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Abstract

Obijective: Spasticity is a frequent complication after spinal cord injury (SCI), but the existing
therapies provide only limited relief and are associated with adverse reactions. Therefore, we
aimed to develop a novel strategy to ameliorate the spasticity induced by SCI.

Methods: This nonrandomized controlled study used a repeated measurement design. The
study involved four monkeys, two of which served as controls and only underwent spinal cord
hemisection surgery at the T8 spine level. The other two monkeys underwent transplantation of
sural nerve segments into the injured sites and long-term infusion of acidic fibroblast growth
factor (aFGF). All monkeys received postoperative exercise training and therapy.

Results: The combined therapy substantially reduced the spasticity in leg muscle tone, patella
tendon reflex, and fanning of toes. Although all monkeys showed spontaneous recovery of
function over time, the recovery in the controls reached a plateau and started to decline after
I'l weeks.

Conclusions: The combination of peripheral nerve grafting and aFGF infusion may serve as a
complementary approach to reduce the signs of spasticity in patients with SCI.
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Introduction

Spasticity is a frequent complication after
spinal cord injury (SCI). As a component
of upper motoneuron syndrome, spasticity
is a motor disorder characterized by a
velocity-dependent increase in tonic stretch
reflexes, exaggerated tendon jerks, and
hyperexcitability of the stretch reflex.'™ It
occurs a few weeks after acute SCI and may
develop over months or years.® Spasticity is
not a static phenomenon, and if untreated,
it can lead to secondary reorganization of
both the nervous system and musculature.’
Patients with serious SCI may develop
paresis, leading to adaptive shortening of
muscles that change afferent input to the
spinal cord. This exacerbates the spasticity
and causes the development of contrac-
tures, abnormal positioning, and further
loss of function.

Early medication and physical activity
can reportedly interfere with the develop-
ment of spasticity.®” The pharmacological
agents prescribed as first-line treatment for
individuals with SCI typically reduce spinal
cord excitability.' Baclofen, a GABA
analog, is the most widely used medication
for this purpose and is known to inhibit
monosynaptic and polysynaptic spinal
reflexes.!*'? However, the effects of baclo-
fen are limited because only a small portion
of the active substance penetrates the
blood—brain barrier, and the drug frequent-
ly causes adverse effects such as sedation,
nausea, dizziness, and difficulty breath-
ing."" Sudden termination of drug treat-
ment may also induce epileptic seizures,

psychosis, and hyperthermia.'*>  Other
agents, including tizanidine,'* benzodiaze-
pines,'" clonidine, and gabapentin,'> may
reduce spasticity; however, their effective-
ness as spasmolytics in clinical practice is
even more limited than that of baclofen.

Surgical treatments are suitable for
patients  with  nonprogressive  condi-
tions.'>!®  Orthopedic interventions are
applied as a form of physiotherapy for
local spasticity, botulinum toxin injections
and tendon plasty are used to treat intrac-
table local spasticity with joint deforma-
tion, and rhizotomy is used for
pronounced regional spasticity. However,
these surgical treatments entail irreversible
changes and reportedly have variable and
unpredictable therapeutic effects.'’
Numerous physical strategies have also
been reported to effectively treat spasticity
and improve motor function.'®' Although
various guidelines have recommended exer-
cise to counteract the spasticity, the effect
of physical therapy on spasticity needs to be
evaluated in detail.

The currently available therapies only
provide limited relief and are associated
with a high risk of adverse effects, and the
resultant substantial enduring disability has
necessitated the identification of therapeu-
tic measures to ameliorate the spasticity in
patients with SCI. Therefore, the present
study was performed to develop a novel
strategy to ameliorate SCl-associated spas-
ticity. We performed spinal cord hemisec-
tion surgery in four monkeys and then
conducted a series of surgical procedures
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for transplantation of sural nerve fragments
into the injured site for structural support
in two of these monkeys, who also simulta-
neously received a fibrin-based mixture
containing nerve acidic fibroblast growth
factor (aFGF) into the site of damage to
stabilize the peripheral nerve grafts. The
other two monkeys, which served as con-
trols, only underwent right unilateral surgi-
cal hemisection at the T8 spine level with a
5-mm gap. All four monkeys received post-
operative exercise training and physical
therapy. Clinical evaluation was performed
to test the spasticity values during the
recovery period. We hope that this
approach can yield improvements in terms
of reduced spasticity and/or improved
residual motor control with few or no
adverse effects of anti-spastic medications.

Materials and methods

Animals

Four male rhesus monkeys (Macaca
mulatta) weighing 5 to 7kg were used in
this study. The monkeys were housed in a
vivarium accredited by the Association for
Assessment  and  Accreditation  of
Laboratory Animal Care International.
The experiments were conducted in accor-
dance with the National Institutes of
Health Policy on Humane Care and Use
of Laboratory Animals and approved by
the Institutional Animal Care and Use
Committee of Arizona State University
(Permit number: 07-944R).

Primate surgery

Food and water restrictions were initiated 12
hours before the surgery. All surgical proce-
dures were performed under general anesthe-
sia. Anesthesia was induced with an
intramuscular injection of a mixture of keta-
mine hydrochloride (10 mg/kg) and xylazine
(2mg/kg). Endotracheal intubation was then

performed, and anesthesia was subsequently
maintained with a mixture of isoflurane (1%-—
2%) and oxygen (100%), which was admin-
istered with a standard anesthesia machine.
Throughout the surgery, all animals’ heart
rate, blood pressure, oxygen saturation, respi-
ratory rate, respiratory pressure, tidal
volume, and core body temperature were
monitored using a medical multiparameter
monitor and maintained within physiological
limits by a specialty veterinarian.

All monkeys underwent spinal cord hem-
isection at the T8 level. The two monkeys in
the repair group underwent transplantation
of sural nerve segments as well as aFGF
infusion into the injured spinal cord. The
other two monkeys (control group) under-
went exactly the same hemisection opera-
tion to induce lesions but received no
repair treatment.

a. T8 spinal cord hemisection

All animals were maintained in the prone
position on a surgical table. The dorsal hair
was shaved, and 70% alcohol and iodine
were used to disinfect the skin. A midline
incision was made above the T8 spinous
process, and the paraspinal muscles were
dissected (Figure 1(a)). Total laminectomy
was subsequently conducted under a surgi-
cal microscope. The dura mater was then
exposed and opened longitudinally at the
midline to uncover the spinal cord
(Figure 1(b)). Right-side spinal hemisection
of 5Smm in length was performed with
micro-scissors, and a surgical microscope
was used to ensure that neural tissue was
completely removed from the gap.

b. Sural nerve transplantation and spinal
cord repair

The right soleus and gastrocnemius of
the monkeys in the repair group were fully
exposed and separated. The sural nerve was
excised, harvested, and cut into several
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Figure I. Images showing the spinal cord surgery performed in the monkeys. (a) Unmanipulated spinal

cord after total laminectomy at the T8 level. (b) The dura mater was opened longitudinally at the midline to
uncover the spinal cord. (c) The sural nerve was harvested, cut into several segments, and placed in Hank’s
balanced salt solution. (d) Sural nerve segments were extracted and used to fill the space of the spinal cord
stumps. (e) Acidic fibroblast growth factor was infused into the grafted site. (f) The dura mater was sutured.

segments with lengths of approximately
6 mm; these segments were then placed in
Hank’s balanced salt solution before graft-
ing (Figure 1(c)). After T8 spinal cord hemi-
section, several minced pieces of the sural
nerve segments were extracted and used to
fill the space containing the stumps of the
spinal cord; this generated a base that could
provide structural support to the nerve seg-
ments as they extended from the proximal
sites of white matter to the distal sites of
gray matter (Figure 1(d)). The peripheral
nerve graft was then stabilized by using a
fibrin-based mixture to fill the sites of
injury. First, Spg of aFGF (R&D
Systems, Minneapolis, MN, USA) was
added to a solution containing fibrinogen
(100 mg/mL) and aprotinin (200 Kallikrein
Inhibitor Unit [KIU]/mL). To this solution,
10 uL of thrombin (40 IU/mL) plus calcium
chloride was added to produce an aFGF-
containing (10 ug/mL) mixture (final
volume of approximately 10puL) that was

immediately placed in the grafted site
(Figure 1(e)). In all cases, the dura mater
was then closed in a watertight manner
(Figure 1(f)). The procedures for nerve
transplantation were consistent with those
performed in previous studies on rats,*
cats,”! and monkeys.*

The dura mater was then sutured with
4-0 monofilament sutures. After surgery,
the spinal column was stabilized with trans-
pedicular screws and plates at the T6 and
T10 level, respectively. After all surgical
procedures were completed, 1-0 monofila-
ment sutures were used to suture the
fascia and skin in layers, covering the lam-
inectomized region.

c. Postoperative care

Analgesic treatment was initiated imme-
diately after completion of all surgical pro-
cedures and continued for 5 days.
After recovery from anesthesia, all animals
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were returned to postoperative care and
then allowed to recover for 1 month prior
to behavioral testing. Antibiotics (intramus-
cular cefazolin at 20 mg/day for 5 days post-
operatively) and analgesics (oral
pentazocine tablets at 2mg/kg body
weight once daily or intramuscular bupre-
norphine at 0.3mg/kg twice daily) were
administered for 1 week following surgery.
Corticosteroid  therapy  (intramuscular
dexamethasone at 1 mg/kg once daily) was
used to reduce inflammation after surgery.
Colon and bladder autonomic emptying
functions were not compromised by the
hemisection procedure. The monkeys’
food, fruit, vegetable, and water intake
was closely monitored on a daily basis
until their normal appetite resumed.

Postoperative physical therapy

All monkeys received postoperative exercise
training and therapy to prevent muscle
mass loss, maintain the range of motion of
all joints, and promote functional recovery.
The training included regular stretching
exercises to help maintain flexibility and
temporarily reduce muscle tightness, stand-
ing with a supportive monkey chair to help
stretch the muscles, and progressive adjust-
ment to the desired position to help main-
tain flexibility and assume a position that
did not trigger a spasm. They were also
allowed to freely ambulate upright on a
treadmill with their collar fixed in a special-
ly designed monkey chair, with their hands
supporting their body weight. The therapy
was conducted in two 20-minute sessions
per day for 5 days per week.

Clinical evaluation of spasticity during
postoperative recovery

Spasticity measurements were performed
using clinical evaluations. We selected the tri-
ceps surae muscle tone, patella tendon reflex,
and fanning of toes as the clinical parameters

for evaluation of spasticity. The modified
Ashworth scale is the most widely used
method for assessing muscle spasticity in
clinical practice and research. In the present
study, we applied the modified Ashworth
scale to measure the triceps surae muscle
tone using the following 6-grade system.

Grade 0: No increase in muscle tone
Grade 1: Slight increase in tone causing a
catch when the leg is moved in extension or
flexion

Grade 1+: Slight increase in tone manifest-
ing as a catch followed by minimal resis-
tance throughout the range of motion
Grade 2: More marked increase in tone,
although the leg can be mostly easily flexed
Grade 3: Considerable increase in tone
making passive movement difficult

Grade 4: Rigidity of leg in extension or
flexion

The patella tendon reflex was evaluated
using the tendon reflex score with the fol-
lowing 6-grade system.?*

Grade 0: No reflex response

Grade 1: Decreased reflex (lower than
normal)

Grade 2: Normal reflex

Grade 3: Increased reflex (brisk)

Grade 4: Very increased reflex (very brisk)
Grade 5: Increased reflex with pathologic
reflex such as ankle clonus

Fanning of toes is a classic component of
upper motoneuron syndrome.”*?* In the
present study, we measured Babinski’s
sign using the following 4-grade system:

Grade 0: No response

Grade 1: Slight fanning of toes
Grade 2: Moderate fanning of toes
Grade 3: Severe fanning of toes

Behavioral analysis

Gait analysis was conducted to study the
monkeys’ gait patterns. In this analysis,
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the stepping data were analyzed to identify
different gait modes, and the quality of
functional recovery was evaluated by deter-
mining gait symmetry. Gait symmetry was
defined as the ratio of the average number
of steps taken using one leg to the average
number of steps taking using the ipsilateral
leg in multiple 20-s intervals.

Results

Clinical evaluation of triceps surae muscle
tone using modified Ashworth scale

All monkeys underwent the standard clini-
cal evaluation of spasticity, and their mod-
ified Ashworth scale scores are shown in
Figure 2(a). By moving the monkeys’ legs
and feet within the range of motion and
grading the findings according to the mod-
ified Ashworth scale, we found that the
treated monkeys showed substantially
fewer neurological impairments than the
monkeys in the control group.

Clinical evaluation of patellar tendon
reflex using tendon reflex score

The tendon reflex score was used to evalu-
ate the patellar tendon reflex. Figure 2(b)
shows that the tendon reflex scores of the
monkeys in the repair group were markedly
lower than those of the monkeys in the con-
trol group.

Clinical evaluation of fanning of toes using
Babinski’s sign score

Babinski’s sign score was used to evaluate
fanning of toes in the monkeys. Figure 2(c)
shows that the monkeys in the repair group
had substantially lower Babinski’s sign
scores than the monkeys in the control

group.

(a) Modified Ashworth Scale
L
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Figure 2. Spasticity in the affected legs of mon-
keys (A and B, nerve repair group; C and D, control
group) was evaluated by moving the legs and feet
through the available range of motion. (a) Spasticity
evaluation with the modified Ashworth scale. (b)
Spasticity evaluation with the tendon reflex scores.
(c) Spasticity evaluation with the Babinski’s sign
score.

Behavioral effects of grafting on gait
symmetry

Figure 3 shows the gait symmetry of the
four monkeys. Both treated monkeys were
able to start stepping at 4 weeks after the
injury. The two monkeys in the control
group also showed some step ability at the
same time point, but the improvement in
their step ability seemed to stop and even
started to decline from the 11th week.
Notably, the treated monkeys showed
fewer symmetrical changes in gait on a
daily basis.
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ao..

Gait symmetry (100%)

b4

OO wm>

T "
1 Wk Before 3 Wk After
Surgery Surgery

T T T T
7 Wk After 11 Wk After 15 Wk After 19 Wk After
Surgery

Surgery Surgery Surgery

Figure 3. The quality of functional recovery was evaluated by assessing gait symmetry. Both treated
monkeys (A and B) and control monkeys (C and D) started to show the ability to take steps at the 4-week
point, which likely indicated spontaneous recovery from the injury. This improvement persisted until
approximately || weeks in the control monkeys, after which their step ability started to deteriorate. In
contrast, the treated monkeys (A and B) continued to show improvement in their step ability (shorter bias

bars).

Discussion

This study showed that SCI-induced spas-
ticity could be significantly reduced by com-
bining postoperative physical therapy with
peripheral nerve grafting into the injured
spinal cord sites and the application of a
mixture of aFGF growth factors. Because
various spinal cord lesions can induce dif-
ferent forms of dysfunction, we used a
reproducible hemisection model of SCI in
nonhuman primates. An important reason
for the use of primates in this study was to
facilitate more rigorous evaluation of neu-
rological recovery in the paralyzed leg. All
animals, regardless of whether they received
a graft, developed flaccid paralysis of the
ipsilateral lower extremity and loss of sen-
sation to painful stimuli on the contralater-
al side immediately after surgery. More
specifically, the animals lost their hind

limb grasping ability and could not bear
weight on  the  paralyzed  limb.
Spontaneous recovery of the limb ipsilateral
to the side of the hemisection occurred over
time in all monkeys.

The treatment for SCI-induced spasticity
is focused on rehabilitation of patients to
relieve pain and improve daily activities.
Baclofen has been widely proven to
improve SCI-induced spasticity and is also
approved by the United States Food and
Drug Administration for effective treat-
ment of spasticity caused by SCI'!
Baclofen can be taken orally or by injec-
tion. However, oral baclofen has limited
lipid solubility and therefore crosses the
blood-brain barrier poorly. Thus, high
doses of oral baclofen are needed to achieve
therapeutic effects, and these high doses
often lead to adverse effects including
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sedation, nausea, dizziness, hypotension,
confusion, and weakness.'? Intrathecal bac-
lofen is typically administered by a refillable
reservoir and a programmable pump
implanted surgically in the abdominal
wall, either subcutaneously or subfascially.
Although this approach requires much
lower doses than oral baclofen, use of the
baclofen pump can result in mechanical or
infectious complications.'® Moreover, bac-
lofen is a systemic, not local, therapeutic
agent. It can cause weakness of the spastic
limbs, sedation, dizziness, fatigue, head-
ache, and ataxia, and its sustained use
may cause drug addiction, with sudden
withdrawal resulting in hallucinations and
seizures.”® These limitations have necessi-
tated efforts to seek new and innovative
alternatives for the treatment of SCI-
induced spasticity.

Implantation of Schwann cell-containing
peripheral nerve grafts into a traumatically
induced defect in the spinal cord has been
reported to significantly promote the
ingrowth of peripherally myelinated axons
in lower mammals. However, the neural
mechanisms of injury and neural regenera-
tion in primates may substantially differ
from those in lower mammals. Numerous
successful applications of a nerve-grafting
approach to promote regeneration after
SCI have been reported in non-rodent
large animal models. Peripheral nerve graft-
ing into the rat and cat spinal cord can sup-
port axon regeneration after acute or
chronic injury, with synaptic reconnection
noted across the lesion site and some level
of behavioral recovery.”’ In the present
study, we grafted a peripheral nerve into
the acute injured spinal cord of monkeys
as a preclinical treatment approach to pro-
mote regeneration for eventual translation-
al use. We used the autologous sural nerve
instead of allotransplants to reduce the pos-
sibility of graft rejection.

Segments of the sural nerve may contain
intracellular  neurotrophic factor and

Schwann cells.”® Thus, placement of these
segments directly within the traumatically
induced defect in the spinal cord may
result in the formation of a bridge across
the lesion. First, peripheral nerves are
good substrates for bridging in cases of cen-
tral nervous system trauma. In the present
study, the nerve fragments may have recon-
nected the interrupted neural tracts and
promoted nerve repair from the peripheral
Schwann cells. Placement of Schwann cell-
containing peripheral nerve grafts into the
traumatically induced defect in the spinal
cord significantly promoted the ingrowth
of peripherally myelinated axons. Second,
the nerve fragments may have formed a net-
work similar to a sponge. This structure
was conducive to the addition of aFGF,
which may have diminished the inflamma-
tory response and subsequent scar
formation.

Numerous studies have shown that the
addition of growth factors to a grafted
peripheral nerve bridge can promote
axonal growth, reduce glial scarring and
neurite outgrowth, and result in functional
recovery.”’ Favorable outcomes have been
obtained in experimental studies focused on
members of the neurotrophin family, such
as nerve growth factor, brain-derived neu-
rotrophic factor, and neurotrophin-3.
Apart from neurotrophins, the fibroblast
growth factor (FGF) family also plays an
important role in these processes. FGFs are
a family of growth factors that are involved
in embryonic development, wound healing,
angiogenesis, and various endocrine signal-
ing pathways. Among them, aFGF has
been investigated for its role in nerve
repair; it is mitogenic and pluripotent in
nature and can mitigate glial scarring and
enhance axonal growth. Li et al.*® found
that aFGF can improve functional recovery
by inducing peroxiredoxin | to regulate
autophagy and anti-reactive oxygen species
after SCI in a rat model. Tsai et al.*' used a
proteomics approach and showed that
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aFGF can downregulate expression of the
proteins involved in the process of second-
ary injury after SCI.

Furthermore, aFGF has already been
used in clinical practice. As described in a
review by Ko et al.,”® Dr. Henrich Cheng
and his team have conducted multiple
human and animal trials using aFGF to
repair spinal cord or peripheral nerve inju-
ries in Taiwan during the last couple of dec-
ades, and these studies showed that aFGF
was effective. In 2004, a patient with chron-
ic paraplegia due to spinal cord hemisection
from a stab injury 3 years previously
obtained significant motor and sensory
recovery 2.5 years after therapy involving
four sural nerve grafts and aFGF at the
T11 level.* Additionally, a 20-ug aFGF
bolus injection was administered via intra-
dural lumbar puncture for treatment of a
28-year-old patient who presented with a
4-year history of spastic paralysis, and the
authors described the details of the treat-
ment and the functional recovery of sensa-
tion, muscle activities, and gait pattern.*’ In
a clinical trial, 49 patients with SCI were
treated by application of aFGF with fibrin
glue and duraplasty via lumbar puncture at
3 and 6 months post-laminectomy sur-
gery.** The patients attained significant
improvements in motor, sensory, and neu-
rological levels as well as in functional inde-
pendence measures at 2 years after
treatment. Another clinical trial of aFGF
with an extended 4-year follow-up period
also showed that all patients with SCI
attained recovery of motor function and a
decrease in dependence, with no major
adverse events or other oncological prob-
lems.* In brief, aFGF with or without
nerve grafting shows advantages in terms
of neurological function improvement in
human patients with SCI. Moreover,
aFGF has shown promising results for
neural regeneration in human patients
with cervical root injury,*® brachial plexus
injury,’” and common peroneal nerve

injury.*® Growing evidence has also shown
that aFGF can ameliorate hyperglycemia,
increase insulin sensitivity, and relieve neu-
ropathic impairment.*’

The existing imaging methods have lim-
ited effectiveness for evaluating acute SCI
during transient axonal dysfunction and
spinal shock. However, neuroelectrophysio-
logical techniques show high sensitivity and
accuracy and can allow quantitative mea-
surement of the degree of SCI and clarify
the characteristics of SCI-induced function-
al loss. As the new standard for examining
nerve function, neuroelectrophysiological
evaluations have received increasing atten-
tion as auxiliary clinical examinations for
evaluating  the  severity of  SCI
Neuroelectrophysiological evaluations are
also widely used to assess and quantify
spinal cord function in laboratory
animals.*

Mekhael et al.*' found that transcranial
direct current stimulation can relieve spas-
ticity in anesthetized and awake mice with
SCI through testing of velocity-dependent
ankle resistance and the associated electro-
myographical activities. Sadlaoud et al.*?
analyzed the association between the glyci-
nergic receptor expression rate and depen-
dent depression of Hoffmann’s reflex (the
H-reflex) in mice and verified that altera-
tions of glycinergic inhibition of lumbar
spinal motoneurons are involved in the
mechanisms underlying spasticity after
SCI. Corleto et al.** characterized a thorac-
ic complete transection-induced spasticity
model in rats and described the correspond-
ing features using systematic electromyog-
raphy and histopathological methods. Coté
et al.?! demonstrated the successful applica-
tion of a nerve-grafting approach to
promote regeneration after SCI in a non-
rodent large animal model. Although they
recorded motor-evoked potentials and
somatosensory potentials, their results
only served as an indicator of nerve repair
and did not elucidate the relationship
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between electrophysiology and spasticity.
Levi et al.** and Ko et al.>? both developed
reproducible models of SCI in nonhuman
primates and verified the effectiveness of a
combination of peripheral nerve grafts and
aFGF infusion for repairing incomplete
SCI. Although the magnetic motor-evoked
potentials and somatosensory evoked
potentials recorded in the latter study pro-
vided evidence of repair, the authors did
not discuss the relationship between electro-
physiologic changes and spasticity.

The neural mechanisms underlying
injury and neural regeneration in primates
may substantially differ from those in lower
mammals. However, there are still relatively
few studies on monkeys with SCI, especially
monkeys with SCI-induced spasticity.
Electrophysiological assessments of animals
after peripheral nerve grafting presents
major technical challenges because the
physiologic effects obtained by direct elec-
trical activation of neuronal fibers within
the graft and those caused by current
spread or conduction along intact tracts
are difficult to distinguish. The H-reflex,
which is the electrophysiological equivalent
of the monosynaptic stretch reflex, has long
been used to study the excitability of motor
neurons induced by the activation of Ia
afferents.*> Generally, the rate-dependent
depression of the H-reflex is viewed as the
only electrophysiological measurement cor-
related with the degree of spasticity in
patients.

Magnetic resonance imaging, histologic
examination, immunostaining, and other
methods have also been used to evaluate
the effects and explore the underlying mech-
anisms. Ko et al.>? analyzed the spinal cord
cephalic to, at, and caudal to the lesion site
between repair and control monkeys. In
both groups, the lesion center sustained
the largest area of inflammation, and the
repair group demonstrated smaller inflam-
matory areas at each corresponding posi-
tion compared with the control group.

Staining showed that hypercellularity, sug-
gesting an inflammatory response, after
spinal cord hemisection was significantly
suppressed in the repair group with respect
to both the extending area and the thick-
ness. Coté et al.?! demonstrated the pres-
ence of c-Fos immunoreactive neurons
close to the distal apposition site by immu-
nohistochemical analysis, indicating that
regenerated axons formed functional synap-
ses with host neurons. Four months after
grafting, Levi et al.** sectioned and immu-
nostained the spinal cord—graft site of mon-
keys and found that the grafts significantly
enhanced the regeneration of myelinated
axons into the region of the hemisected
spinal cord.

Muscle relaxants are good therapeutic
options because they usually decrease
muscle tone contractions of paralyzed
muscles and hyperreflexia. Physical thera-
py, including stretching,* range-of-motion
exercises,*’ static weight-bearing,*® and pas-
sive cycling,* have been considered useful
methods to reduce spasticity and avoid the
adverse reactions associated with pharma-
cological treatments. Physical treatments
have been shown to reduce atrophy-
related changes in muscle architecture and
reduce passive stiffness.”® Body weight-
supported treadmill training consistently
reduced ankle clonus across various studies,
in addition to reducing flexor and extensor
spasms and co-contraction.”’ In a recent
pilot study, resistance training at maximal
intensity also improved walking and bal-
ance and tended to decrease the modified
Ashworth score.”> However, we found
that physical therapy, including general
stretching and treadmill training, was not
sufficient for preventing spasticity after
SCI in monkeys.

Because spontaneous neurological recov-
ery occurs in animals that have undergone
partial transection, analysis of the results
obtained in peripheral nerve graft-treated
monkeys must be carefully compared with



Sun et al.

those demonstrated in non-grafted ani-
mals.'®> The results of our study con-
firmed spontancous recovery of ipsilateral
hind limb function in both graft- and non-
graft-treated monkeys over time; however,
the functional recovery of non-graft-treated
monkeys reached a plateau after 11 weeks
and started to decline thereafter. Whether
the functional improvement other than
spontaneous recovery after SCI is related
to neural regeneration through neural
repair therapy remains unclear. Although
some studies have shown positive results
of nerve regeneration in rats,”* similar stud-
ies of neural regeneration in nonhuman pri-
mates are still rare. Primates have more
complex nerves and a higher density of
nerve fibers than rodents.

Limitations and outlook

This study had some limitations. First only
the three clinical scales and gait symmetry
analyses that are most commonly used for
patients were applied to evaluate the effec-
tiveness of the treatment approach for SCI-
induced spasticity. The most frequently
used assessment scale is the modified
Ashworth scale, which is used to rate the
resistance of a relaxed single joint to move-
ment imposed by the evaluator throughout
its full available range.” The tendon reflex
score was used to grade the patella tendon
reflex,” and the Babinski sign score was
applied to measure fanning of toes.?>**
However, like most of the other assessment
methods, these scales are ordinal, and their
reliability, validity, and responsiveness have
not been adequately explored.’® Thus, these
results may not be as reliable and objective
as electrophysiological examinations. More
objective measures of spasticity based on
actual muscle activation patterns recorded
over many hours or days are needed.
Second, the small sample size may have
influenced the findings. Third, this study
focused on describing the effect of a

combination of peripheral nerve grafting
and aFGF infusion after SCI in monkeys
and did not delve into the possible mecha-
nisms of nerve repair and spasticity reduc-
tion. In a follow-up study, we will conduct a
carefully designed tracing experiment on a
larger sample to provide more convincing
objective evidence by using electrophysio-
logical detection. In addition, immunohis-
tochemical analysis, magnetic resonance
imaging, and other methods will be used
to further explore the mechanisms respon-
sible for axonal growth or sprouting and
spasticity reduction.

Conclusions

Three major conclusions can be drawn from
the present study. First, SCI-induced spas-
ticity was substantially reduced by a treat-
ment strategy combining physical therapy
with peripheral nerve grafting and the
application of a mixture of growth factors.
Second, spontancous recovery of ipsilateral
leg function occurred in both graft- and
non-graft-treated monkeys over time, but
the functional recovery of the non-graft-
treated monkeys reached a plateau and
started to decline after 11 weeks. Third,
physical therapy, including general stretch
and treadmill training, may be necessary
but is not sufficient for preventing spasticity
after SCI.
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