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Abstract Modulation of stem cell proliferation is a crucial
aspect of neural developmental biology and regenerative
medicine. To investigate the effect of optical stimulation on
neural stem cell proliferation, cells transduced with chan-
nelrhodopsin-2 (ChR2) were used to analyze changes in cell
proliferation and cell cycle distribution after light stimula-
tion. Blue light significantly inhibited cell proliferation and
affected the cell cycle, which increased the percentage of
cells in G, phase and reduced the percentage in S phase. It is
likely that the influence of blue light on cell proliferation and
the cell cycle was mediated by membrane depolarization,
which induced accumulation of p21 and p27 proteins. Our
data provide additional specific evidence that membrane
depolarization may inhibit neural stem cell proliferation.
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Introduction

Optogenetics is a rapidly evolving field of technology that

allows optical control of genetically targeted biological
systems at high temporal and spatial resolution (Miesenbock
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2011; Rein and Deussing 2011; Yawo et al. 2013). Although
optogenetics was originally applied to manipulate neuronal
activity by controlling ion flux, it is also widely applicable to
other types of cells, such as stem cells (Stroh et al. 2011;
Toettcher et al. 2011; Tonnesen et al. 2011; Weick et al.
2010). Developments in optogenetics have recently been
extended to stem cell research and regenerative medicine
(Stroh et al. 2011; Weick et al. 2010). Stem cells can be
photosensitive by genetic induction of channelrhodopsins
(ChR). Channelrhodopsin-2 (ChR2) is a rapidly gated blue-
light-sensitive cation channel suitable for noninvasive con-
trol of ion flux and alternating membrane potential (Nagel
et al. 2003; Zhang et al. 20006).

Neural stem cells (NSCs) are multipotent, uncommitted
cells with the ability to proliferate, self-renew, and differ-
entiate into cells of all neural lineages (Flax et al. 1998). The
development and maturation of neural cells are regulated by
membrane ion channel activity (Spitzer 2006). Membrane
potential oscillation is tightly correlated with cell prolifera-
tion-related events, such as DNA synthesis, and hyperpo-
larized membrane levels block cells residing in the G phase
of the cell cycle from entering the S phase of DNA synthesis,
thus inhibiting mitosis (Sundelacruz et al. 2009). Changes in
ion channel activity have been detected in proliferating glial
progenitors in the brain (Momose-Sato et al. 2007). More-
over, membrane depolarization or hyperpolarization has also
been reported in modulating neural developmental processes
(Deisseroth et al. 2004; Wang et al. 2003). Blockade of K™
channels may inhibit neural progenitor cell proliferation by
regulating the accumulation of the cyclin-dependent kinase
inhibitors, p27(Kipl) and p21(CIP1) (Ghiani et al. 1999;
Knutson et al. 1997). In addition, transcriptional repression
of Bmp2 by p21Waf1/Cipl links quiescence of neural stem
cell to stemness (Porlan et al. 2013). Here, we investigated
the effect of optogenetic-induced ion flux change on the
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proliferation of neural stem cells and whether the optoge-
netic-induced ion flux modulates cell proliferation of NSCs
through p21 and p27 pathways.

Materials and Methods
C17.2 Neural Stem Cell Culture

The C17.2 neural stem cell line was cultured in standard
DMEM containing 10 % fetal calf serum (FCS), 5 % horse
serum, and 2 mM glutamine as previously described
(Snyder et al. 1992).

Transduction of Neural Stem Cells with ChR2

A lentivirus carrying the ChR2-green fluorescent protein
(GFP) fusion gene under the control of the ubiquitin C
(UbC) promoter was generated (Boyden et al. 2005).
Viruses were concentrated via ultracentrifugation and re-
dissolved in PBS at 1:1,000 of the original volume.
C17.2 neural stem cell was transduced with lentivirus
(MOI = 5) in the presence of 5 pg/ml polybrene fol-
lowed by incubation for 24 hours. Transduction effi-
ciency was evaluated via fluorescent microscopy 1 week
after transduction. To obtain a highly and homogenously
expressing ChR2 colony, cells were sorted using fluo-
rescence-activated cell sorting (FACS), and a subpopu-
lation consisting of the top 1 % of GFP-expressing cells
was collected. One cell per well was seeded in a 96-well
plate, and the single-cell-derived colony was collected,
identified, and proliferated.

Immunostaining of Cultured Cells

Cells were fixed with 4 % paraformaldehyde for 30 min-
utes. The fixed cells were washed three times with PBS.
The cells were then permeabilized and blocked (10 %
bovine serum albumin (BSA)/0.3 %Triton/PBS) for
60 min and incubated in primary antibody solution at 4 °C
overnight. Cells were washed three times and incubated
with secondary antibody at room temperature for 1 hour.
Cells were washed three times with PBS, and 4',6-diami-
dino-2-phenylindole (DAPI) was added (1:100,000) at the
final washing step. Coverslips were mounted using anti-
quenching fluoromount. Primary antibodies included
mouse anti-Ki67 (1:400; Chemicon, USA) and mouse anti-
nestin (1:200; Chemicon, USA).

Optical Stimulation

Light stimulation was achieved using a custom 470 nm
light-emitting diode (LED) device (Thorlabs, USA). For
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whole-cell patch-clamp recording, light was delivered using
a standard 40 x water immersion microscope objective and a
digitally operated shutter. Light intensity was modulated
using a potentiometer ranging from 0.1 to 10 mW/mm?. The
inward current peak was calculated at different light inten-
sities. For optogenetic stimulation of cultured ChR2-C17.2
neural stem cells, optical stimulation was conducted in the
incubator using the LED light source. All regions of the
culture plate were stimulated with blue light for 5 min per
hour (10 Hz, 5 min/hour duration, and 10 mW/mm? light
intensity). At the end of each experiment, the coverslips
were removed from the plates and immediately fixed with
paraformaldehyde and stained for Ki67, and sister cells were
prepared for cell counting. Additionally, we prepared cells
exposed to different light intensities (low intensity of
0.1 mW, medium intensity of 1 mW, and high intensity of
10 mW) for western blot analysis.

Whole-Cell Patch-Clamp Recording

Cells were plated on glass coverslips in the dish. Cells were
continuously perfused with external solution containing (in
mM): 145 NaCl, 5 KCl, 1.8 CaCl,, 1 MgCl,, 10 HEPES,
and 10 glucose with pH 7.4 adjusted with NaOH and
295-320 mOsm in osmolarity. The membrane currents
were recorded using an Axopatch 200B patch amplifier
(Axon Instruments, USA) and digitized with a Digidata
1440 A/D converter and Clampex 10.0 software (Molecu-
lar Devices, USA). Recording pipettes were pulled from
borosilicate glass tubing with a horizontal puller (P-97,
Sutter Instruments, USA), and these pipettes typically had
a resistance of 3.0-5.0 MQ when filled with pipette solu-
tion containing (in mM) 140 KCI, 10 EGTA, 10 HEPES,
and 5 MgATP, with pH 7.3 adjusted with KOH and
290-310 mOsm in osmolarity. After establishment of the
whole-cell configuration, the capacitance compensation
and series resistance compensation were adjusted before
recording the membrane signals. Of the series resistance,
70-80 % was compensated electronically. Signals were
filtered at 2 kHz and digitized at 10 kHz. A leak subtrac-
tion protocol was performed. Light was delivered via a
standard 40 x water immersion microscope objective, using
a digitally operated shutter.

Cell Proliferation Assay and Viability Test

To perform proliferation assays, 0.5 x 10* cells were see-
ded into a single well of a 24-well plate. Neural stem cells
were treated with blue light stimulation, and medium was
changed daily. Cells in each well were collected at 48 h
post-stimulation for cell counting. Cells treated without light
were used as the control. Numbers of viable and nonviable
cells were determined by the trypan blue exclusion assay.
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Flow Cytometry

Cells were collected by trypsinization for subsequent cell
cycle analysis. For analysis of DNA content, cells were fixed
in 70 % ethanol, rehydrated in PBS, treated for 30 min with
RNase A (1 mg/ml), and treated for 5 min with propidium
iodide (PI; 1 mg/ml). Fluorescence intensity was determined
by flow cytometry using a FACSCanto (BD Pharmingen,
USA). Data acquisition was performed with CellQuest
software (BD Pharmingen, USA), and the percentage of G/
G, S, and Go/M phase cells was calculated with the MOD-
FIT software program. To detect apoptosis, cells were
stained and analyzed with PI- and APC-conjugated annexin
V using an APC Annexin V Apoptosis kit (BD Biosciences,
USA) according to the manufacturer’s protocol.

Protein Extraction and Western Blot Analysis

Cells were harvested and proteins were extracted using ice-
cold RIPA. Protein aliquots were stored at —80 °C. For
western blot analysis, proteins were separated in a 12 %
SDS-polyacrylamide gel. After electrophoresis, the gel was
electrophoretically transferred onto PVDF membranes
(Millipore, USA) and blocked for 1 hat37 °C with5 % non-
fat milk in Tris-buffered saline containing 0.1 % Tween-20
(TBST). Incubation with primary antibodies was performed
at 4 °C overnight. Primary antibodies were used at the fol-
lowing dilutions: anti-p27 (Abcam, USA) at 1:2000, anti-
p21 (Abcam, USA) at 1:2,000, and anti-GAPDH (Abcam,
USA) at 1:10,000. After primary antibody probing, mem-
branes were washed in TBST, and incubated with HRP-
conjugated secondary antibody (Dako, Denmark) at 1:5,000
for 60 min at room temperature. After further washing,
protein expression was detected by enhanced chemilumi-
nescent (ECL) substrate (Pierce, Thermo Fisher Scientific,
USA) and protein bands were visualized by film exposure.
GAPDH was used as an internal control. The immunoreac-
tive density was analyzed by Quantity One (Bio-Rad, USA).

Statistical Analysis

All quantitative values are presented as the mean £ SEM.
Statistical comparisons were made using the unpaired Stu-
dent’s ¢ test with SPSS (version 15) software when appropri-
ate. P < 0.05 was considered to be statistically significant.

Results

Functional Expression of ChR2 in C17.2
Neural Stem Cells

To assess the application potential of optogenetics in
stem cells, C17.2 neural stem cells were infected with a

ChR2-GFP-lentivirus under the control of the Ubiquitin C
(UbC) promoter. One week post-transduction with lentivi-
rus, 20 % of the C17.2 neural stem cells expressed ChR2-
GFP, and after sorting for the top 1 % based on GFP fluo-
rescence intensity (Fig. 1a), a single cell could form a neural
stem cell clone (Fig. 1b). In addition, immunostaining
showed that the C17.2 ChR2-neural stem cells expressed the
neural stem cell marker, nestin (Fig. 1¢). The C17.2 ChR2-
neural stem cells showed typical inward photocurrents
evoked by illumination with blue light under voltage clamp
mode (470 nm with 200 ms pulse duration), and steady-state
photocurrents showed little inactivation (Fig. 1d).

Optical Stimulation Inhibits C17.2 ChR2-Neural
Stem Cell Proliferation

Subsequently, we tested if the blue light-induced mem-
brane depolarization affected the proliferation of neural
stem cells. Application of blue light stimulation caused a
decrease in proliferation of C17.2 ChR2-neural stem cells
according to cell counts at 48 h in comparison to the
control (wt/no light) (Fig. 2a, b). We also found that the
percentage of Ki67-positive cells in the light group was
lower than the no light control group (Fig. 2c, d). The blue
light stimulation had no obvious effect on wild-type C17.2
neural stem cell proliferation (Fig. 2a, b).

Optical Stimulation Does Not Affect the Survival
of C17.2 ChR2-Neural Stem Cells

To further identify if blue light stimulation could affect
survival of the C17.2 ChR2-neural stem cells, the per-
centage of viable cells was analyzed by the trypan blue
exclusion assay. Light stimulation did not influence C17.2
ChR2-neural stem cell viability (Fig. 3c). We then used
flow cytometry to assay the apoptosis rate between the two
groups, and there was no significant difference between the
two groups (Fig. 3a, b, d). These results indicated that the
light-induced membrane depolarization may affect the
signaling pathway involved in cell proliferation.

Optical Stimulation Causes G, Phase Accumulation
and S Phase Reduction

The cell cycle distribution of C17.2 ChR2-neural stem cell
after light stimulation is summarized in Fig. 4a. Applica-
tion of light stimulation resulted in a significant reduction
in the fraction of cells in S phase and accumulation of cells
in Go/G; phase. While the percentage of cells in Gy/G
phase in the no light control group was 38.57 £ 4 %, blue
light stimulation increased the percentage to 52.69 £ 5 %
(P < 0.05 vs. control). In addition, the proportion of cells
in S phase decreased from 48.56 + 3 % in control C17.2
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Fig. 1 Functional expression of A

ChR2 in C17.2 neural stem
cells. a A gate enclosing 1 % of
cells with the strongest GFP
fluorescence was applied for
FACS sorting. b Micrograph of
C17.2 ChR2-neural stem cell
clone from one cell after
sorting. ¢ Fluorescent staining
of cells expressing ChR2-GFP b
co-localized with nestin.

d Electrophysiological
recording of light (wave length
of 473 nm) of various
intensities stimulating evoked
inward currents in C17.2 ChR2-
neural stem cells in voltage
clamp mode (light stimulation is
indicated by the blue bar). Inset
representative ChR2
photocurrents (Color figure
online)
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Fig. 2 Optogenetic modulation of C17.2 ChR2-neural stem cell
proliferation. a, b Quantitative analysis of the number of C17.2 ChR2-
neural stem cells treated with blue light stimulation at 48 h. Optical
stimulation significantly inhibited proliferation. The histograms were
normalized revealing an optically driven decreased proliferation rate.
Light stimulation had no effect on C17.2 neural stem cells. c,
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d Expression of Ki67 after a 48 h treatment of optical stimulation.
Immunostaining images showed the downregulated expression of Ki67
in C17.2 ChR2-neural stem cells after treatment with blue light.
Histogram chart showing the expression of Ki67 after stimulation.
(n = 6; values are mean = SEM. *P < 0.05 versus control group in
this figure and the following figures) (Color figure online)




S. J. Wang et al.: Optogenetics Inhibit Proliferation of Neural Stem Cells

497

Light
A g
250 104045 3.70%
200 102, #d
Z 15 e
U 3 1021 3
&% 100 ] z&@*" '
50 U
G1
VUM L. N 10°]ses g s L04%
0 50 100 150 200 250 10° 100 10* 10° 10
FSC-H FL2-H
C
140 4 Il Light
5 Il Non-light
X 1204
?g 100 1
]
2 809
—
R
1=1)]
*g 40 ¢
[}
S 20
[
[
0+

Fig. 3 Effects of optical stimulation on the viability of C17.2 ChR2-
neural stem cells. a, b Flow cytometric analysis showed apoptosis of
neural stem cells in the light and no light groups. ¢ Histogram
showing that optical stimulation did not decrease the viability of cells

ChR2-neural stem cells to 33.4 £ 4 % in blue light stim-
ulation groups (P < 0.05 vs. control) (Fig. 4b).

Optical-Induced Membrane Depolarization Attributes
to Cell Proliferation Inhibition

We next explored the mechanism of optical stimulation on
neural stem cell proliferation. In the current clamp mode,
the blue light evoked membrane depolarization of C17.2
ChR2-neural stem cells, because ions fluxed into the cells
during light stimulation (Fig. 5a). We analyzed the
expression level of p27%®' and p21°™', which are two
members of the Kip/CIP family known to regulate cell
proliferation and terminal differentiation in a variety of cell
types. After 48 h of treatment, the blue light significantly
increased both p27%"P! and p21°™" expression levels in a
dose-dependent manner as the light intensity increased
(Fig. 5b), thereby suggesting that optical-induced mem-
brane depolarization blocked neural stem cell proliferation
by accumulation of cdkis, p27%"P" and p21<™".

Discussion

By using optogenetic techniques, we found an inhibi-
tory effect of membrane depolarization on neural stem
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when compared with that of the no light control. d Summary graphs
showing that optical stimulation did not induce obvious apoptosis
when compared with that of the no light control

cell proliferation in the present study. As the field of
optogenetics is emerging, it provides a direct and
stringent means of probing the organization of neural
circuits and of identifying the neural substrates of
behavior. Moreover, optogenetics is widely applicable
for other types of cells and biological systems (Mie-
senbock 2011).

Stem cells exhibit unique electrophysiological profiles in
their undifferentiated state (Biagiotti et al. 2006; Cai et al.
2004; Cho et al. 2002; Heubach et al. 2004). Membrane ion
channel activity is involved in neural development (Spitzer
2006). For instance, release of GABA from differentiating
neuroblasts depolarizes their progenitor cells in the postnatal
mouse subventricular zone and limits proliferation (Liu et al.
2005). Modulation of voltage-gated ion channels may
modify the proliferative state of cortical oligodendrocyte
progenitor cells (Ghiani et al. 1999). Proliferation of astro-
cytes and Schwann cells is also inhibited by membrane
depolarization or by K™ channel blockers (Chiu 1991; Li
et al. 2008; MacFarlane and Sontheimer 2000). Knutson
et al. demonstrated that membrane depolarization induced
by high extracellular K* inhibits O-2A glial progenitor cell
proliferation and that, this inhibitory effect is reversible
(Ghiani et al. 1999). Retinoic acid (RA), which is an agent
important for modulating embryonic neural development,
may also inhibit neural precursor cell proliferation by
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Fig. 4 Effect of optical stimulation on the cell cycle distribution of
C17.2 ChR2-neural stem cells. a Representative raw traces of cell
cycle analysis of different groups by the Modfit program. b Blue light
treatment increased the percentage of cells in Gy/G; phase and
decreased the percentage of cells in S phase (Color figure online)

B Non-light Light

inhibiting K* channel function (Ghiani et al. 1999). Mem-
brane depolarization could also influence the differentiation
of NSCs as a recent study has suggested that prolonged
membrane depolarization may enhance midbrain dopamine
neuron differentiation (He et al. 2011). However, nearly all
these studies have studied the effect of membrane depolar-
ization on neural cell behavior by exerting high extracellular
K™. Our data extend the previous analyses of cell membrane
voltage to neural stem cells by using the new optogenetic
technique. Neural stem cells or ESCs can be made photo-
sensitive by genetic modification with ChRs and enabled to
analyze proliferation or differentiate change by depolariza-
tion with rhythmic photo-stimulation (Stroh et al. 2011;
Tonnesen et al. 2011; Weick et al. 2010). Optical stimula-
tion-induced depolarization inhibited proliferation of neural
stem cells in our study. Moreover, this effect was not due to a
toxicity response because no apoptosis increase or viability
change was observed. This effect may be due to the induc-
tion of cell cycle inhibitory proteins by light stimulation.
Changes of the extracellular environment may affect
proliferation of most cell types (Roovers and Assoian 2000).
Cell cycle progression is tightly regulated by classes of
cyclin-dependent kinases (cdks) and cyclin-dependent
kinase inhibitor (cdkis) families (Ross 1996). The cell cycle
flow cytometric assay showed increased G; phase cells and
decreased S phase cells in our study, which, indicated that
membrane depolarization causes a block in G; phase of the
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Fig. 5 Optical-induced membrane depolarization attributes to C17.2
ChR2-neural stem cell proliferation inhibition. a Representative
traces of membrane depolarization from current clamp mode record-
ings of C17.2 ChR2-neural stem cells during a 200 ms 470 nm blue
light stimulus. b Western blot showing the expression of p21 and p27
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neural stem cell cycle and prevents G,—S transition. How-
ever, the mechanism of the effect of membrane potential
changes on cell cycle and proliferation is not fully demon-
strated. This mechanism might involve the coordination of
genes involved in cell cycle progression. Induction or failure
to down-regulate p27%"®' and p21“""', which are two
members of the cdkis Kip/CIP family, has been repeatedly
linked to inactivation of cyclin E-cdk2 and G, phase arrest
(Coqueret 2003; Fang et al. 1996; Lloyd et al. 1997; Sewing
et al. 1997; Woods et al. 1997). Cell membrane depolar-
ization induces Gl arrest in the OP cell cycle through
accumulation of the cyclin-dependent kinase inhibitors,
p27(Kipl) and p21(CIP1) (Ghiani et al. 1999). Thus, we
analyzed the involvement of p27%"! and p21“"*! in the G,
phase accumulation of the cell cycle, and we found an
upregulation of these two proteins after optical stimulation.
Interestingly, one study has found that hyperpolarization of
the membrane potential and progression through G; are
functionally linked (Lau et al. 2011). Therefore, the dynamic
changes of the membrane potential are involved in cell cycle
progression, and if the balance is disturbed, the orderly cell
cycle progression would be blocked.

In conclusion, by employing optogenetic techniques, we
have provided more evidence that cell membrane potential
plays an important role in the regulation of neural stem cell
proliferation and cell cycle progression. Our data and other
previous studies demonstrate that intracellular signal
transduction pathways associated with the activation of
different receptor systems and distinct membrane channels
converge on two cdkis, namely, p275'*! and p21“™!, which
regulate proliferation and differentiation in a variety of cell
lineages, including C17.2 neural stem cells.
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