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Abstract

Spinal cord injury (SCI) impaired sensory fiber transmission leads to chronic, debilitating
neuropathic pain. Sensory afferents are responsive to neurotrophic factors, molecules that are
known to promote survival and maintenance of neurons, and regulate sensory neuron transduction
of peripheral stimuli. A subset of primary afferent fibers responds only to the glial cell-line
derived neurotrophic factor (GDNF) family of ligands (GFLs) and are non-peptidergic. In
peripheral nerve injury models, restoration of GDNF or artemin (another GFL) to pre-injury levels
within the spinal cord attenuates neuropathic pain. One noninvasive approach to increase the
levels of GFLs in the spinal cord is through exercise (Ex), and to date exercise training is the only
ameliorative, nonpharmacological treatment for SCI-induced neuropathic pain. The purpose of
this study was three fold: 1) to determine whether exercise affects the onset of SCl-induced
neuropathic pain; 2) to examine the temporal profile of GDNF and artemin in the dorsal root
ganglia and spinal cord dorsal horn regions associated with forepaw dermatomes after SCI and EX;
and 3) to characterize GFL-responsive sensory fiber plasticity after SCI and Ex. Adult, female,
Sprague-Dawley rats received a moderate, unilateral spinal cord contusion at C5. A subset of rats
was exercised (SCI+Ex) on automated running wheels for 20 minutes, 5d/week starting at 5 days
post injury (dpi), continuing until 9 or 37 dpi. Hargreaves' and von Frey testing was performed
preoperatively and weekly post SCI. Forty-two percent of rats in the unexercised group exhibited
tactile allodynia of the forepaws while the other 58% retained normal sensation. The development
of SCl-induced neuropathic pain correlated with a marked decrease in the levels of GDNF and
artemin in the spinal cord and DRGs. Additionally, a dramatic increase in the density and the
distribution throughout the dorsal horn of GFL-responsive afferents was observed in rats with
SCl-induced allodynia. Importantly, in SCI rats that received EX, the incidence of tactile allodynia
decreased to 7% (1/17) and there was a maintenance of GDNF and artemin at normal levels, with
a normal distribution of GFL-responsive fibers. These data suggest that GFLs and/or their
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downstream effectors may be important modulators of pain fiber plasticity, representing effective
targets for anti-allodynic therapeutics. Furthermore, we highlight the potent beneficial effects of
acute exercise after SCI.
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INTRODUCTION

Damage to the cervical spinal cord that results in chronic debilitating neuropathic pain
occurs in more than 60% of human spinal cord traumas (Siddall & Loeser, 2001,
Widerstrom-Noga et al, 2008). Clinical hallmarks of central neuropathic pain are the
development of allodynia, a condition where normally innocuous stimuli elicit a painful
response, and hyperalgesia, a condition where noxious stimuli elicit an amplified pain
response (Christensen et al, 1996). These types of neuropathic pain are further delineated
based on the location of the pain relative to the SCI epicenter as above-level pain occurring
in dermatomes rostral to the lesion site; as at-level pain occurring within 2 segments of the
injury epicenter; or as below-level pain occurring in dermatomes caudal to the lesion site
(Siddall & Loeser, 2001).

Following cervical spinal cord injury, deficits in sensation and the development of chronic
neuropathic pain have been attributed to direct damage to the second order sensory neurons
within the grey matter of the dorsal horn and/or direct interruption of their axons that ascend
in the anterolateral and spinoreticular tracts. Additionally, peptidergic pain afferent fibers
immunolabeled for calcitonin gene-regulated peptide (CGRP) or substance P (SP) sprout
and exhibit robust arborization into the deep dorsal horn (laminas 111-V) above, at and
below the lesion epicenter in response to clinical (Calancie et al, 2005; Kakulas, 2004) and
experimental SCI Hagg (Hagg, 2006; Krenz & Weaver, 1998; Murray & Goldberger, 1974;
Ondarza et al, 2003; Weaver et al, 2002; Weaver et al, 2001; Zinck et al, 2007).

Another possible contributor to this change in pain afferent distribution and the concomitant
development of neuropathic pain are the glial cell-line derived neurotrophic factor (GDNF)
family of ligands (GFLs) within the spinal cord dorsal horn (Boucher & McMahon, 2001).
In models of peripheral nerve injury, a decrease in GFLs such as GDNF and artemin
correlates to the development of neuropathic pain, and restoration of these GFLs to normal
levels is sufficient to attenuate dorsal horn remodeling and the development of neuropathic
pain (Boucher et al, 2000; Gardell et al, 2003; Hao et al, 2003; Harvey et al, 2010; Pezet et
al, 2006; Wang et al, 2003; Wang et al, 2008). Recent data by Harvey et al (2010) showed
that restoration of artemin levels correlates with the appropriate laminar distribution of
regenerating afferents after dorsal root crush injury. It is unlikely that artemin acts directly
on peptidergic afferents, but rather on a separate and distinct class of pain afferents that are
non-peptidergic and GFL-responsive (Malin et al, 2006; Orozco et al, 2001).

The levels of GDNF and its receptor are reduced in the spinal cord after SCI. One non-
invasive, clinically useful approach to enhance the levels of neurotrophic factors in the
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spinal cord after injury is through exercise (Gomez-Pinilla et al, 2002; C6té et al 2011), and
exercise is the only non-pharmacological treatment that has been shown to reduce SCI-
induced neuropathic pain (Hutchinson et al, 2004). In the present study, we evaluated the
effect of daily exercise therapy on the development of at-level neuropathic pain, the levels of
GFLs in the dorsal horn as well as on the distribution of pain afferents within the dorsal horn
after SCI. The results indicate a strong correlation between changes in GFL levels, reduction
in primary afferent fiber sprouting and decreased incidence of allodynia in SCI rats that
were exercised.

METHODS

Subjects and Surgeries

Eight-one adult, female Sprague-Dawley rats (225-250 g; Charles River Laboratories) were
housed 2—-3 per cage in a controlled environment (12 h light-dark cycles) with food and
water ad libidum. All experimental procedures were approved by the Drexel University
Institutional Animal Care and Use Committee.

We utilized a clinically-relevant and accepted model of SCI pain as described previously
(Detloff et al 2012b). Briefly, rats were anesthetized with ketamine (60 mg/kg), xylazine (6
mg/kg) and acepromazine (6 mg/kg) and given antibiotics (ampicillin, s.c.,100 mg/kg, daily
for 7d). After partial laminectomy at C5, the spinal column was stabilized in the Infinite
Horizon Impact Device (Precision Systems and Instrumentation, Lexington, KY, Scheff et
al, 2003). A custom impactor probe (1.6 mm in diameter) was lowered to within 2 mm of
the mid portion of the right C5 spinal cord, and the spinal cord and surgical field was
flooded with sterile saline. The spinal cord was then rapidly contused with a force of 200
kilodynes (no dwell time), resulting in tissue displacement of 1600-1800 um. The incision
was closed in layers and 5 cc of lactated Ringer's solution was administered subcutaneously
to prevent dehydration.

Prior to SCI, rats were randomly assigned to Exercise (n=27), SCI Alone (n=44), or Control
(No SCI; n=10) groups. As we have previously shown, SCI Alone rats can be partitioned
into 2 separate groups based on their paw withdrawal threshold in response to mechanical
stimuli during von Frey testing (Detloff et al, 2012b). For a rat to be considered in the SCI
Allodynia group, the animal must exhibit a 50% reduction in paw withdrawal threshold in
both forepaws that is maintained from 14 dpi to the duration of the experiment.
Additionally, each behavioral group was subdivided into short (9 day) or long (37 day)
survival, and then separated at time of sacrifice for ELISA or immunohistochemical analysis
(See table 1).

Forced Exercise Paradigm

Rats in the SCI + Exercise group were acclimated to the forced exercise wheel walking
system (Lafayette Instruments, Lafayette, IN). Rungs of the wheels were covered with vinyl
material to create a continuous surface in order to minimize the potential of additional injury
to SCI rats from limbs falling through the rungs due to a loss of grip and grasping function
of the ipsilesional forepaw. Rats were placed in the automated wheels for 5 minutes prior to
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the start of exercise, with a subsequent running period of 20 minutes per day for 5 days per

week. Rats began exercise 5 dpi with an initial speed of 5 m/ min with speed increasing at 1
minute intervals according to the forelimb capabilities of the rats or until a maximum speed
of 14.0 m/min was achieved. The time spent at each speed, rather than the number of wheel
revolutions was recorded. All rats reached the maximum speed by 21 dpi.

Behavioral Measures

Rats were acclimated to the individual testing environments for at least 7 days (20 min/day)
prior to preoperative testing. Behavioral testing was conducted preoperatively to establish
baseline responses and then weekly after SCI by blinded experimenters. Due to the
unilateral nature of our injury model, we evaluated the ipsilesional (right) and contralesional
(left) forepaws separately.

Tactile allodynia—The up-down method for von Frey hair monofilaments (VFH,
Stoelting Co., Wood Dale, 1) was used to measure the degree of tactile sensory changes in
the forepaws after SCI (Detloff et al, 2010; Detloff et al, 2012a; Detloff et al, 2012b). Post-
injury assessment of nocifensive behavior was initiated only when there was evidence of
weight support during locomotor testing for a given limb (Forelimb Locomotor Scale score
>7; Sandrow et al, 2008). This ensured that the rat had suitable motor control to remove its
paw from an unpleasant stimulus. Rats were enclosed in a metal chamber measuring 20 cm
x 9 cm by 10 cm, with a wire mesh top and bottom (0.635 cm grid size) allowing access to
the plantar surface of the forepaws. A total of ten VFH stimulus applications were collected
for each paw for each day of testing, beginning with the 5.18 g VFH. Any supraspinally
driven attention given to the tactile stimulus including vocalizing, licking or guarding of the
stimulated paw was recorded to ensure that the rat had some supraspinal awareness of
stimulus application. The paw withdrawal threshold was determined as the lowest force (g)
that produced a forepaw withdrawal and supraspinal behaviors in at least 50% of the
applications. Paw testing order was performed randomly to minimize an order effect.

As reported previously, spinal cord injured rats were labeled post hoc as allodynic after SCI
if they exhibited pain-related behaviors (Detloff et al, 2012b). Specifically, the performance
and selection criteria that led to assignation to the SCI Allodynia group were as follows: the
rat must exhibit >50% reduction in the paw withdrawal threshold to von Frey stimulation by
7-14 days after SCI. This reduction in paw withdrawal threshold could not vacillate from
week to week; it had to be stable and persist over time. Group means indicate that the SCI
Allodynia rats had a significantly lower paw withdrawal threshold than both their baseline
paw withdrawal threshold and that of SCI rats which maintained normal sensation (SCI No
Allodynia; Figure 1, p<.05). Additionally, the rat must exhibit one or more signs of
supraspinal awareness such as, vocalizing, licking, looking at, or guarding of the paw, or
moving away from the stimulus after the application of the von Frey monofilament that
elicits a paw withdrawal response. Importantly, SCI + Exercise rats were not able to be
categorized in this manner as exercise therapy was initiated prior the ability to reliably
assess tactile sensation after SCI. Data are presented as mean+=SEM and include rats that
were sacrificed at 9 or 35 dpi. Rats with short survival times were tested on the day of
sacrifice to ensure the presence or absence of tactile forepaw allodynia.
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Thermal hyperalgesia—Preoperatively and post-SCI once weight supported stepping
occurred in the open field, we measured changes in thermal sensation using the Ugo Basile
Plantar Heat test (Comerio VA, Italy) as first described by Hargraeves and colleagues
(1988). Briefly, rats were enclosed in a clear Plexiglas box with a glass bottom. After a 10
min acclimation period, a noxious, infrared light beam was applied to the plantar surface of
the forepaw, and paw withdrawal latency recorded in seconds. The infrared stimulus
application automatically shut off at 30 sec. to avoid tissue damage. Five trials were
collected randomly for each forepaw with at least a one minute delay between each trial.
The trials for each paw were averaged to yield one score per paw. We recorded supraspinal
behaviors that occurred in response to application of the thermal stimulus as described above
for tactile allodynia.

Rats dedicated to histology were euthanized at 9 or 37 dpi (n=45, See Table 1 ICC Columns,
Euthasol; 390 mg/kg sodium pentobarbital and 50 mg/kg phenytoin, ip.) and perfused
transcardially with 0.9% saline followed by 4% paraformaldehyde. Eight millimeters of
cervical spinal cord between C4 and C6 spanning the rostrocaudal extent of the lesion and a
4 mm block containing C7-8 cord was removed, post-fixed in paraformaldehyde at 4°C
overnight and submersed in 30% sucrose for cryoprotection. Series of 25 micron thick
transverse sections 250 pm apart through the extent of these tissue blocks were mounted on
subbed slides.

Nissl-Myelin Staining of the lesion site—Sections from a single series were stained
with cresyl violet (Sigma, St. Louis, MO) for Nissl substance and euriochrome cyanine
(Sigma) for myelin. Sections were cover slipped with Permount mounting medium (Fisher
Scientific, Pittsburgh, PA).

To determine the amount of spared tissue, the area of contralesional grey and white matter,
spared grey and white matter on the ipsilesional side and the lesion cavity were measured
separately in 10 non-serial sections (250 um apart) spanning the rostrocaudal extent (C4-6)
of the lesion using the Cavalieri estimator method (Stereo Investigator, MicroBrightfield,
Burlington, VT) by an experimenter blinded to experimental groups. We then determined
the proportion of the spared tissue area on the ipsilesional side of the spinal cord to the tissue
area on the contralesional (uninjured) spinal cord (Coté et al, 2012; Detloff et al, 2012b).

C7-8 immunohiostchemistry—Non-peptidergic, GFL-responsive pain afferents were
identified with Isolectin-B4 (IB-4) staining. Dried sections were incubated in 10% normal
serum with 0.2% Triton-1x100 for 1 h and incubated for 48 h with primary antibody
(1:2000; Sigma) in a humid chamber at room temperature. All sections were rinsed in buffer
and then incubated with streptavidin conjugated Alexa 594 (1:200, Jackson
ImmunoResearch Laboratories, West Grove, PA) for 2 h in the dark at room temperature.
Slides were rinsed in buffer and coverslipped with FluorSave Reagent (Calbiochem,
Bedford, MA). Ten images of the ipsilesional and contralesional dorsal horn (250 microns
apart) were taken for each rat at the same magnification, lens aperture and exposure time.
Each image was then analyzed with a custom macro for ImageJ (NIH), where the
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proportional area of IB-4 immunoreactive tissue within the focal plane of the image was
quantified. All sections in all rats were quantified using a constant optical density threshold.

Protein Analysis

Rats designated for protein analysis (n=35; see Table 1 ELISA columns) were euthanized at
9 or 37 dpi (Euthasol; 390 mg/kg sodium pentobarbital and 50 mg/kg phenytoin, ip.) and the
C7-8 spinal cord and associated dorsal root ganglia (DRG) were rapidly dissected. C7 and
C8 DRGs on the ipsilesional (right) or contralesional (left) side of the rat were pooled
together for processing. The spinal cord segment was further prepared by removing the
meninges and dissecting the ipsilesional and contralesional dorsal spinal cord into separate
samples. All tissues were fast frozen in n-methyl butane cooled over dry ice and stored at
—-80°C. Tissue blocks were weighed (mg) and were placed in cold RIPA buffer, in the
presence of protease and phosphotase inhibitors (Roche Diagnostics, Indianapolis, IN).
Samples were homogenized, incubated on ice for 2h and then centrifuged at 14000 g for 45
min at 4°C. The supernatants were collected and GDNF or artemin protein was quantified by
ELISA kits (Promega, Madison, WI; Shanghai BlueGene Biotech Co, LTD. Shanghai,
China) and reported as pg/mg tissue.

Statistical Analysis

Two way repeated measure ANOVAs were performed for von Frey and Hargreaves'
behavioral data (group x time) followed by Tukey's post-hoc comparisons using the
harmonic mean to correct for unequal group sizes. A XZ analysis was used to evaluate the
incidence of allodynia in exercised and unexercised animals at 35 dpi. Epicenter sparing,
ELISA and proportional area measurements for IB-4 immunoreactivity were analyzed via
one-way ANOVA with Bonferroni's post-hoc analysis. Means and standard error of the
mean (SEM) are reported throughout. Regression and Pearson's correlational analyses were
completed to determine the relationship between allodynia and the proportional area of
afferents in the dorsal horn.

RESULTS

Exercise therapy prevents the onset of neuropathic pain after SCI

To determine whether exercise was sufficient to prevent chronic neuropathic pain, we
evaluated tactile and thermal sensation of the forepaws before and after SCI. In the lab, we
define the development of tactile allodynia to be a >50% reduction of paw withdrawal
threshold to von Frey monofilaments coupled with several incidence of supraspinal
responses (licking, looking or guarding the paw) in response to stimulus application.
Exercise significantly decreased the proportion of SCI rats which met these criteria
(x?=14.529, p=.0001). Five weeks after unilateral C5 contusion, 42% of unexercised SCI
rats exhibited a >50% decrease in tactile sensory thresholds of both forepaws (n=10 out of
24, Figure 1A). Importantly, exercise therapy beginning at 5 dpi was able to reduce the
incidence of SCI-induced at-level allodynia to just 6% (n=1 out of 17), an 83% reduction in
the number of rats developing chronic at-level allodynia (Figure 1A). That there are two
significantly different cohorts of SCI rats with regards to their tactile sensation, for the
remainder of the analysis we treated SCI rats with allodynia as one group, and SCI rats with
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normal sensation as another (SCI Allodynia and SCI No Allodynia, respectively). Since
there was only 1 exercised rat (out of 17 total) who developed tactile allodynia, we did not
divide the SCI Exercise group, but rather included the data from all the exercised SCI rats
together.

Prior to SCI, the mean mechanical threshold to tactile stimuli was 58.3+5.1 g for either
forepaw. By 14 dpi, SCI rats could be parceled into SCI Allodynia or SCI No Allodynia
groups based upon change in the paw withdrawal threshold. In the SCI Allodynia group,
moderate unilateral C5 SCI caused a significant reduction in the withdrawal threshold
(17.8+2.8 g; Figure 1B) of the ipsilesional forepaw that was established by 14 dpi and
persisted over the full testing period. Rats in the SCI No Allodynia group maintained normal
paw withdrawal thresholds by the ipsilesional forepaw at all timepoints post SCI (Figure
1B). Rats that received exercise therapy starting at 5 dpi mirrored the SCI No Allodynia
group, maintaining normal paw withdrawal thresholds after injury (Figure 1B). Assessment
of paw withdrawal thresholds of the contralesional forepaw revealed a transient
hyposensitivity in the first week after SCI that returned to normal levels at 14 dpi for the SCI
No Allodynia and SCI+ Exercise groups (Figure 1C). The SCI Allodynia group exhibited
robust hypersensitivity of the contralesional forepaw at 14 dpi that persisted throughout the
duration of the study (Figure 1C, p<0.05). No rats in any group demonstrated overt evidence
of spasticity, such as clonus or sustained anti-gravity posturing of either forepaw prior to or
during sensory testing. Positive paw withdrawal responses to tactile stimuli in this group
were often accompanied by hypervigilant behaviors including licking the stimulated paw as
well as turning and looking at the stimulus, and occasionally moving away from the stimulus
in animals with or without allodynia. No rats vocalized in response to von Frey
monofilament application. These behaviors require supraspinal transmission of sensory
information through the lesion to supraspinal centers suggesting that these animals are aware
of the stimulus application and are responding in a manner consistent with it being
unpleasant.

After unilateral C5 contusion, all rats developed significant thermal hyperalgesia in both the
ipsilesional (Figure 2A) and contralesional (Figure 2B) forepaws (p<0.05 vs. preoperative
levels) regardless of exercise treatment. Preoperatively, the mean withdrawal latency to a
noxious heat stimulus was 10.7+0.28 s for either forepaw. After unilateral C5 contusion,
both forepaws exhibited a progressive decline in paw withdrawal latency that plateaued by
21 dpi (p<0.05) and persisted for the duration of the study. There were no significant
differences in paw withdrawal latency between groups at any time point for either the
ipsilesional or contralesional forepaw regardless of either the presence or absence of tactile
allodynia or the implementation of an exercise regimen.

Exercise therapy does not improve tissue sparing

Contusive SCI produced a core lesion consisting of a cystic cavity surrounded by a rim of
white matter that was confined to the injured side of the spinal cord, as previously described
(Figure 3, Detloff et al, 2012b). For all groups, nearly all grey matter was eliminated and
only a small outer rim of densly stained white matter remained, predominantly in the lateral
and ventral funiculi of the ipsilesional spinal cord. There was no evidence of tissue damage
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in the contralesional spinal cord for any group at either 9 or 37 dpi (Figure 3A-F).
Quantitatively, the proportion of spared tissue of the ipsilesional versus contralesional side
of the spinal cord had no relationship to the presence of allodynic behavior (Figure 3G). In
addition, exercise had no effect on tissue sparing (Figure 3G).

Exercise therapy prevents SCl-induced reduction of GFLs

The level of GDNF and artemin were measured in the C7-8 segments of dorsal spinal cord
and dorsal root ganglia which correspond to the dermatomes of the forepaw in naive (n=5),
SCI No Allodynia (n=5 at 9 and 37 dpi), SCI Allodynia (n=5 at 9 and 37 dpi) and SCI
+Exercise (n=5 at 9 and 37 dpi) rats (Figure 4, 5). In naive rats, the concentration of GDNF
was 290 pg/ml in C7 and C8 DRG. The concentration of GDNF was significantly decreased
in both the ipsilesional and contralesional DRGs of SCI rats with allodynia compared to all
other groups at subacute and chronic timepoints after SCI (Figure 4A, B). Exercise
intervention starting at 5 dpi out to 9 days or 37 days was sufficient to maintain normal
concentrations of GDNF in the ipsilesional and contralesional cervical DRGs (Figure 4A,
B).

The concentration of GDNF in the dorsal portion of the normal spinal cord was 600 pg/ml.
Rats in the SCI Allodynia group exhibited a marked decrease in the concentration of GDNF
at 9 and 37 dpi in the ipsilesional and contralesional dorsal spinal cord (Figure 4C, D)
compared to all other groups (*p<.05). The concentration of GDNF was significantly
decreased in the ipsilesional dorsal cord of rats in the SCI Allodynia group. However, in the
contralesional dorsal cord of the SCI No Allodynia group, the decrease is only significant at
9 but not at 37 dpi (#p<0.05 vs naive). Exercise starting at 5 dpi maintained the levels of
GDNF in the dorsal spinal cord after 9 or 37 dpi.

Examination of the expression profile of artemin after SCI revealed significantly lower
concentration in the ipsilesional and contralesional DRGs at 9 dpi and 37 dpi for rats with
allodynia (*p<.05), while the concentration of artemin was similar to naive levels of SCI rats
that did not present with allodynia (Figure 5A,B). Exercise therapy beginning at 5 dpi was
adequate to maintain normal concentrations of artemin in the DRGs (Figure 5A,B).
Interestingly, in the dorsal spinal cord, the concentration of artemin was decreased in rats
with allodynia at 9 but not 37 dpi (Figure 5C,D), while exercise starting at 5 dpi maintained
the artemin concentration during the post injury periods (Figure 5C, D).

Exercise therapy prevents SCl-induced redistribution of GFL-responsive pain afferents

We evaluated the change in distribution of GFL-responsive c fibers in the C7-8 dorsal horn
which corresponds to the dermatomes of the forepaw. In naive dorsal horn, GFL-responsive
afferents terminate in the inner layer of lamina Il (Figure 6G). At 9 and 37 dpi, the SCI No
Allodynia group exhibited a normal distribution of GFL-responsive c fibers in lamina Ili of
the ipsilesional dorsal horn (Figure 6A, D). The SCI Allodynia group displayed robust
changes in the distribution and density of the GFL-responsive c-fibers were evident in the
ipsilesional dorsal horn (Figure 6B, E). The band of GFL-responsive c fibers for the SCI
Allodynia group extended beyond the normal distribution pattern invading both lamina llo
and I11. Additionally, the thickness and intensity of the band of GFL-responsive ¢ fibers was
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uniformly distributed in the medial and lateral dorsal horn. Importantly, exercise therapy
beginning at 5 dpi was sufficient to prevent the prominent changes in distribution and
density of the GFL-responsive afferents (Figure 6C, F). The proportional area of the
ipsilesional dorsal horn that was positively labeled for GFL-responsive ¢ fibers (IB4+) was
significantly increased by 9 and 37dpi in the SCI Allodynia group compared to naive, SCI
No Allodynia and SCI + Exercise groups (p<.05; Figure 6H). The degree of afferent density
within the dorsal horn positively correlated with the severity of at-level allodynia after SCI.
As the density and distribution pattern of GFL-responsive fibers increased, greater
hypersensitivity of the ipsilesional forepaw developed (Figures 61; r2=0.52; p<.05). Rats
generally fell into one of two groups, those with normal distribution and density of GFL-
responsive pain afferents, and those with a 2 fold increase in the GFL-responsive afferent
distribution within the ipsilesional dorsal horn compared to naive controls.

Interestingly, the distribution pattern and density of GFL-responsive afferents in the
contralesional dorsal horn was similar to changes in the distribution pattern in the
ipsilesional dorsal horn. At 9 and 37 dpi, the SCI No Allodynia group displayed a thin band
of isolectin-B4 positive afferents located in the inner layer of lamina Il similar to naive
(Figure 7A, D, G). The distribution and density of the SCI Allodynia group was increased in
the contralesional dorsal horn at 9 and 37 dpi (Figure 7B, E). The thick, contiguous band of
GFL-responsive c fibers terminated in lamina Ili that extended into lamina Ilo and I11 of the
contralesional dorsal horn. The distribution pattern GFL-responsive afferents in the
contralesional dorsal horn of the SCI + Exercise group was similar to naive and SCI No
Allodynia (Figure 7C, F). The proportional area of the contralesional dorsal horn that was
positively labeled for GFL-responsive c fibers (1B4+) was significantly increased by 9 and
37dpi in the SCI Allodynia group compared to naive, SCI No Allodynia and SCI + Exercise
groups (p<.05; Figure 7H). The degree of afferent density within the dorsal horn positively
correlated with the severity of at-level allodynia after SCI. As the density and distribution
pattern of GFL-responsive fibers increased, greater hypersensitivity of the ipsilesional
forepaw developed (Figures 71; r2=0.64; p<.05). Again, rats fell into one of two groups,
those with normal distribution and density of GFL-responsive pain afferents and those with
a 2 fold increase in the GFL-responsive afferent distribution within the ipsilesional dorsal
horn compared to naive.

DISCUSSION

The current work demonstrates that early exercise therapy reduces the development of at-
level allodynia to less than 10% of SCI rats compared to nearly 40% of non-Exercised rats.
While SCl-induced allodynia was associated with a decrease in GDNF and artemin in the
DRG and dorsal horn, exercise maintained these GFLs to near normal levels at time points
corresponding to the early onset (9 dpi) and persistence (37 dpi) of this pain. Moreover,
exercise prevented the increased density and redistribution of GFL-responsive pain afferents
in the dorsal horn that correlated with the development of at-level allodynia.

Exercise is a non-invasive therapeutic approach with the potential for profound effects on
the SCI population. It induces cellular and molecular changes within the spinal cord,
promoting plasticity and functional recovery in animal models of SCI. The primary goal of
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exercise training in the laboratory and the clinic has been to promote locomotor recovery
after SCI, yet the most notable effect so far is the prevention of SCl-induced at- and below-
level neuropathic pain (Figure 1 and Hutchinson et al, 2004). Our lab routinely initiates
exercise therapy (passive cycling, treadmill training or automated wheel running) at 5 dpi,
and we have shown that the neurotrophic factors within the spinal cord and DRGs are
increased (Keeler et al, 2011;Coté et al, 2011). In this experiment, we wanted to maximize
the response of neurotrophic factors to have the best opportunity to affect the development
of neuropathic pain after SCI. Unfortunately, this timing prohibited us from partitioning SCI
+Exercise rats into an Allodynia and No Allodynia group because the assessment of tactile
sensation so early after SCI is not reliable. This is often due to an inability of the rat to
exhibit adequate weight bearing in the ipsilesional forepaw to withstand the force of the von
Frey monofilaments (Detloff et al, 2009, Detloff et al, 2012a). However, if exercise were
ineffective, we would expect that ~40% of exercised rats would exhibit allodynic behavior.
In actuality, we saw that there was a dramatic decrease in the incidence of tactile allodynia
in exercised rats (Figure 1). To prevent biased groups, we were careful to randomize rats
into groups prior to SCI surgery. Additionally, we carefully examined the tissue sparing at
the lesion epicenter for any clear outliers. Certainly, whether exercise is able to attenuate or
ameliorate allodynic like hypersensitivity after it develops is a clinically-relevant question
that is currently being examined in the laboratory.

That exercise was able to normalize paw withdrawal responses to tactile but not thermal
stimuli is intriguing. In this experiment, bilateral hypersensitivity to a noxious thermal
stimuli persisted even with exercise therapy (Figure 2). Exercise on automated running
wheels, similar to locomotor treadmill training, provides rhythmic loading of the paws and
stimulates both proprioceptive and cutaneous but not thermal afferents. Moreover,
nociceptive afferents are distinct in their laminar distribution in the spinal cord as well as
molecular phenotype and responsiveness to different sensory modalities. Non-peptidergic ¢
afferents correspond to mechanosensitive nociceptors found in the epidermis (Cavanaugh et
al, 2009). Peptidergic c fibers play an important role in heat sensitivity. After SCI, these
peptidergic afferents sprout within the dorsal horn that corresponds sensitization and
increased synaptic strength on second order projection neurons (Krenz & Weaver, 1998;
Murray & Goldberger, 1974; Ondarza et al, 2003; Weaver et al, 2002; Weaver et al, 2001).
Here, we report that the allodynia-related increase in non-peptidergic afferent density and
distribution within the dorsal horn can be modulated by exercise. These data indicate that
rhythmic, load-bearing exercise is a form of task-specific training for to improve tactile
sensation by maintaining normal distribution of mechanosensitive nociceptive afferents.
Whether exercise can modulate peptidergic ¢ afferent distribution and sprouting associated
with neuropathic pain is unknown.

The mechanisms by which daily exercise therapy protects the nonpeptidergic c afferents
from aberrant plasticity are unclear. As exercise is a non-specific therapy, it is possible that
it acts as an upstream modulator of both inflammatory mediators and neurotrophic factors—
two distinct processes that are altered after SCI. While previous work from our lab and
others has shown the importance of the innate immune response on the development of SCI-
induced pain (Detloff et al, 2008; Hains & Waxman, 2006; Peng et al, 2006; Saab et al,
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2008; Zhao et al, 2007a; Zhao et al, 2007b), the impact of neurotrophic factors, GFLs in
particular, on the development of SCI-induced neuropathic pain has received little attention.

Neurotrophic factors promote survival, growth and maintenance of neurons and regulate
synaptic strength to improve signal transduction. After SCI, local increase of neurotrophic
factors in the damaged spinal cord via drug delivery systems, genetically modified cells or
exercise promotes regeneration of damaged axons, plasticity of spinal cord circuitry and
improves functional locomotor recovery (Dolbeare & Houle, 2003) (Boyce & Lemay, 2009;
Coté et al, 2011; Petruska et al, 2010; Tom et al, 2013). Importantly, the effects of exercise
are not limited to the region of the spinal cord most likely stimulated by the exercise
intervention, but rather increases some neurotrophic factors throughout the spinal cord in
segments both associated with and far-removed from the exercised limbs (Coté et al, 2011).
That exercise represents a method to deliver neurotrophic factors to the spinal cord may
represent a method to modulate plasticity of pain afferents and the development of at- or
below-level neuropathic pain. Indeed, Hutchinson et al (2004) first showed that exercise
therapy normalized levels of BDNF in the spinal cord and muscle that correlated with the
amelioration of below-level allodynia through a BDNF-mediated mechanism. We have
extended these findings and demonstrated that exercise maintains levels of GDNF and
artemin within the DRG and dorsal horn while preventing the development of at-level
allodynia.

The stereotypic topographical organization within the dorsal horn is disrupted by SCI.
Damage to descending spinal cord tracts which modulate pain transmission in the dorsal
horn leads to vacated synaptic sites on many dorsal horn neurons. The increase in 1B4+,
GFL-responsive afferents within the dorsal horn seen in this study coupled with the well-
established data that peptidergic pain afferents exhibit robust sprouting after SCI (Ondarza
et al, 2003) may represent an attempt to restore pre-injury innervation of second order
neurons. Aberrant nociceptive afferent density coupled with recent data from Walters et al
(2012) that showed an increase in spontaneous activity of nociceptive DRG neurons
suggests that amplification of nocifensive or neuropathic signaling begins at the primary
sensory neuron.

Afferent sprouting and regeneration can be induced by many neurotrophic factors including
nerve growth factor, neurotrophin-3 and GDNF after a dorsal root crush and SCI; however
only artemin has been shown to promote regeneration of damaged afferents to their original
targets in the dorsal horn (Boucher & McMahon, 2001; Boucher et al, 2000; Harvey et al,
2010; Ramer et al, 2000). One interpretation of these data is that there is a specific threshold
of GFLs necessary to maintain or restore a normal distribution of non-peptidergic GFL-
responsive afferents. Unlike dorsal root crush models, our SCI model does not directly
damage the afferent fibers terminating in the dorsal horn of C7 and C8 corresponding to the
dermatomes of the forepaw. Yet, we have shown that SCI caused a decrease in GFLs that
lead to an expansion of the distribution of GFL-responsive afferents in the dorsal horn. We
show normalization of GFL levels after SCI via exercise maintained normal topographic
distribution of 1B4+ pain afferents within the dorsal horn. This indicates that GFLs may be a
key factor in managing and/or preventing aberrant pain fiber plasticity and the associated
induction of allodynia after SCI. That exercise in this instance prevents sprouting of
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nociceptive afferents is interesting, as several laboratories have shown that exercise and/or
increased levels of neurotrophic factors (namely the neurotrophins NT-3 and BDNF)
increases neural plasticity within the spinal cord grey matter to improve functional recovery
(Boyce et al, 2012, Coté et al, 2011, Petruska et al, 2010). Exercise did not over express the
levels of GFLs within the dorsal horn, but rather kept them within normal ranges, and the
distribution pattern was similar to that of naive. Whether over expression of GFLs in the
dorsal horn would promote aberrant sprouting of afferents (nociceptive or otherwise) is
unknown.

Alternatively, the increase in isolectin-B4 positive afferent fibers seen in rats with SCI-
induced allodynia may represent a change in the phenotypic composition of normally
cutaneous sensory afferents to a nociceptive phenotype. After nerve injury, cutaneous
afferents decrease expression of growth factor receptor-(GFR)-a.2 (the receptor for the GFL
neurturin) and begin to express GFR-a.3 (the receptor for artemin) and the capsaicin
receptor, thereby switching from a cutaneous to a nociceptive phenotype (Wang et al, 2011).
To accurately assess a compositional change was beyond the scope of the present
experiments. Pre-injury anatomical tracing of afferent fibers would be required to examine
whether these types of compositional changes occur after SCI. While this information would
be interesting, our ability to reliably and accurately deliver exercise not to mention assess
sensation (our primary outcome) would be jeopardized.

Several laboratories have suggested that the timing of neurotrophic support after dorsal root
insult is critical to not only regenerative and growth promoting processes, but also to
topographic specificity and the modulation of synaptic strength (Ramer et al, 2001, Harvey
et al, 2012). The experiments presented in this manuscript initiated an exercise paradigm
early after SCI, prior to the onset of at-level allodynia. Further studies are needed to test
whether initiating exercise therapy once SCI-induced neuropathic pain is established will
restore normal sensation and or restore normal afferent distribution within the dorsal horn.

In summary, the studies conducted here identify marked decrease in GDNF and artemin
within the DRGs and dorsal horn as predictors of at-level allodynia after SCI. The increase
in isolectinB-4 positive afferent may have a significant role in the development of SCI-
induced allodynia. Importantly, we have shown that exercise training beginning 5 days after
injury is sufficient to prevent the development of this debilitating neuropathic pain while
normalizing the levels of GFLs, and maintaining a normal distribution of GFL-responsive
pain fibers.
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Figure 1. At-level tactile allodynia is prevented by acute exercise
(A) Five weeks after SCI, at-level allodynia occurred in ~42% of the rats with SCI (10 out

of 24 rats). Exercise intervention reduced the incidence of at-level allodynia to 6% (1 out of
17 rats; X2:14-529- p=0.0001). The paw withdrawal threshold to tactile stimuli for the
ipsilesional (B) and contralesional (C) forepaw were recorded over a period of 35 days.
Before SCI, rats withdraw their forepaws from a stimulus force of 60 g (indicated by dashed
line). Two behavioral cohorts emerge after SCI, those that maintain tactile paw withdrawal
thresholds at or near 60g force (SCI No Allodynia) and those that exhibit a significant
reduction in paw withdrawal thresholds that plateau near 30 g force (SCI Allodynia). These
distinct responses to SCI were apparent by 14 dpi and persisted to at least 35 dpi (**p<.05
vs all other groups). Rats that were exercised (SCI + Exercise) starting at 5 dpi did not
develop allodynia in either the ipsilesional or contralesional forepaw. There was significant
hyposensitivity at 7 dpi in the contralesional forepaw of the SCI No Allodynia and SCI +
Exercise groups that resolved by 14 dpi (*#p<.05 vs. naive).
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Figure 2. Acute exercise does not prevent at-level thermal hyperalgesia
The latency to paw withdrawal to a noxious thermal stimulus for the ipsilesional (A) and

contralesional (B) forepaw was recorded over a period of 35 days. Before SCI, rats
withdraw their forepaws after 11 seconds (indicated by dashed line). After SCI, there was no
difference in paw withdrawal latency between SCI No Allodynia, SCI Allodynia and SCI +
Exercise groups at any time point for ipsilesional or contralesional forepaws, as all groups
exhibited a significant decrease in paw withdrawal latency compared to baseline values

(**p<.05 vs naive control).
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Figure 3. Anatomical assessments in SCI rats with and without tactile allodynia

Representative transverse sections of the lesion epicenter stained for myelin sacrificed at 9
days post injury in groups SCI No Allodynia (A), SCI Allodynia (B), and SCI + Exercise
(C). Sections from SCI rats sacrificed at 37 days post injury in groups SCI No Allodynia (D)
SCI Allodynia (E) and SCI + Exercise (F) are presented. The 200 kdyne impact produced a
moderate, unilateral lesion with near complete degeneration of grey matter and a spared rim
of white matter on the right side of the spinal cord. Importantly, the grey and white matter of
the contralesional spinal cord appears normal (scale bar=0.5mm). There were no significant
differences in tissue sparing through the rostrocaudal extent of the lesion between any

groups at either time point (G).
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Figure 4. Exercise prevents SCl-induced reduction of GDNF
In naive rats, the concentration of GDNF was 29 pg/mg tissue in the C7 and C8 dorsal root

ganglia (dashed line in A and B). At 9 and 37 dpi, the concentration of GDNF was
significantly reduced in the ipsilesional (A) and contralesional (B) DRGs of the SCI
Allodynia group (*p<.05 vs all other groups). Exercise starting at 5 dpi maintained naive
concentrations of GDNF in the DRG. The concentration of GDNF in the naive dorsal half of
the spinal cord was 60 pg/mg tissue (dashed line in C and D). (C) The concentration of
GDNF decreased in the ipsilesional dorsal spinal cord of the SCI Allodynia group compared
to all other groups (*p<.05) at 9 and 37 dpi. (D) GDNF levels were significantly decreased
in the contralesional dorsal cord of the SCI No Allodynia at 9 but not 37 dpi (#p<0.05 vs
naive). Exercise starting at 5 dpi maintained the levels of GDNF in the dorsal spinal cord at
both time points.
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Figure 5. Exercise prevents SCl-induced reduction of artemin

7
Days Post Injury

In naive rats, the concentration of artemin was 29 pg/mg tissue in the C7 and C8 dorsal root
ganglia (dashed line in A and B). At 9 and 37 dpi, the concentration of artemin was
significantly reduced in the ipsilesional and contralesional DRGs of the SCI Allodynia
group (*p<.05 vs all other groups). Exercise starting at 5 dpi maintained naive
concentrations of artemin in the DRG. The concentration of artemin in the normal dorsal
half of the spinal cord was 69 pg/mg tissue (dashed line in C and D). The concentration of
artemin decreased in both the ipsilesional (C) and contralesional (D) dorsal spinal cord of
the SCI Allodynia group compared to all other groups (*p<.05) at 9 dpi. Exercise starting at
5 dpi maintained the levels of artemin in the dorsal spinal cord. At 37 dpi, there were no

significant differences between groups.
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Figure 6. Exercise prevents SCl-induced redistribution of GFL-responsive afferents in the
ipsilesional dorsal horn

Representative section of the ipsilesional C7 dorsal horn of Naive (G),SCI No Allodynia
with 9 (A) or 37 d (D) survival, SCI Allodynia with 9 (B) or 37 d (E) survival and SCI +
Exercise with 9 (C) or 37 d (F) survival. Proportional area of positively labeled tissue within
the dorsal horn was determined across the C7 and C8 spinal cord. The average proportional
areas for these regions of interest are represented in H. Significantly greater proportional
area was labeled for Isolectin-B4, a marker of non-peptidergic c-fibers at both 9 and 37 dpi
of the SCI Allodynia group (*p<.05 vs all other groups; dashed line indicates the
proportional area of Isolectin-B4+ afferents in the dorsal horn of naive rats). (I)The degree
of afferent labeling predicted at-level allodynia of the ipsilesional forepaw (r2=0.52; p<.05).
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Figure 7. Exercise intervention prevents SCI-induced redistribution of GFL-responsive afferents
in the contralesional dorsal horn

Representative section of the contralesional C7 dorsal horn of Naive (G),SCI No Allodynia
with 9 (A) or 37 d (D) survival, SCI Allodynia with 9 (B) or 37 d (E) survival and SCI +
Exercise with 9 (C) or 37 d (F) survival. Proportional area of positively labeled tissue within
the dorsal horn was determined across the C7 and C8 spinal cord. The average proportional
areas for these regions of interest are represented in H. Significantly greater proportional
area was labeled for Isolectin-B4, a marker of non-peptidergic c-fibers at both 9 and 37 dpi
of the SCI Allodynia group (*p<.05 vs all other groups; dashed line indicates the
proportional area of Isolectin-B4+ afferents in the dorsal horn of naive rats). (1) The degree
of afferent labeling predicted at-level allodynia of the contralesional forepaw (r2=0.64; p<.
05).
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