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Abstract

Activity-based therapy is routinely integrated in rehabilitation programs to facilitate functional recovery after spinal cord

injury (SCI). Among its beneficial effects is a reduction of hyperreflexia and spasticity, which affects *75% of the SCI

population. Unlike current anti-spastic pharmacological treatments, rehabilitation attenuates spastic symptoms without

causing an active depression in spinal excitability, thus avoiding further interference with motor recovery. Understanding

how activity-based therapies contribute to decrease spasticity is critical to identifying new pharmacological targets and to

optimize rehabilitation programs. It was recently demonstrated that a decrease in the expression of KCC2, a neuronal Cl–

extruder, contributes to the development spasticity in SCI rats. Although exercise can decrease spinal hyperexcitability

and increase KCC2 expression on lumbar motoneurons after SCI, a causal effect remains to be established.

Activity-dependent processes include an increase in brain-derived neurotrophic factor (BDNF) expression. Interestingly,

BDNF is a regulator of KCC2 but also a potent modulator of spinal excitability. Therefore, we hypothesized that after SCI,

the activity-dependent increase in KCC2 expression: 1) functionally contributes to reduce hyperreflexia, and 2) is regu-

lated by BDNF. SCI rats chronically received VU0240551 (KCC2 blocker) or TrkB-IgG (BDNF scavenger) during the

daily rehabilitation sessions and the frequency-dependent depression of the H-reflex, a monitor of hyperreflexia, was

recorded 4 weeks post-injury. Our results suggest that the activity-dependent increase in KCC2 functionally contributes to

H-reflex recovery and critically depends on BDNF activity. This study provides a new perspective in understanding how

exercise impacts hyperreflexia by identifying the biological basis of the recovery of function.
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Introduction

Activity-based therapies promote sensorimotor recovery

after spinal cord injury (SCI) and are routinely integrated in

rehabilitation programs in the clinic. Among its beneficial effects is

a decrease in spasticity that reduces incapacitating symptoms and

significantly improves the quality of life of individuals with SCI.1,2

Spasticity is a debilitating condition affecting *75% of persons

with SCI.3–5 Currently available anti-spastic drugs have serious

side effects (sedation, dizziness, deep long-lasting depression of

spinal excitability) that significantly reduce muscle activity and

interfere with motor recovery.6–9 There is therefore a critical need

to identify new targets to diminish spasticity without hindering

motor output.

Evidence-based clinical practice highlights the beneficial effect

of rehabilitation programs on spastic symptoms,1,2 suggesting the

involvement of a potent activity-dependent mechanism. To date,

the most compelling findings indicate a critical role for brain-

derived neurotrophic factor (BDNF) in promoting activity-

dependent plasticity. BDNF is released in an activity-dependent

manner10 and its contribution to functional plasticity in the healthy

and injured spinal cord has been extensively studied.11,12 Exercise

increases BDNF serum levels in individuals with SCI.13 While the

consequences of this activity-dependent increase remains to be

determined in humans, experiments performed in animal models

suggest that it is associated with an enhanced response of lumbar

motor pools to descending drive, normalization of motoneuronal

electrophysiological properties, reduction in allodynia, and im-

provement in spinal reflex modulation and locomotor recovery.14–17

BDNF acts as a regulator of the K+-Cl– co-transporter KCC2

in various disease models including neuropathic pain and

hyperalgesia.18–22 After chronic SCI, KCC2 is downregulated

in spinal neurons causing an increase in intracellular chloride

concentration ([Cl–]i). Consequently, gamma-aminobutyric

acid (GABA)-mediated responses become less hyperpolarizing,

and lead to a reduction in post-synaptic inhibition and increased
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spinal reflex excitability.23–25 Exercise increases both BDNF and

KCC2 levels in the lumbar spinal cord after a chronic SCI in ani-

mals that display less spasticity and better reflex modulation.17,26

Although it is generally accepted that activity-based therapies in-

crease KCC2 expression in lumbar motoneurons,26–28 the potential

contribution to functional recovery remains to be determined.

Mechanisms of activity-dependent regulation of KCC2 and

subsequent shift in EGABA include TrkB activation by BDNF.29–32

In the hippocampus, the regulation of KCC2 following neonatal

status epilepticus is dependent on BDNF and accompanied by in-

creased KCC2 expression, enhanced neuronal Cl– extrusion, and

hyperpolarized EGABA.33,34 We therefore hypothesized that the

beneficial effect of rehabilitation on the modulation of spinal re-

flexes relies on a BDNF-dependent increase in KCC2 expression in

motoneurons and the restoration of endogenous inhibition.

Adult rats received a spinal transection (T12), and were exer-

cised on motorized bikes for 4 weeks. During this exercise period,

animals were treated with the specific KCC2 blocker VU0240551

or TrkB-IgG to chelate BDNF. During a terminal experiment,

H-reflexes were recorded and analyzed as a measure of hyperre-

flexia and spasticity. Our data illustrate that preventing KCC2 ac-

tivity during exercise impedes reflex recovery after SCI and that the

upregulation of KCC2 expression triggered by exercise requires

BDNF to restore reflex modulation. These results strongly suggest

the presence of activity-dependent mechanisms involved in the

regulation of chloride co-transporters in the spinal cord and dem-

onstrate their involvement in functional recovery after SCI. This

further lends support for chloride co-transporters as effective tar-

gets to improve motor recovery after SCI.

Methods

Experimental design

In an SCI rat model of complete thoracic transection injury
(T12), we investigated the role of KCC2 in motor recovery after a
chronic SCI and its dependence on the activity-dependent regula-
tion of BDNF in the lumbar spinal cord by using VU0240551, a
selective inhibitor of KCC2, or chelating the endogenously released
BDNF with the fusion protein TrkB-IgG. Both were delivered in-
trathecally during the rehabilitation program. Rats were randomly
assigned to one of the following groups: 1) intact (n = 11); 2) SCI
sedentary control rats receiving the vehicle (SCI, n = 14); 3) SCI
rats receiving the KCC2 blocker VU0240551 (SCI+VU0240551,
n = 8); 4) SCI rats receiving the BDNF scavenger TrkB-IgG
(SCI+TrkB-IgG, n = 9); 5) SCI bike-trained rats receiving the vehicle
(SCI+Ex, n = 14); 6) SCI bike-trained rats receiving VU0240551
(SCI+Ex+VU0240551, n = 14); and 7) SCI-bike-trained rats re-
ceiving TrkB-IgG (SCI+Ex+TrkB-IgG, n = 11). Hyperreflexia was
assessed 4 weeks after SCI and the spinal cord tissue was harvested
for immunohistochemistry or western blot analysis.

All procedures complied with Animal Research: Reporting of
In Vivo Experiments (ARRIVE), were conducted in compliance
with the guidelines of the National Institutes of Health for the care
and use of laboratory animals, and were approved by Drexel Uni-
versity Institutional Animal Care and Use Committee.

Surgical procedures and postoperative care

Adult female Sprague-Dawley rats (225–250 g, Charles Rivers
Laboratories) were used in this study and the time line for proce-
dures is illustrated in Figure 1A. Rats were housed by pairs in cages
in a 12-h light-dark cycle and controlled room temperature with ad
libitum access to food. All animals but the intact group underwent a
complete spinal cord transection at T12 under aseptic conditions as
described previously.26

Briefly, rats were anesthetized with isoflurane (1–4%) and their
backs were shaved, cleansed, and disinfected. Body temperature was
maintained at *37�C throughout the surgical procedure and post-
surgical recovery. A laminectomy (T10–T11) was performed, the
dura slit opened, and a 2-mm cavity created by aspiration. A second
laminectomy was also performed (L2) and the proximal end of an
intrathecal catheter (Alzet�, Durect Corporation) was threaded ros-
trally in the subdural space over an *10 mm distance. The catheter
was secured and glued onto a dry, clean transverse process and the
distal end coupled to a programmable microinfusion pump (iPrecio�,
Durect Corporation).35 The pump reservoir was filled with saline and
the drug delivery program activated. Back muscles were sutured in
layers leaving the distal end of the catheter exiting between two su-
tures. The pump was positioned subcutaneously (s.c.) just below the
shoulder blades and sutured to back muscles. The remaining portion
of tubing was coiled for stress relief and the skin closed with staples.
The completeness of the lesion was recognized by the retraction of
the rostral and caudal portions of the spinal cord and inspection of the
ventral floor of the spinal canal during the surgery and confirmed post-
mortem. The animals were given saline (5 mL/day s.c. for 3 days) to
avoid dehydration, prophylactic cefazolin (160 mg/kg/day s.c. for 7
days) and slow-release buprenorphine (0.05 mg/kg, s.c., single dose)
as an analgesic for pain control. Bladders were expressed manually
twice a day until the end of the study.

Drug delivery

KCC2 activity was blocked using VU0240551 (Sigma-Aldrich).
VU0240551 was re-suspended in dimethyl sulfoxide (DMSO) as a 50-
mM stock solution, and was later diluted in saline to the appropriate
concentration. Recombinant human TrkB Fc chimera protein (TrkB-
IgG; R&D Company), used to chelate the endogenously released
BDNF, was diluted in phosphate-buffered saline (PBS). Parameters
for drug delivery (dose, volume, time to reach maximal effect at the
time of training) were consistent with previous reports.28,36–38 The
specific delivery protocol and dosage are described in Figure 1B.

Rehabilitation program

Beginning on day 5, exercised groups received a 60-min bicy-
cling session. Animals were seated in a support harness with the
hindlimbs hanging while the feet were secured to pedals with
surgical tape (Fig. 1C). The custom-built motor-driven apparatus
moves the hindlimbs through a complete range of motion during
pedal rotation at a rate of 45 rpm17,26,39 and triggers rhythmic ac-
tivity in flexors and extensors (Fig. 1D).39 The rehabilitation pro-
gram took place 5 days a week until completion of the study.

Electrophysiological recordings and analysis

H-reflex recordings were performed 4 weeks post-SCI as de-
scribed previously.17,26 Rats were anesthetized with ketamine
(60 mg/kg) and xylazine (10 mg/kg) administered intraperitoneally
(i.p.). The tibial nerve was dissected free and mounted on a bipolar
hook electrode for stimulation. Skin flaps were used to form a pool
of mineral oil to prevent desiccation of the nerve. Bipolar wire
electrodes (Cooner Wire) were inserted into the interosseus mus-
cles for electromyogram (EMG) recordings and the ground elec-
trode inserted into the skin of the back. H-reflexes were evoked via
an isolated pulse stimulator (A-M Systems) that delivered single
bipolar pulses (100 lsec) to the tibial nerve, and H- and M-waves
were recorded in the interosseus muscle in response to a range of
increasing stimulus intensities. The intensity that elicited the
maximal H-reflex amplitude (below the activation threshold for
group Ib–II afferents, *1.2–1.4 MT) was then used to determine
the properties of the M-wave and H-reflex as well as to evoke
frequency-dependent depression (FDD). FDD was estimated using
three series of 20 consecutive stimulations delivered at 0.3, 5, and
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10 Hz. The experiment was first completed on the left leg, and the
protocol then was performed on the right leg.

EMG recordings were amplified (A-M Systems) and bandpass
filtered (10–5 kHz), and the signal was digitized (10 kHz) using
a 1401 interface (Cambridge Electronic Design, CED) and fed to
a computer running Signal 5 software (CED). Properties of the
M-wave and H-reflex (n = 8–13 animals/group, Table 1) are pre-
sented as mean – standard error of the mean (SEM). For the analysis

of the FDD, the first five responses to a train of stimulation were
discarded to allow reflex stabilization. The 15 remaining responses
were then averaged. Peak-to-peak amplitude of the M and H re-
sponses were measured and the H-reflex amplitude was normalized
to Mmax. The change in H-reflex peak-to-peak response at 5 Hz and
10 Hz was calculated as a percentage of the response obtained at
0.3 Hz. FDD data (n = 8–13 animals/group) are presented as
mean – SEM.

FIG 1. Experimental time line. (A) The surgical procedure took place on day 1. During the procedure, a complete SCI was performed
at the thoracic level (T12). An intrathecal catheter was also implanted subdurally and fitted to a programmable microinfusion pump
(iPrecio�) to deliver drugs to the lumbar enlargement of the spinal cord. During the post-SCI recovery period (*4 days), saline was
continuously delivered at a steady flow rate (3 lL/h) to prevent blockage of the tip of the cannula. The iPrecio� Management System
calculates the time at which the reservoir needs to be emptied from saline and re-filled with drug so as to reach the tip of the cannula
30 min prior to the first rehabilitation session. The saline remaining in the reservoir was then replaced through the subcutaneous port
with the vehicle (10% DMSO in saline) for SCI controls, VU0240551 (30 lM) or TrkB-IgG (10 lg/mL in phosphate-buffered saline).
(B) The pumps were programmed on a variable 24-h delivery schedule. Delivery started 30 min before the exercise session at a flow rate
of 16 lL/h for 30 min followed by a 4 lL/h maintenance dose during the 60-min training session. Drug delivery was tapered off during
the remaining 22.5 h to 0.2 lL/h, the lowest delivery flow to prevent clogging of the catheter. (C) Exercised groups received a 60-min
bicycling session during which the hindlimbs go through a complete range of motion at a rate of 45 rpm. Sedentary animals are also
seated on the apparatus for 60 min. (D) Example of EMG activity recorded during cycling. DMSO, dimethyl sulfoxide; EMG,
electromyogram; SCI, spinal cord injury.
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After completion of the terminal experiment, rats were overdosed
with Euthasol (390 mg/kg sodium pentobarbital and 50 mg/kg phe-
nytoin, i.p.) and the animal was either transcardiacally perfused with
cold saline followed by 4% paraformaldehyde in PBS or fresh tissue
was extracted for western blotting.

Extraction of fresh tissue and western blotting

Blocks of spinal tissue (L4–L5) were lysed in modified radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris buffer pH
6.8, 1% Triton-X, 0.1% sodium dodecyl sulfate [SDS], 1 mM di-
thiothreitol [DTT], 0.5% deoxycholate, 150 mM NaCl) containing
protease and phosphatase inhibitors (Roche), 2 mM phenylme-
thylsulphonyl fluoride (PMSF), and 1 mM NaF. Protein concen-
tration was determined using a bicinchoninic acid (BCA) protein
assay kit (Pierce). Samples (30 lm of total protein) were subjected
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (10–16%
gels for BDNF, 4–20% gradient TGX gels [Biorad] for KCC2/
NKCC1). Antibodies were targeted against KCC2 (1:1000, Milli-
pore, 07-4432), BDNF (1:1000; Santa Cruz Biotechnologies, sc-
546), or mouse T4 monoclonal antibody against NKCC (1:1000,
Developmental Studies Hybridoma Bank), followed by incubation
with HRP-conjugated secondary antibody ( Jackson Immuno-
Research). The optical densities of protein bands correspond-
ing to BDNF (18 to 27 kDa), KCC2 (*140 kDa), and NKCC1
(145 kDa) were further quantified using Image J.17,26 Values for
each sample were averaged, normalized to actin, and combined for
each group. Western blot data (n = 6–11/group) is presented as a
ratio of the intact group.

Tissue preparation and immunohistochemistry

Spinal cord tissue was post-fixed overnight at 4�C, transferred to
30% sucrose for cryoprotection, and cut transversally (40 lm sec-
tions) using a cryostat. Free-floating sections were permeated in
PBS containing 5% donkey serum and 0.1% Triton X-100 for 1 h at
room temperature and were incubated with antibodies targeted
against KCC2 (1:1000; Millipore) and ChAT (1:100, Millipore)
for 24 h. After brief washes in PBS, spinal cord sections were
incubated in secondary antibody conjugated to fluorescein iso-
thiocynate (FITC) and rhodamine (1:400; Jackson Immuno-
Research) for 2 h at room temperature.

Stacked images of motoneurons (40 lm sections) were acquired
with a spectral confocal and multi-photon system (Leica TCS SP2).
Only motoneurons showing a clear nucleus were scanned. The fluo-
rescence intensity of KCC2 immunolabeling on the plasma mem-
brane of motoneurons (identified by ChAT+, typical large size, and
location within the ventral horn) was measured by averaging the
integrated area of the density curve obtained by drawing three lines
across each motoneurons (six data points) using ImageJ software.26,40

A minimum of 15 lumbar motoneurons were averaged per group.

Statistical analysis

Significant differences for the properties of the M-wave and
H-reflex as well as immunoblotting data were determined by either
using a one-way analysis of variance (ANOVA) followed by the
Holm-Sidak multiple comparisons post hoc test, or a Kruskal-
Wallis one-way ANOVA on ranks followed by Dunn’s method if
the sample variables did not fit a normal distribution (Shapiro-
Wilk) or were not equally variant (Brown-Forsythes). Significant
effects on the amplitude of the H-reflex by stimulation frequency
and treatment group for the FDD were determined by a two-way
ANOVA followed by the Holm-Sidak post hoc test, and the pos-
sible interaction of these factors with the variable was determined.
Linear regression analysis was used to correlate NKCC1 to KCC2
and KCC2 to BDNF protein levels obtained by western blotting. All
data are presented as mean – SEM. Statistical analysis was per-
formed using Sigma Plot software 14.0 and statistically significant
levels were set to p < 0.05.

Results

KCC2 activity is required for H-reflex recovery
after chronic SCI

SCI induces a reduction in KCC2 expression in the lumbar en-

largement of the spinal cord that is associated with the establish-

ment and maintenance of spasticity after SCI.24 Our earlier findings

illustrate that motor training prevents the injury-induced decrease

in KCC2 expression on lumbar motoneurons and reduces spastic-

ity,26 but a causal relationship remained to be established. We

therefore hypothesized that the decrease in hyperreflexia triggered

by exercise requires KCC2 activity in spinal motoneurons. We

developed an intrathecal catheter delivery method to assess the

effect of pharmacological inhibition of KCC2 on activity-

dependent H-reflex recovery after SCI. KCC2 activation was

specifically prevented/decreased during the daily rehabilitation

sessions (Fig. 1B) for 4 weeks post-SCI, at which time the prop-

erties of the H-reflex as well as its modulation were assessed. Be-

cause of its monosynaptic nature, the location of the neuroplasticity

triggered by the injury and/or inhibition is limited to primary af-

ferent from group Ia fibers, a-motoneuron, and their synaptic

connection. In response to a tibial nerve stimulation, two successive

responses can be recorded from the interosseous muscle: the M-

wave results from the direct activation of motor axons, whereas the

H-reflex is evoked by the activation of Ia afferents that form a

monosynaptic connection with motoneurons (Fig. 2A).

The recruitment curve was used to determine the amplitude of the

maximal M-wave (Mmax), the response of all motor units with su-

pramaximal stimulation of axons of the tibial nerve, and of the

maximal H-reflex amplitude (Hmax). To assess the relative proportion

Table 1. Properties of the M-Wave and H-Reflex: Latency, Amplitude, and Threshold

N = Motor threshold Mmax Hmax M latency H latency H-reflex threshold Hmax

(mA) (mV) (mV) (msec) (msec) (x MT) (xMT)

Intact 11 0.013 – 0.003 9.71 – 1.40 3.38 – 0.78 2.46 – 0.11 9.35 – 0.50 1.76 – 0.19 1.76 – 0.19
SCI 11 0.019 – 0.002 6.79 – 0.53 2.71 – 0.34 2.38 – 0.08 8.84 – 0.18 0.94 6 0.02*** 1.38 – 0.13
SCI + Ex 9 0.017 – 0.002 5.22 – 0.57 2.29 – 0.34 2.19 – 0.08 8.80 – 0.16 1.09 – 0.05 1.49 – 0.08
SCI + VU0240551 8 0.019 – 0.004 7.77 – 1.33 2.59 – 0.68 2.22 – 0.08 8.65 – 0.19 1.11 6 0.11* 1.58 – 0.08
SCI + Ex + VU0240551 13 0.019 – 0.003 7.64 – 0.99 3.96 – 0.65 2.50 – 0.09 8.69 – 0.18 1.10 6 0.04* 1.37 – 0.08
SCI + TrkBIgG 9 0.018 – 0.003 6.77 – 0.58 2.13 – 0.31 2.49 – 0.06 8.95 – 0.13 1.05 6 0.05* 1.52 – 0.08
SCI + Ex + TrkBIgG 11 0.024 – 0.005 6.59 – 1.25 3.35 – 0.75 2.37 – 0.08 8.84 – 0.17 0.99 6 0.04** 1.42 – 0.18

***P < 0.001, **p < 0.01, *p < 0.05 vs. intact.
Values are mean/–/SEM.
MT, motor threshold, SCI, spinal cord injury; SEM, standard error of the mean.
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of motoneurons recruited through the monosynaptic reflex loop

versus the activation of the entire motor pool, the Hmax/Mmax ratio

was also calculated. The Hmax/M ratio was also used to evaluate the

relative activation of the motor pool required to reach maximal reflex

amplitude. Neither SCI nor VU0240551 affected the M-wave or H-

reflex latency, the amplitude of the maximal M-wave (Mmax) and H-

reflex (Hmax), the stimulation intensity at which Hmax is evoked, or the

stimulation threshold to evoke a M-wave (Table 1). However, re-

habilitation prevented the decrease in the stimulation intensity re-

quired to evoke a H-reflex after SCI. More importantly, blocking

KCC2 activity prevented the effect of exercise with H-reflex

thresholds similar to unexercised SCI but significantly lower than

intact. Together, these results suggest that the decrease in H-reflex

excitability triggered by exercise after a chronic SCI requires KCC2

activity.

After SCI, the excitability of the spinal cord gradually increases as

a result of the injury. The transition to a state of hyperreflexia is well

established by 1 month after SCI41,42 and the reduction in the low

frequency-dependent depression (FDD) of the H-reflex is widely

accepted as a reliable correlate of spasticity.24,43,44 The improvement

in FDD observed in exercised animals after SCI is characterized by

the presence of a clear depression following a series of stimulations

at 10Hz (Fig. 2D) that is similar to intact animals (Fig. 2B), while the

depth of the modulation is much shallower in an animal not under-

going a rehabilitation program (Fig.2C). VU0240551 prevented the

activity-dependent recovery triggered by exercise and the FDD was

very modest (Fig. 2E). If some level of H-reflex modulation is still

present after SCI regardless of exercise or VU0240551, as all groups

displayed a decrease in H-reflex amplitude as the stimulation fre-

quency increased, there was a remarkable difference in the depth of

modulation across groups (Fig. 3A–E). Figure 3F shows the aver-

aged FDD for each group at each frequency expressed as a per-

centage of the response at 0.3 Hz, a frequency at which there is no or

little depression of the H-reflex.

Higher H-reflex amplitude depicts less depression of the re-

flex. A two-way ANOVA revealed statistically significant dif-

ferences across stimulation frequency (F[4,215] = 284.923,

p < 0.001) and across experimental groups (F[4,215] = 17.183,

p < 0.001) with a significant interaction between frequency and

groups (F[8,215] = 4.393, p < 0.001). Post hoc comparisons sug-

gested that 5 and 10 Hz values were different from 0.3 Hz values in

all groups ( p < 0.001). The FDD drastically decreased after SCI

with the amplitude of the H-reflex increasing from 13 – 3% to

57 – 7% at 5 Hz and from 6 – 2% to 46 – 6% at 10 Hz. Rehabilita-

tion prevented this decrease with values not significantly different

from uninjured animals at 5 Hz and 10 Hz (24 – 2% and 6 – 2%,

respectively), but considerably lower (i.e., more depression) than

SCI. Blocking KCC2 prevented the recovery of FDD observed in

exercised animals. VU0240551 significantly decreased the de-

pression observed in exercised animals, which had a FDD similar to

SCI at 5 Hz and 10 Hz (47 – 6% and 40 – 6%).These results suggest

that exercise failed to return H-reflex modulation after a chronic

SCI when KCC2 could not be activated during training.

The Hmax/Mmax ratio, which estimates the fraction of moto-

neurons recruited relative to the activation of the entire motor pool,

was also significantly different across groups (F[4,52] = 5.234,

p < 0.001). Blocking KCC2 during rehabilitation sessions pre-

vented the activity-dependent decrease in the Hmax/Mmax ratio with

SCI+Ex+VU0240551 animals displaying similar values to SCI but

significantly higher than exercised and intact (Fig. 3G). This further

supports that KCC2 activity is required for the activity-dependent

decrease in spinal hyperexcitability.

BDNF activity is required for H-reflex recovery
after chronic SCI

Because BDNF-TrkB signaling is known as a potent regulator of

KCC2 in neurons,18–20,45 we sought to further consider a causal

FIG. 2. Representative recordings of H-reflexes evoked by a train of stimulation to the tibial nerve in the interosseus muscle. (A) The
stimulation of the tibial nerve evokes a volley in Ia afferents (solid pink arrows) that monosynaptically excite alpha motoneurons. The
M-wave (green arrow) precedes the H-reflex (dotted pink arrow) and is due to the direct activation of motor axons. (B–F) Typical EMG
recordings over a series of 20 stimulations to the tibial nerve illustrating that during a 10-Hz stimulation train, the depression of the
H-reflex is impaired after SCI (C) as compared with intacts (B) but is substantially restored in exercised animals (D). However, the
exercised groups that received VU0240551 (E) or TrkB-IgG (F) during the daily rehabilitation session exhibited a very modest
depression as compared with exercised animals. Overall, blocking KCC2 or BDNF activity in exercised animals (E–F) yields responses
similar to non-exercised SCI (C). EMG, electromyogram; SCI, spinal cord injury.
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FIG. 3 The activity-dependent recovery of the FDD in exercised animals is prevented by blocking KCC2 activity or scavenging BDNF after
SCI. (A–E) Averaged H-reflex traces (n > 15) evoked by the stimulation of the tibial nerve at 0.3 Hz (black), 5 Hz (dark gray), and 10 Hz (light
gray). Increasing stimulus frequency from 0.3 Hz to 10 Hz decreased H-reflex amplitude in all animal groups. (F) There was a statistically
significant difference across stimulation frequency ( p < 0.001) and across experimental groups ( p < 0.001), and the interaction between
frequency and groups was also significant ( p < 0.001). H-reflexes were significantly smaller at 5 Hz and 10 Hz as compared with 0.3 Hz in all
groups. The FDD drastically decreased after SCI (blue; see also B) with the amplitude of the H-reflex increasing from 13 – 3% in intact animals
to 57 – 7% in SCI at 5 Hz ( p < 0.001) and from 6 – 2% to 46 – 6% at 10 Hz ( p < 0.001). Rehabilitation prevented this decrease with values not
significantly different from uninjured animals at 5Hz (24 – 2%; p = 0.358) and 10 Hz (6 – 2%; p = 0.653) (green; see also C), but displayed
considerably more depression than SCI at both stimulation frequencies ( p < 0.001).
VU0240551 prevented the recovery of FDD (pink; see also D) observed in exercised animals. SCI+Ex+VU0240551 had FDDs similar to SCI at
5 Hz (47 – 6%; p = 0.317) and 10 Hz (40 – 6%; p = 0.650), but the depression was significantly lower than in exercised animals in which KCC2
activity was not blocked ( p = 0.002 and p < 0.001 respectively). Scavenging BDNF also prevented the activity-dependent recovery of the FDD
(black; see also E) at 5 Hz and 10 Hz ( p < 0.001) with values similar to sedentary SCI controls at 5 Hz ( p = 0.951) and 10 Hz ( p = 0.986) and
SCI+Ex+VU0240551 ( p = 0.309 and p = 0.778, respectively). Data are presented as mean – SEM expressed as a percentage of the response
obtained at 0.3 Hz. ***P < 0.001. Two-way ANOVA analysis with Holm-Sidak post hoc test, n = 9–11 animals/group. (G) The Hmax/Mmax ratio
was also significantly different across groups ( p < 0.001). Post hoc analysis revealed that SCI increases the Hmax/Mmax ratio (p < 0.027). Exercise
restored Hmax/Mmax, which was lower than SCI values ( p = 0.045) but similar to intact ( p = 0.986). VU0240551 prevented the activity-
dependent decrease in the Hmax/Mmax, which was not different from SCI ( p = 0.980) but were significantly higher than exercised SCI ( p = 0.041)
and intact ( p = 0.021). Scavenging BDNF also prevented the activity-dependent decrease in the Hmax/Mmax ratio ( p = 0.033) with values similar
to SCI ( p = 0.974) and SCI+Ex+VU0240551 ( p = 0.858). For illustration purposes, significance is illustrated for 10 Hz only. Hmax/Mmax ratios
are presented as mean – SEM. *P < 0.05. One-way ANOVA analysis with Holm-Sidak post hoc test (n = 9–11 animals/group). ANOVA,
analysis of variance; BDNF, brain-derived neurotrophic factor; FDD, frequency-dependent depression; SCI, spinal cord injury; SEM, standard
error of the mean.
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relationship between the upregulation of BDNF and KCC2. If such

a link exists after chronic SCI, preventing BDNF action, specifi-

cally during the training session, should prevent both the increase

in KCC2 expression and the exercise-dependent recovery of the

H-reflex modulation. We first examined the effect of the BDNF-

sequestering TrkB-IgG on H-reflex properties.

Similar to what we observed when blocking KCC2 activity,

chelating endogenous BDNF did not modify any features of the H-

reflex but for the stimulation threshold to initiate a response

(Table 1). TrkB-IgG prevented rehabilitation to restore the stimu-

lation intensity required to initiate an H-reflex close to intact levels,

and this group displayed values similar to the SCI group and sig-

nificantly lower than intact. This suggests that the decrease in

H-reflex excitability triggered by exercise after SCI not only re-

quires KCC2 activity, but also BDNF signaling. Scavenging BDNF

also prevented the activity-dependent decrease in the Hmax/Mmax

ratio with values similar to SCI and SCI+Ex+VU0240551 (Fig. 3G).

Similar to VU0240551 (Fig. 2E), TrkB-IgG prevented the

activity-dependent recovery triggered by exercise and the FDD was

very modest (Figs. 2F and 3E). Overall, scavenging BDNF sig-

nificantly prevented the activity-dependent recovery of the FDD

(Fig. 3F) (5 and 10 Hz, p < 0.001) and H-reflex amplitude values

were no different from unexercised SCI or exercised animals that

had received VU0240551. This provides evidence that rehabilita-

tion fails to reduce hyperexcitability in spinal networks after SCI

when BDNF activity was prevented. Blocking BDNF or KCC2

activity yielded very comparable results.

Blocking KCC2 or scavenging BDNF after SCI does
not affect hyperreflexia in unexercised animals

To exclude any confounding factor and verify that the results

observed are not simply due to the effect of the drugs on spinal

networks, rather than blocking the exercise-dependent recovery of

the H-reflex modulation, we assessed if there was any effect of

blocking KCC2 or BDNF activity in unexercised SCI rats. When

comparing SCI animals that received VU0240551 or TrkB-IgG

with animals that received the vehicle, none of the general features

of the M-wave and H-reflex were significantly altered 4 weeks post-

SCI (Table 1). These results suggest that, at this dose, drugs alone

had no effect on spinal excitability when no rehabilitation program

was implemented. Similarly, the modulation of the H-reflex was not

different after SCI whether a drug treatment was used or not (not

shown). The FDD of SCI animals that received VU0240551 or

TrkB-IgG was not significantly different from that of SCI animals

receiving the vehicle, with all groups displaying a very modest

depression at both 5 Hz (respectively 41 – 5%, 47 – 6%, 57 – 7% %)

and 10 Hz (30 – 5%, 32 – 5%, 46 – 6%). This confirms that blocking

KCC2 or BDNF activity had no effect after SCI in untrained animals

FIG. 4. The activity-dependent modulation of KCC2, NKCC1,
and BDNF protein expression in the lumbar enlargement of SCI rats
requires KCC2 and BDNF activity. Western blot analysis shows that
(A) one-way ANOVA confirmed differences in KCC2 protein ex-
pression across groups ( p < 0.001). Further post hoc analysis showed
that KCC2 expression is modulated after SCI, decreasing to 64 – 3%
of intact values ( p = 0.015). This decrease was prevented by a reha-
bilitation program whether KCC2 was blocked ( p < 0.034) or not
( p < 0.021) as both SCI-Ex and SCI+Ex+VU0240551 displayed
KCC2 expression levels similar to intact (93 – 7%, p = 0.898 and
92 – 10%, p = 0.944, respectively). Scavenging BDNF prevented the
activity-dependent increase in KCC2 expression with values similar
to sedentary animals (63 – 5%, p = 0.989), and lower than intact
( p = 0.015) and SCI+Ex ( p = 0.022). One-way ANOVA ( p < 0.001)
with Holm-Sidak post hoc test, n = 6–11/group).
(B) One-way ANOVA analysis confirmed a difference in BDNF
protein expression between groups ( p < 0.001). The decrease in
BDNF expression after a chronic SCI as compared with intact
( p = 0.024) was prevented by exercise. SCI-Ex displayed BDNF
expression levels higher than SCI ( p < 0.001) and similar to intact
( p = 0.425). Blocking KCC2 activity prevented the beneficial effect
of exercise on BDNF levels with values significantly lower than
exercised animals receiving the vehicle ( p = 0.011). Scavenging
BDNF during training yielded lower levels of BDNF in the lumbar
enlargement ( p = 0.043). (C) NKCC1 protein expression in the
lumbar enlargement was significantly different between groups
( p = 0.003). NKCC1 levels tended to increase after SCI. Although
this increase did not reach statistical significance ( p = 0.068), reha-
bilitation returned NKCC1 expression levels close to intact (93 – 4%,
p = 0.964) with significantly less NKCC1 in the lumbar enlargement
than sedentary SCI animals (147 – 14%, p = 0.036). Blocking KCC2
prevented the activity-dependent decrease in NKCC1 expression and
SCI+Ex+VU0240551 displayed values similar to sedentary SCI an-
imals (161 – 24%, p = 0.930) but higher than SCI-Ex ( p = 0.012).
Scavenging BDNF did not prevent the activity-dependent decrease in
NKCC1 expression (97 – 16%, p = 0.969). One-way ANOVA anal-
ysis with Holm-Sidak post hoc test (n = 6–11/group). One-way AN-
OVA analysis ( p < 0.001) with Holm-Sidak post hoc test (n = -11/
group). Protein levels are presented as mean – SEM. *P < 0.05,
***p < 0.001 versus intact. ANOVA, analysis of variance; BDNF,
brain-derived neurotrophic factor; SCI, spinal cord injury.
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when KCC2 and BDNF levels are already low, and suggests that

VU0240551 and TrkB-IgG do not impact motor recovery unless

combined with training. No further analysis was carried out on these

control groups as the objective of the study was to investigate if

KCC2 is critical to the beneficial effect of activity-based therapies.

BDNF signaling is required for the activity-dependent
increase in KCC2 expression

We then performed western blot analysis on tissue from the lumbar

enlargement to evaluate the effect of blocking KCC2 or BDNF ac-

tivity. One-way ANOVA confirmed differences in KCC2 protein

expression in the lumbar enlargement across groups (F[4,92] = 5.742,

p < 0.001). Further post hoc analysis confirmed earlier reports that

KCC2 expression is modulated after SCI,24,26 decreasing to 64 – 3%

of intact values (Fig. 4A). Interestingly, the injury-induced down-

regulation in KCC2 expression was prevented by the rehabilitation

program, whether KCC2 activity was blocked or not, with KCC2

expression levels not different from intact. This suggests that in ani-

mals undergoing a rehabilitation program, VU0240551 only affected

KCC2 activity, but did not affect its protein synthesis, as KCC2

protein levels were unchanged. On the contrary, scavenging BDNF

prevented the activity-dependent increase in KCC2 expression with

values similar to unexercised animals (63 – 5%) and lower than intact

or exercised animals, suggesting that BDNF activity is required to

restore KCC2 expression induced by exercise.

One-way ANOVA also confirmed a difference in BDNF protein

expression between groups (F[4,66] = 6.120, p < 0.001). Exercise

prevents the decrease in BDNF expression after a chronic SCI

(Fig. 4B). Animals that followed a rehabilitation program had

higher BDNF expression levels as compared with unexercised SCI,

and scavenging BDNF during training yielded lower levels. Sur-

prisingly, blocking KCC2 activity prevented the beneficial effect of

exercise on BDNF levels with values significantly lower than ex-

ercised animals receiving the vehicle, suggesting a mechanism by

which KCC2 can regulate BDNF levels.

A regression analysis showed that there is a significant linear

relationship between BDNF and KCC2 expression in the lumbar

enlargement of the spinal cord (F[1,36] = 33.284, p < 0.001) with an

R2 of 0.480 (Fig. 5A). Data from SCI animal that received the

vehicle or TrkB-IgG are clustered in the lower-left quadrant with

low expression levels of both BDNF and KCC2, whereas intact and

SCI animals that followed a rehabilitation program are grouped in

the top-right quadrant displaying higher levels of both proteins.

This further supports a role for BDNF in regulating KCC2.

Although the shift in chloride homeostasis and impaired FDD after

chronic SCI was shown to depend on a decrease in KCC2 expres-

sion,24 the inwardly directed Na+-K+-Cl– co-transporter isoform 1,

NKCC1, is also upregulated after SCI.46–48 The relative expression of

KCC2 and NKCC1 critically determine [Cl–]i and GABA-mediated

responses. NKCC1 is responsible to bring Cl– in the cell, in opposi-

tion to KCC2, so that a simultaneous decrease in KCC2 and increase

in NKCC1 after SCI26 would act synergistically to depolarize ECl-.

We therefore measured changes in NKCC1 protein expression in

the lumbar enlargement and found a significant difference between

groups (F[4,26] = 5.735, p = 0.002) (Fig. 4C). Rehabilitation returned

NKCC1 expression levels close to intact values (93 – 4%) with sig-

nificantly less NKCC1 in the lumbar enlargement than unexercised

SCI animals (147 – 14%). VU0240551 prevented the restoration of

NKCC1 expression levels following a rehabilitation program with

values not different from unexercised SCI animals (161 – 24%) but

higher than exercised. Scavenging BDNF did not affect NKCC1

expression (97 – 16%). This suggests that NKCC1 is also modulated

in an activity-dependent manner after SCI and may contribute to the

shift in chloride homeostasis induced by exercise. A regression

analysis was also carried out to address the expression of NKCC1 in

the lumbar spinal cord as a function of KCC2. We observed a sig-

nificant negative relationship between NKCC1 and KCC2 expression

levels in the lumbar spinal cord (F[1,30] = 8.352, p < 0.001) with

an R2 of 0.188 (Fig. 5B). Consistent with their opposing direction-

ality in chloride transport, this supports previous findings suggesting

that NKCC1 and KCC2 protein levels are reciprocally regulated.

The low, but significant, correlation coefficient suggests that this

FIG. 5. Relationship between the expression of NKCC1, KCC2,
and BDNF in the lumbar spinal cord. (A) A linear regression
analysis showed that there is a significant positive relationship
between BDNF and KCC2 expression level in the lumbar spinal
cord ( p < 0.001, R2 = 0.480). SCI and SCI+Ex+TrkB-IgG groups
are clustered in the lower-left quadrant with low expression levels
of BDNF and KCC2, whereas intact and SCI+Ex are grouped in
the top-right quadrant displaying higher levels of both proteins.
(B) A linear regression analysis illustrates a significant negative
relationship between NKCC1 and KCC2 expression level in the
lumbar spinal cord ( p = 0.006, R2 = 0.188) with low levels of
KCC2 expression associated with higher levels of NKCC1.
BDNF, brain-derived neurotrophic factor; SCI, spinal cord injury.
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reciprocal regulation of KCC2 and NKCC1 is perhaps disrupted

when drug is delivered as suggested by the vertical clustering of

SCI+Ex+VU09240551 in Fig. 5B (pink). However, the statistical

power of running a regression analysis of our groups independently is

not sufficient to assess the presence/absence of a regression within

each group and would warrant further investigation.

As hyperreflexia and spasticity are specifically associated with a

decrease in KCC2 in motoneuronal membrane in the lumbar en-

largement,24 we sought to investigate if the BDNF-dependent increase

in KCC2 expression involved in activity-dependent recovery occurs at

this specific location. In the ventrolateral spinal cord, KCC2 labeling

is particularly strong around the motoneuronal membrane (Fig. 6A).

A Kruskal-Wallis test revealed differences in KCC2 expression in

motoneuronal membranes between groups (H[3, n = 360] = 180.023,

p < 0.001). Further post hoc analysis using Dunn’s method revealed

that exercise-increased KCC2 expression around the motoneuronal

membrane and less cytoplasmic clusters are visible in the soma,

suggesting a decrease in the internalization of KCC2 into vesicles.

Blocking KCC2 or BDNF activity during exercise prevented this

effect as the activity-dependent restoration of KCC2 around the mo-

toneuronal membrane was not observed (Fig. 6B).

Discussion

Rehabilitation approaches that promote repetitive motor activity are

widely used in the clinic and are a critical component of successful

functional recovery in individuals with SCI. Activity-based therapies,

interventions that target the repetitive activation of the neuromuscular

system below the level of the spinal cord lesion to retrain the nervous

system,49,50 have revealed potential to alleviate spasticity, but the

molecular pathways involved in functional recovery remain elusive.

We show that KCC2 activity is required for the beneficial effect of

exercise on spasticity and relies on BDNF activity-dependent plasticity.

Functional relevance of KCC2 to activity-based
therapy-induced decrease in spasticity

SCI markedly increases the expression of gephyrin, glutamic

acid decarboxylase (GAD)67, glycine receptors (GlyR), and GA-

BAA receptors (GABAAR) in the lumbar spinal cord below the

injury.51–54 Despite this augmentation, spinal pathways are clearly

hyperreflexive, and SCI-induced plasticity in inhibitory systems

has detrimental consequences on motricity, in particular locomotor

movements.55–57 Under physiological conditions, KCC2 extrudes

Cl– from neurons to maintain low levels of [Cl–]i and ensures GA-

BAergic synaptic transmission remains hyperpolarizing (Fig. 7A).

A condition that negatively affects KCC2 function leads to an

accumulation of [Cl–]i, which undermines GABAA-mediated inhi-

bition. In spinal motoneurons, genetic (KCC2 knockouts) or phar-

macological manipulations (acutely blocking KCC2) that decrease

KCC2 expression or activity elicit a *10–20 mV depolarizing shift

in ECl–, which increases neuronal excitability and impairs post-

synaptic inhibition.58–60 Similarly, chronic SCI decreases motoneu-

ronal KCC2 expression and contributes to spinal hyperexcitability

and spasticity.24,61 In addition to a less hyperpolarized response in

response to GABAA activation, the increase in GABAAR expression

after SCI also contributes to increasing spinal excitability.

Rehabilitation programs can both restore KCC2 expression on

lumbar motoneurons (Fig.7A) and improve reflex recovery after

SCI,26 but the causal relationship linking a shift in chloride ho-

meostasis to motor recovery remains unclear. To evaluate the

functional role of KCC2 in rehabilitation-dependent motor recovery

(vs. spontaneous), we restricted the delivery of the KCC2 blocker to

the daily exercise period by taking advantage of its relatively short

therapeutic window.37 The lack of effect of VU0240551 in unexer-

cised animals suggests a low target availability and confirms that our

observations are not solely relying on the effect of the drug, but on its

interaction with activity-based therapy. While blocking KCC2 did

not affect its expression in the lumbar enlargement, confocal analysis

distinctly illustrated a decrease in expression on motoneuronal

membrane as well as the increased presence of clusters in the cyto-

plasm. This supports findings suggesting that VU0240551 affects

post-translational mechanisms, including preventing shuttling to the

membrane.62 Discrepancies between western blot data, performed

on lumbar spinal cord (Fig. 4), and immunohistochemistry per-

formed specifically on motoneurons (Fig. 6), may also arise from

expression of KCC2 (and blocking its activity) in lumbar

FIG. 6. Blocking KCC2 or BDNF activity during exercise prevents the activity-dependent increase in KCC2 levels in lumbar
motoneuronal membrane. (A) Digital images showing KCC2 expression in the membrane around the motoneuronal soma (white arrows)
and also in dendrites in the ventral horn of the lumbar enlargement. (B) Quantification of the integrated density of KCC2 around the
motoneuronal membrane reveals that exercise increases KCC2 immunoreactivity ( p < 0.001) and that blocking KCC2 or BDNF activity
prevents this activity-dependent increase after SCI ( p < 0.001). Data are presented as mean – SEM. Kruskal-Wallis ANOVA on ranks
( p < 0.001) followed by Dunn’s method, n > 15 motoneurons/group. ***P < 0.001, scale bar = 25 lm. ANOVA, analysis of variance;
BDNF, brain-derived neurotrophic factor; SCI, spinal cord injury.
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interneurons24,63 or spinal dorsal horn neurons.23 However, if the

effect of rehabilitation and of VU0240551 certainly impacted KCC2

activity/expression in spinal interneurons and dorsal horn neurons, it

is unlikely to have affected our H-reflex data.

The loss of supraspinal control and increased gain of afferent

feedback after SCI increases spinal reflex excitability resulting in

permanent undesirable effects such as inappropriate timing of ac-

tivation of muscles during movement and failure to adjust reflex

excitability to meet task requirements. To estimate hyperreflexia,

we have used the FDD, which is indicative of the function of the

spinal inhibitory system. In rodents the magnitude of the FDD is

dependent on functional GABAAR-mediated spinal inhibition,64,65

FIG. 7 Chloride homeostasis and activity-based therapies. (A) Neuronal GABA receptor-initiated responses are highly dependent on
chloride homeostasis. In healthy mature neurons, KCC2 maintains low intracellular Cl– concentration leading to an inflow of Cl–

following GABAR activation (left). Whereas SCI decreases KCC2 expression and shifts chloride equilibrium (middle), activity-based
therapies restore inhibition through an increase in KCC2 expression after SCI (right). This overall mitigates the hyperexcitability
observed after SCI. (B) Rehabilitation increases KCC2 synthesis and post-translational mechanisms responsible for KCC2 trafficking to
the membrane (increased insertion rate to the membrane and/or decreased internalization by endocytosis). Among the numerous
regulators of KCC2 (not illustrated), BDNF contributes to activity-dependent shuttling of KCC2 to the motoneuronal membrane. The
regulation of calpains by TrkB activation could contribute to decrease the proteolytic cleavage of KCC2 and alters its ability to extrude
Cl–. Our results also suggest the presence of a retroactive feedback loop through which KCC2 can regulate BDNF expression and the
activity-dependent decrease in the activation of the WNK1, due to higher levels of [Cl–]i that favor the activation of KCC2 and
inactivation of NKCC1. BDNF, brain-derived neurotrophic factor; GABA, gamma-aminobutyric acid; SCI, spinal cord injury.
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and is also associated with spasticity.24 Under neuropathological

conditions, a re-emergence of depolarizing GABAA-mediated

responses is associated with a progressive decrease in KCC2 ex-

pression.18 19,66–69 Similarly, the impairment of FDD has been at-

tributed to a decrease in KCC2 expression and consequent changes

to post-synaptic GABAAR function in lumbar motoneurons after

SCI.24 In agreement with earlier studies, rehabilitation decreased

spinal hyperexcitability.17,26 However, the activity-dependent re-

covery of the FDD was prevented by VU0240551, indicating that

KCC2 activity is critical to the beneficial effect of exercise. Our

data further suggest that rehabilitation increases KCC2 synthesis as

well as post-translational mechanisms responsible for KCC2 traf-

ficking to the membrane. Such mechanisms include increased in-

sertion rate to the membrane and/or decreased internalization by

endocytosis (Fig.7B).62

Activity-dependent modulation of KCC2
is BDNF-dependent

KCC2 is dynamically modulated in an activity-dependent manner

by multiple signaling pathways, the most prevalent being BDNF

signaling onto TrkB receptors.45,70 The polarity of BDNF regulation

of KCC2 differs depending on the developmental stage and the in-

tegrity of the central nervous system (CNS). While BDNF reduces

GABAergic inhibition through KCC2 downregulation in mature

neurons,18–20,24,71 it promotes an increase in KCC2 expression in

embryonic neurons or following an axotomy in the adult.29,67,72

Activity-based therapies increase KCC2 and BDNF levels in the

lumbar spinal cord after SCI.17,26–28 Increased BDNF level is as-

sociated with the normalization of motoneuronal properties15 and

locomotor recovery,16,73,74 and is positively correlated to the res-

toration of reflex modulation, suggesting a linear relationship with

hyperreflexia.17 Interestingly, BDNF upregulates KCC2 in spinal

dorsal horn neurons and attenuates central sensitization through

reinstating GABAergic inhibition.71,75 To identify BDNF-TrkB

as an activity-dependent regulator of KCC2 after SCI, we used

TrkB-IgG, a chimeric molecule comprising the extracellular do-

main of TrkB that sequesters BDNF by competing with endogenous

TrkB. TrkB-IgG delivered during training yielded lower levels of

BDNF as compared with exercised animals that received the ve-

hicle, confirming that TrkB-IgG treatment was effective at scav-

enging BDNF. Decreasing BDNF availability not only prevented

the rehabilitation-induced recovery of the FDD, but more impor-

tantly the increase in KCC2 motoneuronal expression triggered by

exercise. This indicates that BDNF contributes to decrease hy-

perreflexia after SCI through regulating KCC2 expression and re-

storing chloride homeostasis after SCI.

In the hippocampus, enhanced membrane insertion and retention

of KCC2 depends on BDNF-TrkB signaling in response to increased

network activity.33,34 The results presented here provide evidence

that a similar mechanism is at play in the spinal cord. Chronic SCI

recapitulates an earlier developmental state in which BDNF pro-

motes KCC2 upregulation and restores GABA-mediated inhibition.

Our results suggest that the activity-dependent activation of BDNF-

TrkB alters chloride extrusion and the global inhibitory action of

GABAA-mediated responses as depicted by the restoration of the

FDD in exercised animals. Among several possibilities, TrkB acti-

vation can regulate calpains.76 Interestingly, calpain-dependent

proteolytic cleavage of KCC2 alters its ability to extrude Cl– in the

hippocampus and spinal cord77,78 and contributes to the development

of spasticity after SCI.79,80 This suggests that activity-dependent

plasticity may be affecting this pathway in motoneurons (Fig.7B).

It is also worth noting that not only does chelating BDNF de-

crease KCC2 expression, but blocking KCC2 also decreases BDNF

levels in exercised animals, suggesting the presence of a retroactive

feedback loop through which KCC2 can also regulate BDNF ex-

pression (Fig.7B).

Reciprocal regulation of KCC2 and NKCC1

Activity-dependent plasticity not only increases KCC2 but also

decreases the expression of the chloride intruder NKCC126 (Fig. 4C).

VU0240551 prevented the effect of exercise on both KCC2 and

NKCC1, so that their expression levels in the lumbar spinal cord

maintained a negative correlation. Because NKCC1 staining did not

reveal strong enough staining on motoneuronal membrane, and is

strongly expressed in small glial cells surrounding motoneurons81

and primary afferent terminals,82 identifying if its expression was

specifically downregulated in motoneurons was not possible.

Scavenging BDNF did not affect NKCC1 expression, suggesting

that BDNF is not responsible for the reciprocal regulation of KCC2

and NKCC1. NKCC1 and KCC2 activity is regulated in a reciprocal

fashion through the WNK-SPAK/OSR1 pathway, providing a coor-

dinated control over [Cl–]i.
83,84 Decreasing WNK1 activity triggers a

hyperpolarizing shift in GABA responses by enhancing KCC2-

mediated Cl- extrusion85 and reduces allodynia and hyperalgesia in

spinal dorsal horn neurons.86 Moreover, the WNK1 pathway is acti-

vated by lower levels of [Cl–]i, a hallmark of SCI. Anecdotal reports

suggest the involvement of WNK-SPAK/OSR1 in activating NKCC1

at the lesion site after SCI48 but warrants further studies. Whether

activity-based therapies decrease WNK1 activity remains to be de-

termined, but our results strongly support this possibility (Fig.7B).

Therapeutic significance

Inhibitory synapses constitute *30% of all synapses in the spinal

cord and are critical for the optimal function of neural circuits by

regulating network oscillations, contributing to neuronal processing,

and limiting the extent of excitatory drive. Decreased spinal reflex

inhibition in individuals with SCI87–90 contributes to spasticity and

co-contraction of flexor and extensor muscles. Available anti-spastic

medication have serious side effects including a profound depression

of spinal excitability, which significantly reduces muscle activity and

interferes with motor recovery.6–9 While supplying BDNF can im-

prove spasticity, long-term administration has shown serious thera-

peutic drawbacks and warrants more scrutiny.91,92 Given the role of

KCC2 in regulating the strength of inhibitory synaptic transmission,

facilitating Cl– extrusion by directly targeting KCC2 signaling

pathway has emerged as a promising alternative to restore endoge-

nous inhibition, rather than actively depress excitability93 and a vi-

able option to increase GABAergic transmission in vivo.63,94,95 This

critically identifies this pathway as a potential therapeutic target to

improve hyperreflexia after a chronic SCI for individuals with co-

morbidities that delay the onset of physical therapy.
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