Elkhart,
IN, USA). Skin sections of 40 um and sciatic nerve sections of
10 um were cut with a sliding microtome. Sciatic nerve seg-
ments used for immunohistochemistry were sectioned longi-
tudinally, and skin sections were perpendicular to the
epidermal layer. Following washes, the preparations were
blocked in serum-free protein block (Dako, Carpinteria, CA,
USA) supplemented with 1% donkey serum for 1h on a
shaker table at room temperature. Then sections were incu-
bated with rabbit anti-PGP 9.5 (1:800; Abd Serotec, Oxford,
UK), anti-cleaved caspase 3 (1:150; Chemicon International,
Inc., Temecula, CA, USA) or anti-GLP-1 receptor (1:150;
Abcam, Inc., Cambridge, MA, USA) at 4°C overnight in Anti-
body Diluents (Dako) supplemented with 0.5% donkey serum
and 0.25% Triton-X. The non-immune serum was used as a
control. After complete washing, immunoreactivity was visu-
alized with donkey anti-rabbit Alexa Fluor (488) (1:500; Invit-
rogen, Lidingo, Sweden) in a dark room. The anti-cleaved
caspase 3 labelled section was subsequently counterstained
with DAPI. After washing with PBS as above, sections were
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mounted with fluorescent mounting medium (Dako). Images
were collected and analyzed using a Carl Zeiss Axioskop2 plus
microscope (Carl Zeiss, Goettingen, Germany) and Axiovi-
sion 5.1 program.

Quantifications of myelinated fibre, apoptotic
Schwann cell and innervation

Photomicrographs of myelinated fibre, cleaved caspase
3-stained Schwann cells and intraepidermal nerve fibre were
captured using a digital camera (Axiocam HRC, Carl Zeiss)
with a final magnifications of 400x for myelinated fibres and
Schwann cells, and 100x for nerve fibre. In sciatic nerve,
myelinated fibre or axonal area represented by the outer or
inner border of myelin sheath was measured with analySIS
image software (Soft Imaging Systems GmbH, Munster,
Germany), and the axon/fibre area ratio was determined.
Fibre number per square millimetre (fibre density) and the
fraction of endoneurial area occupied by myelinated fibres
(fibre occupancy) were calculated. All cleaved caspase
3-stained cells with an elongated nucleus located within the
basal lamina in the sciatic nerve are reported to be Schwann
cells (Saito et al., 2009). These were double stained by S-100 in
our preliminary experiments. In determining apoptotic
Schwann cells, when the nuclear shape or location was not
clear, the cell was not counted. In the endoneurial space,
Schwann cells exhibiting cleaved caspase 3 immunoreactivity
in the nucleus were calculated as percent of the total number
of DAPI-stained cells using Image ] software (Image]J, U. S.
National Institutes of Health, Bethesda, MD, USA). In the
skin, intraepidermal PGP9.5-positive nerve fibres per unit
length of epidermis (mm) was used to determine the cutane-
ous innervation (Hirai et al., 2000). From each tissue, 12
random sections and two photomicrographs per section were
counted and measured by two independent investigators
without knowledge of the treatments.

Statistical analysis

Data are presented as the mean * standard error of the mean
(SEM), and one-way analysis of variance (ANOvVA) with Dun-
can’s post hoc test was used for comparisons between experi-
mental groups. Data were considered statistically significant
if P < 0.0S. Statistical analysis was performed using the SPSS
12.0 software (SPSS Inc., Chicago, IL, USA).

Results

Effects on food intake, body weight, blood
glucose, OGTT, HbAlc and serum

insulin levels

The average food intake in the exendin-4-treated diabetic
group over the 24 weeks was reduced by 16.7% compared to
the vehicle-treated group (P < 0.05, Table 1). No significant
difference was observed between the treated and non-treated
normal groups. In weeks 12 and 24, exendin-4 treatment
tended to decrease the body weight, fasting blood glucose
and HbAlc levels in both normal and diabetic rats, although
the differences were not significant. Glucose level was lower
in the exendin-4 treated diabetic rats than in non-treated
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Table 1

Effects of exendin-4 on food intake, body weight, blood glucose, HbAlc, and insulin level in nondiabetic and diabetic rats (n = 6-8)

Food intake Body weight Blood glucose HbA1c level Insulin level

(g-day™) (mg-mL™) (%) ng-mL"’

24 weeks Week 24 Week 0 Week 24 Week 24 Week 24
NOR 228 =+ 1.8 347 = 3 627 £ 16 0.91 = 0.05 0.96 = 0.03 3.53 = 0.07 4.18 = 0.28
NOR + EXE-4 222 1.0 348 = 2 617 =7 0.89 = 0.04 0.87 = 0.04 3.27 = 0.15 4.66 = 0.12
DM 46.7 = 1.5% 252 = g 269 =+ 12% 3.87 £ 0.13% 4.15 £ 0.27% 8.08 + 0.24% 0.26 = 0.02*
DM + EXE-4 40.0 = 1.3* 253 = 8 254 = 7 3.95 = 0.08 3.82 = 0.13 7.84 = 0.22 0.24 = 0.05

Average food intake over 24 weeks, body weight, fasting blood glucose, HbA1c and insulin level (at hour 3 during oral glucose tolerance test)

in week 0 or 24 for each group are expressed as mean = SEM. #P < 0.01 DM versus NOR; *P < 0.05 DM + EXE-4 versus DM.
NOR = vehicle-treated nondiabetic group; DM = -vehicle-treated diabetic group; EXE-4 = treated with 1 nmol-kg™'-day™' exendin-4.
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Figure 1
Changes in oral glucose tolerance test (OGTT) in nondiabetic and .
diabetic rats with or without exendin-4. Data are expressed as mean F'gure 2

+ SEM for six to eight animals. NOR = vehicle-treated nondiabetic
group; DM = vehicle-treated diabetic group; EXE-4 = treated with
1 nmol-kg'-day™" exendin-4. ##P < 0.07 vs. nondiabetic rats;
*P < 0.05 versus vehicle treated diabetic rats.

diabetic rats during the OGTT at the 1 h time point, but not
at other times (P < 0.05, Figure 1). No differences were seen
between normal groups throughout the OGTT, and adminis-
tration of exendin-4 did not change the serum insulin level.

Effect on current perception threshold

In our study, the current perception threshold value in week
0 was considered to be the normal value. In the vehicle-
treated diabetic group, thresholds at 2000, 250 and 5 Hz
showed a trend towards an increase, from week 16, and a
significant change at 2000 Hz was seen in week 24, compared
with week O (P < 0.05). Intraperitoneal administration of
1 nmol-kg™" exendin-4 significantly decreased the thresholds
at 2000 Hz in weeks 16 and 24 (P < 0.05 and P < 0.05), and at
250 Hz in week 24 (P < 0.05) (Figure 2), although differences
in the threshold at 5 Hz were not significant throughout the
24 weeks (data not shown). No differences were observed
between the exendin-4 treated and non-treated nondiabetic
groups over the 24 weeks (data not shown). Data from
normal glucose groups were not compared with diabetic
groups because of the marked difference in body weight
(Hoybergs et al., 2008; Liu et al., 2010).

Effects of exendin-4 treatment on current perception thresholds at
frequencies of 2000 and 250 HZ in diabetic rats over 24 weeks. Data
are expressed as mean = SEM. NOR = vehicle-treated nondiabetic
group; DM = vehicle-treated diabetic group; EXE-4 = treated with
1 nmol-kg™'-day™' exendin-4. *P < 0.05 vs. vehicle-treated diabetic
rats; P < 0.05 week 24 versus week 0 in vehicle-treated diabetic

group.

Alterations in sciatic nerve structure

The mean myelinated fibre area and axon/fibre area ratio in
the sciatic nerve were reduced by 26% and 16% in non-
treated diabetic rats compared to age-matched nondiabetic
rats (P < 0.01 and P < 0.05, respectively, Table 2 and Figure 3).
Exendin-4 treatment significantly increased the wrinkled
fibre area and the axon/fibre size ratio of diabetic rats (P <
0.05 and P < 0.05 respectively). The fibre density and fibre
occupancy of diabetic groups did not differ markedly from
those of nondiabetic groups. No values in the exendin-4
treated nondiabetic group were different from the placebo

group.

Change of skin innervation

Immunoreactive profiles were clearly visualized in sections
incubated with anti-rat PGP 9.5, anti-GLP-1 receptor or anti-
caspase 3, and no clear immunoreactivity was seen in sec-
tions stained with non-immune serum. The nerve fibre
densities of the hind toe were not different among the four
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Table 2

Morphometric data of myelinated fibress in nondiabetic and diabetic rats that were treated with or without exendin-4

Mean fibre area

Axon/fibre ratio

Fibre occupancy

Fibre density

() (%)
NOR 69.4 2.9 42.8 + 1.9
NOR + EXE-4 699 = 2.7 42.0 = 1.1
DM 51.6 = 2.6 35.9 + 0.9*
DM + EXE-4 62.1 = 2.7 40.3 = 1.1*

number-(mm?2)! (%)

7814 = 203 60.5 + 2.4
8031 = 165 59.2 + 2.2
8668 + 146 584+ 1.9
8260 = 264 58.7 = 2.1

Data are expressed as mean = SEM NOR = vehicle-treated nondiabetic group; DM = vehicle-treated diabetic group; EXE-4 = treated with
1 nmol-kg™'-day™" exendin-4. P < 0.05 and #**P < 0.01 DM versus NOR; *P < 0.05 DM + EXE-4 versus DM.

Figure 3

Morphology of sciatic nerve cross-sections stained with toluidine blue in nondiabetic (A and B) and diabetic rats (C and D) treated with (B and
D) or without exendin-4 (A and C). Exendin-4 treatment prevented the reduction in calibre of myelinated fibres in diabetic rats. Bar = 20 um.

groups in week O or in week 8. In weeks 16 and 24, the
number of epidermal nerve fibres per mm of hind toe in the
non-treated diabetic group decreased significantly compared
with the nondiabetic group. However, administration of
exendin-4 significantly prevented nerve fibre deficit in both
week 16 (8.00 = 0.27 vs. 6.19 + 0.13-mm™, P < 0.05) and
week 24 (7.44 + 0.30 vs. 5.58 = 0.33-mm™!, P < 0.01). The
nerve fibre density of the hind dorsum in the exendin-4
treated diabetic group (4.84 = 0.37-mm™) was significantly
increased (P < 0.05) in comparison with the non-treated
diabetic group (3.13 = 0.35-mm™") in week 24, which was
in agreement with findings in the toe (Figure 4). In the
exendin-4 treated and non-treated nondiabetic groups, the
differences in nerve fibre densities were not significant over
the 24 weeks.
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GLP-1 receptor expression in the skin and
sciatic nerve

We focused on changes in intraepidermal nerve fibre and
sciatic nerve in our study, so GLP-1 receptor expression in
these tissues was investigated. As shown in Figure 5, no
obvious signal was visible in the skin or sciatic nerve with the
negative control non-immune serum. In all four experimen-
tal groups, the GLP-1 receptor was detectable in skin, espe-
cially in the epidermis and around the hair follicles. The
receptor also was apparent in the sciatic nerve and perhaps
appeared to be predominantly associated with the nerve fibre.
These findings suggested a possible neuroprotective effect of
the GLP-1 receptor on the sciatic nerve and intraepidermal
nerve fibres.
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(A) Representative microphotographs of PGP9.5-immunoreactive intraepidermal nerve fibres in the dorsum and toes of nondiabetic and diabetic
rats with or without exendin-4. Skin 40-um sections were collected in week 24 from six to eight rats per group. (B and C) Bar and line graphs
of epidermal innervation in the dorsum (B) and toe (C) in weeks 0, 8, 16 and/or 24. NOR = vehicle-treated nondiabetic group; DM =
vehicle-treated diabetic group; EXE-4 = treated with 1 nmol-kg™'-day' exendin-4. #P < 0.05 DM versus NOR; *P < 0.05 and **P < 0.01 DM + EXE-4

versus DM. Bar = 100 um.

Assessment of Schwann cell apoptosis in
sciatic nerve

Schwann cells have a remarkable potential for axonal regen-
eration and neurotrophic support in the peripheral nerve, so
the number of cleaved caspase 3-stained Schwann cells was
studied (Bunge, 1994). Positive Schwann cells, expressed as a
percent of the total number of DAPI-stained cells, were sig-
nificantly increased in diabetic rats compared with the non-
diabetic rats (P < 0.05). However, the increase was decreased
by 31% after exendin-4 treatment (P < 0.05, Figure 6).

Effect on cAMP content in sciatic nerve
The cAMP levels in the sciatic nerves of vehicle-treated dia-
betic rats was reduced by 27% at 4 h after administration of

exendin-4 compared with age-matched nondiabetic rats (P <
0.05, Figure 7). Intraperitoneal administration of 1 nmol-kg™
exendin-4 completely restored the cAMP levels of diabetic
rats.

Discussion and conclusions

In our study, the insulin content, although at a low level, did
not significantly change along with glucose uptake during
OGTT in diabetic rat in week 24 (0.35 * 0.06 ng-mL™" at hour
1 vs. 0.26 = 0.02 ng-mL™" at hour 3, P = 0.12), which was
different from nondiabetic rat (7.28 + 0.56 ng-mL™" at hour 1
vs. 4.18 = 0.28 ng-mL™" at hour 3, P = 0.008). These findings
suggest that streptozotocin-induced diabetes resembles type 1

British Journal of Pharmacology (2011) 164 1410-1420 1415
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Figure 5

(A and C) Expression of GLP-1 receptors in sciatic nerve and skin in week 24. GLP-1 receptor was expressed predominantly in epidermis
(arrowhead) and around skin hair follicles (arrow) of the skin. (B and D) No immunoreactivity was observed in the non-immune serum controls
for sciatic nerve and skin. Sections of 10 um were stained with rabbit anti-GLP-1 receptor or normal rabbit serum. Bar = 100 um.

or late-stage type 2 diabetes in our study. In this state, there is
a therapeutic limitation in glucose control by monotherapy
with exendin-4 or another incretin-based agent and increased
insulin secretion is unlikely. These results are parallel to pre-
vious studies on streptozotocin-induced diabetic rats or long-
standing type 1 diabetes (even by multiple daily injection of
lower-dose synthetic exendin-4) (Villanueva-Penacarrillo
etal.,, 2001; Jin etal., 2009; Rother et al., 2009). Incretins
possibly offer lesser effects on expanding beta-cell mass,
modulating pathogenetic autoimmune and suppressing post-
prandial hyperglycaemia (only at 1h time point during
OGTT) in the models with almost whole pancreas destruction
than that with autoimmune insulin-dependent diabetes mel-
litus (IDDM) (Bosi, 2010; Raman et al., 2010). Therefore, in
our study, the neuroprotection provided by exendin-4 is
likely not to be attributable to the glucose-lowering effect on
peripheral nerves. Significant differences following exendin-4
treatment were not observed in the decrease of body weights
in any of the rats and food intake in nondiabetic rodents
could be due to the fact that the duration of exendin-4
administration differed from previous study (Mack et al.,
2006).

The morphological characteristics of diabetic neuropathy
are primarily a loss of nerve fibres, so assessing cutaneous
innervation is considered to be a reliable means of diagnosing
and staging diabetic neuropathy (Hirai et al., 2000; Beis-
wenger et al., 2008). Therefore, we quantified the density of
intraepidermal nerve fibres as detected by a neuronal marker,
PGP9.5. In our 24 week study, the attenuation of cutaneous
nerve fibre damage in diabetic rats suggests that synthetic

1416 British Journal of Pharmacology (2011) 164 1410-1420

exendin-4 exhibits beneficial neuroprotective properties that
partly prevent development of diabetic neuropathy. Another
characteristic change of neurodegeneration is the atrophy of
myelinated fibres associated with a reduction in axonal size
in the peripheral nerves (Jakobsen, 1979; Yagihashi, 1997).
Diabetes-induced atrophy of myelinated fibres, especially in
axons, may result from abnormalities of neurofilaments,
including impaired supply, decreased axonal flow and
reduced synthesis (Medori et al., 1985; Yagihashi et al., 1990).
In our study, evidence of fibre atrophy in the sciatic nerve of
non-treated diabetic rats was reflected in a decreased mean
fibre area. A reduction in axon/ fibre size ratio, to some
extent, suggests axonal atrophy, although this requires
further analysis of the relationship between axonal size and
myelin spiral length by electron microscopy, a sensitive
method of detecting axonal atrophy (O’Neill and Gilliatt,
1987). Exendin-4 treatment attenuated the morphometric
abnormalities of myelinated nerve fibres, probably through
the protection of axonal neurofilaments, for example by pre-
venting neurofilament loss. Current perception threshold is a
sensitive and convenient indicator of early diabetic neuropa-
thy and has been used in clinical and animal studies to assess
nerve dysfunction in diabetes (Ionescu-Tirgoviste et al., 1987;
Jin et al., 2009). Our data (Figure 2) implied that therapy with
exendin-4 could alleviate hypoesthesia, as characterized by
enhanced current perception threshold, which might be a
sign of sensory loss.

GLP-1 or exendin-4 increased viability in GLP-1 receptor
over-expressing SH-SYSY cells, whereas it did not confer pro-
tection in cells from GLP-1 receptor knockout (-/-) mice (Li
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Figure 6

(A) Double-labelling fluorescence of sciatic nerves in nondiabetic and diabetic rats with or without exendin-4. Arrows indicate the nuclei of
apoptotic Schwann cells that were dual-stained by anti-cleaved caspase 3 (green) and DAPI (blue-white). (B) Bar graph shows cleaved caspase
3-stained Schwann cells as a percentage of total number of DAPI-stained cells. NOR = vehicle treated nondiabetic group; DM = vehicle-treated
diabetic group; EXE-4 = treated with 1T nmol-kg™'-day™" exendin-4. #P < 0.05 DM versus NOR; *P < 0.05 DM + EXE-4 versus DM. Bar = 20 um.

et al., 2009b; 2010). These facts suggest that exendin-4 pro- epidermis or hair follicles of newborn mice (Nakagawa et al.,
vides neuroprotective properties by GLP-1 receptor activa- 2004; List et al., 2006; Vahl et al., 2007). Our results con-
tion. Previous studies demonstrated that the GLP-1 receptor firmed that this receptor was also present in the sciatic nerve
was found in peripheral neurons of male rats and in the and skin of adult rats (Figure 5). This suggests that the
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Figure 7

Effects of exendin-4 treatment on cAMP levels in sciatic nerves of
nondiabetic and diabetic rats. Data are expressed as mean = SEM.
NOR = vehicle-treated nondiabetic group; DM = vehicle-treated
diabetic group; EXE-4 = treated with 1 nmol-kg™'-day™" exendin-4.
#P < 0.05 DM versus NOR; *P < 0.05 DM + EXE-4 versus DM.

activation of GLP-1 receptors has a crucial part in preventing
sciatic nerve fibre wrinkling and protecting intraepidermal
nerve fibres against loss and hypofunction. Moreover, hyper-
glycaemia leads to down-regulation of GLP-1 receptor expres-
sion in diabetic rodent models (Xu et al., 2007). However, this
difference was not observed in our study by immunohis-
tochemistry (data not shown). The isolation and quantifica-
tion of GLP-1 receptors in sciatic nerve and skin await further
study in the future. It is possible that exendin-4 offers neu-
roprotection by up-regulating GLP-1 receptor expression in
diabetic rats, just as it functions in ameliorating other dia-
betic complications with same-dose peptide therapy (Park
etal., 2007).

An antiapoptotic effect mediated by the GLP-1 receptor
has been suggested in neural, beta, renal and retinal cells
following hyperglycaemia or other insults (Li et al., 2003;
2009b; Park et al., 2007; Zhang et al., 2009). Therefore, one of
the most important mechanisms underlying the neuropro-
tection may be coupling to antiapoptotic signalling path-
ways. We found many more cleaved caspase 3-stained
Schwann cells in diabetic rats than in nondiabetic animals,
which could contribute to impairment of axonal function
and efficiency of fibre regeneration. Interestingly, the apop-
totic cells were significantly decreased after treatment with
1 nmol-kg"-day™ synthetic exendin-4. This is likely to indi-
cate that GLP-1 receptor signalling directly modifies the sus-
ceptibility to apoptotic injury, normalizes the calibre of
myelinated nerve fibres or axons and reduces the loss of
intraepidermal nerve fibres, although the mechanism by
which this occurs is not understood. Similar to other neu-
rotrophins, the neurotrophic functions of GLP-1 and
exendin-4 are identified through modulation of neuronal cell
survival (Perry ef al., 2002a; Perry and Greig, 2003). Our data
also showed that exendin-4 protected Schwann cells, which
are able to promote the regeneration of axons or myelinated
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nerve fibres, and reduce neurofilament loss from apoptosis.
Both Schwann cells and neurofilaments provide a versatile
source of trophic factors for peripheral nerves (Bunge, 1994).
These findings suggest that the neurotrophic signalling
pathway may represent a potential target for antiapoptosis
and neuroprotection mediated by a GLP-1 receptor agonist.

To further observe the actions of synthetic exendin-4 in
our experiment, the pharmacokinetics was investigated using
a fluorescent immunoassay kit (Phoenix Pharmaceuticals,
Inc., Burlingame, CA, USA) in a parallel group of diabetic rats
in week 4. Exendin-4 reached peak plasma concentration
(474 = 59 pg-mL™") at approximately 1 h after incretin treat-
ment. Plasma exendin-4 had a estimated half-life (t,) of
1-3 h, and a certain concentration of the peptide (94 =
37 pg-mL™) was still maintained at 6 h; however, exendin-4
level decreased to the undetectable level at 24 h post dose in
all of the treated rodents (data not shown), which was similar
to the previous data from the patients (Fineman et al., 2003;
Kothare etal.,, 2008). It is possible that the circulating
exendin-4 exerts neuroprotection at least during 6 h after
administration, since the peptide concentration at this time
point is higher than 50 pg-mL™, a level previously shown to
possess biological activity (Taylor ef al., 2005). Interestingly,
we observed that the decreased cAMP level in the sciatic
nerve of diabetic rats was ameliorated, 4 h after administra-
tion of exendin-4. This supports the hypothesis that the
levels of cAMP, stimulated by exendin-4 (within some time
after administration) binding to GLP-1 receptor mediates
signal transduction involved in protection against develop-
ment of diabetic neuropathy. The secondary messenger is
likely to be important in regulating processes, such as anti-
apoptosis, that work against oxidative stress and for neu-
rotrophic support (Yu and Jin, 2009). In addition, decreased
cAMP content, which positively correlates with impaired
Na*-K*—-ATPase activity and contributes to the development
of diabetic neuropathy, has been established in the sciatic
nerve of diabetic rats. The attenuation of the lowered cAMP
level following treatment with cilostazol and other agents
restores functional impairment and morphological changes
by modulating Na*-K*-ATPase activity (Shindo et al., 1993;
Suh et al., 1999). Therefore, exendin-4 might be neuroprotec-
tive by raising cAMP levels and thus affecting metabolic dis-
turbances mediated by a reversible defect in Na*~K*~ATPase in
the peripheral nerve.

In conclusion, synthetic exendin-4 appeared to amelio-
rate diabetic peripheral neuropathy in skin and sciatic nerve,
including functional and morphological abnormalities, prob-
ably through activating the GLP-1 receptor. The GLP-1 recep-
tor may act through signalling pathways involved in
apoptosis and cAMP to enhance neuroprotection. These find-
ings have important implications for the GLP-1 pathway in
the treatment of diabetic peripheral neuropathy.
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