
Please cite this article in press as: Yokota et al., Engrafted Neural Stem/Progenitor Cells Promote Functional Recovery through Synapse Reor-
ganization with Spared Host Neurons after Spinal Cord Injury, Stem Cell Reports (2015), http://dx.doi.org/10.1016/j.stemcr.2015.06.004
Stem Cell Reports

Article
Engrafted Neural Stem/Progenitor Cells Promote Functional Recovery
through Synapse Reorganization with Spared Host Neurons after Spinal Cord
Injury

Kazuya Yokota,1,2 Kazu Kobayakawa,1,2 Kensuke Kubota,1,2 Atsushi Miyawaki,3 Hideyuki Okano,4

Yasuyuki Ohkawa,5 Yukihide Iwamoto,1 and Seiji Okada1,2,*
1Department of Orthopaedic Surgery, Graduate School of Medical Sciences, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan
2Department of Advanced Medical Initiatives, Graduate School of Medical Sciences, Kyushu University, 3-1-1 Maidashi, Higashi-ku,

Fukuoka 812-8582, Japan
3Laboratory for Cell Function Dynamics, Brain Science Institute, RIKEN, Saitama 351-0198, Japan
4Department of Physiology, Keio University School of Medicine, 35 Shinanomachi, Shinjuku, Tokyo 160-8582, Japan
5Department of Advanced Medical Initiatives, JST-CREST, Faculty of Medicine, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

*Correspondence: seokada@ortho.med.kyushu-u.ac.jp

http://dx.doi.org/10.1016/j.stemcr.2015.06.004

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
SUMMARY
Neural stem/progenitor cell (NSPC) transplantation is a promising therapeutic strategy for spinal cord injury (SCI). However, the efficacy

of NSPC transplantation on severe SCI is poorly understood. We herein show that NSPC transplantation promotes functional recovery

aftermild andmoderate SCI, but not after severe SCI. In severe SCImice, therewere few remaining host neuronswithin the range ofNSPC

engraftment; thus, we examined whether the co-distribution of transplant and host is a contributory factor for functional improvement.

A cellular selective analysis using laser microdissection revealed that drug-induced host neuronal ablation considerably decreased the

synaptogenic potential of the engrafted NSPCs. Furthermore, following host neuronal ablation, neuronal retrograde tracing showed

less propriospinal relay connections bridging the lesion after NSPC transplantation. Our findings suggest that the interactive synaptic

reorganization between engrafted NSPCs and spared host neurons is crucial for functional recovery, providing significant insight for

establishing therapeutic strategies for severe SCI.
INTRODUCTION

Traumatic spinal cord injury (SCI) results in the death

of neural cells and a disruption of interneuronal connectiv-

ity with sensory/motor functional deficits (Bradbury and

McMahon, 2006). Notably, severe SCI patients suffer

from permanent complete paraplegia, which imposes

considerable mental and economic burdens compared

with those of patients with mild and moderate SCI (Cole-

man et al., 2015; Krueger et al., 2013). Therefore, there is

a great demand for developing therapeutic approaches,

particularly for severe SCI.

The transplantation of stem cells for SCI, such as neural

stem/progenitor cells (NSPCs), is a promising therapeutic

approach to alleviate the inflammatory response and

replace lost neural cells (Volarevic et al., 2013). This stem

cell-based strategy has been shown to have therapeutic ev-

idence for SCI in many experimental animals (Mothe and

Tator, 2013; Tetzlaff et al., 2011). However, most studies

have shown that NSPC transplantation promoted func-

tional recovery following mild and moderate SCI, while

its therapeutic efficacy for severe SCI has been unclear,

and the detailed mechanism underlying such efficacy still

remains to be elucidated.

In contrast to severe SCI, varying degrees of spontaneous

recovery are observed following mild and moderate SCI in
S

both humans and experimental animals (Bareyre et al.,

2004; Kobayakawa et al., 2014). Such recovery is attributed

to the endogenous plasticity of neural circuits, whichmeans

that propriospinal relay connections bypass the lesions

(Courtine et al., 2008). A neurobiological approach to-

ward enhancing the propriospinal relay connections could

be a therapeutic option for SCI. However, little is known

aboutwhether transplantedNSPCs integrate into the spared

neural circuits and reassemble the propriospinal relay con-

nections. In thepresent study,we thus focusedonthe synap-

togenic potential of engraftedNSPCs and the reorganization

of the propriospinal circuits after transplantation.

Conventional methods for assessing the cellular proper-

ties of the engrafted NSPCs mainly have relied on histolog-

ical examinations (Abematsu et al., 2010; Nori et al., 2011),

and there have been few methods available to analyze

the in vivo function of NSPCs in the injured spinal cord.

To obtain a detailed understanding of the synaptogenic

potential of the engrafted NSPCs, it is necessary to develop

a method to quantify the molecular properties of NSPCs

in situ. We applied laser microdissection (LMD), which is

a powerful tool for isolating specific cell types from hetero-

geneous tissues, to investigate the transcriptional activity

of engrafted NSPCs.

In this study, we examined the effects of NSPC transplan-

tation on the functional recovery of mice with different
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severities of contusion SCI. Physiological and histological

analyses revealed that NSPC transplantation failed to

promote the functional recovery of the animals with severe

SCI, even though the NSPCs were suitably grafted and

differentiated into neural cells. In addition, we investigated

whether the drug-induced ablation of host neurons influ-

enced the effects of NSPC transplantation, including the

reorganization of neural circuits, synaptogenesis, and func-

tional improvement, in animals with moderate SCI. Our

findings suggest that the spatial interactions and synaptic

contacts between engrafted NSPCs and spared host neu-

rons are crucial for functional recovery following SCI.
RESULTS

NSPC Transplantation Improved the Functional

Recovery for the Mice with Mild and Moderate SCI,

but Not with Severe SCI

To examine whether NSPC transplantation improves the

functional recovery, irrespective of the severity of SCI, we

first produced a mouse SCI model with three different se-

verities of the injury, mild (50 kdyn), moderate (70 kdyn),

and severe (90 kdyn), at the ninth thoracic level using an

Infinite Horizons impactor. In these groups, both the actual

impact force and the calculated displacement were highly

reproducible, and there was a strong linear relationship be-

tween the actual impact force and the measured displace-

ment (Pearson: force versus displacement, R = 0.9591, p <

0.0001) (Figure 1A). After confirming the reproducibility

of the SCI, we transplanted 5 3 105 NSPCs into the lesion

epicenter immediately after injury at the ninth thoracic

level in all groups. The hindlimb locomotor recovery was

assessed using the Basso Mouse Scale (BMS) open-field

motor score, footprint analysis, and grip walk test. At

6 weeks after transplantation, better functional recovery

was observed in the mild and moderate SCI groups

compared to that observed in themedium-injected control

groups. In contrast, the functional recovery was compara-

ble between the severe SCI group and the control group

in all physiological examinations (Figures 1B–1E).

To examine whether this difference in the efficacy of

functional improvement could be attributed to differences

in graft survival, we tracked the cell viability using a biolu-

minescence imaging system that detects luciferase photon

signals only from living cells. However, this analysis

showed comparable signal intensity among all groups at

6 weeks after transplantation (Figures S1A and S1B). In

addition, immunohistochemical analyses demonstrated

that the fractions of differentiated HU-positive neurons,

APC-positive oligodendrocytes, and GFAP-positive astro-

cytes from the engrafted NSPCs were similar in all groups

(Figures S1C and S1D). These results suggest that the graft
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survival and the differentiation phenotypes were not

significantly affected by the severity of SCI. Regarding the

distribution of engrafted NSPCs, histopathological exami-

nations showed that the engrafted cells were located

within a range of approximately 2 mm rostral and caudal

to the lesion epicenter in all groups, andwe did not identify

any significant differences in the spatial distribution of

NSPCs among the three groups (Figures S1E and S1F).

As previously reported, the features of acute inflam-

mation triggered by SCI, such as the production of proin-

flammatory cytokines and reactive oxygen species, are

important factors that modulate the microenvironment

of the injured spinal cord (Cusimano et al., 2012; Nishi-

mura et al., 2013). Because the extent of inflammatory reac-

tions is proportional to the severity of SCI, we speculated

that the differences in inflammatory reactions could negate

the efficacy of the engrafted NSPCs and, thus, result in a

comparable functional recovery between the NSPC-trans-

plantation group and the control group after severe SCI.

To rule out this possibility, we transplanted the same num-

ber of NSPCs into the injured spinal cord at 7 days after SCI,

when the inflammatory reactions were resolved in all

groups. However, NSPC transplantation, even in the sub-

acute phase, did not significantly improve the functional

recovery in the severe SCI group, while the mild and mod-

erate SCI groups showed a better functional recovery than

the medium-injected control groups (Figures 1F and S2A–

S2C; Okada et al., 2005). This difference of recovery in sub-

acute phase also was not attributed to the graft survival

or differentiation phenotypes (Figures S2D and S2E). In

addition, even in the CD11b-depleted mice (through the

administration of anti-Gr-1 antibody) and in non-obese

diabetic/severe combined immunodeficiency (NOD/

SCID) mice, NSPC transplantation did not promote func-

tional recovery after severe SCI (data not shown). These

results together suggest that the ineffectiveness of NSPC

transplantation in the severe SCI group was not due to

poor graft survival, the differentiation phenotypes, the

distribution of engrafted NSPCs, or the inflammatory reac-

tions of the injured spinal cord.

Selective Ablation of Host Neurons around the Lesion

Area Negates the Functional Improvement after NSPC

Transplantation Even after Moderate SCI

To examine the cause of the ineffectiveness of NSPC

transplantation in the severe SCI group, we performed

histological analyses focusing on the differences in the

distribution of the spared host neurons associated with

engrafted NSPCs among the three SCI groups. In all

groups, double immunofluorescence analyses showed

that CD11b-positive inflammatory cells had markedly in-

filtrated into the lesion epicenter at 7 days after SCI, and

that the infiltrating area was proportional to the severity



Figure 1. Effects of NSPC Transplanta-
tion in the Mild, Moderate, and Severe
SCI Groups
(A) The correlation between the actual
impact force and calculated displacement in
the mild (50 kdyn), moderate (70 kdyn),
and severe (90 kdyn) SCI groups is shown
(n = 12–14 mice per group; p < 0.0001,
Pearson correlation coefficient).
(B) The time course of the functional re-
covery based on the BMS score in the acute
NSPC transplantation groups and control
groups is shown (n = 12–14mice per group).
(C–E) The results of the footprint analyses
and grip walk test of the mice with SCI in
the NSPC transplantation and control
groups at 6 weeks after transplantation are
shown (n = 8 mice per group).
(F) The time course of the functional
recovery based on the BMS score in the
subacute NSPC transplantation and control
groups is shown (n = 12–14mice per group).
*p < 0.05 versus control, two-way repeated-
measures ANOVA with the Tukey-Kramer
post hoc test (B and F) or Wilcoxon rank-
sum test (D and E). The data are presented
as the means ± SEM.
See also Figures S1 and S2.
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of SCI. Meanwhile, most NEUN-positive neurons were

spared outside the CD11b-positive infiltrating area, and

the area of neuronal loss also was proportional to the

SCI severity. Notably, in the severe SCI group, there

were few remaining neurons within the area approxi-

mately 2 mm rostral and caudal to the lesion epicenter

(Figures 2A and 2B). Considering that the NSPC engraft-

ment was not affected by severity of SCI (Figure S1E),

the transplanted NSPCs were mostly integrated into this
S

area of neuronal loss in the severe SCI group, while there

were a number of remaining neurons within the area of

NSPC engraftment in the mild and moderate SCI groups.

These results led us to hypothesize that the co-distribu-

tion of the engrafted NSPCs with the spared host neurons

is crucial for the functional improvement after NSPC

transplantation.

To verify this hypothesis, we performed selective abla-

tion of host neurons by injecting the axon-sparing
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Figure 2. Selective Host Neuronal Ablation Negates the Efficacy of NSPC Transplantation
(A) The results of an immunohistochemical analysis of the spared host neurons and inflammatory cells at 7 days after SCI, where cells were
stained with NEUN (green), CD11b (red), and Hoechst (blue). The asterisk indicates the lesion epicenter. The right images are magnifi-
cations of the boxed areas in the left images.
(B) Quantification of the number of NEUN-positive cells 1 mm distant from the lesion epicenter is shown (n = 8 mice per group).
(C) Cresyl violet staining and immunohistochemical staining for anti-NEUN revealed a pronounced loss of spinal cord neurons induced by
NMDA injection.
(D) The schedule of SCI and NSPC transplantation with host neuronal ablation is shown.
(E) The results of an immunohistochemical analysis of the GFP (green) and HU (red) staining at 6 weeks after transplantation are shown.
(F) The time course of the functional recovery in the T6-ablation + Tp group, the T9-ablation + Tp group, and the T9-ablation without
Tp group is shown (n = 8–12 mice per group).
*p < 0.05 versus other groups, Dunnett’s test (B) or two-way repeated-measures ANOVA with the Tukey-Kramer post hoc test (F). The data
are presented as the means ± SEM. Scale bars, 500 mm (A), 100 mm (insets), 50 mm (C), 500 mm (E, left), and 50 mm (E, right).
See also Figure S3.
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excitotoxin, N-methyl-D-aspartic acid (NMDA), into the

spinal cord. This NMDA injection ablated the spinal cord

neurons, including interneurons and motor neurons, at

the level of each injection (Figure 2C); however, it had little

effect on myelinated long-descending fiber tracts or on the

hindlimb motor function, in agreement with the previous

findings by another group (Courtine et al., 2008). In addi-

tion, immunohistochemistry and qRT-PCR analyses

showed that an inflammatory reaction by NMDA injection

was not observed in the host spinal cord at 1 week after in-

jection (Figures S3A and S3B). The experimental protocol is
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shown in Figure 2D; 7 days after neuronal ablation by

NMDA injection at the ninth or sixth thoracic level, we

produced the moderate SCI (70 kdyn) at the ninth thoracic

level and transplanted 5 3 105 NSPCs into the lesion

epicenter immediately after SCI. In the T9-ablation + Tp

group, the SCI and NSPC transplantation were performed

at the same level as the neuronal ablation, whereas in the

T6-ablation + Tp group, the SCI and transplantation were

performed at a level distant from the neuronal ablation

area. Thus, the co-distribution between spared host neu-

rons and the engrafted NSPCs was hardly observed in the
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T9-ablation + Tp group, but was kept intact in the T6-abla-

tion + Tp group, as shown in Figure 2E. During the first

week after injury, the functional recovery in both groups

was comparable; however, there was a significant differ-

ence between the two groups beginning the following

week (Figure 2F). Meanwhile, in the T9-ablation + Tp

group, the open-field motor score at 6 weeks after SCI was

equivalent to that of the group with SCI without NSPC

transplantation (Figure 1B), thereby indicating that the

preconditioning involving host neuronal ablation at the

area of engraftment negated the efficacy of NSPC trans-

plantation. These data suggest that the spatial interaction

between the engrafted NSPCs and the spared host neurons

plays a crucial role in the efficacy of NSPC transplantation

after SCI.

The Neuronal Activity of Engrafted NSPCs Was

Significantly Decreased in the Absence of Spared Host

Neurons

Next, to examine the cause of the ineffectiveness of NSPC

transplantation in the setting of T9-neuronal ablation,

we evaluated the differences in the distribution, the dif-

ferentiation phenotypes, and the neuronal activity of the

engrafted NSPCs between the T9-ablation + Tp group and

the T6-ablation + Tp group. In the immunohistochemical

analysis, we confirmed that the distribution of the engraft-

ment of GFP-positive cells was comparable in both groups

(Figures S4A and S4B). With regard to differentiation, the

ratio of GFP/HU-positive neurons to GFP-positive cells

also was similar between the two groups (Figure S4C). We

therefore speculated that the in vivo function, such as

the neuronal activity of the engrafted NSPCs, could be

altered by the graft environmental setting.

To examine the in vivo functions of the engrafted NSPCs,

we identified large GFP-positive neurons under a fluores-

cence microscope and selectively isolated them by LMD

at 6 weeks after transplantation (Figure 3A). RNA was pre-

pared from the captured cells in both groups, and excellent

RNA qualities were confirmed by a bioanalyzer that

provided the RNA integrity number (RIN). Each LMD

sample showed intact 18S rRNA/28S rRNAbands in an elec-

trophoretic analysis, whereas a degraded sample of heat-

denatured RNA showed no 18S rRNA/28S rRNA bands

(Figure 3B), which indicated that the RNA samples ob-

tained through LMD were reliable and could be used for

RT-PCR analyses. We confirmed the gene expression of

the neuronal markers, such as Tubb3, Ascl1, Dcx, Neurod1,

Map2, and Gap43, rather than glial cell markers, such as

Cnpase (oligodendrocyte) and Gfap (astrocyte), in the iso-

lated NSPCs by RT-PCR, indicating that the GFP-positive

cells isolated by LMD were mostly neuronal cells (Figures

S4D–S4F). The expression levels of neuronal differentiation

markers and neurite growth markers were comparable in
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the engrafted NSPCs in the T9-ablation + Tp and T6-abla-

tion + Tp groups (Figures S4E and S4F). Notably, the gene

expression levels for the markers of neuronal activity,

such as C-fos, Arc, Zif268, and Camk2a, were significantly

decreased in the T9-ablation + Tp group (Figure 3C).

Consistent with the gene expression, a significant decrease

in C-FOS protein expression in the engrafted NSPCs was

confirmed by an immunofluorescence analysis at 6 weeks

after transplantation (Figures 3D and 3E). These markers

of neuronal activity are essential for establishing neural

connectivity and evoking action potentials in neuronal

cells (Flavell andGreenberg, 2008); therefore, the decreased

expression of these markers in the engrafted NSPCs likely

resulted in the impaired functional recovery even for the

moderate SCI group.

Engrafted NSPCs Form Synaptic Connectivity with

Spared Host Neurons after SCI

Because the neuronal activity is associatedwith the efficacy

of synaptic transmission (Südhof, 2013), we compared the

differences in the expression of synaptic molecules in the

engrafted NSPCs between the T9-ablation + Tp group and

the T6-ablation + Tp group. In both groups, a qRT-PCR

analysis demonstrated that the engrafted NSPCs expressed

presynaptic molecules, such as Bassoon, Piccolo, Synapto-

physin, Synapsin1, Synaptotagmin1, and Synaptotagmin2

(Figure 4A). In addition to the gene expression profiles, an

immunofluorescence analysis showed that the GFP-posi-

tive engrafted NSPCs expressed presynaptic BASSOON

molecules in their axonal terminals, which surrounded

the HU-positive host neurons (Figure 4B). Quantitative

analyses showed that the gene expression levels of these

presynaptic molecules, as well as the number of GFP/

BASSOON-positive synapses, were significantly lower in

the T9-ablation + Tp group compared to those in the

T6-ablation + Tp group (Figures 4A–4C).

Inmost of the previous reports, the engrafted neural stem

cells in the injured spinal cord were differentiated into the

inhibitory interneurons (Cummings et al., 2005; Nori et al.,

2011). In the present study, we also confirmed the expres-

sions of gene-encoding inhibitory presynaptic molecules,

such as Vgat, Gad65, and Gad67, in the engrafted NSPCs

in both groups. However, a qRT-PCR analysis showed that

the expression levels of these presynaptic markers were

significantly lower in the T9-ablation + Tp group compared

to the T6-ablation + Tp group (Figure 4D). In addition to

the inhibitory presynaptic molecules, we found that excit-

atory presynaptic molecules, such as Vglut1 and Vglut2,

were expressed in the engrafted NSPCs, and their gene

expression levels were significantly different between the

two groups (Figure 4E). Differentiated neurons expressing

both inhibitory and excitatory molecules were rarely

observed (data not shown). An immunofluorescence
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Figure 3. The Neuronal Activity of Engrafted NSPCs Was Significantly Decreased in the Absence of Spared Host Neurons
(A) The results of an immunohistochemical analysis of GFP-positive engrafted NSPCs at 6 weeks after transplantation. The lower left image
(before LMD) and right image (after LMD) are magnifications of the bowed areas in the upper image.
(B) The RNA quality was confirmed by a bioanalyzer with the RNA integrity number (RIN).
(C) The gene expression levels of neuronal activity markers in engrafted NSPCs at 6 weeks after transplantation, as determined by qRT-PCR,
are shown (n = 8 mice per group).
(D) Triple immunostaining for GFP (green), C-FOS (red), and HU (blue) at 6 weeks after transplantation. The images showed that lower
C-FOS expression was observed in GFP/HU-positive neurons (arrowhead) in the T9-ablation + Tp group compared to the T6-ablation + Tp
group. The right images are magnifications of the boxed areas in the left images.

(legend continued on next page)
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analysis confirmed the expression of VGLUT2 in the GFP-

positive axonal terminals at the border of the host neurons.

Consistent with the results of the qRT-PCR analysis, a

significantly smaller number of GFP/VGLUT2-positive syn-

apses were observed in the T9-ablation + Tp group than in

the T6-ablation + Tp group (Figures 4F and 4G). These re-

sults clearly show that the engrafted NSPCs could protrude

axons and form both inhibitory and excitatory synapses

with the host neurons in the injured spinal cord, and

that the graft environment significantly affects the expres-

sion of presynaptic molecules in the engrafted NSPCs.

To form relay connections between the graft and host

neurons, the engrafted NSPCs are required to express

postsynaptic molecules as well as presynaptic molecules.

Thus, we next evaluated the expression of postsynaptic

molecules in the engrafted NSPCs. In both groups, we

observed the gene expression of postsynaptic molecules,

such as Psd95, Homer1, and Shank1, in the engrafted

NSPCs (Figure 5A). Notably, an immunohistochemical

analysis showed that the engrafted NSPCs appeared to

express PSD95 and HOMER1 in their neurites (Figure 5B).

A quantitative analysis revealed that significantly lower

gene expression levels of Psd95, Homer1, and Shank1

were observed in the T9-ablation + Tp group compared

to the T6-ablation + Tp group. Furthermore, the numbers

of GFP/PSD95-positive and GFP/HOMER1-positive post-

synaptic molecules in the engrafted NSPCs were signifi-

cantly lower in the T9-ablation + Tp group than in the

T6-ablation + Tp group (Figures 5C and 5D). These results

indicate that the engrafted NSPCs not only transmit the

synaptic signals to the spared host neurons, but also

receive the synaptic inputs from the spared host neurons.

Considering the differences in the expression levels of

presynaptic and postsynaptic molecules in the engrafted

NSPCs between the two groups, it appears that the co-

distribution of the engrafted NSPCs with spared host

neurons is essential for the formation of synaptic relays

after NSPC transplantation.
NSPCTransplantation Promotes the Reorganization of

Propriospinal Circuits after SCI

After confirming that the engraftedNSPCs formed synaptic

connectivitywith spared host neurons (Figures 4 and 5), we

next examined the effects of NSPC transplantation on the

reassembly of spinal propriospinal circuits. The propriospi-

nal circuit is an indirect descending neural circuit connect-

ing the spinal cord neurons (Flynn et al., 2011). To assess
(E) The result of a comparison of the C-FOS intensity in GFP/HU-positiv
Tp group is shown (n = 8 mice per group).
*p < 0.05, Wilcoxon rank-sum test (C and E). The data are presented a
(D), and 20 mm (insets).
See also Figure S4.
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the extent of the reorganization of propriospinal circuits

after SCI, we performed retrograde trans-synaptic tracing

with a rhodamine tracer dye. The experimental protocol

is shown in Figure 6A. At 6 weeks after the ninth thoracic

SCI, we injected the tracer into the left second lumbar spi-

nal cord, and at 7 days after tracer injection, we quantitated

the number of labeled neurons at the ipsilateral (the same

side as the tracer injection) and contralateral (the side

opposite the tracer injection) fourth thoracic spinal cord.

First, in a naive spinal cord, we confirmed that the tracer

was captured selectively into the neuronal cell body

when using our experimental protocol (Figure 6B). We

then compared the number of labeled neurons among

the three SCI groups: the T9-ablation + Tp group (SCI

plus NSPC transplantation after T9-neuronal ablation),

the T6-ablation + Tp group (SCI plus NSPC transplantation

after T6-neuronal ablation), and the SCI only group (SCI

without NSPC transplantation and neuronal ablation).

A histopathological analysis demonstrated that the num-

ber of labeled neurons was significantly greater in the

T6-ablation + Tp group compared to the SCI only group,

suggesting that NSPC transplantation promoted the reor-

ganization of propriospinal circuits after SCI. Meanwhile,

the number of labeled neurons in the T9-ablation + Tp

group was significantly lower than that observed in either

the T6-ablation + Tp group or the SCI only group (Figures

6C and 6D). These results indicate that the spared host

neurons in the vicinity of the lesion area play an important

role in the reorganization of propriospinal circuits, even

without NSPC transplantation and all the more so with

NSPC transplantation after SCI. In fact, as shown in the

bottom line in Figure 2F, neuronal ablation at the site of

SCI prevented a spontaneous functional recovery. Because

contralateral labeling involves more polysynaptic trans-

mission than ipsilateral labeling (Shah et al., 2013), we

assumed that there would be few labeled neurons in the

contralateral side in our experimental models. However,

we observed some labeled neurons contralaterally in the

T6-ablation + Tp group (Figures 6C and 6D), suggesting

that NSPC transplantation promotes the reorganization

of propriospinal circuits not only in the longitudinal direc-

tion, but also in the transverse direction.
DISCUSSION

In this study, we demonstrated three significant findings.

First, the degree of severity of the SCI affects the efficacy
e neurons between the T6-ablation + Tp group and the T9-ablation +

s the means ± SEM. Scale bars, 300 mm (A), 20 mm (insets), 100 mm
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Figure 4. Engrafted NSPCs Form Presynaptic Connectivity with Spared Host Neurons after SCI
(A) The gene expression levels of pan-presynaptic markers in engrafted NSPCs at 6 weeks after transplantation, as determined by qRT-PCR,
are shown (n = 8 mice per group).
(B) Triple-staining for GFP (green), HU (blue), and the presynaptic marker BASSOON (red) at 6 weeks after transplantation. The images
showed that the engrafted NSPCs expressed BASSOON-positive synaptic boutons (arrowhead) in their axon terminals, which surrounded
HU-positive host neurons. The right image is a magnification of the boxed area in the left image.
(C) Quantification of the GFP/BASSOON-positive synaptic boutons in engrafted NSPCs is shown (n = 60 neurons; six mice per group).
(D and E) The gene expression levels of inhibitory presynaptic markers (Vgat, Gad65, and Gad67) and excitatory presynaptic
markers (Vglut1 and Vglut2) in engrafted NSPCs at 6 weeks after transplantation, as determined by qRT-PCR, are shown (n = 8 mice per
group).

(legend continued on next page)
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Figure 5. Engrafted NSPCs Form Postsynaptic Connectivity with Spared Host Neurons after SCI
(A) The gene expression levels of postsynaptic markers in engrafted NSPCs at 6 weeks after transplantation, as determined by qRT-PCR, are
shown (n = 8 mice per group).
(B) Triple staining for GFP (green), HU (blue), and the postsynaptic marker PSD95 or HOMER1 (red) at 6 weeks after transplantation.
The images showed that engrafted NSPCs expressed PSD95-positive or HOMER1-positive synaptic boutons (arrowhead) in their dendrites.
The right images are magnifications of the boxed areas in the left images.
(C and D) Quantification of the GFP/PSD95-positive and GFP/HOMER1-positive postsynaptic boutons in engrafted NSPCs is shown (n =
60 neurons; six mice per group).
*p < 0.05, **p < 0.0001, Wilcoxon rank-sum test (A, C, and D). The data are presented as the means ± SEM. Scale bars, 20 mm (B) and 2 mm
(insets).

Please cite this article in press as: Yokota et al., Engrafted Neural Stem/Progenitor Cells Promote Functional Recovery through Synapse Reor-
ganization with Spared Host Neurons after Spinal Cord Injury, Stem Cell Reports (2015), http://dx.doi.org/10.1016/j.stemcr.2015.06.004
of NSPC transplantation for promoting functional recov-

ery after SCI. Following mild and moderate SCI, NSPC

transplantation significantly improved the locomotor

functional recovery, but this was not the case after severe

SCI. Second, engrafted NSPCs must be integrated into the

host propriospinal circuits in order to achieve a functional

improvement after SCI. Drug-induced selective ablation of

host neurons abolished the efficacy of NSPC transplanta-

tion even after moderate SCI. In the severely injured spi-

nal cord, there were very few remaining host neurons

within the range of NSPC engraftment, which was consid-
(F) Triple-staining for GFP (green), HU (blue), and the excitatory pre
images showed that the GFP/VGLUT2-positive excitatory synaptic bo
image is a magnification of the boxed area in the left image.
(G) Quantification of the GFP/VGLUT2-positive synaptic boutons in e
*p < 0.05, **p < 0.0001, Wilcoxon rank-sum test (A, C, D, E, and G). Th
and 2 mm (insets).

S

ered to be one cause of the failure to achieve a better

functional recovery after NSPC transplantation. Finally,

the selective analysis for the in vivo function of engrafted

NSPCs by LMD revealed that the synaptic integration

between the engrafted NSPCs and the host neurons is

important for the reassembly of propriospinal circuits.

These results provide evidence of the therapeutic mecha-

nism underlying interactive synaptic reorganization after

NSPC transplantation, and they also suggest the signifi-

cance of developing an NSPC-based strategy tailored to

the severity of SCI.
synaptic marker VGLUT2 (red) at 6 weeks after transplantation. The
utons (arrowhead) contacted HU-positive host neurons. The right

ngrafted NSPCs is shown (n = 60 neurons; six mice per group).
e data are presented as the means ± SEM. Scale bars, 20 mm (B and F)
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Figure 6. NSPC Transplantation Promotes the Reorganization of Propriospinal Circuits after SCI
(A) A schematic illustration shows the sites of dye injection at the second lumbar spinal cord, the neuronal ablation at the sixth or ninth
thoracic spinal cord, and the contusion SCI plus NSPC transplantation at the ninth thoracic spinal cord.
(B) The immunohistochemical analysis showed that HU-positive neurons (green) captured rhodamine tracer dye (red) at 7 days after tracer
injection in a naive spinal cord.
(C) The immunohistochemical analysis showed rhodamine-positive (red) retrogradely labeled neurons in the Naive group, the T6-abla-
tion + Tp group, the T9-ablation + Tp group, and SCI only group at the fourth thoracic spinal cord segments. The lower images are
magnifications of the boxed areas in the upper images.
(D) The results of a comparison of the number of rhodamine-positive retrogradely labeled neurons are shown (n = 6 mice per group).
*p < 0.05, ANOVA with the Tukey-Kramer post hoc test (D). The data are presented as the means ± SEM. Scale bars, 20 mm (B, left), 5 mm
(B, right), 100 mm (C), and 20 mm (insets).
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The mechanisms underlying the functional improve-

ment after NSPC transplantation remain unexplained,

which has hampered the establishment of therapeutic pro-

tocols for the treatment of SCI (Lindvall and Kokaia, 2010).

Several possible explanations for the efficacy of the en-
10 Stem Cell Reports j Vol. 5 j 1–14 j August 11, 2015 j ª2015 The Authors
grafted NSPCs have been suggested, such as neural cell

replacement, remyelination, growth support, neuroprotec-

tion, and immunomodulation (Volarevic et al., 2013).

However, little is known about the therapeutic effects

of the engrafted NSPCs on the disrupted local neural
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networks in the injured spinal cord. In this study, we

focused on the propriospinal system, the intraspinal neural

networks connecting each spinal cord segment (Flynn

et al., 2011). This system has received a lot of attention as

being important for spontaneous functional recovery after

incomplete SCI. For example, Courtine and colleagues

demonstrated that a pronounced functional recovery

occurred following the spontaneous reorganization of pro-

priospinal circuits without the restoration of the direct pro-

jections from the brain to the spinal motor neurons in a rat

model of incomplete SCI. Because the extent of sponta-

neous recovery after SCI is associated with the amount of

spared propriospinal circuits, little functional recovery

was observed after severe SCI, in which there were few

spared host neurons and spared propriospinal circuits (Fig-

ures 1 and 2; Conta and Stelzner, 2004; Courtine et al.,

2008). In this paper, we showed that the reorganization

of propriospinal circuits was promoted by the engrafted

NSPCs through synapse formation between the engrafted

NSPCs and the host neurons (Figures 4, 5, and 6). In addi-

tion, selective ablation of the host neurons abolished

the synaptogenic potential of the engrafted NSPCs and

negated the efficacy of the reorganization of propriospinal

circuits. These results suggest the importance of functional

improvement due to the accelerated reorganization of

propriospinal circuits by NSPC transplantation after SCI.

Indeed, themost prominent effect ofNSPC transplantation

was observedwithin 2weeks after transplantation, and this

phase was consistent with the spontaneous recovery pro-

cess in the control groups (Figure 1).

To date, fluorescence-activated cell sorting (FACS) or

translating ribosomal affinity purification (TRAP) tech-

niques mainly have been used for cell-specific profiling of

engrafted cells (Doyle et al., 2008; Lobo et al., 2006).

Although these techniques have broad utility, the LMD

procedure provided several advantages over these methods

in this study. First, LMD makes it possible to capture

neuronal cells even in the adult CNS. FACS and TRAP are

not recommended for the analysis of mature neural tissues,

because myelin and tight extracellular matrix proteins

interfere with the isolation of neurons. To apply FACS

and TRAP to isolate neuronal cells from the adult CNS,

enzymatic dissociation is required to eliminate these inter-

fering substances; however, this enzymatic method often

results in a loss of cells, including their mRNAs and pro-

teins (Garg et al., 2014). Second, LMD enables the capture

of neuronal cells while maintaining their distinctive struc-

tures, such as long axons and dendrites. Many synaptic

mRNAs are localized throughout the axonal and dendritic

terminals, which are hundreds of micrometers distant

from the neuronal cell body. For instance, representative

postsynaptic mRNAs, such as Psd95 and Homer1, are

distributed widely from the neuronal cell body to the den-
St
dritic terminals (Cajigas et al., 2012). Additionally, presyn-

aptic mRNAs, such as Synaptophysin and Synaptotagmin,

are present exclusively in the developing growth cone, a

specialized structure at the tip of the extending axon (Zivraj

et al., 2010). Although the LMDmethod used in this study

did not have sufficient precision in terms of the ability to

dissect the axons and dendrites, we successfully identified

the gene expression of these synaptic mRNAs in the en-

grafted NSPCs. More precise dissection with LMD must

be developed for investigating distinct distribution of syn-

aptic mRNAs in neuronal cells.

By performing selective molecular profiling with LMD,

we were able to demonstrate that the expression of many

pre- and postsynaptic molecules, including Bassoon,

Piccolo, Synaptophysin, Synapsin, Synaptotagmin, Vglut1,

Vglut2, Vgat, Gad65, Gad67, Psd95, Homer1, and Shank1,

were observed in the engrafted NSPCs (Figures 4 and 5).

In addition to the genes, a histological analysis confirmed

that these synaptic molecules were observed in the

neuronal endings of engrafted cells. Notably, the GFP-pos-

itive axons surrounded the host neurons and expressed

presynaptic molecules, including BASSOON and VGLUT2

(Figure 4). Considering that these molecules are compo-

nents of the presynaptic cytoskeletal matrix and are essen-

tial for neurotransmitter release at presynaptic terminals

(Fenster et al., 2000; Südhof, 2013), these findings demon-

strate that the engraftedNSPCs successfully communicated

with the host neurons through synaptic organization.

Moreover, postsynaptic molecules were identified at the

dendrites of GFP-positive cells in the vicinity of the host

neurons, suggesting that the engrafted NSPCs also received

synaptic signals from the host neurons.

A recent report demonstrated that the selective depletion

of synaptic vesicle-associated proteinswithin propriospinal

circuits resulted in the impairment of upper limbmotor per-

formance (Kinoshita et al., 2012). They further showed that

restoration of these synaptic proteins improved the deterio-

ratedmotor function, which suggests that the synaptic pro-

teins play a pivotal role in the propriospinal system and

motor function in the spinal cord. Similar to those findings,

the reorganization of propriospinal circuits by synapse for-

mation between the engrafted NSPCs and the host neurons

improved the locomotor function after SCI in our study.

Meanwhile, a significantly decreased number of synaptic

boutons in the engrafted NSPCs, as well as less functional

improvement, was observed in the setting of T9-neuronal

ablation (Figures 2, 4, and 5). Although the correlation be-

tween the number of reorganized synaptic contacts and

the extent ofmotor recovery after SCI remains unclear, syn-

aptic facilitation could be one of the important determi-

nants of the therapeutic efficacy of NSPC transplantation.

Several factors are considered to be required to promote

synapse formation between engrafted NSPCs and host
em Cell Reports j Vol. 5 j 1–14 j August 11, 2015 j ª2015 The Authors 11
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neurons. First, the initial formation of each synapse de-

pends on the physical contact between axons and den-

drites (Cohen and Greenberg, 2008). Fares and colleagues

reported that the optimal interneuronal distance for syn-

apse formation is less than 50 mm (Fares and Stepanyants,

2009). Thus, the spatial proximity of neuronal cells is

essential for synaptic integration. In fact, we could hardly

observe the physical contact and synapse formation of

the engraftedNSPCs between each other. Second, the secre-

tion of guidance molecules, such as ephrin and neuroligin,

was reported to accelerate the synaptic reorganization be-

tween neuronal cells (Bolsover et al., 2008). Notably, in

the host neurons spared after SCI, upregulated expression

of these molecules was observed (Jacobi et al., 2014). Selec-

tive host neuronal ablation abolished both the interneu-

ronal spatial proximity and secretion of guidance mole-

cules by host neurons, which may have decreased the

synaptogenic potential and neuronal activity of the en-

grafted NSPCs in our study (Figures 3, 4, and 5).

Contrary to the findings in our experimental models, the

toxin-receptor-mediated cell knockout (TRECK) method,

in which most engrafted NSPCs are depleted, also abol-

ished the functional improvement after NSPC transplanta-

tion (Abematsu et al., 2010; Cummings et al., 2005). These

reports highlighted that the presence of engrafted NSPCs

is critical to promote the functional recovery after SCI.

On the other hand, our study indicated that the presence

of spared host neurons affects the restorative potential

of engrafted NSPCs, providing important insight for estab-

lishing therapeutic transplantation protocols for SCI.

Considering our results and those of previous reports, a

combination of neuroprotection by administrating neuro-

humoral factors and NSPC transplantation could, there-

fore, effectively promote functional recovery, even after

severe SCI. Indeed, Lu and colleagues recently demon-

strated that such combination therapy resulted in a signif-

icant improvement of functional recovery after SCI (Lu

et al., 2012). They used neural stem cells with growth factor

cocktails, including BDNF, NT3, PDGF, IGF, and HGF,

which might have contributed to neuronal survival.

Although transplanted NSPCs have been reported to

secrete various neurohumoral factors (Kumamaru et al.,

2012), our findings suggest that NSPC transplantation

alone has limited efficacy for severe SCI.

In clinical studies, transplantation of neural stem cells

has been applied for human cases of severe SCI; however,

the therapeutic effects of NSPC transplantation are still

controversial (Harrop et al., 2012). Seledtsova and col-

leagues transplanted human-derived NSPCs into the

injured spinal cords of 43 patients, and nearly half of the

patients (49%) showed some functional improvement after

transplantation (Seledtsova et al., 2010). Although Dobkin

and colleagues also transplanted human-derived NSPCs
12 Stem Cell Reports j Vol. 5 j 1–14 j August 11, 2015 j ª2015 The Authors
into the injured spinal cords of seven patients, none of

these patients achieved a functional recovery after trans-

plantation (Dobkin et al., 2006). These discrepancies

regarding the efficacy of NSPC transplantation may be

attributed to the differences in the severity of SCI in the

study patients, because most of the SCI patients in Dob-

kin’s study were classified into the American Spinal Injury

Association (ASIA) Grade A (complete paralysis). In these

patients, the paucity of remaining host neurons could un-

derlie the inefficacy of NSPC transplantation for functional

recovery. These findings caution against the use of injudi-

cious transplantation protocols that do not adequately

take into account the severity of the SCI.

In conclusion, we clarified the detailed synaptogenic

profiles of engrafted NSPCs by LMD, and we determined

the direct contributions of the host neurons and trans-

planted NSPCs to the reorganization of propriospinal

circuits after NSPC transplantation. Our results clarified a

mechanism underlying the functional recovery, which in-

volves the reorganization of propriospinal circuits through

synapse formation between engrafted NSPCs and host

neurons after SCI. Protecting host neurons and facilitating

the reorganization of propriospinal circuits are important

strategies for improving the outcome following SCI, espe-

cially in cases with severe pathology. Analytical strategies

using LMD will be useful in the field of stem cell biology,

and our findings provide a better understanding of the

therapeutic mechanism of stem cell transplantation in

the injured CNS.
EXPERIMENTAL PROCEDURES

Animals
All animal studies were approved by the Committee of Ethics on

Animal Experiment in Faculty of Medicine (A27-035-0), Kyushu

University. Experiments were conducted in accordance with the

institutional guidelines and regulations for animal experiments.

The background strain of all mice (wild-type mice, CAG-EGFP

transgenic mice, and ffLuc-cp156 mice) used in this study is

C57BL/6, and the detailed information is described in the Supple-

mental Experimental Procedures.

NSPCs Primary Culture
Methods for the culture and expansion of NSPCs have been

described previously (Okada et al., 2005), and the details are given

in the Supplemental Experimental Procedures.

SCI and Cell Transplantation
Adult female C57BL/6 mice were anesthetized via an intraperito-

neal injection of pentobarbital (75 mg/kg). SCI was induced at

the ninth thoracic level using an Infinite Horizons impactor. After

injury, 2 ml cell suspension (2.5 3 105 viable cells per microliter)

was injected using a stereotaxic injector. The details are described

in the Supplemental Experimental Procedures.
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Behavioral Analysis
Themotor functionswere evaluatedwith the locomotor open-field

rating scale on the BMS, the footprint analysis, and the grip

walk test. The details are described in the Supplemental Experi-

mental Procedures.

Histopathological Examination
After the mice were transcardially fixed with 4% paraformalde-

hyde, the spinal cord was removed, dehydrated, and embedded

in OCT compound. The frozen tissues were cut in the sagittal

or axial plane into 16-mm sections. The sections were subse-

quently stained with primary antibodies and then incubated

with secondary antibodies or Hoechst. All antibodies used in

this study are described in the Supplemental Experimental

Procedures.

RT-PCR
RNA isolation and RT-PCR were performed as described previously

(Kumamaru et al., 2012), and details are given in the Supplemental

Experimental Procedures.

Image Acquisition and Quantitative Analysis
All images were obtained using an LSM510 laser-scanning

microscope system (Zeiss) or a BZ-9000 digital microscope system

(Keyence), and the details are described in the Supplemental Exper-

imental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, and one table and can be found with

this article online at http://dx.doi.org/10.1016/j.stemcr.2015.

06.004.
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