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Abstract

A large proportion of patients suffering from spinal cord injury (SCI) develop chronic central neuropathic pain. Pre-

viously, we and others have shown that sensorimotor training early after SCI can prevent the development of mechanical

allodynia. To determine whether training initiated in the subchronic/chronic phase remains effective, correlates of below-

level neuropathic pain were analyzed in the hindpaws 5–10 weeks after a moderate T11 contusion SCI (50 kDyn) in adult

female C57BL/6 mice. In a comparison of SCI and sham mice 5 weeks post-injury, about 80% of injured animals

developed mechanical hypersensitivity to light mechanical stimuli, whereas testing of noxious stimuli revealed hypo-

responsiveness. Thermal sensitivity testing showed a decreased response latency after injury. Without intervention,

mechanical and thermal hyper-responsiveness were evident until the end of the experiment (10 weeks). In contrast,

treadmill training (2 · 15 min/day; 5 · /week) initiated 6 weeks post-injury resulted in partial amelioration of pain behavior

and this effect remained stable. Analysis of calcitonin gene-related peptide (CGRP)–labeled fibers in lamina III-IV of the

lumbar dorsal horn revealed an increase in labeling density after SCI. This was not due to changes in the number or size

distribution of CGRP-labeled lumbar dorsal root ganglion neurons. Treadmill training reduced the CGRP-labeling density

in the spinal cord of injured mice, whereas the density of non-peptidergic isolectin-B4 (IB4)+ fibers showed no changes in

lamina IIi and a slight reduction of sparse IB4 labeling in laminae III-IV. Thus, sensorimotor activity initiated in the

subchronic/chronic phase of SCI remains effective in ameliorating pain behavior and influencing structural changes of the

nociceptive system.
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Introduction

Spinal cord injury (SCI) results not only in motor, sensory,

and autonomic dysfunction, but a large proportion of SCI pa-

tients also develop spontaneous or evoked chronic central neuro-

pathic pain (CNP), which is often severe and disabling.1–3

Although studies in rodents have uncovered potential mechanisms

contributing to neuropathic pain after SCI, pharmacologic treat-

ment options remain inadequate and have limited effects on neu-

ropathic pain.4,5 Therefore, alternative options preventing the

development of CNP and treating it are urgently needed.

From animal models of neuropathic pain, it is known that

structural and electrophysiological changes in peripheral, spinal,

subcortical, and cortical structures are associated with the devel-

opment of CNP after SCI. Loss of descending modulatory projec-

tions and disruption of ascending sensory tracts clearly contribute

to altered sensory perception after SCI. Studies in the context of

pain following SCI focusing on spinal mechanisms have suggested

that reduced inhibitory control6 due to loss of GABAergic inter-

neurons,7 reduced glutamic acid decarboxylase-65 expression,8

downregulation of KCC2,9 and upregulation of NKCC1,10 as well

as an excessive ionotropic glutamate receptor activation in the

spinal cord,11 contribute to CNP. In sensory neurons, upregulation

of voltage-gated calcium channels,12 increased spontaneous ac-

tivity of sensory neurons13 by upregulation of TRPV1,14 and

NaV1.815 also appear to play a role in CNP. Neuroinflammation,

including the activation of microglia and astrocytes,16–18 contribute

to central and peripheral sensitization and the development of CNP

after SCI. As a result, sprouting and robust arborization of pri-

mary nociceptive afferents into deeper laminae of the dorsal horn,

even several segments away from the injury, might occur.19–24 As

the dorsal horn acts as an integration center between afferent
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information and sensory perception, the distribution, termination,

and connection pattern of sensory fibers within the dorsal horn are

critical.

A better understanding of the dynamic changes of nociceptive

afferents after SCI may lead to new therapies that target aberrant

structural rearrangements and misconnectivity in the dorsal horn.

Several studies have shown that sensorimotor activity is able to

modulate neural plasticity after SCI.19,25–29 Previously, we, along

with others, have shown that sensorimotor training early after SCI

in rodents can ameliorate mechanical allodynia.19,24,27 However,

most SCI patients have chronic injuries, training is not feasible for

all patients in the acute phase, and pathophysiology and structural

changes differ substantially between the acute and chronic phase. It

is therefore critical to characterize pain-associated changes in

chronic SCI to investigate whether treatments with benefits early

post-injury such as sensorimotor training can also reverse pain in

chronic SCI.

Thus, we examined effects of delayed sensorimotor training on

the reversal of pain-like behavior and structural changes after

chronic contusion SCI in mice. Our data indicate that treadmill

training remains effective even after chronic pain is established and

this decrease in pain behavior is accompanied by a reduction in

nociceptive fiber density in the spinal dorsal horn.

Methods

Animal subjects and experimental groups

All experiments were conducted in accordance with the Euro-
pean Communities Council Directive (European Union and insti-
tutional guidelines) and approved by the local governing body
(Regierungsprasidium Karlsruhe). A total of 53 adult female
C57BL/6 mice (8–12 weeks old; Janvier) weighing between 20–
25 g were used and animals were housed in groups of 4–5 mice per
cage on a 12/12-h light/dark cycle and had access to water and food
ad libitum. Surgeries and behavioral tests were done in three co-
horts of animals to ensure that training and behavioral testing can
be done by the same investigator. In each cohort, animals were
assigned to one of four experimental groups (numbers in paren-
theses indicate the group size in each cohort): spinal cord injury
(SCI; n = 6; n = 5; n = 4), spinal cord injury with training (SCI+T;
n = 7; n = 4; n = 4), sham-operated (Sham; n = 4; n = 4; n = 3) and
sham operated with training (Sham+T; n = 4; n = 5; n = 3). In-
dividual animals were assigned to training or no training groups
based on paw withdrawal responses to the 0.4 g von Frey hair fila-
ment at 35 dpi to match trained and untrained animals. Data from the
three cohorts were combined for statistical analysis. Spinal cord in-
jured mice were subdivided post hoc into animals with pain (SCI-
Pain) or without pain (SCI-No Pain) following completion of all
behavioral tests to maintain blinding in behavioral tests (see below).

Spinal cord injury

Mice were deeply anesthetized using a cocktail (2.5 mL/kg)
containing ketamine (31.25 mg/kg; Bremer Pharma, Warburg,
Germany), xylazine (1.58 mg/kg; Ecuphar, Oostkamp, Belgium),
and acepromazine (0.31 mg/kg; Sanofi-Ceva, Düsseldorf, Ger-
many). After exposing the vertebral column and localization of the
target region, mice underwent a T9 laminectomy (corresponding to
T11 spinal cord) followed by a moderate contusion with a force of
50 kDyn using the Infinite Horizon Impact Device (IH-0400 Im-
pactor; Precision Systems & Instrumentation, Lexington, KY)
equipped with a standard mouse steel-tipped impactor with a di-
ameter of 1.3 mm as previously described.24,30 Briefly, the spinal
processes of the adjacent vertebral bodies rostrally (T8) and cau-
dally (T10) from the site of laminectomy were used to stabilize the

spinal column using extra fine forceps (Extra Fine Graefe Forceps;
Fine Science Tools, Foster City, CA) attached to the impactor de-
vice. The exposed spinal cord was aligned perpendicular to the
impounder tip. The position of the impactor tip was adjusted if
necessary and positioned 3–4 mm above the exposed spinal cord.
After contusion, the paravertebral muscle layers were sutured and
the skin incision was stapled. In sham mice, skin incisions and
separation of paravertebral muscles to isolate the T9 vertebra was
performed followed by suturing and stapling of the skin. To prevent
and compensate dehydration during surgery, animals received a
subcutaneous (s.c.) injection of lactated Ringer’s solution (100 lL)
immediately after surgery. Post-surgical care included close ob-
servation, manual bladder voiding twice per day, and treatment
with antibiotics to prevent bladder infection (100 lL ampicillin s.c.,
33 mg/kg, twice per day; Ratiopharm, Ulm, Germany) for about
10–14 days after surgery until reflexive bladder function was re-
stored. Analgesics (0.01 mg/kg buprenorphine-HCL, 100 lL s.c.,
Temgesic; Reckitt Benckiser, Heidelberg, Germany) were admin-
istered to injured and sham-operated animals immediately after
recovery from anesthesia and twice daily during the first 2 post-
operative days. All surgeries were performed by the same experi-
enced investigator.

Behavioral testing

Mice were acclimated to the individual testing set-up for 2–
3 days for at least 1.5 h per day prior to behavioral testing and for
30–60 min in each set-up on testing days. All behavioral testing was
performed in awake, unrestrained mice by the same investigator
blinded to group identity.

Mechanical sensitivity testing: von Frey

To evaluate changes in mechanical sensitivity after injury and
sensorimotor training, von Frey hair filaments with ascending di-
ameter and force (0.16 g, 0.4 g, 0.6 g, 1.4 g; Touch Test Sensory
Evaluators; North Coast Medical, Gilroy, CA) were applied to the
hindpaws of mice. The filaments were chosen based on results from
a previous study evaluating effects of early-onset treadmill training
in mice with the same SCI.24 Mice were placed in plexiglass
chambers (modular animal-enclosure; Ugo Basile Srl, Gemonio,
Italy) on a 90 · 39 cm perforated metal platform (framed testing
surface; Ugo Basile). Starting with the smallest filament (0.16 g)
each hindpaw was stimulated five times resulting in 10 stimuli per
filament per mouse. Up to 12 animals were tested in parallel and
only after testing one hindpaw with a single stimulus in all mice and
testing the other paw once in all mice, the paw was re-tested with
the same filament. Thereby a stimulus-induced sensitization of the
paw was avoided. The response rate defined as paw withdrawal
frequency (number of positive responses divided by the number of
stimuli) was used to express mechanical sensitivity. The sensitivity
towards each filament per animal represents the average response
rate of the trials for the left and right paw. To define the baseline
sensitivity for all filaments in each animal, mechanical sensitivity
testing was performed on 2 consecutive days before surgery. The
mean of the two pre-injury values per animal and filament was
taken as pre-operative baseline response rate. After surgery, me-
chanical sensitivity was assessed 35 days post-injury, as well as 2
and 4 weeks (56 dpi and 70 dpi) after training was started (Fig. 1).

Mechanical sensitivity testing:
place escape/avoidance paradigm

Mechanical sensitivity testing using von Frey hair filaments is a
stimulus-evoked behavioral measurement. Since changes in these
measures might only be the result of evoked hyperreflexia, re-
sponses in a place escape/avoidance paradigm (PEAP) addressing
the aversive quality of pain and thereby supraspinal processing of
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FIG. 1. Experimental design. Adult female C57BL/6 mice (n = 53) were assigned to four groups (spinal cord injury [SCI], n = 15; SCI
with training [SCI+T], n = 15; sham-operated [Sham], n = 11; Sham with training [Sham+T], n = 12) after baseline testing and 35 dpi
before treadmill training was initiated. Mechanical sensitivity data 35 dpi were used to define ‘‘Pain’’ and ‘‘No Pain’’ animals. Starting
from 42 dpi, mice in the training groups (SCI+T; Sham+T) were trained 2 · /day for 15 min each, 5 days per week for a total of 23 days.
To investigate the effect of moderate treadmill training on nociceptive behavior, mechanical and thermal sensitivity testing was
performed 2 and 4 weeks after training start. Supraspinal pain processing was tested using a place escape/avoidance paradigm (PEAP).
Coronal sections (25 lm) of the lesion epicenter and lumbar spinal cord were analyzed by eriochrome cyanine staining, calcitonin gene-
related peptide (CGRP)-/protein kinase Cc (PKC)- and isolectin-B4 (IB4)-/PKCc-labeling. Sections of L4-L6 dorsal root ganglia
(DRGs; bilaterally; n = 3 per group of the last cohort; see Methods) were labeled for CGRP and NeuN.
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nociception were evaluated. The PEAP is based on the assumption
that animals escape and/or avoid an aversive mechanical stimulus.
Animals have the active choice between a naturally preferred dark
environment and pain relief in a more aversive light environment.31

The testing environment, modified from LaBuda and Fuchs,32,33

consists of the same plexiglass enclosure used in the von Frey testing
modified to create a box consisting of a dark and a light side. One half
of the box was darkened using mat black self-adhesive tape, whereas
the other half was coated with mat white self-adhesive tape creating a
dark and a light side equal in size (10 cm · 10 cm · 14 cm).

To further enhance the contrast between both sides, a removable
partition was positioned in the middle of the chamber separating the
dark from the white side creating a passage to either side. The
height of the border was adjusted to allow for normal crossing and
the partition was also laminated with black and white adhesive foil.
Additionally, the lid of the dark side was covered with black foil
while the other lid was left transparent. The enclosure was placed
on a perforated metal platform and it was ensured that the light side
was uniformly illuminated by the ceiling light. Animals were
placed in the middle of the chamber and the time spent on the dark
side of the chamber was measured. An initial 10 min exploration
phase (baseline) without any stimulus was followed by a 15 min
testing phase (3 · 5 min blocks) in which the hindpaws were
stimulated using a 0.16 g von Frey filament every 15 sec when the
mouse was present on the dark side of the chamber. The left and
right hindpaw were stimulated in an alternating manner. The PEAP
was used to assess mechanical sensitivity changes after injury at the
end of the experiment, 72 dpi.

Thermal sensitivity testing: Hargreaves’ method

Thermal sensitivity was assessed according to Hargreaves’
method using the plantar test (Hargreaves Apparatus; Ugo Basile).
Mice were enclosed in plexiglass chambers (modular animal-
enclosure; Ugo Basile) placed on a 90 · 39 cm metal platform with
a glass floor (Ugo Basile). An infrared laser beam was presented to
the plantar surface of the hindpaws and the time (sec) until with-
drawal was recorded resulting in the response latency to the heat
stimulus. The laser intensity was adjusted to give a latency of ap-
proximately 8–9 sec in naı̈ve animals (190 – 1 mW/cm2). To avoid
tissue damage, a 15-sec cut-off time, as well as a delay of at least
1 min between two trials for the same paw and mice, was intro-
duced. The paw testing order was chosen randomly to minimize an
order effect. In each animal, the mean of four trials for the left and
right hindpaw was used to express the thermal sensitivity. Similar
to the von Frey testing, the mean latency of 2 consecutive testing
days before surgery determined the baseline of the animals (pre-
operatively). After surgery, thermal sensitivity was assessed
35 days post-injury, as well as 2 and 4 weeks (56 and 70 days post-
injury) after training was started. The response latencies for the left
and right hindpaw were averaged.

Motor recovery: Basso Mouse Scale

Recovery of motor function was assessed using the Basso Mouse
Scale (BMS) for locomotion.34 Single mice were placed randomly
in an open field and observed by two experienced investigators
blinded to group identity for at least 5 min. The BMS is a 9-point
scoring system developed and validated for spinal cord contusion
injuries in mice. A score of 0 reflects complete hindlimb paralysis
without ankle movement, whereas a score of 9 indicates normal
locomotion. Lower scores (0–3) express changes in ankle move-
ment and plantar placement of the hindpaw, continuing with
stepping, coordination, and paw position in intermediate scores (4–
6), and assessment of trunk stability and tail position in higher
scores (7–9). Dorsal and/or plantar stepping starts at a score of 3,
becomes frequent or consistent plantar with a score of 5 with some
coordination, whereas scores of 6 and 7 indicate mostly coordinated

stepping with parallel or rotated paw placement at initial contact
and lift off. The motor function was scored 1 day post-injury to
confirm an adequate injury and weekly starting 35 days post-injury.
Each hindpaw was scored individually and averaged to get a single
score for each animal per testing day.

Treadmill training

To test the impact of delayed sensorimotor activity on neuro-
pathic pain, treadmill training was used as previously described.24

The custom-made motorized treadmill consists of three individual
lanes (7 · 10 cm) separated by walls of red acryl glass, allowing for
parallel training of up to three animals. A motor-driven rotor
(RollerDrive EC310; Interroll Automation, Sinsheim, Germany)
controlled by a proprietary software developed under LabVIEW
2012 (version 12.0; National Instruments Corporation, Austin, TX)
enabled spinning of the belts with adjustable velocity. A load-
independent constant velocity was achieved by implementation of a
proportional-integral-derivative controller. Training was initiated
in the subchronic/chronic phase after injury (42 days post-injury).
The paradigm consisted of training twice a day for 15 min each,
5 days per week, over a total of 23 training days (Fig. 1). By
increasing the speed, training intensity was adjusted on a daily basis
according to the motor performance of injured mice. To expose
trained sham animals (Sham+T) to the same training load as trained
SCI animals (SCI+T), similar treadmill velocities were used and
adjustments were also done on a daily basis. Animals of the un-
trained groups (SCI, Sham) were exposed to the same environment
by placing them into the treadmill without turning on the treadmill.
The criteria for moderate treadmill training were defined as in-
tensity or velocity in which animals run most of the time in the
center of the lane without any signs of increased stress (e.g., in-
creased defecation or respiration rate). Animals were closely ob-
served during the exercise period to adapt the velocity when the
criteria for moderate training were not met.

Tissue processing

Animals were euthanized 74 days post-injury with an overdose
of anesthesia cocktail and transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(PFA). The spinal column was dissected, post-fixed in 4% PFA for
1 h at room temperature, and briefly rinsed with ddH2O followed by
a 5 min washing in 0.1 M phosphate buffer before the tissue was
cryoprotected in 30% sucrose in 0.1 M phosphate buffer at 4�C. The
lesion site (T11), the L4-L6 spinal cord, as well as dorsal root ganglia
(DRGs) were identified using anatomical landmarks, embedded in
Tissue-Tek� O.C.T compound (Sakura Finetek, Germany) followed
by serial sectioning (spinal cord, 25 lm coronal; DRG, 10 lm) and
mounting in seven or 14 series onto slides (Microscope Slides Su-
perfrost� Plus; Thermo Fisher). Animals from all groups were pro-
cessed, sectioned and mounted at the same time. Slides were stored at
-80�C until used for immunolabeling or staining.

Eriochrome-cyanine staining

The lesion size of injured animals was analyzed by quantifying
the spared tissue at the lesion epicenter. Two consecutive series
were stained for myelin using eriochrome-cyanine. Slides were
dried for 2 h at 37�C and placed in fresh acetone for 5 min, re-
moved, and air dried for 20 min at room temperature. Next, the
sections were stained in eriochrome cyanine solution (0.4 g erio-
chrome cyanine R, 1 mL concentrated H2SO4, 192 mL ddH2O, and
8 mL of 10% ferric ammonium sulfate solution) for 30 min at room
temperature followed by a rinsing step for 5 min in ddH2O. Sections
were differentiated in 5% aqueous ferric ammonium solution for
10–20 min until the gray matter started to appear. After the slides
were rinsed in ddH2O for 10 min, the differentiation was completed
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in a borax-ferricyanide solution for 10 min (2 g disodium tetra-
borate decahydrate, 2.5 g potassium ferricyanide, and 200 mL
ddH2O). Differentiation was followed by a further rinsing step in
ddH2O for 5 min, the tissue was dehydrated by graded ethanol
solutions (two changes each: 70%, 95% and 100%), cleared
through three changes of Neo-clear (Merck, Darmstadt, Germany)
for 2 min each and cover-slipped (Neo-Mount; Merck). Sections of
the lesion epicenter (smallest area of spared white matter) were
photographed using a XC30 camera mounted on an Olympus BX53
microscope (Olympus, Hamburg, Germany). Tissue sparing was
quantified by outlining areas with light and dark blue staining and
expressed as the percent of cross-sectional area calculated by di-
viding the white matter area by the total cross-sectional area.
Imaging and analysis was performed by an investigator blinded to
group identity using ImageJ.

Immunohistochemistry

Immunohistochemical labeling was performed on slides with
serial sections of the lumbar spinal cord (L4-L6) and L4-L6 DRGs.
Slides were dried for 30 min at room temperature, encircled with a
liquid blocker and rinsed in 0.1 M Tris-buffered saline (TBS)
3 · 5 min each. Sections were blocked and permeabilized by in-
cubating in TBS/0.25% Triton TX-100/5% donkey serum for 1 h at
room temperature. All primary antibodies were diluted in TBS/
0.25% Triton TX-100/1% donkey serum and the samples were
incubated overnight in a humid box at 4�C. After primary antibody
incubation, sections were rinsed 3 · in TBS/1% donkey serum at
room temperature for 10 min each. Secondary antibodies and 4’,6-
diamidino-2-phenylindole (DAPI) were diluted in TBS/1% donkey
serum and the sections were incubated for 2.5 h at room tempera-
ture in the dark, rinsed 3 · in TBS for 10 min, briefly dried and
cover-slipped with Fluoromount G (Southern Biotechnology As-
sociates, Birmingham, AL).

To evaluate SCI- and sensorimotor activity-induced changes in
primary nociceptive afferents terminating in the dorsal horn, lum-
bar spinal cord sections were labeled for calcitonin gene-related
peptide (CGRP; rabbit anti-CGRP, 1:200; Immunostar, Hudson,
WI) and isolectin-B4 (IB4; biotinylated Isolectin B4 from Ban-
deiraea simplicifolia, 1:250; Sigma-Aldrich, St. Louis, MO)
identifying peptidergic and non-peptidergic C/Ad fibers, respec-
tively. To identify lamina IIi, rabbit anti-protein kinase Cc (PKCc
[C19], 1:200; Santa Cruz Biotechnology, Dallas, TX) was used.
Two consecutive series were labeled for CGRP and PKCc, re-
spectively, or double immunofluorescence labeling using IB4 and
PKCc was performed. For the analysis of CGRP+ DRG neurons,
L4-L6 DRGs were labeled for CGRP and NeuN (guinea pig anti-
NeuN, 1:2000; Millipore ABN90, Billerica, MA). The following
secondary antibodies were used: donkey anti-rabbit conjugated to
Alexa Fluor 488 and Alexa Fluor 594 for CGRP and PKCc labeling,
respectively (1:300; Life Technologies, Carlsbad, CA), Alexa
Fluor 594-conjugated streptavidin for IB4 (1:300; Jackson Im-
munoResearch, Suffolk, UK), Rhodamine Red-X donkey anti-
guinea pig for NeuN (1:500; Jackson ImmunoResearch).

For each animal, images of the left and right dorsal horn of three
labeled sections with an intersection distance ranging from 700–
1400 lm were taken at 200 · magnification with the same resolu-
tion, lens aperture, and exposure time using a XC30 camera
mounted on an Olympus BX53 microscope with epifluorescence
illumination and appropriate filter cubes. Lumbar DRGs (L4-L6)
were imaged bilaterally from each animal at 100 · magnification
using the above-described set-up, and images from three sections
per DRGs (140 lm apart) were analyzed.

Quantification of labeling density in the spinal cord

Neurons in lamina III-IV usually receive little input from noci-
ceptive C-fibers but rather respond to light mechanical stimuli.

Therefore, the termination pattern of peptidergic-and non-
peptidergic fiber was analyzed in this region of the dorsal horn as
previously described,24 with the region of interest set using the
mouse spinal cord atlas and PKCc-labeling of lamina IIi. The
dorsoventral extent of lamina IIi defined by PKCc-labeling was
defined as distance ‘‘x.’’ The region of interest analysis box was
placed in the center of the dorsal horn by taking the midpoint of the
medio-lateral border of lamina IIi followed by outlining a squared
box with the dimension 2 · in the dorso-ventral and 4 · in the
mediolateral direction adjoining the ventral border of lamina IIi.
For the analysis of CGRP-labeling density, the analysis box was
outlined in the PKCc-labeled section and overlaid on the consec-
utive CGRP-labeled section, whereas IB4-labeling was evaluated
in sections double-labeled for PKCc and IB4. Quantification of
labeling density was performed by an investigator blinded to group
identify using ImageJ. Images were processed by setting a labeling
threshold minimizing background and accurately reflecting CGRP-
and IB4 positive fiber labeling, respectively. Labeling density was
expressed as percentage of positive labeling within the analysis box
and the values for three sections per animal were averaged. Only
SCI-Pain animals were included into the analysis.

Due to tissue damage following dissection, three animals (SCI+T,
n = 3) had to be excluded from histological analysis. Upon ex-
amination of CGRP- and IB4-immunolabeled sections, two ani-
mals (CGRP: SCI, n = 1; SCI+T, n = 1; IB4: Sham+T, n = 1)
showed only poor labeling in the superficial dorsal horn and no
labeling in deeper laminae. These animals were excluded from
immunohistochemical analysis leaving a total of n = 42 for quan-
tification of CGRP and n = 43 for quantification of IB4-labeling
density.

Quantification of DRG neurons

In addition to spinal CGRP-labeling, the number and size of
CGRP-labeled L4-L6 DRG neurons were quantified by an inves-
tigator blinded to treatment conditions using ImageJ. For each
animal, L4-L6 DRG (bilaterally) neurons were analyzed in three
sections spaced 140 lm apart. First the total number of NeuN+
neurons displaying a visible DAPI-stained nucleus was counted,
followed by the number of neurons labeled for CGRP and NeuN
(CGRP+/NeuN+). For size distribution, the diameter of CGRP-/
NeuN+ and CGRP+/NeuN+ neurons was measured by drawing a
straight line between two lateral borders covering the entire cell
(longest distance between the two borders). Size distribution of
CGRP+ neurons was evaluated by computing the frequency dis-
tribution using a bin size of 10 lm and expressed as the percentage
of CGRP+ neurons within a certain size range (number of CGRP+/
NeuN+ cells in a certain size range divided by the total number of
CGRP+/NeuN+ cells). Values collected for DRGs of the same
animals were averaged and group means compared. DRGs were
only collected and quantified from sham animals and SCI animals
that developed pain of the third cohort of this study (n = 3/group).

Statistical analysis

Behavioral results were analyzed by repeated measures analysis
of variance (ANOVA) to reveal overall group difference and sig-
nificant changes over time, followed by Fisher’s least significant
difference (LSD) post hoc testing. One-way ANOVA with post hoc
Fisher’s LSD was used to analyze lesion size and labeling density.
The size distribution of CGRP-labeled DRG neurons was analyzed
by two-way ANOVA (group · diameter) followed by post hoc
Fisher’s LSD, and one-way ANOVA with post hoc Fisher’s LSD
was used to compare the percentage of CGRP-labeled DRG neu-
rons. Due to unequal variance and large differences in group size,
Kruskal Wallis and Dunn’s test was used to compare injured ani-
mals without pain and with pain with sham animals. Data are
presented as mean – standard error of the mean unless otherwise
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noted and statistical analysis was done using Prism 6 software
(GraphPad Software Inc., La Jolla, CA) and an alpha level of 0.05
for significance.

Results

Sensorimotor recovery

Motor recovery was examined weekly starting 5 weeks post-

injury using the BMS. SCI mice showed a significant deficit in

hindlimb motor function at all time-points compared with sham

animals independent of training (two-way ANOVA p < 0.0001 for

group differences, protected least significant difference (PLSD)

p < 0.0001). Injured animals showed a slight recovery of motor

function over time (two-way ANOVA p < 0.0001 for time, PLSD

p < 0.001 comparing 35 dpi with 70 dpi). However, treadmill

training did not influence motor recovery (Fig. 2A), which also was

reflected in similar tissue sparing at the lesion site in trained and

untrained injured animals (data presented below). As previously

described,24 moderate 50 kDyn spinal cord contusion injury results

in complete hindlimb paralysis immediately after injury and an

average BMS score of *6 at 35 days post-injury (weight support in

both hindlimbs, at least frequent plantar stepping, some coordina-

tion, and parallel or rotated paw placement), allowing for sensory

testing and sensorimotor training. Based on the motor performance,

the intensity of treadmill training was adjusted on a daily basis with

continuing training to meet the criteria for a moderate training

paradigm (Fig. 2B). Starting with velocities of about 0.14 m/sec,

training reached a maximum velocity of 0.25 m/sec. As an appro-

priate control, trained sham mice were exposed to the same training

intensity as SCI mice, whereas untrained mice were placed into the

same environment without turning the treadmill on.

Post hoc definition of pain

Previously, it has been reported that similar to SCI patients, only

a subpopulation of injured animals develops chronic signs of me-

chanical allodynia.35 As animals underwent baseline testing prior

to injury and 5 weeks post-injury prior to the start of training, we

were able to evaluate whether all animals with SCI developed

mechanical allodynia. Response rates to a 0.16 g von Frey filament

were used to define SCI animals with and without pain as this light

mechanical stimulus previously showed the largest difference be-

tween sham and injured animals.24 To exclude potential influences

of age and repeated testing on exclusion criteria, response rates of

all sham animals at baseline testing and 5 weeks later were taken

into account by calculating for each sham animal the change in the

response rate over time. Animals with contusion injuries that

showed a difference in response rates that fell within one standard

deviation of the changes in sham animals were not considered to

have developed pain (SCI-No Pain). Only animals that showed a

change exceeding one standard deviation of the changes observed

in sham animals were regarded as animals with pain (SCI-Pain;

Fig. 3A). Using this definition, 80% (24 out of 30) of injured ani-

mals developed significant mechanical allodynia when comparing

response rates to a 0.16 g von Frey filament before and 35 days post-

injury (Fig. 3B).

Statistical analysis of changes in response rates pre-injury and

35 dpi indicated an overall group difference (Kruskall Wallis

p < 0.0001), no difference between SCI-No Pain and sham animals,

but a significant difference between SCI-Pain animals and sham or

SCI-No Pain animals (Dunn’s test). While SCI-No Pain animals

showed only a moderate increased response rate of 7.5%, the mean

increase for SCI-Pain animals was about 30%. Based on these

results, all training and pain responses including histochemical

FIG. 2. Treadmill training does not influence motor recovery. (A) Animals were tested weekly starting from 35 dpi in an open field
and their motor recovery was scored according to the Basso Mouse Scale (BMS). Spinal cord injury (SCI) mice in the trained and
untrained group showed a significant motor deficit (analysis of variance, p < 0.0001), which is not influenced by treadmill training.
(B) As animals became accustomed to the treadmill training, the training intensity was adjusted on a daily basis by increasing the
treadmill velocity. Training was initiated 42 dpi, which is represented as Day 1 in the graph. Both Sham and SCI mice were trained using
similar velocities. Error bars in (B) are mostly too small to be visible.
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analyses described below are only reported for animals that de-

veloped pain according to this definition.

Treadmill training initiated in the subchronic phase
after injury ameliorates mechanical allodynia

To examine whether SCI-induced nociceptive behavior is stable

in the subchronic/chronic phase after injury and to evaluate if

treadmill training initiated in this phase is beneficial, response rates

before injury, 35 days post-injury (before training), and 2 as well as

4 weeks after training was started were compared between control

(untrained and trained sham animals) and SCI animals that devel-

oped pain (Fig. 1). All animals had weight support when training

was initiated. Determining the hindpaw withdrawal frequency to

small-diameter filaments (0.16 g), statistical analysis (two-way

ANOVA) indicated overall group differences ( p < 0.01) and sig-

nificant changes over time (Fig. 4A; p < 0.0001). Post hoc testing

showed no difference between trained and untrained SCI animals

before training was initiated (35 dpi), but a difference between SCI

and sham mice (PLSD p < 0.0001).

Already 2 weeks after training had begun, trained injured mice

(SCI+T) showed a significant lower response rate than untrained

SCI mice (PLSD p < 0.001). Due to the variability in the sham

group, a significant difference between SCI and Sham+T ( p < 0.05;

not indicated in the figure) but no significant difference between

SCI and sham animals was detected at this time. The response rate

in the SCI+T group also was reduced after 4 weeks of training

compared with untrained SCI animals (PLSD p < 0.0001) returning

to pre-injury baseline values, whereas response rates of untrained

SCI animals remained higher than baseline values at all time-points

(PLSD p < 0.001). Overall, 90% of SCI animals without training

showed an increase in response rate to the 0.16 g von Frey filament

at 70 dpi versus baseline, whereas only 21% of SCI+T animals

showed some increase versus baseline. Applying the same criteria

that were used to discriminate Pain from No Pain mice prior to

training, 12 of 14 trained SCI mice (86%) reverted to the No Pain

category at 70 dpi. Taken together, these data show that SCI-

induced mechanical hypersensitivity was significantly ameliorated

by sensorimotor activity.

Stimulation of the hindpaws using a 0.4 g von Frey filament

revealed no overall group differences (two-way ANOVA p = 0.16)

but significant changes over time ( p < 0.0001; interaction p < 0.0001;

Fig. 4B). Both trained (SCI+T) and untrained injured mice (SCI)

showed a slightly increased response rate 35 dpi (PLSD p < 0.05).

While the response rate for SCI+T animals significantly decreased

below the baseline state (PLSD p < 0.0001) over time, no changes

were observed for the SCI group comparing pre-operative to 56 and

70 dpi. Larger-diameter filaments (0.6 g and 1.4 g) indicated a

significant hyposensitivity of injured animals compared with sham

animals towards these stimuli (Fig. 4C, 4D; two-way ANOVA,

p < 0.0001 for groups, p < 0.0001 for time). This behavior was ob-

served 35 dpi and the hyposensitivity for the 1.4 g filament did not

improve until the end of the experiment 70 dpi (PLSD p < 0.0001

for 1.4 g at all post-OP time-points). A reduction in the response to

the 1.4 g stimulation was observed in all but one animal in the

SCI+T group (92.8%) and 100% of animals in the SCI group. The

response rate for the 0.6 g filament further declined between 35 and

70 dpi (PLSD p < 0.001 for SCI and p < 0.01 SCI+T). Treadmill

training did not affect the hyposensitivity.

PEAP testing behavioral correlates of supraspinal
pain processing

To evaluate supraspinal processing of nociception, we used a

modified PEAP at 72 dpi.33 Animals were allowed to freely move in

a box consisting of a dark and a light side placed on a wire mesh

FIG. 3. Post hoc pain definition. (A) Injured animals were subdivided based on whether they developed mechanical allodynia (spinal
cord injury [SCI]-Pain) or not (SCI-No Pain). All animals were tested at baseline prior to injury and 5 weeks post-injury before initiation
of training. Using the response rates to the 0.16 g von Frey filament at these time-points, the mean change in the response rate over time
was calculated for sham animals (Dresponse rate Sham). Injured animals were only considered to show signs of mechanical allodynia
(SCI-Pain) if the change in response rate from baseline to post-injury exceeded one standard deviation (SD) of the change observed in
sham animals. (B) Changes in response rates to the 0.16 g von Frey filament between baseline and 35 dpi before training was initiated in
SCI-Pain, SCI-No Pain, and sham animals shows no significant difference between sham animals and SCI-No Pain animals, but
significant differences of SCI-Pain animals to the other groups (Kruskal Wallis test p < 0.0001; Dunn’s post hoc **p < 0.01;
****p < 0.0001, mean – standard deviation).
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FIG. 4. Effect of treadmill training and spinal cord injury (SCI) on mechanical sensitivity assessed by von Frey filaments and a place
escape/avoidance paradigm. (A) SCI-induced mechanical hypersensitivity to light filaments (0.16 g) is significantly ameliorated by
sensorimotor activity (###p < 0.001 comparing SCI with sham animals; ***p < 0.001, ****p < 0.0001 comparing trained (SCI+T) with
untrained SCI mice). (B) No overall group differences are observed with the 0.4 g filament, but changes over time. (C, D) Stronger
filaments reveal a significant hypo-responsiveness comparing SCI with sham mice irrespective of training (#p < 0.05; ###p < 0.001;
#### p < 0.0001, comparing SCI with sham animals irrespective of training). (E) Graphical representation of the place escape/avoidance
(PEAP) set-up. Animals are freely moving in a box consisting of a dark and a light side placed on a wire mesh screen. After a 10 min
exploration phase (no stimulus), mice are stimulated with the 0.16 g von Frey filament when present on the dark side of the chamber in a
3 · 5 min test phase. (F) Analysis of the time spent on the dark side reveals no significant difference between treadmill trained SCI
(SCI+T) and sham mice (Sham; Sham+T). In contrast, untrained SCI mice spent significant less time on the dark side compared with
sham and trained SCI mice to avoid the light mechanical stimulus (two-way analysis of variance, p < 0.001 for group differences;
protected least significant difference **p < 0.01; ****p < 0.0001).
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screen (Fig. 4E). After a 2 · 5 min exploration phase (baseline), a

3 · 5 min test phase was initiated, in which the mice received a

mechanical stimulus on the plantar surface of the hindpaw (0.16 g

von Frey filament) when present in the dark side of the chamber.

Thus, mice can make an active choice between the naturally pre-

ferred dark environment and pain relief in a rather aversive light

surrounding.

Analysis of the time spent on the dark side revealed that SCI mice

spent significant less time on the dark side of the chamber (Fig. 4F)

during the second and third testing phase, compared with all other

groups (two-way ANOVA p < 0.001 for group differences, PLSD

p < 0.01 and p < 0.0001, respectively). Considering each interval, the

change from baseline (no mechanical stimulus) slightly increased in

each interval. In contrast, no significant difference in the time spent

on the dark side was detected comparing trained SCI mice with

trained or untrained sham mice. Thus, only the untrained injured

mice made a ‘‘conscious’’ decision to escape and/or avoid the pre-

ferred dark side, where they received a low-intensity mechanical

stimulus, in order to stay in a normally less favorable (aversive)

bright environment. In line with the von Frey testing using the 0.16 g

filament, treadmill training initiated in the subchronic phase after

injury ameliorated the mechanical hypersensitivity.

Treadmill training partially normalizes
thermal hypersensitivity

Thermal sensitivity testing was performed using the Plantar Test

(Hargreaves’ method) applied to the hindpaws. Repeated measures

ANOVA indicated significant group differences ( p < 0.0001) and

changes over time ( p < 0.0001). Both groups of injured mice de-

veloped significant thermal hypersensitivity at 35 dpi (prior to

training), compared with their baseline values and to sham mice

(PLSD p < 0.0001), which remained stable until the end of the

experiment 70 dpi in untrained SCI animals ( p < 0.0001 at all time-

points, compared with baseline). In all injured animals, the with-

drawal latency decreased about 3–4 sec from baseline values at

35 dpi. Interestingly, treadmill training positively influenced ther-

mal hyperalgesia (Fig. 5). The withdrawal latency increased by

about 2 sec in trained SCI mice to values between untrained SCI

and sham mice and these response rates were not significantly

different from baseline values. The significant amelioration in re-

sponse latency was evident 2 weeks after treadmill training was

initiated (56 dpi) and the effect was stable until the end of the

experiment (70 dpi; p < 0.0001 comparing SCI+T with SCI animals

at both time-points). Sham animals showed no decline in latency

but rather a slight increase over time.

Treadmill training does not influence tissue sparing

To exclude the possibility that differences in lesion size might

underlie changes observed in pain sensitivity, coronal sections of

the lesion were stained for myelin (eriochrome-cyanine staining;

Fig. 6A) and white matter sparing was quantified at the lesion

epicenter (Fig. 6B). No difference in lesion size was observed be-

tween trained and untrained injured mice. Comparing sham animals

with injured mice, the entire gray matter and a large percentage of

white matter were lost at the lesion epicenter ( p < 0.0001; Fig. 6B).

FIG. 5. Treadmill training ameliorates spinal cord injury (SCI)-induced thermal hypersensitivity (Hargreaves’ test). SCI mice show a
decreased response latency to the heat stimulus developing significant thermal hypersensitivity (analysis of variance, p < 0.0001;
protected least significant difference [PLSD] ##p < 0.01; ####p < 0.0001, comparing SCI and SCI+T with sham and sham+T animals),
which is partially reversed by treadmill training (PLSD) ****p < 0.0001, comparing trained with untrained SCI mice).
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Sensorimotor activity reduces SCI-induced increases
in CGRP-labeling density in laminae III-IV

Several studies have suggested that sprouting of C-fibers into

deeper dorsal horn laminae parallel the development of pain be-

havior.21,22,28,36,37 We therefore quantified the CGRP-labeling

density in lamina III-IV in the chronic phase after injury after

delayed treadmill training using the same method previously used

to examine acute effects of injury and training24 (Fig. 7). As stated

above, only sham and injured animals that were analyzed for

training-mediated effects were included in the histological anal-

ysis. Injured animals that did not develop mechanical hypersen-

sitivity prior to initiation of training as defined in Figure 3 were

not examined.

Similar to our previously reported results at 35 dpi,24 CGRP-

labeling density was significantly increased in lamina III-IV of the

lumbar dorsal horn (L4-L6) in injured animals. Comparing sham

with untrained SCI mice, CGRP-labeling density was increased by

approximately 60% (Fig. 7). Statistical analysis (ANOVA) indi-

cated an overall group difference ( p = 0.02) and a statistical sig-

nificant difference between untrained SCI and trained and

untrained sham mice (PLSD p < 0.01). Sensorimotor activity using

treadmill training initiated in the subchronic/chronic phase after

injury significantly reduced CGRP-labeling density in deeper

laminae of the lumbar dorsal horn in trained (SCI+T), compared

with untrained SCI mice (PLSD p < 0.05; Fig. 7F) to the level that

was observed in sham animals. As expected, treadmill training

showed no effect on the CGRP-labeling density in sham mice.

SCI does not change the phenotype
of CGRP-expressing L4-L6 DRG neurons

To determine whether the increased CGRP-labeling density in

laminae III-IV is due to differences in the number or phenotype of

CGRP-expressing neurons, the total number (CGRP+/NeuN+) and

the size distribution of CGRP-labeled DRG neurons were evaluated

(Fig. 8). Comparing lumbar (L4-6) DRG neurons in sham and SCI

animals, neither the proportion of CGRP-expressing neurons

(Fig. 8M; p = 0.3) nor the distribution of the size of CGRP-labeled

neurons (Fig. 8N; two-way ANOVA, p = 0.85 for groups) changed

as a result of SCI. The majority of CGRP+ neurons were within the

group of small-to-medium diameter neurons as expected (0–30 lm;

*88% for sham). Approximately 28–32% of DRG neurons were

CGRP+ (CGRP+/NeuN+) consistent with previous reports.38

Qualitatively, immunofluorescent labeling intensity did not differ

between DRGs of trained and untrained sham and injured animals

(Fig. 8A-L). Together, these data suggest that the observed increase

in CGRP-labeling density in the deeper laminae of the dorsal horn

is not due to a change in the phenotype or proportion of CGRP-

expressing DRG neurons, but rather reflects structural changes in

the dorsal horn.

FIG. 6. Treadmill training has no effect on tissue sparing. (A) Representative eriochrome cyanine-stained coronal sections of sham
and spinal cord injury (SCI) mice. The lesion epicenter shows loss of gray and a large percentage of white matter in trained and
untrained SCI mice (scale bar, 500 lm). (B) Quantification of the cross-sectional area (CSA) indicates a similar significant loss (analysis
of variance, p < 0.0001, protected least significant difference ####p < 0.0001) in injured animals and no training effect.

FIG. 7. Increased calcitonin gene-related peptide (CGRP)-labeling density in lamina III-IV of the lumbar (L4-L6) dorsal horn after
injury is reduced by sensorimotor activity. (A) Graphical representation of primary sensory afferents projecting into the spinal dorsal
horn. Representative images of CGRP-labeled coronal sections of the lumbar (L4-L6) spinal dorsal horn of (B, D) untrained and (C, E)
trained sham and spinal cord injury (SCI) mice, respectively (scale bar, 100 lm). Comparing (D) SCI with (B, C) uninjured sham mice
reveals an increase in CGRP+ fibers in laminae III-IV. The SCI-induced increase in CGRP-labeling is partially reduced in (E) trained
SCI animals. (F) Quantification of the CGRP-labeling density in laminae III-IV of the spinal dorsal horn relative to untrained sham
animals indicates an increase in SCI mice compared with sham animals (analysis of variance, p < 0.05; protected least significant
difference **p < 0.01). CGRP-labeling density is significantly reduced in trained SCI mice (SCI+T), compared with untrained SCI mice
(*p < 0.05). No training effect was observed in sham animals. (SCI, n = 9; SCI+T, n = 10; Sham, n = 11; Sham+T, n = 12)
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Effects on non-peptidergic IB4+ afferents

In contrast to the increased labeling density of peptidergic

CGRP+ fibers in deeper laminae of the dorsal horn, no change in the

labeling density of non-peptidergic IB4+ fibers was observed in

lamina IIi identified by PKCc labeling in the lumbar dorsal horn

after SCI (Fig. 9). Neither injury nor treadmill training had an effect

on non-peptidergic IB4+ C-fiber in lamina IIi (ANOVA p = 0.56;

Fig. 9E). The density of IB4-labeling also was measured in laminae

III-IV. Statistical analysis indicated a slight but not significant in-

crease of IB4-labeling density after injury and a decrease in la-

beling in laminae III-IV comparing trained with untrained SCI

animals (ANOVA, p < 0.05; PLSD, p < 0.01). While these data

suggest a potential effect of treadmill training in the SCI group,

these findings are based on extremely sparse and highly variable

labeling.

Discussion

Previously, we have shown that the development of CNP after a

moderate T11 contusion injury in mice can be prevented when

treadmill training is initiated 7 days post-injury.24 The current study

substantially extends these findings demonstrating that sensori-

motor training initiated in the subchronic/chronic phase after a

moderate contusion SCI reduces mechanical allodynia and thermal

hyperalgesia. In addition, SCI-induced CNP is associated with an

increased labeling density of CGRP+ fibers in the lumbar dorsal

horn, which is reduced by treadmill training. Thus, sensorimotor

activity is still beneficial when initiated after mechanical allodynia

and thermal hyperalgesia are established and reduces injury-

induced morphological changes in primary nociceptive afferents.

Almost all studies examining the role of activity/training in

animal models of SCI pain have only analyzed effects acutely after

SCI.19,24,26,27 However, neuropathic pain developing in SCI pa-

tients within the first year tends to become chronic2,39 and potential

therapies for the reversal of neuropathic pain are highly relevant.

We therefore assessed mechanical and thermal sensitivity in the

subchronic to chronic phase after SCI (5–10 weeks post-injury)

showing persistent mechanical allodynia and thermal hyperalgesia.

In contrast to the hyper-responsiveness to small-diameter filaments,

noxious mechanical stimuli revealed an injury-induced hypoalge-

sia reflecting the loss of somatosensory function below the level of

injury, a hallmark of SCI.40–43 Taken together, our results indicate

that the neuropathic pain characteristics in the acute phase after

SCI24 become chronic resulting in a stable phenotype for at least 10

weeks post-injury.

Assessment of pain in rodents mostly depends on stimulus-

evoked responses, which are generally accepted as surrogates of

neuropathic pain, but might only reflect hyperreflexia,44 especially

after SCI. Several paradigms evaluating the affective-motivational

component of pain and stimulus-independent spontaneous and

ongoing pain have been developed.32,33,45–50 The place escape

avoidance paradigm has previously been used in rats to evaluate at-

level pain after SCI.31,44 We modified this paradigm and used a

normally innocuous von Frey filament (0.16 g) for stimulation ra-

ther than a suprathreshold stimulus. As control, sham animals were

stimulated with the same small-diameter filament on the dark side.

Similar to previous findings in animals with hyperalgesia in pe-

ripheral pain models, stimulating the hindpaws with non-noxious

intensities elicited an escape/avoidance behavior, which was de-

creased by treadmill training. Therefore, tactile below-level allo-

dynia is associated with an aversive response involving supraspinal

levels and treadmill training-mediated effects are not merely due to

changes in spinal reflex circuitries.

Interestingly, delayed treadmill training did not only influence

mechanical allodynia as in our previous study examining acute

training,24 but also thermal hyperalgesia, suggesting that different

mechanisms might underlie thermal hyperalgesia after acute and

chronic injury. In other studies evaluating early onset training,

thermal hyperalgesia was either not affected after a unilateral

cervical contusion injury19 or its development was prevented in a

clip-compression SCI in rats.51 Previous studies in rats investi-

gating the effect of delayed training have shown contradictory re-

sults.51,52 After an incomplete thoracic SCI, aberrant mechanical

and thermal sensation were reversed when treadmill-training was

initiated 3 weeks post-injury.51 These data are similar to data of our

current study, further confirming effects of delayed activity/train-

ing on hindlimb mechanical allodynia and thermal hyperalgesia in

a different species with a different injury model. In contrast, forced

wheel running initiated 14 or 28 dpi after a unilateral cervical

contusion injury in rats did not reduce hindlimb mechanical allo-

dynia.52 Thermal sensitivity was not evaluated in the latter study. It

is unclear why a training effect was not detectable in this unilateral

cervical injury model, although the same training paradigm was

effective when initiated acutely after injury.19 Differences between

SCI models affecting the speed and degree of motor recovery,

different mechanisms contributing to below-level neuropathic pain

after unilateral cervical versus bilateral thoracic injuries, and dif-

ferent training methods might underlie the variable efficacy of

exercise on thermal and tactile hyper-responsiveness.

Training is likely to exhibit effects on multiple levels including

the cardiovascular, immune, musculoskeletal and nervous systems.

Exercise has been shown to promote plasticity of primary afferents,

induce changes in the spinal cord circuitry after SCI, and modulate

secondary injury processes.53 Thus, mechanisms underlying the

observed training effect might represent a complex combination of

changes within sensory afferents, spinal cord, and supraspinal

levels, as well as immunomodulatory influences. However, for

amelioration of mechanical allodynia, rhythmic stimulation of

proprioceptive and mechanosensory fibers as well as weight bear-

ing seems to be important as only treadmill but not swim or stand

training reduces mechanical allodynia after rat contusion SCI.27 As

rhythmic loading of the hindpaws does not stimulate thermal

afferents, the observed improvement of thermal hyperalgesia

suggests that other mechanisms such as changes in chronic neu-

roinflammation are involved. Resident microglia are activated

after contusion injuries54–57 and activated microglia have been

implicated in the maintenance of below-level chronic pain after

SCI,17 possibly through release of prostaglandin E2 (PGE2).58

Treadmill training has been shown to reduce microglia activation

in a model of neuropathic pain in mice and peripheral nerve injury

in rats59,60 and endurance exercise has been shown to reduce

PGE2 levels in rats.61 Thus, changes in microglia phenotype

FIG. 8. Analysis of calcitonin gene-related peptide (CGRP) expression in lumbar (L4-L6) dorsal root ganglia (DRG) neurons.
Representative images of CGRP and NeuN labeled DRG neurons of (A-C) sham, (D-F) spinal cord injury (SCI), (G-I) trained sham and
( J-L) trained SCI mice (scale bar, 100 lm). (M, N) Quantification of CGRP+/NeuN+ DRG neurons indicates no difference in (M) the
proportion of CGRP+ neurons and (N) size distribution comparing sham and SCI mice.
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could be a potential mechanism underlying the normalization of

thermal hyperalgesia.

A well-established correlate of aberrant mechanical and thermal

hypersensitivity is the maladaptive sprouting/increased density of

nociceptive fibers in laminas III-IV of the dorsal horn.21,22,28,36,37,62

In our previous and current study, SCI resulted in increased CGRP-

labeling in deeper laminae of the dorsal horn.24 This might be due

to aberrant sprouting of C/Ad-fibers thereby enhancing activity in

lamina III and IV neurons that normally process non-noxious

stimuli. Alternatively, changes in CGRP expression could explain

an increase in CGRP-labeling density. Phenotypic changes of Aß-

fibers to a nociceptive phenotype (CGRP+/substance P+) have been

described in inflammatory and nerve injury pain models.63–67

However, our analysis of lumbar DRG neurons comparing sham with

SCI animals did not show changes in the number and size distribution

of CGRP+ neurons, suggesting that the observed differences in

CGRP-labeling in the dorsal horn reflect structural changes rather

than expression changes. Importantly, our data indicate that even in

the subchronic/chronic phase after SCI, training-induced ameliora-

tion of neuropathic pain is associated with reduced CGRP-labeling in

laminae III-IV. While recent data also suggest sprouting of non-

peptidergic IB4+ C-fibers into lamina IIo and III after SCI,19,27 we

did not observe major SCI-induced changes in the labeling pattern of

IB4+ fibers and labeling density in deeper laminae was sparse, in line

with our previous study,24 and unlikely to be of significance for the

observed pain behavior. Differences in species, lesion model, and

lesion severity might underlie the conflicting results.

Several cellular and molecular changes that are modulated by

exercise might affect peptidergic fibers including the expression of

neurotrophic factors.25,68–71 Whether neurotrophic factors have a

positive effect on the amelioration of neuropathic pain after periph-

eral nervous system (PNS) and CNS injuries is controversial. After

SCI, reduced levels of brain-derived neurotrophic factor (BDNF) and

glial cell line–derived neurotrophic factor (GDNF) correlate with the

development of SCI-induced neuropathic pain.19,27 While training

restored BDNF and GDNF levels in spinal cord segments corre-

sponding to pain dermatomes and reversed mechanical allody-

nia,19,27 contrastingly, early-step training has been suggested to

induce BDNF-mediated C-fiber sprouting and mechanical hy-

persensitivity.72 Further, blocking BDNF signaling normalized

FIG. 9. Limited effect of spinal cord injury (SCI) and treadmill training on non-peptidergic IB4+ afferents. Representative images of
isolectin-B4 (IB4)/protein kinase Cc (PKCc) labeled coronal sections of the lumbar (L4-L6) spinal dorsal horn of (A, C) untrained and
(B, D) trained sham and SCI mice, respectively (scale bar, 100 lm). (E) Higher magnification of IB4/PKCc labeling in the dorsal horn at
the interface of lamina IIo and IIi. Most of the IB4 labeling is restricted to areas dorsal to PKCc labeling with some labeling extending
into lamina IIi. (Scale bar, 25 lm) (F) IB4 labeling density in lamina IIi identified by PKCc labeling shows no differences between
groups. IB4 labeling in lamina III/IV is very sparse and barely visible. (G) Quantification of the labeling density relative to untrained
sham animals indicates a slight but insignificant increase in laminae III-IV in SCI animals compared with sham animals and a training-
mediated decrease comparing SCI with SCI+T (analysis of variance, p < 0.05; protected least significant difference **p < 0.01).
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mechanical hypersensitivity.72 Microglia activated by injury re-

lease BDNF and elevated levels of BDNF in the dorsal horn result in

the downregulation of KCC2, reduction of inhibitory synaptic

transmission and enhanced excitatory input.9,73–75 CGRP+ sensory

neurons express the nerve growth factor (NGF) receptor, tropomyosin

receptor kinase A (TrkA)76 and upregulation or overexpression of

NGF after SCI77,78 induces sprouting of peptidergic fibers as well as

hyperalgesia. Since inhibiting TrkA or NGF decreases sprouting of

CGRP+ fibers and attenuates mechanical hyperalgesia after SCI,

training-mediated changes in NGF expression might underlie the re-

duced CGRP-labeling density in the dorsal horn.37,79

Interestingly, similar to human patients, and consistent with

studies in rats,1,19,35,55 only a subset of injured animals developed

chronic signs of mechanical allodynia. As only 20% of injured mice

did not develop mechanical allodynia, the small group size does not

allow for definitive conclusions about the underlying mechanisms.

Lesion size did not differ between animals with and without me-

chanical allodynia (data not shown). However, exploratory analysis

of CGRP-labeling showed a clear trend towards a lower labeling

density in No-Pain animals compared with untrained SCI animals

and was comparable to trained SCI animals. In contrast to me-

chanical allodynia, thermal hypersensitivity was observed even in

mice that did not develop mechanical allodynia (data not shown).

Besides structural differences, inflammatory responses may dis-

tinguish SCI animals with and without pain. Transcriptomics after a

rat contusion SCI revealed increased expression of astrocytic and

pro-inflammatory genes only in the spinal cord of animals that

developed pain.55 Additional studies are warranted to examine the

underlying mechanisms.

In summary, our data indicate that SCI-induced hypersensitivity

is stable in the chronic phase and can be reversed by delayed

treadmill training. Mice displaying signs of CNP show increased

CGRP-labeling in the dorsal horn that is not due to changes in

CGRP expression, suggesting that aberrant plasticity in nociceptive

afferents plays a role in the maintenance of SCI-induced pain.

Furthermore, normalized CGRP fiber density is evident after

training-induced pain amelioration. Thus, sensorimotor activation

can control pain in acute and chronic phases of SCI in mice.
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