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STUDY DESIGN: Experimental animal study.

OBJECTIVES: To assess the feasibility of a custom-designed parallel-moving (PM) clip, compared with a single-axle-lever (SAL) clip,
for the development of a compressional spinal cord injury (SCI) model in rats.

SETTING: Hospital laboratory in China.

METHODS: We used a PM clip and a SAL clip with same compression rate, to develop a SCI model in rats, and set a sham group as a
blank control. Within 3 weeks, each group of rats was evaluated for behavioral (Basso-Beattie-Bresnahan locomotor rating score,
BBB), and electrophysiological changes (somatosensory evoked potential), and historical staining to observe the differences
between the three groups. In particular, the mechanical results of the PM group were calculated.

RESULTS: The BBB scores for the SAL and PM groups were significantly lower than those for the sham group (P < 0.05), no
significant difference between the two methods (P > 0.05), but the values corresponding to the PM group had smaller standard
deviations. The interpeak-latency (IPL) was significantly prolonged (P < 0.0001) and the peak-peak amplitude (PPA) was significantly
reduced (P < 0.01) in SAL and PM groups than those in the sham group, but there was no statistical difference in both IPL and PPA
between the two SCI groups (P > 0.05). Histological staining showed obvious pathological changes in two SCI groups, and the shape
of the lesion zone in the PM group was more symmetrical than that in the SAL groups.

CONCLUSIONS: The use of a compressional SCI model in rats with the PM clip we designed is an appropriate method to quantify

the injury. The degree of the injury caused by this clip is more stable and uniform than those with classical methods.
Spinal Cord (2022) 60:332-338; https://doi.org/10.1038/s41393-021-00720-7

INTRODUCTION

Spinal cord injury (SCI) is a severe and irreversible trauma to the
central nervous system, which often results in partial or complete
loss of sensory, motor, reflex, and autonomic nerve functions below
the injured level [1]. SCl is often caused by falling and sport injuries,
traffic accidents, and heavy objects, and it is difficult to recover the
function after injury, causing huge social and economic burden
[2, 3]. This type of trauma results in high disability and the available
therapies are limited; therefore, it has become a hot topic in current
medical research [4]. Due to the complex pathophysiological
mechanism, the efficacy of neural function reconstruction after
SCl is still poor. The use of animal models to study the mechanism
of SCl in humans and its treatment is currently the main way of
studying SCI.

The SCI model with clip compression in rats is an easy and
highly reproducible animal model that mimics the pathophysio-
logical process of acute SCl in the clinic, and it was first proposed
and used by Rivlin in 1978 [5-7]. As in aneurysm clips or calibrated
forceps, the mechanical mode of this tool is similar to a single-
axle-lever structure that clips around the shaft and can control the

extent of the damage by changing the pressure and time of
clamping with low cost [8, 9].

The main problems of this type of SCI model are that the force
applied during compression and the velocity of the clips cannot
be assessed [10, 11]. Moreover, according to our schematic
analysis of the forces exerted on the spinal cord by the clip during
the compressing process (the red structure in Fig. 1a), we found
that when we compress the spinal cords, the force is transmitted
along the curve, and it is not applied completely in the direction of
the maximum transverse diameter of the spinal cord. Therefore,
the same operation may cause a difference in the injury extent
due to the difference in the spinal cord width in experimental
animals (Fig. 1b).

In this study, we designed a parallel-moving (PM) clip that was
different from the traditional single-axle-lever-moving clip such as
the aneurysm clip or calibrated forceps. The force of the
compression and velocity of the clips can be evaluated through
the force calculation equation of the lead screw based on the
moving distance and time. Afterwards, behavioral, electrophysiol-
ogy, and morphology were used to evaluate the quality of the
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Fig. 1

Spinal cord clipping device. a Comparison of the point of action and pressure path of two kinds of spinal cord clipping. b Influence of

spinal cord width on SCl in rat model with single-axle-lever clip compression. ¢, d The diagrammatic sketch of function and physical display of

parallel-moving clamps.

model established with the two methods, and preliminarily
confirmed the feasibility of the modified scheme to develop SCI
rat models.

MATERIALS AND METHODS

Experimental animals and ethical statements

Healthy Sprague-Dawley (SD) rats (adult female, 2-3 months old, weighing
200-300 g) were used in the experiments to develop the SCI model and
were provided by the Animal Feeding Center of the Xi‘an Jiaotong
University Health Science Center (Xi'an, SN, China). The rats were housed
two per cage under room temperature (21 £ 1 °C), 50% humidity, and 12 h
light/dark cycle with constant air renewal for 1 week before the
experiment. The animals with SCI caused by the SAL clip or the custom-
made PM clip were respectively abbreviated as SCI-SAL and SCI-PM groups
hereinafter. Rats had free access to food and water. Twenty-one rats were
randomly divided into three groups (n=7): (I) SCI-SAL, animals with
laminectomy, and SCI, through calibrated forceps; (ll) SCI-PM, animals with
laminectomy, and SCI with PM clip compression; and (lll) sham, animals
with laminectomy, without SCI. All experimental procedures were
performed according to the Guide of Laboratory Animal Care and Use
from the United States National Institutes of Health and were approved by
the Institutional Animal Care and Use Committee (IACUC) of the Xi'an
Jiaotong University.

Experimental procedures and quantitative methods
This section mainly describes the procedures for developing SCI animal
models with PM clip compression designed by ourselves and the
instructions for their use. PM clamps are mainly composed of a bracket,
a guide rail, and a pair of splints that move in opposite directions (Fig. 1c,
d). In brief, they convert the rotary motion of the handwheel into the
horizontal linear motion of the splint through the lead screw system. A pair
of clips connect the lower edge of each splint separately, the moving time
is controllable, and the moving distance of the splints can be measured
with an external micrometer.

Before using, the splint spacing was adjusted to the same width as the
spinal cord; this is the initial distance, denoted as d,. The tip of each clip
was gently placed into the gap between the spinal cord and the canal (the
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blue structure in Fig. 1a), in contact but without compressing the spinal
cord. According to the compression degree of the spinal cord required by
the experiment, the handwheel was rotated to drive the splints to the final
position. The micrometer was used to measure the splint spacing at that
time, denoted as d;. Therefore, the actual moving distance (denoted as /) of
each splint is half of the moving distance (dy — d;) minus the thickness of
the handwheel (d}):

I_(dO*dl)*dh
a 2

The lead of the screw thread connecting the handwheel and the splint
of the PM clips is denoted as L, which is constant and represents the
horizontal movement distance of the splint when the handwheel drives
the screw to rotate 360° (the radius is 2mm). When the splint moves the
distance / in t; seconds, the radius of the handwheel rotation is 2m//L.
Therefore, under these conditions, the equation that relates the average
angular acceleration (denoted as f) and the radius of the handwheel
rotation is:

g 2nl

Zdt? =
02 L

The average angular acceleration S is:

4nl
B= 2
{j
The total mass of the handwheel and screw is denoted as m, and the
rotational inertia of the handwheel-screw system is s J = m-r’. Therefore,
the torque of this motion, denoted as T, if the handwheel radius is r, is:

According to the force transmission formula of the lead-screw [12], the
compressional force (denoted as P) of one splint to the spinal cord can be
obtained as follows:

p_ 2inT _ 8mmnr?l

N
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For the same equipment, the transmission efficiency of the lead screw n,
the radius of the handwheel r, the mass of the handwheel plus screw m,
and the lead of the screw thread L, are fixed parameters and the variable is
I/t2. In addition, the speed of the clips can also be measured through the
relationship between the moving distance and moving time.

V://l‘/

Establishment of an SCI model in rats

The surgery for the SCI-SAL and sham groups were mainly performed as
previously described [13, 14]. Twenty-four adult SD rats were randomly
divided into three groups of eight animals. Rats in each group were
anesthetized intraperitoneally with 1% sodium phenobarbital (40 mg/kg).
After general anesthesia, the limbs were bound and fixed on the operating
table, and Vaseline was used on the eyes to prevent drying during surgery.
The skin overlying the T2-12 vertebrae was shaved, cleaned, and
disinfected with 10% iodophor and 75% alcohol (Fig. 2a). A longitudinal
incision was performed overlying the T7-11 area using operating scissors
in a sterile environment. After subperiosteal dissection of paraspinal
muscles, a laminectomy was performed to expose the spinal cord from T9
or T10 for all groups (Fig. 2b, c). In the SCI-SAL group, a compression-type
lesion was produced using a calibrated compression method with
microsurgical forceps (Yunkang, Jiangsu, China, 0.8-mm tip) for 30s; it
took 5 s from the initial to the compressed state (Fig. 2d) [13]. In the SCI-PM
group, the clips contacted the spinal cord first, then the handwheel rotated
at a constant speed for 5s, and the clips gradually clamped. Once the final
compressed state was reached, it was maintained for 25s (Fig. 2e). The
spinal cord of rats in both SCI groups was reduced to 25% of the initial
width. The damage ratio for the SCI-SAL group was controlled through the
gasket between the tip of the forceps, and the SCI-PM group was
controlled by measuring the distance between two splints with a
micrometer; the spinal cords of the sham group were not injured. Once
the processing for each group was complete, the spinal cords were rinsed
with sterile saline preheated at 37°C to promote hemostasis and the
incision was closed. After operation, two rats were placed randomly in
each cage, and penicillin (104U) and gentamicin (8x 10* U) (Sigma,
Missouri, USA) were administered to each rat subcutaneously for 3 days to
prevent postoperative infection [15].

Basso-Beattie-Bresnahan locomotor rating score (BBB score)
The BBB scores for each group were recorded 1 h before surgery, and 1h
(anesthesia awakening), 3 d, 7 d, 14 d, and 21d after surgery. The BBB
scores for each group were observed and recorded by two members of the
experimental team who were not aware of the group allocation, and then
averaged.

Somatosensory evoked potential (SEP) signal determination
The PowerLab DAQ device (8 channels, ADInstruments, Australia) and
needle electrodes (customized, KEDOUBC, China) were used to stimulate,
detect, amplify, and filter electrophysiological signatures. A stimulating
electrode was placed in the gastrocnemius muscle of the peroneal nerve at
the skin. and recording electrodes were placed in the motor cortex. The
negative electrode was placed under the scalp, and the reference
electrode was placed in the paravertebral muscle. The common peroneal
nerve was stimulated through a continuous pulse, and the stimulation
voltage was 3V. The stimulator continued to stimulate the common
peroneal nerve of the rats by sending square waves (bandwidth,1 ms;
frequency, 10 Hz; filter frequency, 300 Hz; 300 times). When the stimulation
intensity gradually increased 2-3 times above the motor threshold of rats,
mild convulsion of the lower limb muscles was observed. The square wave
SEPs were measured at 10 min, and on days 7, 14, and 21 after surgery. The
wave form of N22-P40 SEP was superimposed and processed, then the IPL
and the peak difference between P and N waves (PPA) were calculated.
After the operation, the incision was closed and antibiotics were injected
intramuscularly.

Histomorphological observations

Three rats per group were operated as previously indicated. The spinal
cords were collected and stained on day 7 after surgery. Rats were
anesthetized and perfused intracardially with 200mL of phosphate
buffered saline, pH 7.4, followed by 300 mL of 4% paraformaldehyde.
Spinal cords were dissected and fixed in 4% paraformaldehyde at 4°C
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overnight. The next day, tissues were cryoprotected in 30% sucrose for
48-72 h after, cut into segments of ~2cm centered on the compression
site, and embedded in embedding matrix (OCT, SAKURA, USA) at the
appropriate temperature. Spinal cords were serially sectioned in the
sagittal plane in 10-um segments and attached to poly-L-lysine coated
slides (Boster, China). All sections were obtained from a region at ~1 mm
from the central sagittal plane, and were collected symmetrically. The
specimen sections were stained with hematoxylin-eosin (H&E).

Statistical analyses

All numerical data conforming to a normal distribution were expressed as
the mean = standard deviation (SD). The comparison of multiple sample
means was statistically assessed with ANOVA of repeated numerical data,
and the pair comparison between multiple sample means was performed
through t-test of paired sample means. The experimental data were
analyzed using SPSS 22.0 (SPSS Inc, Chicago, IL, USA). The figures were
made with GraphPad Prism7 (GraphPad Software, CA, USA). P <0.05 was
considered significantly different.

RESULTS

The general condition

The experimental animals were divided into three groups with eight
animals per group for 3 weeks. In the sham group, no cases of SCl
were observed and all the rats survived after operation. All the rats
in the SCI-SAL and SCI-PM groups showed expected symptoms of
SCI after surgery (loss of motor and sensory function in both lower
limbs, dysuria, and dyspepsia). One animal in the SCI-SAL group and
one in the SCI-PM group died due to postoperative infection. The
success rate of the model was 87.25% in the SCI-SAL and SCI-PM
groups. The number of animals in each group were compensated
in time.

The mechanics of the SCI-PM group

In the SCI-PM group, one of the eight rats died on day 5 after
surgery. The total mass of the handwheel and screw, m, was
4.25x 1072 kg. The transmission efficiency of the lead screw, n,
was 60%. The handwheel radius, r, was 15 mm and the lead of the
screw thread, L, was 0.3 mm. These indexes were substituted into
the following equations to obtain the unilateral compressional
force P; — P; and velocity of the compression on the spinal cord
for each rat for 5s.

_ 8m?mnr?l

g VT 1/, Impulse = P/t
i

Behavioral characteristics

BBB scores for rats in each group changed over time as shown in
Fig. 3a. The sham group had a transient lower limb movement
disorder on the day of operation, recovered quickly within a few
days, and the disorder started again 3 days later. No statistically
significant difference in BBB scores at each record time (3, 7, 14,
and 21 days) was observed in the sham group (P > 0.05) from day
3 after operation. Meanwhile, the scores of the SCI-SAL and SCI-PM
groups were significantly lower than those of the sham group
(SCI-SAL group vs. sham group, t=3.567, P < 0.05; SCI-PM group
vs. sham group, t=3.554, P<0.05). In this study, both models
were successful from the perspective of the behavior after SCI, and
there was no statistically significant difference between the two
methods (P > 0.05). According to the detailed statistics, BBB scores
(mean + SD) were 3.57 + 1.13 (day 14) and 6.14 £ 1.57 (day 21) in
the SCI-PM group, and 6.71 +7.20 (day 14) and 9.29 + 6.92 (day 21)
in the SAL group. The scores for rats in the SCI-SAL group were
more scattered based on the results of their SD range.

Electrophysiological results (SEP)

The IPL/PPA of rats in each group changed over time as shown in
Fig. 3b, c¢. Compared with the sham group, the IPL was
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Fig. 2 Spinal cord clipping surgery was performed to establish SCI model with clip compression in rat. a Shaving and disinfection of the
surgical area. b Subperiosteal dissection of paraspinal muscles, expose the vertebral lamina. ¢ Laminectomy was performed to expose the
spinal cord from T9. d Spinal cord injury caused by single-axle-lever clip. e Spinal cord injury caused by parallel-moving clip.
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Fig. 3 Graphs of behavioral and electrophysiological data over time. a The relationship between BBB scores and time in each group after
modeling operation. b The relationship between interpeak latency and time (IPL) of rats in each group after modeling operation. ¢ The
relationship between peak-peak amplitude (PPA) with time in rats of each group after modeling operation. d The area ratio of the dorsal
and ventral injury areas, the injury area was segmented by the red median line between the upper to the lower boundary of the
injury area such like in panels f and g. e-j H&E-stained sagittal section of the spinal cord showing the SCI. Representative images of in the

gray matter at the lesion site or exposure site, nuclei are stained blue and cytoplasm is stained red (n=3 per group; original
magnification, x20 and x200).
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significantly prolonged (SCI-SAL group vs. sham group, t =57.13,
P <0.0001; SCI-PM group vs. sham group, t=134.7, P<0.0001)
and the PPA was significantly reduced (SCI-SAL group vs. sham
group, t=28.993, P<0.01; SCI-PM group vs. sham group, t=11.6,
P<0.01) in the SCI-SAL and SCI-PM groups. However, no
significant difference in IPL and PPA was found between the
two experimental groups (P > 0.05).

H&E staining results

The H&E-stained sagittal section of the spinal cord shows the
lesion site or exposure site of the spinal cord (Fig. 3e-j). Compared
with the sham group (Fig. 3e, h), a dramatic loss of cells was
detected in the injury center and significant edema of the gray
matter following a compressional injury (Fig. 3f, g, i, j). Moreover,
these aforementioned pathological changes in the gray matter
were progressively aggravated from the ventral to dorsal spinal
cord in the SCI-SAL group, while in the SCI-PM group, the region of
the injury was more symmetrical (Fig. 3f, g). The SClI area was
segmented by the median line between the upper to the lower
boundary of the injury area, and the ratio of the dorsal and ventral
injury areas was calculated. As shown in Fig. 3d, the ratio of the
injury for the SCI-PM group was 0.985 + 0.032, and that for the
SCI-SAL group was 1.622 +0.068. The dorsal and ventral injury
degrees caused by our improved equipment were almost the
same (very close to 1.000), while the dorsal injuries caused by
the classical method were more serious than the ventral injuries
(SCI-SAL group vs. SCI-PM group, t = 8.487, P < 0.05).

DISCUSSION

The ideal SCI rat model should mimic the changes in the human
spinal cord after SCl as much as possible, that is, the spinal cord
should gradually show similar function loss and pathological
changes after compressed by a force [16]. Therefore, the ideal SCI
rat modeling surgery should be improved considering the
following conditions: (1) the process should be simple and low-
cost, produced quickly and in large quantities, with low mortality,
and fewer complications after surgery; (2) the extent and duration
of the spinal cord compression should be easily controlled; (3) the
model should be applied to different animals and the injured
spinal cord segment should be flexibly changed; (4) causation and
symptoms should be consistent with the clinical observation,
simulating the characteristics of human SCI [7].

The SCI animal modeling method with clip compression is
widely used and can adjust the extent of the injury through time
and compressional width. For example, aneurysm clip or forceps
with calibrated gasket are usually used to crush the spinal cord
and cause injury in the SCI model with clip compression
[14, 17, 18]. However, these classical calibrations are indirect.
The indicators that directly affect the extent of SCl, such as the
clamping force, velocity, and impulse, cannot not be calculated
[11, 13, 19]. To calculate the velocity of the force, thus to make
the degree of spinal cord compression more accurate, we
designed the PM clips, which are driven by a screw rod, and
measured the total movement through the distance tool (Fig. 1c,
d). Combined with the micrometer, the tool can measure the
width of the spinal cord before compressing it, and determine
the width of the compressed spinal cord according to the
experimental settings. Then the model can achieve the final
compressed state at a constant speed within a preset time. That
is, the compressional force can be calculated through the time of
rotation and the distance of the unilateral clip movement during
that period. In turn, the compressional force can also be changed
by controlling the time and distance of the movement. The
process is derived from the force conduction equation of the
lead-screw structure, and the final variables are time and moving
distance of the unilateral clip. The limitations of the classical
method of clip compression for SCl were improved to a certain
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Table 1. The mechanic results for the SCI-PM group.

1 2 3 4 5 6 7
I; (mm) 1.250 1.040 1.150 1.020 1.210 1.070 1.100
P; (N) 0.042 0.034 0.038 0.034 0.040 0.036 0.036
v; (mm/s) 0.250 0.208 0.230 0.204 0.242 0.214 0.220
Impulse 8.40 6.80 7.60 6.80 8.00 720 7.20
(x107> N/s)

extent. We recorded the moving time and distance of the clip in
the rat model developed through this method; and then, we
calculated the results using the equations (Table 1). The results
agree well with the damage intensity in the SCI-SAL group
according to the BBB score and electrophysiological results
(Fig. 3a—c), but the compressional force, velocity, and impulse in
the SCI-SAL group are not quantified with the classical tools due
to their non-ideal single-axis-lever construction. In addition, it is
worth noting that the BBB scores for the SCI-SAL group are more
scattered than those of the SCI-PM group at 3, 7, 14, and 21 days
after surgery, which also indicates that the SCI model of the SCI-
PM group developed through the quantitative method is more
stable (Fig. 3a). In addition, the BBB test reflects the locomotor
behavior only. If the animal models developed through this
method are to be used as a reference for SCI in humans, it will
also require to measure more refined sensory-motor functions,
which will need further behavior testing [20]. Compared with
BBB scores, SEP is a quantitative and objective electrophysiolo-
gical test, which can be used for the localization and quantitative
analysis of SCl, and the degree of extension of IPL and reduction
of PPA can be used to determine the severity of SCI [21].
From our results, the IPL of the experimental groups with the two
methods were prolonged and their PPA were decreased,
compared with those of the sham group, in agreement with
the electrophysiological change after SCI.

The focus of this study was to design and test PM clips that can
be used to develop SCI models in rats, and calculate the
compressional force, velocity, and impulse during clip compres-
sion. In addition, we found that the lesion zone in the gray matter
in the SCI-SAL group was approximately an inverted triangle
(Fig. 3f). The lesion zone in the gray matter has an approximately
uniform rhomboid shape in the SCI-PM group (Fig. 3g), although
the pathological features are similar within the lesion area (Fig. 3i,
j). In other words, compared with the SCI-PM group, the SCI-SAL
group showed an “asymmetrical” lesion with the lesion in the
dorsal side more severe than that of the ventral side (Fig. 3d). We
hypothesized that this might be the case as shown in Fig. 1a, when
the forceps with calibrated gasket is clamped to compress the
spinal cord, and the contact surface between the forceps and
spinal cord are closer to the dorsal side than the PM clips. In fact,
the traumatic SCl usually caused by the failure of the spinal column
(fracture and/or dislocation) directly imparts force to the spinal
cord, disrupting axons, blood vessels, and cell membranes [22, 23].
Therefore, in most of the traumatic SCI clinically observed, the
compression of the spinal cord is caused by the anterior burst or
displaced vertebral body. Thus, in most clinical traumatic SCI
situations, the ventral SCl should not be less severe than the dorsal
spinal cord injury. From this point of view, the SCI model
developed with PM clip compression is more consistent with the
actual clinical pathological characteristics than that of the single-
axle-lever clip compression. For basic research, the SCI model with
clip compression, as a type of incomplete injury model, is more
commonly used in the study of cell transplantation therapy or
mechanisms of secondary injury [24]. Therefore, more precise and
quantitative control of injury differences between individuals can
reduce the errors in these basic studies. Our equipment provides
such a solution.
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CONCLUSIONS

The SCl models developed using the single-axle-lever clip and PM
clip compression in rats achieved the simulation of SCI effectively.
However, the quantification of the compressional force, velocity,
and impulse to the spinal cord in the PM clip group is beyond the
capability of those methods. In terms of the shape of the lesion
zone, the results of the PM clip group were also more consistent
with the clinical results, although this may need further evaluation.
In summary, using the PM clips we designed, we developed a SCI
model in rats that is more suitable for quantifying damage.
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