
Decrease in neuroimmune activation by HSV-mediated gene
transfer of TNFα soluble receptor alleviates pain in rats with
diabetic neuropathy

Kathryn L. Maier Ortmann1,3 and Munmun Chattopadhyay1,2,*

1Department of Neurology, University of Michigan, Ann Arbor, MI USA

2VA Ann Arbor Healthcare System, Ann Arbor, MI USA

3University of Texas, Health Science Center at Houston, Houston, TX, USA

Abstract

The mechanisms of diabetic painful neuropathy are complicated and comprise of peripheral and

central pathophysiological phenomena. A number of proinflammatory cytokines are involved in

this process. Tumor necrosis factor α (TNF-α) is considered to be one of the major contributors of

neuropathic pain. In order to explore the potential role of inflammation in the peripheral nervous

system of Type 1 diabetic animals with painful neuropathy, we investigated whether TNF-α is a

key inflammatory mediator to the diabetic neuropathic pain and whether continuous delivery of

TNFα soluble receptor from damaged axons achieved by HSV vector mediated transduction of

DRG would block or alter the pain perception in animals with diabetic neuropathy. Diabetic

animals exhibited changes in threshold of mechanical and thermal pain perception compared to

control rats and also demonstrated increases in TNFα in the DRG, spinal cord dorsal horn, sciatic

nerve and in the foot skin, 6 weeks after the onset of diabetes. Therapeutic approaches by HSV

mediated expression of p55 TNF soluble receptor significantly attenuated the diabetes-induced

hyperalgesia and decreased the expression of TNFα with reduction in the phosphorylation of

p38MAPK in the spinal cord dorsal horn and DRG. The overall outcome of this study suggests

that neuroinflammatory activation in the peripheral nervous system may be involved in the

pathogenesis of painful neuropathy in Type 1 diabetes which can be alleviated by local expression

of HSV vector expressing p55 TNF soluble receptor.
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1. Introduction

Painful neuropathy is a common, difficult to treat complication of diabetes. The

pathogenesis of diabetic neuropathy is complex and involves multiple pathways. Lack of

success in preventing neuropathy even with successful treatment of hyperglycemia suggests

the presence of early mediators between hyperglycemia-induced metabolic and enzymatic

changes in functional and structural properties of the nervous system. Metabolic changes

induced by hyperglycemia lead to dysregulation of cytokines which can cause pain-related

symptoms (Skundric and Lisak, 2003). Approximately 20–24% of diabetes patients

experience neuropathic pain (Schmader, 2002). Increasing evidence shows that

inflammatory cytokines may participate in the pathogenesis of insulin resistance and its

complications (Fernandez-Real and Ricart, 2003). Subjects with Type 1 diabetic (T1D)

neuropathy have shown an increase in plasma concentrations of inflammatory markers that

are involved in insulin resistance (Goldberg, 2009; Gonzalez-Clemente et al., 2007).

Increased level of tumor necrosis factor alpha (TNFα) is often demonstrated in patients with

diabetic neuropathy, regardless of their glycemic control and cardiovascular risk factors that

are associated with insulin resistance (Averill and Bornfeldt, 2009; King, 2008). Patients

with painful neuropathy have shown increased IL-2 and TNFα mRNA and protein levels in

blood (King, 2008). Studies have shown that patients with painful diabetic neuropathy

(PDN) exhibit a different serum immune profile compared to patients with painless diabetic

neuropathy which suggests that immune markers in blood are associated with diabetic

neuropathic pain (Doupis et al., 2009; Uceyler et al., 2007). Results from these studies

suggest that TNFα may play a pathogenic role in the development of diabetic neuropathy

(Gonzalez-Clemente et al., 2005). Majority of these studies have been done in Type 2

diabetic subjects using serum immune profiles. It is unclear whether similar mechanisms

exist in Type 1 diabetes. The relationship of these serum inflammatory markers to

nociceptive pathways in the nervous system in T1D animals has not been explored. We

undertook these studies to understand whether TNFα, a major contributor in other forms of

neuropathic pain, plays a role in this process and that whether increases in TNFα in the

peripheral nervous system of T1D animals are responsible for painful neuropathy. TNFα is a

pleiotropic cytokine which mediates the inflammatory response and activation of the

immune system (Marchand et al., 2005). The effects of TNFα are mediated by 2 specific

cell surface receptors, 55-kD TNF receptor I and 75-kD TNF receptor II. The extracellular

domains of these receptors are released by proteolytic cleavage to form soluble TNF (sTNF)

receptor I and II (Horiuchi et al., 2010). Soluble TNF receptors act as TNF antagonists and

inhibit TNFα-mediated proinflammatory effects.

A broad range of preclinical animal studies have shown that systemic delivery of

neurotransmitters or anti-inflammatory agents could effectively prevent painful neuropathy.

Unfortunately, administration of these agents in patients has resulted in a number of

systemic side effects. Currently available treatments to effectively treat or prevent the
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progression of painful neuropathy are very limited. Earlier studies have shown that

pretreatment with intraperitoneal administration of etanercept, a commercially available

soluble human 75-kD TNF receptor, reduces mechanical allodynia in rats with the spinal

nerve ligation or spinal cord hemi section model of peripheral neuropathic pain (Marchand

et al., 2009; Schafers et al., 2003). In diabetic mice, both systemic or intrathecal

administration of etanercept produced only a dose dependent reversal of tactile allodynia but

not thermal hyperalgesia (Dogrul et al., 2011). This suggests that a better therapeutic

approach is needed. To avoid systemic side effects, local expression of anti-inflammatory

agent may overcome this consequence. Our study demonstrates that subcutaneous injection

of replication defective HSV based vectors in the footpad to deliver and express the

transgenes in primary sensory neurons of the DRG may prevent the progression of this

condition. Previous studies have shown that footpad inoculation of HSV vector expressing

p55TNF soluble receptor one week before nerve injury reduced mechanical allodynia and

thermal hyperalgesia, and also resulted in a reduction of TNFα and concomitant reductions

in interleukin (IL)-1α and phosphorylated p38 MAP kinase as well (Hao et al., 2007).

Another spinal cord injury model of peripheral neuropathic pain involving footpad

inoculation of HSV vector expressing p55TNF soluble receptor one week after injury

showed alleviation of mechanical allodynia (Peng et al., 2006). In this study we investigated

that continuous delivery of TNFα soluble receptor from damaged axons achieved by HSV

vector mediated transduction of DRG in animals with Type 1 diabetes, blocks the

nociceptive and stress responses in the DRG and spinal dorsal horn neurons by reducing the

TNFα expression and also decreasing the downstream signaling molecule p38MAPK

activation with improved pain perception. Additionally we found that the increases in TNFα

in sciatic nerve and in the foot skin are also reduced in animals treated with the therapeutic

vector in conjunction with the reduction of pain. Taken together these studies suggest that

neuroinflammatory activation in the peripheral nervous system may be involved in the

pathogenesis of painful neuropathy in Type 1 diabetes.

2. Materials and Methods

2.1. Animal studies: induction of diabetes and vector inoculation

Experiments were performed on male Sprague Dawley rats weighing 220–250 gms (Charles

River, Portage, MI, USA) in compliance with approved institutional animal care and use

protocols (IACUC, VAAAHS). Animals were rendered diabetic by IP injection of

streptozotocin (STZ; 50 mg/kg). Three days after STZ injections, blood glucose levels were

measured using OneTouch Ultra glucose meter (LifeScan, Inc; USA). Rats with greater than

300 mg/dl blood glucose level were included in the study (Table 1). Two weeks after the

onset of diabetes, the T1D animals were inoculated with either HSV vector expressing p55

TNFα soluble receptor (vTNFsR) or control vector expressing lacZ (vZ) subcutaneously

into the plantar surface of both hind paw (30 µl of 1 × 109 pfu/ml). Animals were grouped

into four categories: control, diabetic alone, diabetic inoculated with vTNFsR (dia+vTNFsR)

and diabetic inoculated with vZ (dia+vZ). All behavioral analyses were carried out by an

observer blinded to the treatment group 4 weeks after vector inoculation (at 6 weeks of

diabetes). A group of diabetic animals were evaluated at 2 weeks after hyperglycemia to

assess the pain related behaviors at the time of vector treatment. A separate group of rats
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were injected in a similar fashion with vTNFsR and euthanized 7 days later for the studies of

transgene expression in vivo.

2.2. Behavioral studies

Thermal hyperalgesia—The latency to hind paw withdrawal from a thermal stimulus

was determined by exposing the plantar surface of the hind paw to radiant heat using a

modified Hargreaves (Hargreaves et al., 1988) thermal testing device. Rats were placed in

individual enclosures on a glass plate maintained at 30°C, and after a 30 min habituation

period the plantar surface of the paw was exposed to a beam of radiant heat applied through

the glass floor. Activation of the bulb simultaneously activated a timer, and both were

immediately turned off by paw withdrawal or at the 20 sec cut-off time. Testing was

performed by a blinded observer in triplicate at 5 min intervals.

Mechanical hyperalgesia—Mechanical nociceptive threshold was assessed using an

analgesimeter (Ugo Basile, Comerio, VA, Italy) as described by Randall and Sellito

(Randall and Selitto, 1957). A linearly increasing pressure was applied through a cone-

shaped plastic tip with a diameter of 1 mm onto the dorsal surface of the hindpaw. The tip

was positioned between the third and fourth metatarsus, and force applied until the rat

attempted to withdraw its paw (paw withdrawal threshold to pressure). The pain threshold

determined as the mean of three consecutive stable values expressed in grams was

determined by a blinded observer.

2.3. Cell Culture experiment

DRG from adult rats were dissociated with 0.25% trypsin, 1mM EDTA for 30 minutes at

37°C with constant shaking and then plated on poly-D-lysine-coated coverslips (105 cells

per well in a 24-well plate) in 500 µl of defined Neurobasal media containing B27,

Glutamax I, Albumax II, and penicillin/streptomycin (Gibco-BRL, Carlsbad, CA),

supplemented with 100 ng/ml of 7.0S NGF per ml (Sigma, St Louis, MO). 5-Fluoro-2'-

deoxyuridine (5 µM; Sigma) and uridine (5 µM; Sigma) were added on days 1 and 3 to

inhibit the growth of dividing cells. After 3 days in vitro, cells were exposed to

hyperglycemic condition overnight; the medium was changed to 20 mM glucose (in addition

to the basal 25 mM glucose) with Glutamax I, Albumax II, penicillin/streptomycin, but

without B27 and NGF (cells are viable without NGF at this point). Control cells were

exposed to an identical medium without B27 and NGF but with basal 25 mM glucose. For

the TNFα experiment, cells were exposed to 15 ng/ml of TNFα overnight. All in vitro

experiments were terminated after 16 hrs of exposure; cells were collected by cell lysis

buffer and Western blot was performed.

2.4. Western blot

Cells from pooled DRG neurons in culture (3 wells per sample) or pooled samples of L4-6

DRG from each rat were homogenized with lysis buffer (20 mM Tris, pH 7.5, 150 mM

NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol and 1:100 dilution of Protease

Inhibitor Cocktail, Phosphatase Inhibitor Cocktail (Sigma, St. Louis, MO). The

homogenized tissues were centrifuged at 10,000 × g for 10 min at 4° C and the supernatant

was stored at −80° C. An aliquot of supernatant was taken for protein estimation using a
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protein assay kit (Bio-Rad Laboratories, Hercules, CA). Protein from DRG (20 µg protein

per lane) was separated by PAGE, transferred to an Immobilon-P membrane (0.45 µm,

Millipore, Bedford, MA), blocked with 5% nonfat milk, then incubated with the primary

antibody (TNFα 1:400, Millipore, Bedford, MA; pp38 1:400, Santa Cruz Biotechnology,

Santa Cruz, CA), followed by horseradish peroxidase-conjugated anti-rabbit IgG or anti-

mouse IgG (1:5,000 Amersham, Piscataway, NJ) and visualized with ECL (Pierce,

Rockford, IL). The membranes were reprobed with either β-actin (1:2000; Sigma) or p38

(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA) 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 Laboratories) and normalized to the

respective level of β-actin. Data are expressed as mean SEM (n = 5 animals per group).

2.5. qRT-PCR

Total RNA was isolated from L4–L6 DRG, spinal cord dorsal horn and sciatic nerve using a

commercial kit (Qiagen, Valencia, CA, USA). cDNA was transcribed from the mRNA at

37°C using a Sensiscript Reverse Transcriptase kit (Qiagen, Valencia, CA, USA), and qRT-

PCR was conducted using specific primers for Real time qPCR designed with NCBI primer-

BLAST. The following PCR primers were used: for TNF (F:

CGCCATCAAGAGCCCTTGCCC; R: GCAGGTCCCCCTTCTCCAGCT), for β-actin (F:

AGATGGCCACTGCCGCATCC; R: AGAGCCTCGGGGCATCGGAA); Real time qRT-

PCR for each sample was run in quadruplicate in a 20 µl reaction with SYBR Green

Mastermix (Bio-Rad) using Mastercycler system (Eppendorf). The amplification protocol is

as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 10s for denaturation, 58°C for

45s for annealing and extension. Each Ct (cycle threshold) value was represented as relative

mRNA level. All data was normalized to β-actin.

2.6. Immunohistochemistry

Rats were perfused transcardially with 0.9% NaCl followed by Zamboni’s fixative (Verdu et

al., 1999). The DRG were removed, post-fixed with Zamboni’s fixative for 2 h, and then

cryoprotected with 30% sucrose in phosphate buffered saline (PBS) overnight, cryostat

sectioned at 10 µm and collected on gelatin-coated slides. Tissue sections were washed with

PBS, incubated with blocking solution (PBS with 1% normal goat serum and 0.3% Triton

X-100) for 1 h, then washed once before being incubated with the primary antibody anti-

TNFα (1:400; Chemicon, Temecula, CA, USA), s100β (1:500); pp38 (1:500) and GFAP

(1:1000; Santa Cruz Biotechnogy, Santa Cruz, CA) for 2 h at room temperature and washed

three times. After incubation in the secondary fluorescent antibody, Alexa Fluor 594 goat

anti-rabbit IgG (1:1000, Molecular Probes, Eugene, OR), for 1 h at room temperature, the

specimens were washed 3 times and mounted in water-based Fluoromount G (Electron

Microscopy Sciences, Fort Washington, PA).

2.7. 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 Corporation, Downingtown, PA, USA). The intensity of the immunostained cell

bodies in DRG and spinal cord as well as peripheral nerve terminals in the subcutaneous
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tissue of the foot skin was determined using the image analysis software. Three cross-

sections of the tissues from each animal were evaluated by an investigator blinded to the

treatment group (data not shown).

2.8. Statistical analysis

The statistical significance of the difference between groups was determined by ANOVA

(Systat 11) using Bonferroni’s correction for the multiple post hoc analyses. All results are

expressed as mean ± SEM. The animal behavior experiments, with 8–10 animals per group,

were repeated twice.

3. Results

3.1. vTNFsR expresses p55 TNF soluble receptor in vivo and reduces TNFα in DRG of
diabetic animals

Rats inoculated with 3 × 107 pfu of vTNFsR subcutaneously in the footpad were euthanized

after 7 days to examine the expression of p55 TNF soluble receptor in DRG. Western blot

analysis of DRG showed increased expression of the receptor in vTNFsR vector inoculated

animals compared to control vector vZ treated animals 7 days (Fig. 1a) and 4 weeks after the

treatment (data not shown) confirming in vivo transgene expression of p55 TNF soluble

receptor by the vector. Diabetic animals with painful neuropathy displayed a significant

increase in TNFα mRNA in DRG 6 weeks after onset of diabetes compared to control

animals as measured by real time PCR (Fig. 1b). Two weeks post-diabetic animals

inoculated with vTNFsR showed a substantial and significant reduction in the amount of

TNFα mRNA in DRG compared to animals inoculated with control vector vZ as measured 4

weeks after vector inoculation (Fig. 1b) by qRT-PCR.

3.2. Subcutaneous inoculation of vTNFsR reduces thermal and mechanical hyperalgesia

Diabetic animals were more sensitive to noxious thermal stimuli as manifested by a decrease

in withdrawal latency (control 13.5 ± 0.3 sec; diabetic 8.82 ± 0.4 sec) compared to the

control animals (##P < 0.0001) six weeks after the onset of diabetes. This deficit in thermal

response latency was significantly restored in animals inoculated with vTNFsR. The thermal

pain thresholds of animals inoculated with vTNFsR group was substantially improved

(vTNFsR - 12.9 ± 1.2 sec; ##P < 0.0001) compared to diabetic alone or diabetic animals

with vZ vectors (Fig. 2a). Diabetic animals tested for thermal hyperalgesia at 2 weeks after

the onset of diabetes did not show any changes in thermal pain threshold, but exhibited a

significant change in the mechanical pain threshold (data not shown). A significant

reduction in paw withdrawal threshold by Randall Selitto test of mechanical hyperalgesia

was detected in diabetic animals 6 weeks after the onset of diabetes compared to normal

control animals (control 143 ± 8.1 gm; diabetic 62.7 ± 3.2 gm; ##P < 0.0001). Inoculation of

vTNFsR significantly improved hind-paw withdrawal threshold (vTNFsR 141.8 ± 3.1 gm)

compared to vZ-diabetic animals (75.5 ± 3.6 gm; ***P < 0.001) measured 6 weeks of

diabetes and 4 weeks after vector inoculation (Fig. 2b). There were no difference between

the diabetic alone and vZ vector treated group in both the behavioral tests.
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3.3. Vector mediated expression of p55TNF soluble receptor reduces TNFα and phospho-
p38 MAPK in DRG in vivo

Diabetic animals with painful neuropathy displayed a significant increase in TNFα protein

in DRG 6 weeks after onset of diabetes compared to control animals as measured by

immunohistochemistry (Fig. 3a) and Western blot analysis (Fig. 3b–c). Animals inoculated

with vTNFsR 2 weeks post-diabetes showed a substantial and significant reduction in the

amount of TNFα in DRG at 4 weeks after vector inoculation compared to animals

inoculated with vZ (Fig. 3b–c) by Western blot analysis. Immunohistochemistry of DRG of

diabetic animals exhibited a significant increase in TNFα surrounding the DRG neurons and

in the satellite cells. Treatment with vector vTNFsR showed a substantial decrease in TNFα

in DRG (Fig 3a). Diabetic animals with painful neuropathy exhibited a significant increase

in phospho-p38 MAPK protein in the DRG at 6 weeks after onset of diabetes compared to

control animals, and showed a substantial reduction in the amount of pp38 in DRG at 4

weeks after vector inoculation compared to animals inoculated with vZ (Fig. 4a, b) as

measured by Western blot.

3.4. Increased expression of TNFα in Schwann cells of the sciatic nerve in rats with PDN

We found that diabetic animals with painful neuropathy exhibited an increase in TNFα in

the Schwann cells surrounding the sciatic nerve as shown in the cross section of the nerve in

the immunohistochemical illustration (Fig. 5a), 6 weeks after onset of diabetes compared to

control animals. Animals inoculated with vTNFsR 2 weeks after induction of diabetes by

STZ showed a substantial and significant reduction in the amount of TNFα in Schwann cells

of the sciatic nerve 4 weeks after vector inoculation compared to animals inoculated with vZ

(Fig. 5a). Diabetic animals also exhibited a substantial increase in TNFα mRNA in the

sciatic nerve at 6 weeks after onset of diabetes. Animals treated therapeutic vector showed a

substantial reduction in TNFα mRNA compared to animals inoculated with vZ (Fig. 5b) as

measured by real time PCR.

3.5. Amelioration of the increases in TNFα, GFAP and phospho-p38MAPK expression in
diabetic spinal cord by vTNFsR vector treatment

Diabetic animals with painful neuropathy exhibited a significant increase in TNFα mRNA

in the spinal cord dorsal horn at 6 weeks after onset of diabetes compared to control animals

as measured by real time PCR (Fig. 6a). Immunohistochemical studies of the dorsal horn of

the spinal cord of diabetic animals revealed significant increase of phosphorylated p38

MAPK expression. In other models, neuropathic pain is accompanied by astrogliosis in the

dorsal horn of spinal cord. The immunohistochemistry of dorsal horn of spinal cord of

diabetic animals showed substantial activation of astrocytes with increased GFAP (glial

fibrillary acidic protein) immunoreactivity in animals with painful diabetic neuropathy.

Animals treated with vTNFsR showed significant reduction in spinal GFAP

immunoreactivity compared to vZ diabetic group (Fig. 6b). Similarly, diabetic rats

inoculated with vTNFsR showed a reduction in phosphorylated p38 MAPK expression in

the dorsal horn of the spinal cord compared to the animals inoculated with vZ (Fig. 6b).
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3.6. Hyperglycemia increases TNFα in cells which may activate p38 MAPK signaling

In order to confirm whether hyperglycemia causes increases in inflammatory mediators,

adult DRG neurons in culture were exposed to high glucose (20mM; overnight). The

continuous exposure to high glucose caused a small increase of TNFα compared to control

cells (Supplementary Fig. 1a, b) as quantified by Western blot analysis. To demonstrate the

downstream signaling of TNFα and to determine whether TNFα can stimulate p38 MAPK

signaling, the adult DRG neurons in culture were pre-incubated with 15 ng/ml of

recombinant TNFα (rTNFα) for overnight. The cells exposed to rTNFα showed an increase

in phosphorylation of p38 compared to control cells (Supplementary Fig. 1c, d).

3.7. Expression of p55TNF soluble receptor lowers the TNFα expression in the foot skin of
vTNFsR vector inoculated group

From our studies, we found that there was a significant local increase of TNFα in foot skin

of the diabetic animals. In contrast to generalized pain syndromes, where systemic cytokine

levels were shown to differ from healthy controls, we only found moderate elevation of

mRNA expression of TNFα in diabetic animals compared to control animals as measured by

real time PCR (Fig. 7a). Immunohistochemical analysis of foot skin showed a substantial

increase in TNFα in diabetic animals, whereas animals inoculated with vTNFsR 2 weeks

after induction of diabetes by STZ showed a significant reduction in the amount of TNFα in

the nerve fibers surrounding the sweat gland secretory cells, 4 weeks after vector inoculation

compared to animals inoculated with vZ (Fig. 7b).

4. Discussion

Inflammation plays an important role in the development of Type 2 diabetes (Hotamisligil,

2006; Kaul et al., 2010; Roubicek et al., 2009). In this study we suggest that the activation of

inflammatory cascade in the DRG, spinal dorsal horn, sciatic nerve and foot skin in

combination or taken together contribute in the development of painful neuropathy in Type

1 model of diabetes. Several lines of evidence indicate that TNFα performs a key role in the

development of chronic pain (Schafers et al., 2003; Zhang and Dougherty, 2013). Previous

studies have shown that diabetic patients with painful neuropathy have increased

inflammatory cytokines in serum (Uceyler et al., 2007) which may appear to play a

pathogenic role in the development of diabetic neuropathy (Gonzalez-Clemente et al., 2005).

This study determines the role of locally produced inflammatory mediato rTNFα in the

DRG, spinal dorsal horn, sciatic nerve and foot skin of the rats with the development of

painful diabetic neuropathy. This report also explores the possibility that potential

pathogenic alterations of inflammatory mediators by local expression of p55TNF soluble

receptor by gene transfer in the DRG can decrease the pain-related behaviors. In humans,

TNFα has been shown to act as a pain mediator in neuropathic pain conditions, and nerve

biopsies from patients with painful neuropathy show elevated levels of TNF-α expression,

especially in Schwann cells (Calvo et al., 2012; Tanaka et al., 2002). Previous studies

suggest that insulin therapy alone cannot suppress the production and/or activity of serum

TNFα and does not inhibit the development of chronic diabetic complications in mice

(Sharma et al., 2007). Metabolic changes induced by hyperglycemia leading to

dysregulation of cytokine production causes pain-related symptoms (Skundric and Lisak,
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2003). In addition, some inflammatory plasma markers (mainly related to TNFα) have been

associated with the presence of diabetic retinopathy and nephropathy (Schram et al., 2005;

Zoppini et al., 2001). Subjects with T1D neuropathy have increased level of TNFα in serum,

despite their glycemic control and reduced cardiovascular risk factors (Averill and

Bornfeldt, 2009; King, 2008). This suggests that TNFα may play a pathogenic role in the

development of diabetic neuropathy (Gonzalez-Clemente et al., 2005). Studies on patients

with type 2 diabetes with or without diabetic polyneuropathy exhibit a different immune

profile. High levels of C-reactive protein (CRP) and IL-6, most consistently associated with

diabetic polyneuropathy (Choudhary and Ahlawat, 2008; Hills and Brunskill, 2009) and

other neuropathic deficits suggest that inflammation is associated with diabetic

polyneuropathy and neuropathic impairments. Studies have shown that pharmacological

inhibition of TNFα by etanercept, a TNFα antagonist, either by intravenous or intrathecal

routes, produced dose dependent reversal of tactile allodynia but not thermal hyperalgesia in

diabetic mice. Intraplantar routes were also ineffective (Dogrul et al., 2011). This study

defines that early interruption of the neuroinflammatory cascade in the peripheral nervous

system by intraplantar injection of HSV vector expressing anti-inflammatory mediator can

prevent the development of painful neuropathy. Skin keratinocytes are major producers of

pro-inflammatory cytokines including interleukin (IL)-1, -6, -8; TNF, and express a variety

of cytokine receptors. The bidirectional communication between skin cells and the nervous

system acts as a homeostatic unit to guarantee regulation during physiological and

pathophysiological states (Hendrix and Peters, 2007). In human studies, it has been shown

that diabetes induced prolonged expression of TNFα contributes to impaired healing (Xu et

al., 2012). TNFα neutralization using systemically applied antibodies has been shown to

have beneficial effects on impaired wound healing (Goren et al., 2007). This finding of a

localized increase of proinflammatory cytokine in foot skin in conjunction with mild

increases in the DRG along with pain related behaviors depicts that increases in the levels of

TNFα in peripheral nervous system plays an important role in the development of pain. In

diabetic animals, TNFα mRNA expression is increased in DRG, spinal cord dorsal horn,

foot skin as well as in the sciatic nerve compared to control animals; whereas TNFα protein

is substantially increased in DRG and foot skin, which may suggest that hyperglycemia

causes an increase in inflammatory mediators in the peripheral nervous system, which may

partly be responsible for the development of pain. We have also confirmed the above

phenomenon from our cell culture experiment that hyperglycemia can cause upregulation of

TNFα. In other injury models, astrogliosis in the dorsal horn of spinal cord is associated

with neuropathic pain (McMahon et al., 2005). We found an increase in GFAP

immunoreactivity in animals with painful diabetic neuropathy. Diabetic animals treated with

vTNFsR showed significant reduction in activation of spinal astrocytes compared to diabetic

animals treated with control vector vZ. A strong association has also been established

between inflammation and p38 MAPK pathway. The activation of the p38 pathway plays an

important role in the production of proinflammatory cytokines, such as IL1β, TNFα and

IL-6, (Westermann et al., 2006); whereas interleukins and TNF also stimulate p38 signaling

(Lokuta and Huttenlocher, 2005; Saklatvala et al., 1996). In recent studies it has been

reported that NGF activated-p38 phosphorylation mediates mechanical allodynia in the

db/db mouse by upregulation of a number of inflammatory mediators in the lumbar DRG.

Intrathecal delivery of SB203580, a p38 inhibitor, significantly inhibited the development of
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mechanical allodynia as well as prevented the upregulation of COX2, iNOS and TNFα

(Cheng et al., 2010). Previous studies with HSV mediated local expression of p55sTNFR to

DRG have shown a reduction of TNFα with concomitant reductions in IL1β and pp38

MAPK in the spinal nerve ligation as well as in partial spinal cord injury models (Hao et al.,

2007; Peng et al., 2006). The current study shows that HSV-mediated expression of

p55sTNFR in DRG prevents pain-related behaviors in T1D animals with diabetic

neuropathy, reduces GFAP expression and decreases the phosphorylation of p38 MAPK in

DRG and dorsal horn of spinal cord of the diabetic rats. Our cell culture study demonstrates

that addition of TNFα in the medium can cause activation of p38 MAPK pathway,

suggesting that TNF is acting through the p38 MAPK pathway, which in turn acts as an

inducer of TNF expression, contributing to the development of chronic inflammatory

conditions, and may partly be responsible for painful neuropathy in the T1D model. In these

studies we have also found an increase in TNFα in sciatic nerve and in the foot skin which is

greatly reduced in animals treated with vTNFsR. The overall studies of the DRG, nerve,

spinal cord and foot skin taken together suggest that blocking TNF expression can alter the

peripheral neuroimmune activation, which is important in the pathogenesis of pain in

diabetic neuropathy. The results from the vector mediated expression of p55sTNFR in the

DRG confirm that decrease in neuroinflammation in the peripheral nervous system may

provide a better therapeutic approach by avoiding systemic side effects in the pathogenesis

of pain in diabetes.
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Fig. 1. HSV-mediated increased expression of p55 TNF soluble receptor in DRG prevents the
increase in TNFα mRNA expression in diabetic animals
(a) Footpad inoculation of vTNFsR demonstrates an increased expression of p55 TNF

soluble receptor in DRG after 7 days of administration compared to control vector treated

DRG. (b) Significant increase in TNFα mRNA expression in DRG of diabetic animals with

PDN (*P < 0.05; compared to control animals) is prevented in animals treated with vTNFsR

vector (**P < 0.01; compared to vZ) 4 weeks after vector administration.
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Fig. 2. HSV-mediated expression of p55 TNF soluble receptor prevents the pain-related
behaviors in diabetic animals 4 weeks after treatment
(a) Diabetic animals demonstrate thermal hyperalgesia as manifested by a decrease in

withdrawal latency to noxious thermal stimuli compared to the control animals (##P <

0.0001) six weeks after the onset of diabetes. Animals treated with vTNFsR show

attenuation of thermal hyperalgesia compared to control vector treated animals. (b) Diabetic

animals exhibit reduction in paw withdrawal threshold from mechanical pain stimuli 6

weeks after the onset of diabetes compared to normal control animals (##P < 0.0001).

Animals treated with vTNFsR exhibit significantly improved hind-paw withdrawal threshold

from mechanical pain compared to control vector vZ treated animals (***P < 0.001) All

data are presented as mean ± SEM, n = 8–10 per group.
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Fig. 3. Decreases in expression of TNFα in DRG of diabetic animals treated with vTNFsR
Double-label immunostaining of TNFα (red) and s100β (green) reveals increased expression

of TNFα in DRG of diabetic animals. Transduction of DRG with HSV vector expressing

p55 TNF soluble receptor reduces TNFα expression in DRG of diabetic animals 4 weeks

after inoculation as shown by immunohistochemistry (Bar = 50 µm) (a). Graph demonstrates

the Western blot analysis of TNFα in the DRG of animals; *** P < 0.001; n = 5 animals per

group. (b). Representative Western blots are showing two independent samples randomly

chosen from the blot from each group (c).
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Fig. 4. Treatment of vTNFsR reduces phosphorylation of p38MAPK protein in DRG of diabetic
animals
(a). Western blot analysis of phospho-p38 of DRG reveals that diabetic animals have

increased phosphorylation of p38 compared to control animals (* P < 0.05; n=5). HSV-

mediated expression of p55 TNF soluble receptor inhibits the phosphorylation of p-38

MAPK in DRG of the vTNFSR treated diabetic rats compared to those treated with control

vector (# P < 0.005; n=5) by Western blot analysis. (b). Representative Western blots of

DRG are showing random selection of two independent samples from each group.
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Fig. 5. vTNFsR treated animals demonstrate reduction in expression of TNFα in sciatic nerve 4
weeks after inoculation
(a) Immunohistochemistry of nerve cross sections of the diabetic animals show a significant

increase in TNFα (in red; shown in arrow) surrounding the schwann cells (s100β in green) 6

weeks after diabetes. Treatment with vector vTNFsR shows a substantial decrease in TNFα

in schwann cells surrounding the axons of the treated animals (Bar = 50 µm). (b)

Quantitative real time PCR analysis of the sciatic nerve of diabetic animals show increased

TNFα mRNA expression compared to control animals (** P < 0.01, n = 5 per group)

whereas 4 weeks of vector mediated expression of p55 TNF soluble receptor decreases the
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TNFα mRNA expression in sciatic nerve of vector treated animals compared to control

vector treated group (* P < 0.05, n = 5 per group).
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Fig. 6. Vector treatment ameliorates the levels of the markers of inflammation in the spinal cord
of diabetic animals
(a) Quantitative real time PCR analysis shows an increase in the amount of TNFα mRNA

(corrected for β-actin) in the dorsal horn of the spinal cord of the diabetic animals compared

to control animals (** P < 0.01, n = 5 per group). vTNFsR vector treated animals show

decreased the TNFα mRNA expression in the spinal cord dorsal horn compared to vZ

control vector treated animals (** P < 0.01, n = 5 per group). (b) GFAP and phospho-p38

immunohistochemistry of spinal cord dorsal horn reveals that diabetic animals have
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increased activation of astrocytes as well as increased phosphorylation of p38 compared to

control animals. HSV-mediated expression of p55 TNF soluble receptor inhibits astrocytic

activation and prevents the phosphorylation of p38 MAPK in dorsal horn of spinal cord of

the diabetic rats (Bar = 20 µm).
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Fig. 7. HSV mediated expression of p55 TNF soluble receptor in DRG attenuates the increase in
TNFα in the hind paw skin
(a) STZ-diabetic animals show increased expression of TNFα mRNA compared to control

animals (* P < 0.05, n = 5 per group). Vector mediated expression of p55TNF soluble

receptor results in a decrease in the amount of TNFα mRNA in the hind paw skin of the

diabetic animals compared to the control vector treated diabetic animals (* P < 0.05, n = 5

per group). (b) Double-label immunostaining of TNFα (red) and PGP 9.5 (green) of the paw

skin demonstrates increased expression of TNFα in the nerve fibers as well as in the sweat
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gland of the diabetic animals compared to controls whereas vector treatment decreased the

expression (Bar = 50 µm).
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Table 1

Changes in metabolic parameters before and after the onset of diabetes.

Pre-diabetic 6 weeks post-diabetic

Weight (gm) Glucose
(mg/dL)

Weight (gm) Glucose (mg/dL)

Control 247.5 ± 9.1 114.3 ± 6.3 304 ± 10.2 *** 121.5 ± 11.4

STZ-Diabetic 251.1 ± 6.5 118 ± 5.4 299.3 ± 9.2 *** 401.8 ± 50.8 #

Control and diabetic animals gained weight significantly (***P < 0.001) 6 weeks after the onset of diabetes compared to their pre-diabetic states.
Animals treated with STZ have increased blood glucose level compared to the control animals (# P < 0.005) as measured 6 weeks post-diabetes.
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