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Neuroprotective Effects of Sacral Epidural
Neuromodulation Following Spinal Cord Injury :
An Experimental Study in Rats
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Objective : The purpose of this study is to evaluate neuroprotective effect of sacral neuromodulation in rat spinal cord injury (SCI) model in the his-
tological and functional aspects.

Methods : Twenty-one female Sprague Dawley rats were randomly divided into 3 groups : the normal control group (CTL, n=7), the SCI with sham
stimulation group (SCI, n=7), and the SCI with electrical stimulation (SCI+ES, n=7). Spinal cord was injured by dropping an impactor from 25 mm
height. Sacral nerve electrical stimulation was performed by the following protocol : pulse duration, 0.1 ms; frequency, 20 Hz; stimulation time, 30
minutes; and stimulation duration, 4 weeks. Both locomotor function and histological examination were evaluated as scheduled.

Results : The number of anterior horn cell was 12.3+5.7 cells/high power field (HPF) in the CTL group, 7.8+4.9 cells/HPF in the SCI group, and
6.9+5.5 cells/HPF in the SCI+ES group, respectively. Both the SCI and the SCI+ES groups showed severe loss of anterior horn cells and myelin fi-
bers compared with the CTL group. Cavitation and demyelinization of the nerve fibers has no significant difference between the SCI group and the
SCI+ES group. Cavitation of dorsal column was more evident in only two rats of SCI group than the SCI+ES group. The locomotor function of all rats
improved over time but there was no significant difference at any point in time between the SCI and the SCI+ES group.

Conclusion : In a rat thoracic spinal cord contusion model, we observed that sacral neuromodulation did not prevent SCl-induced myelin loss and
apoptosis.
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INTRODUCTION

Traumatic spinal cord injury (SCI) often leads to serious neu-
rological sequelae and medical complications. The secondary
damage following SCI is induced by multiple pathophysiologi-
cal mechanisms, including vascular perturbation, metabolic
failure, ionic dysregulation, and celluar excitotoxicity”'?. These
mechanisms increase blood-spinal cord barrier permeability, tis-
sue edema, free radical formation, peroxidation of lipid mem-
branes, cytokines release, and inflammation. A few investiga-
tions were introduced in order to minimize secondary damage
using electrical stimulation, aminoacids, and drugs®'*1>'%),

Electrostimulation of sacral nerve roots is currently being used
with promising results as a treatment for a wide spectrum of
voiding dysfunctions. Also, some investigators reported addi-
tional effects of the sacral nerve stimulation such as change of
spasticity and spasm, increased muotility of intestinal tract and
defecation, and improvement of leg motor in experimental and
clinical studies**'*!”. There are some case reports about addi-
tional improvement of lower extremity motor function®. Prior
investigators revealed that one patient with a long history of pro-
gressive spinal multiple sclerosis was able to stand and transfer,
but not walking, before the sacral nerve stimulation®. Another
paraplegic patient was showed improvement of motor power
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slowly, and after 2 years the patient could stand as confident as
before®. The purpose of this study was to evaluate neuroprotec-
tive effect of sacral neuromodulation in rat thoracic spinal cord
injury model in histological and functional aspects.

MATERIALS AND METHODS

Rats and treatment groups

Twenty-one Sprague Dawley of 6 months old female, weigh-
ing 200 to 250 gm, were randomly divided into 3 groups : a nor-
mal control group (CTL, n=7), SCI with sham stimulation group
(SCI, n=7), and SCI with electrical stimulation (SCI+ES, n=7).
The CTL included rats that were both uninjured and unstimu-
lated. The SCI group included rats that were injured with elec-
trodes implanted but did not receive stimulation. The SCI+ES
group included rats that received electrical stimulation at the S2
or S3 nerve root using needle electrode. Rats in the SCI and
SCI+ES groups were kept in separate cages under the same liv-
ing conditions for a week before receiving SClIs.

Spinal cord injury and electrical stimulation

Rats were deprived of food and water for 12 hours before SCI.
The animals were anesthetized with an intramuscular injection
of Zoletil 15 mg and Xylazine 3 mg. Under general anesthesia,
rats were placed in a prone position. After routine disinfection,
a surgical incision was made through the skin, subcutaneous
tissue, and the T8-12 vertebral lamina to the spinal canal (Fig.
1A). Total laminectomy of T9 or T10 was performed. Rostral
and caudal spinous processes were fixed by clamp. Severe grade
SClIs were induced in rats using an New York University-Multi-
center Animal Spinal Cord Injury Study impactor. The impac-
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Fig. 1. A : Exposure of spinal cor atT10-11
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University spinal cord impactor.

by laminectomy. B : Fine needle electrodes (0.5x27 G)
are implanted into S2 foramen. C : Severe grade of crushing injury is made using New York

tor weighed 10 gm was dropped once from 25 mm height (Fig.
1B). The impact height of 25 mm was considered for severe
cord injury based on a prior investigation".

At the S1-3 level, a surgical incision was made through the skin,
subcutaneous tissue, and the S2-3 vertebral lamina (Fig. 1C). Nee-
dle electrodes (0.5x27 G) were implanted at bilateral S2 or S3
neural foramina. Wounds were cleaned and sutured with wires
inserted through the subcutaneous tissue extruding from the
neck. The SCI+ES group received electrical stimulation 7 days
after SCI with the following protocol : stimulation time 30 min-
utes; pulse duration, 0.1 ms; and frequency, 20 Hz. Epidural low
frequency electric stimulation was applied 30 minutes per day
for 4 weeks. The electrical stimulation treatment protocol was
similar to that previously reported®!"?).

Functional and histopathological outcome

Our institutional animal care and use committee permitted
this study (SNUBH IACUC No. BA1003-058/013-01). Post-in-
jury motor behavior is assessed by the Basso, Beattie, and Bres-
nahan (BBB) locomotor scale method*”. The BBB score is used
for functional recovery and locomotors testing in SCI study. The
scale (0-21) represents sequential recovery stages and categoriz-
es combinations of rat joint movement, hindlimb movements,
stepping, forelimb and hindlimb coordination, trunk position
and stability, paw placement, and tail position.

All rats were sacrificed at 4 weeks after SCI. Under general an-
esthesia, the spinal cord was dissected and embedded in formalin
solution, cut into 5 um-thick axial sections, and stained with he-
matoxylin and eosin (H&E) and Luxol fast blue to identify struc-
tural defects, motor neuron cell injury and myelin loss. Motor
neuron cells were counted in the anterior horns of 1-2 mm ros-
tral from the epicenter. Only complete
neuronal cells with a clearly defined cell
body and nucleus were counted.

RESULTS

Histopathologic examination

The SCI group tissue obtained 4 weeks
after trauma revealed diffuse hemor-
rhage, widespread edema, and focal ne-
crosis in both gray-matter and white-
matter (Fig. 2). The specimens showed
cystic vacuolar degeneration and dis-
persion of the myelin sheaths. Edema
and an accumulation of fibrin were also
observed throughout the spinal cord.
The traumatized spinal cord was infil-
trated with polymorphonuclear leuco-
cytes, erythrocytes, and macrophages
in H&E staining. The number of ante-
rior horn cell was 12.3+5.7 cells/high
power field (HPF) in the CTL group,
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7.8+4.9 cells/HPF in the SCI group, and 6.9+5.5 cells/HPF in
the SCI+ES group, respectively. Between SCI and SCI+ES
group, the difference has no statistical significance.

A significant loss of myelin in the white matter was also ob-
served in the SCI and SCI+ES groups compared with the CTL
group (Fig. 3). Cavitation and demyelinization of the nerve fi-
bers usually has no significant difference between the SCI group
and the SCI+ES group. In only 2 specimens of the SCI group,
dorsal column was cavitated and showed vacuoles (Fig. 3B).
Loss of neurons and demyelinization were also evident.

Functional outcome

The open field locomotor scores (BBB test) of the correspond-
ing groups are presented in Fig. 4. Before the injury, all rats
showed normal function on the BBB score. As demonstrated,
all traumatized rats exhibited a severe BBB score at 1 day after
SCIL. At day 1 of SCI, the BBB scores of the SCI and the ES
group were 3.0+1.0 and 2.7+1.0, respectively. The difference be-
tween two groups was not significant. During subsequent scor-
ing periods, BBB scores increased and plateaued around 14
days after SCI. They improved significantly at days 3, 7, and 14
after SCI (3 days : 6.4+1.5 and 6.2£1.3, 7 days : 12.5+0.8 and
13.3£1.0, and 14 days : 14.3£0.5 and 14.5+0.3). The animals did
improve over time but there was no significant different at any
point in time between SCI and SCI+ES groups.

DISCUSSION

Electrical stimulation has been reported to show neurobio-
logical effects, such as relieving pain in the region of head and
face and restoring movement and function in individuals with
spinal cord injury®”. It has also been indicated that electrical
stimulation can directly exert effects on regenerating neural tis-
sues observed under a well-controlled experimental environ-
ment”. Several investigators have reported that a low-frequency
electrical stimulation is a promise approach to accelerate nerve
regeneration after injury>'?. There are some studies on neuro-
protective effects of sacral nerve stimulation in the SCI pa-
tients>**!*'7). The additional effect of sacral neuromodulation
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was improvement of neurogenic bladder, intestinal motility, pe-
nile erection, pain discrimination, and motor power of leg®.
However, the current study showed that sacral neuromodula-
tion to rat injured thoracic spinal cord did not prevent SCI-in-
duced myelin loss and cavitation. The number of anterior horn
cell of the SCI and SCI+ES groups did not show significant dif-
ferences. Moreover, no significant differences at any point in
time between the SCI and SCI+ES groups were found in terms
of locomotor function as assessed by the BBB test. Our hypoth-

ot (C)
Fig. 2. A : Hematoxylin and eosin staining of control group. Dorsal column
is intact. There are many ant horn cells (arrows) in gray matter. B : The
spinal cord injury (SCI) group reveals a cavitation of dorsal column and a
loss of anterior horn cell (arrows) were observed. C : The SCI+ES group
shows no structural defect, but loss of anterior horn cell (arrows) is simi-
lar with the SCI group.
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Fig. 3. A : Luxol fast blue staining of control group. Myelin fibers are stained. B : The spinal cord injury (SCI) group shows structural defect and scant
myelin fibers. C : The SCI+ES group also reveals cavitation of dorsal column with vacuolar change and loss of myelin fibers. Structural defect and

cavitation of dorsal column is more evident in SCI group.
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Fig. 4. The time course of Basso, Beattie, and Bresnahan (BBB) scores in
the spinal cord injury (SCl) and SCI+ES group. All rats show a low BBB
score at 1 day after SCI then recovered slowly. The difference between
the groups is not significant.

esis was that sacral neuromodulation might prevent loss of my-
elin and promote regeneration of myelinated fiber. Only two
subjects were concordant with our hypothesis.

No behavioral improvement was observed in the present
study. We suggest that it could be caused by an improper proto-
col of stimulation. Several investigators have reported that a
low-frequency electrical stimulation is a promise approach to
accelerate nerve regeneration after injury>'?. However, a high
frequency of electrical stimulation may increase failure of nerve
regeneration'®. Hence, these results cannot exclude potential
beneficial effects of sacral nerve stimulation in other models of
SCI with different treatment protocols, the disappointing out-
comes in this study were limited by the treatment protocol.

CONCLUSION

In a rat thoracic spinal cord contusional model, we observed
that sacral neuromodulation does not prevent SCI-induced my-
elin loss and cavitation. Further experimental and clinical studies
are needed to shed light on the therapeutic potentials of sacral
neuromodulation and to determine the most effective protocol of
stimulation.
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