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Fig. 3. Phenotype determination of the lineages. (A) A HuC/D-positive lineage cell. The phenotype of one of the EGFP-expressing cells (Ai, arrow) was examined immunohis-
tochemically by using either anti-HuC/D antibody (Aii) or anti-GFAP antibody (Aiii). The merged image indicates that this cell is positive for HuC/D but negative for GFAP (Aiv).
(B) Three-dimensional analysis of the cell shown in (A). (C) Similar to Ai-iv but the GFAP-positive lineage cell with an astrocyte-like appearance. (D) Another GFAP-positive

lineage cell with a radial glia-like appearance. Scale bars, 20 j.m.

Among all 87 lineages examined, 30 lineages (34%) were
HuC/D-positive (Supplementary Fig. S3) and 15 lineages (17%)
were GFAP-positive (Supplementary Fig. S4). When one of the
descendent cells was HuC/D-positive, no GFAP-positive cells were
generated in the same lineage as we examined. However, pair of
“unclassified” cells was generated in one lineage. When one of
the descendent cells was GFAP-positive, other members in the
same lineage were also GFAP-positive. Again, no HuC/D-positive
cells were found in any GFAP-positive lineage as we examined.
The remaining lineages were unclassified as all the descendents
became untraceable before 28 DPI (n=21, 24%), or they were nei-
ther HuC/D- nor GFAP-positive (n=21, 25%) (Supplementary Fig.
S5). These lineages were not included in the following numerical
analyses.

3.2. Quantitative analysis of the lineages
Among the HuC/D-positive lineages, 10/30 lineages showed no

further proliferation, 10/30 divided once after EGFP expression and
10/30 divided more than twice. The EGFP-expressing cells were

occasionally detectable as pairs opposite to each other (dividing
pairs) (Kamada et al., 2004). As a result, 63 cells were finally pro-
duced. However, 23/63 cells were untraceable shortly after division
in the searching field whereas others were traceable as long as up to
28 DPL On the other hand, in the GFAP-positive lineage, the newly
generated cells were rarely untraceable.

The frequency of cell division was summarized for both the
HuC/D-positive (Fig. 4A) and the GFAP-positive groups (Fig. 4B) in
each 1-7, 8-14, 15-21 or 22-28 DPI period. In both groups of lin-
eages, the frequency was higher during the early DPI period (1-7
and 7-14) than the later (15-21 and 22-28 DPI) with significant dif-
ferences (P<0.05, One-way ANOVA with post hoc Scheffe’s F-test).
As shown in Fig. 4C, the proliferation of HuC/D-positive lineage
cells was significantly less than expected from the predicted value
(P<0.05, One-sample Wilcoxon signed rank test). This is in contrast
to that of GFAP-positive lineage cells, which was almost identical *
to the prediction (Fig. 4D). This difference could be attributed to the
presence of large numbers of untraceable cells after cell division in
the HuC/D-positive lineages. As summarized in Fig. 4E, the survival
probability was 0.73 +0.05 (n =30) in the HuC/D-positive lineages,
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Fig. 4. Proliferation of newborn cells. A and C from the HuC/D-positive lineages (n=30) and B and D from the GFAP-positive lineages (n=15). (A, B) The frequency of cell
division during each of the four period 1-7, 8-14, 15-21 and 22-28 DPI (mean = SEM). The difference was statistically examined (One-way ANOVA with post hoc Scheffe's
F-test) between the early DPI period (1-7 and 7-14) and the later (15-21 and 22-28 DPI). *P<0.05. (C, D) The time-dependent change of the number of EGFP-expressing cells
(open symbols and bars, mean + SEM). The thick line is the proliferation curve expected from the frequency of cell division shown in A or B. * indicates the significant difference
from the prediction (P<0.05, One-sample Wilcoxon signed rank test). (E) Summary of the survival probability (mean + SEM) in the HuC/D-positive and GFAP-positive lineages.

*P<0.01 (Mann-Whitney U-test).

which was significantly smaller than that in the GFAP-positive lin-
eages (0.93 +0.05, n=15; P<0.05, Mann-Whitney U-test).

In 18/30 HuC/D-positive lineages one of the newly divided cells
survived as long as 28 DPI, whereas another became untraceable.
The follow-up period was distributed between 7 and 25 days with
a mean of 17.9+ 1.1 DPI (n=25) (Fig. 5A). However, 11/25 cells
became untraceable after the second division, 9/25 cells after the
third division and 1/25 cells after the fourth division. Therefore,
the postmitotic period of an untraceable cell was measured directly
from the lineage tree and was summarized in Fig. 5B. It distributed
between 2 and 14 days (mean, 6.5+0.8 days; n=25). The post-
mitotic period was also measured for 21 lineages in which all the
descendents became untraceable before 28 DPI. Similar to that of
the HuC/D-positive lineages, its distribution was between 1 and 16
days (mean, 7.7 + 0.7 days; n=31, Supplementary Fig. S6C).

3.3. Differentiation of neuron-like descendents

We also identified the phenotypes of EGFP-expressing cells
immunohistochemically at 28 DPI by other markers, Prox1 and
NeuN. As shown in Fig. 6Ai-iv and B, some of the Prox1- and EGFP-
expressing cells were also positive for NeuN, and designated as
Prox1*/NeuN* cells. On the other hand, a significant number of
the Prox1-positive cells did not express NeuN (Prox1*/NeuN~ cells)
(Fig. 6Ci-iv, D). A small number of the EGFP-expressing cells (2 in

71 cells examined) were positive for NeuN, but negative for Prox1
(Prox1~/NeuN"). Among 49 lineages producing Prox1-positive cells
(Supplementary Fig. S7), both NeuN-positive and NeuN-negative
cells arose in 3/49 lineage. Among 23 cases of the last division in
the Prox1*/NeuN* lineages, 8 cases had two Prox1*/NeuN* cells,
9 cases had one untraceable cell and 3 cases had two untraceable
cells.Inanother 3 cases, one of the descendents was NeuN-negative.
In both Prox1*/NeuN~ (Fig. 7A) and Prox1*/NeuN* (Fig. 7B) lin-
eages, the frequency of cell division was higher during the early
DPI period (1-7 and 7-14) than the later (15-21 and 22-28 DPI)
with significant differences (P<0.05, One-way ANOVA with post
hoc Scheffe’s F-test). Newly divided cells became often untraceable
ineitherlineage of Prox1*/NeuN* or Prox1*/NeuN- cells. Among 71
cells that were finally produced, 28/71 became untraceable shortly
after division in the searching field whereas others were traceable
as long as up to 28 DPI. Once untraceable, they never reappeared at
28 DPI under confocal microscopy with anti-EGFP immunohisto-
chemistry even when they became untraceable only a few days
before. As a result, the proliferation was significantly less than
expected from the predicted value at 28 DPI in the Prox1*/NeuN~
lineage group (Fig. 7C) (P<0.05, One-sample Wilcoxon signed rank
test) and was significantly less than expected at 14, 21 and 28
DPI in the Prox1*/NeuN* lineage group (Fig. 7D) (P<0.05, One-
sample Wilcoxon signed rank test). The postmitotic period of an
untraceable cell distributed between 2 and 18 days (mean, 6.3 + 1.5
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Fig. 5. Lifetime analysis. (A) Histogram of the follow-up periods in the HuC/D-
positive lineages (n=25). (B) Histogram of the postmitotic periods of untraceable
cells (n=25). Arrows and numbers indicate the mean (+SEM) values.

days; n=11) for the Prox1*/NeuN~ lineages (Fig. 7E), whereas it
did between 2 and 10 days (mean, 5.3+ 0.5 days; n=22) for the
Prox1*/NeuN* lineages (Fig. 7F). There was no significant difference
in the postmitotic period (P> 0.9, Kolmogorov-Smirnov test). The
postmitotic period was measured also for the phenotypically iden-
tified GCL neuron. It was distributed between 3 and 26 days (mean,
15.0+2.0 days; n=44) for the Prox1*/NeuN~ lineages (Fig. 7G)
with insignificant difference from that of untraceable cells (P> 0.05,
Kolmogorov-Smirnov test). However, 12/25 cells survived over 23
days. For the Prox1*/NeuN* lineages, as shown in Fig. 7H, it was
between 12 and 28 days (mean, 20.1 + 0.6 days; n=44) with negligi-
ble overlap of the postmitotic period distribution of the untraceable
cells (P< 1012, Kolmogorov-Smirnov test).

4. Discussion

In the present study, we identified newly generated cells using
a retroviral labeling method in an organotypic slice culture of the
hippocampus. This method enabled us to survey the lineage of a
newborn cell up to 28 DPI and to determine retrospectively the phe-
notype of the descendent cells using the specific markers, HuC/D,
GFAP, Prox1 and NeuN. In our experiments, slices were usually
obtained from the dorsal part of rat hippocampus at P7, the retro-
viruses were inoculated restrictively in the suprapyramidal blade
of GCL at 14 DIV and the fate of the EGFP-expressing cells were fol-
lowed up only in the suprapyramidal region. Although it is possible
that the region- or age-dependent difference of neurogenic ability
is present, we did not do any systematic study on it.

4.1. The phenotypes of newly generated EGFP-expressing cells

When we identified the phenotypes of the newly generated cells
at 3 DPI, we found in the GCL that 17% were positive for both nestin

and GFAP and that 35% were positive for both nestin and HuC/D.
Therefore, these newly divided cells consisted of both multi-potent
type-1 cells which express both nestin and GFAP (Kempermann
etal,, 2004; Steiner et al., 2006; Roybon et al., 2009) and the neuron-
destined type-2, -3 cells which express both nestin and HuC/D
(Steiner et al., 2004; Seki et al., 2007). Nestin-negative and HuC/D-
positive cells (17%) and a subpopulation of cells which were neither
positive to nestin nor GFAP (52%) can be classified into newborn
neurons. However, there remains the EGFP-expressing cells nei-
ther nestin nor HuC/D (32%) and those negative to nestin, HuC/D
and GFAP (estimated to be 35%). Some of them are possibly involved
in non-neuronal lineages such as proliferating astrocytes, oligo-
dendrocytes and microglia. The pluripotent NG2 cells are possibly
included in these cells (Belachew et al., 2003; Thallmair et al., 2006
Rivers et al., 2008; Zhu et al., 2008). In our slice culture, GCL neu-
rons are clustering in the relatively thin layer under the astrocytic
layer (Kamada et al., 2004). It is possible that some of these cov-
ering astrocytes are proliferating in the slice culture (Namba et al.,
2005). Although the neuronal network became stabilized before
14 DIV (Buchs et al., 1993) after transient rearrangements (Robain
et al., 1994; Gutierrez and Heinemann, 1999) in the slice culture,
the proliferating cells may be populationally different from those in
the adult animals. These possibilities have to be tested in the future
by using markers specific to each cell type.

4.2. Neuron-generating lineages

In the present study, no evidence was found that the GFAP-
positive cells arose in the HuC/D-positive lineage. Rather, when
one of the descendants was HuC/D-positive, most of the other
cells in the same lineage were also HuC/D-positive. In some
lineages HuC/D-positive cells were generated after several cell
divisions. Similarly, when one of the descendants was Prox1-
or NeuN-positive, other cells in the same lineage were mostly
Prox1- or NeuN-positive. These results suggest the presence of
neuron-generating lineages which are destined to produce neu-
rons, although we have no evidence if they are derived from the
multipotent type-1 cells or the transiently amplifying type-2, -3
cells.

In the groups of HuC/D-positive lineages, the frequency of cell
division was higher in the early DPI period (1-14 DPI) than in
the late (15-28 DPI). Almost similar results were observed for
the Prox1- or NeuN-positive lineage group. That is, many of the
differentiated cells were produced early DPI period in the neuron-
generating lineage. We could not find the exact reasons, but it
is possible that we are preferentially tracked the cells that are
in the later proliferative phase such as the transiently amplifying
type-2, -3 cells. This is also the case for our GFAP-positive lineage
group. On the other hand, the frequency of cell division was almost
even throughout the tracking period in the HuC/D-negative lin-
eage subgroup of unclassified group (Supplementary Fig. S6A). It
is possible that the highly proliferative cells were included in this
subgroup. The proliferation of HuC/D-negative lineage cells was no
less than expected from the prediction (Supplementary Fig. S6B) as
the newly divided cells became rarely untraceable.

4.3. Critical traceablility period

While the neuron-generating lineages produced HuC/D-,
Prox1- or NeuN-positive descendants, other descendents became
frequently untraceable. Once untraceable, these cells never reap-
peared even under close inspection after immunohistochemistry
using anti-EGFP antibody. We also found a significant number
of the unclassified lineages in which all the descendents were
untraceable before phenotype identification (Supplementary Fig.
S5). This is in contrast to the GFAP-positive lineages in which most
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Fig. 6. Immunohistochemical study of differentiation. (A) A mature dentate granule cell layer (GCL) neuron. The phenotype of one of the EGFP-expressing cells (Ai, arrow)
was examined immunohistochemically by using either anti-Prox1 antibody (Aii) or anti-NeuN antibody (Aiii). The merged image indicates that this cell is Prox1*/NeuN" (Aiv)
and judged as a mature GCL neuron. (B) Three-dimensional analysis of the cell shown in (Ai-iv). (C) A immature GCL neuron (arrow) that is positive for Prox1 but negative
for NeuN, indicated as Prox1*/NeuN-. (D) Three-dimensional analysis of the cell shown in (Ci-iv). Scale bars, 20 pm.

of the descendants were traceable up to 28 DPI. The above postmi-
totic untraceability is consistent with the previous in vivo studies
describing that substantial numbers (30-70%) of newly generated
cells undergo cell death (Cameron and McKay, 2001; Dayer et al.,
2003; Sun et al., 2004). Programmed cell death during normal
development has been reported to occur ubiquitously throughout
the central and peripheral nervous system of vertebrates and inver-
tebrates (Purves and Lichtman, 1985; Jacobson, 1993; Buss et al.,
2006). A quantitative matching of neurons with their targets and
afferents is thereby attained. Analogous to the programmed cell
death during embryonic period, some of the newly generated neu-
rons might become untraceable as a result of apoptosis (Gould and
McEwen, 1993; Krantic et al., 2007) although further study is neces-
sary. It remains possible that some of the cells became untraceable
due to other reasons such as migration out of the inspecting fields.

However, the incidence of cell untraceability was high during the
early postmitotic phase, suggesting the presence of a certain critical
period. We refer it as “critical traceability period” to differentiate
from the critical period of cell death.

In the postnatal hippocampus, the numbers of newly generated
neurons were reduced at a high rate between 6 and 28 days after
they were labeled with 5-bromodeoxyuridine (BrdU) but were sta-
ble between 1 and 6 months (Dayer et al.,2003; Kempermann et al.,
2003). New neurons that expressed GFP by the retrovirus method
reduced in density within 3 weeks of virus injection (Tashiro
et al.,, 2006). However, hitherto little has been known about the
actual lifespan of newly generated neurons. In the organotypic slice
culture of hippocampus the EGFP-labeled new neurons could be
tracked as lineages. The critical traceability period was thus mea-
sured for individual cells and was 2-14 days after their last division
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Fig. 7. Analysis of the differentiating lineages. A, C, E and G from the Prox1*/NeuN~ lineages (n=18) and B, D, F and H from the Prox1*/NeuN"* lineages (1n=34). Note that
three lineages were overlapped. (A, B) The frequency of cell division during each of the four period 1-7, 8-14, 15-21 and 22-28 DPI {mean = SEM). The difference was
statistically examined (One-way ANOVA with post hoc Scheffe’s F-test) between the early DPI period (1-7 and 7-14) and the later (15-21 and 22~28 DPI). *P<0.05.(C, D) The
time-dependent change of the number of EGFP-expressing cells (open symbols and bars, mean = SEM). The thick line is the proliferation curve expected from the frequency
of cell division (A or B). * indicates the significant difference from the prediction (P<0.05, One-sample Wilcoxon signed rank test). (E, F) Histograms of the postmitotic periods.
Arrows and numbers indicate the mean (+SEM) values. (G, H) Histograms of the postmitotic periods of the immature and mature GCL neurons, respectively. Arrows and

numbers indicate the mean (SEM) values.

in the HuC/D-positive lineages. A similar critical traceability period
was observed in both the Prox1*/NeuN~ lineages that generated
immature GCL neurons (2-18 days) and the Prox1*/NeuN* lineages
that generated mature GCL neurons (2-10 days). Therefore, it is
suggested that a neuron differentiates into its mature form once it
survives this period. Consistent with this notion, none of the dif-
ferentiated GCL neurons that expressed both Prox1 and NeuN had
a postmitotic period of less than 12 days. It is possible that a new-

born neuron differentiates into its mature form through some key
processes that determine its fate.

5. Conclusions

The present experimental system enabled us to track a sin-
gle progenitor cell and its descendents as a lineage using the
organotypic culture of hippocampus as anex vivo model of the post-
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natal hippocampus. The lineage was identified retrospectively as
neuron-generating using an immunohistochemical marker, HuC/D.
We found that (1) the descendent cells of the neuron-generating
lineages were mostly GFAP-negative, (2) the newly generated cells
became frequently untraceable in the neuron-generating lineages
and (3) this critical traceability period was 2-14 days. It is sug-
gested that newly generated neurons differentiate into mature GCL
neurons once they survive this period. The adult neurogenesis is
under the influence of the local network activity and/or the SGZ
niche in the in vivo hippocampus (Lie et al., 2005; Ge et al., 2006;
Tashiro et al., 2006; Kuwabara et al., 2009). Our lineage analysis
methods using slice culture system would be advantageous to test
several hypotheses concerning these regulatory mechanisms under
experimental manipulations.
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Glossary

Brdu: 5-bromodeoxyuridine

GCL: granule cell layer

EGFP: enhanced green fluorescent protein

GFAP: glial fibrillary acidic protein

NeuN: neuronal nuclei antigen

PBS: phosphate-buffered saline

Prox1: prospero-related homeobox protein

PSA-NCAM: polysialyated neural cell adhesion molecule
SGZ: subgranular zone
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Viral vectors that genetically incorporate an immunoglobulin-binding domain on their surfaces provide
many advantages because of the availability of a spectrum of antibodies that allow the selection of a
wide range of target cells. However, the specificity and the effectiveness of this system have not been
evaluated in the field of neuroscience. We investigated the effectiveness and specificity of a recombinant
Sindbis virus displaying an antibody-binding domain of bacterial protein A (ZZ Sindbis). We found that
the ZZ Sindbis virus vector specifically infected hippocampal neurons in an antibody-specific manner
in living mice, although the efficiency of the gene transduction was not high. However, the ZZ Sindbis
virus vector that did not display any specific antibodies continued to exhibit intrinsic tropism toward
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1. Introduction

Viral vectors have been powerful research tools for both in vivo
and in vitro studies because of their ease of use and efficient
transfection. The cell-targeted expression of a gene is typically
accomplished using cell type-specific promoters (Portales-Casamar
etal., 2010). This strategy, however, has several disadvantages such
as virus toxicity; the promoter is only capable of regulating the
expression of the transgene and does not suppress the infection
by the viral vector. The expression of the transgene in the target
cells may be insufficient because of weak induction by the spe-
cific promoter. Moreover, the length of specific promoter regions
is sometimes too large to package a viral vector.

Recently, a variety of molecular engineering approaches for
modifying the tropism of a virus for a particular cell type have been
reported for clinical use in cell-targeting gene therapy (Schaffer
et al,, 2008; Waehler et al., 2007). Viral vectors that genetically
incorporate an immunoglobulin (Ig)-binding domain on their sur-
faces (Korokhov et al., 2003; Ohno et al., 1997; Ried et al., 2002;
Tai et al., 2003) provide a number of advantages because of the
availability of a spectrum of antibodies that allow the selection of a

* Corresponding author. Present address: Department of Neurophysiology,
Gunma University Graduate School of Medicine, Maebashi, Gunma 371-8511, Japan.
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wide range of target cells. These viral vectors can selectively infect
a specific subset of cells and facilitate the expression of exogenous
genes under a variety of regulation strategies (e.g., active promoter
or induction mediated by other factors). However, the specificity
and the effectiveness of this system have not been evaluated in the
field of neuroscience.

In the present study, we investigated the effectiveness and
specificity of a recombinant Sindbis virus that displayed an IgG-
binding domain of bacterial protein A (Ohno et al., 1997). We
showed that this recombinant Sindbis virus vector specifically
infected a subtype of hippocampal neurons in an antibody-specific
manner in living mice, although the efficiency of the gene trans-
duction was not high. Our results suggest that viral vectors
incorporating an IgG-binding domain can be used to deliver a gene
of interest to a specific subset of neurons in the central nervous
system (CNS) with the help of neuron type-specific antibodies.
However, this viral vector that did not display any specific anti-
bodies continued to exhibit intrinsic tropism toward some cells,
such as Bergmann glial cells in the cerebellum.

2. Materials and methods
2.1. Cell culture

Baby hamster kidney (BHK) cells were grown in OptiPRO SFM
medium (Invitrogen Life Technologies, Carlsbad, CA) supplemented
with 200 mM L-glutamine (Sigma-Aldrich, St. Louis, MO). PC12 cells

0168-0102/$ - see front matter © 2011 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi:10.1016/j.neures.2011.08.013
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were cultured in RPMI-1640 medium (Invitrogen Life Technolo-
gies) supplemented with 10% fetal bovine serum (FBS; Biological
Industries, Beit Haemek, Israel) and antibiotics (penicillin and
streptomycin; Invitrogen Life Technologies).

2.2. Animals

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Tohoku University Envi-
ronmental & Safety Committee and were conducted in accordance
with the Guidelines for Animal Experiments and Related Activi-
ties in Tohoku University and with the guiding principles of the
Physiological Society of Japan and the NIH.

2.3. Plasmid construction

The plasmid ZZ SINDBIS m168 (Morizono and Chen, 2005;
Morizono et al., 2005) was kindly provided by Dr. Irvin S.Y.
Chen (UCLA AIDS Institute, Los Angeles, CA). ZZ SINDBIS m168
was the envelope plasmid for the production of the pseu-
dotyped lentiviral vector and contained a ZZ domain derived
from the IgG-binding domain of protein A (Nilsson et al., 1987)
that was inserted into the modified E2 domain of the Sind-
bis virus. This modified envelope gene was transferred into a
DH-BB helper plasmid (Bredenbeek et al, 1993) to produce a
recombinant Sindbis virus. Briefly, the modified E2 envelope gene
containing a ZZ domain and the inverse fragment of the DH-
BB gene were amplified by polymerase chain reaction (PCR)
using ZZ SINDBIS m168 and DH-BB as templates, respectively.
The oligonucleotides 5-GCACCACTAGTCACGGCAATGTGTTTGC-3/
and 5'-TCACGGCGCGCTTTACAGGCACATAACACT-3' were used as
primers for the modified E2 domain, and 5'-GTAAAGCGCGCCGTGA-
GTGCCTGACGCC-3’ and 5'-ATTGCCGTGACTAGTGGTGCTGCGGA-3’
were used as primers for the inverse fragment. Each primer con-
tained a unique restriction enzyme BssHIl or Spel site. The resulting
PCR products were digested with BssHII and Spel and were ligated
to each other. They were then transformed into Competent High-
DH5a (Toyobo Co., Osaka, Japan). The nucleotide sequence of the
modified E2 domain was confirmed by DNA sequencing, and the
DH-BB-ZZ m168 was obtained.

2.4. Recombinant Sindbis pseudovirion production

Expression vectors harboring the fluorescent protein Venus
(Nagai et al., 2002) or mCherry (Shaner et al., 2004), which were
named pSinRep5-Venus or pSinRep5-mCherry (Ishizuka et al.,
2006), respectively, were used for production of the recombinant
Sindbis pseudovirions. RNAs were transcribed from pSinRep5-
Venus or pSinRep5-mCherry and DH-BB-ZZ m168 DNA using
MEGAscript SP6 Kit (Ambion, Austin, TX). BHK cells were elec-
troporated with these RNAs and were grown for 10h at 37°C
under 5% CO; in MEM alpha medium (Invitrogen Life Technolo-
gies) that contained 5% FBS. The cells were then incubated in
OptiPRO SFM medium supplemented with 200 mM L-glutamine
without FBS. After 24 h, the culture supernatant was harvested,
and aliquots were stored at —80 °C. Likewise, the control recom-
binant Sindbis pseudovirions were generated using the plasmids
pSinRep5-Venus and DH-BB. In this way, we produced three types
of Sindbis pseudovirions, which were designated ZZ Sindbis-Venus,
ZZ Sindbis-mCherry, and DH-BB-Venus.

2.5. Invitro infection assay
To quantify the infection titers of ZZ Sindbis-Venus in the pres-

ence or absence of the antibody, rat pheochromocytoma PC12 cells
were used as the target cells. The viral solution was mixed with

or without the antibody against the extracellular domain of p75NTR
(ANT-007; Alomone Labs, Jerusalem, Israel), which is one of the low
affinity nerve growth factor receptors and is specifically expressed
on the membrane of PC12 cells. After 1h of incubation at 37 °C,
400 I of the 10-fold serial dilution of the mixture was added to
50% confluent PC12 cells on 6-well plates. After 1 h of incubation at
37 “Cunder 5% CO,, 2 ml of RPMI-1640 with 1% FBS was added to
each well. At 24 h postinfection, the number of cells expressing the
fluorescence protein was counted using a conventional fluorescent
microscopy (Axiovert 200, Carl Zeiss, Gottingen, Germany).

2.6. Invivo infection assay

We used the transgenic mouse TV-42, which specifically
expressed synaptopHluorin in a restricted region of the hippocam-
pus (Araki et al., 2005), for targeting. Two microliters of the viral
solution containing ZZ Sindbis-mCherry with the GFP antibody (a
generous gift from Drs. T. Kaneko and K. Nakamura, Kyoto Uni-
versity, Japan) was stereotaxically injected into the dentate hilus
of the TV-42 mice. As a negative control, ZZ Sindbis with GFP
antibody was injected into wild-type C57BL/6] mice. The injec-
tions of ZZ Sindbis-Venus into the cerebellum were performed on
the wild-type mice. For all the injection experiments, the mice
(4-6 weeks old, 13-17 g BW) were anesthetized via an intraperi-
toneal injection of a ketamine-xylazine mixture (50 mg/kg BW
ketamine, Daiichi Sankyo Co. Ltd., Tokyo, Japan, and 10 mg/kg BW
xylazine, Sigma-Aldrich, St. Louis, MO, USA). Two days after the
injection, the mice were ether-anesthetized and decapitated, and
the whole brains were quickly removed. The removed brain was
rapidly immersed in ice-cold ethanol for 60 min and then in ice-
cold methanol for 40 min. The dehydrated brain was embedded in
2.5% agarose gel, and coronal brain slices 250-300 um in thick-
ness were prepared using a vibratome (Leica, VT1000s, Wetzlar,
Germany). The brain slices were observed under an inverted fluo-
rescent microscope (Axiovert 200, Carl Zeiss).

2.7. Immunohistochemistry

The coronal brain slices were fixed at room temperature with 4%
paraformaldehyde (PFA) in PBS (0.1 M, pH 7.4) for 30 min, blocked
with 100% BlockingOne (Nacalai Tesque, Kyoto, Japan), and treated
overnight at 4 C in PBS containing 5% BlockingOne and 0.1% Tri-
ton X-100 with three antibodies: rat monoclonal anti-GFP (1:2000;
Nacalai Tesque; cross-reactive to pHluorin), rabbit polyclonal anti-
DsRed (1:2000; Clontech, Palo Alto, CA, USA; cross-reactive to
mCherry) and mouse monoclonal anti-NeuN (1:2000; Chemicon,
Temecula, CA, USA; marker for mature neuron). After washing
four times at room temperature in PBS with 0.1% Triton X-100,
the slices were treated with secondary antibodies in PBS contain-
ing 5% BlockingOne and 0.1% Triton X-100 for 3 h. Alexa Fluor
488-conjugated goat anti-rat IgG (1:200; Invitrogen), Alexa Fluor
546-conjugated goat anti-rabbit IgG (1:200; Invitrogen), and Alexa
Fluor 633-conjugated goat anti-mouse IgG (1:200; Invitrogen) were
used as secondary antibodies. Finally, the slices were washed four
times in PBS with 0.1% Triton X-100 at room temperature and were
mounted on glass slides with Permafluor (Thermo Fisher Scientific,
Waltham, MA). Each specimen was examined under a confocal laser
scanning microscopy (LSM510META, Carl Zeiss).

3. Results
3.1. Invitro infection assay

The p75 neurotrophin receptor (p75NTR) is a member of the
tumor necrosis factor receptor superfamily and plays many roles in
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Fig. 1. ZZ Sindbis-Venus with p75N™® antibody infected PC12 cells. (A) PC12 cells treated with ZZ Sindbis without the antibody (bar: 500 pm). (B) PC12 cells treated with ZZ
Sindbis with 0.4 pg/ml of the antibody (bar: 500 pm). The inset shows a magnified image of a Venus-expressing cell (bar: 250 pm). (C) Antibody-dependent infectivity titers
of ZZ Sindbis-Venus, which is a viral vector displaying immunoglobulin-binding domains. To investigate the dependency of ZZ Sindbis on the concentration of the antibody,
PC12 cells were treated with ZZ Sindbis-Venus mixed with various concentrations of p75N™® antibody (p75 Ab), which is shown as the weight of the antibody (p.g) per virus
solution volume (ml). Titers were calculated by counting the number of cells that expressed Venus. The values shown were obtained from three independent experiments,

and the error bars represent standard deviations.

the differentiation, apoptosis, modulation of axonal elongation and
synaptic plasticity in the nervous system (Chao, 2003; Dechant and
Barde, 2002; Kaplan and Miller, 2000). As each PC12 cell expresses
p75NTR molecules in its plasma membrane (Niederhauser et al.,
2000), it can be expected that the cells may be transfected with
viral genes via ZZ Sindbis pseudovirion vectors in the presence,
but not in the absence, of anti-p75NTR antibodies that target the
extracellular domain. This was examined using ZZ Sindbis pseu-
dovirions encoding Venus, which is one of the GFP derivatives. As
shown in Fig. 1A, the expression of this marker was negligible in the
absence of anti-p75NTR antibodies. However, two to three hundred
PC12 cells treated with a tenfold diluted virus solution expressed
the marker in the presence of the antibody at a concentration of
0.4 pg/ml (Fig. 1B). We then calculated the infectivity titers of the
recombinant Sindbis pseudovirions for various concentrations of
p75NTR antibodies, taking the number of cells that expressed fluo-
rescent protein Venus as a marker (Fig. 1C). Although the highest
percentage of transduced cells was less than 1% and gene transduc-
tion was very inefficient, the infectivity titer of ZZ Sindbis-Venus
was dependent on the concentration of the antibody, with a posi-
tive relationship at lower antibody concentrations and a negative
relationship at higher concentrations. This result was likely due to
an excess of antibodies binding to the p75N™R and thus competi-
tively inhibiting the antibody-displaying ZZ Sindbis pseudovirions
from targeting the molecule.

3.2. Invivo infection assay in hippocampus

Synaptobrevin/VAMP-2 is one of the vesicular membrane pro-
teins of small synaptic vesicles in the presynaptic terminal and is
involved in docking/priming during exocytosis as one of the SNARE
complex elements (Horikawa et al., 1993; Sollner et al., 1993).
When this protein is fused with a pH-sensitive derivative of green
fluorescent protein (pHluorin) at its intra-lumenal C-terminal, the
fusion protein (syanptopHluorin, SpH) increases its fluorescence
with vesicular exocytosis and decreases fluorescence with endocy-
tosis and the subsequent reacidification of the intravesicular space
(Miesenbocketal., 1998; Yuste et al.,2000; Sankaranarayanan etal.,
2000). We recently described the mouse line TV-42, which selec-
tively expressed SpH in the presynaptic boutons of dentate granule
cells and the CA1 pyramidal cells of the hippocampus (Araki et al.,
2005). As some of the SpH molecules are also distributed in the
plasma membrane (Sankaranarayanan et al., 2000; Araki et al.,
2005), they can be expected to react with anti-GFP IgGs in the
extracellular space.

When the ZZ Sindbis-mCherry was injected into the hippocam-
pus of TV-42 mice with anti-GFP IgGs, red fluorescence was
observed in the granule cells of the dentate gyrus (Fig. 2A) and in
the pyramidal cells of the hippocampal CA1 region (Fig. 2B). The
number of mCherry-expressing neurons varied from trial to trial in
our in vivo transduction, which was likely due to uncontrollable
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Fig. 2. Fluorescent microscopic images of sliced TV-42 hippocampus that was injected with ZZ Sindbis encoding mCherry. Green or red fluorescence shows either the
expression of pHluorin or mCherry, respectively. (Ai-iii) ZZ Sindbis-mCherry with GFP antibody infected in the dentate gyrus. (Bi-iii) ZZ Sindbis-mCherry with GFP antibody
infected in the CA1 region. (Ci and ii) ZZ Sindbis-mCherry without antibody. Magnified images of the areas enclosed by the dotted lines in Ai and Bi are indicated in Aiii and
Biii, respectively. DG, dentate gyrus. Scale bars: 500 wm (Ai and ii, Bi and ii, Ci and ii); 100 pm (Aiii and Biii).

factors such as the precise site of injection and the diffusion of
the viral solution, but it ranged from 2 to 20 neurons in the hip-
pocampus of 6 trials. ZZ Sindbis-mCherry apparently targeted these
cells through the binding of the anti-GFP antibody that was dis-
played on the surface of the viral vector to pHluorin that was
expressed in the extracellular surface of the plasma membrane. In
contrast, without the antibody, no cells in the hippocampus of the
TV-42 mice expressed mCherry (Fig. 2C). Similarly, the mCherry-
fluorescence was not detectable in any hippocampal cells of the
wild-type C57BL/6] mice, even two days after the injection of ZZ
Sindbis-mCherry with the anti-GFP antibody (data not shown).

The ZZ Sindbis-mediated expression of mCherry was also exam-
ined in detail using DsRed immunohistochemistry (Fig. 3A). The
mCherry-expressing cell shown in Fig. 3A was judged as a CA1
pyramidal neuron of the hippocampus by its position and shape
(magnified image in Supplementary Fig. S1). We also detected gran-
ule cells of the dentate gyrus using the same immunohistochemical
method (Fig. 3B). However, no other types of cells, such as den-
tate hilar neurons, CA3 neurons or GABAergic interneurons, were
identified as positive for mCherry even after immunohistochem-
istry. The expression of mCherry was also negligible in cells from
non-neuronal populations.

3.3. In vivo infection assay in the cerebellum

The specificity of the ZZ Sindbis pseudovirion was also tested
in the cerebellum. However, the pseudovirion was found to exhibit

some tropism toward Bergmann glial cells even in the absence of all
antibodies (Fig. 4A). The control DH-BB Sindbis virus also showed
strong tropism toward Bergmann glial cells (Fig. 4B). Even at low
titers of viral vectors, a number of Bergmann glial cells expressed
Venus fluorescence with negligible expression in the neuronal pop-
ulation.

4. Discussion

In the present study, we used ZZ Sindbis, a viral vector engi-
neered to display an IgG-binding domain of protein A, to evaluate
the specificity and effectiveness of antibody-displaying viral vec-
tors in the CNS. As these vectors are capable of binding to the target
cells by utilizing only antibodies for their cell-surface molecules,
it was considered possible for the vectors to deliver an intended
gene to a certain subset of neurons in an antibody-specific man-
ner (Fig. 5). Consistent with this expectation, ZZ Sindbis was found
capable of cell-specific infection in two combination systems of
antibody and target: anti-p75NTR antibody and PC12 cells, which
is a well-established model for sympathetic neurons (Fig. 1), and
an anti-GFP antibody and TV-42 transgenic mice (Figs. 2 and 3). In
particular, the infected neurons in the hippocampus of TV-42 mice
were limited to pyramidal neurons in the CA1 and granule cells
in the dentate gyrus. Because pHluorin molecules are exclusively
expressed in these hippocampal neurons of TV-42 mice (Fig. 3;
Araki et al., 2005), the above observation is consistent with the
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Fig.3. Antibody-dependent infection of ZZ Sindbis in the hippocampus of a TV-42 transgenic mouse. A neuron expressing mCherry was identified immunohistochemically by
anti-GFP (pHluorin), anti-DsRed (mCherry) and anti-NeuN (NeuN), a marker of the neuronal soma. (A) CA1 region. Note that some CA1 pyramidal cells and their presynaptic
boutons were reactive to anti-GFP because of the expression of synaptopHluorin. The arrow indicates a typical CA1 pyramidal cell. (B) Dentate gyrus. Some presynaptic
boutons in the hilus are reactive to anti-GFP because of the expression of synaptopHluorin. The arrow indicates a typical granule cell. DG, dentate gyrus; PCL, pyramidal cell
layer; GCL, granule cell layer. Bar: 200 pum.

wenatetieRaNasaay

Fig. 4. Background infection. (Ai and ii) Cerebellar cells infected by ZZ Sindbis-Venus without antibody. Note that these cells were judged as Bergmann glial cells on the

basis of their positions and shapes. (Bi and ii) Cerebellar cells infected by the control DH-BB-Venus. Ai and Bi are the microscopic images of Venus fluorescence (scale bars,
100 jum). Aii and Bii are images enhanced with anti-GFP immunohistochemistry (scale bars, 20 jum). ML, molecular layer; GL, granular layer.
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Fig. 5. Targeted infection of a neuron with the combination of ZZ Sindbis and cell-type specific antibodies (hypothesis).

idea that ZZ Sindbis-mCherry infects cells through the binding of
an anti-GFP antibody to pHluorin.

ZZ Sindbis was generated by a recombination of the Sindbis
virus, an enveloped virus with a single-stranded RNA genome
(Ohnoetal.,, 1997). The Sindbis virus vector has advantages in terms
of its high expression levels and its rapid induction of foreign genes
(Bredenbeek etal., 1993; Huang, 1996). Indeed, the gene expression
induced by ZZ Sindbis could be observed within 12 h both in vitro
and in vivo. Sindbis virus is also known to exhibit severe toxicity
(Frolov and Schlesinger, 1994; Nargi-Aizenman and Griffin, 2001).
However, the membrane properties, such as resting potential, input
resistance and membrane time constant, of Sindbis-infected cells
were the same as those of non-infected cells 12-24 h after inoc-
ulation (Ishizuka et al., 2006). Furthermore, Maletic-Savatic and
colleagues reported that neurons infected with the Sindbis virus
were physiologically healthy until at least day 3 postinfection
(Maletic-Savatic et al.,, 1999). In our experiments, the 48-h post-
transfection neurons with ZZ Sindbis showed no abnormality in
their appearances (Figs. 2-4). :

The Sindbis virus contains two envelope glycoproteins: E1,
which mediates the fusion of the viral envelope with the target
cell membrane, and E2, which mediates its binding to target cells
(Garoff et al., 1994). As the ZZ domain was inserted into the E2
region, ZZ Sindbis showed reduced background infection levels
(Ohno et al,, 1997). Morizono and colleagues performed alanine
substitutions for a number of amino acids that were reported to
affect binding (Morizono et al., 2005). These mutations of E2 in ZZ
Sindbis appreciably reduced the nonspecific infections. We used
this modified envelope glycoprotein and found that ZZ Sindbis
lacking antibodies rarely infected PC12 cells and hippocampus neu-
rons (Figs. 1 and 2C). Unexpectedly, ZZ Sindbis was found to infect
Bergmann glial cells in the cerebellum in an antibody-independent
manner (Fig. 4A). This phenomenon may be attributable to the
intrinsically robust tropism of the control Sindbis virus, DH-BB
(Fig. 4B). The insertion of the ZZ domain into the E2 region (Ohno
etal., 1997) and alanine substitutions of the amino acids that affect
binding (Morizono et al., 2005) did not completely remove the
background infection. This background infection was also main-
tained even in the case of injection with excess heparan sulfate
(data not shown), which has been reported to play a key role in the
binding of the Sindbis virus to target cells. It appears that Bergmann
glial cells express some unidentified receptors that are involved in

this background infection by the Sindbis virus. Further investiga-
tions are necessary to improve the specificity of the recombinant
Sindbis virus displaying the IgG-binding domain.

In principle, the antibody-displaying viral vector particles can
reach the target cells from their extracellular sides. Thus, we used
antibodies that bind to the extracellular domains of the mem-
brane proteins. For example, for the in vitro assay, we used an
antibody that was directed against an extracellular region of the
human p75N™R, of which 15/16 amino acid residues are identi-
cal to those in rats. In the case of the in vivo assay, the anti-GFP
antibody that was available for immunohistochemistry was used,
and the targeted neurons expressed synaptopHluorin, in which a
pH-sensitive derivative of GFP (pHluorin) is connected to the lume-
nal domain of a vesicular membrane protein, VAMP-2 (Miesenbdck
etal, 1998; Yuste et al., 2000). The pHluorins, which are recognized
by the anti-GFP antibody, are expected to face the extracellular
space, as a number of VAMP-2 molecules are also distributed in the
plasma membrane (Takamori et al., 2006; Walch-Solimena et al.,
1995).

The functions of neural cells have been characterized by mem-
brane proteins including channels, transporters and receptors.
Some adhesion molecules, such as members of the cadherin family,
the integrin family, and the immunoglobulin superfamily, which
are expressed in the membrane, are known to play important roles
in axon guidance (Goodman, 1996; Maness and Schachner, 2007;
Nakamoto et al., 2004; Yu and Bargmann, 2001) and synaptic con-
nections (Takeichi, 2007; Rohrbough et al., 2000). Gene transfer
techniques that utilize antibody-displaying viral vectors and the
development of various antibodies that target the extracellular
domains of membrane proteins could become powerful tools for
neuroscience. Although the effectiveness of transfection could be
improved by increasing the viral titer, current methods have advan-
tages in labeling a small number of the type-identified cells with
high specificity.

5. Conclusions

Here, we showed that ZZ Sindbis can deliver genes with high
specificity both in vitro and in vivo. These data indicate the poten-
tial of antibody-displaying viral vectors for transferring a gene to a
specific subset of neural cells in the CNS. This result was achieved
by selecting an appropriate antibody, although more studies of this
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type of viral vector are needed, especially regarding the relationship
between the antibodies and targeted neural cells.
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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.

Correspondence to: H. Yawo

Contract grant sponsor: Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT) of Japan

Additional supporting information may be found in the online version of this article

© 2011 Wiley Periodicals, Inc.

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; Miesenbdck, 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
C2C12 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 1Hz
continuously for 3 days through bipolar carbon electrode

ZOD Biotechnology and Bioengineering, Vol. 109, No. 1, January, 2012

plates. The electrical field stimulation medium was changed
every 12h during each stimulation protocol.

Electrophysiology

Fluorescence-labeled myotubes were identified under con-
ventional epi-fluorescence microscopy (BH2-RFC, 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 Digidatal200, 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 KCl,
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 1h 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 1 h. 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 wm in A, 20 jum 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 5 Hz 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-
«-actinin immunoreactivity (green). b: Distribution of F-actin indicated by Alexa Fluor
633-labeled phalloidin. c: 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/mm?,
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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