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Determination of the ideal rat model for spinal cord injury

by diffusion tensor imaging

Fang Wang?, Sheng-Li Huang?, Xi-Jing He® and Xiao-Hui Li°

Four different spinal cord injury (SCI) models (hemisection,
contusion, transection, and segment resection) were
produced in male Sprague-Dawley rats to determine

the most suitable animal model of SCI by analyzing the
changes in diffusion tensor imaging (DTI) parameters
both qualitatively and quantitatively in vivo. Radiological
examinations were performed before surgery and weekly
within 4 weeks after surgery to obtain DTI tractography, MRI
routine images, and DTI data of fractional anisotropy (FA)
and apparent diffusion coefficient (ADC). The Basso,
Beattie, and Bresnahan scale was used to evaluate the
locomotor outcomes. We found that DTI tractography
tracked nerve fibers and showed conspicuous changes in
the injured spinal cord in all the model groups, which
confirmed that our modeling was successful. A decrease
in FA values and an increase in ADC were observed in all
the model groups after surgery. There were significant
differences in FA and ADC between weeks 1 and 4 in both
hemisection and contusion groups (P < 0.05), whereas the
differences in the transection and segment resection
groups were not as remarkable (P> 0.05). Basso, Beattie,

Introduction

Spinal cord injury (SCI) can potentially cause cata-
strophic damage to the central nervous system [1].
Animal models of SCI are a necessary prerequisite for the
evaluation of suitable therapeutic regimens clinically [2,
3]. An ideal animal model should reflect the clinical
pathological changing process of SCI and meet the
requirements of availability and repeatability [4-6].
Currently, the most widely used SCI models in rats
include hemisection, contusion, transection, and segment
resection. However, each model reproduces the anato-
mical features and neurological function changes in a
certain type of SCI. Not any model can completely
simulate the actual SCI in human [7,8].

Diffusion tensor imaging (DTI), as a relatively new
method based on MRI that monitors the diffusion of
water molecules in tissues and cells, has made up the
deficiencies of MRI to some extent and has now become
an important means of detective diagnostics in the neu-
roimaging field. Moreover, the apparent diffusion coef-
ficient (ADC) and fractional anisotropy (FA), two
important parameters from DTT data, are usually used to
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and Bresnahan scores further proved the results because
of a significant, positive correlation of the scores with FA
(R=0.899, P<0.01) and a significant, negative correlation
of the scores with ADC (R = — 0.829, P < 0.01). Therefore, the
transection model, which is more quantified and stable
within 4 weeks after injury according to the DTI and
behavioral evaluation, should be used as the standard
model for SCI animal testing. NeuroReport 25:1386-1392
© 2014 Wolters Kluwer Health | Lippincott Williams &
Wilkins.
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provide quantitative information on inferring micro-
structural features and the physiological state of tissues
[9,10]. Many animal studies and preliminary clinical
studies have shown that DTI has the ability to detect
subtle changes of the injured nerve fibers, even in
regions far away from the damage zone of the spinal cord
[11-16], and D'TT tractography can be used as a qualita-
tive indicator of SCI to track the damaged nerve fibers
visually and observe the lesion of axonal bundles clearly
[13,15,16].

On the basis of the above considerations, the aim of this
study is to determine the standard model for SCI
research by comparing four different SCI models in rats
in vivo from the perspective of imaging both qualitatively
(tractography) and quantitatively (FA and ADC) using
DTI, and to show the changes in SCI within four post-
operative weeks through DTI-related parameters among
the four models and to evaluate the relationship between
these changes and the Basso, Beattie, and Bresnahan
(BBB) locomotor outcomes.

Materials and methods

Animals

The experiments were approved by the Ethical
Committee of Xi’an Jiaotong University. A total of 20
male Sprague—-Dawley rats were used, and all the rats
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were allowed preoperative environmental adaptation for
2 weeks with normal circadian rhythms and had free
access to water and food.

The rats (250-300g) were divided into five groups
(n=4): four model groups and a control group. Four
different SCI models, namely, hemisection, contusion,
transection, and segment resection, were established and
the rats with SCI were then subjected to radiological
measurements before the surgery and weekly within
4 weeks after the surgery to obtain the tractography
showing the axonal integrity and the values of FA and
ADC. The four normal rats as controls were also exam-
ined to obtain these same data.

Surgical procedures

Rats were anesthetized with an intraperitoneal injection
of a 10% chloral hydrate solution (0.35ml/100g). A
laminectomy was performed at the T9-10 level to expose
one spinal cord segment. In the hemisection or the
transection model, either a T'9 spinal cord hemisection on
the left of the spinal cord or a 'T'9 transection was per-
formed with a sharp blade visually. The injury in the
contusion model was caused by the NYU weight-drop,
(New York University, New York, USA) device with
a moderate weight dropping from a height of 25.0 mm
[17,18]. In the segment resection model, the T'9 segment
of the spinal cord was taken off. Afterward, the surgical
region in all the rats was covered with a piece of fat pad
taken from the rat itself to protect the injured spinal cord,
and the muscle and skin was then sutured in layers. After
these surgical procedures, the rats received intensive care
postoperatively, with their urinary bladders emptied
manually twice every day.

MRI acquisition and data processing

All MRI data were acquired on a 3T MR scanner (Signa;
GE Medical Systems, Milwaukee, Wisconsin, USA)
using a specialized coil designed for scanning rats. The
rat was placed in the coil in a supine position to reduce
the influence of respiratory movement on magnetic
resonance artifacts of the spinal cord. Data acquisition
was carried out on the region of interest, namely, the
damaged area.

The relevant parameters of Tl-weighted and
T'2-weighted images of the injured rats were as follows:
TR=560 and 2600 ms, respectively; TE=11.3 and
120 ms, respectively; matrix size =320x 224, FOV =8,
and slice thickness=1.5mm in both. The DTI was
obtained in the sagittal view with 4 value = 1000 s/mm?,
TR =3500ms, TE =87.5ms, 64 %64 matrix, FOV =10,
and slice thickness 2.4mm in 15 diffusion gradient
directions. When the scan of each rat was completed, the
relevant parameters were transferred to a separate work-
station (Advantage Windows, version 4.2; GE Healthcare,
Waukesha, Wisconsin, USA) and the corresponding
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photographic images were then synthesized using
FuncTool (GE Healthcare), a commercial software.

BBB scores

The hindlimb movements of all the injured rats were
recorded weekly through video by an independent
researcher and the locomotor BBB scores were evaluated
by two other independent researchers. The video-
recording was performed at 8:00 p.m. in the evening
because of the large difference in the circadian activity of
rats between daytime and night-time.

Statistical analysis

A repeated-measures analysis of variance was carried out
to examine the change trend in FA and ADC values and
BBB scores over time and the differences in these para-
meters between groups, followed by the Bonferroni
adjustment test and the least significant difference test.
Then, the Pearson correlation coefficient (R) was calcu-
lated for each time point to quantify the linear correlation
of the BBB score with FA or ADC. All statistical analyses
were carried out using the SPSS 16.0 software (SPSS Inc.,
Chicago, Illinois, USA).

Results

Conventional MR images and tractography

The conventional magnetic resonance T'1-weighted and
T'2-weighted images of the control group presented an
intact spinal cord and no obvious abnormalities were
found in the signal intensity (Fig. 1a and b). For the four
SCI model groups, the T1-weighted images vaguely
showed the injured area whereas the T2-weighted ima-
ges clearly visualized the cutting trace of the spinal cord
and the presence of edema after contusion (Fig. 1c—j).

The cross-sections of FA and ADC images showed that
the signal intensity decreased gradually in FA and
increased in ADC with the scanning layer by layer toward
the damaged zone. More critically, the tractography that
could track nerve fibers visualized the changes in the
injured spinal cord more finely, and even the shape of a
single nerve fiber could be distinguished (Fig. 2b-i).
During the 4-week postoperative observation, the
damage to the spinal cord was the most noticeable in the
first week; by the fourth week, the nerve fibers showed
different degrees of repair and regeneration (Fig. 2b-i).
The signal intensity in the contusion group showed a
significant improvement in the damaged nerve fibers in
the fourth week compared with that in the first week
(Fig. 2d and e), whereas the repair and regeneration of
nerve fibers in the transection or segment resection
groups appeared disorganized and disordered (Fig. 2f-i).

FA and ADC values and BBB score
The FA and ADC values and BBB scores were measured

and recorded at five time points, namely, before surgery,
and weeks 1, 2, 3, and 4 (Table 1). The FA and ADC
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Fig. 1

T1-weighted and T2-weighted images of the spinal cord of rats in different groups at week 1 postoperatively. (a, b) Control group; (c, d) hemisection
group; (e, f) contusion group; (g, h) transection group; (i, j) segment resection group. The arrow indicates the injured site.

values in the control group did not change significantly
over the five times of measurement (P=1.00>0.05).

In the hemisection group, the FA value was compared
three times: baseline versus the 1-week (P=0.001 < 0.05),
baseline versus the 2-week (P=0.001 < 0.05), and baseline
versus the 3-week (P=0.000<0.05), but there was no
notable difference between the value at week 4 and that
before surgery (P=0.084>0.05), indicating that the FA
value might restore to the normal level after 4 weeks. In
the rest of the three model groups, namely, contusion
(P=0.000<0.05), transection (P=0.000 < 0.05), and seg-
ment resection (P=0.000<0.05), the FA value changed
significantly throughout the 4 weeks after surgery. There
was a notable difference between the FA value at week
1 and that at weeks 3 (P=0.009<0.05) and 4
(P=0.017<0.05) in the contusion group, indicating
that FA increased again after a decrease upon damage,
but did not reach the normal levels by the end of week 4.
In the transection and segment resection groups, the FA
values did not vary much among the 4 weeks after sur-
gery, namely, the 1- versus the 2-week (P=0.510 > 0.05),
the 2- versus the 3-week (P=0.373>0.05), and the
3- versus the 4-week (P=1.000> 0.05) in the transection
group, the 1- versus the 2-week (P=1.000>0.05), the
2- versus the 3-week (P=0.228 > 0.05), and the 3- versus

the 4-week (P=0.695>0.05) in the segment resection
group, indicating that the SCI in rats caused by transec-
tion or segment resection was stable within 4 weeks
postoperatively. Before surgery, the FA values were
almost the same in the five groups, respectively, normal
versus hemisection (P=0.233>0.05), normal versus
contusion (P=0.963>0.05), normal versus transection
(P=0.607>0.05), and normal versus segment resection
(P=0.403>0.05), as were the ADC values and BBB
scores. At all the postoperative time points, the FA values
were significantly different between groups (£ =0.000
<0.05), except at weeks 1 (P=0.830>0.05), 2 (P=0.541
>0.05), and 4 (P=0.219>0.05) between the transection
group and the segment resection group, which indicated
a similar injury in the two models.

In either the hemisection or the contusion group, a sig-
nificant difference in the ADC value existed between the
baseline and week 4 (P=0.033 < 0.05 in the hemisection
group; P=0.004<0.05 in the contusion group), and
between weeks 1 and 4 (P=0.042<0.05 in the hemi-
section group; P=0.048 <0.05 in the contusion group).
However, we compared the ADC values between dif-
ferent postoperative time points in the transection and
segment resection groups, respectively, the 1- versus the
2-week (P=1.000>0.05), the 2- versus the 3-week
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i ’III (i

DTl tractography images of the spinal cord of rats in different groups. (a) Control group at postoperative week 1; (b, ¢) hemisection group; (d, e)
contusion group; (f, g) transection group; (h, i) segment resection group; each at postoperative weeks 1 and 4, respectively. DTI, diffusion tensor

imaging.

(P=1.000>0.05), and the 3- versus the 4-week
(P=1.000>0.05) in the transection group; the 1- versus
the 2-week (P=1.000>0.05), the 2- versus the 3-week
(P=0.352>0.05), and the 3- versus the 4-week
(P=1.000>0.05) in the segment resection group; thus,
no significant difference was found both in the transec-
tion and in the segment resection group. The ADC
values of different groups at each time point were also
compared and there were only notable differences at
weeks 1 (P=0.206>0.05), 2 (P=0.373>0.05), and 3
(P=0.091>0.05) between the hemisection and contu-
sion groups, which showed a heavier injury in segment
resection than in hemisection.

The BBB scores in the hemisection group were increas-
ingly significantly at weeks 3 (P=0.006<0.05) and 4
(P=0.002 <0.05) compared with week 1, respectively,
and the scores at weeks 3 (P=1.000>0.05) and 4
(P=1.000>0.05) were almost the same with the base-
line. The trend of the change in BBB scores in the
contusion group was similar to that in the hemisection
group, but the significant difference between week 4 and

the baseline remained after week 4 (P=0.000<0.05).
For the transection and segment resection groups,
respectively, there were no significant differences
between two postoperative time points, namely, the 1-
versus the 2-week (P=0.917>0.05), the 2- versus the
3-week (P=0.917 >0.05), and the 3- versus the 4-week
(P=0.577>0.05) in the transection group; the 1- versus
the 2-week (P=1.000>0.05), the 2- versus the 3-week
(P=1.000>0.05), and the 3- versus the 4-week
(P=1.000>0.05) in the segment resection group. At the
same time point, the BBB scores in the hemisection
group were equal to those in the control group at weeks 3
(P=0.568>0.05) and 4 (P=1.000>0.05), respectively,
indicating that the injury caused by hemisection restored.
However, the BBB scores in the transection group were
different from those in either the segment resection
group (P=0.000<0.05 either at weeks 3 or 4) or the
contusion group (P=0.000<0.05 either at weeks 3 or 4)
at weeks 3 and 4.

Correlation analysis showed a significant positive corre-
lation (R =0.899) between FA values and BBB scores and
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Measurement of FA and ADC values and BBB scores

Table 1

BBB

ADC (10~ *mm?/s)

(dimensionless)

FA

Week 3 Week 4 Week 1 Week 2 Week 3 Week 4 Week 1 Week 2 Week 3 Week 4

Week 2

Week 1

21.0+0 21.0+0 21.0+0 21.0+0

9.77+0.17
12.23+0.46
14.28+0.34
19.82+0.93
23.43+0.31

10.09+0.38
12.98+0.22
14.66+0.32
20.29+2.68

10.15+£0.30
15.53+1.08

9.90£0.10
1713+1.30
17.92+0.76
22.10+0.53
25.49+0.98

0.592+0.006
0.491+0.027
0.402+0.007
0.208+0.007

0.594+0.011

0.593+0.004
0.382+0.024
0.340+0.033

0.590+0.009
0.317+0.016
0.252+0.032
0.168+0.007

Control

16.0+1.4 20.8+0.5 21.0+0

1.3

75+

0.439+0.004
0.370+0.018

Hemisection
Contusion

53+1.3

2.0+£0.8

16.29+0.563
21.04+1.46

+
0.75+£0.5

05+0.6

0.211+0.004
0.188+0.009

0.185+0.010

Transection

0.6

+ 0.5+

0

22.94+1.10

24.70+£1.78

0.196+0.005

0.176+0.013

0.165+0.014

Segment resection

ADC, apparent diffusion coefficient; BBB, Basso, Beattie, and Bresnahan; FA, fractional anisotropy.

a significant negative correlation (R=-0.829) between
the ADC values and BBB scores.

Discussion

Our results show that DTT is a good predictor for SCI in
rats. D'TT tractography images can visually indicate the
injury of the spinal cord tract; FA and ADC values from
DTT data are roughly in line with locomotor outcomes
and can be used to assess the severity of the injury. On
the basis of the results of this study, the transection

model should be the most appropriate animal model for
the study of SCI.

Studies have suggested that a residue of a minimum of
5% nerve fibers could cause the joint movement of the
paraplegic hindlimbs of rats to restore partially or com-
pletely; when the residual rate is over 40%, the locomotor
function may return to normal [19,20]. Considering all
the above, we assume that a good animal model of SCI
must meet both of the following two conditions. First,
the nerve fiber bundles are completed transected or the
residual fibers can be quantified before any treatment is
administered; second, the model must be stable. There
should not be a significant difference in kinematic eva-
luation or any signs of recovery through a period of time
after SCI without any treatment. The difference and
signs can make the experimentally derived treatment
effect controversial. Besides this, availability and
repeatability of the animal model should also be taken
into account. In the present study, the transection model
was found to be able to fulfill the above conditions and
we recommend it to be used as the standard model of
SCI animal testing.

DT is developed on the basis of detecting the diffusion
anisotropy and diffusion intensity of free water mole-
cules. D'TT tractography is a novel method to distinguish
the orientation of nerve fibers and axon damage after SCI
as the injured nerve fibers are associated closely with the
diffusion of water molecules inside and outside the
damaged cytomembrane. Through the positioning of
microstructures that are orderly arranged, such as white
matter fiber bundles, D'TT tractography can clearly dis-
play the shapes of the structures. In our study, DTI
tractography detected that the never fibers at the site of
SCI had partial or complete robust disruption at week 1
after injury, which represented the success of the mod-
eling. It was especially evident in the transection and
segment resection models where the spinal cord was
completely severed. The injuries are further confirmed
by conventional T1-weighted and T2-weighted images.
In the subsequent observations, DTI tractography
showed different degrees of regrowth in the damaged
nerve fibers whereas the MRI results remained the same.
Although the regeneration of nerve fibers appeared dis-
organized and actually no signs of recovery were identi-
fied in the behavioral outcome evaluation in transection
and segment resection groups, DTT is still more



perspicuous than conventional MRI in showing the
dynamic changes of this process. In addition, our tracto-
graphy results are more distinct compared with those in
other studies [13,15,16,21].

On the basis of the D'TT tractography images, transection
should be the best choice of the standard animal model
for SCI. The nerve fiber bundles in the transection
model are completely amputated, which meets the first
condition of a good animal model for SCI. There are only
signal intensity changes in the contusion model and the
nerve fibers are partially transected in the hemisection
model, in which the quantity of residual fibers could not
be assessed accurately. As for the segment resection
model, the injury is too severe and extensively different
from real SCI in human. In our experiments, we also
observed that the spinal cord of some rats in the trans-
ection or segment resection groups appeared to have very
small amounts of fiber bundles connected between the
broken ends. We speculate that the broken ends might
be in the same cross-section resulting from rotation or
mismatching of the spinal cord because of the manip-
ulation in operation, even though the spinal cord was
really transected. In the postsynthesis of tractography by
tracking nerve fibers in different cross-sections, the water
molecules diffused across the injured site as the inter-
space between the broken ends could not be identified,
resulting in the illusion on the radiograph that the spinal
cord was still conjoint. This made it unclear whether the
regeneration of nerve fibers after 4 weeks was purely
regeneration or caused by certain subtle movements
resulted from the loss of spine stability after spinal
laminectomy. The above phenomena did not occur in the
contusion model as contusion did not cause rupture of
the spinal cord.

We have also found a decrease in FA and an increase in
ADC after SCI, similar to other studies [21,22,23].
However, there have existed controversies on the use of
ADC or FA as biomarkers of SCI. For example,
Shanmuganathan ez @/. [24] consider ADC as more sen-
sitive than FA, whereas Mondragon-L.ozano e al. [22]
recommend the use of FA instead of ADC. In this study,
we took both ADC and FA into consideration. The sig-
nificant difference in FA and ADC between post-
operative weeks 1 and 4 in the hemisection and
contusion models indicated that SCI caused in these two
ways recovered with time. It is especially the case in the
hemisection model, where the FA values restored to
almost the normal level 4 weeks after injury. The FA and
ADC values in the transection and segment resection
models did not alter significantly during the 4 weeks after
surgery, suggesting that SCI caused by these two meth-
ods is stable. However, the segment resection model is
still not a good choice because the injury is too severe and
extensively different from the real SCI situation.
Therefore, the transection model is the most suitable
among the four SCI rat models for SCI animal testing.
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Correlation analysis showed an association of BBB scores
with the FA and ADC values; it is therefore feasible to
use behavioral evaluation to verify injury assessment.
Studies have found that, because of the compensatory
effect of contralateral normal nerve fibers, the locomotor
function of the paralyzed hindlimbs in rats after hemi-
section of the spinal cord can restore to normal after
3 weeks and that in macaques can gradually restore to
basic motor function after 1 month [25,26]. Our results
are consistent with these findings.

The DTT data in this study were collected from only the
damaged area of the spinal cord and none were obtained
from the uninjured area from the same animal to be set as
self-control. Studies have shown that the DTT data from
different sections of the spinal cord can be slightly dif-
ferent, but this might be because of an extension of
edema and inflammation [22]. Therefore, lack of self-
control would not influence our results. The imageolo-
gical parameters in our study were different from others
[16,21,22,23]. The parameters were specifically debug-
ged before the experiments to obtain images with the
highest quality and to obtain precision data in measure-
ment. We believe that our parameters may serve as a
reference for other researchers.

Conclusion

DTT can provide qualitatively and quantitatively differ-
ent information about SCI in rats. The transection model,
which is more quantified and stable than other animal
models within 4 weeks after injury, should be used as the
standard model for SCI animal testing. In addition, we
suggest that D'TT should be used in combination with
routine MRI, which will be more effective in identifying
the severity and extent of SCI.
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