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We examined the efficacy of herpes simplex virus vector-mediated gene transfer of erythropoietin in preventing neuropathy in
mouse model of streptozotocin-diabetes. A replication-incompetent herpes simplex virus vector with erythropoietin under the
control of the human cytomegalovirus promoter (vector DHEPO) was constructed. DHEPO expressed and released erythropoietin
from primary dorsal root ganglion neurons in vitro, and following subcutaneous inoculation in the foot, expressed erythropoie-
tin in dorsal root ganglion neurons in vivo. At 2 weeks after induction of diabetes, subcutaneous inoculation of erythropoietin
prevented the reduction in sensory nerve amplitude characteristic of diabetic neuropathy measured 4 weeks later, preserved
autonomic function measured by pilocarpine-induced sweating, and prevented the loss of nerve fibres in the skin and reduction
of neuropeptide calcitonin gene-related peptide in the dorsal horn of spinal cord of the diabetic mice. We further investigated
whether vector-mediated local expression of erythropoietin in dorsal root ganglion neurons can protect in vivo as well as in vitro
hyperglycemia-induced axonal degeneration. Our findings show that the AKT/GSK-3p dependent pathway plays an important
role in mediating the protection of erythropoietin against diabetic neuropathy. Herpes simplex virus-mediated transfer of
erythropoietin to dorsal root ganglia may prove useful in treatment of diabetic neuropathy.
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Abbreviations: CGRP = Calcitonin gene-related peptide; DRG =dorsal root ganglia; EPO = erythropoietin; GSK-3p = glycogen
synthase kinase-3f; HSV =herpes simplex virus; PGP 9.5 = protein gene product 9.5; PI3K = phosphoinositide 3-kinase;

STZ = streptozotocin

Introduction

Sensory polyneuropathy is a common complication of diabetes, for
which there are no available effective treatments. Neurotrophic
peptides have been shown to be effective in preventing or revers-
ing diabetic neuropathy in animal models of the disease (Apfel
et al., 1994; Ishii and Lupien, 1995; Tomlinson et al., 1997),

but the clinical application of these potent pleiotropic peptides
to treat human disease is limited by off-target effects that result
from systemic administration (Apfel, 2002). We and others have
found that replication defective herpes simplex virus (HSV)-based
vectors can be used to transfer genes from skin application to
dorsal root ganglia (DRG) to achieve focal expression and local
release of the gene product from primary sensory neurons
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(Chattopadhyay et al., 2002, 2003, 2004; Sasaki et al., 2004).
Using this approach, we have previously demonstrated that HSV-
mediated gene transfer of nerve growth factor, neurotrophin-3
or vascular endothelial growth factor can be used to prevent
the development of sensory neuropathy in streptozotocin (STZ)-
diabetic mice (Goss et al., 2002; Chattopadhyay et al., 2005,
2007).

Erythropoietin (EPO) was originally characterized for its haema-
topoietic effects, but in recent years has been shown to have
important functions in the nervous system. Non-erythropoietic
actions of EPO include a critical role in the development and main-
tenance of neural structures (Juul et al., 1998; Marti et al., 2000),
and protection from or enhanced repair after injury to the ner-
vous system (Brines et al., 2000; Celik et al., 2002; Campana and
Myers, 2003; Toth et al., 2008). Erythropoietin confers protection
against development or improvement of peripheral neuropathies
associated with diabetes (Bianchi et al., 2004; Schmidt et al.,
2008), HIV (Keswani et al., 2004), cisplatinum (Bianchi et al.,
2006), uremia (Khoshdel et al., 2008) and ageing (Lauretani
et al., 2008). However, many clinical situations require multiple
doses of recombinant-EPO, which leads to potentially harmful
increases in the red cell mass (Stohlawetz et al., 2000). Leist
et al. (2004) found that carbamylated EPO is neuroprotective
and triggers EPO-mediated tissue-protective pathways without
cross-talk with the haematopoietic system. Therefore, we tested
a single administration of HSV-mediated EPO gene therapy by
subcutaneous inoculation in the footpad which showed not only
increase in functional EPO expression locally in the DRG, but also
showed no significant changes in the haematocrit level, 1 month
after the vector treatment. In this study, we further investigated
whether HSV-mediated transfer of EPO to DRG in vivo could
prevent neuropathy without the easily detectable off-target
effect of increase in haematocrit in STZ-diabetic mice. We found
that subcutaneous inoculation of a non-replicating HSV vector
expressing EPO prevented the electrophysiologic, anatomic and
behavioural manifestations of diabetic neuropathy in STZ-diabetic
mice. Vector-mediated EPO led to increased phosphorylation of
AKT and GSK-3f in DRG neurons in diabetic animals in vivo and
in primary DRG neurons exposed to hyperglycemic conditions
in vitro. These studies suggest that the AKT/GSK-3p dependent
pathway plays an important role in mediating the protection of
EPO against diabetic neuropathy. The neuroprotective effects of
EPO offer an important alternative to the use of traditional
neurotrophic factors by gene transfer in the treatment of this
significant clinical disease.

Materials and methods

Vector constructs

Vector DHEPO was constructed by insertion of a cassette consisting of
the human cytomegalovirus immediate early promoter (HCMV IEp)
and the human EPO coding sequence into the UL41 locus of a non-
replicating HSV vector defective in expression of the immediate early
genes ICP4, ICP27 and UL41 (Fig. 1A). Control vector DHZ.5 was
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Figure 1 Schematic representation of the replication-
incompetent HSV vector DHEPO and its expression in vitro.
(A) Transgene EPO expression is driven by the HCMV
promoter; (B) control vector DHZ.5 contained the reporter
gene lacZ in place of EPO. (C) DHEPO produces EPO in vitro.
Primary DRG neurons in culture infected at a multiplicity

of infection of 1 with DHEPO released substantial amounts
of EPO into supernatant over 24 h measured by ELISA.

(D) EPO expression was found in cell lysate (Western blot),
(E) by immunocytochemistry. Bar=20pm. *P<0.0001.

identical except that it contained the reporter gene lacZ in place of
EPO (Fig. 1B).

Experimental protocol

Experiments were performed on Swiss Webster mice weighing
25-30g (Charles River, Wilmington, MA, USA) and in compliance
with approved institutional animal care and use protocols. Forty mice
were rendered diabetic by injection of STZ (100 mg/kg twice in 48h;
Sigma-Aldrich, St Louis, MO, USA). Two weeks after STZ blood
glucose was 29+40.72mmol/l for the diabetic animals and 8.3+
0.5 mmol/I for the controls. Two weeks after STZ administration, sub-
sets of 10 diabetic mice received 10 ul containing 1 x 10” plaque form-
ing units (pfu) of HSV-based therapeutic vector DHEPO or control
vector DHZ.5 subcutaneously into each footpad. Four weeks after
the vector inoculation and 6 weeks after STZ-induction, neuropathy
was measured by electrophysiological and behavioural parameters.
After completion of the study, DRG from all the animals were col-
lected for Western blot analysis and immunocytochemical studies. For
vector expression study, 10 Swiss Webster were injected with either
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10ul containing 1 x 107 pfu of DHEPO or phosphate buffered saline
(PBS) and 7 days later DRG were collected for further analysis.

Cell culture

Dorsal root ganglia from 17-day rat embryos were dissociated with
2.5 g/l trypsin, Tmmol/I EDTA for 30 min at 37°C with constant shak-
ing and then plated on poly-p-lysine-coated coverslips at 10® cells per
well in a 24-well plate in 500 ul of defined Neurobasal media contain-
ing B27, Glutamax I, Albumax II, and penicillin/streptomycin (Gibco-
BRL, Carlsbad, CA, USA), supplemented with 100 ng/ml of 7.0S NGF
per ml (Sigma, St Louis, MO, USA). At 17 days in vitro, for the
expression study, DHEPO and DHZ vector were added. Cells were
collected 24 h after the experiments (three wells were pooled to one
sample). For experiments involving exposure to hyperglycemia, the
cells were infected with DHEPO or DHZ and 24 h later 20 mM glucose
added in the medium in addition to the basal 25 mM glucose essential
for DRG neuron culture (total 45mM glucose) and NGF was main-
tained at 100 ng/ml but in the absence of the B-27 additives. Cells
from DRG neuron culture and L4-6 DRG from rats were homogenized
with lysis buffer (20mmol/I Tris pH 7, 20ml/l SDS, 100 ml/| glycerol
and 1:100 dilution of Protease Inhibitor cocktail, Phosphatase Inhibitor
cocktail; Sigma, St Louis, MO, USA). The homogenized cells and tis-
sues were then centrifuged at 10000g for 10 min at 4°C, the super-
natant was stored at —80°C. An aliquot of supernatant was taken for
protein estimation using a protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). For PI3K inhibitor study, cells were infected
with DHEPO and 24 h later 20mM glucose and 10uM LY294002
were added to the medium in the absence of the B-27 overnight.
Ten micromolar LY294002 was added again 1h before collection.
For vector expression studies, cells were infected at a multiplicity of
infection of 1 for 1h, after which the medium was changed. The
amount of EPO released in the medium was determined using a com-
mercial EPO ELISA kit (R&D Systems Inc, Minneapolis, MN, USA).

Electrophysiologic measurement

Nerve conduction recordings were performed on the right hind foot
using a Nicolet Viking Il (Nicolet Biomedical, Madison, WI, USA). Mice
were anaesthetized with ketamine/xylazine (80/10mg/kg i.p.), the
hind limbs were secured at an angle of 30-45° relative to the long
axis of the body, and motor nerve conduction velocity and amplitude
in the sciatic nerve was determined. The recording electrode was
inserted into the gastrocnemius muscle and the stimulating electrode
pair was placed at the sciatic notch or the knee; the reference elec-
trode was inserted subcutaneously into the fifth digit of the hind limb.
A ground electrode was inserted into the tail, and subcutaneous tem-
perature was maintained at 36-37°C. Both latency and baseline-to-
peak amplitudes were determined. For foot sensory nerve recordings,
the electrode placed in the sciatic notch was used as the recording
electrode, with the stimulating electrode placed at the ankle and the
reference electrode placed at the first digit.

Statistical analysis

The statistical significance of the difference between groups was deter-
mined by analysis of variance (ANOVA) using the Bonferroni correc-
tion for multiple post hoc analyses (Systat 9.0 Software, SPSS, Inc.,
Chicago, IL, USA). Results are expressed as means+ SEM.
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Sudomotor test

Autonomic function, reflecting innervation of sweat glands in the paw,
was evaluated by measuring the number of sweat droplets induced by
injection of pilocarpine (Sigma-Aldrich Co., St Louis, MO, USA) using
the silicone imprint technique. Sweating was stimulated by subcuta-
neous injection of pilocarpine nitrate (0.3 mg/kg). At 10 min after the
injection, silicone (Silaplast and Silasoft, Detax GmbH & Co., Ettlingen,
Germany) was spread over the plantar surface of the hind paw and
left in place for 10 min. The amount of sweating was determined by
counting the number of sweat droplet impressions made in the silicone
mold.

Hotplate test

Small fibre (thermal pain) sensory function was assessed by the hot-
plate test. Animals were placed on a metal plate heated to 47°C, and
the temperature increased at 2°C per minute. The withdrawal latency
from the plate was measured in seconds.

Haematocrit

A total of 20 Swiss Webster mice were used for this study. Ten animals
were inoculated with DHEPO (10l containing 1 x 107 pfu) subcuta-
neously into each footpad. One month later, 10 control and 10 vector
inoculated animals were euthanized; blood was collected and haema-
tocrit determined by the animal core laboratory. The study was
repeated twice.

Immunocytochemistry

Mouse hearts were perfused with 9 g/I NaCl followed by Zamboni's
fixative. The spinal cord, DRG, and footpads were removed, post-fixed
with Zamboni's fixative for 2h, then cryo-protected with 300 g/I
sucrose in PBS. In all, 10um cryostat sections were collected on
gelatin-coated slides and fixed with 20g/l paraformaldehyde for
15 min, washed with PBS, and incubated with blocking solution (PBS
with 10 ml/I normal goat serum and 3 ml/I Triton X-100) for 1 h, then
washed once. The DRG and spinal cord were incubated with the
primary antibody, rabbit anti-calcitonin gene-related peptide (CGRP;
Peninsula Laboratories, Inc., San Carlos, CA, USA) or anti-EPO, 1:1000
dilutions (Sigma), for 2h at room temperature. The footpads were
incubated with anti-protein gene product 9.5, 1:1000 dilutions
(Chemicon International, Inc., Temecula, CA, USA) overnight at 4°C,
and washed three times. After incubation in the secondary fluores-
cent antibody, Alexa Fluor 594 goat anti-rabbit 1gG, 1:500 dilution
(Molecular Probes, Eugene, OR, USA), for 2h at room temper-
ature, the specimens were washed three times and mounted in
water-based Fluoromount G (Electron Microscopy Sciences, Fort
Washington, PA, USA).

Morphometric analysis

Digitized images of immunostained sections were captured with
a Nikon E1000 microscope, and analysed using the MetaMorph
computer-based image analysis system (Universal Imaging Corpora-
tion, Downingtown, PA, USA). The area occupied by immunostained
central sensory nerve terminals in the dorsal horn of the spinal cord, or
immunostained peripheral nerve terminals in the subcutaneous tissue
of the footpad, was determined as a percentage of the total area.
Three cross-sections of the tissues from each animal were evaluated
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by an investigator blinded to the treatment group. Data are expressed
as mean +SEM (n=5 mice per group of animals).

Western blot analysis

Total cell extract (20 ug protein per lane) was separated by polyacryl-
amide gel electrophoresis (PAGE), transferred to an Immobilon-P
membrane (0.45um; Millipore, Bedford, MA, USA), blocked with
50 g/l non-fat milk, then incubated with the primary antibody (anti-
EPO; anti-pAKT, anti-AKT; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA; anti-pGSK3p, anti-GSK3p; Cell Signaling Technology,
Beverly, MA, USA) followed by horseradish peroxidase-conjugated
anti-rabbit 1gG (1:10000; Sigma) and visualized with enhanced chem-
iluminescence (Amersham Biosciences, Piscataway, NJ, USA). The
lower half of the membrane was probed with anti-B-actin (1:2000;
Sigma, St Louis, MO, USA) as a loading control. The intensity of
each band was determined by quantitative chemiluminescence using
a PC-based image analysis system (ChemiDoc XRS System; Bio-Rad).

Results

DHEPO produces erythropoietin
in vitro and in vivo

Primary DRG neurons in culture infected at a multiplicity of infec-
tion of one with DHEPO released substantial amounts of EPO
into the supernatant over 24h measured by ELISA (*P<0.0001
DHEPO compared with control or DHZ). Erythropoietin was found
in cell lysate measured by Western blot and by immunocytochem-
istry (Fig. 1C=E). In vivo, 1 week after subcutaneous inoculation of
DHEPO (1 x 107 pfu) in the footpad of the animals EPO expres-
sion in DRG, quantified by ELISA, was substantially higher in the
DHEPO animals compared with controls (102.8 +4.4mlU/ml;
control 81.6+7.2mlU/ml, *P<0.05, Fig. 2A) and confirmed by
Western blot (Fig. 2B).

DHEPO produces erythropoietin in
dorsal root ganglia of diabetic animals

In STZ-diabetic mice inoculated with DHEPO subcutaneously
2 weeks after diabetes in both hind feet, an intense EPO immu-
noreactivity was seen in both large and small neurons of the
lumbar dorsal root ganlgia 4 weeks after vector inoculation. The
amount of EPO determined by Western blot was increased in
DHEPO compared with STZ-diabetic or control animals 4 weeks
of inoculation (Fig. 2C and D).

Inoculation of DHEPO does not
increase blood haematocrit level
in vector-treated animals

A single administration of DHEPO by subcutaneous inoculation in
both footpads showed increased EPO expression locally in the
DRG (data not shown), but showed no significant changes in
the blood haematocrit level compared with the control animals,
1 month after the vector treatment (Fig. 3).
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Figure 2 DHEPO produces EPO in DRG in vivo.

Transgene expression of EPO was detected in DRG of rats
by ELISA (A) and by Western blot (B) 7 days post-inoculation.
(C) STZ-diabetic mice inoculated with DHEPO demonstrated
increased expression of EPO by Western blot compared with
control or STZ-diabetic animals; (D) DRG of DHEPO-inoculated
animals showed intense EPO immunoreactivity in large and
small neurons (4 weeks after vector inoculation, n=5

per group). Bar=20pum.

60 [~
40 -
®
b
o
™
£
Q
n
20
|
5

Control DHEPO

Figure 3 Effect of DHEPO treatment on changes of blood
haematocrit level. Four weeks after treatment, the haematocrit
level was unchanged in animals treated with DHEPO,
compared with the naive control (n=10 per group).
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Inoculation of DHEPO preserves
sensory nerve function in diabetic
animals

Diabetic animals showed sensory neuropathy by a significant
reduction in the foot sensory nerve amplitude (control=25.0+
1.8uV, STZ=125+1.3pV; *P<0.001 control compared with
diabetic). Transduction of DRG in vivo by subcutaneous inocu-
lation of DHEPO protected against the decrease in foot sen-
sory amplitude measured 4 weeks later (DHEPO 21.9+1.7pV,
DHZ 10.1+1.5uV; *P<0.001 DHEPO compared with DHZ.5;
Fig. 4A).
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Figure 4 Inoculation of DHEPO preserves sensory behaviour
in diabetic animals. (A) The amplitude of the evoked sensory
response was reduced substantially in animals with diabetes.
Inoculation of DHEPO preserves sensory nerve amplitude
compared with DHZ. (B) Diabetic animals showed sensory
nerve impairment manifested by an increased latency to
withdraw foot from heat. Diabetic mice inoculated with
DHEPO showed near normal thermal pain sensation (n=10
per group).
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Inoculation of DHEPO preserves
thermal pain sensation

Streptozotocin diabetic mice showed a reduced thermal sensitivity
in the hot plate test, manifested by an increased latency to with-
drawal from a thermal stimulus (control 28.6+0.6s, STZ 41.2 +
0.3s; P <0.001 control compared with diabetic). Thermal pain
sensation was relatively preserved in animals inoculated with
DHEPO (DHEPO 34.8+1.3s, DHZ 43.1+1.8s, *P<0.005
DHEPO compared with DHZ.5; Fig. 4B) indicating protection of
small unmyelinated (C) fibres by vector-mediated EPO release.

Inoculation with DHEPO preserves skin
innervation

Nerve terminals in the epidermis of the plantar surface of the foot,
determined by protein gene product 9.5 immunostaining and
quantified as the proportional area of the skin and subcutaneous
tissue occupied by nerve branches, was substantially reduced in
diabetic animals (control 2.5+2.2pum?, diabetic 0.8+0.5um?,
**P<0.01; control compared with diabetic). Animals inoculated
with DHEPO showed substantial preservation of skin innervation
(DHEPO 1.942.8um?, DHZ 1.1+0.7um? *P<0.05 DHEPO
compared with DHZ; Fig. 5A and B).

Inoculation of DHEPO prevents
autonomic neuropathy

Sudomotor function after pilocarpine injection was evaluated by
silicone imprint. Innervation of sweat glands in the paw was
evaluated by measuring the number of sweat droplets after
injection of pilocarpine. The number of sweat droplets per sweat
gland was substantially reduced in diabetic compared with con-
trol animals. This reduction in sweat droplets in diabetic mice
(control 82.6+4.6, STZ 30.3+1.2, drops **P<0.001; control
compared with diabetic) characteristic of autonomic neuropathy
was prevented in animals inoculated with DHEPO (DHEPO
55.3+5.4, DHZ 32.5+1.5 drops *P<0.005; DHEPO compared
with DHZ). The reduction in pilocarpine-induced sweat produc-
tion correlated with a marked decrease in protein gene product
9.5-immunoreactive fibres surrounding the sweat glands in dia-
betic animals whereas diabetic animals inoculated with DHEPO
showed significant preservation of nerve terminals in the sweat
gland of the footpad while control vector-treated animals
showed no preservation of innervation (Fig. 5C and D).

Inoculation of DHEPO preserves CGRP
expression in diabetic mice

Diabetic neuropathy is characterized by reductions in neuropep-
tide content in sensory nerve terminals of primary afferents in the
dorsal horn of spinal cord. Calcitonin gene-related peptide (CGRP)
immunoreactivity was quantitated by measuring the area of occu-
pied by the CGRP positive nerve terminals in the dorsal horn of
the spinal cord. The area of CGRP positive fibres in the dorsal of
diabetic mice were reduced compared with control animals,
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Figure 5 Inoculation of DHEPO prevents epidermal loss of
fibres and autonomic neuropathy. (A) The area, quantified
as proportional area occupied by the nerve in the footpad,
was substantially reduced in diabetic animals but preserved
in diabetic animals inoculated with DHEPO. (B) Nerve fibres
in the footpad visualized by protein gene product 9.5
immunoreactivity. (C) Sudomotor function after pilocarpine
injection was evaluated by silicone imprint. The number of
sweat droplets per sweat gland was substantially reduced

in diabetic compared with control animals. Diabetic animals
inoculated with DHEPO showed substantial preservation of
sweating compared with diabetic alone or DHZ-inoculated
diabetic mice. (D) Immunohistochemistry with protein gene
product 9.5 showed substantial preservation of nerve fibres
surrounding the sweat glands in the footpad of diabetic
animals inoculated with DHEPO compared with diabetic
alone or DHZ-inoculated diabetic mice. (Bar=20pum; n=5 per
group).

(control 7.3 4 0.2 um?, diabetic 2.0+ 0.2 um?; **P<0.001). Diabetic
animals inoculated with DHEPO showed preservation of CGRP
immunoreactivity in the dorsal horn of the diabetic animals whereas
control vector-treated animals were no different than the dia-
betic alone group (DHEPO-inoculated diabetic 5.9+2.2 pm?;
DHZ-inoculated diabetic 2.4 4+ 1.4 um?; *P<0.005, Fig. 6).

Erythropoietin activates the PI3K/AKT
pathway

It has been demonstrated in other systems that the PI3K/AKT
pathway contributes to EPO-mediated neuroprotection (Siren
et al., 2001a). In vivo, diabetic DRG showed reduced AKT
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Figure 6 Inoculation of DHEPO preserves CGRP expression
in diabetic mice. (A) The area, quantified as proportional area
occupied by the CGRP positive nerve terminals in the dorsal
horn of spinal cord, was substantially reduced in diabetic
animals but preserved in diabetic animals inoculated with
DHEPO compared with DHZ. (B) Immunohistochemical
illustrations of CGRP positive nerve terminals in dorsal horn
of spinal cord in all four groups. (Bar=20pum; n=5 per group).

phosphorylation detected by western blot analysis (*P<0.01 com-
pared with control). This reduction of AKT phosphorylation was
reversed in STZ-diabetic animals treated with DHEPO where EPO-
mediated increase in AKT phosphorylation was observed (*P<0.01
compared with DHZ; Fig. 7A and B).

Erythropoietin phosphorylates
GSK-3p in dorsal root ganglia of
diabetic-DHEPO treated animals

In diabetic animals phosphorylation of GSK-3p at Ser9 in DRG was
inhibited after 6 weeks of diabetes compared with controls
(*P<0.01; Fig. 7C). This decrease in phosphorylation of GSK-3f
occurred in parallel with decreased phosphorylation of AKT
(Fig. 7A and C). Animals treated with EPO expressing vector
(DHEPO) 2 weeks after diabetes, showed increase in phosphoryla-
tion of GSK-3B in DRG (**P<0.05 compared with DHZ) which is
also analogous to the AKT phosphorylation (Fig. 7B and D).

DHEPO blocks the
hyperglycemia-related decrease

in phospho-AKT through activation
of PI3K

Exposure of primary DRG neurons in culture to 45 mM glucose
overnight resulted in decreased phospho-AKT (Fig. 8A) (*P<0.05
control cells compared with glucose groups) similar to the diabetic
DRG in vivo. DRG neurons transfected for 24 hr with DHEPO
(glucose + DHEPO; G+E) at multiplicity of infection of 1, prior
to exposure to 45mM glucose showed preservation of phospho-
AKT levels (*P<0.01 DHEPO with 45mM of glucose compared
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Fig. 7 Erythropoietin stimulates AKT and GSK-3f
phosphorylation in diabetic DRG in vivo. (A) DRG of diabetic
animals showed reduced AKT phosphorylation compared with
control animal. (B) AKT phosphorylation was increased in
DRG of DHEPO-treated diabetic animals compared with
control vector-treated animals. (C) DRG of the diabetic
animals showed decreased phosphorylation of GSK-3f

at Ser9 compared with the DRG of the control animals.

(D) Inoculation of DHEPO in diabetic animals induced
phosphorylation of GSK-3f, a representative western blot

of pGSK-3B showed increased phosphorylation in DHEPO
cells compared with control vector DHZ (n=3 per group).

with 45 mM glucose only group) similar to the DHEPO-diabetic
DRG in vivo (Fig. 8A and B).

To test whether EPO stimulated an increase in phosphoryla-
tion of AKT in the PI3K/AKT pathway, PI3K was blocked by
LY294002. The effects of DHEPO was blocked by addition of
10 pM PI3K inhibitor (*P<0.01; DHEPO compared with DHEPO
with PI3K inhibitor, glucose+E+1; Fig. 8C). PI3K inhibition
reduced EPO-stimulated increase in phosphorylation of AKT.

Erythropoietin increases the GSK-3p
phosphorylation in glucose-treated
primary dorsal root ganglia neurons

When AKT is activated by phosphorylation, it in turn serves to
phosphorylate and thereby inactivate GSK-3B. With respect to
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Figure 8 DHEPO treatment increases AKT and GSK-3f
phosphorylation in hyperglycemic DRG neurons. (A) In vitro
administration of 45 mM glucose (G) showed reduced AKT
phosphorylation 18h after hyperglycemia in primary DRG
neurons. (B) A single infection of DHEPO in vitro at
multiplicity of infection of 1, 24 h before the glucose
administration induced AKT phosphorylation in the
DHEPO-treated hyperglycemic cells (G +E) compared with
control vector-treated cells. (C) AKT phosphorylation was
inhibited by cotreatment with PI3K inhibitor LY294002 along
with glucose (G+E+1), 24 h after DHEPO administration.
(D) Primary DRG neurons under hyperglycemia showed
decreased phosphorylation of GSK-3p at Ser9 compared with
control cells in normoglycemic conditions. (E) Inoculation of
DHEPO in primary DRG cultured neurons 24 h prior to
hyperglycemia-induced phosphorylation of GSK-38, western
blot of pGSK-3p showed increased phosphorylation in DHEPO
cells compared with control vector-treated cells. (F) GSK-3f
phosphorylation was inhibited by cotreatment with PI3K
inhibitor LY294002 along with glucose, 24 h after DHEPO
administration.
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GSK-3B, a reduction of p-AKT reduces the phosphorylation of
GSK-3B. Therefore, GSK-3B phosphorylation was also evaluated
18h after 45 mM glucose treatment. Phosphorylation of GSK-3f
at Ser9 was inhibited following glucose-treatment in primary
DRG neurons (*P<0.05; Fig. 8D). After 18h of hyperglycemia,
decreased phosphorylation of GSK-3B occurred in parallel with
decreased phosphorylation of AKT (Fig. 8A and D). A concurrent
increase in AKT and GSK-3f phosphorylation was seen in neu-
rons treated with EPO (**P<0.001, *P<0.01; Fig. 8B and E).
LY294002 pretreatment abolished phosphorylation of both AKT
and GSK-3B by EPO (Fig. 8C and F). These data confirm that
GSK-3B is a substrate of AKT contributing to the EPO-mediated
neuroprotection against neurotoxicity of glucose.

Discussion

The results of our study indicate that transduction of DRG neurons
by subcutaneous inoculation of an HSV vector expressing EPO can
prevent the progression of diabetic neuropathy in a mouse model.
A wide variety of experimental studies have shown that EPO and
its receptor are expressed in the nervous system and exerts
remarkable neuroprotection in animal and in vitro models of ner-
vous system disorders including traumatic brain injury and spinal
cord injury (Morishita et al., 1997; Juul et al., 1998; Marti et al.,
2000; Sinor and Greenberg, 2000). Alterations of vascular integrity
have been described in diabetes. In clinical studies of Diabetes
Mellitus, plasma EPO is often low in diabetic patients with anae-
mia or without anaemia (Symeonidis et al., 2006). Furthermore,
the failure of these individuals to produce EPO in response to a
declining haemoglobin level suggests an impaired EPO response in
diabetic patients (Thomas et al., 2005). While in vitro studies with
vascular endothelial cells, exposed to elevated glucose, have elu-
cidated a strong cytoprotective effect of EPO. Administration of
EPO can significantly improve endothelial cell survival in a very
low dose (Chong et al., 2007).

HSV-mediated gene transfer to the DRG provides for local release
of neurotrophic substances that may act in an autocrine or paracrine
manner to protect peripheral sensory neurons from axonal degen-
eration. We have previously demonstrated the effect of HSV-
mediated gene transfer in models of neuropathy induced by over-
dose of pyridoxine in the rat, STZ diabetes in the mouse, and neu-
ropathy induced by the chemotherapeutic drug cisplatin in the rat
(Chattopadhyay et al., 2002, 2004, 2005, 2007; Goss et al., 2002).
Our study extends those observations to demonstrate that the local
release of EPO achieved by transduction of DRG neurons with an
HSV-based vector can prevent the progression of diabetic neuro-
pathy in the mouse, and suggests an alternative approach to the
use of EPO in the treatment of this disease.

Despite substantial evidence in animal models demonstrating
that neurotrophic factors are beneficial in the treatment or pre-
vention of peripheral neuropathy, the treatment of human neuro-
pathies has been limited, in part because of the short life of these
peptide factors and the side effects engendered by systemic
administration. Erythropoietin has a wide range of neuropro-
tective actions in animal models of central and peripheral ner-
vous system disorders. However, the prolonged and repetitive
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administration of EPO needed for neuroprotection has the potential
to cause side effects. In animals and humans, EPO may cause
hypertension (Lim, 1991), thrombosis (Bokemeyer et al., 2007),
and haematopoiesis as demonstrated by increased blood haemato-
crit levels. Besides these potential side effects after prolonged treat-
ment, Bianchi et al. (2007) found that EPO does not cause
unwanted tumour growth in an experimental model of peripheral
neuropathy induced by cisplatinum. The observation in these stud-
ies that restricted expression of EPO in DRG neurons achieved by
HSV-mediated gene transfer in mice did not result in an increase in
haematocrit suggests that such potential systemic complications
may be avoided by this method. It seems likely that the ability to
protect nerves by autocrine or paracrine local effects of restricted
EPO release would similarly allow one to avoid systemic complica-
tions in larger animals, though this remains to be formally tested.

Our study has shown that EPO has a beneficiary effect on
altered thermal nociception, and electrophysiology in diabetic ani-
mals similar to that has been reported earlier by others (Bianchi
et al., 2004; Roesler et al., 2004). Campana and colleagues also
showed that EPO receptor-dependent cell signalling might reduce
axonal degeneration and facilitate recovery from chronic pain
states (Campana, 2007). The vector DHEPO has demonstrated
neuroprotective effect in electrophysiologic, behavioural as well
as restoration of CGRP positive nerve terminals in dorsal horn
and protein gene product 9.5 positive nerve fibres in the footpad
of the mice with diabetic sensory neuropathy. Decreased levels of
CGRP mRNA in L4 and L5 DRG of STZ-diabetic rats have pre-
viously been shown (Diemel et al., 1994). Brewster et al. (1994)
also found reductions in substance P and CGRP-like immunoreac-
tivity in sciatic nerve and DRG. We have shown a decrease in
CGRP expression in dorsal horn by immunocytochemistry, which
is preserved in animals treated with DHEPO. Recently, Toth et al.
(2008) showed that EPO substantially increased the density and
intensity of CGRP expression within outgrowing axons and also
improved the behavioural measures of sensorimotor function in
rats. These results suggest that EPO induces neuropeptide gene
expression, and the effect of EPO on preserving nerve function
may be due, in part, to the preservation of the neuropeptide
phenotype. Diabetic neuropathy commonly affects the longest
nerve fibres first, so that quantification of axon number demon-
strates the loss of cutaneous nerve fibres in diabetic patients
(Kennedy et al., 1996; Hirai et al., 2000). In STZ-diabetic mice,
there is also a significant loss in cutaneous innervation in the hind
limb. We found a decrease in total cutaneous innervation in the
footpad of mice by protein gene product 9.5 immunostaining,
which was prevented by transgene expression of EPO in the
DRG, suggesting that EPO acts as a neurotrophic factor and
plays an important role in the preservation of peripheral nerve
structure and function. Toth et al. (2008) reported similar results
showing that local EPO signalling enhances regenerating periph-
eral nervous system axons and similar preservation of the cutaneous
innervation has been demonstrated by treatment with neuro-
trophic factors such as VEGF, GDNF and neurterin (Christianson
et al., 2003).

Sudomotor dysfunction is a common feature of diabetic auto-
nomic neuropathy, and correlates with a reduction in neuropeptide
concentration and sweat gland activity (Navarro et al., 1997).
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In our study, EPO expression preserved autonomic function, mea-
sured by pilocarpine-induced sweating. We believe that this
results from retrograde transport of the vector from the skin to
the autonomic ganglia, although this has not been established
conclusively. Another possibility is that EPO released from sensory
nerve terminals in the skin interacts with receptors on the auto-
nomic fibres peripherally. Sympathetic neurons express EPO recep-
tor, as detected by immunohistochemistry, and treatment with
EPO and carbamylated EPO (which is neuroprotective but not
haematopoietic) of STZ-diabetic NOD-SCID mice prevented the
development of neuritic dystrophy. Neither EPO nor carbamylated
EPO had a demonstrable effect on the metabolic severity of dia-
betes (Schmidt et al., 2008).

The biological relevance of EPO in neuroprotection has been
demonstrated by the presence of the EPO receptor, a cytokine
receptor type | superfamily, in the nervous system. EPO binding to
EPO receptor results in activation by dimerization and autosphos-
phorylation of Janus-tyrosine kinase-2 (JAK-2) leading to activation
of several downstream signalling pathways, including Ras-mitogen-
activated protein-kinases (MAPKs), phosphatidylinositol-3-kinase
(PI3K), and signal transducers and activators of transcription-5
(STAT-5) (Siren et al., 2001a; Ruscher et al., 2002; Chong et al.,
2003; Ghezzi and Brines, 2004). These pathways seem to be crucial
for the neuroprotective effect of EPO, because specific inhibitors of
MAPK and PI3K pathways largely abolished the EPO-increased neu-
ronal survival in a model of hypoxia, oxidative stress and excitotoxic
injury (Siren et al., 2001b). Activation of EPO receptors on neurons
and Schwann cells triggers neuroprotective pathways involving the
PI3K/AKT cascade (Siren et al., 2001a; Lipton, 2004). Erythropoietin
has been shown to enhance the activation of the PI3K/AKT path-
way, which is diminished in DRG and nerves of rats with STZ-
diabetes (Cai and Helke, 2003; Huang et al., 2005). Interestingly,
in our studies we established that reduction in phosphorylation of
AKT in diabetic DRG and hyperglycemic primary DRG neurons could
be preserved by DHEPO vector administration.

Erythropoietin—EPO receptor signalling also involves GSK3, a
serine/threonine protein kinase, which is one of the downstream
targets of AKT/PKB pathway (Li et al., 2004; Maiese et al., 2004;
Shang et al., 2007). Although GSK3p was initially described as an
inhibitor of glycogen synthesis through phosphorylation of glycogen
synthase, it has been implicated in multiple additional cellular pro-
cesses including cell maturation, metabolism, gene transcription, cell-
cycle regulation and apoptosis (Elyaman et al., 2002; Smith et al.,
2002; Jope and Johnson, 2004). GSK3p is a key negative regulator
of multiple intracellular signalling pathways. We investigated the
effect of EPO on AKT activation and GSK3B phosphorylation in
primary DRG cells under hyperglycemia and in STZ-diabetic mice.
This elevated phosphorylation of GSK3B may also contribute to the
increased neuroprotection in the DRG cells; therefore, AKT/GSK-3f
dependent pathway plays an important role in mediating the pro-
tection of EPO against diabetic neuropathy.

These observations strongly suggest that HSV-mediated EPO
expression prevents axonal degeneration in STZ-diabetic model of
neuropathy and hyperglycemia-induced degeneration of primary
DRG culture cells. In this study, a single administration of DHEPO
was sufficient to obtain a protective effect over a period of
4 weeks without any adverse side effects. In a study of spinal cord
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regeneration, a bell-shaped response to EPO treatment was observed
with very high doses proving ineffective (Toth et al., 2008). Whether
such a dose-response relationship is also true in peripheral nerve has
not been established. The dosing provided in these experiments by
vector-mediated gene transfer proved effective, but it is likely that for
the neuroprotective effects of EPO in diabetic neuropathy to be used
as a treatment of patients, it will be necessary to develop a vector
with a regulatable gene expression system so as to allow for control
of the level and duration of gene expression.
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