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Abstract

Neuropathic pain is a debilitating consequence of spinal cord injury (SCI) that correlates with 

sensory fiber sprouting. Recent data indicates that exercise initiated early after SCI prevents the 

development of allodynia and modulated nociceptive afferent plasticity. This study determined if 

delaying exercise intervention until pain is detected would similarly ameliorate established SCI-

induced pain. Adult, female Sprague-Dawley rats with a C5 unilateral contusion were separated 

into SCI allodynic and SCI non-allodynic cohorts at 14 or 28 dpi when half of each group began 

exercising on automated running wheels. Allodynia, assessed by von Frey testing, was not 

ameliorated by exercise. Furthermore, rats that began exercise with no allodynia developed paw 

hypersensitivity within 2 weeks. At the initiation of exercise, the SCI Allodynia group displayed 

marked overlap of peptidergic and non-peptidergic nociceptive afferents in the C7 and L5 dorsal 

horn, while the SCI No Allodynia group had scant overlap. At the end of 5 weeks of exercise both 

the SCI Allodynia and SCI No Allodynia group had extensive overlap of the 2 c fiber types. Our 

findings show that exercise therapy initiated at early stages of allodynia is ineffective at 

attenuating neuropathic pain, but rather that it induces allodynia aberrant afferent plasticity in 

previously pain-free rats. These data, combined with our previous results suggest that there is a 

critical therapeutic window when exercise therapy may be effective at treating SCI-induced 

allodynia and that there are post-injury periods when exercise can be deleterious.
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 INTRODUCTION

Spinal cord injury (SCI) impairs sensation causing chronic, debilitating neuropathic pain in 

over two-thirds of people with SCI. A staggering $100 billion is spent annually in the United 

States on health care, lost income and lost productivity due to chronic pain. Clinical 

hallmarks of neuropathic pain are the development of allodynia, where normally innocuous 

stimuli elicit a painful response and hyperalgesia, where noxious stimuli elicit an amplified 

pain response (1). Neuropathic pain is a complex phenomenon that is often unresolved with 

pharmacological treatment.

The effect of SCI on nociceptive primary sensory neurons and their centrally directed 

afferent fibers is a major contributor to the development of SCI-induced pain (2-4). After 

SCI, the amplification of nocifensive or neuropathic signaling begins in the primary sensory 

neuron (5). It is well-established that the afferent fibers of these nociceptors exhibit dramatic 

maladaptive arborization into the deep dorsal horn (laminas III-V) above, at and below the 

lesion epicenter in clinical (6, 7) as well as experimental SCI (8-11).

Exercise is a non-invasive, clinically used treatment that promotes long lasting plasticity of 

primary afferents and local spinal cord circuitry after SCI (12-16). Importantly, exercise that 

is initiated within the first week post injury can also modulate the development of allodynia 

in experimental SCI (11, 17, 18) and other experimental models of neuropathic pain (19-23). 

Our laboratory has recently shown that exercise beginning within the first week after SCI is 

sufficient to prevent aberrant plasticity of nociceptive primary afferent fibers and to prevent 

onset of tactile allodynia (11).

In the present study, we evaluated the effect of daily exercise therapy that was initiated at the 

onset of SCI-induced neuropathic pain or after it was established in the fore- and hindpaws. 

The results show that delaying exercise until allodynia develops or is more fully established 

neither reversed or attenuated allodynic behavior nor aberrant changes in the topographic 

distribution of nociceptive afferents in the dorsal horn. These data indicate that the 

therapeutic window where exercise rehabilitation is most beneficial for the retention of 

normal sensation after SCI in rats closes before 14 days post injury (dpi).

 METHODS

 Subjects

One hundred and sixty-two 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 libitum. All experimental procedures were approved by the Drexel 

University Institutional Animal Care and Use Committee. Two experiments were conducted 

in this study—the first determined the effect of exercise on established SCI pain and the 

second examined the effect of SCI on the topographic distribution of primary afferent fibers 

over time. See Tables 1 and 2 for group assignment details.

As we have previously shown, at 14 dpi, SCI rats can be partitioned into 2 groups based on 

their paw withdrawal threshold in response to mechanical stimuli during von Frey testing 

Detloff et al. Page 2

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(24). For a rat to be considered in the SCI Allodynia group the animal must exhibit a 50% 

reduction in paw withdrawal threshold in the affected forepaw that is maintained from 14 dpi 

to the duration of the experiment (42 or 56 dpi). At 14 dpi, tactile sensory thresholds were 

determined for all SCI rats. For Experiment 1, rats from the SCI Allodynia and the SCI No 

Allodynia groups (n=9/group) were randomly assigned to begin exercise at 14 or 28 dpi. The 

remaining rats were not exercised (as shown in Table 1).

For Experiment 2, SCI rats were randomly designated for sacrifice at specific dates post 

injury (3, 7, 14, 28, 42 dpi). SCI rats that were sacrificed at 14, 28, or 42 dpi were 

partitioned into SCI Allodynia and SCI No Allodynia groups in the same manner as in 

Experiment 1, with a minimum of 7/group. Group assignments for SCI rats in Experiment 2 

are shown in Table 2.

 Surgical Procedures

 C5 unilateral spinal cord contusion—We utilized a clinically-relevant and accepted 

model of SCI pain (24). Rats were anesthetized with xylazine (6 mg/kg), ketamine (60 

mg/kg) and acepromazine (6 mg/kg; XAK) and given antibiotics (ampicillin, s.c., 100 mg/kg 

or cefazolin, s.c., 160 mg/kg, daily for 7d). After C5 hemilaminectomy, the spinal cord was 

rapidly contused at a force of 200 kilodynes (no dwell time) using the Infinite Horizon 

Impact Device (Precision Systems and Instrumentation, Fairfax, VA (25)). The incision was 

closed in layers and 5 cc of lactated Ringer’s solution (LRS) was administered 

subcutaneously to prevent dehydration.

Three days prior to being euthanized rats in Experiment 2 were anesthetized with XAK, and 

an axial incision to the ipsilesional (right) forelimb exposed the median and ulnar nerves 

(26), and the perineurium was removed. A 5-µL Hamilton syringe fitted with a custom 30 

gauge needle (#7803-07, Hamilton Company, Reno, NV) was inserted into each nerve, and 

2.0 µL of cholera toxin β subunit (CTB;10 µg/µL; Product #104, List Biological 

Laboratories, Inc., Campbell, CA) was injected to label myelinated sensory afferents. Rats 

received 5 cc of LRS and cefazolin subcutaneously following surgery.

 Forced Exercise Paradigm

Rats in the SCI + Exercise groups began exercise in the forced exercise wheel walking 

system (Lafayette Instruments, Lafayette, IN) at 14 or 28 dpi at an initial speed of 6 m/min 

with speed increasing by 1 m/min at 30 second intervals according to the forelimb 

capabilities of the rats or until a maximum speed of 14.0 m/min was achieved (11). Rats 

underwent this exercise session for 20 min/day, 5 days/week and continued for 5 weeks. All 

rats reached the maximum speed by 1 week after exercise was initiated.

 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 weekly after SCI by blinded experimenters. Due to the unilateral 

nature of the injury model, we evaluated the ipsilesional (right) and contralesional (left) 

forepaws separately.

Detloff et al. Page 3

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Tactile allodynia—The up-down method for von Frey hair monofilaments (VFH, 

Stoelting Co., Wood Dale, Il) was used to measure the degree of tactile sensory changes in 

the forepaws and hindpaws after SCI (27-29). Rats were enclosed in a chamber, and ten 

VFH stimulus applications were collected for each paw on each day of testing, beginning 

with the 5.18 g VFH. 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. 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. The responses are recorded, and represented as a percent of supraspinal responses. 

Paw testing order was performed randomly to minimize an order effect.

 Histology

Rats were euthanized at prescribed time points post SCI (Euthasol; 390 mg/kg sodium 

pentobarbital and 50 mg/kg phenytoin, i.p.) and perfused transcardially with 250 ml of 0.9% 

saline followed by 350 ml of 4% paraformaldehyde. Blocks of C4-C6 cord spanning the 

lesion, C7-8 cord and L3-5 cord were dissected, post-fixed in paraformaldehyde at 4°C 

overnight and then submersed in 30% sucrose for cryoprotection. Series of 25-30 micron 

thick transverse sections 250 µm apart through the extent of these tissue blocks were 

mounted on subbed slides or kept floating in 0.1M phosphate buffered saline (PBS).

 Nissl-Myelin staining and analysis of the lesion site—Sections from a single 

series of C4-C6 spinal cord were stained with cresyl violet (Sigma, St. Louis, MO) for Nissl 

substance and euriochrome cyanine (Sigma) for myelin, dehydrated, and coverslipped with 

DPX mounting medium (Fisher Scientific, Pittsburgh, PA).

To determine the amount of spared tissue at the lesion epicenter, the area of spared grey and 

white matter in the ipsilesional and contralesional cord and the lesion cavity were measured 

separately at lesion epicenter using the Cavalieri estimator method (Stereo Investigator, 

MicroBrightfield, Burlington, VT) by an evaluator blinded to experimental groups. 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 was determined (32).

 Spinal Cord Immunohistochemistry—For all immunohistochemical staining, 

vendor information, catalog number and dilution for each antibody are provided in Table 3. 

In Experiment 1, spinal cord sections mounted on slides were double-labeled for calcitonin 

gene-regulated peptide (CGRP) and isolectin-B4 (IB-4) immunofluorescence to identify 

peptidergic and non-peptidergic nociceptive afferent distribution respectively. Slides were 

incubated in 10% normal goat serum (NGS) and 0.2% Triton-X100 in PBS for 1 h. The 

CGRP antibody and biotin-conjugated IB-4 were applied for 48 h at room temperature in a 

humid chamber and were followed by goat-anti-rabbit Alexa Fluor 488 and streptavidin 

conjugated Alexa Fluor 594, respectively, and coverslipped with FluorSave Reagent 

(Calbiochem, Bedford, MA).

In Experiment 2, floating sections were blocked in 10% normal donkey serum, 0.2% Trition-

X100 in 0.1M PBS for 1 hr, incubated overnight with goat-anti-CTB and then incubated in 
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donkey-anti-goat secondary antibody for 2 h in the dark. Sections were rinsed in PBS, 

blocked in 10% NGS, 0.2% Trition-X100 in 0.1M PBS for 1 h, and incubated with rabbit-

anti-CGRP and biotin-conjugated IB-4 for 48 h at room temperature and visualized by 

incubating with goat-anti-rabbit Alexa Fluor 488 and streptavidin conjugated Dylight 305 

for 2 h. All procedures were conducted at room temperature on a rotary shaker. Sections 

were mounted on gelatin coated slides, dried overnight and coverslipped with Fluorsave 

Reagent.

Separate images of CGRP and IB4 labeling were taken of five ipsilesional and contralesional 

dorsal horn sections per rat (250 microns apart in Experiment 1 and 180 microns apart in 

Experiment 2) were taken using a Leica DM5500 B microscope. at the same magnification, 

lens aperture and exposure time. Images included the cap of the dorsal horn, excluded 

Lissauer’s tract and dorsal column white matter. Each image was then opened in ImageJ and 

a threshold was applied to include the positive labeling with in the dorsal horn. All images 

with similar staining were examined equally by applying a constant optical density 

threshold. Thresholded area was then quantified and is represented as a proportion to total 

area of the image. For each rat, the proportional area of positively labeled tissue was 

averaged, generating one value for CGRP and one value for IB4 for the ipsilesional dorsal 

horn and one value for CGRP and one for IB4 for the contralesional dorsal horn. These 

values were used to generate group means.

To quantify the proportional area of overlap, the area of CGRP+ and IB4+ tissue were 

outlined separately in the ipsilesional and contralesional dorsal horn using StereoInvestigator 

for 5 sections/rat. The area of overlap between CGRP and IB4 fibers was quantified and is 

represented as a proportion of the combined area of CGRP+ and IB4+ in the dorsal horn 

relative to the area of laminae I-III of the dorsal horn. For each rat, the proportional area of 

overlap was averaged, generating one value for the ipsilesional dorsal horn and one value for 

the contralesional dorsal horn. These values were used to generate group means.

 Statistical Analysis

Two way repeated measure ANOVAs were performed for von Frey and incidence of 

supraspinal responses data (group x time) followed by Tukey’s post-hoc comparisons using 

the harmonic mean to correct for unequal group sizes. Epicenter sparing and proportional 

area measurements for IB-4, CGRP and CTB immunoreactivity were analyzed via one-way 

ANOVA with Bonferroni’s post-hoc analysis. Significance was determined if p<.05. Means 

and standard error of the mean (SEM) are reported throughout.

 RESULTS

 Exercise therapy does not ameliorate acute or established stages of tactile allodynia

At 14 dpi, tactile allodynia can be determined in all four paws of the rat when defined as a 

>50% reduction in the paw withdrawal threshold. The unilateral cervical SCI elicits two 

significantly different cohorts of SCI rats—those that demonstrate persistent tactile allodynia 

in all four paws (SCI Allodynia, ~40% of SCI rats) and those that maintain normal sensation 

(SCI No Allodynia, ~60% of SCI rats).
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Prior to SCI the mean mechanical threshold to tactile stimuli was approximately 35 g for 

either forepaw (Figure 1A, B, Figure 2A, B) and approximately 45 g for either hindpaw 

(Figure 1C, D, Figure 2C, D). In the SCI Allodynia group, at 7-14 dpi there was a significant 

reduction in the paw withdrawal threshold of all four paws compared to naïve or SCI No 

Allodynia groups (#p<.05). Rats that began forced exercise closer to the onset of tactile 

allodynia (14dpi), mirrored the SCI Allodynia group as there was no change of tactile 

thresholds in any paw at any timepoint (Figure 1A-D). When forced exercise was initiated 

after allodynia was firmly established (28 dpi), paw withdrawal thresholds did not change 

and tactile allodynia persisted throughout the duration of the study (Figure 2A-D).

In SCI No Allodynia rats that began exercise at 14 dpi paw withdrawal thresholds were 

significantly decreased in all four paws after two weeks of exercise therapy compared to 

Naïve and SCI No Allodynia groups (*p<.05). SCI No Allodynia + Ex rats exhibited similar 

paw withdrawal thresholds to SCI Allodynia and SCI Allodynia + Ex (Figure 1A-D).

SCI No Allodynia rats that began exercise at 28 dpi had significantly decreased paw 

withdrawal thresholds compared to Naïve and SCI No Allodynia groups (Figure 2A-D). 

Importantly, the SCI No Allodynia + Ex group exhibited paw withdrawal thresholds similar 

to SCI Allodynia and SCI Allodynia + Ex groups.

Positive responses to nocifensive tactile stimuli in all rats were accompanied by 

hypervigilant, supraspinally initiated behaviors that included licking the stimulated paw, 

turning and looking at the stimulated paw, and occasionally moving away from the stimulus. 

No rats vocalized in response to von Frey stimulus application. The incidence of supraspinal 

awareness to noxious tactile stimulation is plotted over time for all four paws (Figures 1E-H, 

2E-H). Regardless of the presence or absence of tactile allodynia, all SCI rats exhibited 

aversive responses to the tactile stimuli. Exercise did not alter the incidence of supraspinal 

responses.

Importantly, von Frey testing requires both sensory and motor function and these functions 

are both affected by contusive SCI. Importantly, rarely saw evidence of spasticity when 

observing SCI rats throughout the course of this study in their home cages, in the open field, 

or during von Frey testing. During von Frey testing, we rarely observed flutter-like 

withdrawal responses to monofilament application. This type of spastic response occurred in 

fewer than one-quarter of their post SCI testing sessions of only 6 out of 152 SCI rats (1 rat 

in the SCI Allodynia, 2 rats in SCI No Allodynia, 1 rat in the SCI Allodynia + Ex, and 2 rats 

in the SCI No Allodynia + Ex), suggesting that the increased responsiveness to tactile 

stimuli is likely due to sensitization of the sensory systems as opposed to a change in 

spasticity.

 Delayed exercise therapy does not affect tissue sparing

Lateralized, 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 (Figure 3). For 

all groups, nearly all grey matter was eliminated and only a small outer rim of densely 

stained white matter remained, in the lateral and ventral funiculi. There was no evidence of 

tissue damage in the contralesional spinal cord for any group (Figure 3A-H). Quantitatively, 
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the proportion of spared tissue of the ipsilesional versus contralesional side of the spinal 

cord had no relationship to the presence of allodynic behavior and exercise had no effect on 

tissue sparing (Figure 3I).

 Effects of delayed exercise on nociceptive afferent plasticity

The C7-C8 and L3-5 dorsal horn corresponds to the dermatomes of the fore- and hindpaw, 

respectively. In the naïve dorsal horn, peptidergic, CGRP+ nociceptive afferents terminate in 

lamina I and the outer layer of lamina II, while non-peptidergic, IB-4+ nociceptive afferents 

terminate in the inner layer of lamina II (Figure 4A-A’’). The laminar distributions of these 

two fiber types are anatomically distinct, with little overlap in the uninjured dorsal horn for 

both ipsilateral and contralateral C7 and L5 spinal cord (Figure 4A-A’’’, 5A-A’’). At 42 dpi, 

the SCI Allodynia group showed a marked increase in the dorsal horn distribution of both c 

fiber types as the bands of CGRP+ and IB-4+ nociceptive afferents widened, increasing the 

area of overlap (Figure 4C-C’’’, 5C-C’’), in contrast to only modest overlap in the SCI No 

Allodynia group (Figure 4B-B’’’, 5B-B’’). Significant overlap of nociceptive afferents 

occurred in SCI No Allodynia rats that were exercised compared to their unexercised 

counterparts (Figure 4D-D’’’, 5D-D’’). The degree of overlap was similar between SCI 

Allodynia and SCI Allodynia+Exercise (Figure 4E-E’’’, 5E-E’’). Delayed Exercise 

beginning at 14 or 28 dpi leads to c-fiber overlap in SCI No Allodynia group and no change 

in the SCI Allodynia group. The proportional area of the ipsilesional C7 dorsal horn that was 

positively labeled for CGRP+ or IB-4+ c fibers was significantly increased in the SCI 

Allodynia, SCI No Allodynia + Ex, and SCI Allodynia + Ex groups compared with Naïve 

and SCI No Allodynia groups (Figure 4F-G). The area of overlap of nociceptive afferents in 

the contralesional C7 and ipsi- and contralesional L5 dorsal horn at 42 dpi are depicted in 

Figure 5. Visually, a larger overlapping area of nociceptive afferents in the cervical or 

lumbar dorsal horn correlated with the presence of tactile allodynia in the corresponding 

paw at the end of the experiment. The area of nociceptive afferent overlap was significantly 

greater in SCI Allodynia, SCI No Allodynia + Ex and SCI Allodynia + Ex groups compared 

to naïve and SCI No Allodynia groups (Figure 4H, Figure 5F-H).

 Temporal relationship between afferent plasticity and the development of allodynia

We evaluated the distribution of primary afferent fibers in the dorsal horn at time points prior 

to allodynic development (3 and 7 dpi), at its earliest detection (14 dpi) and after it is 

established (28 and 42 dpi) (Figure 6). As in Experiment 1, paw withdrawal thresholds to 

tactile stimuli were recorded for the ipsilesional forepaw over time, and two groups 

emerged: SCI No Allodynia and SCI Allodynia (Figure 7D). When we examined the 

topographic distribution of nociceptive and non-nociceptive afferents in the dorsal horn, we 

found that both peptidergic and non-peptidergic nociceptive afferents (CGRP+ and IB-4+) 

but not non-nociceptive CTB-traced afferents exhibited an increase in the distribution in the 

dorsal horn at 3 and 7 dpi (compared to the naïve condition), time points which are prior to 

the detection of SCI-induced tactile allodynia (Figure 6A-A’’’’, B-B’’’’, C-C’’’’). At 14 and 

28 dpi, the two timepoints when forced exercise was initiated, SCI Allodynia group had a 

larger band of overlap in the superficial dorsal horn compared to the SCI No Allodynia 

group (Figure 6D’’’’-G’’’’). The SCI Allodynia groups exhibit a greater overlap of 

nociceptive afferents compared to the SCI No Allodynia groups (Figure 6F-I). Importantly, 
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at no timepoint did the distribution of non-nociceptive CTB-traced fibers significantly 

overlap with either peptidergic or non-peptidergic afferents in the dorsal horn (Figure 6 A’’’-

I’’’). The increased distribution of nociceptive afferent fibers in the dorsal horn coincides 

with a significant increase in the area fraction as early as 3 dpi that is maintained for at least 

42 dpi in SCI Allodynia rats (Figure 7A-B). The SCI No Allodynia group exhibited near 

normal area fraction measurements of CGRP+ and IB-4+ afferents in the dorsal horn at 

14-42 dpi (Figure 7A-B). The area fraction of CTB+ afferents in the dorsal horn was 

unchanged at any timepoint after injury for SCI No Allodynia and SCI Allodynia groups 

(Figure 7C). The area of nociceptive afferent overlap increased significantly at 3 and 7 dpi 

and in SCI animals with allodynia at 14, 28, and 42 dpi (Figure 7D). The increased 

immunoreactivity of nociceptive afferents was not associated with overt differences in the 

amount of tissue sparing at the lesion epicenter (Figure 7F).

 DISCUSSION

The current work demonstrates that initiating exercise when allodynia is first detectable or 

after it is fully established does not ameliorate, reverse or even reduce the degree of paw 

hypersensitivity after SCI. SCI-induced allodynia corresponds with an increase in the 

topographic distribution of nociceptive afferent fibers in the dorsal horn of the spinal cord 

that is present as early as 3 dpi and persists chronically. The delayed exercise paradigm was 

unable to modify this aberrant plasticity in rats with SCI-induced allodynia. Alarmingly, we 

found that executing these same exercise paradigms in SCI rats that exhibit normal tactile 

sensation led to the development of allodynia within 2 weeks of the start of therapy. In the 

case of SCI No Allodynia animals, exercise appears to have contributed to the alterations 

seen in the density and distribution of nociceptive afferents in the cervical and lumbar spinal 

cord, although we have no direct evidence that this increase in afferent distribution is the 

root of observed allodynia after SCI. Taken together, these data suggest that exercise 

dependent-plasticity is not always beneficial.

Exercise is a non-invasive rehabilitative therapy that has profound potential to improve the 

functional recovery of people who have sustained a SCI. Several laboratories have shown 

that exercise is effective at attenuating tactile hypersensitivity in several models of peripheral 

nerve injuries (nerve ligations, chronic constriction and crush) as well as in models of 

diabetes (19-23, 33-36). Recently, clinical and experimental studies indicated that exercise 

may be an effective therapy for the prevention or reduction of SCI-induced chronic pain (11, 

17, 18, 37). Previous findings from our laboratory showed that the same exercise paradigm 

implemented within the first week of SCI prevented allodynia from developing (11) and 

reversed injury induced overlap in nociceptive afferent distribution in the dorsal horn. That a 

9 day difference (day 5 post injury vs. day 14 post injury) in the initiation of a rehabilitative 

therapy can have such profound effects on sensory function and afferent plasticity indicates 

a limited window for effective exercise therapy though administration too soon after SCI 

also can be detrimental to recovery (38-40). Changing variables of exercise such as the 

duration, intensity or frequency may extend the period efficacy for reducing or preventing 

neuropathic pain.
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An additional contributor to the effectiveness of a rehabilitative therapy on sensory recovery 

is the state of the local environment within the spinal cord and DRG. Physical injury to the 

spinal cord damages grey matter and disrupts ascending and descending white matter tracts 

at the injury epicenter, but SCI is an evolving condition where the environment of the injury 

site and other remote regions of the spinal cord are modulated by a persisting secondary 

injury cascade that involves apoptosis, blood spinal cord barrier permeability and a potent 

innate and adaptive immune response that changes over time (41-3). It is likely that the 

relative balance of each of these processes contributes to the concurrent sprouting of 

nociceptive primary afferent fibers thereby changing their terminal distribution within the 

dorsal horn along the neuroaxis (10, 11, 44). Exercise (cycling, treadmill training or 

automated wheel running) is a potent modulator of many processes that occur secondary to 

the primary injury including apoptosis (45), blood spinal cord barrier function (40), 

inflammatory response and extravasation of immune cells into the cord (40), increased levels 

of neuroplasticity-associated proteins like neurotrophic factors and their receptors (11, 

46-48) as well as afferent plasticity (11, 49). While exercise has many beneficial effects after 

SCI, in the current experiment it did not modulate aberrant afferent sprouting in SCI rats 

with allodynia.

Perhaps more intriguing is the observation that exercise triggered robust alteration in the 

topographic distribution of nociceptive afferents in SCI rats that did not exhibit allodynia 

prior to the initiation of exercise. Early after SCI (3d and 7d), prior to our ability to reliably 

assess changes in tactile sensation in animals, nociceptive afferents had an increased 

presence in the superficial dorsal horn. By 14 dpi this distribution of nociceptive afferents in 

the C7 dorsal horn in SCI Allodynia and SCI No Allodynia groups was different. SCI 

Allodynia rats maintained the increased afferent distribution in the dorsal horn as 3 and 7 

day time points, while the SCI No Allodynia group had a more normal distribution of 

nociceptive afferents. What is responsible for the persistence of this overlap in some animals 

but not in others is unknown. After exercise, the distribution of nociceptive afferents in the 

14d or 28d SCI No Allodynia groups exhibited a similar degree of overlap in the superficial 

dorsal horn as the SCI Allodynia group and animals were allodynic. Why exercise failed to 

modulate nociceptive afferents in the case of SCI Allodynia or elicited nociceptive afferent 

sprouting in the case of SCI No Allodynia is unclear. We postulate that the mechanisms 

underlying this exercise-induced aberrant afferent plasticity may involve changes in 

neurotrophic factor expression and/or the heightened inflammatory response in the injured 

cord and DRG, which could signal changes in nociceptive DRG neurons that affect 

excitability and possible amplification of nociceptive signaling.

Many studies have examined sprouting or regeneration of sensory afferents after peripheral 

nerve and spinal cord injury (9, 50-61) however, the findings have ignited some controversy 

regarding the interpretation of the data (62). The data presented in these previous studies 

may represent true sprouting and change in the terminal arbors of nociceptive afferents, or it 

may represent alterations in the phenotypic composition of normally cutaneous primary 

sensory neurons to a nociceptive phenotype. Indeed Aβ nociceptors exist, and neuropathic 

pain has been linked with Aβ activation (63, 64). We do not believe this to be the case here 

as there was no expansion of myelinated afferents in the dorsal horn of allodynic animals. 

Additionally, we counted the number of nociceptive neurons in normal, SCI animals with 
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and without allodynia as well as SCI animals that received exercise. We did not observe a 

change in the number of peptidergic or non-peptidergic neurons within the DRG suggesting 

that the redistribution of nociceptive afferents within the dorsal horn is indeed sprouting, and 

not a consequence of gene modification in non-nociceptive DRG neurons. The nociceptive 

neurons of the DRG must not be discounted in their ability to generate aberrant sensory 

behavior, as these nociceptors exhibit increased spontaneous activity, likely amplifying 

neuropathic signaling(5). Nociceptor spontaneous activity may be amplified is through an 

increased macrophage presence and elevated proinflammatory cytokine levels in the DRG 

after injury (65-69). After SCI macrophages recruited to DRGs within a week of injury 

persist chronically (70). DRG neurons cultured with conditioned medium from activated 

bone-marrow derived macrophages exhibited increased axonal growth (71). Moreover, in 

vivo, activation of macrophages and microglia near the dorsal root entry zone increased 

axonal growth of rhizotomized nociceptive afferents (72). Thus, macrophage infiltration into 

the DRG and dorsal horn after injury could sensitize nociceptive neurons, initiate sprouting, 

and ultimately result in topographic changes in the distribution of nociceptive primary 

afferents in the dorsal horn after SCI without actually triggering a change in the functional 

phenotype of primary sensory neurons in the DRG.

Detailed and extensive characterization of the lesion site as well as the cervical and lumbar 

spinal cords associated with paw dermatomes is necessary to better understand the 

mechanism by which aberrant nociceptive afferent plasticity is occurring. Ongoing and 

future experiments are specifically focusing on the effect of inflammation and gliosis on 

nociceptor plasticity and allodynic behavior.

In summary, our findings provide strong evidence that exercise therapy initiated at early or 

later stages of allodynia is ineffective at attenuating neuropathic pain. More disconcerting is 

the observation that exercise can induce maladaptive changes in the distribution of 

nociceptive afferents in the dorsal horn. These results, combined with the previous results 

from our laboratory, highlight the likelihood of a “therapeutic window” during which 

exercise may be an effective treatment before the onset of SCI-induced allodynia. Here 

exercise therapy must be initiated at some time earlier than 14dpi in order to be a successful 

therapy for allodynia. A challenge for future research and for clinical translation is the need 

to balance the effects of exercise-induced plasticity by developing an exercise paradigm that 

maximizes afferent plasticity associated with improvements in locomotor recovery while 

minimizing the maladaptive nociceptive afferent plasticity associated with the development 

of chronic neuropathic pain. As we move toward personalized medicine in clinical SCI, it 

may be that individual injury situations will require a unique combination of intensity or 

duration of exercise in order to see beneficial anti-allodynic effects.
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Figure 1. Exercise therapy initiated at 14 dpi is ineffective
The paw withdrawal threshold for the ipsilesional (A) and contralesional (B) forepaw as well 

as ipsilesional (C) and contralesional (D) hindpaw was recorded prior to and after spinal 

cord injury over a period of 42 days. Two behavioral cohorts emerge after SCI, No 

Allodynia that maintain tactile thresholds at or near normal values (dashed line) and those 

that exhibit a significant reduction in paw withdrawal threshold (SCI Allodynia). These 

responses occurred by 14 dpi and persisted through the end of the study. SCI Allodynia rats 

that began exercising at 14 dpi did not show any attenuation of tactile hypersensitivity and 

maintained allodynic paw withdrawal thresholds (SCI Allodynia + Ex). SCI No Allodynia 

rats that began exercising at 14 dpi developed paw hypersensitivity by 28 dpi that persisted 

(SCI No Allodynia + Ex) All rats produced supraspinal behaviors in conjunction with a 

positive response to tactile stimulation of the forepaws (E, F) or hindpaws (G,H), regardless 

of the presence or absence of tactile allodynia. The normal incidence of supraspinal 

responses is denoted by the dashed line. Even after injury, the incidence of supraspinal 

responses was not significantly different than a normal rat (p>.05). (#p<.05 for SCI 

Allodynia, SCI Allodynia + Ex vs. Naïve, SCI No Allodynia, SCI No Allodynia + Ex; $p<.

05 for SCI Allodynia, SCI Allodynia + Ex vs. Naïve, SCI No Allodynia; *p<.05 for SCI 

Allodynia, SCI Allodynia + Ex, SCI No Allodynia + Ex vs. Naïve, SCI No Allodynia)
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Figure 2. Exercise therapy initiated at 28 dpi is ineffective
The paw withdrawal threshold for the ipsilesional (A) and contralesional (B) forepaw as well 

as ipsilesional (C) and contralesional (D) hindpaw was recorded prior to spinal cord injury 

over a period of 56 days. SCI Allodynia rats that began exercising at 28 dpi did not show any 

attenuation of tactile hypersensitivity and maintained allodynic paw withdrawal thresholds 

(SCI Allodynia + Ex). Interestingly, SCI No Allodynia rats receiving exercise maintained 

normal sensation for 1-2 weeks after exercise was initiated, but then exhibited a significant 

reduction in tactile paw withdrawal threshold (SCI No Allodynia + Ex). All rats produced 

supraspinal behaviors in conjunction with a positive response to tactile stimulation of the 

forepaws (E, F) or hindpaws (G,H), regardless of the presence or absence of tactile 

allodynia. The normal incidence of supraspinal responses is denoted by the dashed line. 

Even after injury, supraspinal responses occurred in all rats. At 7 and 14 dpi, the SCI 

Allodynia + Ex exhibited a significant decrease in the incidence of supraspinal responses 

(#p<.05 for SCI Allodynia, SCI Allodynia + Ex vs. Naïve, SCI No Allodynia, SCI No 

Allodynia + Ex; $p<.05 for SCI Allodynia, SCI Allodynia + Ex vs. Naïve, SCI No 

Allodynia; *p<.05 for SCI Allodynia, SCI Allodynia + Ex, SCI No Allodynia + Ex vs. 

Naïve, SCI No Allodynia;+p<.05 SCI Allodynia + Ex vs. Naïve).
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Figure 3. Anatomical assessments in SCI rats with and without tactile allodynia and exercise
Representative transverse sections of lesion epicenter sacrificed at 42 dpi stained with 

euriochrome cyanine for myelin SCI No Allodynia (A), SCI Allodynia (B), SCI No 

Allodynia +Delayed Ex (E), SCI Allodynia + Delayed Ex (F). Sections from SCI rats 

sacrificed at 56 dpi in groups SCI No Allodynia (C), SCI Allodynia (D), SCI No Allodynia 

+Delayed Ex (G), SCI Allodynia + Delayed Ex (H) are also presented. The 200 kdyn impact 

produced a moderate, lateralized 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 does not exhibit any overt loss of grey or white 

matter. (Scale bar = 1.0 mm). There were no significant differences in tissue sparing at the 

lesion epicenter between any groups (I).
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Figure 4. Immunolabeling and quantification of peptidergic and non-peptidergic primary 
afferent fibers in the C7-8 dorsal horn
Representative sections of the ipsilesional C7 dorsal horn of unexercised naïve (A), SCI No 

Allodynia (B), SCI Allodynia (C), and groups that received 5 weeks of exercise beginning at 

14 dpi: SCI No Allodynia + Ex (D) and SCI Allodynia + Ex (E) reacted for calcitonin gene-

regulated peptide (CGRP) and Isolectin-B4 (IB-4) at 42 dpi. In normal rats, these two types 

of nociceptive primary afferent fibers show very little overlap. In SCI rats that develop 

allodynia, there is marked overlap between these two pain fiber types (C’’’, D’’’, E’’’) 

compared to those that do not develop pain after SCI (B’’’). Proportional area of positively 

labeled tissue within the cap of the dorsal horn was determined across the C7 and C8 spinal 

cord. Proportional area within the superficial dorsal horn showed that SCI Allodyina, SCI 

No Allodynia + Ex, and SCI Allodynia +Ex groups had greater area fraction of both CGRP 

(F) and IB-4 (G) compared to Naïve and SCI No Allodynia (*p<.05, dashed line indicates 

naïve levels). The proportional area of nociceptive afferent overlap in laminae I-III of the 

dorsal horn was significantly greater in SCI Allodynia, SCI No Allodynia + Ex, and SCI 

Allodynia + Ex groups compared to Naïve, and SCI No Allodynia groups (H; *p<.05). Scale 

bar = 200 microns, inset scale bar = 50 microns.
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Figure 5. Overlap of nociceptive afferents in the cervical and lumbar dorsal horn
Representative drawings of the contralesional C7 and ipsi- and contralesional L5 dorsal horn 

of unexercised naïve (A), SCI No Allodynia (B), SCI Allodynia (C), and groups that 

received 5 weeks of exercise beginning at 14 dpi: SCI No Allodynia + Ex (D) and SCI 

Allodynia + Ex (E) reacted for calcitonin gene-regulated peptide (CGRP) and Isolectin-B4 

(IB-4) at 42 dpi. In normal rats, these two types of nociceptive primary afferent fibers show 

very little overlap. In SCI rats that develop allodynia, there is marked overlap between these 

two types of nociceptive afferents in the cervical and lumbar dorsal horn (C, D, E) compared 

to those that do not develop pain after SCI (B). Scale bar = 100 microns.
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Figure 6. Immunolabeling and topographic distribution of primary afferent fibers in the C7 
dorsal horn over time after SCI
Representative section of the ipsilesional C7 dorsal horn of naïve rats (A), SCI sacrificed 

before the onset of tactile allodynia (3 and 7 dpi; B, C), SCI rats that do not develop tactile 

allodynia (14, 28 and 42 dpi; D, F, H) and SCI rats that develop tactile allodynia (14, 28, and 

42 dpi; E, G, I). labeled with antibodies against calcitonin gene-regulated peptide (CGRP), 

isolectin-B4 (IB-4), and the tract tracer cholera toxin subunit b (CTB). In normal rats, the 

nociceptive (CGRP, IB-4) and non-nociceptive (CTB) primary afferent fibers show little 

overlap. As early as 3 days after SCI, nociceptive afferents the area of overlap increased 

(B’’’’). This increased overlap is maintained at 7 dpi (C’’’’). Importantly, at later timepoints 

when tactile allodynia can be reliably assessed, the two behavioral cohorts (No Allodynia 

and Allodynia) exhibit different degree of overlap. Rats with no allodynia at 14, 28 or 42 dpi 

exhibit only modest overlap of their nociceptive primary afferent fibers (D’’’’, F’’’’, H’’’’). 

However, rats that develop tactile allodynia exhibit a greater area of overlap that persists 

over time (E’’’’, G’’’’, I’’’’). There was almost no overlap between either nociceptive 

afferent fiber type and CTB traced non-nociceptive afferent fibers. Scale bar = 200 microns.
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Figure 7. Quantitative analysis of primary afferents in the C7-8 dorsal horn
Proportional area within the ipsilesional C7-8 dorsal horn was determined. Proportional area 

of positively labeled afferents within the dorsal horn revealed significant increases in CGRP 

(A) and IB-4 (B) but not CTB (C) immunoreactivity within the dorsal horn at 3 and 7 days 

post SCI (#p<.05 vs. naïve), as well as in the cohort of SCI rats that exhibit allodynia at 14, 

28 and 42 dpi (*p<.05 vs naïve, SCI No allodynia at 14 dpi, dashed line indicates naïve 

levels). The area of nociceptive afferent overlap was significantly greater at 3 and 7dpi, and 

in SCI rats that have SCI-induced allodynia at 14, 28 and 42 dpi. A subset of SCI rats 

exhibited tactile allodynia at 14, 28 and 42 dpi (E, black bars, p<.05 vs naïve, 3 and 7 dpi, 

and No Allodynia 14, 28 and 42 dpi) that correlated with the increase in proportional area of 

CGRP+ and IB-4+ nociceptive afferent fibers in the dorsal horn. The increased 

immunoreactivity of nociceptive primary afferents was not associated with changes in the 

amount of tissue sparing at the lesion epicenter (F).
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Figure 8. Immunolabeling and quantification of peptidergic and non-peptidergic primary 
sensory neurons in the C7 dorsal root ganglia
Representative section of the ipsilesional and contralesional C7 DRGs of naïve rats (A, G), 

SCI No Allodynia (B, H), SCI Allodynia (C, I), SCI No Allodynia + Ex (D, J), and SCI 

Allodynia + Ex (E, K) reacted for calcitonin gene-regulated peptide (CGRP) and Isolectin-

B4 (IB-4) at 56 dpi. All groups exhibit similar distribution of CGRP+ and IB-4+ DRG 

neurons in the ipsilesional and contralesional C7 DRG (F, L; p>.05, dashed line indicates 

naïve levels). Scale bar = 30 microns.
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Table 1

Experimental Design for Experiment 1. Effect of Exercise on Established SCI Pain

Group n
Initiation of

Exercise (dpi)
Survival

Time (dpi)

Naïve 5 42

SCI No Allodynia 13 42

SCI Allodynia 7 42

SCI No Allodynia +Exercise 9 14 42

SCI Allodynia + Exercise 9 14 42

SCI No Allodynia 12 56

SCI Allodynia 8 56

SCI No Allodynia +Exercise 9 28 56

SCI Allodynia + Exercise 9 28 56
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Table 2

Experimental Design for Experiment 2. Distribution of Primary Afferents Over Time

Group n

Naïve 5

3 d SCI 8

7 d SCI 8

14 d SCI No Allodynia 12

14 d SCI Allodynia 8

28 d SCI No Allodynia 13

28 d SCI Allodynia 7

42 d SCI No Allodynia 13

42 d SCI Allodynia 7
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Table 3

Antibody Information

Primary Antibodies

Name Source Dilution Information

Rabbit α CGRPα Peninsula #T-4032 Floating: 1:1000
Slides: 1:500

Goat α Cholera toxin-β List Biological Laboratories #703 Floating: 1:2000

Isolectin-B4 Sigma #L2140 Floating: 1:2000
Slides: 1:2000

Secondary Antibodies

Name Source Dilution Information

Goat α rabbit IgG to Alexa Fluor
488

Life Technologies #A11008 Floating: 1:400

Donkey α goat, Rhodamine Red Jackson ImmunoResearch
Laboratories #705-295-003

Floating: 1:400

Streptavidin-conjugated to Alexa
Fluor 594

Jackson ImmunoResearch
Laboratories #016-580-084

Floating: 1:400

Dylight 405-conjugated
Streptavidin

Jackson ImmunoResearch
Laboratories #016-470-084

Floating: 1:200
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