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Abstract

Based on the Wallerian degeneration in the spinal cord pathways, the changes in synaptic connections, and the spinal cord-related cellular responses that alter
the cellular structure of the brain, we presumed that brain diffusion tensor imaging (DTI) parameters may change after spinal cord injury. However, the dynamic
changes in DTI parameters remain unclear. We established a Beagle dog model of T10 spinal cord contusion and performed DTI of the injured spinal cord.

We found dynamic changes in DTI parameters in the cerebral peduncle, posterior limb of the internal capsule, pre- and postcentral gyri of the brain within 12
weeks after spinal cord injury. We then performed immunohistochemistry to detect the expression of neurofilament heavy polypeptide (axonal marker), glial
fibrillary acidic protein (glial cell marker), and NeuN (neuronal marker). We found that these pathological changes were consistent with DTI parameter changes.
These findings suggest that DTI can display brain structure changes after spinal cord injury.
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Introduction

Spinal cord injury (SCI) might cause catastrophic damage to the central
nervous system, leading to high levels of disability (Chang et al., 2010; Jirjis et
al., 2013). One of the difficulties in treating SCl is that primary trauma not only
causes nerve damage in the form of the original lesion, but also results in the
anterograde and retrograde degeneration of the spinal cord, even extending
into the brain (Freund et al., 2012; Delarue et al., 2021; Shen et al., 2021). As
the axonal transmission information is blocked, the motor neurons below the
epicenter of the injury are often deprived of supraspinal input (Dietz and Curt,
2006). The persistent absence of this neuronal input may affect the recovery
from SCI. Yamamoto et al. (1989) reported that the degradation of spinal cord
may extend cranially and even reaches the brain, resulting in corresponding
structural and functional changes over time after SCI. Observing the cerebral
structural changes after SCI can provide a basis for brain remodeling and
even provide novel strategies for exploring the treatment of SCI. At present,
the changes in brain structure are mainly probed through imaging and
pathological methods.

Although traditional magnetic resonance imaging (MRI) has long been
used in scientific research and clinical practice (Sadeghi et al., 2013), this
technique cannot detect nerve fiber bundles at the molecular level from a
microstructural perspective. Compared with MRI, diffusion tensor imaging
(DTI) is a more advanced imaging technology that measures the diffusion
of water molecules into the tissues (David et al., 2017). DTl can be used to
analyze and detect the white matter fibers, which cannot be achieved by MRI.
Thus, DTI provides useful information regarding anatomy and microstructure
of the brain regions, and evaluates brain damage both in vivo and ex vivo

(Preti et al., 2011; Jacgmot et al., 2013). To a certain extent, diffusion tensor
tractography (DTT) technology can three-dimensionally reconstruct fiber
bundles and display them in different colors. Based on Wallerian degeneration
in the spinal cord pathways, changes in synaptic connections, and spinal cord-
related cellular responses that can alter the cellular structure of the brain
(Jirjis et al., 2016), we presumed that DTl parameters of the brain change
after SCI. Many studies have been conducted on the use of DTI to observe the
brain tissue changes after SCI in both rodents and humans (Ramu et al., 2008;
Wrigley et al., 2009; Gustin et al., 2010; Freund et al., 2012). These studies
revealed a statistically significant increase or decrease in the DTl parameters
of the thalamus, corticospinal tract, primary somatosensory cortex, corona
radiate, and internal capsule. Although SCI can cause changes in DTI
parameters of the brain, the dynamic changes of DTl parameters in specific
cerebral areas remain unclear (Freund et al., 2013).

Kim et al. (2012) reported that DTI parameters of the SCI site was related to
behavioral functions, and can predict the motor function recovery after SCl in
rats. DTI parameters of brain regions related to SCI can be used as a reference
for functional scoring (Koskinen et al., 2014). However, this finding is novel.
To the best of our knowledge, there are no studies reporting consistent
results on this correlation. There is a lack of evidence on behavioral recovery
tracking. In this study, we hypothesized that DTI parameters of cerebral
peduncle (CP), posterior limb of the internal capsule (PLIC), postcentral gyrus
(POG), and precentral gyrus (PRG) in the corticospinal tract change greatly
after SCI, which will help validate whether there is a correlation between
DTI parameters of these brain regions and behavioral recovery after SCI. The
aim of this study was to determine the DTI changes of these cerebrospinal
structures over time and the underlying pathology of these changes.
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Methods

Animals

Based on anatomy of the urinary system, female animals are easier to
catheterize, and the risk of urinary system infections can be reduced (Liu et
al., 2018b). Therefore, 15 healthy female Beagle dogs (10 + 0.5 kg; 2 + 0.5
years old; Beijing Marshall Biotechnology Co., Ltd., Beijing, China; license No.
SCXK (Jing) 2016-0001) were used in this study, and the dogs were allowed
free access to food and water ad libitum (temperature 19-23°C, humidity 40—
70%, illumination 10-14 hours/day). Five animals that underwent laminotomy
were randomly selected as controls, and the remaining ten animals were used
to establish SCI models. None of the dogs had any clinical signs of central
nervous system-related disorders, and all dogs had normal central nervous
system morphology under anesthesia based on standard MRI protocols (Catani
and Thiebaut de Schotten, 2008). The Experimental Animal Center of Capital
Medical University approved all animal procedures (approval No. AEEI-2015-
055) on April 30, 2015. The study was conducted according to the ethical
rules of the Animal Experiments and Experimental Animal Welfare Committee.
In this study, the dogs were anesthetized via intraperitoneal administration
of 2.5% pentobarbital sodium (Cat# P11011; Merck, Darmstadt, Germany) at
a dose of 125 mg/kg, followed by intramuscular administration of 0.1 mL/kg
xylazine hydrochloride (Dunhua Shengda Animal Pharmaceutical Co., Ltd.,
Dunhua, Jilin Province, China).

SCI model

Intraoperative antimicrobials (cefoxitin sodium) were administered via
intravenous injection during the surgical decompression of the spinal cord
(Webb et al., 2010). The animals were held on the operating table in the
prone position. Retention catheterization was managed using a sterile
urethral catheter (8Fr, Zhanjiang Star Enterprise Co., Ltd., Zhenjiang, Zhejiang
Province, China). The T9, T10 and T11 spinous processes and the interspinous
ligaments were cut. The vertebral laminae of T10 and parts of T9 and T11
were uncovered to expose 1 cm of the spinal cord and the dura mater was
not opened during the procedure as described previously (Liu et al., 2018b).
A spinal cord contusion impactor was used (Patent No. ZL201620915673.4)
to produce injury, which was suitable for large animals based on the principle
of the MASCIS impactor method (Young, 2002). The spine of each animal
was clamped using a spinous process clip in the center of the T10 spinal cord
under the head of a falling hammer weighing 20 g. The contusion process
was described previously (Liu et al., 2018a). The standards (displacement 25
cm, and dwell time 1 second) remained the same for all animals. Immediately
after the injury, the wounds were washed with saline to ensure adequate
hemostasis, and the injured spinal cord was covered with a piece of gelatin
sponge. The muscle layers were stitched together with a 3-0 absorbable
surgical suture. The skin was stitched with a 1-0 surgical suture. The SCI
induction process is shown in Additional Figure 1.

Postoperative nursing

All dogs were fed with an enteral nutritional suspension (100 mL/10 kg, twice
a day, Nutricia Pharmaceutical (Wuxi) Co., Ltd., Wuxi, China) for 1 week post-
injury, and then had access to food and water ad libitum every day. All dogs
continued to receive intravenous injections of sodium chloride (25 mL/kg) for
3 days post-injury. The antibiotic agent cefoxitin sodium (50 mg/kg; Zhanjiang
Star Enterprise Co., Ltd.) was daily administered via intramuscular injection
for 7 days. Betadine (Zhanjiang Star Enterprise Co., Ltd.) was smeared on the
animals’ hips, and the waterproof mats in the cages were changed every day
to prevent pressure ulcers. The catheter was extricated after restoring the
bladder emptying reflex, typically within 2 to 3 weeks post-injury.

Functional score

The Texas SCI Score (TSCIS) for dogs was used to individually evaluate gait,
postural reaction and nociception in each limb (Additional Figure 2) pre-
surgery, 3 hours, 24 hours, 7 days and then weekly until 12 weeks after
surgery. The behavioral score of each dog was taken from the double-blind
average of the lower limbs. In addition, the scoring process was recorded
using a high-speed camera (Canon (China) Co., Ltd. Beijing, China) to
determine the accuracy of scoring (Levine et al., 2009).

Magnetic resonance imaging

The magnetic resonance imaging (MRI) protocol was carried out for all dogs
using the Prisma Fit 3 Tesla MRI scanner (Siemens Healthineers, Erlangen,
Germany) equipped with a homemade 4-channel Tx/Rx RF coil (Beijing
MRI Center for Brain Research, Institute of Biophysics, Chinese Academy
of Sciences, Beijing, China) (Liu et al., 2020). The animals were placed in
the prone position and maintained under anesthesia during the entire MRI
scan. DTl was performed on each animal (single-shot echo planar imaging,
repetition time = 4200 ms, echo time = 70 ms, matrix = 72 x 68, field of view =
120 x 120 mm’, slice thickness = 1.5 mm, slice gap = 0 and extra 2 b0 images).
Diffusion gradients were used in 30 nonparallel directions (b = 1000 s/mm®)
for a duration of 16 minutes. Moreover, T1-weighted images were acquired
through the three-dimensional fast field echo MRI to obtain a high-resolution
anatomical reference (repetition time = 2200 ms, echo time = 3.68 ms, matrix
=220 x 218, field of view = 128 x 128 mm?, and slice thickness = 0.5 mm)
(Anaya Garcia et al., 2015). MRI examinations were performed pre-contusion
and 3, 24 hours, 3, 6 and 12 weeks post-injury.

DTI processing
DTI processing was performed using the commercially available software
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Neuro3D (Siemens NUMARIS/4, Syngo MR D13) embedded in the Siemens
post-processing workstation. All diffusion-weighted images were first
realigned to the averaged b0 image to correct the artifacts caused by eddy
currents and head motion before tensor calculation. Then, DTI parameters,
including fractional anisotropy (FA) and apparent diffusion coefficient (ADC)
(equal to mean diffusivity in this work) maps, were automatically calculated
using Neuro3D. Finally, FA and ADC map images were co-registered and fused
with the high-resolution T1-weighted images. Based on the T1-weighted
images, circular regions of interest (ROIs), each with an area of 5 mm?, were
placed along the corticospinal tract at the locations of CP, PLIC, POG and
PRG, and the corresponding FA and ADC values were measured. The ROls
were placed carefully to avoid border areas, such as areas overlapping with
cerebrospinal fluid spaces and neighboring tracts. The ROIs were placed
bilaterally on three slices covering each of the selected structures, and the
value of each DTl parameter from the same structure was averaged (Koskinen
et al., 2014). The localized area was jointly evaluated by a neurosurgical
specialist and an MRI expert to eliminate the errors caused by subjective
human factors. The same ROl protocol was used to determine the DTI values
for each animal. The representations of ROls are shown in Figure 1A-C.

Immunohistochemistry

After 12 weeks post-SCI, the skull of each animal was gradually gnawed
from the occipital foramen with a rongeur, exposing the whole brain. The
whole brain was then removed, fixed in 4% paraformaldehyde immediately,
and maintained at 4°C for 1 week in a refrigerator. Under the guidance of a
neurosurgeon, the whole brain was fixed and cut into left and right halves.
According to the canine anatomy map (Liu et al., 2020), the target tissues of
the two cerebral hemispheres containing four ROIs were extracted using a
surgical blade. The brain tissues were then embedded in paraffin and cut into
4 um-thick sections with a microtome (DL Naturegene life Sciences Company
limited, Beijing, China) for immunohistochemical staining. The four selected
ROIs within the tissue were stained with mouse monoclonal to neurofilament
heavy polypeptide (NF; 1:75, Abcam, Cat# ab8972, RRID: AB_650102) for
axons, rabbit polyclonal to glial fibrillary acidic protein (GFAP; 1:2000, Abcam,
Cat# ab7260, RRID: AB_880202) for glial cells and rabbit polyclonal to NeuN
(a neuronal marker; 1:2000, Abcam, Cat# ab128886, RRID: AB_2744676)
for neurons at 4°C for 12 hours. The corresponding secondary antibody was
horseradish peroxidase (HRP) conjugated goat anti-mouse IgG (H+L) (1:200,
Servicebio, Cat# GB23301) for NF, HRP conjugated goat anti-rabbit IgG (H+L)
(1:200, Servicebio, Cat#GB23303) for GFAP, HRP conjugated goat anti-rabbit
1gG (H+L) (1:200, Servicebio, Cat# GB23303) for NeuN at room temperature
for 50 minutes. Finally, all sections were imaged using the HistoFAXS software
(Tissue Gnostics, Vienna, Austria) at a magnification of 20x. For quantitative
analysis of all ROls, five ROIs on each slice were selected and a score was
obtained using the ImageJ software (version 1.48; National Institutes of
Health, Bethesda, MD, USA) (Schneider et al., 2012). The score was equivalent
to the tissue content of the axons, glial cells, and neurons quantified by
staining intensity, and highly positive and positive staining were taken for the
score calculation (Varghese et al., 2014).

Fiber tractography

To verify whether the selected ROIs were indeed the areas that the
corticospinal tract passed through, fiber tractography was performed based
on the dog’s anatomical brain atlasusing Neuro3D software (Catani and
Thiebaut de Schotten, 2008; Jacgmot et al., 2013; Anaya Garcia et al., 2015).
Using color maps, different tracts were then identified and delineated at
different points along their trajectories in the sagittal, coronal, and transverse
planes. The images were reconstructed using an embedded fiber-tracking
algorithm (Anaya Garcia et al., 2015).

Statistical analysis

The estimated power was 80% in our study. The sample size was seven dogs
in one group. The size of animals in this study was larger than that in the
study by Liu et al. (2018a). The evaluator was blind to the grouping. Statistical
analysis was performed using SPSS 21.0 software (IBM, Armonk, NY, USA).
The Shapiro-Wilk normality test was used to analyze the data with normal
distribution. The DTI parameters of each structure in the control group were
analyzed at all time points using one-way analysis of variance followed by
Tukey’s post hoc tests. The comparison of DTI parameters between the SCl and
control groups was performed using repeated measures analysis of variance,
followed by Tukey’s multiple comparison test. The dynamic correlation
between the DTI parameters and TSCIS at corresponding time points was
tested using Spearman correlation analysis. The immunohistochemistry data
of the SCI and control groups were analyzed using Student’s t-test. The mean
value and standard deviation (SD) for FA and ADC parameters were calculated,
and the data are expressed as the mean + SD. An error probability of less than
0.05 (P < 0.05) was used as the significance level for all statistical tests.

Results

Successful establishment of spinal cord contusion models

Following the impact, the dogs’ tails showed rapid convulsions. The bilateral
hind limbs appeared flaccid and paralyzed due to dissipation of anesthesia.
The gait and postural reactions remained unscored, and the nociception
in each limb remained at one point for over 2 days, suggesting successful
establishment of the model (Dong et al., 2016).
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Figure 1 | Representation of DTI processing of the ROIs.
(A—C) DTI processing was performed with the commercially available software Neuro3D (Siemens NUMARIS/4, Syngo MR D13) embedded in a Siemens post-processing workstation.
Based on the T1-weighted images, the circular ROIs (5 mm’) were placed at CP (A), PLIC (B), POG and PRG (C), and the corresponding FA and ADC values were then measured. The
ROIs were placed bilaterally on three slices that covered each of the selected structures. The final values were calculated using the average of the three slices. Control group: n =5;
SCl group: n = 10. ADC: Apparent diffusion coefficient; CP: cerebral peduncle; DTI: diffusion tensor imaging; FA: fractional anisotropy; PLIC: posterior limb of internal capsule; POG:
postcentral gyrus; PRG: precentral gyrus; ROI: region of interest.

Fiber tractography validating the ROIs

Fiber tractography allowed rapid display and identification of the most
representative cerebral white matter fiber tracts in the ROIs of all dogs. Three-
dimensional reconstructions of the CP, PLIC, POG and PRG were generated.
As shown in Figure 2, the fiber bundles passing through the four ROIs were
displayed in blue, green, and red colors, and the corticospinal tract extended
in the direction of the spinal cord. At the selected level, the fiber bundle
predominantly appeared in green, indicating that the fiber bundles at this
level were in the dorsal-ventral direction.

Anat FA
b0 [60,2970JFA [0.-]
Anat OFF/FM OFF/Clus OFF

Figure 2 | Diffusion tensor tractography images displaying corticospinal tract in
related brain regions.

The fiber bundles through the four ROIs are displayed in blue (rostro-caudal direction),
green (dorsal-ventral direction) and red (right-left direction) colors. The corticospinal
tract extended in the direction of the spinal cord. The fiber bundles are mostly green in
the selected ROIs. CP: Cerebral peduncle; FA: fractional anisotropy; PLIC: posterior limb
of internal capsule; POG: postcentral gyrus; PRG: precentral gyrus; ROI: region of interest.

DTl illustrating dynamic changes in cerebrospinal structures in a SCI Beagle
dog model

In the four anatomical structures, the FA and ADC values of all animal brains
at six time points were calculated. The mean FA value in the four normal ROIs
was 0.260 + 0.016 (CP), 0.585 + 0.007 (PLIC), 0.372 + 0.024 (POG) and 0.190
+ 0.017 (PRG), respectively. In the control group, laminotomy showed no
significant effect on the FA values of the brain regions during over 12-week
study period (P > 0.05). The detailed statistical results are shown in Additional
Table 1. As shown in Figure 3A, for CP, the FA value was increased over time,
and the trend of the FA curve rose first and then fell after SCI. For PLIC, the FA
value was decreased first and then increased over time, and the overall trend
of the FA curve dropped after SCI. For POG, the trend of overall curve of the
FA value declined first and then went up after SCI. For PRG, the trend of FA
value remained the same as that of CP after SCI. Compared with the control
group at each time point (Figure 3A), the SCI group exhibited significant
changes in the four selected ROIls. The detailed statistical results are shown in
Additional Table 2.

The mean ADC value in the four normal ROIls was 0.684 + 0.009 (CP),
0.670 + 0.006 (PLIC), 0.723 + 0.014 (POG) and 0.937 + 0.052 (PRG) pre-
SCI, respectively. In the control group, laminotomy did not cause significant
changes in the ADC values of the brain during over 12-week study period (P
> 0.05). The detailed results are shown in Additional Table 1. As shown in
Figure 3B, for CP, the ADC value was first decreased and then increased over
time after SCI. For PLIC, the overall trend of the ADC curve remained similar
to that of the CP after SCI. For POG, the trend of the ADC curve first fell and
then rose after SCI. For PRG, the overall trend of the ADC curve went down
after SCI. Compared with the control group, at each time point (Figure 3B),
the SCI group exhibited significant changes in the four selected ROIs. Detailed
statistical results are shown in Additional Table 2.

A 08 CP PLIC POG PRG  pu Gontrol
I scCl

FAvalue

B 12 CcP PLIC POG PRG B Control

Pre

cxx cxx
o 33 o< 33
Qoo Qoo

12 wk
Pre

cxx
og 33
Qoo

12 wk
Pre

cxx
og 33
Qmo

12 wk
Pre
12 wk

Time
Figure 3 | DTI dynamic changes over time after spinal cord injury and comparison
between SCI and control groups.
(A) FA values of four ROIs and dynamic changes at all time points studied. (B) ADC values
of four ROIs and dynamic changes at all time points studied. The horizontal capped line
indicates comparison between the two groups at each time point. All the parameters are
expressed as the mean + SD (control group: n =5, SCI group: n = 10). *P < 0.05, **P < 0.001
(Student’s t-test). CP: Cerebral peduncle; DTI: diffusion tensor imaging; PLIC: posterior
limb of internal capsule; POG: postcentral gyrus; PRG: precentral gyrus; ROI: region of
interest; SCI: spinal cord injury.

By comparing the DTI parameters of selected structures between the SCI
and control groups, both FA and ADC values were found to have significant
changes from about 3 weeks after SCI, indicating that the selected structures
had obvious pathophysiological variations approximately starting from 3
weeks after SCI in the canines (Additional Table 3).

Relationship between the DTI metrics of the cerebrospinal structure and
TSCISs in a SCI Beagle dog model

The behavioral changes of dogs after SCI are depicted in Figure 4. The
TSCIS scores of both lower limbs were reduced after SCI. The loss of gait,
proprioception, and nociception were gradually restored over time, and the
TSCIS scores reached a steady state after approximately 4 weeks. According
to Pearson correlation analysis (Figure 5), the FA value of CP showed
strong correlation (R* = 0.917, P = 0.002), while that of POG (R’ = 0.378, P
=0.194) and PRG (R’ = 0.316, P = 0.243) showed weak correlation with the
TSCIS scores of the lower extremities. The ADC value of CP showed strong
correlation (R* = 0.620, P = 0.063), while that of PLIC (R* = 0.294, P = 0.266)
and POG (R* = 0.313, P = 0.248) showed weak correlation with the TSCIS score
of the lower extremities (Figure 6).

Immunohistochemistry validating the pathological changes in a SCI Beagle
dog model

To explore the possible mechanisms underlying the DTl alterations in the
ROls, immunohistochemical staining was performed on the four regions to
observe whether the axons, glial cells, or neurons changed after SCI. The
NF staining intensity for CP remained low, and the percentage of positive
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Figure 5 | Correlations between FA values of four selected brain structures and TSCIS
in a Beagle dog model of spinal cord injury in the Spearman correlation analysis.
(A-D) Correlations between FA values of CP (A), PLIC (B), POG (C) and PRG (D) and TSCIS.
CP: Cerebral peduncle; FA: fractional anisotropy; PLIC: posterior limb of internal capsule;
POG: postcentral gyrus; PRG: precentral gyrus; TSCIS: Texas Spinal Cord Injury Scores.
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Figure 6 | Correlations between ADC values of four selected brain structures and
TSCIS in the Pearson correlation analysis.

(A-D) Correlations between FA values of CP (A), PLIC (B), POG (C) and PRG (C) and TSCIS.
ADC: Apparent diffusion coefficient; CP: cerebral peduncle; PLIC: posterior limb of
internal capsule; POG: postcentral gyrus; PRG: precentral gyrus; TSCIS: Texas Spinal Cord
Injury Scores.

staining was significantly decreased at 12 weeks after injury compared with
that pre-SCI (P = 0.002), as measured by quantitative analysis (Figure 7). The
GFAP staining intensity was more prevalent, and the percentage of positive
staining was increased significantly compared with that pre-SCI (P = 0.010).
The NeuN staining intensity showed no significant changes compared with
that pre-SCI (P = 0.798). The NF staining for PLIC intensity remained low,
and the percentage of positive staining was decreased significantly at 12
weeks after injury compared with that pre-SCI (P = 0.014), as measured
by quantitative analysis (Figure 8). The GFAP staining intensity was more
prevalent, and the percentage of positive staining was increased significantly
compared with those pre-SCI (P < 0.001). The NeuN staining intensity showed
no significant change compared with that pre-SCI (P = 0.520). For POG (Figure
9), the staining intensities of both NF (P = 0.001) and GFAP (P = 0.045) were
more prevalent, and the percentages of positive staining were increased
significantly compared with those pre-SCl, whereas the percentage of NeuN
positive staining was increased but did not reach a significant difference
compared with that pre-SCI (P = 0.496). For PRG (Figure 10), the staining
intensities of NF (P = 0.034), GFAP (P = 0.015) and NeuN (P = 0.036) were all
more prevalent, and the percentages of positive staining were significantly
increased compared with those pre-SCI. The detailed Student’s t-test results
of immunohistochemical analyses comparing the SCI group with the control
group are listed in Additional Table 4.
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Figure 7 | Immunohistochemical staining of the CP in a dog model of SCI at 12 weeks
after injury.

The NF staining intensity was weakened and the percentage of NF positively stained

area was decreased in the SCI group compared with those in the control group. The
GFAP staining intensity was stronger and the percentage of positively stained area was
increased compared with those in the control group. There was no significant difference
in NeuN staining intensity between SCI and control groups. Arrows represent typical
positive expression. Data are expressed as the mean + SD (n = 5). ¥*P < 0.05, vs. control
group (Student’s t-test). CP: Cerebral peduncle; GFAP: glial fibrillary acidic protein; NF:
neurofilament heavy polypeptide; ns: not significant; SCI: spinal cord injury.
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Figure 8 | Immunohistochemical staining of the PLIC in a dog model of SCl at 12
weeks after injury.

The NF staining intensity was weakened and the percentage of NF positively stained
area was decreased in the SCI group compared with those in the control group. The
GFAP staining intensity was stronger and the percentage of positively stained area

was increased compared with those in the control group. The NeuN staining intensity
did not change significantly in the SCI group compared with that in the control group.
Arrows represent typical positive expression. Data are expressed as the mean + SD (n
=5). ¥*P<0.05, vs. control group (Student’s t-test). GFAP: Glial fibrillary acidic protein;
NF: neurofilament heavy polypeptide; ns: not significant; PLIC: posterior limb of internal
capsule; SCI: spinal cord injury.

Discussion

Reports have suggested that a dog model of clinical SCI can be compared
with SCI in humans in terms of mechanisms of injury, pathology, outcome,
classification, and functional monitoring. This model is considered an ideal
translational model between rodent experiments and human clinical trials,
and our team has also made some progress in making canine SCI models
(Boekhoff et al., 2012). In this study, the dynamic changes in FA and ADC
values of cerebrospinal structures after SCI in the canines were investigated.
The correlations between DTl parameter values and functional recovery
scores, and the possible pathology affecting DTl in the ROIs were explored.
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Figure 9 | Immunohistochemical staining of the POG in a dog model of SCI at 12
weeks after injury.

The staining intensities of both NF and GFAP were stronger, and the percentages of
positively stained area were increased significantly in the SCI group compared with those
in the control group. The percentage of NeuN positively stained area was slightly, but not
significantly increased, in the SCI group compared with that in the control group. Arrows
represent typical positive expression. Data are expressed as mean + SD (n =5). *P < 0.05,
vs. control group (Student’s t-test). GFAP: Glial fibrillary acidic protein; NF: neurofilament
heavy polypeptide; ns: not significant; POG: postcentral gyrus; SCI: spinal cord injury.
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Figure 10 | Immunohistochemical staining of the PRG in a dog model of SCl at 12
weeks after injury.

The staining intensities of NF, GFAP and NeuN were all stronger, and the percentages

of positively stained areas were increased significantly in the SCI group compared

with those in the control group. Arrows represent typical positive expression. Arrows
represent typical positive expression. Data are expressed as mean + SD (n =5). *P < 0.05,
vs. control group (Student’s t-test). GFAP: Glial fibrillary acidic protein; NF: neurofilament
heavy polypeptide; PRG: precentral gyrus; SCI: spinal cord injury.

DTT

A previous study (Anaya Garcia et al., 2015) has shown that DTT can assist
in quickly tracking and identifying the white matter fibers in a selected
region among dogs of different healthy breeds and different sexes. The 3D
reconstruction technique can depict the anatomical structure of the canine
brain and the spatial distribution of fiber bundles (Anaya Garcia et al.,
2015). This technique can also be used in dog models of SCI to explore the
degradation of fiber bundles and the effect of fiber bundles on cerebrospinal
structures over time. The direction and proportion of fiber bundles can be
illustrated qualitatively through distinctive colors in DTT. Studies have reported
that the number of somatosensory and motor cortex-associated fiber
bundles changes after SCI, and some new fiber connections are regenerated,
as observed by functional MRI detection in rats (Ramu et al., 2008). These
findings are of great significance for the study of the fiber bundle changes in

cerebrospinal structures after SCI. As there is no standard template for canine
brain fiber bundles, three-layer images containing the ROIs were selected
to calculate the average value to improve the accuracy. CP and PLIC are the
sites through which the corticospinal tract passes, as well as the sites where
retrograde degeneration occurs along the corticospinal tract after injury.
PRG and POG are involved in dominant motor function and sensory function,
which decline after SCI. Therefore, the anatomical locations directly related to
these four ROIs were selected for the study.

DTI of the CP after SCI

Our results showed that the FA values of CP were increased and the degree
of this increase varied at different time points after SCI. Jirjis et al. (2016)
reported that the FA values were increased after SCI, and that the degree
of change was associated with the severity of SCI in the related areas of the
brainstem and corticospinal tract. Small animal studies indicated that glial
reactivity was related to SCI severity, with changes occurring after moderate
to severe SCI. Some clinical studies revealed that the FA value of CP in the SCI
group was lower than that in the control group, but this difference reached
no statistical significance (Koskinen et al., 2014). The Pearson correlation
results showed that the FA value of the CP was highly correlated with the
behavioral recovery, including the gradual restoring of nerve function and
nerve conduction pathway processing over time. These findings also indicated
that the diffusion changes in the CP and the nerve conduction pathways
of the spinal cord were related, accompanied by improvement in SCI when
compared with a previous study (Koskinen et al., 2014). Our results showed
that the ADC values of the CP region were decreased first and then increased
after SCI. Similarly, Koskinen et al. (2014) reported that the mean ADC
values were increased in the CP region after SCI in humans. Moreover, Sun
et al. (2017) studied cervical and thoracic SCI in humans and found that the
ADC values in the relevant areas of different SCI segments were increased.
In general, the ADC values were found to be decreased during the acute
phase and increased during the subacute or chronic phase. Based on these
results, SCI was shown to affect the CP in the acute phase. In addition, it was
observed that nerve conduction was obstructed, resulting in the decrease of
water molecule diffusion in the CP, which gradually recovered over time.

The immunohistochemical staining results provide strong evidence to explain
the DTl parameter changes in the selected ROls. A statistically significant
reduction in the expression of NF of the CP was observed when compared
with that in the control group, suggesting that axonal degeneration had
occurred in the CP 12 weeks after SCI. Ramu et al. (2008) investigated the
fiber bundles in the CP after 6 weeks of SCI in rats. They found that the
number of fiber bundles increased significantly, and the FA values of the CP
were increased significantly. In our study, there was a significant increase
in FA values at 6 and 12 weeks. Perhaps, the regeneration of axons and the
remodeling of fiber connections after SCI were important explanations for
this finding. Our results showed that the expression of GFAP, which was also
thought to affect the DTI measurement, was significantly increased (Harsan et
al., 2007). Reactive glial cell proliferation might have an effect on ADC values
because glial cells could affect the diffusion of water molecules. In addition,
astrocytes might also play a major role as regulators of water homeostasis
via the expression of aquaporins (Amiry-Moghaddam et al., 2004; Hu et al.,
2015). Our findings were consistent with those of previous reports.

DTI of the PLIC after SCI

Our results showed that the FA values of the PLIC were decreased and then
increased over time, and the final trend of the curve was found to be dropped
after SCI, which showed a significant difference after 24 hours. Freund et
al. (2011) reported that the FA values of the PLIC and vertebral pyramids
in humans were decreased, which were consistent with our results. They
also showed a progressive increase in the FA values of the PLIC and corona
radiata for 12 months after SCI. Our results showed that the ADC values of
the PLIC were first decreased and then increased after SCI, with a statistically
significant difference at 3 hours, 3, 6 and 12 weeks after injury. Some
experts have reported that the ADC values of the PLIC after SCI in humans
were mainly decreased when compared to those of controls. However, this
difference did not reach a statistical significance (Koskinen et al., 2014). The
immunohistochemical staining results revealed that the expression of NF
was decreased significantly in the SCI group when compared with that in the
control group, suggesting that axonal degeneration occurred in the PLIC 12
weeks after SCI. Our results were similar to the findings of the study by Ramu
et al. (2008), which reported that the expression of NF was decreased. The
expression of GFAP was increased, and the NeuN level showed no significant
changes 6 weeks after injury compared with control group.

DTI of the POG and PRG after SCI

In the POG, which is the main somatosensory center, the FA value was first
decreased and then increased to varying degrees over time. Significant
difference in FA value was observed among 3 hours, 6 weeks and 12 weeks
after SCI. The sensory function of the animals declined after SCI. The
reduction in FA values also indicated that the fiber bundles that transmitted
sensations were degraded, which reached the most serious stage at 3 hours
post-SCl. Moreover, there were varying degrees of recovery of function over
time after SCI. In the PRG, which is the main somatic motor center, the FA
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value was first increased and then decreased over time, while the final trend
of the FA curve was found to be increased. Significant difference in FA value
was observed among 24 hours, 3 and 12 weeks after injury. The most obvious
symptom of SCI was dyskinesia, and motor function gradually recovered with
time. Functional assessment was weakly correlated with the FA value of the
PRG, suggesting that the changes in FA value might reflect the recovery of
nerve function to certain extent. Our results showed that the ADC values
were first decreased and then increased in the POG, and the differences were
significant at 3 hours, 6 and 12 weeks after injury. With regard to the PRG,
the ADC values were mainly increased and only decreased at the last time
point in the SCI group, but the magnitude of these changes was smaller in
the SCI group than that in the control group. Studies have reported that SCI
can lead to extensive brain reorganization in the sensorimotor cortex due to
cortical circuit deafferentation (Nardone et al., 2013). With the remodeling
of the cerebral cortex, SCI causes not only degradation of the spinal cord
(Lundell et al., 2011), but also degeneration of the corticospinal tract and
the sensorimotor cortex (Jurkiewicz et al., 2006; Wrigley et al., 2009). In
addition, studies have revealed that the gray matter volume in the primary
somatosensory (S1) and motor (M1) cortices decreases in response to chronic
SCI (Young, 2002; Jurkiewicz et al., 2006; Wrigley et al., 2009; Freund et al.,
2013). Histological results indicated the mechanisms underlying DTI changes
after chronic SCI. Specifically, our results showed a significant increase in the
expression levels of both NF and GFAP in the POG. In the somatosensory
cortex, the negative feedback of sensory function loss after SCI, the reactive
glial cell hypertrophy and axonal hyperplasia were observed. Additionally, the
number of sensory neurons was slightly, but not significantly, increased. These
factors were likely to result in the decrease of FA values and the increase of
ADC values. With regard to PRG, our results showed that the expression levels
of NF, GFAP and NeuN were increased significantly. Similarly, the negative
feedback involving motor function loss, reactive glial cells hypertrophy and
axonal hyperplasia after SCI were observed in the somatic motor cortex.
The number or volume of motor neurons was increased significantly. These
findings might reveal that the self-regulation in the brain also plays a role in
the recovery of motor function after SCI. The elevation in FA values and the
reduction in ADC values were obtained by DTI detection.

Our findings also suggest that SCI might also lead to cerebrospinal structural
changes in the early stages, such as at 3 or 24 hours post-injury. It could be
possible that the neural pathway was blocked, and then gradually became
abnormally active over time. Consequently, the abnormal activation of
neural pathway might cause the activation of microglia during the chronic
stage, which in turn led to fiber remodeling. Buss et al. (2005) reported that
neuroinflammation occurred during both acute and chronic stages preceding
neurodegeneration, but appeared only at later time points, suggesting
that inflammation may also lead to SCl-induced brain neurodegeneration.
The changes in macro- and microstructure of the spinal cord after injury,
manifested as changes in the aspects such as axonal degeneration diameter,
progressive demyelination, glial cell apoptosis and regeneration, and cavity
formation in the spinal gray matter, might lead to retrograde degradation of
the fiber bundles possibly extending to relevant areas of the brain over time
(Buss et al., 2005; DeBoy et al., 2007).

It is clear that SCI does cause changes in the brain, and there is no consensus
as to whether spinal cord degeneration extends into the CP and PLIC of
the brain or whether the stress response of the neural pathway in the POG
and PRG leads to brain remodeling. The factors affecting DTI might not only
be pathological abnormalities but also include other causes such as water
imbalance related to immune system disorders and intestinal dysbacteriosis
after SCI. In addition, according to our findings and related literature, the
four selected ROIs in this study might provide new research directions in the
treatment of SCI. SCI was difficult to treat probably because the treatments
generally only focused on the spinal cord area and neglected other associated
brain regions. Therefore, both the brain and the spinal cord should be focused
in the treatment strategies (Poo et al., 2016).

Study limitation

This study has several limitations. First, the animals are living entities. During
anesthesia, the respiratory and heart rates might affect the acquisition of MRI
signals, which are prevalent in each study. Second, because of the sacrifice
of too many animals, pathological tests were not performed at each time
point, and only conducted at the end of the study. Third, there might be
many pathological factors affecting DTI, but only a few were considered in
this study, and other pathological characteristics should be further needed in
future studies.

Conclusion

In this study, the dynamic changes of the diffusion parameters in the CP,
PLIC, POG, and PRG of the brain after SCI were investigated and further
validated by histopathology. The selected structures demonstrated significant
pathophysiological changes staring from about 3 weeks after SCl in the canine.
The dynamic DTl parameter changes were correlated with neurological
assessment results. The results of this study provide advanced insights into
the reorganization of cerebrospinal structures after SCI. Further studies are
needed to investigate innovative strategies for the treatment of SCI.
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Additional Figure 1 Process of establishing a dog model of spinal cord injury.
(A) The impactor used. (B) The normal spinal cord after laminectomy. (C) Adjusting the impactor and

being ready to cause an impact. (D) Arrow indicates impact site. Reprinted from Liu et al. (2018b).
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Additional Figure 2 | Behavioral assessment by Texas Spinal Cord Injury Score of dogs.
Reprinted from Liu et al. (2018b).
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Additional Table 1 The detailed results of all regions of interest in control group by one-way analysis of

variance followed by Tukey’s post hoc tests

Region of interest df F-value n P-value
FA

CP 5 0.264 5 0.928
PLIC 5 2.510 5 0.058
POG 5 0.045 5 0.999
PRG 5 0.027 5 1.000
ADC

CP 5 0.639 5 0.672
PLIC 5 2.059 5 0.106
POG 5 0.199 5 0.960
PRG 5 0.011 5 1.000

ADC: apparent diffusion coefficient; CP: cerebral peduncle; FA: fractional anisotropy; PLIC: posterior limb of
internal capsule; POG: postcentral gyrus; PRG: precentral gyrus.



NEURAL REGENERATION RESERACH www.nrronline.org

Additional Table 2 The detailed Student’s #-test results of all regions of interest in the SCI and control
groups

Region of interest Time point t daf n P-value
FA
CP Pre-contusion 0.035 13 15 0.973
3h 2.093 13 15 0.057
24 h 2.59 13 15 0.023
3 wk 2.778 13 15 0.016
6 wk 2.810 13 15 0.015
12 wk 2.796 13 15 0.015
PLIC Pre-contusion 0.105 13 15 0.918
3h 1.028 13 15 0.323
24 h 3.899 13 15 0.002
3 wk 5.038 13 15 <0.001
6 wk 4.166 13 15 0.001
12 wk 9.431 13 15 <0.001
POG Pre-contusion 0.030 13 15 0.976
3h 2.683 13 15 0.019
24 h 0.759 13 15 0.461
3wk 1.773 13 15 0.099
6 wk 1.218 13 15 0.039
12 wk 1.113 13 15 0.020
PRG Pre-contusion 0.022 13 15 0.983
3h 1.828 13 15 0.091
24 h 3.039 13 15 0.009
3wk 2.366 13 15 0.034
6 wk 1.099 13 15 0.291
12 wk 0.333 13 15 0.021
ADC
CP Pre-contusion 0.109 13 15 0.915
3h 9.427 13 15 <0.001
24 h 1.209 13 15 0.248
3 wk 0.826 13 15 0.424
6 wk 3.185 13 15 0.007
12 wk 7.691 13 15 <0.001
PLIC Pre-contusion 0.132 13 15 0.897
3h 4.989 13 15 <0.001
24 h 1.934 13 15 0.075
3 wk 21.813 13 15 <0.001
6 wk 9.336 13 15 <0.001
12 wk 7.621 13 15 <0.001
POG Pre-contusion 0.287 13 15 0.778
3h 3.523 13 15 0.004
24 h 0.672 13 15 0.513
3 wk 0.081 13 15 0.937
6 wk 4.386 13 15 <0.001
12 wk 3.588 13 15 0.003
PRG Pre-contusion 0.034 13 15 0.973
3h 1.074 13 15 0.261
24 h 1.208 13 15 0.004

3 wk 1.477 13 15 0.024
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6 wk 1.693 13 15 0.034
12 wk 1.752 13 15 0.026

ADC: apparent diffusion coefficient; CP: cerebral peduncle; FA: fractional anisotropy; PLIC: posterior limb of
internal capsule; POG: postcentral gyrus; PRG: precentral gyrus.
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Additional Table 3 Summary analysis of the P-value of the selected structures at each time point in the SCI
and control groups using one-way analysis of variance followed by Tukey’s post hoc test

Time CP PLIC POG PRG

FA ADC FA ADC FA ADC FA ADC
Pre-contusion  >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
3h >0.05 <0.001 >0.05 <0.001 0.019 0.004 >0.05 >0.05
24h 0.023 >0.05 0.002 >0.05 0.461 >0.05 0.009 0.004
3wk 0.016 >0.05 <0.001 <0.001 0.099 >0.05 0.034 0.024
6 wk 0.015 0.007 0.001 <0.001 0.039 <0.001 >0.05 0.034
12 wk 0.015 <0.001 <0.001 <0.001 0.020 0.003 0.021 0.026

ADC: Apparent diffusion coefficient; CP: cerebral peduncle; FA: fractional anisotropy; PLIC: posterior limb of
internal capsule; POG: postcentral gyrus; PRG: precentral gyrus.
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Additional Table 4 Student’s #-test results of immunohistochemical findings from the SCI and control
groups

Region of interest t-value df n P-value
CP

NF 4.638 8 15 0.002
GFAP 3.337 8 15 0.010
NeuN 0.265 8 15 0.798
PLIC

NF 2.824 8 15 0.022
GFAP 6.388 8 15 <0.001
NeuN 0.673 8 15 0.520
POG

NF 5.001 8 15 0.001
GFAP 2.378 8 15 0.045
NeuN 0.713 8 15 0.496
PRG

NF 2.558 8 15 0.034
GFAP 3.097 8 15 0.015
NeuN 2.510 8 15 0.036

CP: Cerebral peduncle; GFAP: glial fibrillary acidic protein; NF: neurofilament; PLIC: posterior limb of internal
capsule; POG: postcentral gyrus; PRG: precentral gyrus.



