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ABAPENTIN SUPPRESSES SPASTICITY IN THE SPINAL

ORD–INJURED RAT

p
t
a

t
r
b
t
r
h
(
e

s
n
l
(
i
(
T
e
s
i
(
b
l

g
g
N
w
(
a
s
g
p
n
S
g
M
2
m
s
s
e
a
m

t

. H. KITZMAN,* T. L. UHL AND M. K. DWYER

epartment of Rehabilitation Science, The University of Kentucky,
10D Charles T. Wethington Building, 900 South Limestone Avenue,
exington, KY 40536-0200, USA

bstract—Spasticity poses a major detrimental impact on the
uality of life in a significant number of people with spinal
ord injury (SCI). Recent observations in our laboratory sug-
est that spinal transection at the sacral S2 level induces a
ignificant increase in glutamatergic input to sacrocaudal
otoneurons during the time spasticity is present in the tail
uscles. The present study examined the efficacy of gaba-
entin, an agent that has been shown to reduce glutamate
elease, in managing spasticity within the tail musculature.

Method: In this blinded, crossover study adult Sprague-
awley rats with S2 spinal transections were tested behaviorally

or the progression of spasticity in the tail musculature using
ur established system. When the animals demonstrated a sig-
ificant level of spastic behavior (e.g. increased response to
uick stretch, noxious and non-noxious cutaneous stimuli),

hey received either saline or the antiepileptic agent gabapentin
GBP; 50 mg/kg i.p.) and were assessed behaviorally and elec-
rophysiologically at 1, 3, 6, 12 and 24 h post-injection.

Results: Both spastic behavior and electromyography
EMG) activity were significantly decreased at 1 and 3 h post-
BP injection when compared with the activity level following
dministration of saline. Spastic behavior and EMG activity
radually increased over time and returned to baseline activity
y 24 h post-injection.

Conclusion: Gabapentin diminishes both the behavioral
nd electrophysiological manifestation of SCI-induced spastic-
ty, in the tail musculature, in a time dependent manner. © 2007
BRO. Published by Elsevier Ltd. All rights reserved.

ey words: muscle hyperreflexia, presynaptic glutamate
nhibition.

pasticity can be characterized as a “disordered sensori-
otor control, resulting from an upper motor neuron lesion,
resenting as intermittent or sustained involuntary activa-
ion of muscles” (Burridge et al., 2005; Pandyan et al.,
005; Platz et al., 2005; Wood et al., 2005). Spasticity has
een reported in as many as 50–70% of spinal cord–

njured (SCI) individuals (Kirshblum, 1999; Sköld et al.,
999; Walter et al., 2002), and can dramatically reduce the

Corresponding author. Tel: �1-859-323-1100x80580; fax: �1-859-
23-6003.
-mail address: phkitz1@email.uky.edu (P. H. Kitzman).
bbreviations: ANOVA, analysis of variance; C-GBP, control animal

eceiving gabapentin; C-S, control animal receiving saline; EMG, elec-
romyography/electromyographic; GBP, gabapentin; MA, maximal am-
litude; RMS, root mean square; SCI, spinal cord injury/injured; SCI-
BP, spinal cord injured animal receiving gabapentin; PRE, pre-solution;
m
CI-S, spinal cord–injured animal receiving saline; VGLUT2, vesicular
lutamate transporter 2; % MA, percent of the maximal amplitude.

306-4522/07$30.00�0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.07.020
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erson’s ability to participate in the activities of daily living
hat contribute to their well-being (Mayer, 1997; Proulx et
l., 2000; Walter et al., 2002).

Currently the pharmacologic agent of choice for the
reatment of SCI-induced spasticity is baclofen (a GABAB

eceptor agonist). While continuous intrathecal infusion of
aclofen can be effective in the treatment of severe spas-
icity, concern for baclofen tolerance in many individuals
emains an issue (Soni et al., 2003). Additionally, baclofen
as multiple side-effects and is not tolerated by all patients
Abbruzzee, 2002; Elovic, 2001; Kirshblum, 1999; Taricco
t al., 2000).

We recently demonstrated that following S2 spinal tran-
ection, in the rat, there is a significant increase in the
umber of vesicular glutamate transporter 2 (VGLUT2)

abeled terminals contacting sacrocaudal motoneurons
Kitzman, 2006). VGLUT2 is a marker for glutamatergic
nputs arising from spinal segmental (interneuronal) sources
Alvarez et al., 2004; Landry et al., 2004; Oliveira et al., 2003;
odd et al., 2003). This increase in VGLUT2 labeling was
specially evident when the animals displayed significant
pasticity in the tail musculature. Thus, instead of increas-

ng the level of CNS inhibition with pharmacologic agents
e.g. baclofen or benzodiazepine), suppression of spastic
ehavior may also be accomplished by decreasing the

evel of glutamate released from presynaptic terminals.
One compound that has been shown to interfere with

lutamatergic transmission and is safe for clinical use is
abapentin (GBP). GBP (Neurontin®; Pfizer, New York,
Y, USA) is approved for the treatment of epilepsy and is
idely used off-label for the treatment of neuropathic pain

Crawford et al., 1987; Levendoğlu et al., 2004; Morello et
l., 1999; Rowbotham et al., 1998). Although GBP pos-
esses multiple cellular mechanisms, recent work has sug-
ested that inhibition of glutamatergic transmission may be
reeminent in mediating its therapeutic effects in epilepsy,
europathic pain, and perhaps spasticity (Wheeler, 2002).
pecifically, GBP has been shown to inhibit presynaptic
lutamate release (Coderre et al., 2005, 2007; Maneuf and
cKnight, 2001; Maneuf et al., 2004; Shimoyama et al.,
000). When incorporated as an adjunct to standard phar-
acological interventions for spasticity, GBP demon-

trates the potential to help decrease the manifestation of
pasticity in SCI-individuals (Gruenthal et al., 1997; Priebe
t al., 1997). However, to date there has been no system-
tic examination of the efficacy of GBP as a single treat-
ent for the management of SCI-induced spasticity.

The aim of the present study was to test the therapeu-
ic efficacy of GBP, as a single treatment, in the manage-

ent of SCI-induced spasticity in the tail musculature. We

ved.
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ypothesize both the behavioral and electrophysiological
esponses will significantly differ between SCI spastic an-
mals who receive GBP versus vehicle. A secondary hy-
othesis of this study was that GBP would not have a
ignificant effect on either behavioral or electrophysio-
ogical responses in the animals with an intact nervous
ystem.

EXPERIMENTAL PROCEDURES

ata were obtained from female adult Sprague–Dawley rats weigh-
ng 200–250 g. The care and handling of the animals were in accor-
ance with institutional guidelines and have been approved by the
nimal Care and Use Committee at the University of Kentucky. All
rocedures were carried out in accordance with the National Insti-
utes of Health and Institutional Animal Care and Use Guidelines.

2 spinal transaction model

ow sacral spinal cord transection, in both the feline and rodent,
as been shown to be a reliable and reproducible model of spas-
icity development in the tail muscles, which are continuous with
nd analogous to the axial musculature. Spasticity in the tail
usculature demonstrates many of the same characteristics

ound in the human spastic syndrome (Bennett et al., 1999, 2004;
itzman, 2005, 2006; Ritz et al., 1992). These include increased
uscle tone, hyperreflexia both in response to muscle stretch and

utaneous (noxious and non-noxious) stimulation, clonus, flexor
pasms, and paraesthesia. In addition, spastic tail muscles dem-
nstrate a significantly increased amplitude and duration of invol-
ntary muscle activity in response to cutaneous stimulation when
ompared with non-injured animals. Thus, the S2 transection
odel provides an excellent system for examining relatively long

asting events, which may represent a more clinically relevant time
rame (e.g. a �5 s involuntary activation of a muscle would most
ikely pose a restriction on mobility and function).

urgical procedures

nimals were deeply anesthetized with a combination of ketamine
80 mg/kg) and xylazine (10 mg/kg) and a laminectomy was
erformed at the L1–2 vertebral level. The dura was opened trans-
ersely and the spinal cords were completely transected at the S2

evel using fine forceps and iridectomy scissors. The S2 root was
dentified based on its entrance into the cord at the rostral half of
he L2 vertebrae (Hebel and Stromberg, 1976). A second group of
nimals underwent a laminectomy-only surgery and served as an
ge-matched control group. A final group of animals did not un-
ergo any surgery and served as a second age-matched control
roup. All animals were closely monitored for signs of distress or
iscomfort as per IACUC guidelines. Animals were at least 4
eeks post-injury prior to initiation of pharmacological testing.

herapeutic administration of GBP

n this crossover, placebo-controlled study, all animals were ad-
inistered vehicle (0.9% saline) only or vehicle plus GBP (TOC-
IS, Ellisville, MO, USA). The primary investigator was blinded as

o the make-up of each solution during testing. GBP was admin-
stered in a 50 mg/kg i.p. dose based upon the well-characterized
ffects of this dose level in rodent models of neuropathic pain and
pilepsy (De Vry et al., 2004; Hofmann et al., 2003). Prior to
dministration of the test solutions all animals were assessed for
aseline behavior and electromyographic (EMG) activity. The an-

mals were administered the test solutions once a day for four
onsecutive days. On day 3 the animals were assessed at 1, 3, 6,
2 and 24 h post-injection for changes in behavioral activity of the

ail musculature (see below). Following the 24 h post-injection s
ehavioral assessment, animals were administered the 4th dose
nd changes in EMG activity were assessed at 1, 3, 6, 12, and
4 h post-injection. Following a 2-week washout period the ani-
als were again behaviorally and electrophysiologically assessed

o determine baseline level of activity; followed by four daily injec-
ions of the solution not received during the 1st trial and assess-
ent for changes in behavior and EMG activity in the tail muscles.

ehavioral assessment

ail manipulations were performed with the animals in a Broome
at restraint in which the tail hangs out the back and is free to move
ver its full length. The progression of spasticity in the rat tail
usculature following S2 transection was described by Bennett et
l. (1999) and all tests are routinely performed in our laboratory
Kitzman, 2005, 2006, 2007). In the present study all animals
isplayed a stage-3 or stage-4 level of spasticity prior to initiation
f the pharmacological intervention. Briefly, stage-3 spasticity was
haracterized by: 1) flexion of the tail of �180° following quick
tretch of the distal tail that lasts �10 s; repeated stretching
ncreases the flexion response. This is in contrast to normal (un-
njured) animals in which quick stretch of the distal tail elicits

inimal flexion (�45°) that lasts for 2–3 s then returns to neutral.
) Pronounced withdrawal of the tail in response to light touch
non-noxious stimulus), 3) light pinch (noxious stimulus) of the
istal tail produces a curling �180° that is maintained for �5 s are

n contrast to normal animals in which the tail curls 45–90° and
eturns to neutral position within 2–3 s following the pinch. 4)
lonus of the tail musculature may be present. Stage-4 spasticity
as characterized by: 1) an increased response of both tail flexor
nd extensor muscles to quick stretch, which is demonstrated by
he tail assuming a coiled or S-shape lasting �10 s. In addition,
he tails in a large percentage of animals frequently demonstrate

writhing type of motion in which there was an alternation be-
ween right–left muscle (flexor, extensor and abductor) activation
asting �2–3 s following the stretch. 2) Light pinch also produces
oiling and/or writhing of the tail musculature, 3) clonus is present,
nd 4) spontaneous spasms of both tail flexor and extensor mus-
les can be present. For consistency a single experienced ob-
erver performed all behavior assessments. For the purpose of
tatistical analysis, responses to quick stretch, pinch, and me-
hanical flick were graded using a 5-point scale in which 0�min-
mal (�45° flexion) response to the stimulus, 1�50–90° flexion,
��90°–180° flexion, 3��180°–225° flexion, 4��225°–360°
exion, and 5�significant coiling of the tail and/or activation of
exors, extensors, and abductors (writhing) lasting �2 s and the
resence of clonus. The response to light touch was scored using
3-point grading scale in which 0�no response, 1�minimal flex-

on of the tail away from the stimulus, and 2�pronounced flexing
f the tail away from the stimulus.

lectrophysiological recording

he EMG data were recorded in awake animals using the
IOPAC MP150 System (BIOPAC Systems, Inc., Goleta, CA,
SA). Two 4 mm shielded surface electrodes were used to collect
ata from the tail musculature. The ventral surface of the tail was
braded and cleaned with alcohol prior to electrode placement.
he ground electrode was placed at midtail, the active (recording)
lectrode was placed 15 mm rostral to the ground, and the refer-
nce electrode was placed 10 mm caudal to the ground. Four 40 s
rials were recorded at each time point. A pinch (noxious cutane-
us) stimulus was applied following the first 10 s of each trial and
he response EMG activity was then collected for the subsequent
0 s. The pinch was applied approximately 2.54 cm from the tip of
he tail and was applied at 6.0�0.38 kg of force. The same
nvestigator applied the pinch stimulus for all trials and all animals.
are was taken not to cause bruising in the area in which the

timulus was being applied.
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MG data reduction

MG data were collected with a gain set at 2000 and the raw data
ere band pass filtered from 1 Hz–5 kHz. The raw EMG data were
rocessed using Datapac software (Run Technologies, Mission
iejo, CA, USA). A passive demeaning filter was used to remove

he DC offset. The mechanical (pinch) noxious stimulation point
as defined as 3 standard deviations above the baseline refer-
nce interval with a minimal duration of at least 40 ms. The
omputer algorithm defined onset and offset of the mechanical
timulus. To assure the algorithm defined only the stimulus, a
ingle investigator visually confirmed each trial. EMG data were
ormalized to 100% maximal amplitude (MA) for comparison
cross the time points and prior to administration of either vehicle
r GBP (Benoit et al., 2003; Burden and Bartlett, 1999; Burden et
l., 2003). The root mean square (RMS) amplitudes of 100 ms of

ig. 1. EMG activity in the tail musculature. Fig. 1A demonstrates
emonstrates the EMG responses to a pinch stimulus in the same S

dministration of saline (Fig. 1C), and 1 h following administration of GBP (Fig. 1
h post-administration of GBP (50 mg/kg).
uscle activity prior to pinch stimulus served as the zero offset,
hile the greatest RMS amplitude of 500 ms time window follow-

ng the pinch stimulus served as MA. The mean of the four MA that
ccurred represented 100%.

The response to the noxious stimuli over time was of interest
ue to its potential clinical relevance of restricting mobility. A
omentary maximal event of electrical activity is not necessarily
dequate to cause a clinical restriction of motion; therefore, we
xamined the electrophysiological response for a longer time
rame. A greater activation of musculature for a sustained duration
ould implicate a more reactive response. During preliminary data
nalysis it was determined that in SCI spastic animals 6 s post-
timulus represented the typical time frame required for the in-
reased EMG amplitude to return to baseline (Fig. 1). Elevated
uscular activity for this duration would impact functional activity.

response to a pinch stimulus in a control (non-SCI) animal. B–D
ic animal prior to administration of any drug (Fig. 1B), 1 h following
the EMG
CI spast
D). Notice EMG activity significantly decreased in the spastic animals
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hus, the EMG response measured every 500 ms over the first 6 s
ost pinch-stimulus was averaged and reported as percent of the
aximal amplitude (% MA). This dependent measure represented

he electrophysiological response to noxious stimulus.

tatistical analysis

Behavioral assessment. To determine if behavioral re-
ponses differed across time conditions for each solution, sepa-
ate Kruskal-Wallis (nonparametric analysis of variance (ANOVA))
ests were performed. Non-parametric analysis techniques were
mployed due to the semi-quantitative nature of the outcome
ariables. The independent variable was time (pre-solution (PRE),
h, 3 h, 6 h, 12 h, and 24 h post-solution administration) and the

ependent variables were stretch reflex, response to pinch, re-
ponse to mechanical flick, and response to light touch. Statistical
ignificance was set a priori at P�0.05. Dunn’s multiple compar-
son test was performed for any significant differences.

With respect to the control animals, preliminary work demon-
trated no significant difference in either behavioral assessments
r EMG activity between animals that received a laminectomy-
nly surgery versus those who receive no surgery. Thus, for
tatistical purposes these two groups were combined to establish
ne control group. With the exception of one animal all animals
nderwent behavioral assessment following administration of both
aline (C-S, n�9) and gabapentin (C-GBP, n�10). With respect to
he SCI animals, 17 SCI spastic animals were behaviorally as-
essed following administration of saline (spinal cord–injured an-
mal receiving saline, SCI-S) and GBP (spinal cord injured animal
eceiving gabapentin, SCI-GBP).

EMG assessment. To determine the effect of saline or GBP
n EMG activity in control animals (C-S (n�9) and C-GBP (n�7))
repeated measures ANOVA with one within factor (time) and

ne between factor (group) was performed. The time factor had
ix levels (PRE 1 h, 3 h, 6 h, 12 h, and 24 h post-solution
dministration), and the between-factors were the pharmacologic
gent (saline or GBP). The dependent variable was the 6 s of
verage EMG RMS amplitude following noxious pinch stimulus
epresented as % MA.

To determine the effect of saline or GBP on SCI-induced
pasticity a repeated measures ANOVA with one within factor
time) and one between factor (group) was performed. The time
actor had the same six levels as above, the between group factor
ad three levels (SCI-GBP (n�11), SCI-S (n�8), and C-S (n�9)).
tatistical significance was set a priori at P�0.05 for both proce-
ures. Bonferroni post hoc analysis was preformed for any signif-

cant difference.
With respect to the control animals, seven were assessed for

hanges in EMG activity following administration of GBP, while all
ine C-S animals that were behaviorally assessed were also
ssessed for changes in EMG activity following administration of
aline and GBP. With respect to the SCI animals, of the 17
nimals behaviorally assessed post-drug administration, 8 were
ssessed by EMG following administration of both saline and
BP, while an additional 3 animals were assessed following ad-
inistration of GBP only.

RESULTS

ffects of GBP on the behavior and EMG activity in
ontrol animals

Behavioral response. The results of the Kruskal-Wal-
is tests revealed no significant difference between the C-S
nd C-GBP groups with respect to response to stretch
eflex, pinch, mechanical flick, or light touch for any of the

ix time conditions. Prior to saline or GBP administration l
he baseline level of responsiveness for each of the be-
aviors was between 0 and �0.5 (out of 5.0) (Fig. 2).
ollowing administration of saline a small increase in re-
ponsiveness, between 0.14 and 0.42 (out of 5.0), was
een at 3, 6 and 12 h post-injection with respect to stretch
nd pinch, and at 3 and 6 h with respect to mechanical
ick. With respect to light touch, a minimal increase in
esponsiveness was seen at 3 h post-injection (Fig. 2).
hus, control animals displayed very little responsiveness

o stretch, pinch, mechanical flick, and light touch before
nd after administration of saline. Following administration
f GBP there was no change in baseline behavioral activity
t 1, 3, and 6 h post-injection (Fig. 2). At 12 and 24 h
ost-injection a small, but not statistically significant in-
rease in behavioral responsiveness (�0.25 of 5.0) was
een with respect to stretch, pinch, mechanical flick, and

ight touch (Fig. 2). Thus, administration of GBP had no
ignificant effect on the responsiveness to stretch, pinch,
echanical flick, or light touch in control animals. GBP
dministered at 50 mg/kg did not produce any overt indi-
ations of locomotor ataxia or lethargy in the control
nimals.

Mean EMG activation. No significant differences
ere observed in % MA between PRE and any of the five
ost-administration time conditions for either the C-S or
-GBP groups. In addition, no significant differences were
bserved in the % MA when the C-S group was compared
ith the C-GBP group at each of the six time conditions.
herefore, in further analysis only the C-S group was used

o represent the control condition in comparison to SCI
roups.

ffects of GBP on behavior and EMG activity in SCI
pastic animals

Behavioral response. Prior to administration of saline
he SCI spastic animals displayed a baseline level of re-
ponsiveness for stretch, pinch, and mechanical flick of
.8, 4.7, 3.5 (out of 5.0), respectively, and light touch was
.37 (out of 2.0). Each of these behavioral levels was
ignificantly larger that that of control animals (P�0.001).
he Kruskal-Wallis tests revealed no significant difference
etween time conditions with respect to responsiveness to
tretch reflex, pinch, mechanical flick or light touch follow-

ng administration of saline (Fig. 3). Prior to administration
f GBP the baseline level of responsiveness for stretch,
inch, mechanical flick, and light touch was 4.5, 4.7, 4.3
out of 5.0), and 1.5 (out of 2.0), respectively. The results
f the Kruskal-Wallis tests revealed a significant difference
etween time conditions following administration of GBP.
unn’s multiple comparison test revealed a significant dif-

erence between the PRE condition and the 1 h and 3 h
P�0.001) post-administration conditions for each of the
ehaviors tested. This difference was represented as a
ignificant decrease in responsiveness as measured by
ach of the behavioral assessments (Fig. 3). GBP admin-

stered at 50 mg/kg did not produce any overt indications of

ocomotor ataxia or lethargy in SCI animals.
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Mean EMG activation. The results of the repeated
easures ANOVA revealed a significant group�time in-

eraction (F�4.52, 10 df, P�0.001). Bonferroni post hoc
nalysis revealed the SCI-S group demonstrated signifi-
antly higher % MA values than the C-S group at the PRE,
h, 3 h, 6 h, and 12 h post-solution conditions (Fig. 4). The
CI-GBP group exhibited significantly higher % MA values

han the C-S group at the PRE, 6 h, 12 h, and 24 h
ost-solution time conditions, but not at 1 and 3 h. Finally,
he SCI-GBP group demonstrated significantly lower % MA
alues than the SCI-S group at the 1 h and 3 h time
onditions but not at later time points (P�0.001) (Fig. 4).

DISCUSSION

he present study was a blinded, placebo-controlled
rossover study, which investigated the potential efficacy
f GBP as a treatment for SCI-related spasticity in the tail
usculature. However, in order to more clearly understand

he effects of GBP on the behavior and EMG activity in SCI
pastic animals, the effects of GBP on the behavior and

ig. 2. The average behavioral response of the tail musculature to a q
Fig. 2D) in control animals following the administration of saline (C-S)
as scored on a 5-point scale in which 0�no spasticity and 5�severe

o light touch and 2�significant flexion away from the stimulus. Notice
r post-administration of either saline or GBP. Data were analyzed usin
ultiple comparison test.
MG activity in control (non-SCI) animals was first exam- l
ned in order to establish the baseline “normal” tail activity
efore and after administration of GBP.

ffects of GBP in control animals

verall, control animals (no surgery and laminectomy-
nly) displayed minimal behavioral response to stretch and
utaneous (noxious and non-noxious) stimulation. These
esults correspond to those of several previous studies,
hich reported minimal change in behavioral and/or EMG
ctivity in the rat tail muscles of non-injured animals in
esponse to stimulation (Bennett et al., 1999; Kitzman,
005, 2006). The administration of saline had no signifi-
ant effect on tail behavioral or EMG activity; while the
dministration of GBP decreased both behavioral and
MG activity. However, since the baseline level of activity
as low to begin with, the effects of GBP on this baseline
ctivity were not significant.

ffects of GBP in SCI spastic animals

esults from the present study demonstrated both base-

tch (Fig. 2A), pinch (Fig. 2B), mechanical flick (Fig. 2C), or light touch
(C-GBP; 50 mg/kg). Response to stretch, pinch, and mechanical flick
ty. Light touch was score on a 2-point scale in which 0�no response
rol animals displayed minimal or no response to any of the stimuli pre
l-Wallis nonparametric tests followed by post hoc analysis with Dunn’s
uick stre
or GBP
spastici

that cont
ine (pre-drug) and post-saline levels of behavioral and
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MG activity in the tail musculature was significantly in-
reased in SCI animals when compared with control ani-
als. This increase in tail musculature activity, post-tran-

ection, has been previously reported (Bennett et al.,
999, 2004; Kitzman, 2005, 2006). Following administra-
ion of GBP (50 mg/kg), the observed increased respon-
iveness to a quick stretch of the tail, noxious (pinch) and
on-noxious (light touch) cutaneous stimulation were all
ignificantly decreased. Thus, it appears GBP is capable of
uppressing multiple aspects of spasticity. In addition, data
rom the present study suggest the therapeutic window for
uppressing spasticity in the tail musculature is at least 3 h
ost-administration; gradually decreasing in effectiveness
ver the subsequent 6 h. This therapeutic time frame is
imilar to that previously shown in clinical studies (Goa and
orkin, 1993; McLean, 1994).

Previous studies have demonstrated GBP administra-
ion can lead to a minor to moderate incidence of side-
ffects (e.g. somnolence, dizziness, ataxia) (Francisco et al.,

ig. 3. The average behavioral response of the tail musculature to a q
Fig. 3D) in SCI animals following the administration of saline (SCI-S) o
arger spastic response to each of the stimuli, both pre- and post-adm
BP, SCI animals displayed a significantly larger spastic response
dministration of GBP there was a significant decrease in the responsi
ruskal-Wallis nonparametric tests followed by post hoc analysis with
001; McLean, 1995; McLean and Gidal, 2003; McLean u
t al., 1999). However, these studies also demonstrated GBP
o be well tolerated and reported a low incidence of serious
ide-effects. The dosage of GBP used in the present study
50 mg/kg) was based upon the well-characterized effects
f this dosage in rat models of neuropathic pain and epi-

epsy (De Vry et al., 2004; Hofmann et al., 2003). At this
osage there were no overt signs of gait ataxia or sedation.
hile the dosage used in the present study was higher

han the typical clinically administered dosage, it was
ithin the therapeutic range previously reported for the

reatment of epilepsy in the pediatric population (Gatti et
l., 2003; McLean and Gidal, 2003). In addition, multiple
nimal studies examining neuropathic pain have used con-
entrations of GBP that were significantly higher than the
osage used in the present study with few reported side-
ffects (Coderre et al., 2005, 2007; Gaida et al., 2005;
aBuda and Little, 2005; Pedersen and Blackburn-Munro,
006).

Both semi-quantitative and quantitative measures were

tch (Fig. 3A), pinch (Fig. 3B), mechanical flick (Fig. 3C), or light touch
CI-GBP; 50 mg/kg). Notice that SCI animals displayed a significantly

n of saline, compared with control animals. Prior to administration of
of the stimuli compared with control animals. At 1 and 3 h post-

f the tail musculature to each of the stimuli. Data were analyzed using
multiple comparison test (** P�0.01).
uick stre
r GBP (S
inistratio
to each
sed in the present study to demonstrate GBP significantly
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uppresses both behavioral and electrophysiological man-
festations of spasticity. However, the present study exam-
ned only one dosage of GBP. Additional dose response
tudies will be required in order to establish the maximal
herapeutic dosage and duration for this pharmacologic
gent in the management of SCI-induced spasticity in the

2 transection model. These studies will provide a greater
nderstanding of the efficacy of suppressing glutamate
elease as an adjunct treatment for the management of
pastic behavior in a less complex model of SCI-induced
pasticity, which will provide a baseline level of under-
tanding that will be crucial when examining the efficacy of
his treatment in managing spastic behavior in more com-
lex spinal systems (e.g. circuitry involved with locomotion
nd upper extremity function).

The present study was interested in examining changes
n EMG activity over time due to its potential clinical relevance
n restricting mobility. A momentary (ms) maximal event of
lectrical activity is not necessarily adequate to cause a
linical restriction of motion. Therefore, it was of interest to
xamine the electrophysiological response to a stimulus
or a longer window of time. In the present study it was
etermined that following the application of a pinch stimu-

us, EMG activity in the tail musculature of SCI spastic
nimals remained significantly elevated for approximately
s post-stimulus. The same stimulus applied to the tail of

ontrol (uninjured) animals produced and increased EMG
ctivity lasting approximately 1 s. The significant increase

n the duration of EMG activity in the SCI animals would be

ig. 4. Percent of the mean EMG response (% MA) of the tail muscu
C-S) and SCI animals following administration of either saline (SCI-S)
ower % MA compared with SCI animals. SCI animals demonstrated n
nimals demonstrated a significant decrease in % MA at 1 and 3 h p
NOVA followed by a Bonferroni post hoc analysis.
onsidered a clinically relevant time period that could result t
n significant functional restriction. Administration of GBP
ffectively reduced the level of EMG activity to control

evels and maintain this decreased level of activity for 3– 6
post-injection. Thus, with respect to the tail muscula-

ure, GBP is effective in managing the SCI-induced in-
rease in muscle activity. However, as stated previously,
he responsiveness of the tail muscles to GBP may not
epresent the same changes in muscle activity that
ould be seen with the limb musculature. This will be the

ocus of future studies.

elationship to GBP effects in clinical trials

everal clinical studies have examined the usefulness of
BP in the management of spasticity arising from either
ultiple sclerosis or SCI origins (Cutter et al., 2000; Gru-
nthal et al., 1997; Mueller et al., 1997; Priebe et al., 1997).
hese studies demonstrated only a modest improvement

n spastic behavior following administration of GBP. How-
ver, these clinical studies were not designed to evaluate
BP as a single treatment for spasticity as demonstrated
y over 80% of the subjects taking at least one other
nti-spasticity medication. Additionally, the dosages were
ot standardized to body weight. Thus, each of the sub-

ects could potentially have received a significantly differ-
nt overall dosage of GBP, which would make interpreta-
ion of results problematic. Thus, the data presented in
revious clinical studies could only be taken as evidence
upporting the potential use of GBP as adjunct therapy in

pinch stimulation in control animals following administration of saline
(SCI-GBP; 50 mg/kg). Notice control animals displayed a significantly
nt changes in % MA following administration of saline. However, SCI

inistration of GBP (** P�0.001). Data were analyzed using one-way
lature to
or GBP

o significa
he management of spasticity.
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CONCLUSION

n the present study it was demonstrated that administra-
ion of GBP significantly decreased both the behavioral
nd electrophysiological manifestations of spasticity in the
ail musculature.

Thus, suppression of glutamate release may poten-
ially be an effective treatment for SCI-induced spasticity.
owever, further studies are required to fully understand

he interaction between the glutamatergic system and the
evelopment of spasticity in order to more clearly evaluate

he potential efficacy of suppressing this neurotransmitter
ystem (with pharmacologic agents such as GBP) for the
anagement of spasticity.
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evendoğlu F, Öğün CO, Özerbil Ö, Öğün TC, Uğurlu H (2004) Gaba-
pentin is a first line drug for the treatment of neuropathic pain in
spinal cord injury. Spine 29:743–751.

aneuf YP, McKnight AT (2001) Block by gabapentin of the facilitation
of glutamate release from rat trigeminal nucleus following activa-
tion of protein kinase C or adenylyl cyclase. Br J Pharmacol
134:237–240.

aneuf YP, Blake R, Andrews NA, McKnight AT (2004) Reduction by
gabapentin of K� evoked release of [3H]-glutamate from the cau-
dal trigeminal nucleus of the streptozotocin-treated rat. Br J Phar-
macol 141:574–579.

ayer NH (1997) Clinicophysiologic concepts of spasticity and motor
dysfunction in adults with an upper motoneuron lesion. Muscle
Nerve Suppl 6:S1–S13.

cLean MJ (1994) Clinical pharmacokinetics of gabapentin. Neurol-
ogy 22:S17–S22.

cLean MJ (1995) Gabapentin. Epilepsia 36:S73–S86.
cLean MJ, Morrell MJ, Willmore JL, Privitera MD, Faught ER,

Holmes GL, Magnus-Miller L, Bernstein P, Rose-Legatt A (1999)
Safety and tolerability of gabapentin as adjunctive therapy in a
large multicenter study. Epilepsia 40:965–972.

cLean MJ, Gidal BE (2003) Gabapentin dosing in the treatment of
epilepsy. Clin Ther 25:1382–1406.

orello CM, Leckband SG, Stoner CP, Moorhouse DF, Sahagian GA
(1999) Randomized double-blind study comparing the efficacy of
gabapentin with amitriptyline on diabetic peripheral neuropathy

pain. Arch Intern Med 159:1931–1937.



M

O

P

P

P

P

P

R

R

S

S

S

T

T

W

W

W

P. H. Kitzman et al. / Neuroscience 149 (2007) 813–821 821
ueller ME, Gruenthal M, Olson WL, Olson WH (1997) Gabapentin for
relief of upper motor neuron symptoms in multiple sclerosis. Arch
Phys Med Rehabil 78:521–524.

liveira ALR, Hydling F, Olsson E, Shi T, Edwards RH, Fujiyama F,
Kaneko T, Hokfelt T, Cullheim S, Meister B (2003) Cellular local-
ization of three vesicular glutamate transporter mRNA and proteins
in rat spinal cord and dorsal root ganglia. Synapse 50:117–129.

andyan AD, Gregoric M, Barnes MP, Wood D, Van Wijck F, Burridge
J, Hermens H, Johnson GR (2005) Spasticity: Clinical perceptions,
neurological realities and meaningful measurement. Disabil Reha-
bil 27:2–6.

edersen LH, Blackburn-Munro G (2006) Pharmacological character-
ization of place escape/avoidance behavior in the rat chronic con-
striction injury model of neuropathic pain. Psychopharmacology
185:208–217.

latz T, Eickhof C, Nuyens G, Vuadens P (2005) Clinical scales for the
assessment of spasticity, associated phenomena, and function: a
systematic review of the literature. Disabil Rehabil 27:7–18.

riebe MM, Sherwood AM, Graves DE, Mueller M, Olson WH (1997)
Effectiveness of gabapentin in controlling spasticity: a quantitative
study. Spinal Cord 35:171–175.

roulx NL, Drolet GL, Laramee MT (2000) Secondary impairments
after spinal cord injury: A population-based study. Am J Phys Med
Rehabil 79:526–535.

itz LA, Friedman RM, Rhoton EL, Sparkes ML, Vierck CL Jr (1992)
Lesions of cat sacrocaudal spinal cord: a minimally disruptive
model of injury. J Neurotrauma 9:219–230.

owbotham M, Harden N, Stacey B, Bernstein P, Magnus-Miller L
(1998) Gabapentin for the treatment of postoperative neuralgia: a

randomized controlled trial. JAMA 280:1837–1842.
himoyama M, Shimayama N, Hori Y (2000) Gabapentin affects glu-
tamatergic excitatory neurotransmission in the rat dorsal horn. Pain
85:405–414.

köld C, Levi R, Seiger A (1999) Spasticity after traumatic spinal cord
injury: nature, severity, and location. Arch Phys Med Rehabil
80:1548–1557.

oni BM, Mani RM, Oo T, Vaidyanathan S (2003) Treatment of spas-
ticity in a spinal cord- injured patient with intrathecal morphine due
to intrathecal baclofen tolerance: a case report and review of
literature. Spinal Cord 41:586–589.

aricco M, Adone R, Pagliacci C, Telaro E (2000) Pharmacological
interventions for spasticity following spinal cord injury. Cochrane
Database Syst Rev (2):CD001131.

odd AJ, Hughes DI, Polgar E, Nagy GG, Mackie M, Ottersen OP,
Maxwell DJ (2003) The expression of vesicular glutamate trans-
porters VGLUT1 and VGLUT2 in neurochemically defined axonal
populations in the rat spinal cord with emphasis on the dorsal horn.
Eur J Neurosci 17:13–27.

alter JS, Sacks J, Othman R, Rankin AZ, Nemchausky B, Chintam
R, Wheeler JS (2002) A database of self-reported secondary med-
ical problems among VA spinal cord injury patients: its role in
clinical care and management. J Rehabil Res Dev 39:53–61.

heeler G (2002) Gabapentin. Pfizer. Curr Opin Investig Drugs
3:470–477.

ood DE, Burridge JH, Van Wijck FM, McFadden C, Hitchcock RA,
Pandyan AD, Salazar-Torres JJ, Swain ID (2005) Biomechanical
approaches applied to the lower and upper limb for the measure-
ment of spasticity: A systematic review of the literature. Disabil

Rehabil 27:19–32.
(Accepted 16 August 2007)
(Available online 20 July 2007)


	GABAPENTIN SUPPRESSES SPASTICITY IN THE SPINAL CORD–INJURED RAT
	EXPERIMENTAL PROCEDURES
	S2 spinal transaction model
	Surgical procedures
	Therapeutic administration of GBP
	Behavioral assessment
	Electrophysiological recording
	EMG data reduction
	Statistical analysis
	Behavioral assessment
	EMG assessment


	RESULTS
	Effects of GBP on the behavior and EMG activity in control animals
	Behavioral response
	Mean EMG activation

	Effects of GBP on behavior and EMG activity in SCI spastic animals
	Behavioral response
	Mean EMG activation


	DISCUSSION
	Effects of GBP in control animals
	Effects of GBP in SCI spastic animals
	Relationship to GBP effects in clinical trials

	CONCLUSION
	Acknowledgments
	REFERENCES


