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Experimental rat model for cervical compressive myelopathy
Yasushi ljima® Takeo Furuya®, Masao Koda®, Yusuke Matsuura®, Junya Saito?,
Mitsuhiro Kitamura®, Takuya Miyamoto®, Sumihisa Orita® Kazuhide Inage®,
Takane Suzuki®, Masashi Yamazaki® and Seiji Ohtori®

Previously, a rat model of chronic compressive myelopathy
that uses a water-absorbing polymer inserted under a spinal
lamina was reported. However, the best size and coefficient
of expansion of the polymer sheet have not yet been
established. The aim of the present study was to optimize
these properties in an ideal rat model of cervical
compressive myelopathy. Thirty rats were used in this study.
A sheet of water-absorbing polymer was inserted under the
cervical laminae. Rats were divided randomly into five
experimental groups by the expansion rate (350 or 200%)
and thickness (0.5 or 0.7 mm) and the control. After the
surgery, the severity of paralysis was evaluated for

12 weeks. At 12 weeks after the surgery, cresyl violet
staining was performed to assess the number of motor
neurons in the anterior horn at the C4/C5 segment and
Luxol Fast Blue staining was performed to assess
demyelination in the corticospinal tract at the C7 segment.
‘Slow-progressive’ paralysis appeared at 4-8 weeks
postoperatively in rat models using sheets with 200%
expansion. By contrast, only temporary paralysis was
observed in rat models using sheets with 350% expansion.

Introduction
Cervical compressive myelopathy (CCM) is a common
cause of neurological disability.

Chronic spinal cord compression is mainly caused by
chronic degenerative changes in the cervical spine, disk
herniation, ossification of the posterior longitudinal liga-
ment, and ossification of the ligamentum flavum,
resulting in slowly progressive impairment in motor and
sensory functions of the limbs [1-3]. Currently, surgical
decompression can attenuate the progression of CCM,
but most patients are still left with significant neurolo-
gical impairment [4]. No effective pharmacological
treatment is available to improve neurological disability
in patients with postoperative persistence of neurological
deficits and patients who are unable to tolerate surgical
treatment. The detailed pathophysiological mechanisms
of CCM are poorly understood.
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A loss of motor neurons in the anterior horn was observed in
all groups, except for the control. Demyelination in the
corticospinal tract was observed in rat models using sheets
with 200% expansion, but not rat models using sheets with
350% expansion. A polymer sheet that expands its volume
by 200% is an ideal material for rat models of cervical
compressive myelopathy. NeuroReport 28:1239-1245
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Previously described animal models of CCM are mostly a
replacement of acute compression methods using
impactors such as the Infinite Horizon impactor and the
New York University impactor [S]. Few reports are
available on animal models of ‘chronic’ or ‘slow-pro-
gressive’ compressive myelopathy. Kim e «/ [6] and
Long ez al. [7] reported a rat model of chronic compres-
sive myelopathy that uses a water-absorbing polymer
sheet inserted under a spinal lamina. Kim ¢ /. [6] used a
sheet measuring 0.7 mm X 3 mm X 5 mm that expands in
volume by 230%. By contrast, L.ong e «/. [7] used a sheet
measuring 1 mm X3 mm X 1 mm that expands in volume
by 700%. The optimal size and coefficient of expansion
of the polymer sheet have not yet been established. The
aim of the present study was to optimize these properties
in an ideal rat model of CCM using a water-absorbing
polymer sheet.

Materials and methods

Surgical procedure

We used 30 eight-week-old female Sprague-Dawley rats
in the present study. Rats were anesthetized with sevo-
flurane and fixed in a prone position. An incision was
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Fig. 1

Surgical images showing the process of a water-absorbing polymer sheet implantation. The cervical laminae were exposed (a) and the C6 lamina was
removed (b). A water-absorbing polymer sheet (white arrow) was inserted under the C4-C5 laminae (c).

made in the middle of the cervical segments. The C4-C7
laminae were exposed and the C6 lamina was removed. A
sheet of water-absorbing polymer was inserted into the
C4-C5 sublamina space using a surgical microscope
(Fig. 1). We sought to produce an experimental model of
myelopathy by static spinal cord compression from the
sheet expanding gradually and dynamic compression as a
result of flexion and extension of the cervical spine.

Expandable material

We used an expandable sheet made of a water-absorbing
polyurethane elastomer. We used Aquaprene Dx (Sanyo
Chemical Industries, Kyoto, Japan), which expands in
volume by 200%, and Sealer Tape BW (Azuma Gum
Industries Company Limited, Gunma, Japan), which
expands in volume by 350%. These polymer sheets
expand after implantation, absorbing tissue water for
48-72 h to reach their maximum volume. These expand-
able materials did not show any soft tissue reaction.

Group design

Rats were divided randomly into five experimental groups
(n=06 per group) by the expansion rate and thickness of
the sheets. Sheets that expanded in volume by 200%
(Aquaprene Dx; Sanyo Chemical Industries) were placed
in rats in groups 1 (3mmX5mmx0.5mm) and 2
(3 mm X5 mm X 0.7 mm). Sheets that expanded in volume

by 350% (Sealer Tape BW; Azuma Gum Industries
Company Limited) were placed in rats in groups 3
GmmXxX5mmx0.5mm) and 4 3 mm X5 mm X 0.7 mm).
A sheet (3 mm X 5 mm X 0.7 mm) was placed in the C4-C5
sublamina space momentarily in rats in the sham control
group and then removed.

Behavioral evaluations

After the surgery, we evaluated the severity of paralysis
because of spinal cord compression for 12 weeks.
Locomotor function of the forepaws was assessed using a
Forelimb Locomotor Scale (FLS) score (0-17 points) [8]
and that of the hind paws using a Basso, Beattie, and
Bresnahan locomotor rating scale (BBB) score (0-21
points) [9]. Behavioral evaluations were performed
before surgery, 1 and 4 days, and 1, 2, 3, 4, 6, 8, 10, and
12 weeks after surgery.

Tissue preparation

Twelve weeks after surgery, the rats were anesthetized
with pentobarbital intraperitoneally. Transcardial perfusion
with 4% paraformaldehyde in PBS was used to fix tissue.
"The cervical spine was removed and postfixed in the same
fixative overnight and stored in 20% sucrose in PBS at 4°C.
The cervical cord was embedded in optimal cutting
temperature compound (Sakura Fine Technical, Tokyo,
Japan). The cryoprotected samples were frozen at — 80°C.



Histology

Transverse sections (10 pm, 10 sections) at the C4/C5 and
the C7 segment of the spinal cord were used. These
sections at the C4/C5 segment were stained with cresyl
violet and sections at the C7 segment were stained with
luxol fast blue (LFB). Micrographs were produced using
a microscope fitted with a digital camera. The number of
motor neurons in the anterior horn at the C4-C5 segment
was counted. The LFB-positive area in the corticospinal
tract at the C7 segment was calculated. To count motor
neurons and calculate the LFB-positive area, we used
image analysis software (Image J, version 1.6.0, Rasband
WS; US National Institutes of Health, Bethesda,
Maryland, USA).

Mechanical testing

We measured Young’s modulus of the water-absorbing
sheets and spinal cord to determine their hardness using
a mechanical testing device. Eight-week-old Sprague-
Dawley rats were anesthetized with pentobarbital intra-
peritoneally and their spinal cords were harvested.
C1-C7 laminae were removed. The spinal cord was
removed and cut into 5mm longitudinal samples.
Aquaprene Dx (expansion rate: 200%) and Sealer Tape
BW (expansion rate 350%) were absorbed with water for
a week and maximally expanded. We used spinal cords
and four kinds of samples: a sheet with 200% expansion
before water absorption, a sheet with 200% expansion after
water absorption, a sheet with 350% expansion before
water absorption, and a sheet with 350% expansion
after water absorption (#=3). The anteroposterior and
transverse diameters of each sample were measured using
a digital caliper (Digimatic Caliper, Mitutoyo, Japan).
Samples were loaded in a mechanical compression testing
device (DCS-2000 Universal Testing Machine; Shimadzu
Corp., Kyoto, Japan). The actuator was driven at 2 mm/min
until 70% strain. The stress—strain curve of each sample
was plotted from the results of the compression test.
Young’s modulus of each sample was identified as the
slope of a line tangential to the stress—strain curve [10].
Irreversible neurological deficits have occurred after
30-65% spinal cord compression [1,11,12]. A stress—strain
curve for the spinal cord was constructed using the com-
pression test. Young’s modulus for the spinal cord at
50-60% strain was measured. Subsequently, we measured
Young’s modulus for water-absorbing sheets at a stress
range of 50-60% strain of the spinal cord.

Statistical analyses

Statistical differences in the FLS score, BBB score,
number of motor neurons in the anterior horn, LFB-
positive area, and Young’s modulus were tested using
Turkey’s honest significant difference test. P value less
than 0.05 was considered significant. Statistical analyses
were carried out using the JMP 10 software package (SAS
Institute Inc., Cary, North Carolina, USA).
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Results

Behavioral evaluations

The BBB score and the FLS score did not change sig-
nificantly in the control group during 12 weeks post-
operatively (Fig. 2). The BBB score and the FLS score
decreased at several days postoperatively, but recovered
in several weeks in all groups, except for the control
group. ‘Slow-progressive’ paralysis appeared in group 3
(0.5-mm-thick sheet with 200% expansion) at 8 weeks
and in group 4 (0.7-mm-thick sheet with 200% expan-
sion) at 4 weeks. At 4 and 6 weeks postoperatively, the
average locomotor scores in group 4 were significantly
lower than the scores in group 3 (P <0.05). At 12 weeks
postoperatively, the average BBB score in group 3 was
10.4£1.2 and the FLS score was 8.8+ 1.8. The average
BBB score in group 4 was 9.0£0.5 and the FLS score was
7.2%0.7. The average locomotor scores in these groups
were significantly lower than the scores in group 1
(0.5 mm-thick sheet with 350% expansion), group 2
(0.7 mm-thick sheet with 350% expansion), and the
control group (P<0.05). By contrast, from 1 day to
2 weeks postoperatively, fast progressive paralysis was
observed and after 3 weeks, recovery from paralysis was
observed in groups 1 and 2. At 12 weeks postoperatively,
there was no significant difference in the locomotor
scores between groups 1, 2, and the control group.

Macroscopic findings

Macroscopic findings at 12 weeks postoperatively
showed large erosion of the lamina and mild spinal cord
compression despite the considerable swelling of the
sheet with 350% expansion (Fig. 3b). By contrast, there
was small erosion of the lamina and relatively severe
spinal cord compression despite the smaller swelling of
the sheet with 200% expansion (Fig. 3c).

Cresyl violet staining

Cavitation and a loss of motor neurons in the anterior
horn were observed in all groups, except for the control
group (Fig. 4). The number of motor neurons in groups
1-4 was significantly lower than that in the control group
(P<0.05).

Luxol fast blue staining

A loss of the LFB-positive area and demyelination in the
corticospinal tract were observed in group 3 (0.5-mm-
thick sheet with 200% expansion) and group 4 (0.7-mm-
thick sheet with 200% expansion) (Fig. 5). By contrast,
demyelination was not observed in group 1 (0.5-mm-
thick sheet with 350% expansion) or group 2 (0.7-mm-
thick sheet with 350% expansion). The LFB-positive
area in groups 3 and 4 was significantly lower than that in
groups 1, 2, and the control group (P <0.05).

Mechanical testing
A stress—strain curve of the spinal cord was obtained
using the compression test (Fig. 6a). From the
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Fig. 2
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Graphs illustrating Basso, Bieattie, and Bresnahan (BBB) scores (a), and Forelimbs Locomotor Scale (FLS) score (b). BBB and FLS scores of group
3 (expansion rate 200%, thickness 0.5 mm) were significantly lower than those of the control after 8 weeks postoperatively, and that of group 1 or 2
(expansion rate 350%, thickness 0.5 or 0.7 mm) after 10 weeks postoperatively. Similarly, the locomotor score of group 4 (expansion rate 200%,
thickness 0.7 mm) was significantly lower than that of the control after 4 weeks postoperatively, and that of group 1 or 2 (expansion rate 350%,
thickness 0.5 or 0.7 mm) after 8 weeks postoperatively. There was a significant difference in the locomotor score between group 3 (expansion rate
200%, thickness 0.5 mm) and group 4 (expansion rate 200%, thickness 0.7 mm) after 4 and 6 weeks postoperatively.*P < 0.05, significant difference
in comparison with the control; TP < 0.05, significant difference in comparison with group 1 or 2; ¥P < 0.05, significant difference in comparison with

group 3.

stress—strain curve of the spinal cord, the average stress
required for 50% and 60% compression of the spinal
cord was 55£9.4 and 172+ 18kPa, respectively. The
stress—strain curve of each water-absorbing sheet sample
was obtained (Fig. 6b) and Young’s modulus in the stress
range of 50-60% strain of the spinal cord (55-172 kPa)
was calculated (Fig. 6c). Young’s modulus required
for 50-60% compression of the spinal cord was
1130£ 125 kPa. Young’s modulus for the sheet with 350%
expansion was 3786+ 268 kPa before and 1119+ 26 kPa
after water absorption. Young’s modulus for the sheet
with 200% expansion was 3445+ 20kPa before and
2021+ 93 kPa after water absorption. Young’s modulus for
the sheet with 200% expansion after water absorption was
significantly higher than that for the spinal cord (P <0.05).
By contrast, there was no significant difference between
Young’s modulus for the sheet with 350% expansion after
water absorption and that for the spinal cord.

Discussion

This study shows that the polymer sheet with 200%
expansion after water absorption was suitable for mod-
eling chronic compressive myelopathy. By contrast, rat
models using polymer sheets with 350% expansion
reflected temporary and acute myelopathy, which was
not suitable to model chronic compressive myelopathy.

In rat models using the sheet with 200% expansion,
deterioration occurred temporarily because of surgical
invasion, but progressive paralysis occurred after 4-8

weeks postoperatively. Previous reports of a rat model of
chronic compressive myelopathy using 3 mm X5 mm X
0.7 mm water-absorbing sheets with 230% expansion were
considered [6,13,14]. Kurokawa ez a/. [13] reported that
the ability for treadmill exercise by the rats declined after
6 weeks postoperatively. Yamamoto ¢z @/. [14] reported that
deterioration in grip strength occurred after surgery and
recovered in several weeks, and progressive weakness was
observed 7-8 weeks postoperatively. In the present study,
the results of behavioral evaluations in the groups using
sheets with 200% expansion were consistent with these
previous reports.

We found loss of motor neurons in the anterior horn and
demyelination in the corticospinal tract at 12 weeks
postoperatively in rat models using sheets with 200%
expansion. Histopathology of cervical spondylotic mye-
lopathy at human autopsy and of rat models showed
cavitation and loss of motor neurons in the anterior horn
and demyelination in the corticospinal tract [15-17]. Our
findings were consistent with these previously reported
findings. Therefore, rat models using sheets with 200%
expansion reflected slow-progressive myelopathy and
were considered to be appropriate as models of chronic
compressive myelopathy.

By contrast, temporary paralysis and no demyelination of
corticospinal tract at 12 weeks postoperatively were
observed in rat models using sheets with 350% expansion
after water absorption. These findings were considered to
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Microimages of the spine of the control group (a), expansion rate 350% and thickness 0.7 mm group (b), and expansion rate 200% and thickness
0.7 mm group, (c) after 12 weeks postoperatively. The erosion of the lamina was large (black arrow) and the spinal cord compression was mild (white
dotted line surrounded) despite the large swelling of the sheet with 350% expansion (b). By contrast, the erosion of the lamina was small (black arrow)
and spinal cord compression was relatively severe (surrounding white dotted line) despite the small swelling of the sheet with 200% expansion (c).
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Histological images of cresyl violet staining of the cervical spinal cord at C4/C5 12 weeks postoperatively (a). Bar graph illustrating the number of
motor neurons (b). Upper histological images are low magnification. Magnified lower histological images of the area surrounded by a red rectangle in
the upper histological images show the anterior horn. Upper images show that the spinal cord is flattened in all groups, except for the control group.
Lower images and bar graph show loss of motor neurons in the anterior horn in all groups, except for the control group.*P < 0.05, significant

difference in comparison with the control.

be acute onset and temporary myelopathy because of
surgical invasion and excessive expansion of sheets.
Possible reasons for the temporary paralysis and recovery
in models using sheets with large expansion are as

follows: first, Kim ez /. [6] reported the reasons for
recovery of paralysis in a model of chronic compressive
myelopathy, which included a partial reduction of the
compression to the spinal cord by erosion and remodeling
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Histological images of luxol fast blue staining of the cervical spinal cord at C7 after 12 weeks postoperatively (a). Bar graph illustrating the percentage
of the luxol fast blue-positive area in the corticospinal tract (b). Upper histological images are low magnification. Magnified lower histological images of
the area surrounded by a red rectangle in the upper histological images show the corticospinal tract. Histological images and bar graph show that
demyelination of the white matter and corticospinal tract are not seen in groups 1, 2, and control. In contrast, demyellnanon of the white matter and the
corticospinal tract are apparent in groups 3 and 4.*P < 0.05, significant dlfference in comparison with the control; TP < 0.05, significant difference in

comparison with group 1;

P <0.05, significant difference in comparison with group 2.
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expansion after water absorption;

P < 0.05, significant difference in comparison with the sheet with 200% expansion before water absorption.

of the lamina overlying the polymer sheet. Another rea-
son might be related to the hardness of the water-
absorbing sheet after expansion. Mechanical testing
showed that the sheet with 200% expansion after water
absorption was harder than the spinal cord, but the sheet
with 350% expansion after water absorption was not.
Therefore, paralysis might have been temporary and
recovered in models using sheets with 350% expansion

because the sheet with 350% expansion after water
absorption was not harder than the spinal cord. Paralysis
might be slowly progressive in models using sheets with
200% expansion because the sheets with 200% expansion
are harder than the spinal cord.

The behavioral results for the models using sheets with
200% expansion were an earlier appearance of paralysis in



the subgroup of models using 0.7-mm-thick sheets than
in the subgroup using 0.5-mm-thick sheets. However,
temporary paralysis after surgery because of surgical
invasion was greater in the subgroup of models using
0.7-mm-thick sheets. If the thickness of the sheet is more
than 0.7 mm, invasion is even greater and the risk of
iatrogenic spinal cord injury increases. In the unpub-
lished data from preliminary experiments, spinal cord
injury frequently occurred after inserting 1.0-mm-thick
sheets under the laminae. Kubota ez a/. [18] reported a
mouse model of subclinical spinal canal stenosis. The
mouse model had no paralysis for 6 weeks after a 300-um-
thick sheet was inserted under the laminae. If the
thickness of the sheet was less than 0.3 mm, the prob-
ability of paralysis was considerably less. Therefore, a
thickness of 0.5-0.7 mm was considered suitable for rat
models of chronic compressive myelopathy.

An animal model of CCM using a chronic compression
device [19], and flat plastic screw implantation through
spinal lamina [20], showed acute paralysis or progressive
recovery several weeks after surgery. Long ¢z a/. [7] used
a water-absorbing sheet with 700% expansion. However,
their observation period was only 1 week and insufficient
for chronic compressive myelopathy. These models did
not reflect ‘chronic’ or ‘slow-progressive’ myelopathy. We
considered that delayed and slow-progressive paralysis
was necessary to model chronic compressive myelopathy.

Limitations

Spondylosis and the dynamic factor were not considered
in the present study. To reflect the pathophysiology of
CCM of humans, it is necessary to develop a compressive
myelopathy model that takes these factors into
consideration.

Conclusion

A polymer sheet that expands in volume by 200% after
water absorption is an ideal material for rat models of
CCM. The hardness of the material inserted under the
spinal lamina is important to reflect chronic compressive
myelopathy.
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