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SUMMARY
Human neural progenitor cell (hNPC) transplantation holds great potential to treat neurological diseases. However, hNPC grafts take a

long time to differentiate into mature neurons due to their intrinsically prolonged developmental timetable. Here, we report that post-

operative physical exercise (PE), a prevailing rehabilitation intervention, promotes the neuronal commitment, maturation, and integra-

tion of engrafted hNPCs, evidenced by forming more synapses, receiving more synaptic input from host neurons, and showing higher

neuronal activity levels.More important, NPC transplantation, combinedwith PE, shows significant improvement in both structural and

behavioral outcomes in stroke-damaged rats. PE enhances ingrowth of blood vessels around the infarction region and neural tract reor-

ganization along the ischemic boundary. The combination of NPC transplantation and postoperative PE creates both a neurotrophic/

growth factor-enriched proneuronal microenvironment and an ideal condition for activity-dependent plasticity to give full play to its

effects. Our study provides a potential approach to treating patients with stroke injury.
INTRODUCTION

Stroke is a leading cause of death and disability world-

wide (Zorowitz et al., 2009). Clinical trials have shown

that neuroprotective treatments failed to get an ideal

outcome in most cases (Gladstone et al., 2002). Neural

progenitor cells (NPCs) can differentiate into neurons

in vivo and have the potential to replace lost neurons

after central nervous system (CNS) injury (Blaya et al.,

2015; Han et al., 2013; Kadoya et al., 2016; Lu et al.,

2014). The incorporation of NPC-derived neurons into

the host neural circuitry is believed to ensure long-term

functional recovery. However, evidence showing good

integration of transplanted human NPCs (hNPCs) is

rare (Espuny-Camacho et al., 2018; Palma-Tortosa et al.,

2020; Tornero et al., 2017). One of the most important

reasons is that grafted hNPCs take a long time to mature

and achieve functional integration with host neural cir-

cuits (Lu et al., 2017; Real et al., 2018; Semple et al.,

2013), which contrasts with the relatively short experi-

mental window and short lifespan of rodents in most

studies. In the clinic, there is always a critical time win-

dow for rehabilitation intervention (Coleman et al.,

2017), which may be easy to miss due to the time-

consuming human neuron maturation that occurs if

cell replacement therapy is used alone. Therefore, it is
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essential to find efficient and safe ways to promote

neuronal differentiation and maturation of transplanted

hNPCs, as well as to establish functional connectivity in

both preclinical animal studies and clinical applications.

Physical exercise (PE) can modulate peri-infarct micro-

environments by promoting angiogenesis, vasomotor

reactivity, and neurotrophic factor release, reducing exci-

totoxicity and inflammation and thus improving neuro-

logical function (Mala and Rasmussen, 2017; Pin-Barre

and Laurin, 2015b). Recently, we reported that PE can

improve brain function through mitigation of autophagy

and attenuation of apoptosis in stroke-damaged rats

(Zhang et al., 2013). PE has been widely recommended

as a standard postoperative rehabilitation regimen for

brain and spinal cord injury and justified by a large num-

ber of clinical trials (Liu et al., 2019; Vanderbeken and

Kerckhofs, 2017). Our group and other laboratories have

also demonstrated that PE can recruit endogenous NPCs

and induce neurogenesis under physiological and patho-

logical conditions (Choi et al., 2018; Luo et al., 2014;

Yau et al., 2014). However, such evidence on exogenous

NPCs is virtually nonexistent.

Moreover, compared with stroke damage confined to

the striatum, lesions with cortical damage showed worse re-

covery with cell replacement either by grafted neural stem

cells or by endogenous neurogenesis in animal studies
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. hNPC transplantation combined with physical exer-
cise (PE) improves the structural outcome and neurological
functions of stroke-damaged rats
(A) Experimental design.
(B) Brain infarction ameliorated at day 35 measured by T2-
weighted MRI (left) and quantification of NeuN immunostaining
brain sections (right). Also see Figure S2 for representative images.
(C) Neurological functions recovery at day 35 measured by the
ladder rung walking test and Irvine, Beatties, and Bresnahan
(IBB) forelimb scale test. Also see Figure S3A for the cylinder
test and elevated body swing test. Sham: sham surgery group
without tMCAO. n = 6 rats per group; *p < 0.05, **0.01 < p <
0.05, ***p < 0.01 determined by Kruskal-Wallis with Nemenyi
(Arvidsson et al., 2002; Smith et al., 2012). Clinical evidence

from patients also showsmore severe symptoms and a lesser

degree of recovery when stroke lesions affect cortical areas

(Delavaran et al., 2013). In this study, we employ a stroke

rat model with lesions spanningmost of the unilateral stria-

tum and a large area of the overlying sensorimotor cortex

and demonstrate that the combination of NPC transplanta-

tion and postoperative PE promotes functional outcomes of

NPCs in stroke recovery.
RESULTS

Physical exercise after hNPC transplantation improves

structural and behavioral outcomes in stroke-

damaged rats

To determine whether hNPC transplantation combined

with PE can be developed into a practical therapeutic strat-

egy for treating intractable stroke, we studied the effects of

poststroke exercise training on the in vivo cellular behavior

of transplanted hNPCs and the effect of this combination

on neurological recovery. We employed the transient mid-

dle cerebral artery occlusion (tMCAO)model in 8-week-old

male Sprague-Dawley rats, which can simulate the clinical

process of ischemic stroke well. The successful model of the

rats was confirmed by the Bederson score (Bederson et al.,

1986). The stroke-damaged rats were then randomly

divided into four groups: sham injection (vehicle alone),

PE after sham injection (vehicle plus PE), NPC transplanta-

tion alone (NPCs alone), and NPC transplantation com-

bined with PE (NPCs plus PE). hNPCs were derived from

human embryonic stem cells (ESCs) in which the CAG pro-

moter-driven dsRed gene was targeted to the AAVS1 locus

via CRISPR-Cas9 gene editing and intracerebrally trans-

planted into the ischemia striatum on day 3 after tMCAO

(2.4 3 105 cells suspended in 3 mL DMEM/F12). Rats in

the vehicle groups were injected with DMEM/F12 doses

of equal volume. For PE training, an enforced wheel-

running program at a moderate intensity started on day 7

after tMCAO and continued until sacrifice. We followed

up the brain infarction with MRI T2-weighted imaging

on days 7 and 35 after tMCAO (Figure 1A). tMCAO affected

most of the ipsilateral striatum and a large area of the over-

lying sensorimotor cortex (Figures S1A and S1B). Rats in the

NPCs plus PE group exhibited a significantly smaller

infarcted volume based on both MRI and the quantifica-

tion ofNeuN immunostaining in brain sections (Figure 1B),

as well as a higher cortical width index compared with
post hoc test (IBB) or one-way ANOVA followed by Bonferroni’s
post hoc test.
(D) Pearson’s correlation analysis between infarcted volume and
error score in the ladder rung walking test.
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Figure 2. PE accelerates the neuronal commitment, axon outgrowth, and synapse formation of engrafted hNPCs
(A and B) Accelerated neuronal differentiation of human grafts (DsRed) measured by immunostaining of Nestin (A) and NeuN (B).
(C) Newly produced cells and/or immature neurons traced by BrdU injection and identified by immunostaining of human-specific nuclear
antibody (hNA) and DCX, a marker of neuroblasts and immature neurons.
(D) Axon outgrowth of human neurons measured by human-specific TAU (hTAU) immunostaining.
(E) Synapse formation measured by colabeling of the postsynaptic marker PSD-95 and the presynaptic marker synaptophysin. n = 6 rats per
group. Data are represented as mean ± SEM over scatterplots; *p < 0.05, **0.01 ＜ p <0.05, ***p < 0.01 by Student’s t test. Scale bars:
20 mm in (A, B, D, and E); 50 mm in (C).
other groups (Figure S1C). More important, they also out-

performed other groups in motor function tests on day

35 after stroke (Figures 1C and S2A), including the ladder

rung walking task; Irvine, Beatties, and Bresnahan (IBB)

forelimb scale test; cylinder test; and elevated body swing

test (for the time course, see Figures S2C–S2F). And the

behavioral performance is well correlated to the infarcted

volume amonghNPC-transplanted individuals (Figure 1D).

The NPCs plus PE rats also showed significantly better per-

formance than the NPCs-alone rats in a long-term assess-

ment on day 97 (Figure S2B).
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Physical exercise protects hNPCs and accelerates their

neuronal commitment

The engrafted human cells were identified by DsRed fluo-

rescence and/or positive staining against human-specific

nuclear antigen (hNA). The human grafts were restricted

within the striatum area, with very few cells reaching the

overlying cortical parenchyma. All the pictures in this

paper were taken on day 35 from the rectangular area indi-

cated in Figure S3A unless otherwise stated.

We first investigated the effect of PE on graft survival.

Although apoptosis analysis of transplanted cells by



terminal deoxynucleotidyl transferase dUTP nick-end la-

beling (TUNEL) assay at day 35 shows no significant differ-

ence resulting from PE training (Figure S3B), and Ki67

staining shows a higher proliferation in the NPCs alone

rats (Figure S3C), the human graft volume in the NPCs

plus PE group is significantly larger than that in the NPCs

alone group (Figure S3D), implying a plausible protection

role of PE on hNPCs during the early stage, supported by

the enhanced release of neurotrophic factors (see below).

Thus, to gain insight into the contributions of the surviv-

ing hNPCs to the structural and behavioral recovery in the

NPCs plus PE rats, we performed a detailed immunostaining

of hNPCs against a variety of cell markers. Most of the

grafted human cells retained the forebrain/cortical identity,

expressing markers like FOXG1 and TBR1 (Figures S4A and

S4B), while a small subpopulation (1%–5%) of human cells

started to show the striatum marker DARPP32 (Figure S4C).

A relatively high proportion of human cells (10%–30%) ex-

pressed the neural stem cell marker Nestin. Notably, PE

significantly reduced Nestin-positive cells (Figure 2A) and

the percentage of Ki67+ human cells (Figure S3C). We also

administered bromodeoxyuridine (BrdU) via intraperitoneal

injection for 5 consecutive days from the 28th to the 32nd

day after stroke to trace the newly produced cells and found

that PE training significantly reduces BrdU+ cells (Figure 2C).

Conversely, PE increases the proportion of DCX+ cells (a

marker of neuroblasts and immature neurons) among trans-

planted cells, as well as that of BrdU and DCX double-posi-

tive cells (Figure 2C). We also found a 2.5-fold increase in

NeuN-labeled human cells in the NPCs plus PE group (Fig-

ure 2B), while astroglia-like human cells were barely de-

tected in both groups (Figure S4D). The majority of the hu-

man neurons were excitatory, with higher glutamate and

vGluT1 levels in the NPCs plus PE group (Figures S4E and

S4F). All these results demonstrated an accelerated neuronal

commitment of hNPCs by PE training.

Physical exercise promotes the integration of

engrafted neurons into host neural circuits

Axon regeneration and synapse reconstruction form the

structural basis of functional improvement. We performed

human-specific TAU (hTAU) protein immunostaining to

assay human neurofilament density and unveiled that

the fluorescence intensity ratio of hTAU to dsRed was

much higher in the NPCs plus PE group (Figure 2D).

Furthermore, the synaptophysin (presynaptic marker)

and PSD-95 (postsynaptic marker) colabeled puncta sur-

rounding the engrafted cells in theNPCs plus PE group out-

numbered those in the NPCs alone rats (Figure 2E). These

data indicate that human axon outgrowth and substantial

synapse formation within the graft area are greatly boosted

by PE training andmay contribute to neurological recovery

(see their correlation in Figures S5D and S5E).
The physiological maturation and integration of human

neurons are also supported by the expression of the imme-

diate-early gene c-Fos, a neuronal activity marker. The stria-

tum receives input from the motor cortex and also projects

back via the thalamic relay. The c-Fos expression in both

the intrastriatal human graft (Figure 3A) and the ipsilateral

host motor cortex (Figure 3B) is greatly enhanced by PE

training. The upregulated activity of human neurons may

represent substantial innervations from the host neurons

or a more mature state. Further, the higher-level neuronal

activity in themotor cortex may suggest that the intrastria-

tal human cells may activate the host motor cortex in a

feedforward manner. However, the activating role of hu-

man cells in NPCs alone rats is marginal (p > 0.05, NPCs

alone versus vehicle alone), indicating a decisive role for

PE training in promoting the functional integration of hu-

man cells.

Next, we used a rabies-based retrograde monosynaptic

tracing strategy (Falkner et al., 2016; Grealish et al., 2015;

Tornero et al., 2017) to see the connections between donor

and host neurons by using an H1-CAG-GTRqp human ESC

line, which previously was generated in our lab, with

constitutive expression of rabies virus glycoprotein, avian

TVA receptor, and EGFP under the control of the human

CAG promoter. Three months after transplantation, rabies

virus for retrogrademonosynaptic tracingwas injected into

the transplantation site and the rats were perfused 7 days

later. The rabies virus specifically infected the human cells,

and the grafted and infected human cells coexpressed EGFP

and mCherry fluorescence (as the starter neurons, hNA+/

EGFP+/mCherry+) and received the afferent projection

from the host neurons that express only mCherry (as the

traced neurons, hNA�/EGFP�/mCherry+). The traced host

neurons were distributed in diverse brain areas, andmostly

concentrated in the ipsilateral motor cortex (Figure 3C).

Notably, the number of traced neurons as a percentage of

the starter cells in the ipsilateral motor cortex of the

NPCs plus PE rats was about 2-fold greater than that of

NPCs alone (Figure 3C), as it was is in the contralateral mo-

tor cortex (Figure 3D).

Collectively, these data prove that PE training could pro-

mote neuronal commitment and accelerate thematuration

and integration of grafted hNPCs, which are well correlated

with the behavioral performance of NPC-transplanted in-

dividuals, implying that the activity of human neurons

may contribute to neurological recovery (for their correla-

tion analysis, see Figures S5C and S5G).

Physical exercise ameliorates the infarction foci and

creates a proneuronal microenvironment

The density of the nerve fibers in the NPCs plus PE rats was

the highest among all the groups, as indicated by the fluo-

rescence intensity of the TAU protein (Figure 4A). PE
Stem Cell Reports j Vol. 17 j 276–288 j February 8, 2022 279
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Figure 3. PE increases neuronal activity and the synaptic connection among engrafted human cells and host neurons
(A and B) Enhanced neuronal activity in both human cells (A) and the host neurons in the ipsilateral motor cortex (B) indicated by the
c-Fos expression level.
(C and D) Increased synaptic projections from the host neurons to the engrafted human neurons unveiled by rabies-based retrograde
monosynaptic tracing and quantified as the ratio of virus-traced host neurons/rabies virus-infected human cells (starter neurons) in the
ipsilateral motor cortex (C) and in the contralateral motor cortex (D). n = 6 for (A and B); n = 5 for (C and D). *p < 0.05, **0.01 < p < 0.05,
***p < 0.01 by Student’s t test (A, C, and D) and one-way ANOVA followed by Bonferroni’s post hoc test (B). Scale bars: 50 mm in (A and B);
100 mm in (C and D).
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Figure 4. hNPC transplantation combined with PE ameliorates
the microenvironment around the infarcted area
(A) Enhanced neural fiber regeneration along the infarction border
measured by immunostaining of TAU, an axon marker.
(B) Angiogenesis within the infarcted area measured by immuno-
staining of vessel marker Glut-1 and pericyte/smooth muscle cell
marker PDGFR-b.
(C) Upregulated secretion of neurotrophic factors and angio-
genic factors on day 14 unveiled by ELISA. Sham: sham surgery
group without tMCAO. n = 6 for (A and B); n = 5 for (C). *p <
0.05, **0.01 < p < 0.05, ***p < 0.01 by one-way ANOVA fol-
lowed by Bonferroni’s post hoc test. Scale bars: 20 mm in (A);
50 mm in (B).
training also promotes the ingrowth of blood vessels, as

evidenced by immunostaining against glucose trans-

porter-1 (Glut-1) and platelet-derived growth factor recep-

tor-b (PDGFR-b) (Figure 4B). These data indicate a much

ameliorated microenvironment within the infarction area

in the NPCs plus PE rats that might benefit structural and

functional recovery (also see Figures S5H and S5I for the

correlation analysis).

To find what molecules participated in this microenvi-

ronment reconstruction, we examined the levels of candi-

date neurotrophic factors, angiogenesis factors, and insu-

lin-like growth factors within the striatum as previously

reported, including brain-derived neurotrophic factor

(BDNF), glial cell-derived neurotrophic factor (GDNF),

nerve growth factor (NGF), neurotrophin-3 (NT-3),

vascular endothelial growth factor (VEGF), and insulin-

like growth factor-1(IGF-1) (Pin-Barre and Laurin, 2015a;

Yook et al., 2019) by using ELISA kits on the 14th day after

stroke. Both NPC transplantation and PE training increase

the levels of all these cytokines, with the highest being in

theNPCs plus PE group (Figure 4C). To get amore thorough

view of what was going on during the first recoverymonth,

we conducted genome-wide RNA sequencing and a gene

ontology (GO) enrichment analysis of differentially ex-

pressed mRNAs in each group. PE alone significantly upre-

gulates genes in synaptic activities, especially those related

to synaptic transmission (cholinergic) and acetylcholine

metabolism (Figure 5A), which is very consistent with pre-

vious studies identifying a key role for acetylcholine inmo-

tor map plasticity and rehabilitation-mediated recovery

from brain lesions (Conner et al., 2005; Ramanathan

et al., 2009; Wang et al., 2016). NPC transplantation upre-

gulates genes involved in neuronal differentiation, axon

elongation, and angiogenesis, as well as antiapoptosis,

antioxidation, and antigliosis (Figure 5B), where the

NPCs plus PE rats greatly outperformed the NPCs alone

rats (Figure 5C). More important, postoperative PE after

NPC transplantation can further enrich the genes involved

in multiple physiologically related processes and func-

tions, such as neuronal excitability, learning and memory,

the dopamine signaling pathway, and adenylate cyclase

activation (Figure 5D). The last two also have long been

known to play important roles in motor control and

learning, as well as neural plasticity (Kandel, 2012; Pierre

et al., 2009; Wooten and Trugman, 1989).
DISCUSSION

Neuronal differentiation of transplanted cells and integra-

tion into the host neural circuitry are key steps for effectual

neuronal repair. Some studies have suggested that grafted

hNPCs can receive synaptic input from or send projections
Stem Cell Reports j Vol. 17 j 276–288 j February 8, 2022 281
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Figure 5. hNPC transplantation and PE alter the gene expression signature of stroke-damaged striatum
(A–D) Differentially expressed genes (DEGs) determined by RNA-seq and gene ontology (GO) enrichment analysis of vehicle plus PE versus
vehicle (A), NPCs alone versus vehicle (B), NPCs plus PE versus vehicle (C), and NPCs plus PE versus NPCs alone (D) on day 35. Left:
heatmaps depicting all significant DEGs (red is upregulated genes, blue is downregulated genes). Right: the top GO terms of upregulated
genes. n = 4 rats for the vehicle plus PE and NPCs plus PE groups. n = 3 rats for the vehicle alone and NPCs alone groups. The p value
indicates the significance of the enriched GO terms among different treatments.
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to the host neurons by virtue of fluorescence labeling and

long-time tracing techniques (Espuny-Camacho et al.,

2018; Palma-Tortosa et al., 2020; Tornero et al., 2017).The

activity of grafted human neurons was functionally modu-

lated by the host sensory input (Tornero et al., 2017) and

involved in maintaining normal motor function (Palma-

Tortosa et al., 2020). However, hNPCs need an extended

maturity timeline, which has hinderedmore preclinical in-

vestigations exploring functional recovery by transplant-

ing hNPCs into animal models, thus compromising their

clinical application. Active proliferation and late neuronal

differentiation/maturation of human grafts have been re-

ported recently (Lu et al., 2017; Real et al., 2018). The un-

predictable or uncontrollable proliferation of transplanted

hNPCs brings tumorigenic or hyperplasia risk (Chung

et al., 2006;Germain et al., 2012;Guan et al., 2014). In light

of the present data, we demonstrate for the first time that

PE, a prevailing postoperative rehabilitation intervention,

can substantially promote neuronal differentiation and

accelerate the maturation of hNPCs, which might be the

way to increase hNPCs curative effect. Recently, Yu and col-

leagues also reported that artificially selective activation of

transplanted NPCs by opto-chemogenetics enhanced

neuronal repair and functional recovery after ischemic

stroke (Yu et al., 2019).

We further unveiled two sequentially and parallelly in-

teracting mechanisms that could benefit neurologic recov-

ery, where interactions between the host cells and the

donor cells play a key role. The PE andNPC transplantation

show a cumulative effect in this process.

First, the combination of PE and NPC transplantation can

create the most proneuronal microenvironment among all

groups. Aspreviously reported (Neeper et al., 1995;Vaynman

and Gomez-Pinilla, 2005), PE training alone and NPC trans-

plantation alone increase the secretion of neurotrophic and

angiogenesis factors. This was significantly augmented by

the combinational intervention, which is indicative of the

accumulative effect of PE training and NPC transplantation.

Our genome-wide RNA sequencing results also confirmed

the optimizedmicroenvironment for neuron differentiation

and maturation. The increased neurotrophic/growth factors

play both neuroprotective and regenerative roles and can

benefit recovery in multiple aspects. For example, VEGF

can induce angiogenesis, as shown in our experiment, to in-

crease the supply of nutrients and oxygen or directly prompt

axonal outgrowth in blood-flow-independent ways, e.g.,

providing a neurogenic niche via neurovascular coupling or

a scaffold for cell migration (Kanazawa et al., 2019). Further,

the hNPCs deposited in the infarction area can provide po-

tential targets for the striatum-projecting host neurons to

innervate in a timely way, preventing them from remote

degeneration (Fornito et al., 2015; Nakane et al., 1997) and

unwanted sprouting (Sutula et al., 1989)due to loss of targets.
Second, the combination of PE and NPC transplanta-

tion can create an ideal condition for activity-dependent

plasticity to give full play to its effects. Brain plasticity re-

fers to the brain’s ability to change structure and function

in the face of an ever-changing environment at the levels

of molecules, spines, dendrites, and axons and even the

entire cell, like adult neurogenesis. PE can influence all

these levels and promote the remodeling of host stria-

tum-projecting neurons in the motor cortex and the thal-

amus in an activity-dependent way (Eadie et al., 2005; Re-

dila and Christie, 2006; Wang et al., 2016). The host

neurons may innervate the striatum-deposited human

cells promptly in situ before their maturation. Previous

studies have shown that immature newborn neurons in

adult rats exhibit a higher plasticity capability and a lower

threshold for the induction of long-term potentiation

(LTP) compared with mature neurons (Ge et al., 2007;

Schmidt-Hieber et al., 2004). Moreover, when PE can syn-

chronously activate the intrastriatal human neurons and

the host cortical neurons, the prerequisite for Hebbian

synaptic plasticity forms (Murphy and Corbett, 2009)

and the connections between the neurons would be

further strengthened, whereby the c-Fos expression in

both human grafts and the host motor cortex is specif-

ically enhanced by PE training. One of our previous

studies showed that synchronized oscillation in the corti-

cothalamic network can readily induce c-Fos expression

and lead to neuronal plasticity (Guo et al., 2007). Our

RNA sequencing (RNA-seq) also shows that PE enriches

genes involved in experience-dependent plasticity, such

as neuronal excitability, adenylate cyclase activation,

cholinergic and dopaminergic synaptic transmission,

learning, and memory.

PE is noninvasive and safe, without side effects or risks

associated with inflammation/infection, drug addiction/

resistance, allergy, and stress. Now PE has been widely

used in postoperative rehabilitation and home health care

for a variety of brain disorders, including trauma, stoke,

and neurodegenerative diseases. However, the clinical data

indicate that PE training, as well as other rehabilitation in-

terventions, is not enough. Our new results propose the

combination of NPC transplantation and postoperative PE

as a treatment for patients with stroke injury. However,

when applied in the clinic, our study shows several limita-

tions. The species discrepancies between rodents and hu-

mans encompassing physiological, pathophysiological,

anatomical, and behavioral factors are huge, so nonhuman

primates should be used as models for further preclinical

and translational stroke studies (Fisher et al., 2009; Stroke

Therapy Academic Industry, 1999). Moreover, we have

done only an acute stroke model, and additional studies

are needed in chronic stroke subjects, as many chronic

stroke patients are refractory to all the prevailing
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rehabilitation interventions, due tomissing the critical reha-

bilitation time window.

In conclusion, our study demonstrates that postoperative

PE can promote neuronal differentiation, maturation, and

functional integration of grafted hNPCs in an acute stroke

rat model. The combinational intervention of NPC trans-

plantation and PE training outperforms both NPC trans-

plantationaloneandPE trainingalone in termsof structural

and behavioral outcomes by creating a neurotrophic/

growth factor-enriched proneuronal microenvironment

and an ideal condition for activity-dependent plasticity to

give full play to its effects in the stroke-damaged brain,

pointing to a possible treatment strategy for patients with

stroke injury. Future work should be carried out to optimize

this combinational regimen by using nonhuman primates

for further preclinical and translational stroke study.
EXPERIMENTAL PROCEDURES

All procedures were conducted in accordance with theGuide for the

Care and Use of Laboratory Animals of the National Institutes of

Health (Publication No. 80-23, revised 1996) and were approved

by the ethical committee for the use of laboratory animals at the

Guangzhou Institute of Biomedicine and Health, Chinese

Academy of Sciences.

Cell culture
hNPCs derived from an H1 ESC line (WA01,WiCell Research Insti-

tute) were used in the experiments. ESCs were transduced with a

viral construct containing red fluorescent protein and the EGFP

and dsRed genes were inserted at the AAVS1 locus to generate fluo-

rescence-expressing lines (Xing et al., 2019). Generation of NPCs

from these ESC lines by using the monolayer culture method has

been described previously (Xing et al., 2019). Briefly, when ESCs

reached approximately 95% confluence, the culture medium was

changed to N2B27 medium with 5 mM SB431542 (Selleck, S1067)

and 5 mMdorsomorphin (Selleck, S7840) added for 8 days. The cells

were then scraped down and replated in the N2B27 medium for

another 8 days. hNPCs were obtained bymanually picking rosette-

like structures and maintained in suspension in the N2B27

medium with 20 ng/mL basic fibroblast growth factor (bFGF)

(Peprotech, 9610018B50) and 20 ng/mL epidermal growth factor

(EGF) (Peprotech, AF10015100).

Animals
Adult male (250–280 g) Sprague-Dawley rats were used in the

study. The rats were purchased from Beijing Vital River Laboratory

Animal Technology and raised in a specific-pathogen-free environ-

ment with a standard laboratory diet and a 12/12 h light/dark cy-

cle. After a quick neurologic assessment by using the Bederson

score (Bederson et al., 1986), the stroke-damaged animals that

scored grade 2–3 were randomly grouped, and all the experiments

were blinded. In total, we did three and two cell batches of trans-

plantation experiments, respectively, for 35-day and 97-day assess-

ments, and one batch for 14-day ELISA.
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Transient middle cerebral artery occlusion
A modified tMCAO technique was used as previously described

(Belayev et al., 1996). Briefly, rats were anesthetized with 2%

pentobarbital sodium (50 mg/kg, i.p.) and fixed supinely on a

warming pad. A vertical incision was made in the middle of the

neck. The common carotid artery (CCA), internal carotid artery

(ICA), and external carotid artery (ECA) were carefully separated

with tweezers. The distal end of the ECA was ligated and the prox-

imal end of the ECA and the bifurcation of the CCAwere clamped.

Then an arteriotomy hole was made between the ligation and the

vascular clamp, and a nylonmonofilament (final tip diameter, 0.38

± 0.02 mm, Beijing Cinontech, China) was carefully inserted into

the hole in the direction of the vascular clamp. The filament was

gradually forwarded from the ECA to the ICA until the MCA was

blocked, and then it was kept in place for 60 min. The reperfusion

was performed by gently pulling out the filament. After the skin

was disinfected and sewn, the rat was returned to a clean home

cage.

Physical exercise
The rats in the PE group were trained on a speed-control running

wheel (diameter, 21 cm; length, 60 cm) and started running exer-

cises on day 7 (20 min per session, 2 sessions per day, 6 days per

week). The initial speed was 5 rpm in the first week and gradually

increased to 10, 15, and 20 rpm on days 14, 21, and 28, respec-

tively. The rats in the control groupwere put in the same apparatus

at the same time, but without rotating.

Immunosuppression and cell transplantation
All rats, including those in the vehicle and sham surgery (called

sham in the results) groups, received immunosuppressant cyclo-

sporine A (Norvartis, Sandimmune 10 mg/kg, i.p.) daily until sac-

rifice. At day 3 after tMCAO, the rats were anesthetized with iso-

flurane and fixed in a stereotactic apparatus (ASI Instruments,

USA). The skulls were exposed and a hole was drilled at the appro-

priate position on the ischemic hemisphere. hNPCs were digested

with Accutase (Sigma, A6964) into single cells and microinjected

into the striatum (80,000 cells/mL, 3 mL in total, 1 mL/min) by using

an infusion pump (WPI). The injection coordinates were 0.5 mm

anterior to Bregma, 3.0 mm right of the sagittal suture, 5.0 mm

ventral to the brain surface. The vehicle received a suspensionme-

dium injection of the same volume.

Neurobehavioral evaluation
The rats were subjected to neurologic function evaluations using

the ladder rung walking task, IBB forelimb scale, cylinder test,

and elevated body swing test immediately before tMCAO surgery

and 7, 14, 21, 28, 35, and 97 days after MCAO. For the first three

tests, each rat’s performance was filmed and analyzed frame by

frame by two experimenters whowere blinded to the experimental

groups. For more information, see the supplemental information.

The ladder rung walking task
Before the first test session, the rats were trained to cross a ladder on

a regular rung pattern. In test sessions, the rats were examined on

an irregular pattern (a new pattern for each trial, five trials per rat).

The error score was the percentage of total steps that were in error.



The IBB score
The rats were placed in a transparent Plexiglas box in which the

bottom and two adjacent side walls were mirrored. The rats were

filmed while eating one entire spherical cereal piece. The score

was given according to the scale described previously (Irvine

et al., 2010) by checking the video. Two trials for each rat were per-

formed, and the mean score was used in the analysis.

Cylinder test
The rats were placed in a transparent glass cylinder (diameter

20 cm, height 30 cm) and could move freely in a quiet state. Two

vertical mirrors were put behind the cylinder for an all-direction

observation. The number of times they reared and touched the

cylinder in a weight-bearing fashion with the left, right, or both

forelimbs was counted for 20 hits, and the left:right ratio was

used in the analysis.

Elevated body swing test
Rats were held approximately 1 inch from the base of the tail at a

height of about 1 inch. A right (left) swing was counted when the

head of the animal moved more than 10� from the vertical axis to

the right (left) side. Swings were counted for 60 s for each rat, and

the percentage of hemiplegic sides (left swings) was analyzed.

MRI measurements
MRI measurements were performed using a 7 Tesla system with a

Bruker console (Bruker Biospin, PharmaScan70/16, USA). Anes-

thesia and body temperature were maintained during the MRI

measurements. T2-weighted imaging was obtained by multiple

slices, multiple spins, or gradient echoes sequences (TE = 33,

TR = 2,500, FOV = 35, matrix = 128 3 128, 23 slices, 0.8 mm slice

thickness), respectively. Seven images were acquired for each slice,

including one baseline with b = 0 and six images with b = 1,849.98

s/mm2 at independent directions of diffusion gradients along the

xyz axis.

ELISAs
Fresh ipsilateral striatum tissues were carefully isolated under stere-

oscopy, homogenized in an extraction buffer containing a protease

inhibitor, and centrifuged at 13,000g for 30 min at 4�C. The ELISA
kits used in the study were rat BDNF (Abcam, ab213899), rat VEGF

(Abcam, ab100787), rat GDNF (Abcam, ab213901), rat neurotro-

phin-3 (Abcam, ab213905), rat IGF-1 (Abcam, ab213902), and rat

NGF (ImmunoWay, KE1648). Supernatants were used to measure

cytokines according to the manufacturers’ protocols. Briefly,

100 mL samples and calibrators were added to the plate wells coated

with an array of cytokine capture antibodies and incubated for 2 h,

followed by incubations with the primary antibody (for 2 h) and

the second antibody (for 1 h). An MSD read buffer was added

and the plate was read immediately on a MesoQuickPlex SQ 120.

Rabies vector production and injection
A pseudotyped rabies vector was produced as previously described

(Xing et al., 2019). Titration was performed using TVA-expressing

HEK293T cells as defined in the protocol (1 3 107 TU/mL). For

in vivo experiments, we used a dilution of 5%, and rabies virus
(1 mL) was injected stereotaxically into the transplantation site

(80 nL/min).

BrdU injections
BrdU (Sigma-Aldrich, KGA326) dissolved in 0.9% saline at a con-

centration of 10 mg/mL was injected intraperitoneally once daily

at the dose of 50 mg/g bodyweight ondays 28 to 32. For BrdUdetec-

tion, see the supplemental information.

Immunofluorescence staining
At day 35 or 97, the rats were perfused transcardially and then fixed

in 4% paraformaldehyde, followed by dehydration. The brains

were cut into 30-mm-thick coronal slices using a microtome (Leica,

CM3050S). For immunostaining, free-floating sections were per-

meabilized with 1% Triton X-100 in PBS for 1 h and incubated in

blocking buffer (PBS containing 10% goat serum and 0.3% Triton

X-100) for 1 h. The sections were then incubated with the primary

antibodies on a shaking table overnight and followed by incuba-

tion with fluorescein-conjugated secondary antibodies and DAPI

for 1 h at room temperature. Antibodies used in this study are pro-

vided in the supplemental information. Images were acquired by

using a Carl Zeiss microscope and quantified by using NIH ImageJ

software (Bethesda, MD, USA). For more information about quan-

tification, see the supplemental information.

RNA-seq
The ipsilateral striatum was prepared with RNase-free instruments

under stereoscopy and conserved in RNALater solution (Invitro-

gen, AM7020). The sequencing was performed by Annoroad

Gene Technology. Briefly, the total RNA was extracted using the

Arcturus PicoPure RNA Isolation Kit (Applied Biosystems,

KIT0204) according to the manufacturer’s instructions. Fragmen-

tation was carried out using divalent cations under elevated tem-

perature in the NEBNext First Strand Synthesis Reaction Buffer.

cDNA was generated, amplified, and used for sequencing library

preparation with the Illumina Nextera XT DNA Sample Prepara-

tion Kit (FC-131-1096). All libraries were sequenced by the

sequencer Novaseq 6000. The fastq raw data files were generated

using Illumina bcl2fastq software. Alignment and differential

expression gene (DEG) analyses were performed by HISAT 2.0.5

and DEGseq 1.18.0. GO enrichment analysis was performed by us-

ing fisher.testp.adjust. Heatmaps were plotted using the gplots

(heatmap.2) and ggplot2 packages.

Statistics
For all quantification procedures, observers were blinded to the

experimental manipulation. Data are presented as boxplots or

mean ± SEM over scatterplots. For comparison between two

groups, significance was analyzed by the Student’s t test. IBB scores

were analyzed by nonparametric analysis (Kruskal-Wallis with

Nemenyi post hoc test). For multiple comparisons, Bartlett’s test

was used to determine the variances and one-way analysis of vari-

ance (ANOVA) followed by Bonferroni’s post hoc test using Graph-

Pad Prism 8.0 software. A p value less than 0.05 was considered sta-

tistically significant. Pearson’s correlation analysis was performed

to see the correlation between the behavioral data and the

histology.
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Data and code availability
The RNA-seq data have been deposited online and the accession

number is GEO: GSE190355.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.12.006.

AUTHOR CONTRIBUTIONS

R.W., Y.G., and L.Z. designed and conceived the experiments. R.W.,

Y.G., and H.Z. did the surgery and behavioral training. M.L. and

D.Z. collected the behavioral data. W.H., Q.X., and Z.S. performed

the neural induction. R.W. and X.Z. did the immunostaining, RT-

PCR, and whole-genome RNA sequencing. R.W. and L.Z. did the

MRI measurements. M.L. and X.C. did the data analysis. R.W.,

Y.G., and X.Z. wrote the manuscript and produced the figures.

X.H. and G.P. supervised the experiments and revised the manu-

script. All authors approved the submitted version.

CONFLICT OF INTERESTS

The authors declare no competing interests.

ACKNOWLEDGMENTS

We sincerely thank Yanwei Xu and Can Li of the Central Labora-

tory of Southern Medical University for MRI measurement. This

work was partially supported by the National Science Foundation

China (81672261, 81871847, 81771356, 82072542), the Science

and Technology Planning Key Project of Guangzhou

(201803010119, 201904010462, 201803040016), the National

Science Foundation China (31801220, 31971374), a Frontier and

Key Technology Innovation special grant from the Department

of Science and Technology of Guangdong Province

(2014B020225006, 2016B030230002), and the Science and Tech-

nology Planning Project of Guangdong Province, China

(2017B030314056, 2020B1212060052).

Received: October 27, 2020

Revised: December 8, 2021

Accepted: December 9, 2021

Published: January 13, 2022
REFERENCES

Arvidsson, A., Collin, T., Kirik, D., Kokaia, Z., and Lindvall, O.

(2002). Neuronal replacement from endogenous precursors in

the adult brain after stroke. Nat. Med. 8, 963–970.

Bederson, J.B., Pitts, L.H., Tsuji, M., Nishimura, M.C., Davis, R.L.,

and Bartkowski, H. (1986). Rat middle cerebral artery occlusion:

evaluation of the model and development of a neurologic exami-

nation. Stroke 17, 472–476.

Belayev, L., Alonso, O.F., Busto, R., Zhao, W., and Ginsberg, M.D.

(1996). Middle cerebral artery occlusion in the rat by intraluminal

suture. Neurological and pathological evaluation of an improved

model. Stroke 27, 1616–1622, discussion 1623.
286 Stem Cell Reports j Vol. 17 j 276–288 j February 8, 2022
Blaya, M.O., Tsoulfas, P., Bramlett, H.M., and Dietrich, W.D.

(2015). Neural progenitor cell transplantation promotes neuropro-

tection, enhances hippocampal neurogenesis, and improves

cognitive outcomes after traumatic brain injury. Exp. Neurol.

264, 67–81.

Choi, S.H., Bylykbashi, E., Chatila, Z.K., Lee, S.W., Pulli, B., Clem-

enson, G.D., Kim, E., Rompala, A., Oram, M.K., Asselin, C., et al.

(2018). Combined adult neurogenesis and BDNF mimic exercise

effects on cognition in an Alzheimer’s mouse model. Science

361, eaan8821.

Chung, S., Shin, B.S., Hedlund, E., Pruszak, J., Ferree, A., Kang, U.J.,

Isacson, O., and Kim, K.-S. (2006). Genetic selection of sox1GFP-

expressing neural precursors removes residual tumorigenic plurip-

otent stem cells and attenuates tumor formation after transplanta-

tion. J. Neurochem. 97, 1467–1480.

Coleman, E.R., Moudgal, R., Lang, K., Hyacinth, H.I., Awosika,

O.O., Kissela, B.M., and Feng, W. (2017). Early rehabilitation after

stroke: a narrative review. Curr. Atheroscler. Rep. 19, 59.

Conner, J.M., Chiba, A.A., and Tuszynski, M.H. (2005). The basal

forebrain cholinergic system is essential for cortical plasticity and

functional recovery following brain injury. Neuron 46, 173–179.

Delavaran, H., Sjunnesson, H., Arvidsson, A., Lindvall, O., Norrv-

ing, B., van Westen, D., Kokaia, Z., and Lindgren, A. (2013). Prox-

imity of brain infarcts to regions of endogenous neurogenesis and

involvement of striatum in ischaemic stroke. Eur. J. Neurol. 20,

473–479.

Eadie, B.D., Redila, V.A., and Christie, B.R. (2005). Voluntary exer-

cise alters the cytoarchitecture of the adult dentate gyrus by

increasing cellular proliferation, dendritic complexity, and spine

density. J. Comp. Neurol. 486, 39–47.

Espuny-Camacho, I., Michelsen, K.A., Linaro, D., Bilheu, A.,

Acosta-Verdugo, S., Herpoel, A., Giugliano, M., Gaillard, A., and

Vanderhaeghen, P. (2018). Human pluripotent stem-cell-derived

cortical neurons integrate functionally into the lesioned adult mu-

rine visual cortex in an area-specific way. Cell Rep. 23, 2732–2743.

Falkner, S., Grade, S., Dimou, L., Conzelmann, K.K., Bonhoeffer, T.,

Gotz, M., and Hubener, M. (2016). Transplanted embryonic neu-

rons integrate into adult neocortical circuits. Nature 539, 248–253.

Fisher, M., Feuerstein, G., Howells, D.W., Hurn, P.D., Kent, T.A., Sa-

vitz, S.I., Lo, E.H., and Group, S. (2009). Update of the stroke ther-

apy academic industry roundtable preclinical recommendations.

Stroke 40, 2244–2250.

Fornito, A., Zalesky, A., and Breakspear,M. (2015). The connectom-

ics of brain disorders. Nat. Rev. Neurosci. 16, 159–172.

Ge, S., Yang,C.H., Hsu, K.S.,Ming,G.L., and Song,H. (2007). A crit-

ical period for enhanced synaptic plasticity in newly generated

neurons of the adult brain. Neuron 54, 559–566.

Germain, N.D., Hartman, N.W., Cai, C., Becker, S., Naegele, J.R.,

and Grabel, L.B. (2012). Teratocarcinoma formation in embryonic

stem cell-derived neural progenitor hippocampal transplants. Cell

Transpl. 21, 1603–1611.

Gladstone, D.J., Black, S.E., and Hakim, A.M. (2002). Toward wis-

dom from failure: Lessons from neuroprotective stroke trials and

new therapeutic directions. Stroke 33, 2123–2136.

https://doi.org/10.1016/j.stemcr.2021.12.006
https://doi.org/10.1016/j.stemcr.2021.12.006
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref1
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref1
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref1
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref2
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref2
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref2
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref2
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref3
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref3
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref3
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref3
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref4
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref4
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref4
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref4
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref4
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref5
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref5
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref5
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref5
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref5
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref6
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref6
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref6
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref6
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref6
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref7
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref7
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref7
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref8
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref8
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref8
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref9
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref9
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref9
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref9
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref9
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref10
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref10
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref10
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref10
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref11
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref11
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref11
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref11
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref11
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref12
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref12
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref12
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref13
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref13
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref13
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref13
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref14
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref14
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref15
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref15
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref15
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref16
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref16
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref16
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref16
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref17
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref17
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref17


Grealish, S., Heuer, A., Cardoso, T., Kirkeby, A., Jonsson, M., Jo-

hansson, J., Bjorklund, A., Jakobsson, J., and Parmar, M. (2015).

Monosynaptic tracing using modified rabies virus reveals early

and extensive circuit integration of human embryonic stem cell-

derived neurons. Stem Cell Rep. 4, 975–983.

Guan, Y., Zou, H., Chen, X., Zhao, C., Wang, J., Cai, Y., Chan, P.,

Chen, L., and Zhang, Y.A. (2014). Ischemia, immunosuppression,

and SSEA-1-negative cells all contribute to tumors resulting from

mouse embryonic stem cell-derived neural progenitor transplanta-

tion. J. Neurosci. Res. 92, 74–85.

Guo, Y.P., Sun, X., Li, C.,Wang, N.Q., Chan, Y.-S., andHe, J. (2007).

Corticothalamic synchronization leads to c-fos expression in the

auditory thalamus. Proc. Natl. Acad. Sci. U S A 104, 11802–11807.

Han, X., Chen,M.,Wang, F.,Windrem,M.,Wang, S., Shanz, S., Xu,

Q., Oberheim, N.A., Bekar, L., Betstadt, S., et al. (2013). Forebrain

engraftment by human glial progenitor cells enhances synaptic

plasticity and learning in adult mice. Cell Stem Cell 12, 342–353.

Irvine, K.A., Ferguson, A.R., Mitchell, K.D., Beattie, S.B., Beattie,

M.S., and Bresnahan, J.C. (2010). A novel method for assessing

proximal and distal forelimb function in the rat: the Irvine, Beat-

ties and Bresnahan (IBB) forelimb scale. J. Vis. Exp. 46, 2246.

https://doi.org/10.3791/2246.

Kadoya, K., Lu, P., Nguyen, K., Lee-Kubli, C., Kumamaru, H., Yao,

L., Knackert, J., Poplawski, G., Dulin, J.N., Strobl, H., et al.

(2016). Spinal cord reconstitution with homologous neural grafts

enables robust corticospinal regeneration. Nat. Med. 22, 479–487.

Kanazawa, M., Takahashi, T., Ishikawa, M., Onodera, O., Shimo-

hata, T., and Del Zoppo, G.J. (2019). Angiogenesis in the ischemic

core: A potential treatment target? J. Cereb. Blood FlowMetab. 39,

753–769.

Kandel, E.R. (2012). Themolecular biology ofmemory: cAMP, PKA,

CRE, CREB-1, CREB-2, and CPEB. Mol. Brain 5, 14.

Liu, Y., Yan, T., Chu, J.M., Chen, Y., Dunnett, S., Ho, Y.S., Wong,

G.T., and Chang, R.C. (2019). The beneficial effects of physical ex-

ercise in the brain and related pathophysiological mechanisms in

neurodegenerative diseases. Lab. Invest. 99, 943–957.

Lu, P., Ceto, S., Wang, Y., Graham, L., Wu, D., Kumamaru, H., Stau-

fenberg, E., and Tuszynski, M.H. (2017). Prolonged human neural

stem cell maturation supports recovery in injured rodent CNS.

J. Clin. Invest. 127, 3287–3299.

Lu, P., Woodruff, G., Wang, Y., Graham, L., Hunt, M., Wu, D.,

Boehle, E., Ahmad, R., Poplawski, G., Brock, J., et al. (2014).

Long-distance axonal growth from human induced pluripotent

stem cells after spinal cord injury. Neuron 83, 789–796.

Luo, J., Hu, X., Zhang, L., Li, L., Zheng, H., Li, M., and Zhang, Q.

(2014). Physical exercise regulates neural stem cells proliferation

and migration via SDF-1alpha/CXCR4 pathway in rats after

ischemic stroke. Neurosci. Lett. 578, 203–208.

Mala, H., and Rasmussen, C.P. (2017). The effect of combined ther-

apies on recovery after acquired brain injury: systematic review of

preclinical studies combining enriched environment, exercise, or

task-specific training with other therapies. Restor. Neurol. Neuro-

sci. 35, 25–64.
Murphy, T.H., and Corbett, D. (2009). Plasticity during stroke re-

covery: from synapse to behaviour. Nat. Rev. Neurosci. 10, 861–

872.

Nakane, M., Tamura, A., Nagaoka, T., and Hirakawa, K. (1997). MR

detection of secondary changes remote from ischemia: Prelimi-

nary observations after occlusion of the middle cerebral artery in

rats. AJNR Am. J. Neuroradiol. 18, 945–950.

Neeper, S.A., Gomez-Pinilla, F., Choi, J., and Cotman, C. (1995).

Exercise and brain neurotrophins. Nature 373, 109.

Palma-Tortosa, S., Tornero, D., Gronning Hansen, M., Monni, E.,

Hajy, M., Kartsivadze, S., Aktay, S., Tsupykov, O., Parmar, M., Dei-

sseroth, K., et al. (2020). Activity in grafted human iPS cell-derived

cortical neurons integrated in stroke-injured rat brain regulates

motor behavior. Proc. Natl. Acad. Sci. U S A 117, 9094–9100.

Pierre, S., Eschenhagen, T., Geisslinger, G., and Scholich, K. (2009).

Capturing adenylyl cyclases as potential drug targets. Nat. Rev.

Drug Discov. 8, 321–335.

Pin-Barre, C., and Laurin, J. (2015a). Physical exercise as a diag-

nostic, rehabilitation, and preventive tool: influence on neuroplas-

ticity and motor recovery after stroke. Neural Plasticity 2015,

608581.

Pin-Barre, C., and Laurin, J. (2015b). Physical exercise as a diag-

nostic, rehabilitation, and preventive tool: influence on neuroplas-

ticity and motor recovery after stroke. Neural Plast. 2015, 608581.

Ramanathan, D., Tuszynski, M.H., and Conner, J.M. (2009). The

basal forebrain cholinergic system is required specifically for

behaviorally mediated cortical map plasticity. J. Neurosci. 29,

5992–6000.

Real, R., Peter, M., Trabalza, A., Khan, S., Smith, M.A., Dopp, J.,

Barnes, S.J., Momoh, A., Strano, A., Volpi, E., et al. (2018). In vivo

modeling of human neuron dynamics and Down syndrome. Sci-

ence 362, eaau1810.

Redila, V.A., and Christie, B.R. (2006). Exercise-induced changes in

dendritic structure and complexity in the adult hippocampal den-

tate gyrus. Neuroscience 137, 1299–1307.

Schmidt-Hieber, C., Jonas, P., and Bischofberger, J. (2004).

Enhanced synaptic plasticity in newly generated granule cells of

the adult hippocampus. Nature 429, 184–187.

Semple, B.D., Blomgren, K., Gimlin, K., Ferriero, D.M., and Noble-

Haeusslein, L.J. (2013). Brain development in rodents and hu-

mans: Identifying benchmarks of maturation and vulnerability

to injury across species. Prog. Neurobiol. 106-107, 1–16.

Smith, E.J., Stroemer, R.P., Gorenkova, N., Nakajima, M., Crum,

W.R., Tang, E., Stevanato, L., Sinden, J.D., and Modo, M. (2012).

Implantation site and lesion topology determine efficacy of a hu-

man neural stem cell line in a rat model of chronic stroke. Stem

Cells 30, 785–796.

Stroke Therapy Academic Industry (1999). Recommendations for

standards regarding preclinical neuroprotective and restorative

drug development. Stroke 30, 2752–2758.

Sutula, T., Cascino, G., Cavazos, J., Parada, I., and Ramirez, L.

(1989).Mossy fiber synaptic reorganization in the epileptic human

temporal lobe. Ann. Neurol. 26, 321–330.

Tornero, D., Tsupykov, O., Granmo, M., Rodriguez, C., Gronning-

Hansen, M., Thelin, J., Smozhanik, E., Laterza, C., Wattananit, S.,
Stem Cell Reports j Vol. 17 j 276–288 j February 8, 2022 287

http://refhub.elsevier.com/S2213-6711(21)00645-7/sref18
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref18
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref18
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref18
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref18
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref19
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref19
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref19
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref19
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref19
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref20
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref20
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref20
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref21
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref21
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref21
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref21
https://doi.org/10.3791/2246
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref23
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref23
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref23
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref23
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref24
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref24
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref24
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref24
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref25
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref25
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref26
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref26
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref26
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref26
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref27
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref27
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref27
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref27
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref28
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref28
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref28
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref28
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref29
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref29
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref29
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref29
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref30
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref30
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref30
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref30
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref30
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref31
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref31
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref31
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref32
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref32
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref32
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref32
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref33
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref33
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref34
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref34
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref34
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref34
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref34
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref35
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref35
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref35
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref36
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref36
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref36
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref36
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref37
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref37
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref37
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref38
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref38
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref38
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref38
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref39
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref39
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref39
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref39
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref40
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref40
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref40
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref41
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref41
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref41
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref42
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref42
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref42
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref42
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref43
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref43
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref43
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref43
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref43
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref44
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref44
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref44
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref45
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref45
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref45
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref46
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref46


Ge, R., et al. (2017). Synaptic inputs from stroke-injured brain to

grafted human stem cell-derived neurons activated by sensory

stimuli. Brain 140, 692–706.

Vanderbeken, I., and Kerckhofs, E. (2017). A systematic review of

the effect of physical exercise on cognition in stroke and traumatic

brain injury patients. NeuroRehabilitation 40, 33–48.

Vaynman, S., and Gomez-Pinilla, F. (2005). License to run: exercise

impacts functional plasticity in the intact and injured central ner-

vous system by using neurotrophins. Neurorehabil. Neural Repair.

19, 283–295.

Wang, L., Conner, J.M., Nagahara, A.H., and Tuszynski, M.H.

(2016). Rehabilitation drives enhancement of neuronal structure

in functionally relevant neuronal subsets. Proc. Natl. Acad. Sci. U

S A 113, 2750–2755.

Wooten, G.F., and Trugman, J.M. (1989). The dopaminemotor sys-

tem. Mov. Disord. 4, S38–S47.

Xing, Q., Lin, A., Su, Z., Liu, C., Huang, W., Guo, W., Pan, G., Guo,

Y., and Zhong, X. (2019). Retrograde monosynaptic tracing

through an engineered human embryonic stem cell line reveals

synaptic inputs from host neurons to grafted cells. Cell Regen. 8,

1–8.
288 Stem Cell Reports j Vol. 17 j 276–288 j February 8, 2022
Yau, S.Y., Li, A., Hoo, R.L., Ching, Y.P., Christie, B.R., Lee, T.M., Xu,

A., and So, K.F. (2014). Physical exercise-induced hippocampal

neurogenesis and antidepressant effects aremediated by the adipo-

cyte hormone adiponectin. Proc. Natl. Acad. Sci. U S A 111, 15810–

15815.

Yook, J.S., Rakwal, R., Shibato, J., Takahashi, K., Koizumi, H.,

Shima, T., Ikemoto, M.J., Oharomari, L.K., McEwen, B.S., and

Soya, H. (2019). Leptin in hippocampus mediates benefits of

mild exercise by an antioxidant on neurogenesis and memory.

Proc. Natl. Acad. Sci. U. S. A 116, 10988–10993.

Yu, S.P., Tung, J.K., Wei, Z.Z., Chen, D., Berglund, K., Zhong, W.,

Zhang, J.Y., Gu, X., Song,M., Gross, R.E., et al. (2019). Optochemo-

genetic stimulation of transplanted iPS-NPCs enhances neuronal

repair and functional recovery after ischemic stroke. J. Neurosci.

39, 6571–6594.

Zhang, L., Hu, X., Luo, J., Li, L., Chen, X., Huang, R., and Pei, Z.

(2013). Physical exercise improves functional recovery through

mitigation of autophagy, attenuation of apoptosis and enhance-

ment of neurogenesis after MCAO in rats. BMC Neurosci. 14, 46.

Zorowitz, R.D., Chen, E., Tong, K.B., and Laouri, M. (2009). Costs

and rehabilitation use of stroke survivors: A retrospective study

of medicare beneficiaries. Top. Stroke Rehabil. 16, 309–320.

http://refhub.elsevier.com/S2213-6711(21)00645-7/sref46
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref46
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref46
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref47
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref47
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref47
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref48
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref48
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref48
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref48
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref49
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref49
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref49
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref49
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref50
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref50
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref51
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref51
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref51
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref51
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref51
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref52
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref52
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref52
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref52
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref52
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref53
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref53
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref53
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref53
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref53
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref54
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref54
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref54
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref54
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref54
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref55
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref55
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref55
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref55
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref56
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref56
http://refhub.elsevier.com/S2213-6711(21)00645-7/sref56

	Physical exercise promotes integration of grafted cells and functional recovery in an acute stroke rat model
	Introduction
	Results
	Physical exercise after hNPC transplantation improves structural and behavioral outcomes in stroke-damaged rats
	Physical exercise protects hNPCs and accelerates their neuronal commitment
	Physical exercise promotes the integration of engrafted neurons into host neural circuits
	Physical exercise ameliorates the infarction foci and creates a proneuronal microenvironment

	Discussion
	Experimental procedures
	Cell culture
	Animals
	Transient middle cerebral artery occlusion
	Physical exercise
	Immunosuppression and cell transplantation
	Neurobehavioral evaluation
	The ladder rung walking task
	The IBB score
	Cylinder test
	Elevated body swing test
	MRI measurements
	ELISAs
	Rabies vector production and injection
	BrdU injections
	Immunofluorescence staining
	RNA-seq
	Statistics
	Data and code availability

	Supplemental information
	Author contributions
	Author contributions
	Acknowledgments
	References


