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Abstract

Soluble Nogo66 receptor-Fc protein (sNgR-Fc) enhances axonal regeneration following central nervous system injury. However, the un-
derlying mechanisms remain unclear. In this study, we investigated the effects of sSNgR-Fc on the proliferation and differentiation of neural
progenitor cells. The photothrombotic cortical injury model of ischemic stroke was produced in the parietal cortex of Sprague-Dawley
rats. The rats with photothrombotic cortical injury were randomized to receive infusion of 400 ug/kg sNgR-Fc (sNgR-Fc group) or an
equal volume of phosphate-buffered saline (photothrombotic cortical injury group) into the lateral ventricle for 3 days. The effects of sN-
gR-Fc on the proliferation and differentiation of endogenous neural progenitor cells were examined using BrdU staining. Neurological
function was evaluated with the Morris water maze test. To further examine the effects of sSNgR-Fc treatment on neural progenitor cells,
photothrombotic cortical injury was produced in another group of rats that received transplantation of neural progenitor cells from the
hippocampus of embryonic Sprague-Dawley rats. The animals were then given an infusion of phosphate-buffered saline (neural progenitor
cells group) or sNgR-Fc (sNgR-Fc + neural progenitor cells group) into the lateral ventricle for 3 days. sNgR-Fc enhanced the proliferation
of cultured neural progenitor cells in vitro as well as that of endogenous neural progenitor cells in vivo, compared with phosphate-buffered
saline, and it also induced the differentiation of neural progenitor cells into neurons. Compared with the photothrombotic cortical injury
group, escape latency in the Morris water maze and neurological severity score were greatly reduced, and distance traveled in the target
quadrant was considerably increased in the sNgR-Fc group, indicating a substantial improvement in neurological function. Furthermore,
compared with phosphate-buffered saline infusion, sSNgR-Fc infusion strikingly improved the survival and differentiation of grafted neural
progenitor cells. Our findings show that sNgR-Fc regulates neural progenitor cell proliferation, migration and differentiation. Therefore,
sNgR-Fc is a potential novel therapy for stroke and neurodegenerative diseases, The protocols were approved by the Committee on the Use
of Live Animals in Teaching and Research of the University of Hong Kong (approval No. 4560-17) in November, 2015.
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Introduction

Ischemic stroke is a leading cause of morbidity and mortal-
ity worldwide, especially in the aging population, and has
attracted substantial economic and public health concern
(Chang et al., 2018; Faulkner and Wright, 2018; Feng et al,,
2018). Despite the development of neuroprotective drugs
over the past few decades, most therapeutic interventions
have shown limited effectiveness in clinical application, and
no definitive strategy is currently available (Minnerup et al.,
2014; Zhang et al., 2018). More effective treatments for isch-
emic stroke are therefore urgently needed.

Ischemic stroke is usually caused by reduced blood supply
to the brain, with consequent brain dysfunction. Recovery
of specific functions and improvement in activity are depen-
dent on intrinsic changes in existing neurons or the gener-
ation of new neurons from neural progenitor cells (NPCs)
(Lindvall and Kokaia, 2010). In mammals, NPCs are located
in both the subventricular zone and dentate subgranular
zone in the adult brain (Zhang et al., 2017, 2018). Indeed,
new neurons differentiated from endogenous NPCs greatly
alleviate ischemic brain injury (Nakatomi et al., 2002; Lud-
wig et al., 2018). However, the number of endogenous new-
born neurons is insufficient to restore neurological function
following stroke (Arvidsson et al., 2002; Kim et al., 2014).
Therefore, the transplantation of stem cells may be an effec-
tive treatment strategy for stroke (Li et al., 2016; Ryu et al.,
2016; Chau et al., 2017; Frid et al., 2018; Mangin and Kubis,
2018; Webb et al,, 2018). Accumulating evidence shows that
the transplantation of NPCs, including induced pluripotent
stem cell-derived NPCs, can enhance structural plasticity
and improve functional recovery following ischemia-in-
duced brain injury in both mice and rats (Mine et al., 2013;
Chau et al,, 2017; Tseng et al., 2018). However, the hostile
microenvironment created by the ischemic event is a major
obstacle for the survival of transplanted NPCs (Hicks et al.,
2009; Wang et al., 2014). Therefore, enhancing the survival
of transplanted NPCs in the ischemic region is a major re-
search goal.

The neuronal Nogo66 receptor (NgR1) inhibits axonal
regeneration in the presence of its myelin protein ligands
(Nogo66, MAG, OMgp) in the central nervous system
(Schwab and Strittmatter, 2014). In addition to neurons,
NgR1 is also expressed in NPCs derived from the spinal
cord of rats (Li et al., 2011), suggesting that it may play a
functional role in NPCs. Accumulating evidence shows that
soluble NgR-Fc fusion protein (sNgR-Fc), which acts as an
NgR1 antagonist, effectively disrupts the interaction of my-
elin molecules with NgR1 and enhances axon sprouting and
functional recovery following central nervous system injury.
This indicates that sNgR-Fc promotes neuronal repair and
regeneration (Li et al., 2011; Fuentealba et al., 2012; Mi et
al., 2013). However, it remains unknown whether NgR1 is
involved in the regulation of NPC activity or whether sN-
gR-Fc treatment modulates the therapeutic effects of NPCs
in stroke. Therefore, in this study, we investigated the effects
of sNgR-Fc on the proliferation and differentiation of NPCs
in vitro and in vivo.
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Materials and Methods

Animals

Pregnant (embryonic day 16 (E16)) adult green fluorescent
protein (GFP)-transgenic Sprague-Dawley rats [“green rat
CZ-004” SD TgN (act-EGFP) OsbCZ-004] were purchased
from the Experimental Animal Center of the University of
Hong Kong, China (Cap. 340). Thirty-six healthy adult male
Sprague-Dawley rats, weighing 250-350 g and 10-12 weeks
of age, were also purchased from the Experimental Animal
Center of the University of Hong Kong, China. One batch
of rats was divided into three groups: sham group (n = 6),
phosphate-buffered saline (PBS) group (n = 6; photothrom-
botic cortical injury (PCI) + PBS infusion) and sNgR-Fc
group (n = 6; PCI + sNgR-Fc infusion). Another batch of
rats were also divided into three groups: sham group (n =
6), NPCs group (n = 6; PCI + NPCs + PBS infusion) and
sNgR-Fc + NPCs group (n = 6; PCI + NPCs + sNgR-Fc in-
fusion). All experimental procedures described here were
in accordance with the National Institutes of Health (NTH)
guidelines for the Care and Use of Laboratory Animals
(Publication No. 85-23, revised 1996). The protocols were
approved by the Committee on the Use of Live Animals in
Teaching and Research of the University of Hong Kong (ap-
proval No. 4560-17) in November, 2015.

Primary NPC isolation and culture

NPCs were isolated as previously described (Guo et al,,
2007). Briefly, the hippocampi of E16 Sprague-Dawley rats
were harvested immediately after decapitation and dissected
mechanically in cold Hank’s Balanced Salt Solution supple-
mented with 16 mM Na-HEPES (pH 7.2). Cells were collect-
ed after centrifugation and cultured in Dulbecco’s modified
Eagle’s medium/F12 supplemented with epidermal growth
factor, basic fibroblast growth factor, 2% B27 supplement and
1% N2 supplement. Culture medium was replaced every 3
days. Cultured neurospheres were immunostained for nestin
(1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA). The
dissociated NPCs were immunostained for rat NgR1 (1:200;
Biogen Idec, Inc., Cambridge, MA, USA) and nestin.

In vitro NPC differentiation assay

The neurospheres described above were harvested, disso-
ciated and cultured in medium supplemented with 500
ng/mL sNgR-Fc, but without epidermal growth factor or
basic fibroblast growth factor to initiate and promote dif-
ferentiation (sNgR-Fc group). For the control group, cells
were differentiated without sNgR-Fc. After 7 days, NPC
differentiation was assessed by immunocytochemistry. The
following primary antibodies (neural stem cell-specific
markers) were used: mouse monoclonal anti-nestin (1:100),
rabbit monoclonal anti-glial fibrillary acidic protein (GFAP;
1:100; Chemicon, Hotheim, Germany), mouse monoclonal
anti-RIP (1:50; kind gift from Dr Xu XM, University of Lou-
isville School of Medicine, Louisville, Kentucky) and mouse
monoclonal anti-p-tubulin IIT (1:100; Sigma-Aldrich, St.
Louis, MO, USA). Incubations were performed at 4°C over-
night. After washing with PBS, the sections were incubated
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with goat anti-rabbit IgG Alexa Fluor 594 and goat an-
ti-Mouse IgG Alexa Fluor 594 (1:1000; Abcam, Cambridge,
UK) at room temperature for 1 hour. The number of immu-
noreactive cells in each culture was calculated. Five visual
fields (200x) were selected for each slide, and a total of 30 vi-
sual fields were counted for each parameter. The number of
DAPI-stained cells was taken to represent the total number
of cells. The percentage of immunoreactive cells was then
calculated for each antibody.

Preparation of sNgR-Fc

The sNgR-Fc fusion protein was prepared as previously de-
scribed (Li et al., 2011). Briefly, the form of sNgR-Fc used in
this study, AA-rNgR (310)-rFc, consists of a 310 amino acid
fragment of rat NgRI1 fused to a rat IgG1-Fc fragment (Bio-
gen Idec, Inc.). Rat IgG1 (control protein) was purchased
from Protos Immunoresearch (San Francisco, CA, USA).
sNgR-Fc does not directly interact with NgR1. Instead, it
binds to the ligands of NgR1 (Nogo66, MAG, OMgp) and
inhibits PirB-Nogo and MAG-sialic acid interactions. This
modified protein has been shown to inhibit the Nogo66-
NgR interaction and promote neurite outgrowth from rat
dorsal root ganglia and cerebellar granule neurons in vitro,
with a potency similar to that of unmodified sNgR-Fc (Li et
al,, 2011).

PCI model

The PCI model of cerebral ischemic injury was produced in
the rat parietal cortex according to the method of Watson et
al., with a minor modification (Watson et al., 1985). Briefly,
36 Sprague-Dawley rats were anesthetized by intraperitoneal
injection of ketamine (80 mg/kg) and xylazine (8 mg/kg).
Diluted rose bengal (40 mg/kg) was infused into the femoral
vein. The exposed skull, 5 mm posterior to the bregma and
5 mm lateral to the midline, was illuminated with a cold,
white light beam (Volpi Intralux 6000, 150 W; Volpi AG,
Schlieren, Switzerland) for 8 minutes at maximum output
via a fiber-optic bundle with a 10 mm aperture. In the sham
group, animals were operated as above, but without injec-
tion of rose bengal. The PCI rats were randomly allocated to
receive PBS (1 = 6; PCI group) or an sNgR-Fc infusion (n = 6;
sNgR-Fc group) for 3 days. One day after PCI, rats were im-
planted with a mini-osmotic pump (model 1003D, flow rate
0.1 pL/h; Alzet, Palo Alto, CA, USA) that infused either sN-
gR-Fc (400 pg/kg) or the same volume of PBS (10 uL) con-
tinuously into the ipsilateral (lesioned) ventricle. The pumps
were removed 4 days after PCI to avoid local inflammation.
Throughout the experiment, room temperature was main-
tained at 25°C, and core body temperature was monitored
and maintained at 37°C by a thermostatically-controlled
heating pad.

Transplantation of NPCs into the brain after PCI

To further clarify the effects of sNgR-Fc on NPCs, another
batch of PCI rats were prepared as above. NPCs from the
hippocampus of E16 GFP-transgenic Sprague-Dawley rats
[“green rat CZ-004” SD TgN (act-EGFP) OsbCZ-004] were

prepared as described above for transplantation. On the day
of transplantation, NPCs were dissociated and re-suspended
in HanKk’s Balanced Salt Solution at a density of 50,000 viable
cells/uL (Arvidsson et al., 2002). One day after PCI, 2 pL
(5 x 10* cells/uL) NPCs were grafted into the brain tissue
around the infarct area, 0.5 mm to the right of the infarct
area at a depth of 1 mm (Buhnemann et al., 2006). Rats were
then randomly assigned to receive PBS (n = 6; NPCs group)
or sNgR-Fc infusion (1 = 6; sNgR-Fc+ NPCs group) into the
ipsilateral (lesioned) ventricle as described above for 3 days.

5-Bromodeoxyuridine (BrdU) labeling

Intraperitoneal injection of BrdU (50 mg/kg body weight;
Sigma-Aldrich) was administered twice daily for 4-6 days
at 24 hours following PCI, as previously described (Kang et
al., 2013). Animals were sacrificed to determine cell prolif-
eration at day 7 and for differentiation assays at day 21 after
PCIL. After BrdU staining, the images were captured using
AxioVision (Zeiss, Thornwood, NY, USA). All BrdU-posi-
tive cells (rat monoclonal anti-BrdU, 1:500; Accurate Chem-
ical & Scientific, Westbury, NY, USA) were counted in the
brain tissue. Counts were expressed as the average cell num-
ber per field at 100x magnification.

Behavioral assessments

The behavioral tests were administered before PCI and 1,
7, 14 and 21 days after PCI by two investigators who were
blinded to group assignment. The Morris water maze com-
prised a circular pool (150 c¢m in diameter, 60 cm in depth)
filled with water at 24 + 1°C to a depth of 35 cm (WinFast
PVR, Jiliang, Nanjing, China). The pool was divided into
four quadrants with four starting locations (north, east,
south and west). An invisible platform (12 c¢cm in diameter)
was placed 1 cm below the water surface in the center of the
northern quadrant. Water in the pool was made opaque with
milk powder (Full Cream Milk Powder; Nestle Shuangcheng
Ltd., China) prior to each test to eliminate visual cues. The
rats were trained at 13:00-15:00 for 5 days before PCI. At
the beginning of each trial, the rats were placed in the water
facing the pool wall in one of the four quadrants. Each rat
was allowed to swim until it found the hidden platform or
until 120 seconds had elapsed. All groups were trained from
each of the starting positions (north, east, south and west).
There was a 30-second period between the two trials. Rats
were allowed to rest for 5minutes between two consecutive
trials. The time taken to reach the hidden platform (escape
latency) and the length of the swim path (travelled distance)
were recorded. On day 21, a probe trial was performed in
which the platform was removed from the pool and each
rat was allowed to swim for 120 seconds. For these probe
trials, the distance traveled in the target quadrant and the
former platform location passing times within 120 seconds
were recorded. The neurological severity score was calculat-
ed as described previously (Tang et al., 2014). Neurological
function was graded on a scale of 0 to 14 (normal score, 0;
maximal deficit score, 14). The neurological severity score
is a composite of motor and sensory assessments, and reflex
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and beam balance scores. One point is awarded for the in-
ability to perform the test or the lack of a tested reflex. Thus,
a higher score indicates a more severe deficit.

Immunohistochemistry

Immunohistochemical staining was performed as previously
reported (Zhang et al., 2015). On day 7 or 21 following PCI,
the brains were removed, and 5-um frozen coronal sections
were prepared. After antigen retrieval, sections were immu-
nolabeled with rat monoclonal anti-BrdU (1:500; Accurate
Chemical & Scientific), rabbit polyclonal anti-GFP (1:200;
Santa Cruz Biotechnology), mouse monoclonal anti-NeuN
(1:500; Chemicon), rabbit monoclonal anti-GFAP (1:200;
Chemicon), mouse monoclonal anti-RIP (1:50; kind gift
from Dr Xu XM, University of Louisville School of Medicine)
and mouse monoclonal anti-NgR1 (1:200; Biogen Idec, Inc.)
overnight at 4°C. After washing with PBS, the sections were
incubated with goat anti-rabbit IgG Alexa Fluor 488, goat an-
ti-rat IgG Alexa Fluor 488, goat anti-mouse IgG Alexa Fluor
594 and donkey anti-rabbit IgG Alexa Fluor 594 (1:1000; Ab-
cam) at room temperature for 1 hour. Cells double-positive
for BrdU/NeuN, GFP/GFAP and GFP/RIP were counted.
Positive cells were also visualized using a motorized inverted
microscope (IX81-ZDC2; Olympus, Hamburg, Germany).

Western blot assay

The hippocampus on the lesioned side was collected and
homogenized 7 days after PCI to extract protein. After cal-
culating the concentration, the protein was separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene fluoride membrane (Milli-
pore Corp, Billerica, MA, USA). The membrane was washed
with Tris-buffered saline containing 0.1% Tween-20 three
times, blocked with 5% fat-free milk in Tris-buffered saline
containing 0.1% Tween-20, and then incubated with mouse
monoclonal anti-NgR1 (1:500; Biogen Idec, Inc.) overnight
at 4°C. Subsequently, after washing with Tris-buffered saline
containing 0.1% Tween-20, the membrane was incubated
with horseradish peroxidase-conjugated secondary antibod-
ies (1:10,000; Santa Cruz Biotechnology) at room tempera-
ture for 1 hour, and then developed. Optical densitometry
on the blots was performed with Quantity One software
(Bio-Rad Laboratories, Shanghai, China).

Statistical analysis

Values are presented as the mean + SD. Data were ana-
lyzed using SPSS 12.0 software (SPSS, Chicago, IL, USA).
Statistical analysis was performed using Student’s t-test for
comparisons between two groups, or one-way analysis of
variance followed by the Bonferroni post hoc test for com-
parisons of more than two groups. A P-value < 0.05 was
considered statistically significant.

Results

sNgR-Fc enhances the proliferation and differentiation of
NPCs in vitro

We characterized the NPCs isolated from the hippocampus
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of embryonic (E16) Sprague-Dawley rats. In the presence of
epidermal growth factor and basic fibroblast growth factor,
the NPCs proliferated into larger neurospheres floating in
the culture medium after 3-7 days. The cells in the neu-
rospheres were positive for nestin (Figure 1A). Next, we
examined NgR1 expression in the NPCs. Most of the NPCs
were positive for NgR1 (Figure 1B). Our previous study
showed that sNgR-Fc promotes the proliferation of NPCs in
vitro (Li et al., 2011). We found that sNgR-Fc enhanced the
proliferation of NPCs in vitro (data not shown). Next, we
investigated whether sNgR-Fc can induce NPCs to differen-
tiate into neurons. Compared with control NPCs, there was
significant differentiation of NPCs into B-III tubulin-posi-
tive neurons following sNgR-Fc treatment (P < 0.01; Figure
1C and D). There was no significant difference in the num-
bers of GFAP, RIP or nestin-positive cells between control
and sNgR-Fc-treated NPCs (Figure 1C and D). Collectively,
these results show that sNgR-Fc stimulates NPCs to differ-
entiate into neurons.

NgR1 expression increases after PCI in rats

The animal experimental protocol is shown in Figure 2A.
We examined NgR1 expression in rats with PCI. Compared
with sham rats, NgR1 expression was greatly increased in
the brain 7 days post PCI (Figure 2B). Notably, most of
the NgR1-positive cells were also positive for BrdU (Figure
2B). Western blot assay showed that NgR1 was significantly
upregulated in the hippocampus 7 days post-injury (Figure
2C). Taken together, these findings demonstrate that NgR1
expression is upregulated in rats following PCIL.

Administration of sSNgR-Fc improves neurological
function following PCI in rats

The escape latency was greatly increased 1 day after PCI,
especially in the PBS group (Figure 3A). Compared with
the PBS group, escape latency was significantly reduced in
rats treated with sNgR-Fc at 1, 7, 14 and 21 days after PCI (P
< 0.05; Figure 3A). However, there was no significant dif-
ference in travelled distance between the sNgR-Fc and PBS
groups either before or 1, 7, 14 and 21 days after PCI (Figure
3B). The spatial memory test showed that in comparison
with the PBS group, sNgR-Fc-treated rats spent more time
passing through the former platform location and swam a
greater distance in the target quadrant (P < 0.05; Figure 3C,
D). The neurological severity score revealed that in both the
sNgR-Fc and PBS groups, neurological severity score was
significantly increased 1 day after PCI, and then gradually
decreased at 7, 14 and 21 days after PCI (Figure 3E). More
importantly, the neurological severity score was greatly re-
duced in the sNgR-Fc group compared with the PBS group
at 14 and 21 days (P < 0.05; Figure 3E). These results indi-
cate that administration of sNgR-Fc improves neurological
function in rats following PCI.

Administration of sSNgR-Fc promotes the proliferation
and differentiation of endogenous NPCs in rats with PCI
We sought to determine whether sNgR-Fc impacts the
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proliferation or differentiation of endogenous NPCs in rats
with PCIL. Compared with the sham group, the number of
BrdU-positive cells was significantly increased in the ipsi-
lateral hemisphere in the PBS and sNgR-Fc groups (both
P < 0.01; Figure 4A and B). The number of BrdU-positive
cells was significantly higher in the sNgR-Fc group than in
the PBS group (P < 0.01; Figure 4A and B). A similar re-
sult was found for the contralateral hemisphere. Compared
with the PBS group, the number of BrdU-positive cells was
significantly increased in the sNgR-Fc group (P < 0.01; Fig-
ure 4A and B). Next, we evaluated nestin expression in the
hippocampus by western blot assay. Nestin expression was
upregulated after PCI injury, and was further increased by
sNgR-Fc treatment (Figure 4C). Subsequently, we exam-
ined the effect of sNgR-Fc on the differentiation of NPCs
in our stroke model. In the lesioned dentate gyrus, more
cells were positive for BrdU in the sNgR-Fc group than in
the PBS group (Figure 4D and E). Furthermore, the ratio
of NeuN/BrdU double-positive cells in the dentate gyrus in
the lesioned area was higher in the sSNgR-Fc group (P < 0.05;
Figure 4D, E). These results show that sNgR-Fc enhances
the proliferation and differentiation of endogenous NPCs in
rats with PCL

Administration of sSNgR-Fc promotes the survival of
grafted NPCs in the rat model of PCI

To further elucidate the effects of sSNgR-Fc on grafted NPCs,
the PCI rats given NPC transplantation were administered
PBS or sNgR-Fc infusion. Then, 3 months after transplan-
tation, the brains were harvested to assess cell survival. The
size of the NPC engraftment was significantly greater in the
sNgR-Fc + NPCs group compared with the NPC group,
suggesting that sNgR-Fc promotes the survival of NPCs
in the PCI rats (P < 0.01; Figure 5A, C). Furthermore, in a
high-magnification field, compared with the NPC group,
more transplanted NPCs were observed in the sNgR-Fc +
NPCs group (P < 0.01; Figure 5B, C). Taken together, these
findings show that administration of sNgR-Fc enhances the
survival of grafted NPCs in PCI rats.

Treatment with sNgR-Fc promotes the differentiation of
engrafted NPCs into neurons

Next, we examined the effect of sNgR-Fc on the differen-
tiation of grafted NPCs 3 months after transplantation.
As shown in Figure 6A, more GFP-positive NPCs were
observed in rats infused with sNgR-Fc after NPC transplan-
tation (Figure 6A, B). A higher number of GFP-positive
NPCs also expressed NeuN in the sNgR-Fc + NPCs group,
indicating that sNgR-Fc can promote not only survival but
also differentiation of engrafted NPCs in vivo (P < 0.01;
Figure 6A, B). More importantly, the density of NeuN/GFP
double-positive cells was much higher in the sNgR-Fc +
NPCs group compared with the NPC group, suggesting that
sNgR-Fc treatment promotes the differentiation of NPCs
into neurons (Figure 6C). In contrast, compared with the
NPC group, the number of GFAP/GFP double-positive cells
was not increased in the sNgR-Fc + NPCs group (Figure

6D-i, ii). There was also no difference in the number of RIP/
GFP double-positive cells between the two groups (Figure
6E-1i, ii). These results indicate that sNgR-Fc treatment also
promotes the differentiation of engrafted NPCs into neurons
in rats with PCL

Discussion

There are several major findings in this study. First, we
found that NgR1 is expressed by endogenous NPCs and
is upregulated in the ischemic brain. Second, the sNgR-Fc
fusion protein has a strong neurogenic effect when admin-
istered into the ischemic brain. Third, sNgR-Fc stimulates
the proliferation of NPCs and promotes their differentiation
into neurons. Last, but not least, administration of sNgR-Fc
promotes the survival of grafted NPCs in rats with PCIL.

Although numerous studies have investigated the mech-
anisms of ischemic stroke, current therapies are far from
ideal (Cassella and Jagoda, 2017; Russo et al., 2018). Novel
therapeutic strategies for ischemic stroke are therefore ur-
gently needed. Neuronal loss as a result of ischemic stroke
has devastating effects on the development and outcome of
the disease (Radak et al., 2017; Flippo et al., 2018; Sekerdag
et al., 2018; Tuo et al., 2018). Neurogenesis post-ischemic
stroke contributes to spontaneous neuroplasticity, attenuat-
ing neurological dysfunction (Tobin et al., 2014; Wu et al,,
2017; Zhu et al,, 2018). In response to neuronal damage or
death, adult neural stem cells/NPCs in the central nervous
system can proliferate and differentiate into neural cells, and
thereby replenish the lost or injured neural cells and help
restore the brain’s functional and structural integrity (Daadi
et al., 2010; Jahanbazi Jahan-Abad et al., 2018). However,
the limited proliferative and differentiation capacities of en-
dogenous NPCs curtail their protective effects (Tseng et al.,
2018; Zhou et al.,, 2018). Stimulating the proliferation and
differentiation of NPCs is a new therapeutic approach for
stroke (Dadwal et al., 2015).

NgR1 has been reported to regulate neurological func-
tion in the central nervous system. Nogo66 has been shown
to inhibit axonal regeneration in the zebrafish optic nerve
(Abdesselem et al., 2009). Moreover, the LINGO-1 receptor,
a functional component of the NgR1, promotes neuronal
apoptosis by inhibiting the activity of WNK3 kinase (Zhang
etal, 2013). These findings suggest that NgR1 plays a critical
role in the regulation of neurological function. Consistent
with a previous study (Zhang et al., 2013), we found that
NgR1 is highly expressed in NPCs after stroke, indicating
that NgR1 regulates their function. Furthermore, NgR1
expression is highly upregulated in PCI rats. Therefore, tar-
geting NgR1 to modulate the function of NPCs is a potential
novel strategy for treating stroke. Indeed, pre-treatment
with LINGO-1-Fc dramatically reduces potassium-induced
cerebellar granular neuron apoptosis by inhibiting glycogen
synthase kinase-3 beta activation (Zhao et al., 2008). In the
current study, treatment with sNgR-Fc markedly restored
neurological function in rats with PCI by increasing the pro-
liferation of endogenous NPCs and their differentiation into
neurons, suggesting that sNgR-Fc promotes neurogenesis
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(A) Representative immunofluorescence images showing Nestin (red) staining of
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pm in A-C. (D) Percentages of $-1II tubulin’, Rip‘, GFAP" and Nestin" cells among
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from NPCs by inhibiting NgR1 signaling. Nonetheless, this
strategy is unable to adequately functionally compensate for
the lost and injured neural cells following stroke.

Over the past few decades, stem cell-based therapies have
shown beneficial effects in brain repair (Ludwig et al., 2018;
Marei et al., 2018). Neural stem cell/NPC transplantation
greatly reduces the size of the infarcted region in the brain
and improves neurological outcomes as determined by
neurological severity score in a rat model of acute ischemic
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overexpressing stromal cell-derived factor 1 alpha (Chau et
al., 2017). Nevertheless, the hostile microenvironment of
the infarcted area is a major obstacle to the survival of the
transplanted NPCs, thereby heavily limiting their therapeu-
tic efficacy. Pre-treatment of NPCs with adjudin enhances
the therapeutic efficacy of injected NPCs in the infarct area
by increasing their survival (Zhang et al., 2017). Therefore,
exploring novel methods to promote NPC survival after
transplantation should greatly advance treatment strategies
for stroke.

It has been reported that NgR1 overexpression results in
a hostile environment that inhibits the survival, prolifer-
ation and differentiation of NPCs (Lu et al., 2012). In the
current study, the increased expression of NgR1 after PCI
may produce a hostile environment that reduces the surviv-
al of transplanted NPCs. Modulating NgR1 expression in
the brain following stroke may enhance the survival of im-
planted NPCs. Indeed, in the current study, we showed that
compared with PBS infusion, sNgR-Fc infusion improved
the survival of transplanted NPCs 3 months post-PCI, sug-
gesting that suppressing NgR1 expression or activation may
enhance the engraftment of NPCs in the ischemic brain.
Combined treatment with sNgR-Fc and exogenous NPCs
further ameliorated the therapeutic efficacy of these cells by
promoting their survival and differentiation.

There are some limitations to the current study. First,
the dose of sNgR-Fc was adapted from our previous study.
Whether the dose of sNgR-Fc affects the differentiation of
NPCs into neurons is unknown. Second, because NgR1 is
upregulated by stroke, it is necessary to determine whether
conditional knockdown of NgR1 can influence the differen-
tiation capacity of NPCs. Third, although we demonstrated
that sNgR-Fc improves the survival of transplanted NPCs,
the underlying mechanisms are unknown. Further studies
are required to address these issues.

In summary, sNgR-Fc enhances the proliferation and
differentiation of endogenous NPCs into neurons, and pro-
motes neurological functional recovery after stroke. More
importantly, sNgR-Fc increases the survival of transplanted
NPCs in the ischemic brain and augments their therapeutic
efficacy. sNgR-Fc may therefore have therapeutic potential
for ischemic stroke and neurodegenerative diseases.
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Figure 5 Administration of sNgR-Fc enhances the survival of grafted NPCs in
the rat model of PCI.

(A, B) Representative immunofluorescence images showing the surviving grafts
in a low-magnification field (A, scale bar: 1 mm) and grafted GFP-positive NPCs
in a high-magnification field (B, scale bar: 500 pm) in response to sNgR-Fc or PBS
treatment 3 months after NPC transplantation in the stroke injury model. Arrows
point to GFP-positive NPCs. Green staining indicates GFP-positive cells. (C) Size
of surviving grafts measured in the SNgR-Fc and PBS-treated rats at 3 months after
NPC transplantation in the stroke injury model. All data are expressed as the mean
+ SD (n = 6; Student’s t-test). §§P < 0.01, vs. NPCs group. sNgR-Fc: Soluble Nogo66
receptor-Fc protein; PCI: photothrombotic cortical injury; NPCs: neural progeni-
tor cells; GFP: green fluorescent protein; PBS: phosphate-buffered saline.
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Figure 6 Treatment with sNgR-Fc promotes the differentiation of engrafted NPCs into neurons.

(A, B) Representative immunofluorescence images showing the expression of NeuN (red) in GFP + NPCs (green) in the NPCs and sNgR-Fc + NPCs
groups at 3 months post transplantation in the rat model of PCL Scale bars: 100 and 25 um. (C) Density of NeuN'/GFP" cells in the injured area in the
NPCs and sNgR-Fc + NPCs groups. (D) GFAP (red) and GFP (green) detected by immunofluorescence staining at 3 months post-PCI in the NPCs
and sNgR-Fc + NPCs groups (i). Scale bar: 25 um. Arrows point to GFAP'/RIP" cells. The density of GFAP"/GFP" cells in the injured area in the NPCs
and sNgR-Fc + NPCs groups (ii). (E) Expression of RIP (red) and GFP (green) at 3 months post-PCI in the NPCs and sNgR-Fc + NPCs groups (i).
Scale bar: 25 pm. Arrows point to RIP*/GFP" cells. The density of RIP"/GFP" cells in the injured area in the NPCs and sNgR-Fc + NPCs groups (ii). (C,
Dii, Eii) All data are expressed as the mean + SD (n = 6; Student’s t-test). §§P < 0.01, vs. NPCs group. sNgR-Fc: Soluble Nogo66 receptor-Fc protein;
PCI: photothrombotic cortical injury; NPCs: neural progenitor cells; GFP: green fluorescent protein; GFAP: glial fibrillary acidic protein.
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