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Since GFAP is expressed as a result of gliosis and
hypertrophy of macroglial cells, it is a common marker of
pathological or stressful conditions in astrocytes and Miiller
cells in the retina (Hartig et al. 1995; Reichenbach and
Reichelt 1986). Kimura et al. (2000) showed that the
immunoreactivity of GFAP in RCS rats begins at P35 and
continues until P105. In this study, we demonstrated that
GFAP immunoreactivity was strong in Miiller cells
3 months after the birth and continued for more than a
year. Similarly, increased GFAP immunoreactivity also has
been observed in the rd mouse model of photoreceptor
degeneration (Strettoi et al. 2003) and in glaucoma models
that caused the death of RGCs (Schuettauf et al. 2004; Tezel
et al. 2003). The increased immunoreactivity might be due
to stress responses that are associated with the degeneration
of photoreceptors, second order neurons, or Miiller cells.
We observed decreased GFAP immunoreactivity in ChR2V-
expressing RGCs. Dai et al. (2011) recently reported that
GFAP protein expression increased in Miiller cells during
the death of RGCs caused by the experimental glaucoma
model and the GFAP expression was inhibited by the rescue
of RGCs death. The activation of astroglia or Miiller cells
coincides with the degeneration of RGCs (Bosco et al.
2008; Schmidt et al. 2007; Schuettauf et al. 2004; Tezel et
al. 2003). Taken together with our previous report that
VEPs could be maintained for up to 64 weeks after the
ChR2 transduction (Sugano et al. 2010; Tomita et al. 2010),
ChR2V may inhibit secondary degeneration of RGCs in the
retina. Although the mechanism of this protection is not
known, ChR2V may stimulate RGCs or neurotrophic
factors. For example, it is known that electrical stimulation
of the retina prevents secondary degeneration (Schmid et al.
2009) and axotomy-induced RGC death (Morimoto et al.
2002, 2005, 2010). Similarly, depolarization and elevation
of intracellular cAMP in RGCs increase the levels of brain-
derived neurotrophic factor (BDNF) receptor trkB, which
prevents RGC cell death because BDNF acts as a survival
factor for RGCs (Meyer-Franke et al. 1998; Shen et al.
1999) Further study is needed to elucidate the mechanism
of the antidegenerative effects of ChR2.

In conclusion, our results showed that although the number
of RGCs decreased during photoreceptor degeneration, the
activity of individual RGCs was preserved. In addition, ChR2
transduction can produce photosensitive RGCs in both
young and aged rats. However, the degree of recovery
depended on their age at the time of transduction.
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ABSTRACT: As the skeletal muscle cell is an efficient force
transducer, it has been incorporated in bio-microdevices
using electrical field stimulation for generating contractile
patterns. To improve both the spatial and temporal resolu-
tions, we made photosensitive skeletal muscle cells from
murine C2C12 myoblasts, which express channelrhodopsin-
2 (ChR2), one of archaea-type rhodopsins derived from
green algae Chlamydomonas reinhardtii. The cloned ChR2-
expressing C2C12 myoblasts were made and fused with
untransfected C2C12 to form multinucleated myotubes.
The maturation of myotubes was facilitated by electrical
field stimulation. Blue LED light pulse depolarized the
membrane potential of a ChR2-expressing myotube and
eventually evoked an action potential. It also induced a
twitch-like contraction in a concurrent manner. A contrac-
tion pattern was thus made with a given pattern of LED
pulses. This technique would have many applications in
the bioengineering field, such as wireless drive of muscle-
powered actuators/microdevices.

Biotechnol. Bioeng. 2012;109: 199-204.

© 2011 Wiley Periodicals, Inc.
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Introduction

Bio-microdevices incorporating biological components
such as tissues, cells, and biomolecules have raised much
attention for the development of novel engineering devices.
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Muscle cells could provide force-generating modules driven
by the activation of actin-myosin motors coordinated with
excitation—contraction coupling (Bers, 2002). As an efficient
force transducer, a muscle-powered micro-actuator driven
by biochemical energy reaction could save energy, resources,
and space. With these advantages, contractile muscles have
been incorporated into engineered bio-microdevices to
create motors, actuators (Feinberg et al., 2007; Kim et al.,
2007; Morishima et al., 2006; Wilson et al., 2010; Xi et al.,
2005), and pumps (Tanaka et al., 2007). Conventionally,
muscle contraction has been triggered by electrical field
stimulation using electrodes placed in the extracellular
space. Alternatively, spontaneously beating cardiac muscle
cells have also been used. Electrical field stimulation is a
simple method to control the temporal pattern of contractile
activity. However, the electrical field is generally non-
uniform and many unexpected muscle cells are stimulated
simultaneously. It is thus difficult to specifically stimulate
identified groups of muscle cells. '

The optical stimulation methods have raised much
attention recently because of their advantages over
conventional electrical stimulation methods: Fine resolution
in space and time, parallel stimulations at multiple sites,
relative harmlessness and convenience (Callaway and Yuste,
2002; Miesenbdock, 2004). Recently, photostimulation using
channelrhodopsin-2 (ChR2), which are involved in the
light-dependent behavior of a unicellular green alga,
Chlamydomonas reinhardtii (Nagel et al., 2003), has become
a powerful tool for the investigation of neural networks in
vivo and in vitro (Boyden et al., 2005; Ishizuka et al., 2006; Li
et al., 2005).

In this study, to render contractile muscle photosensitive,
one of the mouse muscle sarcoma cell lines, C2C12 myoblast
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(Yaffe and Saxel, 1977), is genetically engineered to express
ChR2. The C2C12 myoblasts are fused with each other
in vitro, becoming contractile with the formation of
myofibrils, and are applied to study skeletal muscle cell
physiology (Fujita et al, 2007; Nakanishi et al, 2007;
Nedachi and Kanzaki, 2006; Yamaguchi et al., 2010) or
contractive mechanics (Kaji et al., 2010; Nagamine et al.,
2011; Yamasaki et al., 2009). We found that patterned
contraction of ChR2-expressing myotubes was robustly
triggered by blue LED light. Optical stimulation techniques
with the combination of ChR2-expressing C2C12 myoblasts
and microfabrication could enable wireless manipulation of
muscle-powered actuators/microdevices.

Materials and Methods

Cell Culture and Generation of ChR2-Venus-Transfected
€2€12 Cell Lines

Murine C2C12 myoblasts were obtained from RIKEN Cell
Bank (RCB0987) and cultured at 37°C under a 5% CO,
atmosphere in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma-Aldrich, St. Louis, MO) supplemented
with 10% Fetal Bovine Serum (FBS, Biological Industries
Ltd), 100 units/mL penicillin, 100 pg/mL streptomycin
(Sigma—Aldrich). A murine leukemia virus-based vector,
SRa-chop2-Venus, was constructed by replacing enhanced
green fluorescent protein (EGFP) in SRaLEGFP with ChR2
apoprotein tagged with a modified yellow fluorescent
protein, Venus (Nagai et al., 2002), and the pseudovirions
were prepared as described previously (Kamada et al., 2004).
The titer of the virus stock was 1.4 x 10° infectious particles
per mL. To generate ChR2-Venus expressing stable lines,
C2C12 cells were transfected with the virions and cloned
twice by limited dilution. Single-cell clones with bright
Venus fluorescence were selected under the conventional
inverted-fluorescent microscopy.

Formation and Maturation of Myotubes

Once confluent, the C2C12 myoblasts were induced to
differentiate into myotubes in the differentiation medium
consisting of DMEM supplemented with 2% calf serum
(Thermo Fisher Scientific, Waltham, MA), 1 nM insulin
(Invitrogen, Carlsbad CA), 100 units/mL penicillin, and
100 pg/mL streptomycin, which was replaced every 24 h. To
facilitate the maturation of myotubes, they were transferred
to electrical field stimulation medium, which was composed
of DMEM supplemented with 2% calf serum, 2% MEM
amino acid solution (Invitrogen), 1% MEM non-essential
amino acid solution (Invitrogen), 100 units/mL penicillin,
and 100 pg/mL streptomycin. Electrical pulses (0.8 V/mm,
2 ms duration) were generated by a pulse generator (SEN-
7203, Nihon Kohden, Tokyo, Japan) and applied at 1 Hz
continuously for 3 days through bipolar carbon electrode
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plates. The electrical field stimulation medium was changed
every 12 h during each stimulation protocol.

Electrophysiology

Fluorescence-labeled myotubes were identified under con-
ventional epi-fluorescence microscopy (BH2-REC, Olympus,
Tokyo, Japan) equipped with a 60x water-immersion
objective (LUMplanPl/IR60x, Olympus). The photocurrents
were recorded as described previously (Ishizuka et al., 2006)
under the whole-cell patch clamp of a conventional system
(Axopatch 200A plus Digidata1200, Molecular Devices Co.).
The standard patch pipette solution contained (in mM):
40 KCl, 80 KCH;SO,, 10 HEPES, 1 MgCl,, 2.5 MgATP,
0.2 Na,EGTA (pH 7.4 adjusted with KOH). The standard
extracellular solution contained (in mM): 138 NaCl, 3 KCI,
1 CaCl,, 1 MgCl,, 10 HEPES, 4 NaOH (pH 7.4 adjusted
with HCI). All the experiments were carried out at room
temperature.

Immunocytochemistry

The cultured myotubes were washed with PBS and fixed for
15 min in 0.1 M PBS (pH 7.4) containing 4% paraformal-
dehyde (PFA) and 0.1% Triton X-100. The specimens were
blocked in PBS with 5% donkey serum for 1 h and reacted
with mouse monoclonal anti-sarcomeric a-actinin primary
antibody (1:400; Sigma—Aldrich) in PBS with 5% donkey
serum and 0.1% Triton X-100 for 1h. After washing three
times in PBS with 0.1% Triton X-100, the cells were
incubated for 1-2h with the Alexa Fluor 546-conjugated
anti-mouse IgG secondary antibody in PBS with 5% donkey
serum and 0.1% Triton X-100. Alexa Fluor 633-labeled
phalloidin was added to the secondary antibody solution to
visualize the filamentous actin (F-actin). All of the above
reactions were done at room temperature. The specimens
were mounted with Vectashield (Vector Laboratories,
Burlingame, CA) and coverslipped. The fluorescent images
were taken under conventional confocal laser microscopy
(LSM510META, Carl Zeiss, Oberkochen, Germany)
equipped with a 40x objective and corrected for brightness
and contrast using conventional software (LSM Image
Browser).

Optical Stimulation and Motion Analysis

Optical stimulation was carried out by blue LED
(470 £25 nm, LXHL-NB98, Philips Lumileds Lighting
Inc. San Jose, CA) regulated by a pulse generator (SEN-7203,
Nihon Kohden) with a current booster (SEG-3104, Nihon
Kohden) in a high-calcium extracellular solution (in mM,
138 NaCl, 3 KCl, 10 HEPES, 4 NaOH, 1.25 MgCl,,
10 CaCl, pH 7.4 adjusted with HCI). Its light power density
was directly measured by a thermopile (MIR-100Q,
Mitsubishi Oil Chemicals, Tokyo, Japan) and was 0.12



mW/mm”® at the bottom of the culture dish. Each
photostimulation protocol was given with an interval of
3-5min. The contractile movements of myotubes were
monitored by a CCD camera (VB-7010, Keyence Co., Osaka,
Japan; 7.5 frames/s) under phase-contrast microscopy. Each
sequential image was converted to gray scale, inverted
in brightness, and the point of maximal pixel value was
identified in the region of interest covering the myotube.
The contractile displacement was measured by tracking this
point, and expressed in pm after correcting the scale. All the
above image analyses were carried out using Image] software
(NIH, Bethesda, MD).

Results and Discussions

Formation of C2C12 Myotubes Expressing ChR2

Probably due to repeated passage before establishing the
cloned myoblasts which stably express ChR2 (ChR2-
C2C12), they did not form well-differentiated myotubes.
Since the C2C12 cells fused with each other and formed
multi-nucleated myotubes (Blau et al., 1983), this genetic
deficit was expected to be overcome by fusion with
untransfected C2C12 (UT-C2C12) cells. Therefore, we co-
cultured ChR2-C2C12 cells with UT-C2C12 cells in the ratio
of 1:2 and rendered them to be fused with each other. As
shown in Fig. 1A the multi-nucleated myotubes expressing
ChR2-Venus were almost similar to those from UT-C2C12
cells in gross appearance.- Under confocal microscopy,
ChR2-Venus was distributed uniformly at the contour of
the multi-nucleated myotube, suggesting that it was
localized in the plasma membrane (Fig. 1B). Among
multi-nucleated myotubes, about 80% were expressed
ChR2-Venus. Therefore, the ChR2-C2C12 cells appear to
be fused with the UT-C2C12 cells to form multi-nucleated
myotubes with the diffusion of ChR2-Venus molecules
along their plasma membranes.

Photocurrents were evoked by 100 ms blue LED light
pulses of variable strength under whole-cell patch clamp of
the multi-nucleated myotube expressing ChR2-Venus (Fig.
2A). The blue LED light induced a negative current with a
peak and a plateau at a holding potential of —60mV, as
reported previously (Ishizuka et al., 2006). Both the peak
and plateau currents were dependent on the light intensity.
Under current-clamp, the resting potential was between —50
and —30mV (n=7) and action potentials were not evoked
even by direct current injection. When hyperpolarized to
around —70 mV, the blue LED light pulse evoked membrane
depolarization and, eventually, an action potential similar
to that by the direct current injection (Fig. 2B). However,
the light-evoked action potential frequently failed to be
evoked even at the maximal strength (0.08 mW/ mm?) and
no action potential was evoked in two myotubes. In another
two myotubes, each depolarization, either electrically or
optically, was sometimes accompanied with contraction, but
frequently was not.

Figure 1. ChR2-expressing C2C12 myotubes. A: Phase-contrast images of mul-
tinucleated myotubes cultured in the differentiation medium for 10 days; (a) from
untransfected (UT)-C2C12, (b) from C2C12 cells which stably expressed ChR2 (ChR2-
C2C12), (e) from co-cultured ChR2-C2C12 with UT-C2C12 in the ratio of 1:2 and
(d) Venus-fluorescence images of co-cultured myotubes. Note that some of them
expressed ChR2-Venus conjugates. B: A confocal image of typical multi-nucleated
myotubes expressing ChR2-Venus conjugates. Scale bars: 100 um in A, 20 wm in B.
[Color figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/bit]

Maturation of Myotubes

Under conventional differentiation conditions, the devel-
opment of sarcomere structure in a C2C12 myotube is very
slow and its contractile activity is also retarded (Engler et al.,
2004). However, it has been reported that the electrical field
stimulation evoked membrane depolarization, transiently
increased the intracellular Ca**, accelerated the sarcomere
assembly, and facilitated the contractile activity in the
C2C12 myotube (Fujita et al., 2007). Before applying
the electrical field stimulation protocol, the sarcomeric
structure, which is the smallest contractile unit, was not
obvious in the C2C12 myotubes (Fig. 3A). On the other
hand, after 3-day application of the electrical field stimu-
lation protocol (0.8 V/mm, 2 ms pulse at 1 Hz), which was
given by electrodes placed in the culture dish, striation
patterns consisting of sarcomeric a-actinin and F-actin were
manifest in the C2C12 myotubes (Fig. 3B). The sarcomeric
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Figure 2. Optical stimulation of ChR2-expressing C2C12 myotube. A: Top, blue
LED light pulses and bottom, photocurrent responses of a multi-nucleated myotube
from ChR2-C2C12 co-cultured with UT-C2C12. B: Top, blue LED light pulse, middle,
current injection from the patch electrode, and bottom, a typical membrane potential
response. Resting potential, —67 mV.

structure appeared to be prominently localized in a banded
pattern which ran in a longitudinal direction along each
myotube. These results were consistent with those of
previous studies (Fujita et al., 2007; Nagamine et al., 2010),
and the periodic electrical stimulation efficiently facilitated
the assembly of sarcomeric structures.

Contractile Activity Controlled by Optical Stimulation

After 3-day electrical field stimulation, the contractile
activity of the ChR2-Venus-expressing myotubes was
examined using optical stimulation by blue LED
(0.12 mW/mm?, 100 ms duration) and electrical field
stimulation (0.8 V/mm, 100 ms duration). Typically, these
myotubes showed obvious contraction synchronous to each
light or electric pulse of a given frequency (Supplementary
Movie S1-8). As shown in Fig. 4A, the myotube twitched
almost concurrently with every light or electric pulse at
frequencies between 1 and 4 Hz. However, the response
to 5Hz stimulation varied from one myotube to another.
In the case shown in Fig. 4A, the contraction was attenuated
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Figure 3. Maturation of sarcomeric structures. A: The ChR2-expressing C2C12
myotube before applying the electrical field stimulation protocol. a: Distribution of anti-
a-actinin immunoreactivity (green). b: Distribution of F-actin indicated by Alexa Fluor
633-labeled phalloidin. ¢: Merged image of (a) and (b). B: The maturated myotube after
3-day application of electrical filed stimulation protocol with similar panels (a)-{(c) as in
(A). Scale bars: 10 wm.

by light or electric pulses given in the later period
(Supplementary Movie S9, 10). Otherwise, the myotube
twitched robustly at 5 Hz (Fig. 4B and Supplementary Movie
S11, 12) or exhibited tetanus-like sustained contraction
(Fig. 4C and Supplementary Movie S13, 14) during either
optical or electrical stimulation. The optically evoked
contractions were almost similar to the electrically evoked
ones in both the contractile pattern and the magnitude as
indicated by the average contraction lengths during the
stimulation period (Fig. 4D). Therefore, the various
contractile patterns at high-frequency stimulation could
be attributed to the various maturational levels of the
myotubes. In some myotubes, the optical stimulation
evoked no contractions at the maximal light intensity,
probably because of the low expression level of ChR2.

Muscle fibers in vivo have been subjected contractile
activity under the regulation of nerve-muscle synapses.
However, it has been difficult to engineer neuro-muscular
synapses in vitro to manipulate microdevices with desired
accuracy. Hitherto, electrical field stimulation has been
mainly used for artificial contraction of skeletal muscles.
However, it has several disadvantages such as low point-to-
point discrimination, electrolysis of electrodes, and tissue
damage. In contrast, optical methods allow one to stimulate
muscle cells without any contact with tissue or extracellular
fluid, and thus are non-invasive in principle. Since the
optical signal is also high in both spatial and temporal
resolutions, it should enable one to control the muscle
contraction accurately with given spatial and temporal
patterns, which has never been achieved by electrical
stimulation.
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Figure 4, Optically evoked contraction of ChR2-expressing C2C12 myotube. A: Typical contraction patterns of a myotube during a 5-s train of LED pulses (0.12 mW/mm2,
100 ms duration) each at 1,2, 3, 4, and 5 Hz (from top to bottom of the left column) or during electrical field stimulation (0.8 V/mm, 100 ms duration, right column). B: Pulse-to-pulse
contraction of another myotube at 5 Hz. C: An example of tetanus-like contraction evoked by 5 Hz photostimulation. D: Average contraction length during the stimulation period of 5's

of a ChR2-expressing myotube in response to either optical or electrical field stimuli. From the same myotube shown in A. The same scales for A—C.

Conclusions

In this paper it was shown that the C2C12 myotubes became
photosensitive by the expression of one of the light-gated
channels, ChR2, and that optical stimulation using LED
light pulses was able to control their contractile activity with
a given temporal pattern. This technique would have many
potential bioengineering applications such as wireless drive
of muscle-powered actuators/microdevices and aneural
culture model systems that may be used for the study of
muscle fiber maturation, muscle bioassays for biological and
mechanical properties, and pathophysiological study of
muscular dystrophy. With the development of ES/iPS-cell
technologies, the present methods would enable one to
generate human muscle tissue substitutes the contraction of
which is optically regulated.
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Abstract

In vertebrate somatosensory systems, each mode of touch-pressure, temperature or pain is sensed by sensory endings of
different dorsal root ganglion (DRG) neurons, which conducted to the specific cortical loci as nerve impulses. Therefore,
direct electrical stimulation of the peripheral nerve endings causes an erroneous sensation to be conducted by the nerve.
We have recently generated several transgenic lines of rat in which channelrhodopsin-2 (ChR2) transgene is driven by the
Thy-1.2 promoter. In one of them, W-TChR2V4, some neurons were endowed with photosensitivity by the introduction of
the ChR2 gene, coding an algal photoreceptor molecule. The DRG neurons expressing ChR2 were immunohistochemically
identified using specific antibodies to the markers of mechanoreceptive or nociceptive neurons. Their peripheral nerve
endings in the plantar skin as well as the central endings in the spinal cord were also examined. We identified that ChR2 is
expressed in a certain population of large neurons in the DRG of W-TChR2V4. On the basis of their morphology and
molecular markers, these neurons were classified as mechanoreceptive but not nociceptive. ChR2 was also distributed in
their peripheral sensory nerve endings, some of which were closely associated with CK20-positive cells to form Merkel cell-
neurite complexes or with S-100-positive cells to form structures like Meissner’s corpuscles. These nerve endings are thus
suggested to be involved in the sensing of touch. Each W-TChR2V4 rat showed a sensory-evoked behavior in response to
blue LED flashes on the plantar skin. It is thus suggested that each rat acquired an unusual sensory modality of sensing blue
light through the skin as touch-pressure. This light-evoked somatosensory perception should facilitate study of how the
complex tactile sense emerges in the brain.
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Introduction Each rhodopsin is a seven-pass transmembrane molecule,
homologous to G-protein-coupled receptors, and activates cyclic
GMP phosphodiesterase upon activation. With the subsequent

reduction of the intracellular level of cGMP, the cyclic-nucleotide-

Knowledge of the world is obtained exclusively via perception
through our sensory systems which consist of peripheral sensory

organs, sensory nerves and the central nervous system (CNS). In
principle, a sensation is classified according to its modality, that is,
the kind of energy inducing physiological transduction in a specific
group of sensory organs. For example, in the somatosensory
systems, each mode of touch-pressure, temperature or pain is
sensed by sensory endings of different dorsal root ganglion (DRG)
neurons. Their signals are conducted to a specific cortical locus as
nerve impulses, which are then integrated to generate somatosen-
sory perception. Therefore, non-physiological energy transduction
such as direct electrical stimulation of a peripheral nerve causes an
erroneous sensation to be conducted by the nerve.

In the case of light, rhodopsins are molecules involved in its
perception by the photoreceptor cells in the vertebrate retina [1,2].

@ PLoS ONE | www.plosone.org

gated cation channels are closed [3,4]. A light signal is thus
converted into an electrical one through a cascade of at least four
molecules. On the other hand, light is perceived by archaea-type
rhodopsins, channelrhodopsin-1 (ChR1) and -2 (ChR2), during
the light-directed behavior of a unicellular green alga, Chlamydo-
monas reinhardtii [5-9]. Each channelrhodopsin consists of a seven-
pass transmembrane apoprotein and a retinal which covalently
binds to it. The photoisomerization of all-frans-retinal to the 13-cis
configuration is coupled to conformational changes in the protein
that result in increased cation permeability. A light signal is thus
converted into an electrical one by a single molecule [10].
Previously, it was reported that neurons were endowed with
sensitivity to blue light by introduction of the ChR2 gene [11-13].
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This optogenctic method has become a powerful tool for the
investigation of neural networks in various animals. It also has
potential as a visual prosthesis in case of photoreceptor
degeneration [14-16].

Different modalities, such as pain, temperature and touch, are
mixed when an animal senses the world through its skin. However,
by the selective expression of ChR2 in a subset of nociceptive
DRG neurons, .the modality-specific circuitry has been optically
investigated [17,18]. We have recently generated several trans-
genic rat lines in which ChR2 transgene is driven by the Thy-1.2
promoter [16]. In one of these lines, W-TChR2V4, some neurons
were endowed with photosensitivity by this introduction of ChR?2;
specifically, these neurons were the retinal ganglion cells, the
principal neurons in the cerebral cortex and hippocampus, as well
as other brain regions. (Figure S1). In this study, we identified that
ChR2 is expressed in a certain population of large neurons in the
DRG of a rat from this line. On the basis of their morphology and
molecular markers, these neurons were classified as mechanore-
ceptive but not nociceptive. ChR2 was also found to be distributed
in their peripheral sensory nerve endings. As the blue light evoked
sensory nerve responses through the skin, it appeared to induce the
sense of touch in the rats. It is thus suggested that the sensory
modality of the somatosensory system was modified to induce
reactivity to blue light in these transgenic rats.

Results

ChR2 expression in DRG

The distribution of ChR2-Venus conjugates (ChR2V) was
immunohistochemically identified using the W-TChR2V4 line.
As shown in Figure 1A, the ChR2V-expressing (ChR2V+) DRG
neurons always co-expressed NF200 (111/111 neurons, 100%,
Figure 1E), one of the markers of myelinated neurons. On the
other hand, almost negligible numbers of the ChR2V+ DRG
neurons were positive for calcitonin gene-related peptide (CGRP)
(37279 neurons, 1.1%, Figure 1E) (Figure 1B) or P2X; (7/161
neurons, 4.3%, Figure 1E) (Figure 1C). Previous studies have
shown that some of the myelinated A fibers are also involved in
proprioception [19,20]. Parvalbumin (PV), a member of the family
of low-molecular-weight calcium-binding proteins, has been
shown to be preferentially expressed within large DRG neurons
and is considered to be a highly specific molecular marker for
primary proprioceptors [21,22]. As shown in Figure 1D, some of
the ChR2V+ DRG neurons co-expressed PV (108/253 neurons,
43%, Figure 1E). Although not all NF200-positive neurons were
ChR2V+ (111/236, 47%), most of the PV-positive neurons were
ChR2V+ (108/115 neurons, 94%) (Figure 1F).

The size of each DRG neuron was evaluated by its average
diameter, as summarized in Figure 2. The ChR2V+ DRG
neurons (diameter, 43+0.42 pm, n=212) were clearly discrimi-
nated in terms of size from the CGRP-positive DRG neurons
(diameter, 23+0.34 um, n=230), with a statistically significant
difference (P« 107'°, two-tailed #test). Their size distribution was
also different from that of the P2Xj-positive DRG neurons
(diameter, 23%0.24 um, n=229; P«107'°, two-tailed #test),
although three P2Xs-positive neurons had diameters between 35
and 45 pum. On the other hand, there was no significant difference
in size between the CGRP- and the P2X -positive groups. The
NF200-positive neurons (n=236) appeared to consist of at least
two groups, one with diameters smaller than 30 pm and the other
with diameters larger than 30 um. The ChR2V+ DRG neurons
were segregated from the former group but co-localized with the
latter.

@ PLoS ONE | www.plosone.org
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ChR2 expression in dorsal spinal cord

In the dorsal spinal cord, the gray matter has been anatomically
classified into five discrete layers [23]. As shown in Figure 3A-C,
the ChR2V was broadly distributed in the spinal cord gray matter
(see also Figure S2). However, it was negligible in the outer dorsal
layers where CGRP immunoreactivity was present (Figure 3B).
Similarly, the ChR2V was not co-localized with P2X; immuno-
reactivity in the inner dorsal layers (Figure 3C). On the other
hand, the distribution of ChR2V overlapped with that of NF200
immunoreactivity (Figure 3A).

ChR2 expression in the peripheral nerve endings

As previously noted, ChR2 was expressed in large DRG
neurons, which have been suggested to be involved in proprio-
ception and touch-pressure sensing. The above results showed that
only a subpopulation of ChR2V+ DRG neurons co-expressed PV,
a marker of proprioceptive neurons. Therefore, it is, probable that
another subpopulation of these neurons have myelinated nerves
involved in touch-pressure, which project their peripheral endings
to the skin as mechanoreceptors. In the superficial layer of the skin,
indeed, the ChR2V+ nerve bundles were also positive for myelin
basic protein (MBP), which is a marker of myelinated axons
(Figure 4A). Some of the peripheral endings of mechanoreceptive
neurons have been shown to be associated with Merkel cells,
which specifically express cytokeratin-20 (CK20), and form Merkel
corpuscles in the skin [24], or with lamellar cells of Meissner’s
corpuscles, which express S-100 [25]. As shown in Figures 4B and
4C, ChR2V+ nerve endings were frequently associated with
CK20-positive Merkel cells or with S-100-positive cells to form
structures morphologically reminiscent of Meissner’s corpuscles.
On the other hand, they were not co-localized with the CGRP-
positive free nerve endings assumed to be involved in nociception
(Figure 4D). Peripherally, some of the proprioceptive DRG
neurons projected to the intrafusal muscles as sensory spiral
endings. As shown in Figure 4E, ChR2V+ nerve endings were
frequently found in muscle. Some of them were motor nerve
terminals as the spinal motor neurons also expressed ChR2V
(Figure S2). Others were found in the muscle spindles with spiral
appearances and co-expressed PV (Figure 4E).

Sensitivity to blue light

We next evaluated the sensitivity of ChR2V+ DRG neurons to
blue light. For this evaluation, the DRG neurons were cultured
and the ChR2V expression was identified by the presence of Venus
fluorescence. Under whole-cell voltage clamp, blue LED light
pulse evoked a photocurrent in every ChR2V+ neuron (24/24
neurons) (Figure 5A). Both the peak and the steady-state
photocurrents were dependent on the light power density
(Figure 5B). The peak current ranged between —0.5 and
—5.2 nA (n = 24) at the maximal irradiance, although unclamped
currents from escaped action potentials were frequently observed.
Under the current clamp, the blue LED light pulse (200 ms)
evoked rapid membrane depolarization in an intensity-dependent
manner and, eventually, only one action potential in 16 of 18
experiments (Figure 5C). In the remaining two cases, the blue
LED light evoked subthreshold depolarization even at the
maximum irradiance. The size of the action potential varied from
cell to cell (range, 15-72 mV, n = 16) with threshold irradiances of
0.06-1.3 mWmm™? (Figure 5D). However, the same blue LED
light did not evoke any current or voltage response in the ChR2V-
negative (ChR2V—) DRG neurons (n = 3, Figure S3).

When short LED pulses (duration, 20 ms) were repeatedly
applied at the maximal irradiance (1.6 mWmm™?), they robustly
evoked action potentials at low frequency (Figures 5E and 5F). For

March 2012 | Volume 7 | Issue 3 | e32699



Light-evoked Touch Sense by Channelrhodopsin-2

Marker-positive/ChR2V (%)

ChR2V/marker-positive (%)

NF200
PV

NF200
PV

Figure 1. Distribution of channelrhodopsin 2-Venus conjugates (ChR2V) in the dorsal root ganglion (DRG) of W-TChR2V4 rats. A-D.
Immunohistochemical identification of ChR2V-expressing neurons using cell-type specific markers, NF200 (A), CGRP (B), P2X5 (C) and PV (D). Scale
bars indicate 20 um. E. Probability of the co-expression of each marker, NF200, CGRP, P2X; or PV, in the ChR2V+ neurons. F. Probability of the co-
expression of ChR2V in the neurons positive for each marker, NF200, CGRP, P2X; or PV.

doi:10.1371/journal.pone.0032699.g001
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Figure 2. The average diameters of DRG neurons were compared among four groups positive for ChR2V (green), NF200 (blue),
CGRP (magenta) and P2X; (orange).
doi:10.1371/journal.pone.0032699.g002

example, there was no failure of the action potential in 13/14
neurons at 1 Hz, 12/14 at 2 Hz and 10/14 at 5 Hz. However, the A
fidelity was reduced at increased frequencies: 6/14 at 10 Hz and

3/14 at 20 Hz.

Behavioral responses to light

On the basis of the above evidence, we could expect that the
blue light on the plantar skin evokes tactile perception in this
transgenic rat. To test this, hindpaws of rats were illuminated at = ChR2V
the plantar skin by a series of blue or red LED flashes (duration,
50 ms; 10 pulses at 10 Hz; interval, 10 s) while the rest of the body
was shaded with a black cloth (Figure 6A). Although the rats 7z
remained quiet, the ChR2V+ rats appeared to move the paw in
response to the blue LED flash on its plantar skin (Video S1). The

Merge

c ChR2V Merge
A ChR2V
D Merge
B ChR2V «Merge
E
Cc
Figure 4. Distribution of ChR2V in the peripheral sensory nerve
Figure 3. Distribution of ChR2V in the dorsal part of the spinal endings. A-D. Immunohistochemical identification of the ChR2V+
cord. A-C. Immunohistochemical localization of ChR2V with the cell- nerve endings in the skin in relation to MBP (A), CK20 (B), S-100 (C) or

type specific markers, NF200 (A), CGRP (B) or P2X; (C). Scale bars CGRP (D). E. Co-localization of the ChR2V+ nerve endings with PV in the
indicate 40 pum. muscle spindle. Scale bars indicate 20 pm.
doi:10.1371/journal.pone.0032699.g003 doi:10.1371/journal.pone.0032699.g004
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Figure 5. Optical responses of the ChR2V+ DRG neurons. A. Representative records of photocurrents (bottom) evoked by blue LED light of
variable strength (top) under voltage clamp. An arrow indicates the unclamped current from escaped action potentials. B. The peak (closed
diamonds) and the steady-state (open squares) photocurrent amplitudes (mean * SEM, both n=24) as functions of the light power density. C.
Representative records of the neuronal membrane potential evoked by blue LED pulses (200 ms) of variable strength under current clamp. The
resting membrane potential, —56 mV. D. The maximal voltage changes as a function of the light power density (n = 16). E. Representative records of
membrane potential responses of a ChR2V-expressing DRG neuron to the repeated flashing of blue LED pulses (1.6 mWmm ™2, 20 ms duration) at
various frequencies, that is, 5 Hz (top), 10 Hz (middle) and 20 Hz (bottom). F. Fidelity of generation of action potentials as a function of frequency

(mean *= SEM, n=14).
doi:10.1371/journal.pone.0032699.g005

blue LED flashes clearly and robustly evoked reflexive movements whereas it was 25768% with red light, showing a significant
of the paw or toe, whereas the red LED flashes did not (Video S2). difference (P<<0.05, Wilcoxon signed-rank test, n=8 animals).
The movements during flashing exposure were scored according Relatively large movements (score, 2—3) were frequently evoked by
to their magnitudes (Table 1). The proportion of cases when the blue LED flashes (Figure 6B). There was a significant
movement occurred during flashing with blue light was 100%, difference between blue and red flashes (n =8, P<0.01, Wilcoxon
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signed-rank test) when we compared the average scores given for
the magnitude of movement (Figure 6C). As a control, neither blue
nor red flashes evoked clear movements in the case of ChR2V—
rats (n=8). Compared with the ChR2V+ rats, the probability of
showing large movements (score 2-3) and the average movement
scores of the control rats were negligible (Figures 6B and 6C,
P<0.005, Mann-Whitney U-Test). Similarly, the ChR2V+ rats
moved their forepaws significantly more frequently and vigorously
during blue LED flash than during red LED flashes (Figures 6D
and 6E; Videos S3 and S4). We also tested the light-evoked

Light-evoked Touch Sense by Channelrhodopsin-2

movement of tails, but only one ChR2V+ rat showed clear
responses to the blue LED flashes (Video S5).

Discussion

In this study, we found that ChR2 is expressed in a certain
population of large neurons in the DRG of a transgenic rat line,
W-TChR2V4, in which the ChR2V transgene was driven by the
Thy-1.2 promoter [16]. The ChR2V+ neurons co-expressed
NF200, a marker of medium-large neurons involved in mecha-
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Figure 6. Optically evoked behavioral responses. A. Schematic diagram of the experimental setup. One of four paws was placed in the light
path of a blue or red LED so that the plantar skin faced the light while the rest of the body was covered with a black cloth. The distance between the
surface of the collimator lens of the LED and the plantar skin was set to about 4 cm, but the exact distance was in the range of 3-5 cm because of the
spontaneous movements of the paw. All the experiments were carried out under yellow, dim background light. The optically evoked behavioral
responses were scored according to the movement around joints: toe, ankle/wrist or knee/elbow (Table 1). B and C. Light-evoked responses of
hindpaws were compared between the wild-type (n=8) and the ChR2V+ rats (n =8). The probability of large movements (score 2-3, B) or the average
score over ten successive tests (C) was compared between blue and red LED light. D and E. Light-evoked responses of forepaws of the same group of

rats: the probability of large movements (score 2-3, D) or the average score (E). Wicoxon signed-rank test was applied for the paired data (¥, P<0.01)
and Mann-Whitney U-test for unpaired data (**, P<0.0005)

doi:10.1371/journal.pone.0032699.9g006
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Table 1. The behavioral response score.

Score

Behavior

Toe movements 1

Knee or elbow movements 3

doi:10.137 /journal.pone.0032699.t001

noreception, but not GGRP or P2X3, markers of small neurons
involved in nociception. Since the peripheral sensory nerve
endings also expressed ChR2, it was expected that photostimula-
tion would evoke action potentials in them. Indeed, the ChR2V+
rats showed sensory-evoked behaviors in response to blue LED
flash on their plantar skin. It is thus suggested that the rats had
acquired an unusual sensory modality enabling them to sense blue
light through the skin.

ChR2V+ DRG neurons are not involved in nociception

The DRG comprises cell bodies of functionally distinct sensory
nerves. The DRG neurons have been classified in terms of various
characteristics, for example, fast-conducting vs. slow-conducting,
myelinated vs. non-myelinated, nociceptive vs. non-nociceptive or
small vs. large. In this study, we used NF200 as a marker of
myelinated neurons and found that almost all ChR2V+ DRG
neurons co-expressed NF200. On the other hand, some NF200-
expressing DRG neurons were ChR2V—. It is thus suggested that
the ChR2V-expressing DRG neurons are a subpopulation of the
fast-conducting myelinated neurons.

The nociceptive neurons can be further classified into
peptidergic and non-peptidergic neurons. The peptidergic neurons
are immunoreactive to substance P (SP) or CGRP, whereas the
non-peptidergic neurons are immunoreactive to isolectin B4 (IB4)
or purinergic receptor P2X; [26-28]. We found that almost all the
ChR2V+ neurons were negative for both CGRP and P2X,.
Therefore, the nociceptive DRG neurons appeared to be mostly
ChR2V—.

In our study over 98% of the ChR2V+ DRG neurons had
diameters larger than 30 um. Although the neuron size is
dependent on the age or the body size of the rat, these neurons
were classified as medium-large [29-31]. On the other hand, the
nociceptive neurons that expressed either CGRP or P2X; were
mostly small. The size distribution of ChR2V+ neurons appeared
to be distinct from that of nociceptive neurons. However, a small
number of medium-sized DRG neurons were also positive for
P2X3. A subpopulation of NF200-expressing DRG neurons were
discriminated from ChR2V+ DRG neurons by their small size
(diameter<<30 pm). It is possible that these DRG neurons were
small myelinated Ad-fiber neurons involved in pain [32]. These
observations are consistent with the notion that the ChR2V+
neurons are not involved in nociception [33,34], although further
studies are necessary to confirm this.

In the spinal cord, neurons involved in nociception are located
in the marginal layer (lamina I) and the substantia gelatinosa
(lamina II) of the dorsal horn and receive inputs from the
nociceptive DRG neurons [35,36]. Indeed, various noxious stimuli
induce acute c-Fos expression in these laminae [37]. On the other
hand, the myelinated fibers involved in mechanoreception are
projecting predominantly to laminae III-V [35-38]. Consistent
with these previous studies, immunoreactivity to CGRP or P2X;
was predominantly present in laminae I and IT and that to NF200
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was negligible in these superficial layers. We found that the
ChR2V expression co-localized with neither with CGRP nor
P2X. It is thus suggested that the ChR2V+ fibers are myelinated
and involved in mechanoreception. ’

We also found in the plantar skin that the ChR2V+ nerve fibers
were mostly associated with MBP immunoreactivity. It is thus
suggested that these fibers were myelinated and distinct from the
nociceptive C-fibers that were unmyelinated. They are also
unlikely to be nociceptive AS fibers that had lost their myelin
before entering the skin [39]. On the other hand, ChR2V-positive
nerve endings were frequently associated with Merkel cells in the
dermis or with S-100-positive cells to form structures like
Meissner’s corpuscles, suggesting their involvement in the sense
of touch-pressure. However, we did not find the axon terminals in
the deep mechanoreceptive structures such as Pacinian corpuscles;
this was probably because our histological studies were limited to
the superficial layer of the plantar skin. Some of the ChR2V+
fibers appeared to be involved in proprioception since they
innervated the muscle spindle to form stretch receptors that were
PV-positive.

Taken together, the above histological characteristics suggest
that ChR2V was not expressed in most nociceptive DRG neurons.
Rather, it appeared to be expressed in a subpopulation of
mechanoreceptive neurons with myelinated fibers [40]. Some of
the ChR2V+ neurons appeared to be involved in proprioception
in muscles, tendons and joints since they were also positive for PV.
However, others may have innervated the skin and been involved
in the sense of touch-pressure.

Light-evoked somatosensory responses

The above findings that the mechanoreceptive DRG neurons
expressed ChR2V in both the soma and peripheral endings raised
the possibility that the ChR2V+ rats can sense blue light on their
skin as if it were a touch. There is further evidence to support this.
First, the ChR2V+ DRG neurons were photosensitive and
optically depolarized to evoke action potentials. The action
potential was generated at the onset of the light pulse and not
thereafter, a trait frequently found in mechanoreceptive DRG
neurons [41-45]. Second, the ChR2V+ rats moved their paws in
response to the blue LED flashes on the plantar skin, but not in
response to the red LED flashes. This behavior was not observable
in the control GhR2V— rats. Therefore, the light-evoked
behaviors were dependent on both the expression of ChR2 and
the wavelength (47017 nm) that is optimal for the activation of
ChR2 [9]. As ChR2V was exclusively expressed in the myelinated
nerve endings that were non-nociceptive, the blue light was likely
to have induced the sense of touch-pressure in the rats. This blue
light-evoked response was not clear in other parts of the body such
as the tail. It is possible that fur covering the skin would obstruct
the penetration of light. Although ChR2V was expressed in motor
neurons and their terminals in our rat model (Figure $2), the
sensory nerve endings, which lie in the superficial layer of the skin,
are expected to be differentially photostimulated because the blue
light cannot penetrate deep into the muscle. It is thus suggested
that the sensory modality of the somatosensory system was
modified so as to be also reactive to blue light in the ChR2V+ rats.

Conclusions

In this work, we have generated an optogenetic rat model that
can be used for the research of the somatosensory system. Using
ChR2V+ rats, we can discretely photostimulate the mechanore-
ceptive nerve endings without any effects on the nociceptive free
nerve endings. Combined with electrophysiological as well as
neuroimaging methods such as fMRI, our rat model should
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facilitate study of how complex tactile perception, such as for
texture, size and shape, is generated.

Materials and Methods

Ethics Statement

All animal experiments were approved by the Tohoku
University Committee for Animal Experiments (Approval
No. 2011LsA-23) and were carried out in accordance with the
Guidelines for Animal Experiments and Related Activities of
Tohoku University as well as the guiding principles of the
Physiological Society of Japan and the National institutes of health
(NIH), USA.

Animals

The experiments were carried out using offspring of one of the
Thy-1 promotor-ChR2-Venus transgenic rat lines, W-TChRV4
with the background of Wistar rats [16] mated with wild-type
Wistar rat. The.littermates were screened by genomic PCR using
the appropriate primers (Figure S4), and were determined to be
either transgene-positive (ChR2V+) or -negative (ChR2V-—).
Alternatively, the tip of the tail was freshly examined under
fluorescent microscopy to determine whether Venus fluorescence
was present in the nerve bundle in the tissue (Figure S5). The
number of animals in this study was kept to a minimum and, when
necessary, all animals were anesthetized to minimize their
suffering. Animals had access to food and water ad libitum and
were kept under a 12-hour light-dark cycle.

Immunohistochemistry

ChR2V+ rats (five weeks old) were used for the immunohisto-
chemical experiments. They were anesthetized with a ketamine
(50 mg/ml, Daiichi Sankyo Co. Ltd., Tokyo, Japan)-xylazine
(xylazine hydrochloride, 10 mg/ml, Sigma-Aldrich, St. Louis,
MO, USA) mixture (1 ml/kgBW) and transcardially perfused with
phosphate-buffered saline (PBS; pH 7.4), followed by 100 ml of 4%
paraformaldehyde (PFA) and 0.2% picric acid in PBS. The lumber
region of spinal cords together with DRGs, the intercostals muscles
and the pedal skin from one of the paws were removed and post-
fixed in 4% PFA overnight at 4°C. After cryoprotection through a
graded series of sucrose replacements (10%, 20% and 30% in PBS)
at 4°C, each tissue was embedded in OCT Compound (4583,
Sakura Finetek, Tokyo, Japan) and stored at —80°C.

The localization and cell type of ChR2V-expressing neurons in
the tissue were immunohistochemically investigated using anti-
EGFP antibody along with the antibody of one of the cell-type-
specific markers. Briefly, each frozen section was cut at 16 pm
thickness with a cryostat (CM 3050 S, Leica, Wetzlar, Germany),
mounted on poly-L-lysine coated slides (Matsunami Glass Ind.
Ltd., Kishiwada, Japan) and left to air-dry for 90 min at room
temperature. After washing with PBS, slices were incubated for
1 br in blocking PBS containing 2.5% goat serum, 0.25%
carrageenan and 0.1% Triton X-100 at room temperature. Then,
the specimens were reacted overnight at 4°C with the primary
antibody: rabbit anti-EGFP (1:2,000) [46]; mouse monoclonal
anti-NF200 (1:500, N0142, Sigma-Aldrich); rabbit anti-CGRP
(1:2,000, C8198, Sigma-Aldrich); guinea-pig anti-CGRP (1:1000,
Progen Biotechnik GmbH, Heidelberg, Germany); guinea-pig
anti-P2X; (1:1,000, GP10108, Neuromics, Edina, MN, USA);
mouse anti-PV (1:2,000, P3088, Sigma-Aldrich); chicken anti-
MBP (1:300, PAI-10008, Thermo Fisher Scientific KK,
Yokohama, Japan), mouse anti-CK20 (1:20, IT-Ks 20.8, Progen
Biotechnik GmbH) and mouse anti-S100 (B-subunit) (1:1000,
$2532, Sigma-Aldrich). In some specimens, the Venus fluorescence
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signal could be directly examined without any amplification as
previously described [47,48]. After 10-min washing three times,
the slices were reacted for 1 hr (room temperature) or overnight
(4°C) with the combination of the following secondary antibodies
(Molecular Probes products from Life Technologies Co., Carlsbad,
CA, USA, except for Dylight-549): Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (1:500), Alexa Fluor 546-conjugated
donkey anti-mouse IgG (1:500), Alexa Fluor 546-conjugated
donkey anti-rabbit IgG (1:500) and Alexa Fluor 633-conjugated
goat anti-guinea pig IgG (1:500), and Dylight 549-conjugated goat
anti-chicken IgY (Thermo Fisher Scientific K.K., 1:100). After
washing three times in PBS, the specimens were mounted with
Permafluor (Thermo Fisher Scientific K.K.). Images were digitally
captured under conventional confocal laser-scanning microscopy
(LSM510META, Carl Zeiss, Oberkochen, Germany) and were
corrected for brightness and contrast using LSM Image Browser
version 3.2 (Carl Zeiss), Photoshop version 6.0 (Adobe Systems
Inc, San Jose, CA, USA) and Image] (http://rsbweb.nih.gov/ij/).
The diameter of a DRG neuron was microscopically measured as
the mean of the shortest and longest diameters.

Culture

The DRG neurons of ChR2V+ rats (3—4 weeks) were cultured
according to a method reported previously [49] with some
modifications. After decapitation, the DRGs from all available
spinal levels were taken out and put into an ice-cold dissecting
solution. Each DRG was cleaned of the surrounding connective
tissue, cut into small pieces and immersed in an enzymatic solution
containing 1.0 mg/ml collagenase II (C6885, Sigma-Aldrich),
0.5 mg/ml trypsin (15090-046, a Gibco product from Life
Technologies Co.) and 0.1 mg/ml DNase I (Sigma-Aldrich) for
30-45 min at 37°C. The neurons were washed twice with
trituration solution containing 2 mg/ml BSA (A7906, Sigma-
Aldrich), resuspended in culture medium containing DMEM
(D5030, Sigma-Aldrich) supplemented with 3.7 mg/ml NaHCOs,
1 mg/ml D-glucose, 2 mM L-glutamine (G7513, Sigma-Aldrich),
1% penicillin/streptomycin (P0781, Sigma-Aldrich) and 10% FBS
(04-001-1, Biological Industries, Beit-Haemek, Israel), and then
plated and cultured at 37°C in a humidified incubator with a 95%
air and 5% COs atmosphere. The culture medium was changed
every two days. The whole-cell recording experiments were
carried out within 4-5 days of plating.

Electrophysiology

ChR2V+ DRG neurons were identified under conventional epi-
fluorescence microscopy (BH2-RFC, Olympus Optical Co.,
Tokyo, Japan) equipped with a 40x water-immersion objective
(LUMplanP1/IR40 %, Olympus) and a conventional filter cube
(excitation, 495 nm; dichroic mirror, 505 nm; barrier filter,
515 nm). Electrophysiological recording was performed at
34+2°C (UTC-1000, Ampere Inc., Tokyo, Japan) under whole-
cell patch clamp from the soma using an amplifier (EPC 8, HEKA
Elektronik Dr. Schulze GmbH, Germany) and computer software
(pCLAMP 9, Molecular Devices, LLC, Sunnyvale, CA). The bath
solution was composed of (in mM) 138 NaCl, 3 KCl, 2 CaCl,, 1
MgCly, 4 NaOH, 10 HEPES, 11 glucose, and was adjusted at
pH 7.4 by 1 N HCL The patch pipette solution was composed of
(in mM) 125 K-gluconate, 10 KCl, 0.2 EGTA, 10HEPES, 1
MgCls, 3 MgATP, 0.3NayGTP, 10 Nay-phosphocreatine and 0.1
leupeptin, and was adjusted at pH 7.2 by 1 N KOH. For the
optical actuation of a DRG neuron we used a blue LED
(470225 nm wavelength, LXHL-NB98, Philips Lumileds Light-
ing Co., San Jose, CA, USA) regulated by a pulse generator (SEN-
7203, Nihon Kohden, Tokyo, Japan) and computer software
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(PCLAMP 9, Molecular Devices, LLC). The maximal light power
density of the LED light was 1.6 mWmm ™2 at the focus.

Behavioral test

Light-dependent behavior was investigated using eight ChR2V-
expressing (ChR2V+) (9-21 weeks) and eight non-expressing
(ChR2V—) rats, including three littermates (8—14 weeks) and five
wild-type Wistar rats (15 weeks). The whole body of a rat, except for
one of the four paws and the tail, was shaded from the light with a
black cloth. Either a blue (47017 nm, LXML-PB01-0023, Philips
Lumileds Lighting Co.) or a red LED (62715 nm, LXML-PDO01-
0030, Philips Lumileds Lighting Co.) was driven by a pulse
generator (SEN-7203, Nihon Kohden, Tokyo, Japan) and a DC
voltage/current generator/calibrator (R6243, Advantest, Tokyo,
Japan). A series of flashes (duration, 50 ms; 10 pulses at 10 Hz;
interval, 10 s) was subjected to the skin at a distance of 3-5 cm while
the behavior of the rat was captured using a video camera (PC1249,
Canon, Tokyo, Japan). All experiments were carried out under
yellow, dim background light. The light power density was directly
measured using a thermopile (MIR-100Q), Mitsubishi Oil Chem-
icals, Tokyo, Japan), and was 3-8 mWmm ™~ at the skin for both the
blue and the red LED lights. Under double-blind conditions, the
response to light was scored as described in Table 1.

Supporting Information

Video S1 Typical ChR2V+ transgenic rat showed sensory-
evoked behavior of a hindpaw in response to a series of blue
LED flashes on the plantar skin as if it had been touched.
MPG)

Video S2 The same hindpaw showed no specific
response to a train of red LED flashes.
MPG)

Video S3 The same rat also showed sensory-evoked
behavior of a forepaw in response to a train of blue LED
flashes.

(MPG)

References

1. Nathans J (1999) The evolution and physiology of human color vision: insights
from molecular genetic studies of visual pigments. Neuron 24: 299-312.

2. Palezewski K (2006) G protein-coupled receptor rhodopsin. Annu Rev Biochem
75: 743-767.

3. Kaupp UB, Seifert R (2002) Cyclic nucleotide-gated ion channels. Physiol Rev
82: 769-824.

4. Bradley J, Reisert J, Frings S (2005) Regulation of cyclic nucleotide-gated
channels. Curr Opin Neurobiol 15: 343-349.

5. Sineshchekov OA, Jung KH, Spudxch JL (2002) Two rhodcpsms mediate
phortotaxis to low and high intensity light in Chlamyd. h . Proc Natl
Acad Sci U S A 99: 8689-8694.

6. Suzuki T, Yamasaki K, Fujita 8, Oda K, Iscki M, et al. (2003) Archaeal-type
rhodopsins in Chlamydomonas: model structure and intracellular localization.
Biochem Biophys Res Commun 301: 711-717.

7. Kateriya S, Nagel G, Bamberg E, Hegemann P (2004) “Vision” in single-celled
Algae, News Physiol, Sci 19: 133-137.

8. Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti AM, et al. (2002)
Channelrhodopsin-1: a light-gated proton channel in green algae. Science 296:
2395-2398.

9. Nagel G, Szellas T, Huhn W, Kateriya S, Adeishvili N, et al. (2003)
Channelrhodopsin-2, a directly light-gated cation-selective membrane channel.
Proc Natl Acad Sci U S A 100: 13940-13945.

10. Hegemann P (2008) Algal sensory photoreceptors. Annu Rev Plant Biol 59:
167-189.

11. Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K (2005) Millisecond-
timescale, genetically targeted optical control of neural activity. Nat Neurosci 8:
1263-1268.

12. Li X, Guterrez DV, Hanson MG, Han J, Mark MD, et al. (2003} Fast
noninvasive activation and inhibition of neural and network activity by
vertebrate rhodopsin and green algae channelrhodopsin. Proc Natl Acad Sci
U S A102: 17816-17821.

@ PLoS ONE | www.plosone.org

Light-evoked Touch Sense by Channelrhodopsin-2

Video S84 The same forepaw showed no specific re-
sponse to a train of red LED flashes.

(MPG)

Video 85 The same rat also showed clear sensory-
evoked movement of its tail in response to a train of blue
LED flashes as if it had been touched.

(MPG)

Figure S1 Expression of ChR2V in the bram of W-
TChR2V4 rat.
(PDF)

Figure S2 Expression of ChR2V in the spinal cord and
the motor nerve terminals.

(PDF)

Figure S3 Non-fluorescent DRG neurons were unre-
sponsive to the blue light.

(PDF)

Figure S4 The primers that were used to differentiate
ChR2V+ from ChR2V— rats.
(PDF)

Figure S5 Expression of ChR2V in the tail nerve
bundles.

(PDF)

Acknowledgments

We wish to thank G. Nagel for the ChR2 cDNA, A. Miyawaki for the Venus
¢DNA, S. Hososhima, S. Inoue, D. Teh, A. Uchida, S. Watanabe and J.
Yokose for experimental assistance, and B. Bell and D. Teh for language
assistance.

Author Contributions

Conceived and designed the experiments: Z-GJ HY. Performed the
experiments: Z-GJ SI TH HO. Analyzed the data: Z-G] HY. Contributed
reagents/materials/analysis tools: TT YF. Wrote the paper: Z-GJ HY.

13. Ishizuka T, Kakuda M, Araki R, Yawo H (2006) Kineti¢ evaluation of
photosensitivity in genetically engineered neurons expressing green algae light-
gated channels, Neurosci Res 54: 85-94.

14. Bi A, Cui ], Ma YP, Olshevskaya E, Pu M, et al. (2006) Ectopic expression of a
microbial-type rhodopsin restores visual responses in mice with photoreceptor
degeneration. Neuron 50: 23-33.

15. Tomita H, Sugano E, Yawo H, Ishizuka T, Isago H, et al. (2007) Restoration of
visual response in aged dystrophic RCS rats using AAV-mediated channelopsin-
2 gene transfer. Invest Ophthalmol Vis Sci 48: 3821--3826.

16. Tomita H, Sugano E, Fukazawa Y, Isago H, Sugiyama Y, et al. (2009) Visual
properties of transgenic rats harboring the channelrhodopsin-2' gene regulated
by the Thy-1.2 promoter. PLoS One 4: ¢7679.

17. Campagnola L, Wang H, Zylka MJ (2008) Fiber-coupled light-emitting diode
for localized photostimulation of neurons expressing channelrhodopsin-2.
J Neurosci Meth 169: 27-33.

18. Wang H, Zylka M]J (2009) Migprd-expressing polymodal nociceptive neurons
innervate most known classes of substantia gelatinosa neurons. J Neurosci 29:
1320213209,

19. Lawson SN, Waddell PJ (1991) Soma neurofilament immunoreactivity is related
to cell size and fibre conduction velocity in rat primary sensory neurons. J Physiol
435: 41-63.

20. Julius D, Basbaum AT (2001) Molecular mechanisms cfnociception. Nature 413:
203-210.

21. Celio MR {1990) Calbindin D-28k and parvalbumin in the rat nervous system.
Neuroscience 35: 375-475.

22. Ichikawa H, Deguchi T, Nakago T, Jacobowitz DM, Sugimoto T (1994)
Parvalbumin, calretinin and carbonic anhydrase in the trigeminal and spinal
primary neurons of the rat. Brain Res 655: 241-245,

23. Basbaum Al, Jessell TM (2000) The perception of pain. In: Kandel ER,
Schwartz JH, Jessell TM, eds. Principles of Neural Science Iourth Edition. New
York: McGraw-Hill. pp 430-491,

March 2012 | Volume 7 | Issue 3 | e32699



24.

26.

27.

28.

29.

30.

31

32.

33.

34.

36.

Moll I, Roessler M, Brandner JM, Eispert AC, Houdek P, et al. (2005) Human
merkel cells-aspects of cell biology, distribution and functions, Eur J Cell Biol 84:
259-271.

. Kinnman E, Aldskogius H, Johansson O, Wiesenfeld-Hallin Z (1992) Collateral

reinnervation and expansive regenerative reinnervation by sensory axons into
“foreign” denervated skin: an immunohistochemical study in the rat. Exp Brain
Res 91: 61-72.

Averill S, Mcmahon 8B, Clary DO, Reichardt LF, Priestley JV (1995)
Immunocytochemical localization of tkA receptors in chemically identified
subgroups of adult rat sensory neurons. Eur J Neurosci 7: 1484-1494.

Snider WD, McMahon SB (1998) Tackling pain at the source: new ideas about
nociceptors., Neuron 20: 629-632.

Zhang X, Bao L (2006) The development and modulation of nociceptive
circuitry. Curr Opin Neurobiol 16: 460-466.

Ha SO, Yoo HJ, Park 8Y, Hong HS, Kim DS, et al. (2000) Capsaicin effects on
brain-derived neurotrophic factor in rat dorsal root ganglia and spinal cord.
Brain Res Mol Brain Res 81: 181-186.

Fang X, Djouhri L, McMullan S, Berry C, Waxman SG, et al. (2006) Intense
isolectin-B4 binding in rat dorsal root ganglion neurons distinguishes C-fiber
nociceptors with broad action potentials and high Nav1.9 expression. ] Neurosci
26: 7281-7292. ’

Lu SG, Gold MS (2008) Inflammation-induced increase in evoked calcium
transients in subpopulations of rat DRG neurons. Neuroscience 153: 279-288.
Dawson LF, Phillips JK, Finch PM, Inglis JJ, Drummond PD (2011) Expression
of oy-adrenoceptors on peripheral nociceptive neurons. Neuroscience 175:
300-314.

Vulchanova L, Riedl MS, Shuster §J, Stone LS, Hargreaves KM, et al. (1998)
P2X; is expressed by DRG neurons that terminate in inner lamina IL
Eur J Neurosci 10: 3470-3478.

Novakovic SD, Kassotakis LC, Oglesby IB, Smith JA, Eglen RM, et al. (1999)
Immunocytochemical localization of P2X3 purinoceptors in sensory neurons in
naive rats and following neuropathic injury. Pain 80: 273-282.

. Caspary T, Anderson KV (2003) Patterning cell types in the dorsal spinal cord:

what the mouse mutants say. Nat Rev Neurosci 4: 289-297.
Morris R, Cheunsuang O, Stewart A, Maxwell D (2004) Spinal dorsal horn
neurone targets for nociceptive primary afferents: do single neurone morpho-

@ PLoS ONE | www.plosone.org

37.

38.

39.

40.

41.

42,

43.

44,

46.

47.

48.

49.

Light-evoked Touch Sense by Channelrhodopsin-2

logical characteristics suggest how nociceptive information is processed at the
spinal level. Brain Res Brain Res Rev 46: 173-190.

Coggeshall RE (2005) Fos, nociception and the dorsal horn. Prog Neurobiol 77:
299-352.

Todd AJ (2002) Anatomy of primary afferents and projection neurons in the rat
spinal dorsal horn with particular emphasis on substance P and the neurokinin 1
receptor. Exp Physiol 87: 245-249.

Provitera V, Nolano M, Pagano A, Caporaso G, Stancanelli A, et al. (2007)
Myelinated nerve endings in human skin. Muscle Nerve 35: 767-775.

Perry MJ, Lawson SN, Robertson J (1991) Neurofilament immunoractivity in
populations of rat primary afferent neurons: a quantitative study of
phosphorylated and non-phosphorylated subunits. J Neurocytol 20: 746-758.
Melean M]J, Bennett PB, Thomas RM (1988) Subtypes of dorsal root ganglion
neurons based on different inward currents as measured by whole-cell voltage
clamp. Mol Cell Biochem 80: 95-107.

Villiere V, McLachlan EM (1996) Electrophysiological properties of neurons in
intact rat dorsal root ganglia classified by conduction velocity and action
potential duration. J Neurophysiol 76: 1924-1941.

Price MP, Lewin GR, Mcllwrath SL, Cheng C, Xie J, et al. (2000) The
mammalian sodium channel BNC1 is required for normal touch sensation.
Nature 407: 1007-1011.

Tan ZY, Donnelly DF, LaMotte RH (2006) Effects of a chronic compression of
the dorsal root ganglion on voltage-gated Na* and K* currents in cutaneous
afferent neurons. J Neurophysiol 95: 1115-1123.

. Hu J, Chiang LY, Koch M, Lewin GR (2010) Evidence for a protein tether

involved in somatic touch. EMBO J 29: 855-867.

Tamamaki N, Nakamura K, Furuta T, Asamoto K, Kaneko T (2000) Neurons
in Golgi-stain-like images revealed by GFP-adenovirus infection in vivo.
Neurosci Res 38: 231-236.

Gong 8, Zheng C, Doughty ML, Losos K, Didkovsky N, et al. (2003) A gene
expression atlas of the central nervous system based on bacterial artificial
chromosomes. Nature 425: 917-925.

Torsney C, Anderson RL, Ryce-Paul KA, MacDermott AB (2006) Character-
ization of sensory neuron subpopulations selectively expressing green fluorescent
protein in phosphodiesterase 1C BAC transgenic mice. Mol Pain 2: 17.

Hu HZ, Li ZW (1997) Modulation by adenosine of GABA-activated current in
rat dorsal root ganglion neurons. J Physiol 501: 67-75.

March 2012 | Volume 7 | Issue 3 | 32699



Develop. Gro

doi: 10.1111/j.1440-169X.2010.01235.x

wth Differ. (2011) 563, 357-36

Original Article

Differentiation of neuronal cells from NIH/3T3 fibroblasts
under defined conditions

Zhuo Wang, Eriko Sugano, Hitomi Isago, Teru Hiroi, Makoto Tamai and
Hiroshi Tomita*®

Tohoku University Institute for International Advanced Interdisciplinary Research, 4-1 Seiryo-machi, Aoba-ku,
Sendai 980-8575, Japan

We attempted to test whether the differentiated NIH/3T3 fibroblasts could be differentiated into neuronal cells
without any epigenetic modification. First, a neurosphere assay was carried out, and we successfully generated
neurosphere-like cells by floating cultures of NIH/3T3 fibroblasts in neural stem cell medium. These spheres
have the ability to form sub-spheres after three passages, and express the neural progenitor markers Nestin,
Sox2, Pax8, and Musashi-1. Second, after shifting to a differentiating medium and culturing for an additional
8 days, cells in these spheres expressed the neuronal markers f-tubulin and neurofilament 200 and the astro-
cytic marker glial fibrillary acidic protein (GFAP). Finally, after treating the spheres with all-trans retinoic acid and
taurine, the expression of f-tubulin was increased and the staining of photoreceptor markers rhodopsin and
recoverin was observed. The present study shows that NIH/3T3 fibroblasts can generate neurosphere-like, neu-
ron-like, and even photoreceptor-like cells under defined conditions, suggesting that the differentiated non-neu-
ronal cells NIH/3T3 fibroblasts, but not pluripotent cells such as embryonic stem cells or induced pluripotent
stem cells, may have the potential to be transdifferentiated into neuronal cells without adding any epigenetic
modifier. This transdifferentiation may be due to the possible neural progenitor potential of NIH/3T3 fibroblasts

that remains dormant under normal conditions.

Key words: differentiation, neural progenitors, neuron, retinoic acid, taurine.

Introduction

Because of their ability to proliferate infinitely and dif-
ferentiate into cells of all three germ layers, embryonic
stem (ES) cells are regarded as superior potential
donor cells for cell replacement to treat many diseases
(Hoffman & Carpenter 2005; Takahashi & Yamanaka
2006), such as retinitis pigmentosa and age-related
macular degeneration, which are typically character-
ized by the death of photoreceptors (Osakada et al.
2008). Photoreceptor replacement in the form of a
cell-based therapeutic approach may aid in the resto-
ration of vision.

Zhao et al. (2002) demonstrated that ES cell-derived
neural progenitors expressed regulatory factors
needed for retinal differentiation, and that a small sub-
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set of these cells differentiated along the photorecep-
tor lineage in response to retina-specific epigenetic
cues. lkeda et al. (2005) and Osakada et al. (2008)
generated putative photoreceptors and RPE cells from
rodent and primate ES cells by induction with defined
factors.

However, in clinical application, the use of ES cells
involves ethical problems and immune rejection. Jin
et al. (2009) demonstrated partial mesenchymal stem
cells obtained from umbilical cord blood were able to
be differentiated into neuron-like cells or rhodopsin-
positive cells in vitro. Recently, retinal cells have been
generated from mouse- and human-induced pluripo-
tent stem (iPS) cells by introducing four specific factors
Oct3/4, Sox2, Kif4, and c-Myc (Takahashi & Yama-
naka 2006; Hirami et al. 2009; Osakada et al. 2009).

Even though the generation and application of iPS
cells made it possible to treat patients with their own
cell-derived retinal cells, which may resolve the prob-
lem of immune rejection, some questions still remain.
For example, the introduction of viral vectors and onco-
genes c-Myc and Kif4 into the somatic genome limits
the utility of IPS cells for patient-specific therapy
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(Yamanaka 2007, 2009; Zhou et al. 2009). Further-
more, the generation of an iPS cell line takes consider-
able time (approximately 6 months) and is labor
intensive so it can not be generated rapidly (Holden &
Vogel 2008).

In the previous studies, most investigators have used
undifferentiated cells, such as ES cells, ES cell-derived
neural progenitors, bone marrow stromal cells, or iPS
cells, as the cell source (Sanchez-Ramos et al. 2000;
Woodbury et al. 2000; Zhao et al. 2002; Ikeda et al.
2005; Klassen & Reubinoff 2008; Osakada et al. 2008;
Jin etal 2009). Zhang etal (2010) showed that
NIH/3T3 fibroblasts, which are already committed to a
specific differentiation destiny, were able to be induced
to express neuronal markers, but these cells have to
be reprogrammed by adding epigenetic modifiers to
make epigenetic modification.

NIH/3T3 fibroblasts, derived from an embryo of the
NIH/Swiss mouse, are generally adherently cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% bovine calf serum, which is the
normal culture condition for most investigators. In the
present study, we cuftured NIH/3T3 cells in a com-
pletely different microenvironment to establish whether
this cell line could be induced into neuronal cells with-
out adding any epigenetic modifier and to be further
induced into retinal photoreceptor-like cells simply by
adding taurine and retinoic acid (RA), and we also
characterized. the mechanism involved.

Materials and methods

Culture of NIH/3T3 fibroblasts

NIH/3T3 fibroblasts were kindly provided by the Cell
Resource Center for Biomedical Research, Tohoku
University, Japan as a frozen stock. Cells were adher-
ently cultured in DMEM with 10% newborn calf serum
(NCS), 1x GlutaMax, and 1x Antibiotic-Antimycotic
(Invitrogen/Gibco) on normal tissue culture dishes
(uncoated) at 37°C, 5% CO,, which is referred to as
normal conditions (NC).

Generation of neurosphere-like cells (Neurosphere
assay)

Neurosphere assays were carried out according to
previous studies (Das et al. 2006; Brewer & Torricelli
2007) with minimal modifications. Briefly, NIH/3T3
fibroblasts were cultured in suspension in NC or neural
stem cell medium (NSCm) on 2.0% agarose-coated
dishes at a density of 1 x 10° cells/mL for 5~7 days to
detect the ability of these cells to form spheres. NSCm
was serum-free and composed of DMEM/F-12, 1x

© 2011 The Authors

GlutaMax, 1x Antibiotic-Antimycotic, 1x B27 supple-
ment (without vitamin A: Cat. No. 12587), 1x N2 sup-
plement, 20 ng/mL bFGF (pbasic fibroblast growth
factor), and 20 ng/mL EGF (epidermal growth factor).
All reagents were obtained from Invitrogen/Gibco.
Adherent NIH/3T3 fibroblasts cultured in NC on nor-
mal tissue culture dishes were used as a control.

Passage of neurosphere-like cells

After 5-7 days of cultivation, spheres were trypsinized
into single cells and resuspended in NSCm. The sus-
pension was plated onto a new 2.0% agarose-coated
dish and cultured for another 5-7 days to test the abil-
ity of these cells to form secondary spheres.

To examine the proliferative ability and expression of
neural progenitor markers of NIH/3T3-derived spheres,
after 7 days of floating cultivation for the second pas-
sage, the spheres were exposed to 10 umol/L BrdU
(Sigma) to tag the dividing cells and plated onto poly-
D-lysine-coated 8-well culture slides (BD Biosciences)
for the final 48 h (Das et al. 2006). Immunocytochem-
istry was carried out for double staining analysis of
the neural progenitor markers Nestin, Sox2, Pax6,
Musashi-1 (Msi1), and BrdU. RNA was isolated from
NIH/3T3 cells cultured in different conditions, and real-
time polymerase chain reaction (PCR) were performed
to compare the expression of neural progenitor mark-
ers Nestin and Sox2.

Differentiation of neuron- and glia-like cells

For the differentiating culture, NSCm-cultured spheres
were trypsinized into single cells and resuspended in
differentiating medium (DM), then plated onto poly-D-
lysine-coated 8-well culture slides and cultured for an
additional 8 days. In DM, EGF and B-27 supplement
(without RA Cat. No.12587) were replaced by 1%
serum and standard B-27 supplement (including retinyl
acetate: Cat. No. 17504). In addition, brain-derived
neurotrophic factor (BDNF: 10 ng/mL) was added to
promote the differentiation into neuronal cells, and cili-
ary neurotrophic factor (CNTF: 20 ng/mL) was added
for glial cell differentiation (Yang et al. 2005; Das et al.
2006; Chen et al. 2007; Chojnacki & Weiss 2008; Mat-
suda et al. 2009). Immunocytochemistry was carried
out to stain the markers of neurons (f-tubulin and neu-
rofilament 200 [NF200)), astrocytes (glial fibrillary acidic
protein [GFAP]), and oligodendrocytes (O4).

Induction of retinal photoreceptor-like cells

For the induction of retinal photoreceptor-like cells,
NIH/3T3-derived neuron-like cells were trypsinized and
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