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Compelling evidence suggests that transplantation of neural stem cells (NSCs) from multiple sources ame-
liorates motor deficits after stroke. However, it is currently unknown to what extent the electrophysiological 
activity of grafted NSC progeny participates in the improvement of motor deficits and whether excitatory phe-
notypes of the grafted cells are beneficial or deleterious to sensorimotor performances. To address this question, 
we used optogenetic tools to drive the excitatory outputs of the grafted NSCs and assess the impact on local 
circuitry and sensorimotor performance. We genetically engineered NSCs to express the Channelrhodopsin-2 
(ChR2), a light-gated cation channel that evokes neuronal depolarization and initiation of action potentials 
with precise temporal control to light stimulation. To test the function of these cells in a stroke model, rats 
were subjected to an ischemic stroke and grafted with ChR2-NSCs. The grafted NSCs identified with a human-
specific nuclear marker survived in the peri-infarct tissue and coexpressed the ChR2 transgene with the neu-
ronal markers TuJ1 and NeuN. Gene expression analysis in stimulated versus vehicle-treated animals showed 
a differential upregulation of transcripts involved in neurotransmission, neuronal differentiation, regeneration, 
axonal guidance, and synaptic plasticity. Interestingly, genes involved in the inflammatory response were sig-
nificantly downregulated. Behavioral analysis demonstrated that chronic optogenetic stimulation of the ChR2-
NSCs enhanced forelimb use on the stroke-affected side and motor activity in an open field test. Together these 
data suggest that excitatory stimulation of grafted NSCs elicits beneficial effects in experimental stroke model 
through cell replacement and non-cell replacement, anti-inflammatory/neurotrophic effects.
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INTRODUCTION

Stroke is one of the leading causes of death and long-
term disability worldwide (19). Neural stem cell (NSC)-
based therapy has demonstrated efficacy in improving 
motor deficits in experimental models of stroke. To better 
understand and direct the functional repair process, the 
mechanisms mediating stem cell functional recovery in 
stroke-damaged brain tissue need to be elucidated.

The ability of NSCs grafted into the stroke-damaged 
brain to modulate local circuits is not fully understood. 
The electrophysiological properties of grafted neural prog-
eny in the stroke-damaged tissue have been investigated 
using mouse embryonic stem cells (mESCs) (3) and neural 

precursors derived from the developing brain that ubiq-
uitously express enhanced green fluorescent protein (6). 
Patch clamp recordings demonstrated that 27.7% of grafted 
cells expressed action potentials and voltage gated Na+ 
and K+ currents typical of the neuronal phenotype. Graft-
derived neurons showed spontaneous postsynaptic current 
between 3 and 7 weeks posttransplant, demonstrating that 
they were receiving synaptic inputs (6). Similarly, elec-
trophysiological recordings from neural progeny derived 
from mESCs grafted into the middle cerebral artery occlu-
sion (MCAO) stroke model demonstrated synaptic con-
nections with the host and behavioral improvement in 
the fear-conditioning test (12). These data suggest that 
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cell replacement could support functional recovery in an 
animal model of stroke. However, the capacity of grafted 
NSCs to innervate stroke-damaged host parenchyma and 
drive the neural circuit involved in sensorimotor function 
is unknown. We utilized the high spatial and temporal pre-
cision of optogenetic stimulation by modifying NSCs with 
the genetically encoded photosensitive membrane protein 
Chlamydomonas reinhardtii Channelrhodopsin-2 (ChR2). 
This enabled a targeted approach to probe the role of 
grafted NSCs in driving compromised neural circuits and 
sensorimotor function in an experimental stroke model.

MATERIALS AND METHODS

Generation of the NSC-Expressing ChR2

NSCs were derived as we previously described (8) 
from human embryonic stem cells (hESCs; H9; WiCell 
Research Institute, Madison, WI, USA), approved by 
Stanford University Stem Cell Research Oversight (SCRO) 
Committee. Lentiviral vectors carrying the ChR2 gene 
fused with enhanced yellow fluorescent protein (ChR2-
EYFP) under the EF1a promoter were produced, as pre-
viously described (31,32). Maps and clones are available 
at http://www.stanford.edu/group/dlab/optogenetics. Then 
the NSCs were transduced with the lenti-ChR2 or with 
lenti-YFP and isolated using the fluorescence activated cell 
sorting (FACS) Vantage SE cell Sorter (Becton Dickinson 
Immunocytometry Systems, San Jose, CA, USA), as previ-
ously reported (7). The NSCs were cultured in a chemically 
defined medium composed of DMEM/F12 (1:1) supple-
mented with 1% N2, 2% B27, epidermal growth factor 
(EGF) (20 ng/ml) (all from Life Technologies, Carlsbad, 
CA, USA); basic fibroblast growth factor (bFGF; 10 ng/
ml, from R&D Systems, Minneapolis, MN, USA); and 
leukemia inhibitory factor (LIF; 10 ng/ml; from Millipore, 
Temecula, CA, USA). Dissociated NSCs were plated 
at a density of 100,000 cells/ml in Corning T25 or T75 
(Invitrogen, Carlsbad, CA, USA) culture flasks. For dif-
ferentiation, dissociated NSCs were plated at a density of  
106 cells/ml in the absence of growth factors and supple-
mented with 1% fetal bovine serum (FBS; Sigma-Aldrich, 
St. Louis, MO, USA) on poly-l-ornithine-coated (15 mg/
ml; Sigma-Aldrich) glass coverslips in 24-well Nunclon cul-
ture dishes (Thermo Fisher Scientific, Waltham, MA, USA) 
for 1 week and processed for immunocytochemistry.

Cell Transplantation

Sprague–Dawley adult male rats (275–310 g; Charles 
River Laboratories, Wilmington, MA, USA) were sub-
jected to transient 65-min MCAO as previously reported 
(5). One week later, rats were immunosuppressed with 
IP injections of cyclosporine A (20 mg/ml, Sandimmune; 
Novartis Pharmaceuticals, East Hanover, NJ, USA) and 
were transplanted with lenti-ChR2- or lenti-YFP-NSCs 
(2 × 105) or vehicle into the ischemic boundary zone in 

the striatum, as previously described (5,8). All animals 
underwent baseline motor behavioral assessment before 
and after the ischemic lesion and at 4 and 8 weeks after cell 
transplantation. The animals were euthanized at 8 weeks 
posttransplantation survival time and the brains processed 
for immunohistopathology or gene expression analysis. 
Animal experiments were conducted in accordance with 
protocols approved by the Stanford Institutional Animal 
Care and Use Committee (IACUC).

Optogenetic Stimulation

Rats were implanted with a fiber-guiding cannula 
stabilized to the scull using cranioplastic cement (10). 
The stereotaxic implantation coordinates were the same 
as those used for cell transplantation. An optical patch 
cable coupled to a 473-nm laser (OEM Laser Systems, 
Bluffdale, UT, USA) was attached to the implanted guid-
ing cannula. The intensity of the light (1–2 mW) was veri-
fied before each use by a light sensor (S130A; Thor Labs, 
Newton, NJ, USA). The optical fiber 200 µm (external 
size) (Thor Labs) was lowered along the fiber guide to 
the grafted NSCs. Optogenetic stimulation was deliv-
ered at 10 Hz, 12 mW, 20-ms pulses and controlled by a 
waveform generator (Agilent Technologies, Santa Clara, 
CA, USA). The animal received continuous stimulation 
three times for 30 s, with a 1-min rest period in between. 
Stimulation was administered daily for 4 weeks starting 
after transplantation (Fig. 1).

Electrophysiological Recording

In Vitro Recording. NSCs were cultured on a glass cov-
erslip and whole-cell voltage-clamp and current-clamp 
recordings were obtained from visually identified YFP+ 
cells. In both current- and voltage-clamp recordings, 
the light power density used was 5 mW/mm2, and NSCs 
expressing lenti-ChR2 or lenti-YFP were held at −65 mV 
during optical stimulation (475 nm).

In Vivo Recording. Simultaneous in vivo optical stim-
ulation and electrophysiological recording from the NSC 
grafts was performed through the fiber-guiding cannula 
in an intact rat using an extracellular tungsten electrode 
(1 MOhm, 125 µm; A-M Systems, Carlsborg, WA, USA) 
attached to an optical fiber (200 µm outer diameter; 
ThorLabs). The recorded activity was filtered between 
0.3 and 10 kHz bandpass, amplified (A-M Systems), dig-
itized (Molecular Devices, Sunnyvale, CA, USA), and 
recorded with Clampex software (Molecular Devices). 
The optical stimulation parameters were 3 × 30 s, 10 Hz, 
2.35 V (~5 mW) (OEM Laser Systems).

Behavioral Tests

The cylinder test assessed spontaneous forelimb use 
during lateral exploration movements (21), as previously 
described (6,8). Rats were placed in a transparent acrylic 
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cylinder (20 cm diameter) for 5 min. The cylinder encour-
aged use of the forelimbs for vertical exploration. A mir-
ror was placed behind the cylinder so that the forelimbs 
could be viewed at all times. Testing sessions were video-
taped, and forelimb use was scored by a blinded operator. 
Animals were tested at baseline, after stroke, and 4 and 
8 weeks after cell transplantation.

To measure the locomotor activity in response to opti-
cal stimulation, animals were placed in an open field box 
equipped with overhead cameras and a computer, allow-
ing behavioral data to be recorded via the automated 
tracking system EthoVision. The test was performed 
2 months after transplantation.

Immunocytochemistry

Cultured NSCs and brain sections were rinsed in 
phosphate-buffered saline (PBS; Life Technologies) for 
3 × 5 min then incubated for 2 h (cultures) or overnight 
(brain sections) with the appropriate primary antibodies 
for multiple labeling. Secondary antibodies raised in the 
appropriate hosts and conjugated to FITC, RITC, AMCA, 
CY3, or CY5 chromogenes (Jackson ImmunoResearch, 
West Grove, PA, USA) were used. Cells and sections 
were counterstained with the nuclear marker 4¢,6-
diamidine-2¢-phenylindole dihydrochloride (DAPI; from 
Roche Molecular Biochemicals, Indianapolis, IN, USA). 
Positive and negative controls were included in each 
run. Immunostained sections were coverslipped using 
fluorsave (Calbiochem, Temecula, CA, USA) as the 
mounting medium. The following antibodies were used: 
anti-human STEM121 (1:100; StemCells Inc., Hayward, 
CA, USA), anti-TuJ1 (monoclonal 1:100; Covance, San 
Leandro, CA, USA; polyclonal 1:200; Aves Labs, Tigard, 
OR, USA); anti-YFP (polyclonal 1:200; Aves Labs); anti-
synaptophysin (Millipore); and anti-NCAM (monoclonal 
1:250; Santa Cruz Biotechnology, Dallas, TX, USA). 
Fluorescence was detected, analyzed and photographed 
with a Zeiss LSM550 laser scanning confocal photomi-
croscope (Pleasanton, CA, USA).

Microarray Analysis

Total RNA was extracted from tissue dissected out 
from the ipsilateral striatum of vehicle and NSC-treated 
animals (n = 2 or 3) using the RNAeasy kit (Qiagen, 
Valencia, CA, USA) according to the manufacturer’s 
instructions. The microarray analysis was performed by 
the Gene Expression Core facility at Stanford University 
using the Affymetrix (Santa Clara, CA, USA) Rat Gene 
1.0 St array. Data were normalized using the RMA algo-
rithm in Partek Genomics Suite v6.6 and analyzed using 
DAVID (david.abcc.ncifcrf.gov/) and Ingenuity Pathway 
Analysis software.

Statistical Analysis

Outcome measurements for each experiment were 
reported as mean ± SEM. All data were analyzed using 
SPSS 11 for Mac OS X (IBM, Armonk, NY, USA). 
Significance of intergroup differences was determined by 
applying the Student’s t-test where appropriate. One-way 
ANOVA analysis was used to compare group differences. 
Differences between the groups were determined using 
Bonferroni’s post hoc test. A value of p < 0.05 was con-
sidered to be statistically significant.

RESULTS

Isolation of NSCs From hESCs and Transduction 
With ChR2

The process of hESC cultures and NSC isolation and 
perpetuation were previously described (8). Primary neu-
rospheres derived from hESCs were isolated and replated 
to eliminate other nonneural cells. The selectively har-
vested secondary neurospheres were perpetuated by pas-
saging the cultures weekly. This process enabled us to 
derive a homogenous neural cell population without 
the presence of Oct4+ or Nanog+ pluripotent precursors 
(8). The NSCs were transduced with a lentiviral vector 
expressing ChR2-YFP (NSC-ChR2) under the control of 
the EF1a promoter (32) (Fig. 2A). Control NSCs were 

Figure 1. Experimental paradigm. Abbreviations: TX: transplantation of NSCs; Stim: optogenetic stimulation delivered at 10 Hz, 
12 mW, 20-ms pulses, the animal received continuous stimulation three times for 30 s, with a 1-min rest period in between. Stimulation 
was administered daily 5 days a week for 4 weeks starting after transplantation; CT: cylinder test; OF: open field test.
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transduced with lenti-YFP. Transduced NSCs were puri-
fied based on YFP expression by fluorescent activated 
flow cytometry cell sorting, as previously reported (7). 
With this procedure, virtually all of the NSCs and differ-
entiated progeny expressed the transgene (Fig. 2B).

Electrophysiological Characterization of ChR2 
Expression by the NSCs

To determine the specific high temporal resolution of the 
optogenetic stimulation of the NSCs, we plated NSC-ChR2 
and control NSC-YFP on glass coverslips coated with poly-
l-ornithine for a period of 7 days in vitro (8). Voltage-clamp 
recordings from the differentiated neurons showed that 
stimulation with blue light that specifically drives ChR2 
induced inward photocurrents in NSCs that stably express 

ChR2 but did not produce light-evoked responses in con-
trol NSCs that stably express YFP (Fig. 2C). Current clamp 
recordings show that blue light depolarizes NSC-ChR2 but 
not control NSC-YFP (Fig. 2D).

Transplantation and Chronic Optogenetic Stimulation of 
NSCs in an Experimental Model of Ischemic Stroke

To determine whether the grafted NSC-ChR2 survived 
and expressed a functional transgene, we stimulated and 
recorded directly from the grafted NSCs in vivo in anes-
thetized animals, as previously described (Fig. 3A) (10). 
The in vivo recording demonstrated that the NSC-ChR2 
responded to the stimulation, confirming the functional 
expression of the genetically encoded ChR2 (Fig. 3B). 
We then perfused the animals and looked at the survival of 

Figure 2. NSCs express functional ChR2 transgene. (A) Schematic representation of the lentiviral vector carrying ChR2 fused to a 
fluorescent protein YFP and driven by the EF1a promoter (31). (B) Photomicrograph showing transduced NSCs differentiated into 
TuJ1+ neurons expressing the YFP reporter gene. (C) Sample voltage-clamp recordings show that 475 nm light (indicated by blue bar) 
induces inward photocurrents in NSCs stably expressing ChR2 (left) but does not produce a light-evoked response in control NSCs 
(right). Light power density is at 5 mW/mm2; cells were held at −65 mV. (D) Sample current clamp recordings show that blue light 
depolarizes NSCs expressing ChR2 (left), but not control cells (right). Light power density is at 5 mW/mm2; cells were held at −65 mV. 
(E) Summary bar graph of peak and steady-state photocurrent size. Mean ± SEM is plotted (n = 7) for ChR2-expressing cells (n = 5) for 
control cells. Scale bars: 10 µm (A).
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Figure 3. In vivo optical stimulation recording and characterization of NSC grafts. (A) Schematic drawing of a sagittal section 
through the rat brain illustrating the simultaneous in vivo optical stimulation and recording from the NSC grafts. Both the stimulating 
fiber optic (200 µm) and the extracellular tungsten recording electrode (1 MOhm, ~125 µm) were inserted through the guiding cannula 
used for chronic stimulation. (B) Electrophysiological recording of the extracellular activity driven by the optogenetic stimulation. 
(C) Low magnification microphotos taken from frontal sections through the graft in the striatum showing grafted NSCs expressing the 
human marker STEM121. (D) ChR2-expressing grafted cells identified by the expression of YFP (green) coexpress the neural marker 
NCAM. (E) Grafted cells expressing ChR2 (YFP, green) coexpress the neuronal marker TuJ1. (F) Grafted cells expressing ChR2 (YFP, 
green) appear decorated by synaptophysin+ in synaptic puncta (red). Scale bars: (C) 100 µm; (NCAM, TuJ1) 20 µm; (Syn) 5 µm.
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the graft and the expression of the transgenes. Detection 
of the grafted cells using the human-specific marker 
STEM-121 demonstrated a robust survival (Fig. 3C). The 
expression of ChR2 in the grafted NSCs was confirmed 
by the YFP immunocytochemistry showing a dispersion 
of the grafted NSCs in the parenchyma and expression 
of neural cell adhesion molecule (NCAM) (Fig. 3D) 
and TuJ1 (Fig. 3E) by the neuronal progeny with neu-
ritic outgrowth. Synaptophysin expression was present 
in the grafted zone (Fig. 3F), suggesting the presence of 
synaptic contacts with host neurons, as we previously 
reported (7).

Chronic Optical Stimulation and Functional Integration 
of the Optogenetically Engineered NSCs

To test the ability to drive in vivo the excitatory influ-
ence of the grafted NSCs and measure their functional 
integration, we used the MCAO model of stroke. One 
week after inducing the lesion, immunosuppressed ani-
mals were transplanted with NSC-ChR2 and control 
NSC-YFP cells into the ischemic boundary zone in the 
striatum, as previously described (6–8). Six animal groups 
were established: vehicle, vehicle with stimulation, and 
NSC-ChR2 and NSC-YFP transplants with or without 
chronic stimulation. Chronic optogenetic stimulation of 
the grafted cells was carried out daily after transplanta-
tion for 1 month according to the stimulation paradigm 
described in the Materials and Methods section (Fig. 1). 
Animals in all groups were tested at 1 and 2 months post-
transplantation for their motor performance by measur-
ing spontaneous forelimb use during lateral exploratory 
movements. The analysis demonstrated that light stimu-
lation of animals grafted with the NSC-ChR2 enhanced 
sensorimotor performance and increased forelimb use on 
the lesioned contralateral side in comparison to NSC-YFP 
and vehicle animals (Fig. 4A). Transplantation of either 
NSC-ChR2 or NSC-YFP without stimulation showed 
improvement in sensorimotor performance and did not 
reach significance in comparison to the vehicle-treated 
group. In addition, animals that received the NSC-ChR2s 
significantly increased their motor activity and total dis-
tance during stimulation at 2 months after transplanta-
tion, as monitored by the EthoVision automated tracking 
system in the open field test (Fig. 4B).

Microarray Analysis of the Grafted Striatum

To gain insight into the potential mechanism of action 
that mediates the improvement in the sensorimotor func-
tion, we dissected out the grafted striatal zone in the 
cell and vehicle-injected animals and analyzed the gene 
expression profiles. Stringent analysis with strict cutoff 
(low false discovery rate, FDR = 0.1) (p £ 0.05) after nor-
malization (RMA), and ANOVA revealed upregulation 
of transcripts involved in neurotransmission, sodium 

and potassium channel functions [solute carrier family 
17 (Slc17a7); potassium inwardly rectifying channel, 
subfamily J (KCNJ13); solute carrier family 30 (zinc 
transporter); member 3 (SLC30A3)], in neuronal differen-
tiation, regeneration, axonal guidance, and synaptic plas-
ticity [T-box brain 1 (TrB1), neurogenic differentiation 
6 (NeuroD6), neurogenic differentiation 1 (NeuroD1), 
neurogenic differentiation 2 (NeuroD2), R-spondin 3 
(RSPO3), ring finger protein 39 (RNF39), and nephroblas-
toma overexpressed gene (NOV)] (Fig. 5). Interestingly, 
all significantly downregulated genes were involved in 
the inflammatory response [chemokine (C-X-C motif) 
ligand 10 (CXCL10)], interferon-g inducible protein 47 
(Ifi47), colony stimulating factor 2 receptor-b (CSF2RB), 
oxidized low-density lipoprotein (lectin-like) receptor 1 
(OLR1), RT1 class II, locus Da (RT1-Da), Cd68 molecule 
(CD68), serine (or cysteine) peptidase inhibitor, clade A 
(Serpina3n), C-type lectin domain family 7 member A 
(CLEC7A), chemokine (C-C motif) ligand 2 (CCL2), 
lipocalin 2 (LCN2)] (Fig. 4).

DISCUSSION

Grafting optogenetically engineered NSCs provides 
a targeted approach to probe the role of neural circuit 
repair in NSC-based cell therapy in experimental stroke 
models. Early transplantation studies reported synap-
tic contact between grafted neural cells and the host 
(4,9,13,17,24,26), and a large body of work has fol-
lowed that provides evidence of cell replacement and 
functional integration of NSC grafts into host neural 
networks in various animal models of neurological dis-
orders (1–3,6,11,14–16,18,20,22,23,25,27–30). Using slice 
preparations, previous studies have demonstrated that 
optogenetically engineered grafted NSCs participate in 
host neuronal network activity (18,28,29). However, the 
improvement of sensorimotor function by direct stimu-
lation of grafted NSCs, to our knowledge, has not been 
previously reported. The pertinent finding in our study 
is that optogenetic manipulation of grafted NSCs posi-
tively influenced the endogenous motor network function 
compromised by stroke. As only ChR2-NSCs respond to 
blue light stimulation, our findings suggest that improved 
motor function is in response to driving the excitatory 
output of grafted NSCs. Transplantation of NSCs (either 
ChR2 or control YPF) without stimulation showed 
enhanced recovery, especially in the ability of animals 
to use both paws to explore the cylinder test, and it did 
not reach significance. The NSC-grafted animals show 
gradual functional recovery, which in the long term may 
enable the animal to use its contralateral paw indepen-
dently from the ipsilateral one.

Differential gene expression analysis suggested that 
optogenetic stimulation of NSC grafts upregulated tran-
scripts involved in membrane-associated ion channel 
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Figure 4. Effects of optogenetic stimulation of NSC grafts on sensorimotor function. Three animal groups (n = 16) were used: vehicle, 
NSCs transduced with lenti-YFP, and NSCs transduced with lenti-ChR2. Each group was split into two subgroups: stimulated and 
nonstimulated. We used the cylinder test to measure forelimb use during spontaneous lateral exploration (A). Animals were also sub-
jected to locomotor activity testing in the open field test during stimulation (B). Scale bars represent percentages ± SEM of steps taken 
by the ipsilateral (left), contralateral (right), and both forelimbs simultaneously. *p < 0.05 versus pretransplant groups; #p < 0.05 versus 
nonstimulated groups.
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Figure 5. Gene expression profile analysis of the effect of graft optogenetic stimulation. Striatal tissue was freshly dissected from the 
graft (n = 3) or vehicle (n = 2) stimulated region and processed for RNA isolation and microarray analysis using the rat Affymetrix gene 
expression 1.0 ST Array. (A) Heat map of significant genes using ANOVA: red = relative increase in mRNA; green = relative decrease 
in mRNA expression. (B) Gene ontology analysis shows highest up- and downregulated genes, (p = p value, FC = fold change). The 
data show upregulation of transcripts involved in neurotransmission, neuronal differentiation, regeneration, axonal guidance, and 
synaptic plasticity (see Results). (C) Canonical pathways enriched among the significant genes. The blue bars correspond to the log 
p value, while the yellow line corresponds to the ratio between the number of focus genes in a pathway divided by the total number 
of genes that make up that pathway. The significance is based on Fischer’s exact test in ingenuity pathway analysis. The data show 
downregulation of genes involved in the inflammatory response (see Results).
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functions, neuronal differentiation, axonal sprouting, and 
synaptic plasticity. Interestingly, all downregulated tran-
scripts were involved in the inflammatory response. 
These data suggest graft neuronal activity driven by opto-
genetic stimulation may also reduce the inflammatory 
response following the stroke lesion potentially through 
an immunomodulatory effect, which may create a more 
favorable microenvironment for graft integration in neu-
ral network and tissue repair. Additional studies will shed 
light on how the NSC grafts modulate connectivity and 
the inflammatory response.

In summary, our finding suggests that optogenetic stim-
ulation of grafted NSCs may ameliorate stroke-induced 
neuronal dysfunction and that the beneficial effects are 
mediated through multiple modalities including cell repla-
cement, anti-inflammatory, and neurotrophic actions.
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