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Abstract

Recent evidence has demonstrated that remote responses in the brain, as well as local responses in the injured spinal cord,

can be induced after spinal cord injury (SCI). Intravenous infusion of mesenchymal stem cells (MSCs) has been shown to

provide functional improvements in SCI through local therapeutic mechanisms that provide neuroprotection, stabilization

of the blood–spinal cord barrier, remyelination, and axonal sprouting. In the present study, we examined the brain

response that might be associated with the functional improvements induced by the infused MSCs after SCI. Genome-

wide RNA profiling was performed in the motor cortex of SCI rats at 3 days post-MSC or vehicle infusion. Then,

quantitative reverse transcription-polymerase chain reaction (qRT-PCR) data revealed that the ‘‘behaviorally-associated

differentially expressed genes (DEGs)’’ were identified by the Pearson’s correlation analysis with the behavioral function,

suggesting that the ‘‘behaviorally-associated DEGs’’ may be related to the functional recovery after systemic infusion of

MSCs in SCI. These results suggested that the infused MSCs alter the gene expression signature in the brain and that these

expression changes may contribute to the improved function in SCI.
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Introduction

Recent studies in spinal cord injury (SCI) have shown that

remote regenerative responses in the brain could be induced

after SCI,1–8 as could local responses in the injured spinal cord.9–11

Brain network reorganization is critical for functional recovery

after SCI in both nonhuman primate SCI models12,13 and clinical

patients with SCI.14 Therefore, to develop a new therapy for SCI,

strategic insights regarding the whole central nervous system; that

is, not only the injured spinal cord but also the brain, should be

considered.

Intravenous infusion of mesenchymal stem cells (MSCs) is one

of the most promising therapies in improving functional outcomes

after SCI.15–17 Cellular therapy with MSCs has previously been

suggested to have multi-modal therapeutic effects in the injured

spinal cord, including enhanced neuroprotection,15,18,19 stabili-

zation of the blood–spinal cord barrier,17,20 remyelination,17 and

axonal sprouting.17,21 In addition, the brain response against SCI

following intravenous infusion of MSCs might also contribute to

providing functional recovery.

Gene expression profiling in the brain post-SCI has shown that

acute adaptive regenerative responses in the brain were induced

after SCI,1 and that the SCI-induced molecular pathways in the

brain may play an important role in recovery from the injury.1–3

However, as gene expression profiling in the brain after intrave-

nous infusion of MSCs post-SCI has not yet been assessed, in this

study, genome-wide RNA profiling in the motor cortex was per-

formed following intravenous infusion of MSCs post-SCI in-

duction in a rat model of contused SCI. Moreover, the gene

expression signature in the brain that might be associated with the

functional improvements induced by the infused MSCs after SCI

was explored.
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Methods

Animals

All experiments were conducted in accordance with the insti-
tutional guidelines of Sapporo Medical University. The use of an-
imals in this study was approved by the Animal Care and Use
Committee of Sapporo Medical University.

Preparation of MSCs from rat bone marrow

Rat MSCs were prepared following a protocol used in our pre-
vious studies.16,17 In brief, bone marrow was obtained from the
femoral bones of adult rats. The marrow was then diluted to 20 mL
with Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St.
Louis, MO) and supplemented with 10% heat-inactivated fetal
bovine serum (Thermo Fisher Scientific Inc., Waltham, MA), 2 mM
l-glutamine (Sigma), 100 U/mL penicillin, and 0.1 mg/mL strep-
tomycin (Thermo Fisher Scientific Inc.), and incubated for 3 days
(5% CO2, 37�C). When cultures had almost reached confluence, the
adherent cells were detached with trypsin-EDTA solution (Sigma)
and subcultured at 1 · 104 cells/mL. Phenotypic analysis of the
MSC surface antigen was performed using anti-CD45, CD73,
CD90, and CD106 antibodies.22 Following three passages, the
MSCs were collected for infusion.

SCI model

Contusive SCI was made as described previously.17,20 Briefly,
adult male Sprague–Dawley rats at 8–9 weeks (250–300 g) were
anesthetized with an intraperitoneal (IP) injection of ketamine
(90 mg/kg) and xylazine (4 mg/kg). Following incision, the T9
vertebra was stabilized by clamping the rostral T8 and caudal T10
vertebral bodies with forceps, and a dorsal laminectomy was per-
formed at the T9 to 10 level. A 130 kDyn contusion was then de-
livered using the Infinite Horizons impactor (Precision Systems and
Instrumentation, LLC, Lexington, KY). After the injury, actual
injured forces were recorded and compared with predicted seve-
rities. There was * < 0.05% variation between these values, which
is consistent with a previous report.23 Appropriate postoperative
care, including manual bladder expression twice a day, was pro-
vided for all animals. Rats were housed at a temperature of 24 – 2�C
and 50% humidity.

Transplantation procedure

Only rats with Basso, Beattie, and Bresnahan (BBB) scores24

displaying 0 points at 1 day after SCI induction were included in
this study. The SCI rats with BBB scores of 0 points were ran-
domized and received a single intravenous infusion of MSCs at
1.0 · 106 cells in 1.0 mL of fresh DMEM or vehicle (1.0 mL fresh
DMEM alone) via the femoral vein 1 day after SCI induction. All
rats were injected daily with cyclosporine A (10 mg/kg, IP).16,17,25

In addition, intact rats were used as sham.

Behavioral testing

Open field locomotor function was assessed using the BBB scale
by an evaluator blinded to treatment condition. Rats were scored at
1 day after SCI induction (immediately prior to infusion) and 3 days
post-infusion (n = 7/group, time point).

RNA purification

Animals (MSC group, n = 7/time point; vehicle group, n = 7/time
points; sham group, n = 5) were euthanized using deep anesthesia
with ketamine (75 mg/kg) and xylazine (10 mg/kg, IP) and the
brains were dissected. The cerebral cortex (motor cortical region)
was extracted and stored at -80�C. After homogenization, total
RNA was purified using the RNeasy Plus mini kit (QIAGEN,

Venlo, The Netherlands). RNA quality was assessed using the
Bioanalyzer RNA 6000 nano kit (Agilent Technologies, Santa
Clara, CA). Samples showing RNA integrity number (RIN) >7.0
were selected for subsequent use in this study (Table S1) (see online
supplementary material at http://www.liebertpub.com).

Microarray hybridization and analysis

The ClariomTM D/Gene Chip� Rat Transcriptome Array (RTA
1.0., Affymetrix, Santa Clara, CA) was used with 100 ng input. The
images of hybridized microarrays were processed using Expression
Console software (Affymetrix). Raw expression values obtained
directly from CEL files were preprocessed using the Signal
Space Transformation-Robust Multichip Analysis18 pipeline as
previously described.26 A single microarray analysis was per-
formed in this study. The differentially expressed genes (DEGs)
were screened using one way ANOVA with a cutoff p value
<0.05 and a fold change (FC) >1.5 or <-1.5. A volcano plot and
heat map were generated using the statistical language R
ver.3.4.2 (Fig. S1) (see online supplementary material at http://
www.liebertpub.com).

Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

The Super Script� VILOTM cDNA Synthesis Kit (Invitrogen,
Carlsbad, CA) was used for reverse transcription. A 100 ng total
mRNA input was used for qRT-PCR. TaqMan� Universal Master
Mix II with Uracil-N glycosylase (UNG), and TaqMan� Gene
Expression assays were purchased from Thermo Fisher Scientific
Inc. (Gapdh, Rn01775763_g1; Kcnip2, Rn01411450_g1; lipid phos-
phate phosphatase-related protein type 4 [Lppr4], Rn01522267_m1;
Pde10a, Rn00673152_m1; calcium binding protein 7 [Cabp7],
Rn01443564_m1; plakophilins-2 [Pkp2], Rn01404502_m1; Scn3b,
Rn01422019_m1; nuclear receptor binding protein 2 [Nrbp2],
Rn01505756_m1; Sik1, Rn00572495_m1; Fos, Rn02396759_m1;
Dusp1, Rn00678341_g1; Btg2, Rn00568504_m1; Ier2, Rn02531674_
s1; Cyr61, Rn00580055_m1; Apold1, Rn02131262_s1; Id2, Rn01495
280_m1). qRT-PCR was performed in triplicate using PRISM7500
with 7500 software v2.3 (Thermo Fisher Scientific Inc.). Thermal
cycling was performed at 50�C for 2 min and at 95�C for 10 min,
followed by 40 cycles of 95�C for 15 sec and of 60�C for 1 min. The
DCT was calculated against the endogenous control (Gapdh), and the

FIG. 1. Locomotor function assessment using the Basso, Beat-
tie, and Bresnahan (BBB) behavioral score. Both groups displayed
complete hindlimb paraplegia immediately prior to infusion
(1 day after SCI induction) (left). The BBB scores at 3 and 7 days
after mesenchymal stem cells (MSC) or vehicle infusion (4 and
8 days after SCI induction) are shown (right). **p < 0.01.
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DDCT was calculated against the DCT of the sham. FC was also
calculated using the comparative Ct method.27

Prediction of transcription factor binding domains

Transcriptional binding domains in the gene loci of interest were
determined using the University of California at Santa Cruz
(UCSC) genome browser (https://genome-asia.ucsc.edu/cgi-bin/
hgGateway?redirect=manual&source=genome.ucsc.edu) with the
JASPAR custom track (http://jaspar.genereg.net/). The information
of functional genomic domains and cross-species conservation was
downloaded from the VISTA Genome Browser (http://pipeline
.lbl.gov/cgi-bin/gateway2).

Gene set enrichment analysis (GSEA)

GSEA28 was performed as detailed in the online supplementary
materials (see online supplementary material at http://www.liebert
pub.com).

Data deposition

The data reported in this article (Tables S2 and S3) have been
deposited in the Gene Expression Omnibus (GEO) database:
www.ncbi.nlm.nih.gov/geo (accession no. GSE108168) (see online
supplementary material at http://www.liebertpub.com)..

Statistical analysis

Data were subjected to statistical analyses using TAC version
3.1.0.5 (Affymetrix�) and JMP� version 12.2.0 (SAS Institute,
Cary, NC). Comparison of the BBB behavioral scores between
MSC and vehicle-treated animals was performed using the Mann–
Whitney U test. Microarray statistical analyses were performed
using one way ANOVA. Correlation between mRNA expression
and BBB behavioral score was evaluated using Pearson’s correla-
tion coefficients (PCC). Continuous data were assessed for nor-
mality using the Shapiro–Wilk test. The continuous data with
normality were analyzed by one way ANOVA, and the Tukey–

FIG. 2. Experimental procedures for differentially expressed gene (DEG) analysis (A) Schematic drawing of the experimental
procedure. (B) Volcano plot showing DEGs defined with the cutoff of fold change at 1.5 or -1.5, and p < 0.05 by one way ANOVA. The
black dots represent the 38 screened DEGs. The 15 coding DEGs are displayed with the gene name. (C) Heat map of 15 coding DEGs
showing the expression levels in each SCI+MSC and SCI+vehicle sample. The dendrogram was generated based on the Euclidean
distance metric with Ward’s method. (D) Charts showing the percentage of the 38 DEGs that belong to each type of RNA including
coding, non-coding, precursor microRNA, and unassigned DEGs.
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Kramer test was used for post-hoc comparisons. Results were ex-
pressed as the means – SEM.

Results

Infused MSCs provide improved locomotor function

Open field locomotor function was assessed using the BBB be-

havioral score immediately prior to and 3 days following MSC or

vehicle infusion for confirmation of injury equivalency across SCI

animals, as well as to determine whether infused MSCs had an effect

on overall locomotor ability. All included animals demonstrated

complete hindlimb paraplegia prior to infusion (1 day after SCI).

Scores on the BBB in the MSC-infused group were significantly

higher than those of the vehicle-treated group at 3 and 7 days after

MSC infusion (2.86 – 2.5 vs. 0.57 – 0.73; p < 0.05, Mann–Whitney U

test: n = 7/group). The results are shown in Figure 1. These results

indicated that the infused MSCs provided acute therapeutic effects in

the rat contused SCI model system.

Microarray analysis

Microarray was conducted to screen for DEGs. A volcano plot

showing 38 DEGs defined with the cutoff of FC at 1.5 or -1.5, and

p < 0.05 by one way ANOVA was generated (Fig. 2B). A heat map

of 15 coding DEGs was also used to illustrate the expression levels

in both MSC and vehicle groups (Fig. 2C). Figure 2D shows the

percentage of the 38 DEGs that belongs to each type of RNA

including coding, non-coding, precursor microRNA, and unas-

signed DEGs. These results identified 38 DEGs including 15 cod-

ing genes between vehicle and control groups as screened by

microarray analysis.

Identification of ‘‘behaviorally-associated DEGs’’

qRT-PCR data of the 15 coding DEGS that were screened by

microarray analysis were used to identify the ‘‘behaviorally-

associated DEGs,’’ Kcnip2 (r = 0.87), Pde10a (r = 0.77), Lppr4

(r = 0.67), Scn3b (r = 0.61), Pkp2 (r = 0.59), Cabp7 (r = 0.57), and

Nrbp2 (r = 0.38), which were defined by Pearson’s correlation

analysis as exhibiting positive correlation with the BBB behavioral

scores (Fig. 3A–G). Although qRT-PCR showed that the expres-

sion levels of ‘‘behaviorally-associated DEGs’’ in the SCI+vehicle

group (n = 7) tended to be higher than those in the sham group

(n = 5), the expression levels in the SCI+MSC group (n = 7) were

highly elevated compared with those in the SCI+vehicle group

(Fig. 4). These results suggest that seven ‘‘behaviorally-associated

DEGs’’ were identified in this study.

FIG. 3. Correlation between mRNA expression and behavioral function. Pearson’s correlation analysis of the Basso, Beattie, and
Bresnahan (BBB) scores and mRNA expression (2-DDCT) of the indicated genes as detected by quantitative reverse transcription-
polymerase chain reaction (qRT-PCR). Circles and triangles indicate SCI+MSC and SCI+vehicle samples, respectively. The X-axis
represents the BBB score and the Y-axis shows the 2-DDCT of mRNA gene expression.
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Promoter analysis based on transcription factor
binding sites

To obtain further mechanistic insights regarding the DEGs, we

performed promoter analysis. In some ‘‘behaviorally-associated

DEGs’’ including Kcnip2, Scn3b, and Pde10a, the predicted pro-

moter regions possessed neuron-restrictive silencer factor (NRSF)

binding domains upstream or in the introns in the 5¢ region of these

genes. These NRSF promoter regions are conserved across mam-

malian species including human, mouse, rat, and cow (Fig. 5).

These results indicate that some ‘‘behaviorally-associated DEGs’’

might be involved in previously known cellular mechanisms of

recovery.

Correlation between the overall gene expression
profiles in the brain and behavioral function

Correlation analysis between the overall gene expression land-

scape and behavior function was performed by utilizing GSEA

(Fig. S1). The higher enrichment score of the experimental da-

taset (Fig. S1A: ES = 0.22, q < 0.001) than that of the simulated

data set (Fig. S1B: ES = -0.07, q = 0.86) suggested that the overall

gene expression profiles may be associated with the functional

recovery.

The non-‘‘behaviorally-associated DEGs’’
might be associated with beneficial effects

qRT-PCR of the non-‘‘behaviorally-associated DEGs’’, includ-

ing Sik1, Id2, Ier2, Fos, Btg2, Dusp1, Cyr61, and Apold1, screened

using microarray analysis showed that whereas the expression

levels of non-‘‘behaviorally-associated DEGs’’ in the SCI+vehicle

group (n = 7) were elevated compared with those in the sham group

(n = 5), the expression levels in the SCI+MSC group (n = 7) were

suppressed compared with those in the vehicle group (Fig. 6).

These results suggest that eight non-‘‘behaviorally-associated

DEGs’’ were identified in this study.

FIG. 4. mRNA expression of ‘‘behaviorally-associated differentially expressed genes (DEGs).’’ Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) data of the ‘‘behaviorally-associated DEGs’’ are shown. Sham, SCI+vehicle, and SCI+MSC
groups were used. The Y-axis shows the 2-DDCT of mRNA gene expression. Asterisks indicate *p < 0.05, **p < 0.01 by the Tukey–
Kramer test.
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FIG. 5. The neuron-restrictive silencer factor (NRSF) binding domains in some ‘‘behaviorally-associated differentially expressed genes
(DEGs).’’ Genomic loci of NRSF binding domains within 20 kb from the transcription start of the genes including (A) Kcnip2 (Base genome:
human chromosome: chr10 103,561,373–103,626,222), (B) Scn3b (Base genome: human chromosome: chr11 123,481,778–123,540,867),
and (C) Pde10a (Base genome: human chromosome: chr6 165,727,008–166,409,519) (red arrows) are shown. The binding motifs of NRSF
are indicated with red characters.
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Temporal expression of DEGs in the acute phase

We also examined the time-course expression of coding DEGs

by qRT-PCR. None of the 15 coding DEGs at 3 days post-infusion

exhibited significant differential expression at 7 days (n = 7/group)

(Fig. 7).

Discussion

In this study, acute therapeutic efficacy was observed following

intravenous infusion of MSCs in a rat model of contused SCI. We

then explored the therapeutic molecular mechanisms in the brain

underlying the functional improvements facilitated by the MSC.

Microarray analysis identified 15 coding DEGs in the motor

cortices between the MSC- and vehicle-infused rats after SCI.

Among these, Pearson’s correlation analysis indicated positive

correlation of seven ‘‘behaviorally-associated DEGs’’ with be-

havioral function.

Further, qRT-PCR showed that the expression levels of

‘‘behaviorally-associated DEGs’’ in the SCI+MSC group were

higher than those of the sham and the SCI+vehicle groups. The

increased expression levels of ‘‘behaviorally-associated DEGs’’ in

the SCI+MSC group in the brain might be associated with pro-

motion of the mechanisms to facilitate functional recovery. Al-

though the expression levels of ‘‘behaviorally-associated DEGs’’ in

the SCI+vehicle group tended to be higher than those in the sham

group, this increase was not statistically significant and appeared

insufficient for inducing endogenous therapeutic functional im-

provement. This implies the possibility that the infused MSCs may

FIG. 6. mRNA expression of non-‘‘behaviorally-associated differentially expressed genes (DEGs).’’ Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) data of the non-‘‘behaviorally-associated DEGs’’ are shown. The Y-axis represents
the 2-DDCT of mRNA gene expression. Asterisks indicate *p < 0.05, **p < 0.01 by the Tukey–Kramer test.
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upregulate the ‘‘behaviorally-associated DEGs’’ in the brain to

provoke positive functions with regard to restoring the neuronal

functions, likely through enhanced neuronal adaptation in the

cortex after SCI,12,13,29 which would be consistent with the known

functions of these ‘‘behaviorally-associated DEGs’’. For example,

these include the promotion of axonal outgrowth during develop-

ment and regenerative sprouting after injury (Lppr4),30 cellular

homeostasis (Pkp2),31 synaptic connectivity (Cabp7),32 and neural

stem/progenitor cell differentiation and survival (Nrbp2).33 We

also found several ‘‘behaviorally-associated DEGs’’ including

Kcnip2, Pde10a, and Scn3b that might be involved in previously

known cellular mechanisms of recovery, including NRSF-

mediated regulation of gene expression. As NRSF constitutes the

critical transcriptional repressor of neuronal fate,34–38 overall

neurogenesis and neuronal maturation may be augmented by the

infusion of MSCs. In addition, we performed GSEA to examine

the correlation between the overall gene expression landscape in

the brain and behavioral function, which suggested that the

overall gene signature may also be associated with the improved

behavioral outcome following MSC infusion in SCI.

The remainder of the DEGs (Sik1, Id2, Ier2, Fos, Btg2, Dusp1,

Cyr61, and Apold1), which did not comprise the ‘‘behaviorally-

associated DEGs,’’ were associated with immediate early re-

sponses.39–45 Immediate early response genes are stimulated in

response to both cell-extrinsic and cell-intrinsic signals including

cellular stress.46 qRT-PCR analysis showed that the expression

levels of these genes in the SCI+vehicle group were highly elevated

compared with those in the sham group. Infused MSCs reduced the

increased expression of these genes mediated by the injury, which

may be indicative of a reduced excitotoxicity response.47 This also

suggests the possibility that the infused MSCs may mitigate the

unfavorable conditions in the post-SCI brain.

Notably, the acute gene expression changes after intravenous

infusion of MSCs in the brain defined at 3 days post-infusion were

not detectable 7 days post-infusion. These phenomena may,

therefore, contribute to the early manifestation of therapeutic ef-

fects by the intravenous infusion of MSCs. Morita and coworkers

demonstrated a rapid increase of behavioral function following

infused MSCs even in a chronic SCI model.17 These early behav-

ioral improvements might thus be associated with the transient gene

expression change in the brain following systemic administration

of MSCs, as well as with the local effects mediated by the MSCs.48

It is also possible that these initial changes of gene expression,

identified as DEGs detected at day 3 in this study, might trigger

additional downstream gene expression to improve the functional

outcome following intravenous infusion of MSCs in SCI.

A previous report that profiled injured spinal cord tissue after

local transplantation of MSCs into the injury loci in SCI showed a

marked increase in the expression of genes associated with foreign

body response and adaptive immune response in the injured spinal

cord tissue.18 In comparison, we examined the gene expression in

the brain, which was not directly injured; accordingly, the gene

signature in our study may be associated with enhanced neuronal

adaptation in the cortex facilitating functional recovery.

Conclusion

In summary, we have shown that intravenous infusion of MSCs

alters acute gene expression signature in the brain. We stress that

the brain also reacts to facilitate functional recovery following

systemic administration of MSCs in SCI, and that intravenous

infusion represents a more appropriate route to act on the brain.

Thus, profiling gene signature change in the brain following in-

fused MSCs in SCI may offer an opportunity to elucidate the

potential mechanisms providing functional improvement and may

also shed some light on the unknown molecular bases related to

the neuroprotection and regeneration effected by MSCs, which

have yet to be determined.
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