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ARTICLE INFO ABSTRACT

In the course of investigating how common clinical treatments and adaptive technologies affect recovery after
spinal cord injury (SCI), we discovered that a clinically-modeled hindlimb stretching protocol dramatically, but
transiently, reduces locomotor function. Nociceptive sensory input is capable of altering motor output at the
spinal level, and nociceptive neurons are sensitized after SCI. Here we tested the hypotheses that stretch-induced
locomotor deficits are dependent on nociceptive afferents by depleting TRPV1 + sensory afferents using cap-
saicin injections in neonatal rats. Following maturation, animals received 25g-cm contusive SCI at T10. After
plateau of locomotor recovery at 6 weeks, daily stretching was performed for 3 weeks, followed by 2 weeks
without stretch, and again for two additional weeks. Animals were sacrificed 2 h after the last stretching session
for histological assessments. Consistent with previous findings, stretch-induced drops in locomotor function were
observed in nociceptor-intact animals but were nearly absent in nociceptor-depleted animals. These functional
changes were accompanied by corresponding increases in the number of c-Fos+ nuclei throughout the lumbar
enlargement. As expected, nociceptor-depleted animals had very little CGRP + axonal innervation of the dorsal
horn. Nociceptor-intact stretched animals had significantly higher levels of CGRP + as compared to non-stret-
ched SCI rats, suggesting that stretching promoted intraspinal CGRP + sprouting. These results indicate that
stretch-induced locomotor dysfunction in animals with incomplete SCI involves C-fibers, adding a negative post-
SCI role to their adaptive roles (e.g., bladder control), and suggesting that the clinical use of muscle stretching to
combat contractures and spasticity may be unintentionally detrimental to locomotor function.
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1. Introduction

The most obvious manifestation of a severe spinal cord injury (SCI)
is paralysis of the musculature below the lesion level. Patients with
severe SCIs become dependent on wheelchairs for their mobility. Lack
of active loading and/or weight bearing in the limbs results in muscle
atrophy and pathological changes in joints and their supporting struc-
tures that, with time, can result in contractures, characterized by dra-
matically decreased range of motion (Strommen, 2013) and increased
stiffness (Dalyan et al., 1998; Moriyama et al., 2006). In addition,
neurobiological changes within the spinal cord below the level of injury
lead to the development of spasticity (Roy and Edgerton, 2012), char-
acterized by velocity-dependent increases in resistance to muscle
stretch and hyperreflexia (Katz and Rymer, 1989; Nielsen et al., 1995;

Morita et al., 2001). Stretching remains one of the leading therapies
intended to prevent and treat muscle contractures and spasticity
(Harvey et al., 2011; Strommen, 2013). The rationale for therapeutic
stretching comes largely from studies of neurologically intact animals
with joint contractures that develop as a result of cast immobilization.
In these studies, stretching was found to be effective at preventing
range of motion (ROM) decreases when applied intermittently during
cast-immobilization (Williams, 1988; Williams et al., 1988; Williams,
1990). In addition, stretching is the cornerstone of any flexibility
training program for healthy intact human subjects and is effective at
increasing ROM acutely after a single 30-90 s stretch (Magnusson et al.,
1998; Nishikawa et al., 2015) and chronically, after multiple weeks of
flexibility training utilizing various frequencies and durations of stretch
(Bandy and Irion, 1994; Bandy et al., 1997, 1998).
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In an effort to treat muscle contractures in wheelchair-immobilized
rats with mild SCIs we collaborated with trained and licensed physical
therapist (PTs) to develop a hindlimb stretching protocol (Caudle et al.,
2011). The protocol consists of two, one-minute (static) stretch and
hold maneuvers applied to each of the six major hindlimb muscle
groups and is modeled after clinical therapeutic stretching. Stretching
did not reduce the prevalence of contractures or the profile of recovery/
dysfunction in wheelchair-immobilized rats. However, control rats with
mild SCIs that received stretching had significantly reduced locomotor
recovery as compared to unstretched controls. This dramatic effect of
stretching on locomotor function is true also for rats with more severe
injuries at either acute or chronic time points (Keller et al., 2017b).

Currently, the physiological mechanisms underlying this function-
reducing phenomenon are unknown. We have found no signs of overt
muscle damage (Keller et al., 2017b) that could account for the dis-
ruption in locomotor function and animals show a substantial recovery
over 1-2 weeks when daily stretching ceases.

In the absence of muscle damage it is logical to think that the
stretch-induced locomotor deficits have a neurologic basis via the sen-
sory-system. Skeletal muscle is heavily innervated by group IV sensory
afferents (unmyelinated nociceptors) which comprise about 66% of the
total sensory innervation (Stacey, 1969). Group III and IV afferents are
known to mediate decreased motor output during fatiguing exercise in
humans (Amann et al., 2013), and activation of stretch-sensitive free
nerve endings produces a rapid inhibition of motor output (Cleland
et al., 1990). It is also known that C-fiber strength electrical stimula-
tion, delivered randomly to the hindpaw, disrupts instrumental learning
in rats with complete transections (Joynes et al., 2003) and locomotor
recovery in rats with incomplete contusions (Grau et al., 2004).
Therefore, we hypothesized that the negative effects of stretching are
mediated by nociceptive afferents. We addressed this hypothesis by
examining the locomotor function and response to our daily hindlimb
muscle stretching protocol in rats depleted of TRPV1 + unmyelinated
afferents via neonatal capsaicin treatment.

2. Material and methods
2.1. Ethical statement concerning animal research

All experimental procedures involving animals were approved by
the University of Louisville Institutional Animal Care and Use
Committee.

2.2. Neonatal capsaicin injections

In order to test our hypothesis we used neonatal capsaicin admin-
istration (D'Amour and Donn, 1941), the well-established method for
depleting nociceptive afferents expressing TRPV1, the ion channel ac-
tivated by capsaicin. Six pregnant Sprague-Dawley rats of known ge-
stational age were checked several times a day to ensure an accurate
record of birth time. Every pup in two of the litters received capsaicin
injections, pups in two other litters received vehicle injections and the
remaining two litters received no injections. Injections were done at
2 days of age. The rat pups were taken out of their cages (half of the
litter at a time, along with some bedding) and received intraperitoneal
injections of either capsaicin (50 mg/kg dissolved in 10% Tween 80 and
10% ethanol (v/v) in 0.9% saline) or vehicle injections (same solution
without capsaicin). Anesthesia was achieved by wrapping pups in gauze
and placing them on ice for 4-5min. The animals were monitored
continuously and the injections were done when all movements ceased
and animals were not responsive to touch or pinch. After the injection,
the animals were placed on the removed bedding until they warmed up
and regained movement. The animals were returned to their mothers
for the next 4 weeks after which they were weaned. The weaned ani-
mals were sexed so that males and female could be housed separately.
Only female rats were used in the current study. The animals were
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allocated to 3 groups: capsaicin-treated (CAP, n = 8), vehicle-treated
(VEH, n = 8) and control animals that received no injections (CON,
n = 8). All three groups received SCIs; CAP and VEH rats received
stretching, while animals in the CON group served as injured controls
and were not stretched. Gentling procedures (daily handling for
10-15min) and baseline assessments began when the animals were
3 months old.

2.3. Pre-injury sensory assessments

To assess the functional effectiveness of TRPV1 + C-fiber depletion
by capsaicin, animals were tested for withdrawal thresholds to painful
stimuli using electro-von Frey (mechanical) and Hargreaves' (thermal)
sensory tests, as described in detail previously (Caudle et al., 2011).
Briefly, for von Frey testing, the animals were placed on a metal grid
and an electro-von Frey rigid filament was applied to the plantar por-
tion of the foot. The force recorded was that registered at the point of
paw withdrawal when followed by a stereotypic behavioral response of
attending to the stimulated foot. For the Hargreaves' test, the animals
were placed on a warmed glass surface (32 °C) and an infrared light was
shone onto the plantar surface of the foot. The latency of paw with-
drawal from the stimulus was recorded.

C-fiber depletion was also assessed using the cutaneous trunci
muscle reflex (CTMR), which is purely nociceptive in rats (Petruska
etal., 2014). CTMR testing was performed following administration of a
sub-surgical dose of sodium pentobarbital (35 mg/kg). A five by three
centimeter grid of black dots was drawn on the skin of the back starting
from the midline (3 cm from the base of the tail). The midline dots were
1 cm apart (rostrocaudally) and 5 mm apart mediolaterally (a schematic
of the grid is shown in Fig. 1C). Mechanical (forceps pinch) and thermal
(metal probe heated to 65 °C) stimuli were applied at two sites bilat-
erally. Digital video recordings of the skin were made with a camera
placed directly above the animal. MaxTraq software (Innovision Sys-
tems) was used to digitize the dots and to quantify contraction distance
and time to minimum distance using two dots rostral to the stimulation
sites. Measurements were made using a custom-designed excel macro.
Assessments were done by individuals blinded to the experimental
groups.

2.4. Spinal cord injury

Spinal cord injuries were delivered as previously described
(Magnuson et al., 2009). Animals were anesthetized with ketamine/
xylazine and a midline incision was made over the lower thoracic spine,
followed by a laminectomy at T9 to expose the spinal cord. Moderately-
severe spinal cord contusions (25 g/cm) were delivered using the NYU
“MASCIS” Impactor (W. Young, Rutgers University, Piscataway, NJ).

2.5. Locomotor assessment

Locomotor function was assessed using the BBB Open Field
Locomotor Scale (Basso et al., 1995) pre-injury and then weekly for the
first 6 weeks to demonstrate a functional plateau. During the weeks of
stretching, BBB scores were assessed 3 times a week, Monday am (pre-
stretch), Monday pm (after one stretching session) and Friday pm (after
5days of stretching), as previously described (Caudle et al., 2015;
Keller et al., 2017b). These assessments included determining the pro-
portion of animals that could receive a BBB subscore, which indicated
that they achieved consistent weight-bearing stepping (Basso, 2004).

2.6. Stretching protocol

Our standard hindlimb stretching protocol (Caudle et al., 2015) was
initiated at 6 weeks post SCI when BBB scores had plateaued and lo-
comotor function was stable for 3 weeks. Normal or sham injured
control groups were not included because uninjured animals will not
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Fig. 1. Neonatal capsaicin treatment reduces response to cutaneous thermal
stimulation only. To assess the effectiveness of TRPV1 + nociceptor depletion
by neonatal capsacicin treatment, sensory function was assessed using von Frey
(A), Hargreaves' (B) and Cutaneous Trunci Muscle Reflex (CTMR, D-G). C.
shows a schematic of CTMR markings on the dorsal skin for quantitative ana-
lysis of the reflex in response to mechanical (forceps pinch) or thermal (heated
metal probe) stimulus. ¢ and [ are two sites for stimulus application on either
side of the midline. The data for contraction distance and speed to minimum
distance (mechanical — D, thermal — E) between the two hollow dots rostral to
the stimulation sites are shown. Data reported as means + SD for A and D-E
(One-way ANOVA, Tukey HSD post hoc, p < .05), for B, bars represent means,
dots each individual animal (n = 8 in each group) (Mann Whitney U test,
p < .05).

L

tolerate the stretching protocol. The protocol consists of two 12 min
sessions of 6 stretches (each held at the end range of motion for 1 min)
applied to major hindlimb muscle groups bilaterally (ankle, knee, hip
flexors/extensors and hip adductors and abductors). For the stretching
sessions, animals were gently wrapped in a towel, leaving their hin-
dlimbs exposed, and placed on their backs. Seven rat PTs, who were
blinded to experimental groups, participated in the daily stretching
sessions and animals were rotated through the PTs so that they were not
stretched by the same PT more than twice per week. During each
stretch the PTs closely monitored the animals and noted any responses
displayed. Some of the most common responses were kicking (vigorous
movement of either or both hindlimbs), vibrations (high frequency, low
range of motion movement mostly around the ankle) (Keller et al.,
2017a) of either limb, withdrawal or pull-back (hindlimb resistance to
stretch) and air-stepping (slow rhythmic step-like movement of either
or both of the hindlimbs). The responses were given a score of 1, 2 or 3
based on intensity and frequency during each stretch: 1 = mild/in-
frequent (5-20% of the stretch time), 2 = moderate, frequent
(20-70%), 3 = severe/very frequent (70-100%). Control animals were
handled daily: they were wrapped in a towel and placed on their backs,
but not stretched. Animals were stretched 5days a week for 3 weeks
and then were allowed to recover for 2 weeks. The rats were then
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stretched for an additional week (5days) plus 2, 3 or 4days on the
following week, and were sacrificed 2 h after the last stretching session.
Two to three animals from each stretch group (CAP and VEH) were
sacrificed each day. Control animals were all sacrificed 2 h after being
wrapped in a towel and handled. All the animals were assessed using
the BBB Open Field Locomotor Scale between the final stretching ses-
sion and the time of sacrifice.

2.7. Euthanasia and tissue processing

Two hours after their last stretching session the animals were
overdosed with a ketamine (50 mg/kg)/ xylazine (0.024 mg/kg)/ace-
promazine (0.005mg/kg) cocktail and transcardially perfused with
phosphate buffered saline (PBS) followed by 4% PFA as previously
described (Jonkers et al., 1984). The spinal cord including the injury
epicenter and lumbar enlargement was dissected out and post-fixed in
4% PFA for 1 h and transferred to 30% sucrose for cryoprotection for at
least 4 days. The spinal cords were examined under the dissecting mi-
croscope confirming that all of the lesions were at the T10 level. A
12 mm length of each cord containing the injury epicenter was isolated,
placed in a block with tissue freezing medium completely covering the
sample and rapidly frozen on dry ice. Transverse 30 um sections were
cut and stained with eriochrome cyanine and were photographed at 4 x
as described previously (Kuerzi et al., 2010). In order to provide a
quantitative measure of injury severity, spared white matter (SWM)
was assessed using the cross-sectional area (CSA) of darkly stained,
compact tissue, traced using ImageJ (NIH) and compared to uninjured
(control) sections. The section with the least SWM was assigned as the
injury epicenter. The lumbar spinal cord (L1-L5) was cryoprotected and
sectioned at 20 ym for immunohistochemical (IHC) analysis of c-Fos
and CGRP. Three hindlimb muscles (Tibialis Anterior, Medial Gastro-
cnemius and Biceps Femoris) were also dissected out for histological
analysis. Muscle length (origin to insertion) was measured and a 5mm
length, standardized from the middle one-third, proximal to origin, was
post-fixed in 4% PFA and cryoprotected in 30% sucrose. Each muscle
sample was sectioned at 10 um and stained with hematoxylin and eosin
(H&E). The muscle was analyzed for the presence of centralized nuclei
and fiber cross sectional area as previously described (Keller et al.,
2017b). Photomicrographs of four muscle areas standardized to dorsal,
ventral, medial and lateral within each cross section were acquired at
20 % . The number of muscle fibers (MF) containing centralized nuclei
(CN) were counted and expressed as a percentage of the total number of
MFs analyzed. In addition, the perimeters of over 150 individual muscle
fibers were traced from each muscle and CSA area determined using
ImageJ software.

2.8. c¢-Fos immunohistochemistry and analysis

Nuclei positive for c-Fos were immunolabeled using avidin-biotin
peroxidase (Hsu et al., 1981). Slides with sections of lumbar spinal cord
were warmed and washed with PBS. Endogenous peroxidase activity
was quenched using 3% hydrogen peroxide (15 min). The sections were
then blocked with 10% normal donkey serum (NDS) and 10% bovine
serum albumin (BSA) in 0.3% PBS-Triton (PBST) for 1 h. The sections
were incubated with c-Fos primary antibody (mouse monoclonal anti-c-
Fos, 1:1000, ab208942, lot #GR269424-3 Abcam) overnight at 4 °C.
Sections were then rinsed with PBS/PBST, incubated with biotinylated
antibody (donkey-antimouse, 1:1000, Immunostar, 715-065-151, lot#
125258) for 1h, rinsed with PBS/PBST, incubated with horseradish
peroxidase-streptavidin (1:1000 in PBS, Vector Laboratories SA-5004,
lot#ZB1113) for 1h and rinsed with PBS/PBST. Sections were then
incubated with DAB solution (SigmaFast DAB D0426, lot# SLBJ7196V)
for 10 min to visualize the immuno-labelled complexes. The reaction
was stopped in distilled water and the slides were air dried for at least
10 min, followed by 3 min in Xylene. The slides were coverslipped using
paramount. Images of each section were acquired on an inverted
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microscope with a 10 X objective. Using ImageJ the gray matter was
divided into three regions of interest (bilaterally): Substantia Gelatinosa
(SG, border was clearly visible in stained tissue), dorsal horn (DH) and
intermediate gray matter & ventral horn (IGM&VH). Darkly-stained, c-
Fos positive nuclei were counted manually in ImageJ by an individual
blinded to experimental groups. In addition, random, de-identified
sections were analyzed by other investigators and counts were com-
pared to ensure consistent identification of stained (c-Fos+) nuclei.
Three images for each lumbar level (L1-L5, 15 sections total) spaced a
minimum of 200 um apart, were acquired and the average number of
nuclei from the sections for each animal was used for group analysis.

2.9. CGRP immunohistochemistry and analysis

CGRP IHC was performed on sections of L3 spinal cord. Slides were
warmed, rinsed and blocked (10% NDS, 10% BSA in 0.3% PBST) for
1h. Sections were incubated with CGRP primary antibody (rabbit
polyclonal anti-CGRP 1:2000, AB15360, lot# 2475751 Abcam) over-
night at 4 °C, rinsed and incubated with secondary antibody (donkey-
anti-rabbit with Alexa 647, Cat# 711-606-152, lot #118661 Abcam).
The sections were rinsed then coverslipped with fluoromount. The
dorsal horns from three different sections (around 200 pm apart) for
each animal were imaged at 20 . The area of CGRP-positive puncta
within the dorsal horn was identified and differentiated using the
threshold tool within Elements (Nikon Instruments Software). The same
threshold range was applied to all the images from all the animals. The
area of CGRP was quantified for each dorsal horn excluding the dorsal
root entry zones that were removed manually from each image. The
average CGRP area from 3 sections represented the per-animal mean,
and these values were used to generate group averages.

All these analyses were performed by an individual blinded to the
experimental groups.

2.10. Experimental design and statistical analysis

This behavioral study included 24 animals that were randomly as-
signed to treatment, vehicle or control groups. Control, non-SCI animals
are not amenable to the stretching procedures due to their resistance of
hindlimb manipulation that could potentially result in injury to their
muscle and/or joint and thus were not included in the study. Based on
our previous studies, post-injury motor assessment (BBB) scores of rats
with NYU injury severities ranging from mild-moderate to moderate-
severe result in average group differences from 1.5-2.5 points with
standard deviations of approximately 1.0-2.0. Based on power analysis
calculations, detection of significant differences between the groups
with similar expected results can be achieved at a power of 88.7-96.0%
with equal sample sizes of 8-10 per group. Researchers were blinded to
experimental groups during stretching and for all the behavioral and
histological assessments.

One-way ANOVA followed by Tukey HSD post hoc t-tests for
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multiple comparisons was used to compare differences among the
groups (baseline von Frey; terminal CTMR, kinematic excursions, CGRP
& muscle fibers) at one time-point. Repeated measurements (BBB lo-
comotor tests assessed over time and c-Fos + nuclei counts across
lumbar regions) were compared using Repeated Measures ANOVA
(within factor) with the Group factor (between groups factor) followed
by Bonferroni post hoc t-tests for multiple comparisons. The proportion
of animals within the groups who achieved a BBB subscore were
compared with the Binomial Proportion Test. Hindlimb responses of the
CAP & VEH groups during stretching were compared using Independent
t-tests between means with equal variance. Hargreaves' responses at
baseline were analyzed using the nonparametric Mann Whitney U test
to compare rankings of the groups due to high and unequal variance
among the groups. The relationship between the hindlimb responses of
kicking and vibrations during stretching and the number of c-
Fos + nuclei was compared using nonparametric Spearman Rank cor-
relations.

Data were analyzed using IBM SPSS v22, 24. Results and figure
legends indicate which test was used for the represented set of data.
Display of data means (ANOVA, t-tests) are reported as mean =
standard deviation (SD) as indicated.

3. Results
3.1. Baseline sensory and locomotor function

Primary afferent neurons expressing the TRPV1 receptor are known
as thermal and chemical nociceptors. To assess the effectiveness of
depletion by capsaicin treatment, and any secondary consequences, we
utilized three standard assessments, von Frey filaments to assess me-
chanical nociception, the Hargreaves' test to assess thermal nociception
and the cutaneous trunci muscle reflex that allowed us to directly
compare responses to mechanical and thermal nociceptive stimuli.
Neonatal capsaicin treatment had no observable effect on the responses
to mechanical nociceptive stimuli in adults. Paw withdrawal thresholds
to von Frey filament stimulation were similar for the CAP, VEH and
CON groups (F = 0.065, df = 2,21, p = .937) (Fig. 1A). There were also
no significant differences in contraction distance of the CTMR in re-
sponse to forceps pinch at either site of stimulation, A (F = 1.86,
df = 2,20, p = .181) or B (F = 0.798, df = 2,20, p = .464; Fig. 1D).
Unexpectedly, the CAP group had an increased speed to minimum
distance in response to the mechanical stimulus applied to site B
(p = .013) as compared to CON (Fig. 1E). However, as expected, CAP
animals had increased latency to paw withdrawal in response to the
heat stimulus of the Hargreaves' test as compared to VEH animals
(p = .021) (Fig. 1B). Also as expected, in the CAP group the CTMR in
response to the thermal probe (65°C) was practically abolished
(p < .001) (Fig. 1F, G).

Animals were assessed using the BBB Open Field Locomotor Scale
and all received a normal score and subscore of 21 and 13 respectively

Fig. 2. Locomotor performance following contusion
injury and hindlimb stretching. BBB Open Field
Locomotor assessment was performed weekly for the
first 6 weeks after SCI (A). During the 5 weeks of the
stretching protocol (beginning at 6 weeks post-SCI),
BBBs were assessed three times a week (Monday am/
pm and Friday pm). During the week 12 the sacrifi-
cing procedures began after the post-stretch BBB
assessment: T-Tuesday, n = 8 in each group; W-
Wednesday, n = 5, Th-Thursday, n = 2. Data shown
as means = SD (RM ANOVA, Bonferroni post hoc,
p < .05). B) Proportion of animals achieving a BBB
subscore of at least O (for consistent weight support).
Analyzed using Binomial Proportions Test
(p < .05).

]

4
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(Basso, 2004; Basso et al., 1995), showing that neonatal CAP treatment
did not overtly alter overground locomotion in otherwise intact adult
female rats. Pre-injury BBB scores are shown in Fig. 2.

3.2. Post-injury spinal cord histology

The CAP, VEH and CON groups had 9.4 = 5.3%, 8.4 + 4.2% and
15.5 + 8.69% spared white matter at the epicenter, respectively. One-
way ANOVA analysis showed no significant group differences
(F = 2.82, df = 2,20, p = .083).

3.3. Post-injury bladder function

As is usual, all the nociceptor-intact animals (VEH and CON) de-
veloped spontaneous bladder emptying by 10-14 days post-injury and
no longer required manual bladder expression. To our surprise, none of
the nociceptor-depleted animals (CAP) developed spontaneous bladder
emptying and required manual bladder expression for the duration of
the experiment. This anectdotal observation suggests that TRPV1+
nociceptors play an important role in this process after a mid-thoracic
contusion injury.

3.4. Locomotor function after SCI and during stretching

Locomotor function, as assessed by BBB scores, plateaued at 3 weeks
post-SCI in all groups (Fig. 2A). The proportion of animals achieving
sufficient function to receive a BBB subscore continued to increase
slightly over the 6 weeks after injury but prior to stretching (Fig. 2B).
By week 6, a significantly larger proportion of VEH and CON (p = .016)
animals showed consistent weight supported stepping (a BBB subscore
of at least 0) as compared to the CAP group (Fig. 2B). After the first
5days of stretching the BBB scores of VEH animals decreased sig-
nificantly compared to the pre-stretch plateau (p = .001) and were
significantly lower than those of CAP animals (p = .005). Stretching
had only minor negative effects on the locomotor function of CAP an-
imals; their BBB scores were not significantly different after 5 days of
stretching. Although the locomotor function of VEH animals recovered
back to pre-stretch levels over the weekend, just one stretching session
on Monday of the following week negated that recovery (p = .021, as
compared to Monday pre-stretch values) and the next 4days of
stretching resulted in further detriments. Some recovery was achieved
over the second weekend without stretching, but this was not as robust
as after the first weekend, with the BBB scores of VEH animals re-
maining significantly lower than those of the CAP (p = .022) and CON
(p = .002) groups. The same pattern of BBB score change persisted in
the 3rd week of stretching. By the end of the 3rd week VEH animals
were able to achieve BBB scores of only 2.5 corresponding to extensive
movement of one of the three joints. This is significantly different
(p < .001) from their pre-stretch locomotor function when animals
achieved consistent weight-supported stepping (BBB score of 11 or 10
in case of dorsal stepping). On the contrary, BBB scores of the CAP rats
fluctuated only slightly during the weeks of stretching (ranged from 8
to 10) and never dropped significantly below the scores of CON rats.
Two weeks without stretching (weeks 9 and 10 post-SCI) allowed VEH
animals to recover back to pre-stretch levels, but once stretching re-
sumed at week 11, locomotor function again dropped to its lowest level.

3.5. CGRP analysis

Representative images of CGRP IHC are shown in Fig. 3. As ex-
pected, CAP animals had very low area with CGRP positive puncta,
significantly less area than the VEH (p < .001) and CON groups
(p = .001). In addition, VEH animals (SCI plus stretch) had significantly
greater area of CGRP within the dorsal horn compared to CON animals
(SCI without stretch) (p = .047.), implying an effect of stretch.
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Fig. 3. Immunohistochemistry for CGRP following contusion injury and hin-
dlimb stretching. Effectiveness of neonatal capsaicin treatment was histologi-
cally confirmed with immunohistochemistry of CGRP in the dorsal horn of the
spinal cord (L3 segment). Data shown as means + SD (One-way ANOVA, Tukey
HSD post hoc, p < .05). The scale bar = 100 pm.

3.6. Activation of neurons in response to stretching

Hindlimb stretching resulted in significant increases in the number
of c-Fos positive nuclei (presumed neurons) throughout the lumbar
enlargement gray matter (Figs. 4 and 5. F = 31.5, df = 2,94; L1,
p =.05;L2, p = .019; L3, p = .001; L4, p = .005; L5, p = .003) in VEH
(SCI plus stretch) animals as compared to the CON group (SCI but no
stretching), and also compared to the CAP group at L3 (p = .029).
There were significant group differences in the number of c-
Fos + neurons when analyzed by different region within the gray
matter (Fig. 6): Substantia Gelatinosa (SG,F = 12.97, df = 2, 76.207,
p < .001), dorsal horn (DH, F = 46.48, df = 2, 82.139, p < .001) and
intermediate gray matter and ventral horn (IGM&VH, F = 71.73,
df = 2,79, p < .001). The number of animals for each level and region
varied slightly after the removal of outliers (> 2.5 SD) and/or the lack
of tissue integrity at L1 and/or L5 segments: VEH n = 6 for all regions
and levels except at L2 (SG) n = 5; CAP: n = 8, except for L1 and L5
n=6; CON n=8, except for L1 n=7 and L4 (SG) n=7. C-
Fos + neuron distribution appeared to be less different in the SG than in
the DH and IGM&VH (Fig. 6), as post-hoc analysis revealed significant
differences in the number of c-Fos + neurons between VEH and CON in
SG level L5 (p =.032) (Fig. 6A), VEH had significantly increased
numbers of c-Fos + neurons in DH compared to CON at L1 (p = .008),
L2 (p = .007), L3 (p < .001), L4 (p = .006), L5 (p < .001) and at L5
when compared to CAP (p = .026). CAP had significantly greater
number of c-Fos + neurons in DH as compared to CON at L3 (p = .002)
(B). However, the greatest differences were found in the IGM&VH
(Fig. 6C). Similarly, the numbers of c-Fos + neurons of VEH rats was
significantly greater as compared to CON within IGM&VH at L1
(p = .022), L2-15 (p < .001), and at L2 (p = .015), L3 (p = .007) and
L5 (p =.045) compared to CAP. CAP animals also had increased
numbers of c-Fos + neurons compared to CON at L2 (p = .008), L3
(p = .005) L4 (p = .007) and L5 (p = .018) (Fig. 6C).

3.7. Hindlimb responses to stretch and correlation with the number of c-
Fos + neurons

To determine if there was a difference between groups in the ob-
served hindlimb responses, an overall score for the four most common
hindlimb responses (kicking, vibration, air-stepping and pull back) was
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Fig. 4. Activation of spinal cord neurons by stretching estimated using immunohistochemistry for c-Fos. c-Fos immunohistochemistry was performed on lumbar
spinal cords (L1-L5 segments). The bars represent an average number of c-Fos positive neurons from 3 sections at each level, while each dot represents individual
animals (A). n = 8 per group for each level except at L1 and L5 CAP (n = 6) and at L1 VEH & CON (n = 7), each. Analyzed using RM ANOVA, Bonferroni post hoc t-
test, p < .05. Traces of spinal cord sections representative of each group for each level with black dots corresponds to c-Fos + neurons within the chosen sections

(B).

generated. This was done by summing the grades of intensity/severity
of the response recorded during each stretch of the last stretching ses-
sion for each animal and comparing the means using Independent t-test.
First, we found that CAP animals had significantly higher number of
kicking responses as compared to VEH (t = 4.4, df = 13, p = .001),
whereas VEH rats had significantly higher number of vibration re-
sponses as compared to CAP rats (t = 4.4, df = 13, p = .006) (Fig. 7A).
There were no significant differences in air-stepping or pull back re-
sponses between the groups.

Based on the finding that the majority of significant differences in
the number of c-Fos + neurons came from the IGM&VH region of the
spinal cord which processes motor related information, we hypothe-
sized that this upregulation was related to the activation of stereo-
typical hindlimb movements in response to stretch. We found a sig-
nificant correlation between the vibration hindlimb response, that
involves primarily the ankle, and the number of c-Fos + neurons at L5
for both VEH (r;=0.793, p=.033, n=7) and CAP group
(rs = —0.886, p = .019, n = 6) (Fig. 7C). Interestingly, for the VEH
group it was a positive correlation whereas CAP showed a negative
correlation. Furthermore, the number of c-Fos + neurons at L1 strongly
correlated with the kicking response scores, that involves primarily the
hip and knee, in the CAP group (rs = 0.841, p = .036, n = 6) (Fig. 7B),
whereas there were no significant correlations between kicking and
number of c-Fos + neurons at any level in the VEH group. Significant
correlations were not observed at other lumbar levels.

3.8. Muscle histology

Muscles involved in the stretching protocol were examined to assess
the possibility that overt damage was being done to the muscles
themselves. The proportion of muscle fibers (MF) with centralized nu-
clei, an indicator of muscle repair following damage (Snow, 1977;
Bodine-Fowler, 1994) were not different between the groups and were
very close to 3%, the percentage present in normal adult rat hindlimb
muscles (Fig. 8A). VEH rats had significantly reduced MF cross sectional
area (CSA) in the Tibialis Anterior muscle as compared to CON
(p = .016) and CAP (p = .014) rats, and CAP rats had larger MF CSA in
the Medial Gastrocnemius as compared to VEH (p = .026) (Fig. 8B).

4. Discussion
4.1. Functional aspects of capsaicin treated animals pre- and post-SCI

In order to confirm the success of C-fiber depletion we assessed
responses to thermal and mechanical nociceptive stimuli prior to SCI.
Consistent with previous findings (Jancso et al., 1987), CAP animals
had significantly reduced thermal nociceptive responses but intact
mechanical nociception (Fig. 1). Further, CAP and VEH animals had
normal locomotor function as assessed by the BBB Open Field Loco-
motor Scale (Fig. 2). We also confirmed that CAP animals had drama-
tically reduced CGRP signal in the dorsal horn of the L3 segment
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Depletion of TRPV1 + nociceptive afferents had a modest negative
influence on locomotor recovery after SCI (Fig. 2). This suggests that
global depletion of TRPV1 + fibers in some way hampered the normal
course of spontaneous functional recovery without grossly altering
white matter loss/sparing at the injury site. At this time we have no
explanation for this observation and these issues will need further in-
vestigation. An additional observation of interest is that nociceptor-
depleted animals never established spontaneous bladder-emptying after
SCI and required daily manual expression for the duration of the ex-
periment. Zinck et al. showed that sprouting of lumbosacral CGRP
positive primary afferents precedes the emergence of spontaneous
bladder emptying after complete spinal cord transection (Zinck et al.,
2007). Thus, CGRP afferent spouting appears necessary for the emer-
gence of spontaneous bladder activity that normally occurs 6-10 days
post-SCI. Taken together, these observations show that TRPV1 + fibers
play a complex role in recovery after SCI, appearing necessary for
bladder emptying and some aspects of recovered stepping, despite their
obvious involvement in the negative impact of muscle stretch on lo-
comotor function.

4.2. Stretching and locomotor function

The pattern of stretch-induced functional loss in nociceptor-intact
(VEH) rats is complex, and is suggestive of a priming phenomenon. As
we observed previously, the very first stretching session had a negli-
gible impact, but there was significant functional decline after 5 con-
secutive days of stretching. In contrast, the first stretching session of the
second week (i.e., after 2 days without stretching) dramatically reduced
locomotor function and by Friday of the second week the BBB scores
dropped to below 5 (Keller et al., 2017b). Two weeks without stretching
allowed the animals to return to pre-stretch BBB scores (Monday
morning of week 11 post-SCI, Fig. 2), indicating that stretch-induced
locomotor deficits are temporary. However, the first stretching session
after the two-week break again induced a dramatic drop in locomotor
function (~3 points) showing a persistent sensitizing effect of the initial
3 weeks of stretching. Overall, the pattern of locomotor disruption and
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Fig. 5. Example images of c-Fos + nuclei using im-
¥ munohistochemistry. Images of spinal cord sections
X (L3) stained for c-Fos. Arrows point to c-Fos + cell
nuclei. VEH (a) is an image from an animal re-
presentative of the average, sacrificed after 2 days of
stretching in the last week of the stretching protocol.
VEH (b) is an image from an animal that was a sta-
tistical outlier; it was sacrificed after 4 days of
stretching that same week and had the highest
number of c-Fos + nuclei. CC — central canal. Scale
bar = 100um.

recovery suggests that stretching sensitizes or primes the system leading
to the large functional declines and a persistent underlying sensitivity
to stretching.

In stark contrast to the VEH animals, stretching had only a minor
effect on the locomotor function of nociceptor depleted (CAP) rats. The
pattern of functional loss, that never reached statistical significance,
nonetheless retained the complex profile of the VEH animals suggesting
that it may reflect the influence of the small proportion of fibers that
escaped the neonatal capsaicin treatment. We conclude that TRPV1 +
afferents are necessary for the stretching-induced reduction in loco-
motor function after SCI and that the standard clinical intervention of
muscle stretching may carry unintended and unrecognized negative
effects. These may be largely covert in the majority of clinical situations
where individuals have little function to lose, but could have a major
impact on those SCI individuals with significant spared function, and/
or the potential to benefit from other therapies such as spinal cord
stimulation. It is not yet clear if the stretching initiates action potential
signaling in these neurons, but this is likely. Even if the stretch does not
damage muscle, or if it is of insufficient force to induce C-fiber signaling
in spinal-intact animals, post-SCI sensory sensitization will lower their
threshold for activation, thus enabling normally non-noxious stretch to
now induce signaling in nociceptors.

Other aspects of the stretching procedure-response may help to re-
veal potential mechanisms. We observed robust motor responses which
could result in eccentric muscle contractions during limb restraint and
stretching. Eccentric contractions are very effective at inducing delayed
onset muscle soreness (DOMS) (Armstrong, 1984), a phenomenon de-
pendent on, and that results in, the sensitization of TRPV1+ neurons
(Kubo et al., 2012; Ota et al., 2013). Thus, it is possible that the noci-
ceptor-intact VEH rats experienced nociceptor activation due to stretch,
and additional nociceptor activity due to eccentric contractions and
conditions equivalent to DOMS if they were sensate. Whether or not
eccentric contractions/DOMS are/is necessary and sufficient for stretch-
induced locomotor deficits after SCI is currently unknown, but it re-
mains a feasible mechanism.

It may appear counter-intuitive that afferents expressing TRPV1
(thus largely heat-responsive), are involved in the effects of mechanical
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Fig. 6. Distribution of c-Fos + nuclei using immunohistochemistry. c-
Fos + nuclei count separated into three general regions of gray matter bilat-
erally, schematically shown next to the graphs (shaded areas) SG- Substantia
Gelatinosa (A), DH - dorsal horn (B), IGM&VH - intermediate gray matter and
ventral horn (C). Data shown as means + SD (RM ANOVA, Bonferroni post hoc
t-test, p < .05). Two outliers (defined as =2.5 standard deviations) from VEH
group were removed, so VEH n = 6 for all regions and levels except at L2 (SG)
n = 5; CAP: n = 8, except for L1 and L5 n = 6; CON n = 8, except for L1 n =7
and L4 (SG)n=7.

muscle stretch. First of all, there are many TRPV1-expressing neurons
innervating tissues other than muscle, such as skin, that could be in-
volved in the stretching effect (Kniffki et al., 1981). In addition, few
small sensory neurons are as narrowly-tuned as their larger counter-
parts, and nearly all are polymodal to some degree. For example, half of
the recorded single Group III and IV muscle afferents were heat re-
sponsive, and of those, all were responsive to at least one other stimulus
type (metabolites or mechanical), with over half also demonstrating
mechanical-sensitivity (Jankowski et al., 2013). In spinal-intact condi-
tions, these sensory neurons act to inhibit motor output (Amann et al.,
2011; Amann, 2012; Amann et al., 2013; Jankowski et al., 2013), in-
dicating that they already have access to motor-suppressive circuitry,
even without intraspinal sprouting. It has yet to be directly demon-
strated that clinically-modeled stretch activates muscle (or other) no-
ciceptors after SCI. Nonetheless it is clear that they can become sensi-
tized, including a reduction in their mechanical threshold (e.g., Ross
et al., 2014), which suggests that they might be activated by forces that
would not be considered painful in the sensate condition. The in-
volvement of TRPV1+ afferents in the stretching-induced drop in
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locomotor function implies that they are activated by at least one of
their adequate stimuli to a degree that affects spinal cord circuitry even
in the absence of frank muscle damage.

4.3. Histological findings

Sparse CGRP immunoreactivity in CAP animals confirmed the ef-
fective depletion of TRPV1 + C-fibers by capsaicin. However, VEH rats
showed increases in CGRP area in the dorsal horn compared to the CON
group, and these increases were particularly visible outside of the
substantia gelatinosa and into the deep dorsal horn (Fig.3). This is
particularly interesting given that CGRP+ axons are known to spon-
taneously sprout in the spinal cord caudal to an injury (Ondarza et al.,
2003; Detloff et al., 2016) and that the sprouting is inversely related to
training or exercise (Detloff et al., 2016; Nees et al., 2016). The in-
creased CGRP seen in the VEH animals might represent an exacerbation
of the spontaneous sprouting or the induction of sprouting in additional
CGRP + populations. The sprouting may be due to stretching-induced
nociceptor activation and/or may be due to the drop in hindlimb
movement and weight support during in-cage activity.

Overall, it appears reasonable to infer that the pattern of, and in-
crease in c-Fos +neurons in the VEH animals is a cellular representa-
tion of the mechanism(s) by which stretching reduces locomotor ac-
tivity post-SCI (Figs. 4-6), potentially involving CGRP + fibers in the
deep dorsal horn. These animals displayed clonic-like co-contractions
(van Gorp et al., 2014; Keller et al., 2018) involving the ankle and knee,
and we found a positive correlation between c-Fos + neurons at L5 and
“vibration” scores (Fig. 7). In contrast, CAP animals displayed more
kicking (large and organized flexor-extensor locomotor-like movements
involving primarily hip and knee) that correlated positively with the
number of c-Fos + neurons at L2. Notably, the largest increases in the
numbers of c-Fos + neurons in VEH over CAP animals occurred in the
IGM&VH, including L2, important because lamina VII in particular, is
the home for neurons that participate in locomotor rhythm and pattern
generation (Kiehn and Kjaerulff, 1998; Pocratsky et al., 2017). We
propose that stretching activates both nociceptors and other afferents,
and therefore that VEH animals have afferent barrages from both no-
ciceptors and non-nociceptors leading to significantly higher numbers
of c-Fos + neurons, including populations of locomotor-related inter-
neurons that in-turn limit the recruitment of circuitry necessary for
locomotion. While the precise anatomical relationship between CGRP +
fibers in the deep dorsal horn and locomotor-related interneurons is
unknown at present, they are certainly in the same vicinity and could
interact directly and/or indirectly during stretching resulting in c-Fos
expression and the observed hindlimb responses of clonus-like vibra-
tions that were more prevalent in the VEH group (Fig. 7). When
stretching activates a preponderance of non-nociceptive input in the
CAP animals the consequences to locomotor function are minimal and
the hindlimb responses are more likely robust kicking (Figs. 2 & 7).
Clinically, it is known that severe myoclonus after SCI can be dependent
on existing peripheral nociceptive inputs, and once the peripheral
source is alleviated, clonus also declines (Calancie, 2006). It is intri-
guing that the number of c-Fos + neurons in the substantia gelatinosa is
not increased significantly in the VEH animals. This unexpected ob-
servation may be related to c-Fos expression generally being induced by
a novel stimulus and that the SG neurons are responsive to the
stretching-induced input in a way that is not really “new” in the long-
term SCI condition assessed here. This possibility is supported by the
increase in expression of the “sustained activity indicator” deltaFosB in
the superficial DH over 6 weeks post-SCI (Watson et al., 2014), possibly
because of spontaneous activity in the small neurons (Bedi et al., 2010)
or other factors. Clearly much of the spinal cord neuronal circuitry does
interpret the stretch-induced activity as “novel”, as there is a significant
increase elsewhere in the cord.

Finally, although we determined that stretch-induced locomotor defi-
cits can occur in the absence of concurrent muscle tissue damage, some
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Fig. 7. Hindlimb responses to stretch and counts of c-Fos + nuclei. Four major
hindlimb responses observed and quantified during stretching were kicking,
vibrations, air-stepping and pull back (A); data shown as means + SD,
(Independent t-test between means with equal variances, p < .05). The CAP
group shows a significant positive correlation (Spearman Rank Test) for the
kicking score and the number of c-Fos + nuclei at L1 (rs = 0.841, p = .036) (B).
The VEH group vibration score has a significant positive correlation with the
number of c-Fos + neurons at L5 (rs = 0.793, p = .033) and the CAP group
vibration score has a significant negative correlation with the number of c-
Fos + nuclei at L5 (r; = —0.886, p = .019) (C).Other lumbar segments showed
no significant correlations.
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Fig. 8. Histological assessment of muscle to determine the effect of stretching.
Three hindlimb muscles: Tibialis Anterior (TA), Medial Gastrocnemius (MG),
Biceps Femoris (BF) were analyzed for number of muscle fibers (MF) with
centralized nuclei (CN, a marker of regeneration) (A) and muscle fiber cross
sectional area (CSA) (B). Data shown as means + SD (One-way ANOVA, Tukey
HSD post hoc t-test, * p < .05).

changes in muscles across groups were noted. Some atrophy occurred in
the Tibialis Anterior muscles of VEH rats as compared to CAP and CON
animals (Fig. 8), presumably due to disuse. Interestingly, CAP rats had
significantly greater CSA of the Gastrocnemius MF as compared to VEH
animals. This observation might represent a stretch-induced hypertrophy
(Tatsumi, 2010) unencumbered by disuse (Spector et al., 2009).
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4.4. Conclusion and clinical relevance

This study indicates that TRPV1+ (capsaicin-sensitive) afferents
mediate a temporary disruption of locomotor function when a clini-
cally-modeled daily hindlimb muscle stretching protocol is employed
after incomplete SCI in adult rats. The specific role played by TRPV1 +
nociceptors is not clear; our results suggest that their activation during
stretch in-turn activates numerous spinal cord interneurons that reside
in the intermediate gray matter of the lumbar enlargement, resulting in
temporarily dysfunctional locomotor circuitry. While we currently are
uncertain as to the clinical relevance of the stretching phenomenon, it
appears to be both robust and to involve fundamental characteristics
that would be common to all mammalian species including human.
Searching the clinical literature reveals no published work where the
impact of stretching on factors other than joint and muscle health, joint
range-of-motion or spasticity have been examined. As reported by
Katalinic and colleagues (Katalinic et al., 2010) stretching after SCI is
generally ineffective for its intended purpose of preventing con-
tractures, reducing spasticity and increasing joint range-of-motion.
Furthermore, Harvey et al. demonstrated that some physical therapists
apply torques when stretching “sensory complete” SCI patients of suf-
ficient magnitude to activate nociceptive afferents and thus would not
be tolerated by sensate individuals (Harvey et al., 2003a). Taken to-
gether, these observations and our results showing a disruption of lo-
comotor function after SCI in rats (Keller et al., 2017a; Keller et al.,
2017b; Keller et al., 2018), suggest that the use of stretching as a rou-
tine therapy in rehabilitation after SCI should be reevaluated.
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