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ABSTRACT ARTICLE HISTORY
Purpose: Spinal cord injury (SCI) destroys the sensorimotor pathway and induces brain plasti- Received 6 October 2021
city. However, the effect of treatment-induced spinal cord tissue regeneration on brain func- Revised 25 March 2022

tional reorganization remains unclear. This study was designed to investigate the large-scale ~ Accepted 9 June 2022
functional interactions in the brains of adult female Rhesus monkeys with injured and regener-
ated thoracic spinal cord. . . . . . . Nonhuman primate; neural
M_aterlals and methpds: Restl.ng-state functional magnet.lc resonance imaging (fMRI) combined regeneration; sensorimotor
with Granger Causality analysis (GCA) and motor behaviour analysis were used to assess the cortex; causal interactions;
causal interaction between sensorimotor cortices, and calculate the relationship between causal reorganization
interaction and hindlimb stepping in nine Rhesus monkeys undergoing lesion-induced spontan-

eous recovery (injured, n=4) and neurotrophin-3/chitosan transplantation-induced regeneration

(NT3-chitosan, n = 5) after SCI.

Results: The results showed that the injured and NT3-chitosan-treated animals had distinct spa-

tiotemporal features of brain functional reorganization. The spontaneous recovery followed the

model of “early intra-hemispheric reorganization dominant, late inter-hemispheric reorganization

dominant”, whereas regenerative therapy animals showed the opposite trend. Although the vari-

ation degree of information flow intensity was consistent, the tendency and the relationship

between local neuronal activity properties and coupling strength were different between the two

groups. In addition, the injured and NT3-chitosan-treated animals had similar motor adjustments

but various relationship modes between motor performance and information flow intensity.

Conclusions: Our findings show that brain functional reorganization induced by regeneration ther-

apy differed from spontaneous recovery after SCl. The influence of unique changes in brain plasti-

city on the therapeutic effects of future regeneration therapy strategies should be considered.
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e Neural regeneration elicited a unique spatiotemporal mode of brain functional reorganization
in the spinal cord injured monkeys, and that regeneration does not simply reverse the pro-
cess of brain plasticity induced by spinal cord injury (SCI).

e Independent “properties of local activity - intensity of information flow” relationships
between the injured and treated animals indicating that spontaneous recovery and regenera-
tive therapy exerted different effects on the reorganization of the motor network after SCI.

e A specific information flow from the left thalamus to the right insular can serve as an indica-
tor to reflect a heterogeneous “information flow — motor performance” relationship between
injured and treated animals at similar motor adjustments.
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1. Introduction

Spinal cord injury (SCl), blocks the ascending and
descending conduction pathways in the spinal cord, is
a sudden and persistent interference in brain function,
usually resulting in the functional “silence” of the cor-
responding cortex [1,2]. A large number of animal
[3-5] and clinical [6] studies have demonstrated that
the deafferented local cortical area is invaded by adja-
cent areas after SCl and are thus recruited to the sen-
sation and movement of other intact parts. Recent
resting-state functional magnetic resonance imaging
(fMRI) studies on SCI further show that blocking affer-
ent and efferent information induces alterations in the
intensity and synchronization of spontaneous activity
in the brain regions related to sensation, movement
and inner consciousness [7,8]. The disintegration and
remodelling of large-scale functional connections
between cortexes [9-12] and between the cortex and
subcortical nuclei [13,14] prove that SCI not only
changes the specific activity of the regional cortex but
also reshapes the connectivity pattern of brain func-
tional networks.

Although many studies reported on the neuroplas-
ticity changes in the brain elicited by the SCI- and
spontaneous recovery-induced information flow, litera-
ture on the plasticity of brain function induced by
intervention therapy after SCl is limited [15]. Some
studies on peripheral nerve injury and treatment that
provide evidence for assessing the effects of disrup-
tion and reconnection of afferent and efferent infor-
mation flow on brain plasticity are available [16-18].
These studies demonstrated the reversal of cortical
plastic reorganization after the recovery of afferent
and efferent information flow, and the activation
intensity and range of the “reawakening” local cortex
region are improved by varying degrees [19].

Experimental researches on the treatment of SCl
have developed recently. A variety of techniques,
including exogenous stem/progenitor cell transplant-
ation [20,21], Schwann cell transplantation [22], per-
ipheral nerve transplantation [23] and biomaterial
implantation [24-26], have been used to promote the
regrowth of new nerve tissue in the lesion site where
neurons/axonal bundles are missing. This effect is usu-
ally accompanied by a partial improvement in sensori-
motor functions. Tissue regeneration, which reverses
the loss of nervous tissue, is a physiological process
contrary to that in SCI. In this case, the change in the
process of brain functional reorganization is
poorly understood.

Our previous work developed a neurotrophin-
3(NT3)/chitosan carrier which released NT3 stably and

constantly at least in 14 weeks, providing an optimal
microenvironment for spinal cord regeneration [27]
and eliciting robust de novo neural regeneration as
well as sensorimotor functional recovery in both com-
pletely transected rats’ [25,28,29] and hemi-transected
nonhuman primates’ thoracic cord [26]. Many myelin-
ated, neurofilament (NF)-positive and biotinylated dex-
tran amine (BDA)-fluorescein-positive fibres were
observed in the rostral, middle, and caudal site of the
NT3-chitosan tube after implantation [25]. With more
than 12 months of NT3-chitosan material degradation
cycle, corticospinal tract (CST) tracking with unilateral
BDA injections in nonhuman primates showed a
robust axonal regeneration across the damaged area
to 15mm caudal to the distal lesion edge [26]. These
reconstructed neural tissues by NT3-chitosan material
provide a substrate for the reconnection of afferent/
efferent information flow and may influence brain
functions. In this study, we used resting-state fMRI and
Granger causality analysis (GCA) to evaluate the trends
and differences of large-scale functional interactions in
the brains of rhesus monkeys with injured and regen-
erated thoracic spinal cords. In addition, we further
investigated the possible relationship between signifi-
cantly changed causal interactions and the resting-
state spontaneous activity of the local cortex and the
hindlimb walking capability of animals. We hypothe-
sized that given that the loss of nervous tissue could
cause alterations in brain function, the regeneration
should also lead to the reorganization of brain func-
tion and that the brain plasticity changes induced by
these events had different spatiotemporal features,
processes and relationship modes.

2. Materials and methods
2.1. Animal models

Nine female adult rhesus monkeys (Macaca mulatta,
4-6 years, 5+ 1kg) were used in this experiment. The
animals were divided into the injured group (n=4)
and the NT3-chitosan group (n=5) randomly.
Numbers of animals were chosen to enable appropri-
ate statistical testing and to ensure that a minimum of
four animals were used per experimental group in
each experiment. All animal experimental procedures
were approved by the Biological and Medical Ethics
Committee of Beihang University (approval no.:
BM20180046), and the study conformed to the
National Institute of Health — Office of Laboratory
Animal Welfare (NIH-OLAW) guidelines for the care
and use of laboratory animals.



Spinal cord T7-9 hemicord excision was performed
in a dedicated animal operating room. Monkeys were
anaesthetized by using Zoletil 50 (5mg kg~ ', intra-
muscular injection [im]) and xylazine hydrochloride
(5mg kg”, im) and then maintained with sodium
pentobarbital (20mg kg~' h™', intravenous drop infu-
sion [iv drop]). Before operation, the animals were
intubated to ensure smooth breathing. Detailed surgi-
cal procedures were executed as previously described
[26]. After laminectomy, the dura mater was cut under
an operating microscope; a section of nervous tissue
with a length of 10mm on the right side of the thor-
acic cord was transected and removed; and the ven-
tral side was scraped repeatedly with a blade to
ensure that any residual fibres at the lesion site were
removed. The animals in the NT3-chitosan group were
transplanted with the NT3-chitosan scaffold into their
injury areas, whereas those in the injured group did
not receive any additional intervention. The dura,
muscle and skin were subsequently sutured. Each ani-
mal was placed individually, and the environment was
kept constant (temperature 24+ 1°C, humidity 40% +
5%). After operation, antibiotic prophylaxis was pro-
vided once daily up to 3 d, and buprenorphine solu-
tion (50 pg, 100 g~' body weight, once daily) was
injected intramuscularly up to 5 d.

MRI examination was performed before injury
(intact) and at 1, 2, 3, 6 and 12 months post-SCl. The
kinematics-based gait test was not performed at
1 month after operation to prevent strenuous exercise
from interfering with the recovery process [30]. The
gait test was performed at other time points that
were the same as those of MRI. All datasets were col-
lected for further analyses.

2.2. NT3-chitosan tube fabrication

NT3-chitosan materials were fabricated via a previously
described method [26,27,29]. Briefly, under sterile con-
ditions, a 2% solution of poly-N-acetyl glucosamine
derived from 85% deamidized chitosan (Sigma, St.
Louis, MO) in 2% acetic acid was plasticised through
treatment with 1g of lithium chloride and 1g of di
(hydroxyethyl) sulphoxide with a melting point of
112°C-113°C. This mixture was stirred thoroughly. A
capillary glass tube with a diameter of 2.0 mm was
washed, autoclaved, dried, dipped vertically into the
chitosan solution, slowly pulled out and placed verti-
cally to volatilize the solvent. This process was
repeated until the inner diameter of the tube reached
2mm and the outer diameter of the tube reached
2-3mm. The dried glass tube with chitosan was
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immersed in NaOH solution for 1h and then in dis-
tilled water. The distilled water was replaced to keep
the tube from becoming alkaline. A transparent chito-
san tube was obtained by separating the glass capil-
lary from the chitosan tube. The tube was cut to a
length of 10 mm for experimental use, soaked in 75%
alcohol and rinsed several times.

In an aseptic state, 10 mg of 85% deacetylated chi-
tosan particles (Sigma, St. Louis, MO) was dissolved in
50 ml of deionized water, swelled for 6 h, and centri-
fuged. Then, the supernatant was discarded. The swol-
len particles were frozen at —20°C for 24h and
maintained at 4°C for 10 h. NT3 (Sigma, St. Louis, MO)
was reconstituted to a concentration of 100ug ml™'
in sterile cold deionized water. Then, 100ng of NT3
was added to the swollen chitosan particle solution at
4°C. The mixture was stirred at 4°C for 6h and then
placed in a vacuum freeze dryer for freeze drying. The
NT3-loaded dried chitosan particles were added to
type | collagen solution at 4°C and stirred for 30 min.
The chitosan particles were collected via centrifuga-
tion. Then, 10mg of the chitosan carrier containing
100 ng of NT3 was loaded into the chitosan tube. The
tube was then stored at 4°C.

2.3. MRI anaesthesia

Animals were anaesthetized with Zoletil 50 (5mg
kg~', im) and xylazine hydrochloride (5mg kg~ ', im).
Atropine sulphate injection (0.05mg kg~', im) was
used to reduce bronchial and salivary secretion.
Anaesthesia was maintained via the continuous
administration of propofol (0.25mg kg~' min~', iv
drop) [31]. The level of anaesthesia was monitored
periodically during scanning, with no somatic move-
ment when pinching the toes, corneal reflex dis-
appearance while the heart rate was kept above 70
times per min, and respiration rate exceeding 20 times
per min as the standard [7,14].

2.4. MRI dataset acquisition

All MRI datasets were acquired on a Siemens 3 T MR
scanner (MAGNETOM Skyra; Siemens). Brain data were
collected by using a customized primate four-channel
transmitter and receiver coil. Spinal cord data were
obtained with a multichannel, fully dynamic parallel
transmit array spine coil.

Brain functional data were obtained by using the
gradient echo-echo planar imaging sequence with the
following parameters: TR = 2000ms, TE = 30 ms, field
of view = 128 mm x 128 mm, matrix = 64 x 64, slice
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thickness 2 mm, flip angle = 90°. Twenty-five consecu-
tive axial slices without gaps were used to cover the
whole brain. Four seconds of empty scanning were
added to avoid magnetic field heterogeneity at the
beginning of the scanning. Each scanning period
lasted for 4min, and 120 volumes of EPI data were
acquired. Structural data with the same centralization
as functional data were obtained by using a three-
dimensional magnetization prepared rapid acquisition
gradient echo sequence with the following parame-
ters: TR = 1520ms, TE = 4.42ms, flip angle = 15° and
inversion time = 520ms. The voxel spatial resolution
was 1.0mm x 0.5 mm x 0.5 mm and 180 contiguous
slices were obtained to cover the entire brain.

Spinal cord structural images were obtained with a
proton-density (PD) sequence. The imaging parameters
were as follows: TR/TE = 3050 ms/11 ms, field of
view = 192 mm x 192 mm, matrix = 320 x 320, slice
thickness = 2mm, flip angle = 147°, and 25 continu-
ous axial slices covering five vertebral segments
(T6-10). Same-centred diffusion tensor imaging (DTI)
data were acquired through the single-shot spin-echo
echo planar imaging sequence. A twice-refocusing
pulse sequence was used to minimize eddy current
effects. Axial-orientation diffusion-weighted images
were acquired by using the following parameters: TR/
TE = 4500ms/104ms, field of view = 196 mm x
196 mm, matrix = 128 x 128, slice thickness = 2mm,
b=0 and 1000s/mm?, 13 gradient directions and 25
contiguous slices covering the lesion area. Data were
acquired five times to enhance the signal-to-noise ratio.
A Siemens generalized autocalibrating partially parallel
acquisition imaging system was used with an acceler-
ation factor of 4 to reduce the extent of susceptibility
artefacts. Readout bandwidth was set to 1396 Hz, and
the echo train spacing was set to 0.82ms. The satu-
rated band was set in the chest and abdominal cavity
to decrease physiological motion artefacts [32].

2.5. Functional data processing

Brain functional data were processed by using SPM8
(http://www filion.uclac.uk/spm). The detailed process
method is described in previous studies [7,8,14]. Briefly,
the preprocessing stage included slice time delay com-
pensation, head movement correction (maximum head
displacement <1 mm, maximum rotation <1°), spatial
normalization with INIA19 Primate Brain Atlas [33] and
smoothing (FWHM = 3 mm). The first 10 volumes of
every scan were excluded to avoid the possible instabil-
ity of the initial MRI signal. A temporal band-pass filter
(0.0025-0.05Hz) was used to remove low-frequency

drifts and high-frequency physiological noise [34]. On
the basis of the INIA19 Primate Brain Atlas and research
by [35], the cerebellum (Cb), lateral primary somatosen-
sory cortex (S11), medial primary somatosensory cortex
(STm), secondary somatosensory cortex (52), parieto-
occipital association cortex (PE area), lateral primary
motor cortex (M1l), medial primary motor cortex
(M1m), supplementary motor area (SMA), middle frontal
gyrus (MFG), insular (Ins), putamen (Pu), thalamus (Th),
and middle occipital gyrus (MOG) were manually
obtained from the bilateral monkey brain with 26
regions of interest (ROIs) for the calculation of GCA,
fractional amplitude of low-frequency fluctuation
(fALFF) and regional homogeneity (ReHo).

2.6. GCA calculation

The averaged time series of all voxels in each ROI
were extracted. The causal interactions between the
26 ROIs of each animal at each time point were calcu-
lated by using multivariate conditional GCA in Resting-
state fMRI Data Analysis Toolkit (REST V1.8, http://
www.restfmir.net). Then, the GCA matrix of sensori-
motor-related networks was formed for subsequent
inter- and intra-group analyses. Longitudinal changes
were calculated in each group. The number of subcor-
tical brain areas and the ratio of GCA originating from
the left brain regions to GCA in the whole brain
involved in each group at each timepoint were
obtained. The number of intra- and inter-hemispheric
altered GCA in both groups was acquired separately in
the early (1-3 months post-SCl) and late (6-12 months
post-SCl) stages and normalized by that in the late
stage as a standard.

2.7. FALFF and ReHo calculations

The fALFF and ReHo of blood oxygenation level-
dependent (BOLD) signals in each ROl were calculated
for subsequent correlation analyses. The fALFF and
ReHo values of each animal were divided by its own
mean value of the whole brain for standardization to
decrease the effect of individual variability [7,8]. Data
calculation was carried out in Data Processing
Assistant for Resting-state fMRI (DPARSFA V2.3, http://
www.restfmir.net).

2.8. DTI data processing

DTl datasets were processed and analysed by using
dedicated MedINRIA software (http://www-sop.inria.fr/
asclepios/software/MedINRIA). The detailed methods
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have been reported in previous articles [32,36]. In
brief, image post-processing mainly included eddy cur-
rent distortion correction and geometric distortion cor-
rection. For eddy current distortion, five b0 images in
EPI dataset were averaged as a reference. All diffusion-
weighted images in EPI datasets were coregistered to
the reference by using linear affine transformation. For
geometric distortion, the averaged b0 image was reg-
istered to PD volume through the diffeomorphic
demons’ registration algorithm to obtain a nonrigid
displacement field. The deformation vector field was
extracted and then applied to all EPI data to complete
the geometric distortion correction.

2.9. Fibre tracking

Eigenvalues in three perpendicular directions were
extracted from each pixel of each animal to calculate
the fractional anisotropy [37]. The directions of the
eigenvectors that were related to the largest eigenval-
ues were set to the main direction of local neural
fibres [38]. The threshold of fibre-tracking background
removal was set to 0.10 to exclude nonpositive voxels
and noise. Interpolated fibre smoothing was set to
20%, and the minimum fibre length was set to 10 mm
to obtain continuous fibre reconstruction [26]. To
quantify the possible regenerated fibres, the number
of fibres at the caudal end of the injury was gained in
injured and NT3-chitosan treated animals at each
timepoint. To decrease the effect of individual variabil-
ity, the number of fibres obtained from each animal
was divided by its own number of fibres at the remote
normal-like spinal cord to standardize (i.e. the ratio of
regenerated fibres to remote normal-like fibres
was calculated).

2.10. Kinematic analysis of locomotion

The hindlimb gait datasets of each animal were
acquired by using a Vicon system (Vicon 8, Oxford
Metrics Limited Company, UK). Gait test, data collec-
tion, processing and calculation were performed as
previously described [39-42]. In brief, reflective
markers were fixed on the anterior and posterior
superior iliac spines, 2/3 of the femur, knee joint, tibia
midpoint, ankle joint, heel and the second metatarso-
phalangeal joint in the right hindlimb. Eight infra-red
cameras were used to record the three-dimensional
position of the reflective markers during stepping.
Animals were walking bipedally on a treadmill at a
speed of 0.22 m s (recording frequency: 100Hz)
while their upper body was restrained. At least 10
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steps of each animal at each timepoint were obtained
for subsequent processing and analysis. Gait cycle dur-
ation, stance duration, stride length, step height,
swing endpoint velocity, hip joint flexion, hip joint
extension, hip joint amplitude, knee joint flexion, knee
joint extension, knee joint amplitude, ankle joint flex-
ion, ankle joint extension and ankle joint amplitude
were calculated by using Matlab (MathWorks, Natick,
MA). Principal component analysis (PCA) was adopted
to process the above gait parameters and reconstruct
PCs 1-5 in a single gait cycle. The extent of the
change in motor function is the sum of the square
deviation (SSD) between the PC1-5 values of each ani-
mal at each timepoint post-SCl and the PC1-5 values
of intact status.

2.11. Statistical analyses

Statistical analyses were conducted using SPSS 20.0
(SPSS, Chicago, IL, USA). All data were shown as
mean = SEM. The Shapiro-Wilk method was used for
data normality analysis, and the Levene test was applied
to determine the homogeneity of variance. An inde-
pendent t-test was used to detect the difference of the
ratio of regenerated fibres to remote normal-like fibres
between the two groups at all timepoints (six-time
points, 6 tests, the significance level was set at p <0.05
with  Bonferroni multiple comparisons, uncorrected
p <0.05/6 =0.0083). The paired t-test was carried out to
detect the difference of GCA matrices between intact
and post-SCl (intact vs. 1 month, intact vs. 2 months,
intact vs. 3 months, intact vs. 6 months and intact vs.
12 months, all after operation) in injured and NT3-chito-
san groups, individually. The significance level was set
at p <0.05 with Bonferroni multiple comparisons (uncor-
rected p<0.05/5=0.01). The independent t-test and
the Chi-square test were executed separately to detect
the difference in the proportion of subcortical regions
involved in the reorganization, the proportion of GCA
originating from the left brain regions, and the propor-
tion of intra- and inter-hemispherical GCA numbers
between the injured and NT3-chitosan groups. The sig-
nificance level was set at p < 0.05.

To investigate the effect of time (five time points) x
group (two groups) interaction on the GCA matrices,
two-way ANOVA followed by Bonferroni test was used.
Significantly altered GCA information flows under time-
X group interactions were obtained, an independent
t-test was used to detect the difference of flow inten-
sity changes between the two groups at the post-SCl
stage (five time points, five tests, the significance level
was set at p<0.05 with Bonferroni multiple
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comparisons, uncorrected p<0.05/5=0.01); paired
t-test was used to examine the difference of flow inten-
sity changes among 1, 2, 3, 6 and 12 months post-SCI
in both groups, individually (five time points, 10 tests
in each group, uncorrected p <0.05/10 =0.005).

Correlations between significantly changed GCA
intensities and the fALFF/ReHo values in the local
brain region were calculated by using Pearson correl-
ation analysis. The significance level was set at
p <0.05. The Chow-test was performed to analysis the
discrepancy between the injured and NT3-chitosan
groups in the correlation modes. The significance level
was set at p <0.05 with Bonferroni multiple compari-
sons (two tests, uncorrected p < 0.05/2 =0.025).

To explore the difference of gait PC and SSD scores
between the injured and NT3-chitosan groups, an
independent t-test was executed at all times after SCI.
The level of significance was set at p <0.05, and was
adjusted for multiple testing using the Bonferroni cor-
rection (four time points, four tests, uncorrected
p <0.05/4 =0.0125). Relationships between the signifi-
cantly changed GCA intensities and the gait PC1-5
scores were calculated by using Spearmen correlation
analysis. The significance level was set at p <0.05.
Chow-test was used to detect the variation between
the injured and NT3-chitosan groups in the correlation
modes. The significance level was set at p <0.05. To
identify the relationship between the fibre tracking
results and gait performances, Pearson (normality) or
Spearmen (non-normality) correlation analysis was
implemented between the ratio of regenerated fibres
to remote normal-like spinal cord fibres and SSD
scores. The significance level was set at p <0.05.

3. Results

In our previous studies, robust axonal regeneration
after thoracic SCI was achieved by implanting NT3-chi-
tosan bioactive material scaffolds in rodents [29] and
primates [26]. Consistent with our previously reports,
NT3-chitosan-treated rhesus monkeys in this study
also showed spinal neural fibre regeneration as
expected. The longitudinal observation of MRI-DTI dis-
played that the MRI signal of the regrowth tissue
appeared in the lesion area and connected the rostral
and caudal regions over time. By contrast, the injured
animals demonstrated gradual spinal cord atrophy
and no sign of regeneration (Figure 1(A)). The ratio of
regenerated fibres obtained from the treated animals
was obviously higher than that from the injured group
at 3, 6 and 12 months post-SCl (pcorrected <0.0130)
(Figure 1(B)).

We used GCA to detect cortical-cortical and corti-
cal-subcortical information flows to explore the effect
of nervous tissue defects and regeneration on func-
tional interactions among brain regions. GCA not only
provides the intensity of information flow between
two cortical regions but also shows the direction,
which is of great importance for revealing the origin
of changed information flows in brain functional net-
works [43]. At each time point post-SCl, GCA flows
which significantly deviated from intact status were
obtained from GCA matrices (Figure 2(A)). The
changed interactions in the NT3-chitosan group had
unique spatiotemporal characteristics. Compared with
those in the treated animals, abnormal causal interac-
tions in the injured primates involved a large number
of subcortical regions (p=0.0136) (Figure 2(B)). NT3-
chitosan-treated animals had a higher ratio of GCA
flows originating from the left hemispherical regions
than that in injured ones (p=0.0390) (Figure 2(C)). In
the injured group, intra-hemispherical GCA changes
were the main form of brain functional reorganization
in the early stage after operation, whereas inter-hemi-
spherical GCA alterations dominated in the late stage.
In contrast, most of the inter-hemispherical interac-
tions in the NT3-chitosan-treated animals altered sig-
nificantly in the early stage, whereas most changes in
the late stage were mainly in the intra-hemispheres
(vs. injured group, p=0.0004) (Figure 2(D)). In add-
ition, most GCA alterations in the treated animals
were concentrated at 3 months post-SCI (75%), and
the left side supplementary motor area (L.SMA), as the
origin of the interactions, exhibited the highest num-
ber of modifications (Figure S1).

Then, we further explored time x group interaction
effects for all GCA connections when the intact value
was taken as covariable. Significantly altered GCA
flows were obtained by using two-way ANOVA ana-
lysis (Figure 3, Supplementary Table 1). Although mul-
tiple information flows from the L.SMA, left side
putamen (L.Pu), and left side medial primary motor
cortex (L.M1m) were affected, none of the information
flows sent to these three brain regions were modu-
lated by time x group interactions. These three brain
regions are involved in the action planning, regulation,
integration, management, and execution of the para-
lysed right hindlimb, showing the susceptibility of
exercise-related brain regions to the change of physio-
logical states in the spinal cord and the critical role in
initiating the reorganization of functional networks.
The correlation analysis of the changes in the above
GCA values showed that the change trends of most
information flows were not correlated between the
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Figure 1. Representative DTI-fibre tracking longitudinal results of injured and NT3-chitosan treated animals. Data processing just
following the same methods as we previously reported [26]. (A) Reconstructed fibre bundles were superimposed on the corre-
sponding axial PD weighted structural images. Before operation, the structure of the spinal cord exhibited good integrity, and the
fibre bundles filled the whole spinal cord structure in an orderly manner. After operation, the tissue of the right thoracic cord was
damaged and the structural integrity was destroyed, and the implanted NT3-chitosan scaffold could be clearly observed. The
fibres (rostrocaudal orientation) gradually extended across the surgical site over time, reconnecting the rostral and caudal ends of
the injured cord in the regenerative therapy animals. On the axial structural images, the material boundary gradually blurred and
disappeared with the degradation of the implanted NT3-chitosan scaffold. In injured animals, no fibre bundles were present within
the lesion and passed through the injured site. (B) The proportion of the regenerated fibres to the number of remote normal-like
spinal cord fibres was significantly different between the two groups at 3, 6, and 12 months post-SCl (Independent t-test with

Bonferroni multiple comparisons). m, months.

two groups, and only the information flow from the
right side cerebellum (R.Cb) to R.SMA showed a signifi-
cantly negative correlation (Figure 3), which revealed
the independent brain function reorganization proc-
esses between the injured and NT3-chitosan animals.
We calculated the extent to which the intensity of
above GCA deviated from the normal value in each
animal at each timepoint. The degree of change in
each information flow during the reorganization proc-
esses was compared between the two groups (Figure
4(A)). No significant difference between the injured
and NT3-chitosan groups was observed at most time-
points, indicating that although brain functional
reorganization differed, the overall intensity alterations
of the brain causal interaction were the same. The
averaged degree of change in information flows'
intensity in the injured group showed an unusually
high peak at 1-month post-SCl (pcorrected <0.0134) and
then decreased significantly and remained stable from

2 months after operation (Figure 4(B)). Since recovery
and plasticity are maximized in the acute phase after
SClI, this result is in line with our expectations.
However, the spike impact on the stability of the brain
functional network was not observed in the NT3-chito-
san animals (vs. injured group, Pcorrected =0.0369).
Altered GCA intensity in the NT3-chitosan group
remained stable after operation (pcorrected >0.05). This
phenomenon may be mainly due to NT3-chitosan
implantation in the injured area, but further pharma-
cological studies are needed. In addition, the degree
of changes in brain interactive connections in both
groups did not return to normal at the end of the
experiments, suggesting that the brain needs
strengthened causal interactions among regions with
complete related functional activities.

To further reveal the potential causes of alterations
in brain functional interactive connections, we have
evaluated the relationship between the intensity of
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Figure 2. The injured and NT3-chitosan-treated animals have different brain functional reorganization features. (A) Causal interac-
tions that significantly deviated from intact status in each timepoint post-SCl were superimposed on the three-dimensional mon-
key brain. The corresponding quantitative assessment described the alteration of intensity (Paired t-test with Bonferroni multiple
comparisons). Red indicates the GCA intensity that is significantly higher than the intact state, whereas blue indicates the
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Figure 2. (Continued)

opposite. Box plots show the median and 25th and 75th percentiles; whiskers indicate the minimum and maximum values. Raw
data were shown in graphs. The green ball represents both ends of the brain regions of the causal interaction, and the arrows
indicate the direction of information flow. (B) Significant difference between the two groups in the proportion of subcortical
regions involved in the reorganization (Independent t-test). (C) Notable difference between the two groups in the ratio of GCA
originating from the left brain regions (Independent t-test). Data dots represent the proportion at each timepoint post-SCl. (D)
The two group animals differed in the proportions of intra- and inter-hemispheric GCA alterations at early and late stages (Chi-
square test). L: left; R: right; m: months; S1l: lateral primary somatosensory cortex; M1l: lateral primary motor cortex; Pu: putamen;
MOG: middle occipital gyrus; MFG: middle frontal gyrus; MTm: medial primary motor cortex; Ins: insula; PE area: parieto-occipital
association cortex; Th: thalamus; S2: secondary somatosensory cortex; SMA: supplementary motor area; S1m: medial primary som-
atosensory cortex. Injured group: ®LS1l—LM1l, @LPu—R.MOG, @R.M1l—RMFG, @®R.MIm—L.Ins, &LMOG—L.S1l, ®L.PE
area—L.MFG, @R.M11—L.S1l, ®R.S11—L.Th, @R.MOG—R.S2, @R.S1I—R.Th, @ R.Pu—L.S1l, @ L.S11—R.S2, @R.PE area—R.Py,
RM1m—RS1l, ®LS2—R.S2, @® LPu—R.M1l. NT3-chitosan group: (1)L.Ins—L.MFG, (2)L.SMA—L.STm, (3)L.SMA—L.M1m, (4)R.PE
area—LM1l, (5)L.STm—R.MOG, (6)L.STm—R.MFG, (7)L.MTm—R.MFG, (8)L.SMA—R.M1m, (9)L.SMA—R.SMA, (10)L.STm—R.PE area,

(11)LM1TI—LSTI, (12)R.S11—R.MOG.

information flow and the properties of the spontan-
eous activities (fALFF/ReHo) of local neuronal popula-
tions in the origin and recipient brain regions of
information flow. Correlation analysis showed that the
intensity of information flow from LM1m, L.Pu, and
right side insula (R.Ins) was related to the fALFF or
ReHo signals of these regions. By contrast, the fALFF
and ReHo of the right side secondary somatosensory
cortex (R.S2) and right side middle occipital gyrus
(RMOG) in the sensory system components were
related to the intensity of the received information
flow (Figures 5 and S2). Since fALFF and ReHo
reflected the intensity and homogeneity of spontan-
eous activities in local brain areas, respectively, these
results proved that relationships existed between the
partial causal interactions and the properties of the
local activity in the origin and recipient regions. In
the sensory information processing network, the ReHo
at both ends of the information flow input from R.Ins
to R.S2 was significantly correlated with information
intensity. However, the correlation mode showed obvi-
ous variations between the two groups in the origin
(F1,51=6.5523, pcorrecteda = 0.0268) and the recipient
(F1,51=9.8836, Pcorrected = 0.0056) areas, suggesting a
different modulatory effect of R.Ins—R.S2 in the sen-
sory network (Fig. 5). In the motor information proc-
essing network, the injured and NT3-chitosan groups
showed independent “properties of local activity -
intensity of information flow” relationships, indicating
that spontaneous recovery and regenerative therapy
exerted different effects on the reorganization of the
motor network after SCI.

We longitudinally evaluated the hindlimb stepping
performance of injured and treated animals to assess
the potential relationship between motor improve-
ment and brain functional reorganization, and
between motor improvement and fibre tracking

results. The trajectory of the right (paralysed) hindlimb
endpoint during consecutive walking showed the pro-
gressive recovery of gait capability over time (Figure
6(A)). Fourteen gait parameters were obtained from
each gait cycle in each animal. PCA was then adopted
to extract the most important information and recon-
struct PCs1-5 in a single gait cycle (Figure 6(B)). PCA
displayed that at 6 months post-SCl, the injured ani-
mals deviated from the intact gait pattern more than
the NT3-chitosan treated animals (pcorrected = 0.0255)
(Figure 6(C)). The SSD score was not 0 at all time-
points after operation, and no distinct variation was
observed except 6 months post-SCl (pcorrectea=0.0319),
which illustrated a similar degree of motor adjustment
of the two groups in different pathophysiological
states (Figure 6(C)). Although the coupling strength
from left side thalamus (L.Th) to R.Ins was significantly
correlated with PC3 score in both the injured and
treated states, the correlation mode was indeed differ-
ent (F; 20=20.9057, p=0.83 x 10~ %), indicating the het-
erogeneity of brain causal network reorganizations
under similar motor adjustments (Figure 6(D)). Marked
correlations between the ratio of regenerated fibres to
remote normal-like fibres and SSD scores were
observed in both the injured (p =0.0021) and treated
(p < 0.0001) animals, suggesting a good correspond-
ence between the morphology and functions
(Figure S3).

4. Discussion

Given the weak capability of spontaneous regener-
ation after SCl in adult mammals, a large number of
studies have focussed on multidisciplinary approaches
to achieve spinal cord axonal regeneration. Although
the reconstruction of the projection pathway between
supraspinal centres and below the injury level is
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Figure 3. Brain reorganization processes are mostly independent between the injured and NT3-chitosan-treated groups. Granger
Causality connections that were significantly affected by time x group interaction were overlaid on the three-dimensional monkey
brain (repeated-measures ANOVA, for detailed values see Supplementary Table 1). Quantitative evaluation was performed to
describe the longitudinal variation in the corresponding GCA intensity with time. Light red/blue indicates positive/negative correla-
tions (but not significant) in GCA intensity between the two groups, and dark blue indicates a prominent negative relationship
(information flow R.Cb—R.SMA, r and p values are given). Single-factor principal effect analysis showed that the intra-group GCA
intensity of injured (brown) and NT3-chitosan (dark cyan) animals altered remarkably among different time points (p values have
been given). Inter-group analysis displayed significant differences in GCA intensity at a specific timepoint. Data are presented as
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Figure 3. (Continued)

mean + SEM. *p < 0.05; **p < 0.01 (for detailed p values see Supplementary Table 1). L: left; R: right; SMA: supplementary motor
area; MFG: middle frontal gyrus; Ins: insula; S2: secondary somatosensory cortex; Th: thalamus; Cb; cerebellum; Pu: putamen; M1l:
lateral primary motor cortex; MOG: middle occipital gyrus; PE area: parieto-occipital association cortex; MTm: medial primary motor
cortex.
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Figure 4. Intensity changes of brain causal interactions between the injured and NT3-chitosan groups are basically the same. (A)
Radar map showing the extent of GCA changes which were significantly affected by time x group interaction. Order numbers
were corresponded to the ones also shown in Figure 3. The red serial number indicates a noteworthy difference in variation
degree between the two groups (independent t-test with Bonferroni multiple comparisons). (B) Change extent and tendency of
GCA intensity with time in the two groups (intra-group: paired t-test with Bonferroni multiple comparisons; inter-group: independ-
ent t-test with Bonferroni multiple comparisons, *peorreced = 0.0369). L: left; R: right; SMA: supplementary motor area; MFG: mid-
dle frontal gyrus; Ins: insula; S2: secondary somatosensory cortex; Th: thalamus; Cb: cerebellum; Pu: putamen; M1l lateral primary
motor cortex; MOG: middle occipital gyrus; PE area: parieto-occipital association cortex; MTm: medial primary motor cortex. Order
numbers: @OLSMA—R.MFG, @RMFG—R.ns, @LSMA—R.S2, @LSMA—R.Th, ®R.Ins—R.S2, ®LSMA—LTh, @LTh—Llns,
®L.Th—R.ns, @R.Th—R.S2, @R.Cb—L.MFG, @ R.Cb—R.SMA, @ L.Pu—LM1l, @ L.Pu—R.Cb, @L.Pu—R.MOG, ®R.MOG—LMFG,
@R.Pu—R.PE area, @®L.MTm—R.M1l, @®R.PE area—R.Pu.

crucial, independent recovery from the regulation of
the supraspinal centres remains difficult [44,45]. A crit-
ical problem that has been neglected in strategies for
promoting spinal cord regeneration is the occurrence
of large-scale brain functional reorganization and the
regulation of motor function recovery. In this study,
we used injured and NT3-chitosan treated nonhuman
primates to detect changes in the brain causal

interaction network and their relationship with motor
performance after SCI. We found that the causal net-
work reorganization of brain function that was
induced by NT3-chitosan regenerative therapy differed
from that induced by the spontaneous recovery of
SCI. The difference was partly attributed to the hetero-
geneous “local spontaneous low-frequency fluctuation
- information flow intensity” relationship modes
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Figure 5. The injured and NT3-chitosan-treated animals have
different relationships between the intensity of information
flow and the property of the spontaneous activities.
Correlations between the intensity of the information flow
that was affected by time x group interaction and the fALFF/
ReHo values in the brain regions corresponding to these flows
were shown (r and p values are given). No pronounced rela-
tionship was observed between other information flows and
the properties of local brain activity. Significant differences in
correlation mode between the two groups were calculated
(Chow-test with Bonferroni multiple comparisons). *p < 0.05;
**p < 0.01. L: left; R: right; M1l: lateral primary motor cortex;
M1m: medial primary motor cortex; Th: thalamus; MFG: middle
frontal gyrus; Ins: insula; S2: secondary somatosensory cortex;
Pu: putamen; MOG: middle occipital gyrus; Cb: cerebellum.

between the two groups. In addition, we also reported
a correlation between the brain causal network reor-
ganizations and the overall movement performance
changes, and revealed the distinct relationship modes
between the injured and NT3-chitosan animals.

Some studies on large-scale brain functional
reorganization after SCl have investigated the changes
in resting-state functional connectivity in the sensori-
motor network [10,13,46-48]. Other works on central
nervous system injury [49,50] and peripheral nerve
injury [12,51] have shown that intra- and/or inter-
hemispheric resting-state functional connections may
occur at all stages of spontaneous recovery or treat-
ment. But no study has reported the dominant period
of the two types of reorganizations. Sawada et al. [52]
used GCA to reveal that information flow between the

nucleus accumbens and M1 cortex in the hemispheres
of rhesus monkeys with cervical SCl increases in the
early stage and decreases in the late stage. However,
their study was limited to specific causal connections.
Another cortical EEG study on nonhuman primates
with partial SCI revealed that grasping-related signals
exhibit increased interaction within the hemisphere
and then gradually return to normal, whereas signals
related to motor-preparation manifest inter-hemi-
spheric interactions that gradually increase in intensity
with time [53]. These results showed that the intensity
of an interaction related to a specific action is high in
the intra-hemisphere at the early stage (about
50 days) and high in the inter-hemisphere at the later
stage (up to 150 d). In this study, we longitudinally
evaluated the changes in resting-state information

flow among multiple sensorimotor-related brain
regions and revealed a model of “early intra-
hemispheric reorganization dominant, late inter-

hemispheric reorganization dominant” in the injured
animals. Our results further expanded the conclusions
obtained from previous studies on specific information
flow and specific actions and provided new evidence
for an in-depth description of the properties of brain
plasticity. The combined results of previous reports
and the opposing change patterns of injured and
treated animals observed in this study suggested that
the intra-/inter-hemispheric reorganization of brain
causal interactions had a dominant stage that was
unrelated to specific actions; its timing, however, was
affected by therapeutic interventions. Our previous
studies reported that NT3-chitosan materials could
reduce inflammatory responses [28] and steadily
release NT3 in vivo for 3 months [27]. The attenuated
inflammatory response is beneficial for alleviating
axonal degeneration and neuronal loss in the brain
[54], which, together with the high concentrations of
neurotrophic factors, may induce greater synaptic effi-
cacy and axonal sprouting [55,56] to promote inter-
hemispherical reorganizations at the early-stage
after SCI.

Given that the lesion of nervous tissue could cause
changes in brain function, we hypothesized that the
regeneration should also lead to the reorganization of
brain function with different characteristics. Our find-
ings showed that this assumption was not entirely cor-
rect. Although the results showed almost independent
processes of brain function reorganization under two
kinds of spinal cord pathophysiology, the overall
change degree of brain causal interaction networks
was similar after 2 months post-SCl. This lack of dis-
tinction suggested that in the later stage of
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Figure 6. The injured and NT3-chitosan-treated animals have similar motor adjustments but different relationship modes between
motor performance and information flow intensity. (A) Representative limb endpoint trajectories during consecutive stepping on a
treadmill pre- and post-SCl showing the recovery of gait performance over time. (B) PCA was used to evaluate all parameters for
each gait cycle. The first five PCs (PC1-5) with a cumulative variance interpretation rate of 89% were extracted. The factor loading
matrix showed the correlation between each gait variable and each PC. Colour bar represents the value of correlation coefficients.
(C) PC1-5 and SSD scores were compared between the two groups (independent t-test with Bonferroni multiple comparisons).
SSD score indicated the extent of PC1-5 values which deviated from the intact. Significant differences were observed at 6 months
post-SCI. (D) Significant relationships between PC1-5 scores and information flow intensity in animals with intact, injured, or NT3-
chitosan treated status were displayed (p values have been given). The two groups showed diverse correlation patterns (Chow-
test, ****F, 5,9 = 20,9057, p=0.83 x 10~ *). L: left; R: right; m: months; SSD: the sum of square deviation; Pu: putamen; MOG:
middle occipital gyrus; MFG: middle frontal gyrus; Ins: insula; SMA: supplementary motor area; Th: thalamus; S2: secondary som-
atosensory cortex; Ch: cerebellum; PE: parieto-occipital association cortex.

intervention therapy, even if the defective spinal cord
neural tissue had regenerated, this process remained
unable to reverse the alteration in the brain functional
network. The reason for this phenomenon is twofold.
First, the regeneration of nervous tissue does not indi-
cate that the original contact pathways between the
supraspinal centres and below the injury level are
completely accurately reproduced; second, the newly
constructed multi-synaptic pathway in the progress of
regenerative therapy [26,29], as well as the simultan-
eous spontaneous recovery, may introduce abnormal
projections [57]. It should be noted that our previous
reports demonstrated that NT3-chitosan could induce
not only axonal regeneration [25] but also robust
neurogenesis from endogenous neural stem cells [29]
in SCI rats. In this study, it is possible to speculate that

NT3-chitosan treatment would have the same effect.
Thus, the alteration of brain reorganization in the
treated monkeys may be attributed to the results of
regenerated axons together with new neurons. But
further biological experiments are still needed.
Previous studies on peripheral nerve injury and
regeneration have shown that injured animals can
restore the intact brain function maps of limb move-
ment after achieving highly specific innervation to the
appropriate target organs [58]. By contrast, incorrect
fibre—target organ connections present persistent
abnormal activation of the brain region [59]. These
studies described the effects on brain plasticity after
the recovery of blocked information based on the
active characteristics of local brain regions. The results
of this study further indicated that not only the
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activation of local brain regions was abnormal but
that large-scale causal interaction network among sen-
sorimotor-related multiple brain regions also showed
lasting adjustments. Since precise reconstruction of
the disrupted projection pathway is currently difficult
to achieve, the design of functional recovery strategies
should take into account the effects induced by the
lasting adjustments of brain networks.

NT3-chitosan treat animals showed a higher propor-
tion of causal interactions originating from the left cor-
tical areas than that in injured ones. The left-dominant
in the treated group may due to the circuit repair in
the right spinal cord by NT3-Chitosan transplantation.
Another noteworthy result is that injured-only and
treatment after the SCl acted on the information flow
from R.Ins to R.S2. The insula is related to the process-
ing and integration of somatosensory information [60].
The causal relationship between R.Ins and RS2 was
affected by the interruption of sensory afferents in the
right side of the spinal cord, also demonstrating a
good unilateral correspondence between the two.
However, the varied coupling relationship of the inten-
sity of information flow and the activity properties of
the local brain area suggested that NT3-chitosan regen-
erative therapy and spontaneous recovery had different
nociceptive afferent recovery patterns. In addition, a
recent activity-dependent cell labelled mice study
proved that insular cortex neurons can be activated
during peripheral inflammation [61]. It is known that
SCl would induce inflammatory response [62] but NT3-
chitosan transplantation could reduce it [28]. The dis-
tinct coupling relationship between the injured and
treated animals in the R.Ins may be regulated by differ-
ent degrees of inflammation. However, the influence of
inflammation-activated neurons in the insula on causal
interactions still requires intensive study to identify.

It was previously shown that primates (monkeys and
humans) can achieve substantially better spontaneous
motor recovery than rodents after unilateral SCI by alter-
native circuits [63]. Many previous studies have also
demonstrated the functional improvements induced by
the post-injury plasticity after incomplete SCI [64-66].
Structural reorganizations, such as synaptic remodelling,
dendritic spine growth and axonal sprouting and circuit
reconstruction in the supra- and sub-lesional cord can
restore functions after injury [67-69]. Since no therapy
intervention has been performed in injured monkeys, an
obvious recovery of stepping ability in this study can
partially be attributed to the neural compensation medi-
ated by above structural reorganizations. The recovery
weakened the differences in gait performances between
the injured and NT3-chitosan-treated monkeys, which

may account for the ultimately similar motor adjust-
ments between the two groups in this study. The cou-
pling strength from LTh to RIns was correlated with
gait performance in both the spontaneous recovery and
regenerative therapy animals, suggesting that it has
potential as a regulation target for gait performance in a
wide spectrum of spinal cord pathophysiology. However,
the heterogeneous relationship indicates that the two
groups have different GCA substrates for similar motor
adjustments, suggesting distinct modes of regulations.
Therefore, it may be difficult to achieve a desired effect
in therapy by simply applying the regulation targets
extracted from the purely injury. Our findings may be
valuable for the development of rehabilitation protocols
that modulate information flow to improve motor per-
formance under various SCl interventions. Comparing
the different effects of spontaneous recovery and treat-
ment intervention on brain functional reorganization
and their relationship with motor performance may
enhance the extraction of the unique effects of treat-
ment interventions and provide important guidance for
improving therapeutic approaches.

Some limitations remain. First, a hemicord excision
animal model was used in consideration of animal eth-
ics. Residual spinal cord nerve tissues might have
weakened the degree of impact on the brain func-
tional network of injured animals and the difference in
reorganizations and gait performances between the
injured and regenerative therapy animals. Further
studies can use complete SCI animal models to elimin-
ate the possible effects of pathway compensation and
to maximize the difference between injury and regen-
eration. Second, when the same brain region receives
multiple information flows from different brain
regions, the local activity of the receiving brain region
may experience multiple effects, thus showing mixed
results. This phenomenon complicates revealing the
relationship between the intensity of a particular infor-
mation flow and the properties of local activity at the
recipient region. In addition, the further combination
of histopathology and electrophysiological techniques
is conducive to the in-depth analysis of the potential
regulatory mechanism of regenerated tissue on brain
functional reorganizations.

5. Conclusions

To the best of our knowledge, this is the first in vivo
study that demonstrated distinct differences in brain
plasticity between regenerative intervention and spon-
taneous recovery after SCl. The variations between
these processes were mainly reflected in different



spatiotemporal features, change trends of information
flow intensities, and coupling relationships between
the local neuronal activity properties and casual inten-
sity. Furthermore, our results revealed correlations
between walking recovery and partial GCA measures,
proving a heterogeneous “information flow — motor
performance” relationship between injured and
treated animals at similar motor adjustments. Our find-
ings suggested that regenerative therapy after SCI
could lead to a unique pattern of brain functional
reorganization. An accurate description of the inter-
active connections in the sensorimotor cortex and its
relationship with motor performance will allow us to
further understand the way regenerative therapy regu-
lates brain functional networks and to evaluate the
effect of regeneration with increased precision, which
may contribute to the improvement in the interven-
tion design and follow-up of spinal cord repair.
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