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28The mechanisms of diabetic painful neuropathy are complicated and comprise of peripheral and central
29pathophysiological phenomena. A number of proinflammatory cytokines are involved in this process.
30Tumor necrosis factor a (TNF-a) is considered to be one of the major contributors of neuropathic pain.
31In order to explore the potential role of inflammation in the peripheral nervous system of Type 1 diabetic
32animals with painful neuropathy, we investigated whether TNF-a is a key inflammatory mediator to the
33diabetic neuropathic pain and whether continuous delivery of TNFa soluble receptor from damaged
34axons achieved by HSV vector mediated transduction of DRG would block or alter the pain perception
35in animals with diabetic neuropathy. Diabetic animals exhibited changes in threshold of mechanical
36and thermal pain perception compared to control rats and also demonstrated increases in TNFa in the
37DRG, spinal cord dorsal horn, sciatic nerve and in the foot skin, 6 weeks after the onset of diabetes. Ther-
38apeutic approaches by HSV mediated expression of p55 TNF soluble receptor significantly attenuated the
39diabetes-induced hyperalgesia and decreased the expression of TNFa with reduction in the phosphory-
40lation of p38MAPK in the spinal cord dorsal horn and DRG. The overall outcome of this study suggests
41that neuroinflammatory activation in the peripheral nervous system may be involved in the pathogenesis
42of painful neuropathy in Type 1 diabetes which can be alleviated by local expression of HSV vector
43expressing p55 TNF soluble receptor.
44� 2014 Elsevier Inc. All rights reserved.
45

46

47

4849 1. Introduction

50 Painful neuropathy is a common, difficult to treat complication
51 of diabetes.Q3 The pathogenesis of diabetic neuropathy is complex
52 and involves multiple pathways. Lack of success in preventing neu-
53 ropathy even with successful treatment of hyperglycemia suggests
54 the presence of early mediators between hyperglycemia-induced
55 metabolic and enzymatic changes in functional and structural
56 properties of the nervous system. Metabolic changes induced by
57 hyperglycemia lead to dysregulation of cytokines which can cause
58 pain-related symptoms (Skundric and Lisak, 2003). Approximately
59 20–24% of diabetes patients experience neuropathic pain

60(Schmader, 2002). Increasing evidence shows that inflammatory
61cytokines may participate in the pathogenesis of insulin resistance
62and its complications (Fernandez-Real and Ricart, 2003). Subjects
63with Type 1 diabetic (T1D) neuropathy have shown an increase
64in plasma concentrations of inflammatory markers that are
65involved in insulin resistance (Goldberg, 2009; Gonzalez-
66Clemente et al., 2007). Increased level of tumor necrosis factor
67alpha (TNFa) is often demonstrated in patients with diabetic neu-
68ropathy, regardless of their glycemic control and cardiovascular
69risk factors that are associated with insulin resistance (Averill
70and Bornfeldt, 2009; King, 2008). Patients with painful neuropathy
71have shown increased IL-2 and TNFa mRNA and protein levels in
72blood (King, 2008). Studies have shown that patients with painful
73diabetic neuropathy (PDN) exhibit a different serum immune pro-
74file compared to patients with painless diabetic neuropathy which
75suggests that immune markers in blood are associated with dia-
76betic neuropathic pain (Doupis et al., 2009; Uceyler et al., 2007).
77Results from these studies suggest that TNFa may play a patho-
78genic role in the development of diabetic neuropathy (Gonzalez-
79Clemente et al., 2005). Majority of these studies have been done
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80 in Type 2 diabetic subjects using serum immune profiles. It is
81 unclear whether similar mechanisms exist in Type 1 diabetes.
82 The relationship of these serum inflammatory markers to nocicep-
83 tive pathways in the nervous system in T1D animals has not been
84 explored. We undertook these studies to understand whether
85 TNFa, a major contributor in other forms of neuropathic pain, plays
86 a role in this process and that whether increases in TNFa in the
87 peripheral nervous system of T1D animals are responsible for pain-
88 ful neuropathy. TNFa is a pleiotropic cytokine which mediates the
89 inflammatory response and activation of the immune system
90 (Marchand et al., 2009)Q4 . The effects of TNFa are mediated by 2 spe-
91 cific cell surface receptors, 55-kD TNF receptor I and 75-kD TNF
92 receptor II. The extracellular domains of these receptors are
93 released by proteolytic cleavage to form soluble TNF (sTNF) recep-
94 tor I and II (Horiuchi et al., 2010)Q5 . Soluble TNF receptors act as TNF
95 antagonists and inhibit TNFa-mediated proinflammatory effects.
96 A broad range of preclinical animal studies have shown that
97 systemic delivery of neurotransmitters or anti-inflammatory
98 agents could effectively prevent painful neuropathy. Unfortu-
99 nately, administration of these agents in patients has resulted in

100 a number of systemic side effects. Currently available treatments
101 to effectively treat or prevent the progression of painful neuropa-
102 thy are very limited. Earlier studies have shown that pretreatment
103 with intra-peritoneal administration of etanercept, a commercially
104 available soluble human 75-kD TNF receptor, reduces mechanical
105 allodynia in rats with the spinal nerve ligation or spinal cord hemi
106 section model of peripheral neuropathic pain (Marchand et al.,
107 2009; Schafers et al., 2003). In diabetic mice, both systemic or
108 intrathecal administration of etanercept produced only a dose
109 dependent reversal of tactile allodynia but not thermal hyperalge-
110 sia (Dogrul et al., 2011). This suggests that a better therapeutic
111 approach is needed. To avoid systemic side effects, local expression
112 of anti-inflammatory agent may overcome this consequence. Our
113 study demonstrates that subcutaneous injection of replication
114 defective HSV based vectors in the footpad to deliver and express
115 the transgenes in primary sensory neurons of the DRG may prevent
116 the progression of this condition. Previous studies have shown that
117 footpad inoculation of HSV vector expressing p55TNF soluble
118 receptor one week before nerve injury reduced mechanical allo-
119 dynia and thermal hyperalgesia, and also resulted in a reduction
120 of TNFa and concomitant reductions in interleukin (IL)-1b and
121 phosphorylated p38 MAP kinase as well (Hao et al., 2007). Another
122 spinal cord injury model of peripheral neuropathic pain involving
123 footpad inoculation of HSV vector expressing p55TNF soluble
124 receptor one week after injury showed alleviation of mechanical
125 allodynia (Peng et al., 2006). In this study we investigated that con-
126 tinuous delivery of TNFa soluble receptor from damaged axons
127 achieved by HSV vector mediated transduction of DRG in animals
128 with Type 1 diabetes, blocks the nociceptive and stress responses
129 in the DRG and spinal dorsal horn neurons by reducing the TNFa
130 expression and also decreasing the downstream signaling molecule
131 p38MAPK activation with improved pain perception. Additionally
132 we found that the increases in TNFa in sciatic nerve and in the foot
133 skin are also reduced in animals treated with the therapeutic vec-
134 tor in conjunction with the reduction of pain. Taken together these
135 studies suggest that neuroinflammatory activation in the periphe-
136 ral nervous system may be involved in the pathogenesis of painful
137 neuropathy in Type 1 diabetes.

138 2. Materials and methods

139 2.1. Animal studies: induction of diabetes and vector inoculation

140 Experiments were performed on male Sprague Dawley rats
141 weighing 220–250 gms (Charles River, Portage, MI, USA) in

142compliance with approved institutional animal care and use proto-
143cols (IACUC, VAAAHS). Animals were rendered diabetic by IP injec-
144tion of streptozotocin (STZ; 50 mg/kg). Three days after STZ
145injections, blood glucose levels were measured using OneTouch
146Ultra glucose meter (LifeScan, Inc; USA). Rats with greater than
147300 mg/dl blood glucose level were included in the study (Table 1).
148Two weeks after the onset of diabetes, the T1D animals were inoc-
149ulated with either HSV vector expressing p55 TNFa soluble recep-
150tor (vTNFsR) or control vector expressing lacZ (vZ) subcutaneously
151into the plantar surface of both hind paw (30 ll of 1 � 109 pfu/ml).
152Animals were grouped into four categories: control, diabetic alone,
153diabetic inoculated with vTNFsR (dia + vTNFsR) and diabetic inoc-
154ulated with vZ (dia + vZ). All behavioral analyses were carried out
155by an observer blinded to the treatment group 4 weeks after vector
156inoculation (at 6 weeks of diabetes). A group of diabetic animals
157were evaluated at 2 weeks after hyperglycemia to assess the pain
158related behaviors at the time of vector treatment. A separate group
159of rats were injected in a similar fashion with vTNFsR and eutha-
160nized 7 days later for the studies of transgene expression in vivo.

1612.2. Behavioral studies

1622.2.1. Thermal hyperalgesia
163The latency to hind paw withdrawal from a thermal stimulus
164was determined by exposing the plantar surface of the hind paw
165to radiant heat using a modified Hargreaves (Hargreaves et al.,
1661988) thermal testing device. Rats were placed in individual enclo-
167sures on a glass plate maintained at 30 �C, and after a 30 min habit-
168uation period the plantar surface of the paw was exposed to a
169beam of radiant heat applied through the glass floor. Activation
170of the bulb simultaneously activated a timer, and both were imme-
171diately turned off by paw withdrawal or at the 20 s cut-off time.
172Testing was performed by a blinded observer in triplicate at
1735 min intervals.

1742.2.2. Mechanical hyperalgesia
175Mechanical nociceptive threshold was assessed using an anal-
176gesimeter (Ugo Basile, Comerio, VA, Italy) as described by Randall
177and Selitto (1957). A linearly increasing pressure was applied
178through a cone-shaped plastic tip with a diameter of 1 mm onto
179the dorsal surface of the hindpaw. The tip was positioned between
180the third and fourth metatarsus, and force applied until the rat
181attempted to withdraw its paw (paw withdrawal threshold to
182pressure). The pain threshold determined as the mean of three
183consecutive stable values expressed in grams was determined by
184a blinded observer.

1852.3. Cell culture experiment

186DRG from adult rats were dissociated with 0.25% trypsin, 1 mM
187EDTA for 30 min at 37 �C with constant shaking and then plated on
188poly-D-lysine-coated coverslips (105 cells per well in a 24-well

Table 1
Changes in metabolic parameters before and after the onset of diabetes. 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.

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#
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