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Rehabilitation is important for the functional recovery of patients with spinal cord injury. However,
neurological events associated with rehabilitation remain unclear. Herein, we investigated neuronal
regeneration and exercise following spinal cord injury, and found that assisted stepping exercise of spinal
cord injured rats in the inflammatory phase causes allodynia. Sprague-Dawley rats with thoracic spinal
cord contusion injury were subjected to assisted stepping exercise 7 days following injury. Exercise pro-
moted microscopic recovery of corticospinal tract neurons, but the paw withdrawal threshold decreased
and C-fibers had aberrantly sprouted, suggesting a potential cause of the allodynia. Tropomyosin-related
kinase B (TrkB) receptor for brain-derived neurotrophic factor (BDNF) was expressed on aberrantly
sprouted C-fibers. Blocking of BDNF-TrkB signaling markedly suppressed aberrant sprouting and
decreased the paw withdrawal threshold. Thus, early rehabilitation for spinal cord injury may cause
allodynia with aberrant sprouting of C-fibers through BDNF-TrkB signaling.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Rehabilitation is commonly considered for spinal cord injured
patients. In particular, rehabilitation plays a very important role
in preventing muscle contraction and joint stiffness in patients
with spinal cord injury [1}, leading to an improvement in the qual-
ity of life of the patient. While it may be impossible for patients to
perform voluntary exercise, assisted stepping exercise with partial
weight bearing, referred to as “Body Weight Supported Treadmill
Training (BWSTT)", has been investigated in the clinical setting
{2]. Indeed, it has been demonstrated that BWSTT can improve
the locomotor capacity of spinal transected rats [3]. Our previous
studies also showed that assisted stepping exercise yielded benefi-
cial effects in terms of functional recovery in hindlimb trans-
planted rats [4]. Nonetheless, the significance of such early
rehabilitation in patients following spinal cord injury in the inflam-
matory phase remains unclear, and little is known about the effi-
ciency of early rehabilitation in terms of neurological symptoms.

Herein, we focused on investigating the relationship between
early exercise following spinal cord injury and neuronal regenera-
tion, and found that early assisted stepping exercise for spinal cord
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injured rats promoted neuronal regeneration but caused allodynia
with aberrant sprouting of C-fibers through BDNF-TrkB signaling.

Materials and methods

Rat spinal cord injury model. Adult female Sprague-Dawley (SD)
rats were used. All animal experiments in this study were ap-
proved by the Animal Ethics Review Board of Jichi Medical Univer-
sity, and were performed in accordance with the Jichi Medical
University Guide for Laboratory Animals and followed the princi-
ples of laboratory animal care formulated by the National Society
for Medical Research.

Rats were anesthetized with an intraperitoneal injection of pen-
tobarbital (40 mg/kg). Laminectomy of T9 was performed without
disrupting the dura. Following laminectorny, a bilateral contusion
injury was reliably created by delivering a 200 kdyn (2.00 N) force
directly onto the spinal cord using an Infinite Horizon Impactor
(Precision Systems and Instrumentation, MA). Following impac-
tion, rats were maintained in a pathogen-free room under constant
environmental control and subjected to twice-daily manual blad-
der expressions as necessary until urinary function returned.

Assisted stepping exercise for spinal cord injured rats. Spinal cord
injured rats were subjected to assisted stepping exercise using
the Rodent Robot 3000 (Robomedica, CA) robotic device [3]. This
system consists of a motorized treadmill, a pair of robotic arms,
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and a body weight support system mechanism. The rat steps
bipedally in the device, and robotic arms attached to the lower
shank of each hindlimb force the hindlimb to move with a normal
walking pattern. A body weight support system is used to partially
unload the hindlimb and stabilize the rat during stepping.

Rats were divided according to the absence or presence of exer-
cise. The trained group (n=12) was subjected to exercise, per-
formed for 8 weeks from 1 week after the injury, 10 min per day,
5 days per week. The body weight support system supported 75%
of the animal's body weight. The treadmill speed was 11 cm/s. Rats
belonging to the non-trained group (n = 11) were not subjected to
exercise.

Locomotor assessment. The functional outcomes were assessed
using the Basso, Beattie, and Bresnahan Locomotor Rating Score
(BBB score) for rat hindlimb motor function [5]. The assessment
was performed every week until 9 weeks following the injury.

Measurement of hind paw withdrawal threshold. The hind paw
withdrawal threshold was measured using the von Frey hair test
[6]. Rats were placed in a plastic cage with a wire mesh bottom
that allowed full access to the paws. The paw was touched with
a series of von Frey hairs in ascending order beginning with the
lowest hair. The hair was presented perpendicular to the planter
surface with sufficient force to cause slight buckling against the
paw and held there for 5 5. A withdrawal response was considered
valid only if the hind paw was completely removed from the plat-
form. The test was conducted three times using the same hair
while the withdrawal response was observed. If a withdrawal re-
sponse was not observed, the next largest hair in the series was ap-
plied in a similar manner. When the paw was withdrawn from a
particular hair, the value of that hair in grams was regarded as
the withdrawal threshold. The test was performed six times for
each hind paw, and the median value of the threshold was calcu-
lated for each rat. The test was performed 5 and 9 weeks following
the injury.

Histological assessment. The spinal cords were collected 9 weeks
following the injury. Rats were deeply anesthetized with an intra-
peritoneal injection of pentobarbital and perfused intracardially
using 4% paraformaldehyde in 0.1 M phosphate buffer, and fixed
at 4 °C for 1 h. The spinal cords were then soaked in 20% sucrose
buffer at 4 °C overnight and then in 30% sucrose buffer at 4 °C for
24 h. The spinal cords were embedded in Tissue-Tek® Optimal Cut-
ting Temperature Compound, frozen, and then 6-pm thick axial
sections were cut using a cryostat. To examine the distribution of
corticospinal tract neurons at the L1 level, immunostaining using
anti-Ca**/calmodulin-dependent protein kinase 2 alpha subunit
(CaMK2a) antibodies (diluted 1:500, mouse monoclonal; Zymed,
CA) was conducted with Alexa Fluor® 488-labeled goat anti-mouse
IgG (diluted 1:200; Invitrogen, CA) as secondary antibodies. In an
effort to determine whether CaMK2a* fibers represent regenerat-
ing fibers, anti-growth associated protein 43 (GAP43) antibodies
(diluted 1:1000, rabbit polyclonal; Millipore, MA) were used for
double immunostaining, followed by the respective use of second-
ary antibodies Alexa Fluor® 488-labeled goat anti-mouse IgG (di-
luted 1:200) and Alexa Fluor® 564-labeled goat anti-rabbit 1gG
(diluted 1:200; Invitrogen).

To examine the distribution of C-fibers in the dorsal horn at the
T1 level, immunostaining using anti-calcitonin-gene-related pep-
tide (CGRP) antibodies (diluted 1:2000, rabbit polyclonal; Biomol,
PA) was performed, followed by the use of biotin-labeled goat
anti-rabbit IgG as secondary antibodies. The Vectastain Elite ABC
kit (Vector, CA) was used to visualize the reaction of horseradish
peroxidase (HRP)-labeled reagents with DAB Substrate solution
(Vector). To determine the relationship between CGRP* fibers and
regenerating fibers, double immunostaining was performed using
anti-CGRP (diluted 1:2000) and anti-GAP43 antibodies (diluted
1:10,000, mouse monoclonal; Millipore, MA), coupled with Alexa

Fluor® 488-labeled goat anti-rabbit 1gG (diluted 1:200; Invitrogen)
and Alexa Fluor® 564-labeled goat anti-mouse IgG (diluted 1:200;
Invitrogen) as secondary antibodies, respectively.

To examine expression on GAP43" fibers of the tropomyosin-re-
lated kinase B receptor (TrkB), which is a high-affinity receptor for
BDNF, anti-TrkB antibodies (diluted 1:100, chicken polyclonal IgY:
Promega KK, Japan) were used for the double staining with either
anti-CaMK2a or anti-CGRP antibodies, followed by the respective
use of secondary antibodies Alexa Fluor® 488-labeled goat anti-
mouse IgG (diluted 1:200) for CaMK2a" fibers, Alexa Fluor® 488-1a-
beled goat anti-rabbit IgG (diluted 1:200) for CGRP* fibers, and
Cy3-labeled goat anti-chicken IgY (diluted 1:200; Abcam, Japan)
for TrkB" fibers.

For all immunostaining procedures, sections were incubated
with primary antibodies at 4 °C overnight after blocking non-spe-
cific reactions with 1.5% goat serum in phosphate-buffered saline
(PBS) at room temperature for 1 h. After washing with PBS, speci-
mens were incubated with secondary antibodies at room temper-
ature for 1 h,

TrkB inhibitors. To functionally block BDNF, TrkB Fc chimera
(R&D systems, MN) and pan Trk antagonist K252a (Biomol) were
administered into the injured spinal cord of trained rats. Briefly,
1 week prior to spinal cord injury an intrathecal cannula (0.64-
mm outer diameter, 0.3-mm inner diameter; Alzet, CA) was filled
with PBS and inserted into the intrathecal space via the intralam-
ina space between C1 and C2 such that the tip rested above the
L1 level. Six days following spinal cord injury (1 day before com-
mencement of the stepping exercise), osmotic minipumps (models
2002; Alzet) were filled with TrkB Fc chimera in PBS (3 ug/day,
n=7), K252a in 10% dimethy! sulfoxide (DMSO) in PBS (2 pgfday,
n=7) or PBS (n=7) and connected to the cannula. Continuous
intrathecal infusions and exercise were then performed for
4 weeks.

Statistical analysis. Analysis of the BBB score and hind paw with-
drawal thresholds involved the use of SPSS Statistics 17.0 software
(SPSS Japan Inc., Tokyo, Japan). The Mann-Whitney U test was used
for post hoc comparisons between trained and non-trained groups.
The Dunnett test was employed for post hoc COmparisons among
the three groups for the TrkB signal blocking. Differences between
groups were considered significant when p < 0.05.

Results

Assisted stepping exercise in spinal cord injured rats promotes axonal
regeneration in the corticospinal tract

Spinal cord injured rats were made to walk without weight
bearing on the hindlimb before exercise. The BBB score showed a
gradual improvement in every rat, and all rats of the trained group
(12)and 9 of the 11 rats of the non-trained group walked with full
weight bearing at 9 weeks following the injury. The score of the
trained group was slightly larger than that of the non-trained
group between 6 and 9weeks following the injury (data not
shown).

To determine whether exercise can potentially improve loco-
motor capacity, immunostaining against CaMK2a was used for
assessment of the corticospinal tract fibers at the L1 level. It is well
known that CaMK2a™ fibers represent the descending corticospinal
tract fibers in the ventral aspect of the dorsal funiculus {7]. Dense
CaMKz2a" fibers were distributed in the corticospinal tract of nor-
mal rats (Fig. 1Aa). CaMK2a" fibers disappeared in the corticospinal
tract around 1 week following spinal cord injury (Fig. 1Ab). CaM-
K2a" fibers in the corticospinal tract then appeared again 9 weeks
following the injury, and these were more densely distributed in
the trained group (Fig. 1Ad) compared to the non-trained group
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Fig. 1. Immunohistochemical assessment of the motor system of rats subjected to early rehabilitation following spinal cord contusion injury: (A) Distribution of CaMK2a*
fibers in the corticospinal tract at the L1 level. In normal rats, CaMK2a* fibers were distributed in the corticospinal tract (1), CaMK2a® fibers almost disappeared at 1 week
following the injury (b). CaMK2a® fibers were observed again at 9 weeks following the injury. Ifi comparison to the non-trained group (¢), CaMK2a® fibers were more densely
distributed in the trained group (d). (B) Poor axonal elongation of the L1 corticospinal tract in trained rats at 9 weeks following the injury. Many CaMK2a" fibers were present
in the corticospinal tract (a). High magnification of the dotted box with anti-CaMK2a (b, green) and anti-GAP43 (c, red) antibodies. CaMK2a* fibers were not merged with

GAP43 * fibers (d).

(Fig. 1Ac). These results suggest that the reappearance of CaMK2a
immunoactivity may be associated with regeneration of corticospi-
nal tract neurons. Thus, to further investigate the possibility that
CaMK2a® fibers represent elongated axons, immunoreactivity
against GAP43 was examined because GAP43 is a well-known mar-
ker for elongated axons. The CaMK2a®* fibers did not show immu-
noreactivity against GAP43 in the same specimens (Fig. 1Ba-d).
These results demonstrated that axonal elongation in the cortico-
spinal tract at the L1 level remained poor even after exercise. Thus,
assisted stepping exercise may be associated with an increase of
CaMK2a® fibers in the corticospinal tract with poor axonal
elongation.

Increased axonal sprouting of C-fibers in spinal cord injured rats with
assisted stepping exercise

The trained rats began to hop during the training period and
avoided making contact with their hindlimbs around 4 weeks fol-
lowing the injury. In contrast, the non-trained rats did not avoid
making such contact, These observations suggest that it became
painful for trained rats to make contact with their hindlimbs. To
assess the degree of pain, the hind paw withdrawal threshold
was evaluated using the von Frey hair test. The mean hind paw
withdrawal thresholds were 28.5 +4.6 g (mean + standard error
of mean) in the trained group and 60.1 = 7.6 g in the non-trained
group at 5 weeks following the injury. The threshold of the trained
group was significantly smaller than that of the non-trained group
(p <0.01). At 9 weeks following the injury, the threshold of the
trained group (21.9+ 1.8 g) was also much smaller than that of
the non-trained group {60.1 £ 7.6 g) (p < 0.001). These results dem-
onstrated that assisted stepping exercise decreased the hind paw
withdrawal threshold in spinal cord injured rats, suggesting that
the exercise may cause neuropathic pain, especially allodynia.

The cause of allodynia in spinal cord injury may be associated
with the altered distribution of C-fibers at the dorsal horn. There-
fore, immunostaining against CGRP, known as a marker of C-fibers,
was performed at the T1 level. Immunostaining against CGRP
showed dense immunoreactivity in Rexed's lamina t and 1l [8,9]
of the dorsal horn in all rats (Fig. 2Ba-c). in which C-fibers are

known to innervate [10]; In the trained group, longitudinal CGRP
fibers were present between lamina Il and lamina Ul (Fig. 2Bc).
Longitudinal CGRP* fibers were not observed in normal rats
(Fig. 2Ba)or in non-trained rats (Fig. 2Bb). Immunoreactivity against
GAP43 was present on longitudinal CGRP” fibers (Fig. 2C). These
results demonstrated that CGRP* fibers sprouted into lamina Il as
aresult of exercise. Thus, assisted stepping exercise may exacerbate
allodynia with aberrant sprouting of C-fibers at the dorsal horn.

Implication of TrkB signaling with aberrant axonal sprouting

It has previously been shown that exercise in spinal cord in-
jured rats restores the level of BDNF in the spinal cord {11]. In or-
der to investigate the association between BDNF and the aberrant
sprouting of C-fibers, we performed double immunostaining
against CGRP and TrkB, known to be a high-affinity catalytic recep-
tor for BDNF. Immunoreactivity of TrkB was marked on the longi-
tudinal- CGRP* . fibers (Fig. .3). Therefore, aberrant sprouting of
C-fibers may mediate BDNF-TrkB signaling with exercise.

Functional TrkB blocking decreased neuropathic pain associated with
aberrant sprouting in spinal cord injured rdts with assisted stepping
exercise

To investigate ‘a possible causal relationship between the
BDNF-TrkB signaling pathway and allodynia, the von Frey hair test
was performed again in the presence of TrkB inhibitors. The mean
hind paw withdrawal threshold in the PBS group was significantly
smaller than that of the TrkB Fc and K252a groups at 5 weeks fol-
lowing the injury (Fig. 4A). CGRP immunostaining also showed that
longitudinal immunoreactive fibers in the dorsal horn at the T1 le-
vel were only detected in the PBS group, and not in the TrkB Fc and
K252a groups (Fig. 4B). These results demonstrated that blocking of
BDNF-TrkB signaling provided protection from allodynia and de-
creased aberrant sprouting. of C-fibers in spinal cord injured rats
subjected to assisted stepping exercise.

In the relevant experiments, the motor system was assessed
with or without TrkB inhibitors for the trained rats. The mean
BBB score showed no significant difference among these groups
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Fig. 2. Functional and immunohistochemical assessment of the sensory system of rats subjected to early rehabilitation following spinal cord contusion injury.
(A) Measurement of paw withdrawal threshold using the von Frey hair test. Compared to non-trained rats, the mean paw withdrawal threshold decreased in trained rats at
5 weeks (p < 0.01) and 9 weeks (p < 0.001) following the injury. (B) Distribution of CGRP” fibers in the dorsal horn at the T1 level at 9 weeks following the injury. CGRP" fibers
were distributed in lamina ! and Il at the dorsal horn of normal rats (a). In non-trained rats, CGRP' fibers were distributed in lamina I and If in a manner similar to that
observed for normal rats (b). A langitudinal CGRP" fiber located between lamina it and 1il in the trained group {c). Dotted boxes in the upper panels correspond to the areas
shown in the lower panels. (C) Double immunostaining against CGRP {green) and GAP43 (red) at 9 weeks following the injury in trained rats. The dotted box in panel (a) is
magnified for (b-d). A longitudinal CGRP" fiber is shown between lamina 1l and Ilf in the dorsal horn (a,b). Many GAP43” fibers were present in the dorsal horn (c). The

longitudinal CGRP* fiber was GAP43-positive (d, arrows).

(Fig. 4C). Immunostaining against CaMK2a on the corticospinal
tract at the L1 level revealed no obvious difference in the distribu-

A B

Fig. 3. TrkB expression on aberrant C-fibers in trained rats. The dotted box in{A}is
magnified for (B-D). A longitudinal CGRP" fiber (green) is shown between lamina Il
and 11l (A.B). A few TrkB" fibers (red) were present in the dorsal horn (C). The
longitudinal CGRP" fiber was TrkB-positive (D, arrows).

tion of immunoreactive fibers among these groups (Fig 4D). There-
fore, the motor system of spinal cord injured rats subjected to
assisted stepping exercise was less affected by BDNF-TrkB
signaling.

Discussion

The remarkable features presented in this study include the
observations that (1) assisted stepping exercise in the inflamma-
tory phase following spinal cord injury promoted neuronal regen-
eration and neuronal circuit formation, (2) the presence of
allodynia was accompanied by aberrant sprouting of C-fibers, and
(3) aberrant sprouting of C-fibers was mediated by BDNF-TrkB
signaling.

Rehabilitation should have the potential to repair injured spinal
cord as shown in previous studies [11-13]. Our studies also sup-
ported the notion that assisted stepping exercise could promote
the repair of corticospinal tract neurons in spinal cord injury. How-
ever, we found that the trained rats were subject to greater pain at
their hindlimbs and showed a decreased hind paw withdrawal
threshold with aberrant sprouting of C-fibers compared to
non-trained rats. In fact, a decreasing paw withdrawal threshold
represents a major clinical finding in relation to the development
of neuropathic pain, especially allodynia {6]. While it has been
suggested that allodynia can develop by sprouting C-fibers to the
deep layer at the dorsal horn following spinal cord injury [14],
our trained rats were also subject to enhanced neuropathic pain
with aberrantly sprouted C-fibers.
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Fig. 4. Functional blocking of BDNF-TrkB signaling in trained rats. (A) Measurement of the mean paw withdrawal threshold using the von Frey hair test in the presence of
TrkB-signal inhibitors. p < 0.01, TrkB Fc vs. PBS; p <0.01, K252a vs. PBS. (B) Distribution of CGRP* fibers in the dorsal horn at the T1 level at 5 weeks following the injury.
Dotted boxes in the upper column correspond to the areas shown in the lower column. A lpngitudinal CGRP” fiber was only observed in the PBS group, and not in the TrkB Fc
and K252a groups. (C) Measurement of motor function using the BBB score. There was no significant difference in the mean BBB score among the three groups. (D}
Distribution of CaMK2a® fibers in the corticospinal tract at the L1 level at 5 weeks for trained rats following the administration of TrkB inhibitors, A similar distribution of

CaMK2a" fibers was observed for the three groups.

Factors that mediate the repair of an injured spinal cord with
rehabilitation remain unknown. Ying et al. {11] demonstrated that
voluntary exercise restored decreased levels of BDNF and increased
synaptic plasticity. BDNF-TrkB signaling has been associated with
axonal elongation and sprouting. Although it has been demon-
strated that TrkB is expressed on A-fibers but not on C-fibers in
normal rats [15], our extensive immunohistochemical findings
showed that longitudinal sprouted C-fibers expressed TrkB. There-
fore, increased levels of BDNF and TrkB expression on C-fibers may
facilitate the sprouting of C-fibers, leading to neuropathic pain in
spinal cord injured rats during early rehabilitation.

Our studies also demonstrated that aberrant sprouting of C-fi-
bers and neuropathic pain with exercise were suppressed by the
in vivo administration of TrkB Fc chimera or K252a. Three TrkB iso-
forms have been identified [16,17], and the full-length isoform (TrkB
[FL}) possesses an intracellular tyrosine kinase domain that is asso-
ciated with neuronal survival and differentiation [18]. In contrast,
truncated isoforms (TrkB-T1 and TrkB-T2) lack tyrosine kinase
activity but regulate calcium influx [17]. Since K252a can block
tyrosine kinase activity, our results using blocking reagents strongly
suggest that aberrant sprouting of C-fibers mediate TrkB {FL].

In conclusion, a rat early rehabilitation mode] following spinal
cord contusion injury showed enhanced microscopic neuronal
regeneration. However, subjecting injured rats to exercise also pro-
moted aberrant sprouting of C-fibers through BDNF-TrkB signal-
ing, leading to neuropathic pain. Thus, it is important to
commence the treatment of patients with spinal cord injury so that
the appropriate neural circuit can be formed without aberrant ax-
onal sprouting. Blocking of BDNF-TrkB signaling may provide a
useful adjunctive strategy in the clinical rehabilitation of patients
with spinal cord injury.
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