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Aim: Peripheral nerve degeneration after nerve injury is accompanied with oxidative stress that may activate
poly ADP-ribose polymerase (PARP, DNA repair enzyme). PARP overactivation amplifies the neuronal damage ei-
ther due to energy crisis or through inflammatory process by facilitating nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB). Hence investigated the role of PARP inhibitors, 3-Aminobenzamide (3-
AB) and 1,5-isoquinolinediol (ISO) in the attenuation of chronic constriction injury (CCI) induced peripheral neu-
ropathy in rats.
Methods: 3-AB and ISO (at doses 30 and 3mg/kg i.p., respectively) were tested in rats subjected to standard tests
for evaluating hyperalgesia and allodynia. Sciatic functional index (SFI) was assessed by performing walking
track analysis. Oxidative stress and inflammation induced biochemical alterations were estimated after
14 days in sciatic nerve and lumbar spinal cord. Molecular changes were explored by immunohistochemistry
and DNA fragmentation by TUNEL assay.
Key findings: Treatment significantly improved sensorimotor responses (p b 0.001), SFI (p b 0.001) and foot pos-
ture. PARP inhibition significantly (p b 0.01 and p b 0.001) reduced the elevated levels of nitrite, inflammatory
markers and also normalized the depleted NAD(total) levels. The protein expression of poly (ADP-ribose) (PAR),
NF-κB, cyclooxygenase-2 (COX-2) and nitrotyrosine were significantly (p b 0.01 and p b 0.001) decreased in
both sciatic nerve and lumbar spinal cord, evident through immunohistochemistry.
Significance: Present study outcomes fortify the pathological role of PARP overactivation in CCI induced neurop-
athy and PARP inhibition ameliorated oxidative stress and neuroinflammation associatedwith CCI induced nerve
injury. Therefore, the current study suggests the PARP inhibitors can further be evaluated for designing futuristic
strategies for the management of trauma induced neuropathy.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Neuropathic pain, a consequence of nerve injury of peripheral ner-
vous tissue reduces the quality of life, decreases ability to participate
in daily routines andmakes the person unfit for work [1]. Clinical symp-
toms of neuropathic pain are characterized by abnormalities in the pain
sensation that are stimulus independent like shooting pain, burning,
tingling and numbness. Whereas, stimulus evoked pain perceptions in-
clude thermal andmechanical hyperalgesia, tactile allodynia and some-
times may even leads to hypoalgesia [2]. Traumatic peripheral nerve
injury frequently produces persistent debilitating pain states. It results
logy and Toxicology, National
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in structural and functional alterations in peripheral nerve endings, af-
ferent fibers, dorsal root ganglion (DRG) and central afferent terminals
in the spinal cord resulting in sensory nociceptor sensitization, ectopic
discharges, central sensitization anddisinhibition [3]. Though enormous
efforts have beenmade to find treatments for neuropathic pain, there is
no therapeutic intervention which can truly be labeled as its treatment.
Current pharmacotherapy includes antidepressants, calcium channel
alpha-2 delta subunit blockers, selective serotonin reuptake inhibitors
(SSRIs), sodium channel blockers, tramadol, capsaicin patch etc.,
which can only provide symptomatic relief. Also these interventions
are limited by their effectiveness and adverse effects [4]. Therefore, it
is necessary to search for novel molecules that target the underlying
pathophysiology.

Nerve injury induce an upsurge of inflammatorymediators at the in-
jury sitewhich in turn activates the glial cells, responsible for amplifying
the inflammatory process by synthesis and release of proinflammatory
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mediators. This may contribute to nitro-oxidative stress and neuroin-
flammation mediated neurodegeneration [5]. Elevated nitro-oxidative
stress and inflammatory processes may leads to massive DNA damage.
PARP after sensing the DNA damage, it gets activated and repairs the
DNA by transferring ADP-ribose units to the nuclear proteins. A promi-
nent role of PARP overactivation in the activation of inflammatory path-
ways and neurodegeneration has been demonstrated in various types of
neuropathic pain [6–8]. Therefore, PARP inhibitors can serves as an at-
tractive tool to counter the inflammation related nerve damage in addi-
tion to their PARP inhibitory activity.

Recently, PARP inhibitors have been reported for their potential in
the treatment of other forms of neuropathies [9–11]. 3-
Aminobenzamide (3-AB) is analogue of nicotinamide have long served
as benchmark inhibitors of PARP widely used for investigations. It has
been reported for its therapeutic efficacy in various cardiovascular dis-
eases, diabetes and its complications and inflammatory diseases [12,
13]. 1,5-Isoquinolinediol (ISO) is a derivative of isoquinolinones is
more potent than classical PARP inhibitors and found to be
cardioprotective and neuroprotective [12,14]. Recent studies also indi-
cated its anti-aging and potent anti-inflammatory actions [15,16]. Evi-
dence also suggests that these PARP inhibitors have potential to
attenuate diabetes induced inflammatory stress in endothelial cells
and neuronal tissue [10,17]. Objective of the current study is to assess
the pathological role of PARP overactivation and therapeutic potential
of 3-AB and ISO in experimental model of trauma induced neuropathic
pain. We used chronic constriction injury model as it is one of the most
widely used models for nerve injury induced neuropathic pain that
shares many pathophysiological similarities to clinically reported neu-
ropathy and neuropathic pain [18].

2. Materials and methods

2.1. Experimental animals

Male Sprague-Dawley rats weighing 150–200 g were procured from
National Institute of Nutrition (NIN), Hyderabad, India. Animals were
naive to intervention treatment and experimentations at the starting
of all studies and were housed under standardized conditions in animal
house with free access to food and water, maintained at constant tem-
perature of 23 °C ± 1 °C, relative humidity 55% ± 10% and 12:12 h
light and dark cycle throughout the experimentation. The animal inves-
tigations were approved by IAEC and done in accordance. All the exper-
iments were carried out at similar time of the day and performed before
CCI to obtain basal readings and at 7th and 14th day after CCI to screen
the therapeutic potential of the treatment.

2.2. Drugs and chemicals

All the chemicals including 3-aminobenzamide and 1,5-
isoquinolinediol were procured from Sigma, USA unless specified.
NAD/NADHkit was also procured from Sigma, USA. Immunohistochem-
istry detection kit was supplied by PathnSitu Biotechnologies Pvt Ltd,
Hyderabad, India. TdT-FragEL™ DNA fragmentation detection kit pur-
chased from Calbiochem (EMD Millipore, USA). All other chemicals
and solvents used were of analytical grade. Isoflurane was purchased
from Raman and Weil Pvt. Ltd, Mumbai, India. TNF-α and IL-6 rat spe-
cific ELISA kitswere obtained from eBiosciences, Inc. SanDiego, CA, USA.

2.3. Induction of peripheral neuropathy by chronic constriction injury (CCI)

Rat sciatic nerve was subjected to CCI according to the Bennett and
Xie method [18]. Briefly, the rats were anesthetized in an induction
chamber using 4% isoflurane in presence of O2. Left hind leg was shaved
and sterilized with 70% alcohol and iodine solution. An incision was
made on lateral surface of left thigh, 3–4 mm below the femur. Sciatic
nerve was exposed by blunt dissection of gluteus superficialis and
biceps femoris muscles. Using chromic gut 4-0, suture (Ethicon, USA)
four double knot ligatures were placed, each 1 mm apart, proximal to
the trifurcation of the sciatic nerve. The ligatures were made tight
enough not to slide along the nerve but with minimal constriction so
that epineurial blood flow was not disturbed. The wound was sutured
layer by layer and animals were recovered from anesthesia on a homeo-
thermic blanket. Then the skin was sterilized with topical iodine
solution.

2.4. Drugs and dosing schedule

After habituation to the test environment and baseline measure-
ments of pain sensitivity, ratswere randomized into 5 groups each com-
prising 6 rats. Normal control group rats were not subjected to any
surgical procedure. Sham operated group- rats were subjected to surgi-
cal procedure where the sciatic nerve was exposed but not ligated, CCI
control rats with ligated sciatic nerve. Two treatment groups were sub-
jected to CCI and treated with either 3-AB (30 mg/kg i.p.) or ISO
(3mg/kg i.p.) for 14 days. Animalswere assessed for behavioral changes
before CCI, 7th and 14th day after the CCI. All behavioral measures were
obtained by an observer who was blinded to the group assignment to
avoid bias. Tests were conducted in accordance with the guidelines of
the International association for the study of pain. Thereafter, 14 days
post-CCI, all the animals were euthanized using CO2 anesthesia, and
the ipsilateral sciatic nerve and lumbar spinal cord were collected.
Their homogenates were used to assess the biochemical alterations
and expression levels of various proteins of interest.

2.5. Functional assessment

2.5.1. Sciatic functional index (SFI, walking track analysis)
To evaluate the functional effects of sciatic nerve damage SFI was

calculated according to the method of Varejao et al. [19] by measuring
the hind paw foot prints of walking rats preserved on a white paper.
All rats were first allowed for two or three conditioned trials to walk
in the walking chamber, during which they often stop to explore the
corridor. Then the hind paws of the animal were dipped in Indian ink,
placed and permitted to walk on a white paper in a walking pathway
that end in a darkened cage. Then several measurements were taken
from the foot prints left by the rat on the white paper. They are
(i) longitudinal distance from the heel to the third toe, the print length
(PL); (ii) horizontal distance from the first to thefifth toe, the toe spread
(TS); and (iii) horizontal distance from the second to the fourth toe, the
intermediary toe spread (ITS). All the three measurements were taken
from the ipsilateral (I) and contralateral (C) sides. Several foot prints
were obtained from each track and average values of three foot prints
were considered. From these values various factors were calculated as
follows to obtain the sciatic functional index (SFI). (i) Print length factor
(PLF) = (IPL − CPL) / CPL; (ii) toe spread factor (TSF) = (ITS− CTS) /
CTS; (iii) intermediary toe spread factor (ITF) = (IIT − CIT) / CIT. The
sciatic functional index (SFI) from these factors was calculated by
using the Bain-Mackinnon-Hunter (BMH) formula;
SFI = −38.3 × PLF + 109.5 × TSF + 13.3 × ITF − 8.8. An SFI of 0 indi-
cates normal foot and −100 indicates total impairment, which would
result from a complete transection of the sciatic nerve.

2.6. Behavioral studies

2.6.1. Thermal hyperalgesia (hot and cold plate tests)
Thermal hyperalgesia of the paw to both hot (52.5 °C ± 1 °C) and

cold (4 °C ± 1 °C) stimuli was performed [20,21]. This response on
Eddy's hot/cold plate is considered to be resultant of both central and
peripheral painmechanisms. Animalswere acclimatized prior to the ex-
periment. The latency of the first escaping sign of paw flicking, jumping
or paw licking were considered as the index of the pain threshold. The
cut off time 15 s and 60 s were kept in hot and cold plate tests
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respectively to avoid the paw damage. Six consecutive readings were
taken at an interval of 10 min.

2.6.2. Cold chemical allodynia (acetone spray test)
Cold-allodynia of the rat hind pawwas assessed using acetone spray

method [22] by placing the rat on a wire mesh, spraying 100 μl of ace-
tone onto the surface of the pawwithout touching the paw skin. The re-
sponse of the rat was noted for 20 s and graded to a 4-point scale. 0, no
response; 1, quickwithdrawal or flicking of the paw; 2, prolongedwith-
drawal or repeated flicking; and 3, repeated flicking and licking of the
paw. With a 5 min time interval, acetone was applied thrice on the
hind paw and the individual scores noted in 20 s intervals were added
to obtain a single score over a cumulative period of 60 s with a minimal
score of 0 and maximum score of 9.

2.6.3. Mechanical dynamic allodynia (paint brush test)
This test explores the dynamic responses to mechanical stimulus.

The rat was placed on the top of a wire mesh with grids and a smooth
paint brush was used to rub the plantar area of hind paw from the
heel to the toes. The withdrawal response is indicative of mechanical
dynamic allodynia because normal rats never respond to this kind of
stimulus. This is explained as the pain mediated through peripheral
large myelinated Aβ-fibers [23,24]. The stimulus was applied five
times with an interval of 5 s and the number of withdrawals was
noted (between 0 and 5). The experiment was repeated for three
times with a time interval of 5 min and total number of withdrawal re-
sponses was added to get a single cumulative score with minimum of 0
and maximum of 15.

2.6.4. Static mechanical hyperalgesia (Randall-Selitto analgesic apparatus)
Mechanical hyperalgesia wasmeasured by using Randall-Selitto an-

algesic apparatus (IITC Life sciences, CA, USA) [25,26]. Pressure was ap-
plied on ipsilateral paw and time difference of 5 min was kept in
between two consecutive readings. The paw withdrawal responses at
the corresponding pressure in g were recorded. The cut off pressure
was fixed as 150 g to avoid the paw damage.

2.6.5. Spontaneous pain assessment and assessment of foot deformation
To assess the ongoing spontaneous pain, ratwas observed for 10min

in its own place. The duration of lifting, flicking and licking of the ipsilat-
eral hind paw was noted and the cumulative duration of these re-
sponses within the 10 min duration was measured. These responses of
the hindpawas a part of grooming behaviorwere not taken into consid-
eration. They indicate the spontaneous ongoing pain due to peripheral
nerve injury and rat adjusts its weight bearing.

Posture of the footwas observed for its deformation byplacing rat on
a glass surface. The foot deformationwas scored as follows: score 0 if the
paw is in normal position with fanned toes, score 1 if the toe is
ventroflexed, score 2 if the paw is everted so that only the internal
edge of the paw touches the floor [27].

2.7. Biochemical estimation

All the groups of rats were euthanized after 30 min of last dose of
treatment after 14th day of experimental protocol. Immediately, seg-
ments of ipsilateral sciatic nerve proximal and distal to the site of injury
and L4–L6 part of spinal cord were collected and stored at−80 °C. The
sciatic nerve and spinal cord homogenates were prepared using Tris-
HCl (pH-7.4) buffer containing protease cocktail inhibitor (Sigma,
USA) and supernatant was collected after centrifugation at 12,000 rpm
and 4 °C for 15 min. These were used for further determination of
malondialdehyde (MDA), nitrite, glutathione (GSH), superoxide dis-
mutase (SOD) and nicotinamide adenine dinucleotide (NAD(total))
levels. Total protein content of homogenates was estimated using pro-
tein assay kit (Bio-Rad, USA) using Bovine serum albumin (BSA) as a
standard. Extent of lipid peroxidation was assessed by measuring
‘Thiobarbituric Acid Reactive Substances’ (TBARS) [28]. Absorbance
was measured at 532 nm and results were expressed as μmol/mg pro-
tein. Nitrite levels were estimated at 548 nm using the Griess reagent
(Sigma, USA) and were expressed as total nitrite levels as nmol/mg of
protein after protein normalization [25]. Glutathione (GSH) levels
were calculated using 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB/
Ellman's regent) at 412 nm [29]. SOD levels were estimated using
sigma kit (Sigma, USA) according to the manufacturer's instructions
and expressed as units/mg of protein. Total quantity of GSH was calcu-
lated bymeans of a calibration curve, normalized to the protein concen-
tration and expressed as μmol/mg.
2.7.1. Estimation of (total NADH and NAD+) NAD(total) levels
TheNAD(total) levelsweremeasured as amean it directly determines

the PARP overactivation as evaluated by others previously [11]. The tis-
sue supernatantwas assayed forNAD(total) levels using sigmakit accord-
ing to the manufacturer's instructions. NAD(total) levels were measured
at 450 nm usingmultimodemicroplate reader (SpectramaxM4, Molec-
ular Devices LLC, Sunnyvale, California, USA). The total quantity of NAD
(total) was calculated by means of a calibration curve and normalized to
the protein concentration,whichwas estimated using a Bio-Rad protein
assay kit and expressed as ng/mg of protein.
2.7.2. Estimation of inflammatory markers (TNF-α and IL-6)
For estimation of pro-inflammatory cytokines in sciatic nerve and

spinal cord, homogenates were prepared using Tris-HCl (pH-7.4) buffer
containing protease cocktail inhibitor (Sigma, USA) and supernatant
was collected after centrifugation at 4000 rpm and 4 °C for 15 min.
The supernatants were immediately used for the estimation of TNF-α
and IL-6 using commercially available rat specific enzyme-linked im-
munosorbent assay (ELISA) kits according to the manufacturer's in-
structions. Cytokine levels were calculated by comparing samples to
the standard curve produced from the respective kit and were
expressed as pg/mg of protein after normalizing the protein content.
2.8. Histopathological evaluation

Collected tissues of distal portions of sciatic nerve and lumbar por-
tion of the spinal cord were immediately preserved in 10% buffered for-
malin. These tissues were dehydrated in series of diluted alcohol,
embedded in paraffin and a series of 4 μmsectionsweremade usingmi-
crotome (Leica biosystems RM2255, Wetzlar, Germany). Staining was
done by using hematoxylin and eosin. Then the sections were observed
under microscope (Nikon Eclipse TE2000-E, CA, USA) and analyzed for
axonal degeneration and other histopathological changes.
2.9. DNA fragmentation and protein expression studies

2.9.1. TUNEL assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end la-

beling (TUNEL) assay was used to study DNA fragmentation. Isolated
sciatic nerve and spinal cord were dehydrated, embedded in paraffin
and a series of 4 μm sections were made using microtome (Leica
biosystems RM2255, Wetzlar, Germany). The 3′ end of fragmented
DNAwas labeledwith fluorescein isothiocyanate (FITC) usingDNA frag-
mentation detection kit TdT-FragEL as per manufacturer's instructions
(Calbiochem, CA, USA). Sections were then mounted with mounting
media containing nuclear counter stain 4′,6-diamidino-2-phenylindole
(DAPI), total cells were observed under fluorescent microscope (Nikon
Eclipse TE2000-E, USA). Total cell population and TUNEL-positive cells
were counted using the image analysis software by (Image J 1.36;
Wayne Rasband, National Institutes of Health, MD, USA). TUNEL-
positive cells were expressed as percentage of total cells.



Fig. 1. Effect of 3-AB and ISO treatment on sciatic nerve function and foot posture: (i) (a) foot prints and (i) (b) SFI. (ii) (a) Pictures of ipsilateral paw postures and (ii) (b) foot deformity in
terms of postural index. Results are expressed as mean± SEM (n= 6). NC: normal control, SHAM: sham operated, CCI: CCI operated, CCI + AB and CCI + ISO: CCI rats treatedwith 3-AB
and ISO at 30 and 3 mg/kg i.p. respectively. ^^^p b 0.001 vs. SHAM, ***p b 0.001, vs. CCI and ###p b 0.001 vs. SHAM on 7th and 14th day.
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2.9.2. Immunohistochemistry (IHC)
The slides were warmed on a hot plate at 37 °C ± 5 °C and then

deparaffinized using xylene. Then they were rehydrated with series of
diluted alcohol. Later they were washed with immuno-wash buffer
(pH-7.4) and incubated in blocking solution for 20 min to avoid the
non-specific binding. Sections were then incubated with primary
antibodies to NF-κB, COX-2 (Cell Signaling Technology, Beverly,
MA, USA) in dilutions of 1:200, Nitrotyrosine and PAR (Santa Cruz
Biotechnology, Texas, USA) in dilutions of 1:200 for 2 h at room
temperature in a humidified chamber. Then sections were washed
for 2–3 times and binding of the antibodies to their antigenic sites
in sections was amplified using Poly Excel HRP/DAB Detection
System (PathnSitu Biotechnologies Pvt Ltd, India). The antigen-
antibody reaction sites were visualized using 3,3-diaminobenzidine
(DAB) for 5 min and subsequently, sections were counterstained
with Mayer's modified hematoxylin (Sigma, USA). Then dehydrated,
mounted with mounting media and observed under microscope
(Nikon Eclipse TE2000-E, USA) to count the stained brown cells.
Total cell population and stained positive cells were counted using
the image analysis software (Image J 1.36; Wayne Rasband, National
Institutes of Health, MD, USA). Specific protein expressed positive
cells were expressed as percentage of total cells.
2.10. Statistical analysis

The data obtained were expressed as the mean ± standard error of
mean (SEM). The data from the behavioral results were statistically an-
alyzed by two-way analysis of variance (ANOVA) and data from the bio-
chemical results were statistically analyzed by one-way analysis of
variance using the GraphPad Prism Version-5.0 software. Statistical
comparisons were made with “Bonferroni's Multiple Comparison
Test”. Results with p values b 0.05 were considered as statistical
significant.
3. Results

3.1. General behavioral observations

There were no significant changes observed in rats either subjected
to CCI, sham operated group or treated groups but CCI operated rats
showed general behavior like abnormal gait, posture, licking and
flicking of the ipsilateral hind paw from 3rd day of the surgery. The
food intake of operated rats was found to be decreased non-
significantly in the initial days of surgery which might be due to the
spontaneous pain and it was slowly normalized.

3.2. Effect of 3-AB and ISO treatment on functional recovery of injured sci-
atic nerve in CCI rats

TheCCI of sciatic nerve in rats induces functional impairmentswhich
was assessed by measuring sciatic functional index using foot prints
(Fig. 1(i, a)). In CCI rats, a significant (p b 0.001) functional impairment
on 7th and 14th day was observed as compared to the sham group (CCI
−76.15 ± 4.18% vs. SHAM −3.5 ± 0.76% and CCI −73.66 ± 3.26% vs.
Sham−5.5 ± 2.24% on 7th and 14th day respectively). Administration
of 3-AB and ISO (30 and 3 mg/kg, i.p.) for 14 days significantly
(p b 0.001) improved the functional index (CCI + AB −54.16 ± 1.69%
and CCI + ISO −49.16 ± 0.83%) (Fig. 1(i, b)).

3.3. Effect of 3-AB and ISO treatment on hyperalgesia and allodynia in CCI
induced neuropathic pain

The CCI of sciatic nerve resulted in the significant (p b 0.001) devel-
opment of thermal hyperalgesia, chemical induced cold allodynia, me-
chanical dynamic allodynia and mechanical hyperalgesia at day 7 and
maximum effect was observed by 14th day as compared to sham
group, assessed by standardmethods, Eddy's hot and cold plate, acetone
drop, paint brush and Randall-Selitto tests respectively. Administration



Fig. 2. Effect of 3-AB and ISO treatment on behavioral changes: (a) cold (4 °C± 1 °C) hyperalgesia, (b) heat (52.5 °C± 1 °C) hyperalgesia, (c) mechanical hyperalgesia, (d) cold allodynia,
and (e) mechanical dynamic allodynia. Results are expressed as mean ± SEM (n = 6). NC: normal control, SHAM: sham operated, CCI: CCI operated, CCI + AB and CCI + ISO: CCI rats
treated with 3-AB and ISO at 30 and 3 mg/kg i.p. respectively. ^^^p b 0.001 vs. SHAM, ***p b 0.001 and **p b 0.01 vs. CCI and ###p b 0.001, ##p b 0.01, and #p b 0.05 vs. SHAM on 7th
and 14th day.
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of 3-AB and ISO at doses 30 and3mg/kg, i.p. respectively for 14 days sig-
nificantly (p b 0.001) increased the pawwithdrawal latencies to hot and
cold stimuli when compared to the CCI control animals (Fig. 2(a and b)).
CCI also significantly (p b 0.001) increased the responses to paint brush
and acetone induced cold stimuli at even 7th day and the response
peaked by 14th day. Treatment for 14 days significantly (p b 0.01 and
p b 0.001) reduced these CCI increased responses (Fig. 2(d and e)).
Whereas the treatment also significantly increased (p b 0.001) the CCI
elevated latencies in Randall-Selitto test (Fig. 2(c)).
3.4. Effect of 3-AB and ISO treatment on CCI induced spontaneous pain and
foot deformation

In chronic constriction injury subjected rats, the cumulative lifting
(39.26 ± 2.60 s) and (89.75 ± 4.50 s) along with licking duration
(14.07± 0.98 s) and (20.58 ± 2.14 s) was observed during the time in-
terval of 10min on 7th and 14th day respectively. These durations were
significantly (p b 0.001) higher as compared to lifting duration on 7th
(7.84±1.11 s) and 14th day (6.52± 1.14 s) alongwith licking duration
on 7th (1.33 ± 0.24 s) and 14th day (2.08 ± 0.32 s) in sham control
group. Treatment with 3-AB and ISO at doses 30 and 3 mg/kg, i.p. re-
spectively, decreased the duration of cumulative lifting (31.15 ±
2.57 s and 29.21 ± 3.46 s) on 7th day and (26.49 ± 2.44 s and
28.83 ± 2.97 s) on 14th day along with licking duration (6.32 ±
0.78 s and 6.43 ± 0.84 s) on 7th day and (7.81 ± 0.66 s and 7.40 ±
1.02 s) on 14th day was observed suggesting the significant
(p b 0.001) attenuation of chronic constriction injury induced spontane-
ous pain.
In CCI subjected rats, significant postural defects in terms of foot de-
formation was observed as compared to near normal postural index of
sham group. Administration of 3-AB and ISO at doses 30 and 3 mg/kg,
i.p., respectively corrected the CCI-induced foot deformity (Fig. 1(ii, a
and ii, b)).

3.5. Effect of 3-AB and ISO treatment on CCI induced nitro-oxidative stress
markers

The chronic constriction injury of sciatic nerve resulted in elevated
levels of nitro-oxidative stress marker (MDA and nitrite levels) and de-
creased the GSH levels significantly (p b 0.001). Treatment with 3-AB
and ISO (30 and 3 mg/kg, i.p.) significantly decreased the nitro-
oxidative stress induced lipid peroxidation and nitrite formation in sci-
atic nerve (p b 0.01 and p b 0.001 respectively) and spinal cord (p b 0.01
and p b 0.001 respectively) (Fig. 3(a and b)). GSH levels were non-
significantly restored in both the tissues (Fig. 3(c)). Significant
(p b 0.01) increase was observed in the levels of antioxidant enzyme
SOD in sciatic nerve and spinal cord of CCI animals when compared to
sham animals. However, SOD levels remained unaltered by the treat-
ment (Fig. 3(d)).

3.6. Effect of 3-AB and ISO treatment on NAD(total) levels

PARP overactivation causes excessive depletion of total NAD levels
which coincides with the significant (p b 0.001) reduced levels in CCI
group as compared to the sham group. Treatment with 3-AB and ISO
(30 and 3 mg/kg, i.p.) significantly (p b 0.001) restored the NAD levels
in both tissues (Fig. 3(e)).



Fig. 3. Effect of 14 days treatmentwith 3-AB and ISO on various biochemical characteristics of CCI induced neuropathy: (a)MDA, (b) nitrite, (c) GSH, (d) SOD, (e) NAD(total), (f) TNF-α and
(g) IL-6 levels. Results are expressed asmean± SEM (n=3). NC: normal control, SHAM: sham operated, CCI: CCI operated, CCI+ AB and CCI+ ISO: CCI rats treatedwith 3-AB and ISO at
30 and 3 mg/kg i.p. respectively. ^^^p b 0.001 vs. SHAM, ***p b 0.001 **p b 0.01, and *p b 0.05 vs. CCI and ###p b 0.001, ##p b 0.01, and #p b 0.05 vs. SHAM.

55P. Komirishetty et al. / Life Sciences 150 (2016) 50–60
3.7. Effect of 3-AB and ISO treatment on the levels of inflammatory markers
in CCI induced neuropathic pain

The biological markers of inflammation, we estimated TNF-α and IL-
6 levels in sciatic nerve and spinal cord tissues. The chronic constriction
injury of sciatic nerve significantly (p b 0.001) increased the TNF-α and
IL-6 levels in both the tissues. A significant (p b 0.001) reduction was
observed with 3-AB and ISO (30 and 3 mg/kg, i.p.) treatment in sciatic
nerve and spinal cord (Fig. 3(f and g)).

3.8. Effect of 3-AB and ISO treatment on CCI induced histopathological
changes

The nerve sections of sham operated animals were found to be nor-
mal. Significant histopathological changeswere observed in the longitu-
dinal sections of the sciatic nerve in CCI induced animals. In longitudinal
Fig. 4. Effect of 3-AB and ISO treatment on CCI induced histopathological changes: Pictorial rep
(b) spinal cord transverse sections. NC: normal control, SHAM: sham operated, CCI: CCI oper
respectively. ‘a’ indicates nerve derangement, and ‘b’ indicates axonal swelling and massive de
sections of nerve, nerve derangement, axon degeneration, endoneurial
edema and massive demyelination were observed. It was also evident
that there is increase infiltration of immune cells. Animals treated
with 3-AB and ISO (30 and 3 mg/kg, i.p.) for 14 days had not exhibited
the complete attenuation of the CCI induced changes but restored the
nerve fiber arrangement and decreased the endoneurial swelling.
Whereas the transverse sections of dorsal horns of lumbar spinal cord
showed axon degeneration, swelling and immune cell infiltration.
Treatment with PARP inhibitors reversed these CCI induced changes
and restored the normal histology of spinal cord. Images were taken
under microscope (Nikon Eclipse TE2000-E, USA) (Fig. 4).

3.9. TUNEL assay

To assess the DNA fragmentation after the nerve transection TUNEL
reaction was performed where the nerve and spinal cord of CCI animals
resentations of hematoxylin and eosin stained (a) sciatic nerve longitudinal sections and
ated, CCI + AB and CCI + ISO: CCI rats treated with 3-AB and ISO at 30 and 3 mg/kg i.p.
myelination. The photographs were taken at ×400. Micron bar shows a length of 50 μm.



Fig. 5. Effect of 3-AB and ISO treatment on PARP overactivation induced DNA fragmentation: Pictorial representations of (i) sciatic nerve longitudinal sections and (ii) spinal cord
transverse sections in which upper panel represents FITC images (a) showing TUNEL positive cells and lower panel represents DAPI images (b). Bar graphs represent the average
percentage of positive cells among the total number of nuclei. Results are expressed as mean ± SEM (n = 6). NC: normal control, SHAM: sham operated, CCI: CCI operated, CCI + AB
and CCI + ISO: CCI rats treated with 3-AB and ISO at 30 and 3 mg/kg i.p. respectively. ^^^p b 0.001 vs. SHAM, ***p b 0.001 vs. CCI and ##p b 0.01 and #p b 0.05 vs. SHAM. The
photographs were taken at ×400. Micron bar shows a length of 50 μm.
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exhibited significantly (p b 0.001) higher percentage of positively
stained nerve resident cells, an indicative of DNA damage as compared
to the nerve microsections of sham animals. TUNEL positive cells were
observed in spinal cord and nerve. 3-AB and ISO (30 and 3 mg/kg, i.p.)
treatment significantly (p b 0.001) reduced the TUNEL positive cells in
both the tissue sections (Fig. 5).

3.10. Effect of 3-AB and ISO treatment on PAR, NF-κB, COX-2 and
nitrotyrosine immunohistochemistry

PARP overactivation and its related inflammatory mediators in trau-
matic conditions aggravate the neurodegeneration process. Hence we
investigated the PAR levels as an indicator of PARP overactivation, in-
flammatory mediator NF-κB, inflammation inducible enzyme COX-2
and nitrotyrosine as an indicator of nitro-oxidative stress in the nerve
and spinal cord sections of CCI animals were assessed the effect of
PARP inhibitors on the levels of these mediators. The chronic constric-
tion injury of sciatic nerve significantly (p b 0.001) increased the levels
of PAR and treatment with PARP inhibitors significantly (p b 0.001) at-
tenuated these levels in both the tissue sections. The levels of NF-κB and
COX-2 positive cells were also significantly (p b 0.001) elevated in the
CCI animals. These were significantly (p b 0.001) decreased with the
3-AB and ISO (30 and 3 mg/kg, i.p.) treatment for 14 days as compared
to sham group in both the tissues suggesting the abrogation of inflam-
matory cascades following the nerve injury. Nitrotyrosine positive
cellswere significantly (p b 0.001) increased in the sciatic nerve and spi-
nal cord sections of CCI groupwhen compared to sham group and treat-
ment with PARP inhibitors significantly attenuated these levels in both
the tissues (Figs. 6 and 7).

4. Discussion

The current study unravels the protective effect of two PARP inhibi-
tors, 3-AB and ISO in the experimental nerve injury induced
neuropathy. CCI of sciatic nerve produced consistent hyperalgesia and
allodynia which resembles the painful conditions in patients suffering
from trauma induced neuropathic pain [18]. CCI of sciatic nerve results
in degeneration of axons distal and proximal to the ligation causing loss
of N80%myelinated fibers and N60% of unmyelinated fibers [30]. More-
over, evidence indicates that CCI also affects the structure and function
of neurons residing in L4 to L6 DRG and spinal cord entry zone, alters
the excitability properties and contributes to the production of central
mechanisms of hyperalgesia [31]. In the present study, CCI of sciatic
nerve caused significant loss of ipsilateral hind limb function, evident
through sciatic functional index based on foot print analysis. It also sig-
nificantly reduced the thermal, mechanical and cold thresholds of ipsi-
lateral hind limb assessed on 14th day suggesting altered sensorimotor
parameters like hyperalgesia and allodynia. Furthermore, spontaneous
pain was also examined in terms of paw flicking and licking along with
foot deformitywhichwas found to be pronounced on 14th day after sur-
gery, which is in line with earlier published reports [32,33].

Administration of 3-AB and ISO (30 and3mg/kg, i.p.) for 14 days sig-
nificantly recovered the sciatic function as assessed from the walking
track analysis. Loss of hind limb function after the sciatic nerve constric-
tion is due to the axon degeneration, demyelination and disturbed sen-
sory motor inputs [34]. Improved sciatic functional index with the
treatment indicate potential of PARP inhibition against the nerve injury
induced neuropathy. PARP overactivation contributes to functional def-
icits and neurodegeneration in various types of peripheral neuropathies
and neurodegenerative disorders [10,11,26]. In this study treatment
with 3-AB and ISO also attenuated the CCI-induced behavioral changes
including thermal hyperalgesia; cold allodynia; dynamic mechanical
allodynia; mechanical hyperalgesia; spontaneous pain and postural de-
fect in terms of foot deformity. Neuroprotective effect of these PARP in-
hibitors has been reported to reverse the established functional and
behavioral alterations in experimental models of diabetic neuropathy
[17,35]. Recent findings also suggest that PARP inhibitors like ABT-888
are capable of alleviating allodynia in chemotherapy induced



Fig. 6. Effect of 3-AB and ISO treatment on NF-κB, COX-2, PAR and nitrotyrosine immunohistochemistry in longitudinal sections of sciatic nerves: Pictorial representations of expression of
NF-κB (a), COX-2 (b), PAR (c) and nitrotyrosine (d). Arrows indicate positive stained cells. Bar graphs represent the average percentage of positive cells among the total number of nuclei.
Results are expressed asmean±SEM (n=6). NC: normal control, SHAM: sham operated, CCI: CCI operated, CCI+AB and CCI+ ISO: CCI rats treatedwith 3-AB and ISO at 30 and 3mg/kg
i.p. respectively. ^^^p b 0.001 vs. SHAM, ***p b 0.001 and **p b 0.01 vs. CCI and ###p b 0.001, ##p b 0.01, and #p b 0.05 vs. SHAM. The photographs were taken at ×400. Micron bar shows a
length of 50 μm.
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neuropathy models [8,9]. We for the first time report the ameliorative
potential of PARP inhibitors, 3-AB and ISO in CCI induced neuropathy.

Though lot of research has been accomplished in thefield of the neu-
ropathic pain, still the exact underpinning pathomechanism is unclear
and there is no approved drugwhich canmitigate the pathomechanism
behind neuropathic pain [36]. As neuropathic pain itself is a challenging
clinical presentation tomanage, investigation into basicmechanism un-
derlying neuropathic pain and development of new therapeutic strate-
gies are still warranted [37]. It has beenwell revealed that following the
peripheral nerve injury the amplified neuroinflammatory cascade of
events with structural and functional alterations sweep over the
whole peripheral nervous system including peripheral nerve endings,
DRG and also the spinal cord. This may lead to events like axon degen-
eration, demyelination, infiltration of immune cells, cell loss leading to
central sensitization and manifests as hyperalgesia and allodynia [38].
Histological studies in sciatic nerve and lumbar spinal cord revealed
that changes seen in sciatic nerve and lumbar spinal cord are in accor-
dance with the existing reports and PARP inhibition partially preserved
the neuronal structure in these tissues. These observations like im-
proved sciatic function and histology may be at least in part due to
PARP inhibition [39,40].

Release of free radicals and associated oxidant induced injury in
nerve and spinal cord after peripheral nerve injury has been well re-
ported in literature [41,42]. Specifically, the elevated superoxide and ni-
tric oxidemay combine to formperoxynitrite that can eventually lead to
massive DNA damage resulting in the over activation of poly (ADP-ri-
bose) polymerase (PARP) enzyme [41,43]. Evidences also suggest the
PARP activation cannot only result from oxidative damage but itself
contribute to free radical and oxidant generation [17]. The over acti-
vated PARP ignites the neuroinflammatory cascade that cause stupen-
dous release of various inflammatory mediators like NF-κB, IL-1β, IL-6,
COX-2, iNOS, and TNF-α. It also augment PARP suicide mechanism,
which consumes high amount of NAD(total) for the synthesis of poly
(ADP-ribose) (PAR) units resulting in bioenergetic failure due to ATP
depletion and this whole can culminate into nerve damage [44,45].
PARP induced expression of NF-κB, TNF-α, and IL-6 causes an imbalance
between the excitatory currents and inhibitory feedback mechanisms.
These may be responsible for outcomes like hyperalgesia and allodynia
[46,47]. Nonetheless, the role of these inflammatory cytokines has been
well documented in peripheral as well as central sensitization in neuro-
pathic pain [48]. Previous scientific reports also strongly suggest the in-
volvement of neuroinflammatory cascades in peripheral nerve and
spinal cord after the nerve injury is critical in the development of neuro-
pathic pain [49]. All together thesefindings driven us to hypothesize the
oxidative DNA damage induced PARP overactivation and resultant pro-
gression of inflammatory cascades after the CCI play a critical role in the
development of induced neuropathic pain.

In the present study, we also evaluated the neuroprotective role of
PARP inhibition on various biochemical alterations assessed in the sci-
atic nerve and lumbar spinal cord. CCI produced significant raise in the
levels of nitrites and MDA, an indicative of nitro-oxidative stress in
both the tissues. Treatment with 3-AB and ISO reduced the nitro-
oxidative stress markers significantly, suggesting the abrogation of
nitro-oxidative stress with PARP inhibition. The recent findings also
suggest the nitro-oxidative stress and PARP overactivation in other neu-
ropathies is bidirectional rather than unidirectional [17]. Therefore, the



Fig. 7. Effect of 3-AB and ISO treatment onNF-κB, COX-2, PAR and nitrotyrosine immunohistochemistry in transverse sections of spinal cords: Pictorial representations of expression of NF-
κB (a), COX-2 (b), PAR (c) and nitrotyrosine (d). Arrows indicate positive stained cells. Bar graphs represent the average percentage of positive cells among the total number of nuclei.
Results are expressed as mean ± SEM (n = 6). NC: normal control, SHAM: sham operated, CCI: CCI operated, CCI + AB and CCI + ISO: CCI rats treated with 3-AB and ISO at 30 and
3 mg/kg i.p. respectively. ^^^p b 0.001 vs. SHAM, ***p b 0.001 and **p b 0.01 vs. CCI and ###p b 0.001, ##p b 0.01, and #p b 0.05 vs. SHAM. The photographs were taken at 400×. Micron
bar shows a length of 50 μm.
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treatment abrogative effect on increased levels of nitro-oxidative stress
markers, restoration of GSH and expression of nitrotyrosine in CCI rats
can be possibly due to PARP inhibition. CCI also resulted in up-
regulation of the proinflammatory cytokines (TNF-α and IL-6) in sciatic
nerve and spinal cord, which plays a critical role in the development of
hyperalgesia and allodynia [47,50]. Treatmentwith 3-AB and ISO signif-
icantly reduced the levels of TNF-α and IL-6 which hints to anti-
inflammatory action due to PARP inhibition in CCI induced neuropathy.
NF-κB is one of the transcription factor related to generation of various
inflammatory proteins and enzymes. PARP is essential for the activity of
transcription factors such as NF-κB, hence inhibition of PARP leads to
decline in NF-κB activity which in turn decreases the expression of in-
flammation related proteins which is in line with available reports [33,
51]. Apart from these biochemical alterations, we also checked DNA
fragmentation, in sciatic nerve and lumbar spinal cord microsections.
CCI rats exhibited significant number of DNA fragmented nuclei in
nerve resident cells that can be correlated with the nitro-oxidative
stress and inflammatory damage [25,43,52,53]. However, 3-AB and
ISO treatment significantly reduced the CCI inducedDNA fragmentation
in both the tissues suggesting the corrective effect of PARP inhibition on
cell loss/death. Further, to assess the existence of PARP suicide mecha-
nism in CCI induced neuropathy we studied the levels of NAD(total)

and PAR immunoreactivity in sciatic nerve and lumbar spinal cord sec-
tions. We found significant reduction in NAD(total) levels and increased
PAR expression in CCI rats and administration of PARP inhibitors signif-
icantly restored the NAD(total) levels as well as reduced the PAR levels in
both the tissues suggesting the prevention of axonal degeneration due
to the bioenergetic failure. Restoration of NAD(total) indicates the energy
homeostasis as it prevents the excess ATP depletion which results from
PARP overactivation [54]. NF-κB and COX-2 are the well-demonstrated
pronociceptive molecules that are expressed in sciatic nerve and dorsal
horns of spinal cord [32,33,55]. They initiate the inflammation process
and involves in its resolution. For this reason, expression levels of NF-
κB and COX-2 were studied in both the tissues. 3-AB and ISO treatment
significantly reduced the CCI increased expression levels of NF-κB and
COX-2, evident from the immunohistochemistry in sciatic nerve and
spinal cord. Therefore, based on these study outcomes we can speculate
that neuroprotective effect of PARP inhibition in CCI induced neuropa-
thy is due to alleviation of nitro-oxidative stress induced DNA damage.
PARP inhibitors mitigated neuroinflammation and nitro-oxidative
stress induced functional loss and structural changes and showed pro-
tection against PARP-overactivation induced neuronal damage in ex-
perimental model of trauma induced neuropathy.

5. Conclusions

In summary, the current study throws light on the role of PARP
overactivation and related oxidative stress and neuroinflammation in
the experimental model of CCI induced neuropathy. It has been well
correlated with the elevated nitro-oxidative stress markers, depleted
NAD(total) levels, increased levels of inflammatory markers like IL-6
and TNF-α and increased expression of inflammatory mediators like
NF-κB, COX-2 and PARP overactivation. PARP inhibition with 3-AB and
ISO improved the functional, behavioral and biochemical deficits linked
with CCI induced neuropathy and reduced the expression of NF-κB,
COX-2, PAR and nitrotyrosine in sciatic nerve and spinal cordmicro sec-
tions. Hence, based on the data in hand and with the support of litera-
ture, PARP inhibition by 3-AB and ISO showed beneficial effects
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against peripheral nerve injury induced neuropathy, which may be at-
tributed to their multiple effects via; antioxidant, anti-inflammatory
and neuroprotective properties.
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