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Abstract
Study design Experimental study with mice.
Objectives Spasticity is a common complication after spinal cord injury (SCI) and has detrimental aspects, such as persistent
pain and involuntary muscle spasms. This study aimed to assess the influence of antispastic therapy on locomotor function
after SCI.
Setting University-based laboratory in Fukuoka, Japan.
Methods A mouse model of spasticity was developed by producing incomplete SCI at the 9th thoracic level. At 8 weeks
after SCI, an antispastic drug, baclofen, was intraperitoneally administered to six injured and two sham-operated mice. The
severity of spasticity was evaluated by the modified Ashworth scoring (MAS) system, and locomotor function was evaluated
by the Basso–Beattie–Bresnahan (BBB) scale/Basso mouse score (BMS).
Results The administration of baclofen significantly improved spasticity in the SCI mice and the mean MAS decreased to
from 6.2 to 2.8. However, at the same time, it significantly exacerbated the locomotor dysfunction of the SCI mice and the
mean BMS decreased from 4.7 to 2.3. The time-course of the changes in locomotor function coincided with the time-course
of the spasticity score. We also confirmed that the administration of baclofen was not associated with any changes in either
locomotor function or spasticity of the sham-operated control mice.
Conclusions Our results suggest that spasticity has a certain beneficial effect on ambulation ability. It is important to note
that antispastic treatments may be associated with a risk of impairing the preserved function of chronic SCI patients.

Introduction

Spasticity is a common disabling condition associated with
chronic spinal cord injury (SCI). For more than 100 years,
spasticity has been defined as “disordered sensorimotor
control resulting from an upper motor neuron lesion, pre-
senting as intermittent or sustained involuntary activation of
muscles” [1]. This definition includes velocity-dependent

increase in tonic stretch reflexes (muscle tone) and phasic
stretch reflexes (exaggerated tendon jerks) [2]. Such aber-
rant somatic reflexes can interfere with mobility, transfer,
self-care, social participation, caregiving, sleep, the sexual
function, and activities of daily living (ADLs) [3]. If left
untreated, spastic patients often develop involuntary muscle
spasm and disabling contracture in the soft tissue [4–6].
Thus, effective relief from spasticity is expected to bring
great benefits to chronic SCI patients.

The mechanisms of spinal spasticity include the loss of
descending tracts’ integrity and a decrease in gamma ami-
nobutyric acid (GABA)/glycine-ergic presynaptic inhibition
in segments caudal to the lesions [7]. For the clinical
management of spasticity, various options to eliminate the
triggers of the spinal hyperreflexia have been suggested,
such as antispastic medications, focal injections of botuli-
num toxin, and invasive surgical operations [8]. Baclofen is
an antispastic drug that is available worldwide. Since
baclofen is a selective GABA-B receptor agonist, this drug

* Seiji Okada
seokada@ortho.med.kyushu-u.ac.jp

1 Department of Orthopedic Surgery, Graduate School of Medical
Sciences, Kyushu University, Fukuoka, Japan

2 Department of Immunology and Neuroscience, Medical Institute
of Bioregulation, Kyushu University, Fukuoka, Japan

3 Department of Orthopaedic Surgery, Japan Labor Health and
Welfare Organization, Spinal Injuries Center, Fukuoka, Japan

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-019-0395-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-019-0395-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-019-0395-9&domain=pdf
http://orcid.org/0000-0001-8221-1431
http://orcid.org/0000-0001-8221-1431
http://orcid.org/0000-0001-8221-1431
http://orcid.org/0000-0001-8221-1431
http://orcid.org/0000-0001-8221-1431
http://orcid.org/0000-0002-5930-6499
http://orcid.org/0000-0002-5930-6499
http://orcid.org/0000-0002-5930-6499
http://orcid.org/0000-0002-5930-6499
http://orcid.org/0000-0002-5930-6499
http://orcid.org/0000-0002-5107-8209
http://orcid.org/0000-0002-5107-8209
http://orcid.org/0000-0002-5107-8209
http://orcid.org/0000-0002-5107-8209
http://orcid.org/0000-0002-5107-8209
mailto:seokada@ortho.med.kyushu-u.ac.jp


reduces the influx of calcium and suppresses the release of
excitatory neurotransmitters, such as glutamate and aspar-
tate. However, due to the existence of the blood spinal cord
barrier, orally administered baclofen has very low bioa-
vailability to the GABAergic neurons in the spinal cord [8],
and is often limited by side effects or dose ceilings [9]. On
the other hand, when baclofen is intrathecally administered,
an efficient concentration within the cerebrospinal fluid can
be achieved with a relatively smaller dose [10]. Thus far,
many clinical reports have demonstrated that the intrathecal
delivery of baclofen by an infusion pump significantly
improved ADLs in chronic SCI patients by reducing
spasticity-related pain and muscle rigidity [11]. However,
we experienced some difficult cases in which chronic SCI
patients were unexpectedly hindered from utilizing their
preserved function with baclofen. Indeed, the functional
aspects of spasticity and the association between the degree
of spasticity and ambulatory disability remain elusive.

The aim of this study was to objectively assess the
contribution of spasticity to functional activities in ambulant
spastic SCI patients. Firstly, we established a mouse model
of spasticity with contusive thoracic SCI and evaluated the
time-course of the changes in lower-limb spasticity and
locomotor function after the intraperitoneal administration
of baclofen. In addition, we report a representative case of
chronic SCI patient who exhibited significant changes in
both spasticity and ambulation ability after the intrathecal
administration of baclofen. Summarizing the above, baclo-
fen treatment improved spasticity but was associated with a
risk of impairing the preserved ambulatory function, thus
suggesting the beneficial aspects of spasticity in relation to
the ambulatory ability of SCI patients.

Methods

Mice

Adult 8-to-10-week-old female C57BL/6N mice (Japan
SLC, Japan) were used in this study. All mice were housed
in a temperature- and humidity-controlled environment on a
12-h light–dark cycle. All surgical procedures and

experimental manipulations were approved by the Com-
mittee of Ethics on Animal Experimentation in the Faculty
of Medicine, our institution (A28-251-0). Experiments were
conducted under the control of the Guidelines for Animal
Experimentation. All efforts were made to reduce the
number of animals used and to minimize their suffering. We
certify that all applicable institutional and governmental
regulations concerning the ethical use of animals were fol-
lowed during the course of this research.

Spinal cord injury and the administration of
baclofen

To produce a mouse model of spasticity, six mice were
anesthetized with an intraperitoneal injection of mixed
anesthesia using medetomidine hydrochloride (0.3 mg/kg),
midazolam (4 mg/kg), and butorphanol tartrate (5 mg/kg).
After laminectomy at the 9th thoracic (T9) level, the dorsal
surface of dura matter was exposed. The vertebral column
was stabilized with fine forceps and clamps at the T8 and
T10 spinous processes and ligament, and then the animal’s
body was lifted. SCI was induced by a moderate (70 kdyn)
contusion injury using an Infinite Horizon Impactor (Pre-
cision Systems Instrumentation, Lexington, KY, USA), as
previously described [12]. Immediately after injury, the
overlying muscles were sutured, and the skin was closed
with wound clips. During recovery from anesthesia, the
mice were placed in a temperature-controlled chamber until
thermoregulation was reestablished. Two sham-operated
control mice were subjected to laminectomy alone at the T9
level. Baclofen (0.3 µg; Gabalon® 0.05%; Daiichi Sankyo
Co, Ltd, Japan) was intraperitoneally administered to both
the spastic mice and the control mice.

Assessment of the severity of spasticity

In both mice and humans, the modified Ashworth score
(MAS) was determined for the lower limbs. After passive
movement of the lower limbs, the sum of the scores of right
and left sides was calculated. Our modified 0–5 scale was
used for the qualitative rating of reaction to fast manual
movement (Table 1). Only one stretch was used at each

Table 1 Definition of the MAS.
Score Definition

0 No increase in muscle tone

1 Slight increase in muscle tone, manifested by a catch and release of by minimal resistance at the end
of the range of motion (ROM) when the affected part(s) is moved in flexion of extension

2 Slight increase in muscle tone, manifested by a catch, followed by minimal resistance throughout
the remainder (less than half) of the ROM

3 More marked increase in muscle tone through most of the ROM, but affected part(s) easily moved

4 Considerable increase in muscle tone, passive movement difficult

5 Affected part(s) rigid in flexion or extension
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speed. Every test was performed in a double-blind manner,
as previously described [13, 14].

Assessment of the locomotor function

In mice, the motor function of the hindlimbs was evaluated by
the locomotor rating test on the Basso–Beattie–Bresnahan
(BBB) scale and the Basso mouse score (BMS) [15, 16]. A
team of two experienced examiners evaluated each animal for
4min and assigned an operationally defined score for each
hindlimb. All measurements were taken on each side for three
consecutive steps and averaged. Every test was performed in a
double-blind manner, as previously described [12]. In addition,
to show the time-course change of ambulation ability in both
mice and humans objectively, representative images photo-
graphed with a video camera are shown in Figs. 2b and 3a, b.

Statistical analyses

Statistical analyses were performed with Wilcoxon’s rank-
sum test and Dunnett’s test. For multiple comparisons
between groups, a one-way ANOVA with a post hoc
Tukey–Kramer test was used. P values < 0.05 were con-
sidered to indicate statistical significance. The data in
graphs are presented as mean ± SD. All statistical analyses
were performed using the JMP software program (ver-
sion12; SAS Institute, Cary, NC, USA).

Results

The intraperitoneal administration of baclofen
improved spasticity in mice with chronic SCI

To examine the functional characteristics of spasticity in this
study, we first established a mouse model of spinal spasticity.
At 8 weeks after SCI, all six injured mice exhibited hindlimb
spasticity of substantial severity of spasticity, whereas sham-
operated mice did not exhibit any spasticity (Fig. 1a).

Next, to confirm the antispastic effect of baclofen, we
compared the severity of spasticity before and after the
intraperitoneal administration of baclofen. At 2 hours post
administration (h), the MAS was significantly reduced from a
preadministration score of 6.2 (1.1) to a postadministration
score of 2.8 (1.6) (mean [SD], Fig. 1a). Regarding the time-
course of the change of MAS, at 1 h it was decreased in
comparison with that at 0 h, and bottomed at 2 h. Thereafter,
the MAS gradually increased and at 8 h reached a level that
was comparable with that of 0 h at 8 h. The mean MAS (SD)
was 6.2 (1.2) at 0 h, 3.3 (1.0) at 1 h, 2.8 (1.7) at 2 h, 3.0 (1.7)
at 4 h, and 5.7 (0.5) at 8 h. In contrast, sham-operated control
mice exhibited no spasticity before or after the administration
of baclofen (Fig. 1b). These results demonstrated that the

intraperitoneal administration of baclofen transiently exerted
antispastic effects on only the spastic mice and that 8 h was a
sufficient duration to examine the functional effect of baclofen
in our experiments.

The antispastic influence of baclofen on the
locomotor function in mice with chronic SCI

To elucidate the antispastic influence of baclofen on the
locomotor function, we also assessed the BBB/BMS values
at 0, 1, 2, 4, and 8 h. Interestingly, both locomotor scores
significantly decreased at 1 h in comparison with that at
preadministration and bottomed at 2 h. Thereafter, these
scores gradually recovered and at 8 h reached a level that

Fig. 1 The intraperitoneal administration of baclofen effectively
ameliorated the severity of spasticity in chronic SCI mice. a The
severity of spasticity was evaluated by the modified Ashworth score
(MAS) before and at 2 h after the intraperitoneal administration of
baclofen (n= 6). All SCI mice exhibited various MASs at 8 weeks
post injury. In each mouse, the MAS was significantly decreased after
the administration of baclofen (n= 6). *P < 0.05, Wilcoxon’s rank
test. b The time-course of the changes in MAS was evaluated until 8 h
after the administration of baclofen. In the spastic mice, the MAS
decreased immediately and bottomed at 2 h post administration. At 8 h
post administration, the MAS was not significantly different from that
before administration. In the control mice, the MAS did not change
after the administration of baclofen. *P < 0.05, Dunnett’s test in
comparison with the MAS before administration (*) and a one-way
ANOVA with a post hoc Tukey–Kramer test between each group (#).
Error bars indicate the SD.
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was comparable with that before the administration of
baclofen. The mean BBB (SD) was 12 (1.5) at 0 h, 7.5 (1.5)
at 1 h, 6.8 (1.3) at 2 h, 8.5 (1.2) at 4 h, and 12 (1.9) at 8 h.
The mean BMS (SD) was 4.7 (0.82) at 0 h, 2.7 (0.82) at 1 h,
2.3 (0.52) at 2 h, 2.8 (0.41) at 4 h, and 4.6 (0.82) at 8 h. In
contrast, sham-operated mice did not exhibit any motor
disability before or after the administration of baclofen
(Fig. 2a, b). These results demonstrated that the antispastic
influence of baclofen was only associated with a transient
deterioration of the locomotor dysfunction in the spastic
mice and that the spinal spasticity effectively contributed to
the locomotor function in the SCI mice.

Spasticity-dependent ambulation in a chronic SCI
patient

Similarly, we report a representative case involving a
chronic SCI patient who transiently exhibited an impaired

ambulatory function after the administration of baclofen.
The patient was a 52-year-old woman who suffered from
tetraplegia due to cervical SCI and who had undergone
orthopedic surgery in our institution 3 years previously.
After intense rehabilitation, she had exhibited substantial
recovery in her ambulation ability with a cane and orthosis.
However, incomplete paralysis remained and her American
Spinal Injury Association impairment scale was D. One
year before this study, she therefore revisited our institution
due to severe spasticity of the bilateral legs (MAS: 4),
which caused spasticity-related pain and involuntary muscle
spasms. Since the effect of oral antispastic medications had
been insufficient due to side effects, we proposed optional
antispastic therapy using the continuous intrathecal infusion
of baclofen. We then investigated the antispastic effects
induced by the intrathecal infusion of baclofen (50 µg;
Gabalon® intrathecal injection 0.05%; Daiichi Sankyo Co,
Ltd, Japan). Before the administration of baclofen, she was

Fig. 2 The antispastic influence of intraperitoneally administered
baclofen was associated with the locomotor dysfunction of chronic
SCI mice. a The time-course change of the locomotor function after
the administration of baclofen was evaluated by the open field score. In
spastic mice, both the BBB and BMS values decreased immediately
and bottomed at 2 hours post administration. At 8 hours post admin-
istration, the MAS was not significantly different from that before the
administration of baclofen. In the control mice, the MAS did not

change after the administration of baclofen. *P < 0.05, Dunnett’s test
in comparison with the MAS before administration (*) and a one-way
ANOVA with a post hoc Tukey–Kramer test between each group (#).
Error bars indicate the SD. b Representative photographs of spastic
mice performing overground walking before and after the adminis-
tration of baclofen. Images were captured from the bottom and lateral
sides. White dots indicate the markers on the iliac crest, hip, knee,
ankle, and toe.
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able to walk between parallel bars (Fig. 3a). However, after
the administration of a minimal dose of baclofen, she
exhibited motor weakness in her lower extremity and
became unable to even stand, although her spasticity was
successfully ameliorated (MAS: 2) (Fig. 3b). Her ambula-
tory function recovered as the drug wore off. This result
suggests that her spinal spasticity had beneficially con-
tributed to ambulation and standing.

Discussion

In this study, baclofen effectively ameliorated spasticity;
however, it unexpectedly exacerbated the locomotor dis-
ability in both SCI mice and a human patient, suggesting
that spasticity may have beneficial aspects for ambulatory
ability after SCI.

During normal walking, the spinal cord centrally
orchestrates a sequence of appropriate reflexes in the mus-
cles of the lower limbs. Once one muscle is passively
extended, the afferent monosynaptic Ia fibers from the
muscle are excited. Since the monosynaptic Ia fibers
directly connect to the motor neurons innervating the
muscle itself, the tonus of the muscle is physiologically
maintained [5]. On the other hand, since the afferent Ia
fibers also connect to the motor neurons innervating the
antagonist muscle via inhibition interneurons in the spinal
cord, the tonus of the antagonist muscle is contrarily wea-
kened [6]. The former is termed the muscle stretch reflex

and the latter is termed the reciprocal Ia inhibition; both are
essential spinal reflexes for ambulation.

In addition to the tonus of muscles, the stepping rhythm
of the lower limbs is regulated by the spinal cord. This
mechanism was first reported as the “half-center hypoth-
esis” by Graham Brown prior to 1920 [17]. The “half-
center” is composed of a flexor half-center, an extensor
half-center, and reciprocally inhibiting interneurons [17].
For several decades after the report, it was hypothesized that
the stepping rhythm was generated by the above spinal
reflex alone [17]. Subsequently, Brown et al. and Lundberg
et al. developed the hypothesis that the spinal cord pos-
sessed the spinal centers capable of intrinsically instigating
flexor and extensor excitations without descending or sen-
sory inputs [17]. In recent reports, much emphasis has been
placed on this spinal half-center interneuronal circuitry as a
central pattern generator [17]. Thus, the appropriate reg-
ulation of these reflexes by the interneuronal circuitry in the
spinal cord is considered to be essential for ambulation [18].

Soon after SCI, supraspinal inhibitory control, particu-
larly that of disynaptic reciprocal inhibition, is reported to
be significantly reduced. Thus, in the pathology of SCI, the
central pattern generator caudal to the spinal lesions
becomes hyperexcited [19]. However, in the chronic phase
of SCI, whether the central pattern generator is hyperactive
or hypoactive remains controversial. In previous studies on
spastic SCI patients, the reciprocal Ia inhibition of ankle
plantarflexor motor neurons was reported to be reduced, and
this was reported to lead to foot drop, causing disability in

Fig. 3 The antispastic
influence of intrathecally
administered baclofen was
associated with ambulation
disability in a chronic SCI
patient. The effect of baclofen
on ambulation ability in parallel-
bar walking was evaluated in a
patient with chronic SCI.
a Before the intrathecal
administration of baclofen, she
could stand up and walk with
spasticity. b After the
administration of baclofen,
although the severity of her
spasticity was ameliorated, she
could not even stand up. The
antispastic effect of baclofen
disappeared by 4 hours post
administration
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ambulation [20]. Thus, hyperexcitability in the lower-limb
muscle stretch reflex is, at least based on the present find-
ings, considered to be a central component in the mechan-
ism of spinal spasticity.

The antispastic drug baclofen is a centrally acting GABA
analog. It binds to GABA receptors at the presynaptic
terminal and inhibits excessive muscle stretch reflex [21]. In
this study, the administration of baclofen immediately and
efficiently reduced the spasticity in spastic mice. However,
the antispastic effect was transient, lasting 8 hours in mice,
and 4 hours in a human patient (Figs. 1 and 3). Previous
studies also reported similar results in humans; the first
effect occurred within 1 hour, the maximum effect occurred
after 2–4 hours, and the total effect lasted for 8 hours after
the intrathecal administration of baclofen [22]. Thus, the
clinical application of baclofen is usually performed using a
continuous infusion pump system.

Regarding the baclofen dose, we administered the lowest
effective dose to the spastic mice in this study. In previous
reports, the dose of baclofen administered for screening
tests was 50–100 µg for adult patients and 0.5 µg for mice
[23]. In our preliminary experiments in which the dose of
baclofen ranged from 0 to 1 µg/mouse, the intraperitoneal
administration of normal saline did not have any effect on
the locomotor function and spasticity, and dose of >0.3 µg
significantly reduced the MAS of SCI mice (data not
shown). This result negated any concerns about the poten-
tial for gut pain to inhibit locomotion and gut pain being a
reported symptom after SCI [24]. We therefore adminis-
tered baclofen (0.3 µg) and assessed both the BBB/BMS
and MAS until 8 hours post administration.

In this study, the locomotor function of the control sham-
operated mice was not affected by the administration of
baclofen, which suggested that baclofen could selectively
act on spastic limbs (Fig. 2). This result is consistent with
the results of a previous study that reported that no obvious
motor weakness was observed on the normal side of hemi-
spastic patients after the intrathecal administration of
baclofen [25]. Although the mechanism of this selective
antispastic effect of baclofen remains unclear, we hypo-
thesize that pathological changes in the sensitivity of
GABA receptors might be involved. In fact, Gerard et al.
reported that altered supraspinal input after CNS injury
resulted in changes in the sensitivity of GABA receptors to
baclofen [26]. Considering that the number of GABAergic
cells is quickly recovered both rostral and caudal to the
lesion after SCI [27], the spinal spasticity was attributed to
the decreased sensitivity of the GABA receptors in the
spinal cord, rather than the decreased number of
GABAergic cells. Thus, the administration of baclofen
effectively exerted GABAergic-supraspinal inhibition in the
spastic mice but not the control mice.

In the SCI patient in this study, the severity of spasticity
was effectively ameliorated whereas the difficulty in
ambulation was exacerbated after the administration of
baclofen (Fig. 3), suggesting that human spasticity had also
beneficial effects on the lower-limb function. In ambulatory
spastic patients, both the flexor and extensor muscles are
pathologically co-activated, termed co-contraction, which
results in the inflexibility of the lower limbs. Despite the
joint inflexibility, this pathological activation of the anti-
gravity muscles, such as the femoral quadriceps, hamstrings,
and gastrocnemius, is reported to be useful for their body
weight loading during ambulation/standing and preventing
muscular atrophy [28]. In contrast to the antigravity muscles,
nonantigravity muscles gradually fall into in degenerative
atrophy (muscle fiber substitution with adipose and fibrotic
tissue) in such conditions [29]. Thus, the dependency on
antigravity-muscle spasticity would be significantly
increased in ambulatory SCI patients and the transient
reduction of spasticity by the administration of baclofen
could significantly impair their ambulatory function.

One limitation of this study is that the present findings
are only applicable to patients whose spasticity contribute to
ambulatory function. In fact, factors leading to spasticity are
reported to be complex; for example, even after the surgical
treatment of spasticity, remaining spasticity can gradually
worsen and limit the range of motion of joints in some cases
[30]. Thus, once muscle adaptation occurs, the reduction of
spasticity is unlikely to detrimentally influence the ambu-
latory function. The present findings highlight the impor-
tance of determining the contribution of spasticity to the
ambulation function in each spastic patient in order to
ameliorate symptoms associated with spasticity.

Conclusion

We demonstrated that spasticity has beneficial aspects on
the locomotor function. It is important to note that in
chronic SCI patients, antispastic therapy may be associated
with a risk of impairing the preserved ambulation ability.

Data availability

All data generated or analyzed during this study are inclu-
ded in this published article.
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