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Abstract—The fetal electrocardiogram (ECG) could provide
clinical information concerning physiological conditions of the
fetus. In order to extract fetal ECG, we proposed the novel
algorithm, the blind source separation with reference (BSSR),
which successfully extracts a complete waveform of QRS
complex and avoids uncertainty in the order of the extracted
signals. In the BSSR, the reference signal is supposed to be
generated from the ultrasonic Doppler signal. Thus generated
reference is expected to suffer from uncertainties in waveform
and occurrence timing. Based on simulations, the BSSR is
shown te have robustness against the uncertainties of reference
signals. In addition, it is shown how the robustness depends on
the order of power of correlation function between the reference
and extracted signals, which composes a performance function
of the BSSR.

I. INTRODUCTION

FETAL electrocardiogram (ECG) provides clinically

significant information concerning physiological states

of a fetus. For example, arrhythmias show the
immaturity of fetal cardiac activity, and anoxia is known to
alter the balance between the electrical polarization and
repolarization of heart [1]. Ultrasonic measurements of
physical motions of the heart could not provide the
electrophysiological information. Nevertheless, the fetal
ECG has not yet been popularly used in the clinical situations,
because there is no low cost and reliable method to measure
the fetal ECG The magnetocardiogram (MCG) could directly
monitor the electrical activity of fetal heart, which is
measured by placing a SQUID probe close to the fetus over
the mother's abdomen [2]. However, the MCG measurement
needs a special large scale equipment [2). Instead, the signal
processing methods extracting the fetal ECG signal from the
composite abdominal signal have been developed [3],[4].
Especially, the independent component analysis (ICA) or
blind source separation (BSS) have been applied to this
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problem [5][6]. In comparison with them, our proposed
algorithm, BSSR (blind source separation with reference),
realizes better performances in the following points [7]. The
BSSR successfully extracts a complete waveform of QRS
complex and avoids uncertainty in the order of the extracted
signals. This algorithm is characterized by usage of the
reference signal which mimics a source signal to be restored.
For extracting ECG, the reference is a sequence of spike-like
events each of which corresponds to a heart beat. Actually,
the reference signal is supposed to be generated from the
ultrasonic Doppler signal which is usually monitored in
clinical diagnosis. According to our preliminary study, a
generated reference signal from the Doppler signal is thought
to suffer from uncertainties in waveform and occurrence
timing, because the Doppler signals have inherently random
nature in shape [8]. It is not clarified how these uncertainties
affect performance of the BSSR.

In this paper, how performance of the BSSR depends on
the uncertainties of the reference signals are clarified by
simulations. In addition, it is investigated how this
dependency is modified by the order of power of correlation
function between the reference and extracted signals, which
composes a performance function of the BSSR [7]. Through
these simulation studies, permissible range of uncertainties of
the reference is clarified for the BSSR. This result could
provide necessary conditions for us to develop a generation
method of the reference from the ultrasonic Doppler signal.

II. ALGORITHM OF BLIND SOURCE SEPARATION WITH
REFERENCE AND SIMULATION CONDITIONS

A. Algorithm of BSSR
The data are pre-whitened, i.e., the covariance matrix of the
data is diagonalized [8]. The method is formulated as follows.
Let us consider a situation that » source signals

$=(5,5,,""5,) are observed as

X= (xu Xyttt xm) through a linear and immediate mixture

X = As, where 4 denotes the full rank mixing matrix of
mXn . Our purpose is to estimate 4 and s. Here, the
estimation of individual source signal is considered

separately, =w'x , where y and w denote estimates of a
parately, )y Yy

source signal and the corresponding row vector of the
estimated inverse of 4, respectively. T denotes a transpose.
Here, note that only a few sources are needed to be recovered
out of m observations. They are fetal ECGs which consist of
almost periodic sequence of pulse-like events. In this sense,
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the situation is not a completely blind one. In order to aid the
estimation, an artificial or observable signal closely related to
the source signal to be recovered is referred to. Now, we think
of estimating y which is highly correlated with the reference
signal » under the constraint |[w|=1. This is realized by
maximizing the Lagrangian'

L(w)— E[ p2k] 1)

(wTw -1),

where E[ ] denotes an expectation, and A is a Lagrange
multiplier [7]. Here, the correlation E[y*r*] is called
“performance function” [9]. As a solution of (1), we have

E[ ka ~1..2k X]
E[ ka er ] (2)
Actually, the following interations give the solutions.
E[ ka -1.,2k ]
ntl E[ yzk 2k ] (3)
y n+l vvnﬂx

The practical estimation is performed as follows. The
initial value of w is given as a vector whose entries take +1 at
random. This is only for starting algorithm with not so strong
preference. The extraction is done in a segment-wise manner,
where one segment is 5s (5,000 points). The expectation is
realized by the temporal integration in the respective
segment. k=2 unless otherwise stated. The details of our
algorithm were explained in comparison with previously
proposed methods elsewhere [7].

B. Simulation Conditions

For simulations, we use test source signals shown in Fig.1.
Among them, ch.1-ch.3 are separated a priori from the actual
composite abdominal signal. Note that 4™ power of Gaussian
noise resembles ECG in its statistical properties. The
observed signal subject to separation is obtained through
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Fig. 1. Test source signals. chl:fetal ECG separated a priori from the
composite abdominal signal, ch2, ch3:residual signals separated a
priori from the composite abdominal signal, ch4:Gaussian noise, ch5:
4" power of Gaussian noise.

operating an appropriate 5X5 mixing matrix ([0.203 0.0153
0.4190.838 5.03; 0.199 0.747 0.846 0.0196 7.09; 0.604 0.445

0.525 0.681 4.29; 0.272 0.932 0.203 0.380 3.05; 0.199 0.466
0.672 0.832 1.90]) on the test source signal.

The reference signal is a sequence of spike-like event
shaped by cos 27r(t—tp)/ d, |t- 2, |<d/2, where ¢ denotes
the time, 7, indicates the peak position of the reference event,

and d denotes width of event. In order to include basic
uncertainty, a timing of each event is randomly shifted
following a uniform distribution around occurrence of R

I
J\_JU‘

1000

Reference(uV)
o
&

o

°
o -
——
T

| )

1500 2000 2500 3000 3500 4000
Time(msec)

(b)

07 Y
JUuuUUuHJLL

[) T 10 2000 20 0 %0 4000
Time(msec)
(©)
Fig2. Reference signals used for simulations. (a) reference signal
(d=100ms). (b) reference signal decimated by a rate of 0.5 (¢=100ms).
(c) reference signal consists of width-varied events (d=180ms)
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wave of the fetal ECG in ch.]1. Thus constructed reference
signal is shown in Fig.2(a). Furthermore, we add other types
of uncertainty to this reference signal: decimation of
reference events by a rate of 0.5 or 0.125 (Fig.2(b) for 0.5),
and variation of event width 20ms or 180ms (Fig.2(c) for
d=180ms).

III. SIMULATION RESULTS

A. Fundamental Performance of BSSR

Fig.3(a) shows the fundamental performance of the BSSR
against uncertainty in timing of reference event, where a
correlation of the extracted signal with the ECG signal
(source 1) is plotted as a function of the range of uniform
distribution for random shifting. Simulations ran 50 times
with different sample processes of noise signals (sources 4
and 5), and averaged results are shown. This plot indicates
how the ECG signal is contained in each extracted channel.
Naturally, it is desirable that a single channel exclusively
contains the ECG signal. In this figure, the correlation in
ch.1 is gradually degraded beyond the shift range of 40ms,
and instead those in the other channels increase, i.e., the
ECG signal becomes scattered over the channels. This result
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indicates that full recovery of the ECG signal becomes
difficult as the timing of reference event more largely
deviates from the correct position. This could be understood
from deterioration of the performance function as shown in
Fig.3(b). That is, the performance function for the ECG
signal monotonically decreases associated with an extension
of shift range. In contrast, the 4" power of Gaussian noise
(source 5) raises its performance function. This is due to
highly randomized reference signal resembles the 4" power
of Gaussian noise in a statistical sense. It is worth noting that
the degradation of performance of ECG extraction coincides
with an increase of the performance function for the source
5.

B. Performance of BSSR with decimated’ reference signals

Fig.4 shows how the 1/2 decimation of reference event
affects the performance of the BSSR. In Fig.4(a), the
correlation for ECG signal in ch.1 is shown to be retained
until the shift range of 70ms, but to deteriorate little bit more
rapidly than the case of no decimation. This could be

w & o

performance function value
nN

[ s e

R

shiftimsec)
(b)
Fig.3(a) Correlation coefficients between the ECG signal and signals in
the extracted channels. (b) Performance function for each extraction.
Shift value indicates a deviation range from the center of the uniform
distribution. d=100ms..

understood from behavior of the performance function

shown in Fig.4(b). Although the absolute value itself is
almost halved, the performance function decreases with a
similar rate to the case of no decimation. A distinct thing is
that the build-up of performance function for the source 5
begins around the shift range of 70ms or larger, which
coincides again with the collapse of correlation in ch.1. In
the case of 1/8 decimation, value of the performance
function for the ECG signal was an eighth of the case with a
complete reference signal, and the build-up of the
performance function for the source 5 began around the shift
range of 120ms (the results were omitted). Although the
correlation in ch.l was always lower than 1, it decreased
more gradually than the case with a complete reference as
well as 1/2 decimation.

C. Performance of BSSR with varied width of reference
event

Fig.5 shows the performance of the BSSR with the width
of reference event d=180ms. Characteristically, the
correlation in ch.1 is shown to be maintained close to 1 up to

T

correlation

w

performance function value

shift(msec)

(b)
Fig4 (a) Correlation coefficients between the ECG signal and signals in
the extracted channels with 1/2 decimated reference signal. (b)
Performance function for each extraction. Shift value indicates a
deviation range from the center of the uniform distribution. =100m:s..

the shift range of 70ms, and to decrease rapidly beyond this
critical range of shift. In addition, the correlations in ch.2
and ch.3 are built-up more rapidly in comparison with the
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case of d=100ms. This wider range of shift allowing
acceptable performance of the BSSR could be understood
from the behavior of performance function. The
performance function for the ECG signal more gradually
decreases and that for the 4" power of Gaussian noise more
rapidly increases in comparison with the case of d=100ms.
In contrast, under the condition of d=20ms the correlations
in ch.1 and in chs.2 and 3 were progressively reduced and
built-up from a further smaller range of shift than d=100ms,
respectively (the results were omitted here). As easily
expected, the performance function for the ECG signal more
steeply decreased under d=20ms than d=100ms.

D. Robustness of BSSR dependent on the order of
performance function

In the previous simulations, the robustness of the BSSR
against various kinds of uncertainties in the reference
signal was investigated, which showed that the
performance of the BSSR could be well understood based

17

oo}
08
0.7
06}

05

correlation

047
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02%

shift(msec)

(a)

performance function value

shift(msec)

(b)
Fig.5 (a) Correlation coefficients between the ECG signal and signals in
the extracted channels with the reference event width d=180ms. (b)
Performance function for each extraction. Shift value indicates a
deviation range from the center of the uniform distribution.

on the performance function. Naturally, the robustness of

the BSSR is expected to depend on the order of the
performance function which is denoted by 2k. This
dependency was examined by simulations. Here, the
results are only summarized. As for k=1, although the
performance function for the ECG signal dominated the
others, the performance function for the Gaussian noise
was relatively large, which could be responsible for the
extraction performance that the ECG signal leaked into a
few channels. As for k=4, the ECG signal significantly
leaked into another channel in addition to ch.l even under
small range of shift over 30ms. This is possibly due to the
fact that the performance function for the 4" power of
Gaussian noise was rapidly built-up and exceeded that for
the ECG signal over the shift of 30ms. In other words, it is
difficult for the eighth power of correlation E[y*r*] to

distinguish between the ECG signal and the 4" power of
Gaussian noise.

IV. CONCLUSION

Through the simulations, the BSSR was shown to have
robustness against various kinds of uncertainties in the
reference signal. The performance of the BSSR could be well
understood in terms of the behavior of performance function.
These results provide useful information concerning
permissible uncertainties of the reference signal. In addition,
because the performance of the BSSR depends on the order of
the performance function, it could be a possible strategy that
the order of the performance function is selected responsible
for what kinds of noise are expected to be contained in
observed signals. Generalization of our findings will be a
future subject.
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Differentiation of neuronal cells from NIH/3T3 fibroblasts
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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, Pax6, 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 g-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 etal. (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; lkeda et al.
2005; Klassen & Reubinoff 2008; Osakada et al. 2008;
Jin etal 2008). 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 cultured 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 (basic 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, Pax8,
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. No0.12587) 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 (8-tubulin and neu-
rofilament 200 [NF200]), astrocytes (glial fibrillary acidic
protein [GFAPY)), 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

Joumal compilation ® 2011 Japanese Society of Developmental Biologists
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resuspended in an induction medium (M), which
is composed of DMEM/F-12 supplemented with
1% NCS, 1x Antibiotic-Antimycotic, 1x Glutamax,
10ng/mL BDNF and the inducing agent taurine
(60 pmol/L) plus RA (10 umol/L), then plated onto
poly-D-lysine-coated 8-well cuiture slides to culture for
an additional 8 days (Das et al. 2006; Osakada et al.
2008). Cells were fixed and immunaocytochemistry was
performed by staining the retinal photoreceptor mark-
ers rhodopsin and recoverin.

Real-time PCR

Real-time PCR was performed as previously described
(Sugano et al. 2003). Total RNA was isolated from cul-
tured cells using Trizol (Sigma). ¢cDNA synthesis was
carried out using the First-Strand ¢cDNA Synthesis kit
(GE Healthcare). SYBR Premix Ex Taq (Perfect Real
Time; Takara) was used for PCR reactions. Specific
transcripts were amplified on a Smart Cycler (Takara)
for 35-40 cycles. The expression level of each gene
was calculated by normalizing it with the glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) gene
(TagMan Rodent GAPDH Control Reagents; Applied
Biosystems). The primers used in the experiment are
shown in Table 1.

Immunocytochemical analysis

Immunocytochemistry was performed by staining cell-
specific markers as previously described (Sugano et al.
2005; Das et al. 2008). Briefly, cells were fixed with
4% paraformaldehyde for 10 min at room temperature.
After permeabilization with 0.3% Triton X-100 in phos-
phate-buffered saline (PBS) for 10 min, slides were
incubated in 1% bovine serum albumin (BSA) and 5%
blocking serum for 30 min at room temperature. Pri-
mary antibodies were added and incubated ovemight
at 4°C. The list of antibodies and their dilution are
given in Table 2. Slides were washed and incubated
with the secondary antibodies conjugated to Alexa
Fluor 594 (red) or Alexa Fluor 488 (green) (Invitrogen-
Molecular Probes) in the dark for 30 min at room
temperature. A negative control was performed by
replacing the primary antibody with normal IgG. For
staining of nuclei, cells were covered with Vectashield

medium including 4'6’-diamidino-2-phenylindole
dihydrochloride (DAPI) (Vector Laboratories inc.). Fluo-
rescence was excited and labeled cells were imaged
with a fluorescence microscope (Axiovert40; Zeiss,
Germany).

Protein extraction and western blotting

Western blotting analysis was performed as previously
described (Takahashi & Yamanaka 2006). Briefly, the
NIH/3T3 cells were lysed with RIPA buffer supple-
mented with cocktail (Roche), and cell lysates (50 pug)
were separated by electrophoresis on Mini-PROTEAN
TGX gel (BIO-RAD) and transferred to an immuno-blot
PVDF membrane (BIO-RAD). Antibodies used were
Sox2, Nestin ( 1:200, shown in Table 2), anti-rabbit and
anti-mouse IgG (H&L) AP conjugate (1: 7500, Promega).

Statistical analysis

The data of real-time PCR analysis are expressed as
mean + SD. Significance between groups was ana-
lyzed by one-way analysis of variance (anova) with
GraphPad Prism 4.0 software (San Diego). Values of
P < 0.05 were considered statistically significant.

Results

NIH/3T3 fibroblasts can form neurosphere-iike cells in
defined condiitions

First, we carried out a neurosphere assay on floating
NIH/3T3 cells cultured in two different proliferating
media: NSCm and NC. When NIH/3T3 cells were cul-
tured in suspension for 2-5 days, NIH/3T3 cells
formed spheres (Fig. 1B,C), which displayed classic
features of neurospheres, in both proliferating media.
There was no apparent difference in morphology
between NC- and NSCm-cultured spheres for the first
2-3 days of culture. Al NSCm-cultured spheres had
a regular and round shape with bright borders on
the edge of spheres (Fig. 1B). However, after 4-5 days
of culture, the diameter of NC-cultured spheres did
not increase, and some of these spheres showed an
irregular and unhealthy appearance with dark or indis-
tinct borders (Fig. 1C), which was assumed to be

Table 1. Sequences of primers used in real-time polymerase chain reaction (PCR)

Primer sequence (5’-3")

Product  Annealing temp.  GeneBank accession
Gene F R (bp) (°C) number
Nestin  AGACAGTGAGGCAGATGAGT ATGAGAGGTCAGAGTCATGG 224 55 NM_016701
Sox2t  TAGAGCTAGACTCCGGGCGATGA  TTGCCTTAAACAAGACCACGAAA 296 60 NM_011443

tPrimers of Sox2 were from Takahashi & Yamanaka (2006).

© 2011 The Authors
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Table 2. List of antibodies used to stain different target cells

Z. Wang et al.

Antibody Species Dilution Company and catalog no. Target cells
Nestin Mouse 1:500 Millipore-Chemicon:MAB353 Neural progenitors
Sox2 Rabbit 1:100 Santa Cruz Biotechnology, Inc: sc-20088 Neural progenitors
Msit Rabbit 1:100 Sigma-Aldrich: M3571 Neural progenitors
Pax6 Rabbit 1:100 Santa Cruz Biotechnology, Inc: sc-32766 Neural progenitors
BrdU Mouse 1:100 Santa Cruz Biotechnology, Inc: sc-32323 Proliferating cells
B-tubulin Mouse 1:500 Sigma: T5076 Neurons

NF200 Mouse 1:100 Sigma: NO142 Neurons

GFAP Goat 1:100 Santa Cruz Biotechnology, Inc: sc-6171 Astrocytes

04 Mouse 1:100 Chemicon International, Inc.: MAB345 Oligodendrocytes
Rhodopsin Mouse 1:100 Millipore-Chemicon: MAB5316 Photoreceptors
Recoverin Goat 1:100 Santa Cruz Biotechnology, Inc: sc-20353 Photoreceptors

BrdU, 5-Bromo-2’-deoxyuridine; GFAP, glial fibrillary acicic protein; Msi1, Musashi homologue 1; NF200, neurofilament 200 kDa; O4,

oligodendrocyte marker O4; Pax8, paired box protein 6; Sox2, SRY (sex determining region Y)-box containing gene 2.

Fig. 1. Generation and passage of NIH/3T3-derived neurosphere-like cells. NIH/3T3 fibroblasts were adherently cultured in normal
condition (NC) on normal (uncoated) dishes (A). Spheres were generated after culturing in neural stem cell medium (NSCm) (B) or NC
(C) on 2% agarose-coated dishes for 5 days. Generation of the secondary spheres were carried out by culturing in NSCm (D-F) or NC
(G-)) for O, 3, and 5 days. The NSCm-cultured secondary spheres were observed on day 3 (E) after passaging, and the diameter had

doubled by day 5 (F). NC-cultured spheres formed very small secondary spheres, and the diameter was unchanged after 3-5 days of

culture (H and ).

surrounded by many dying cells caused by the lack of
necessary growth factors.

Second, we tested the ability of NIH/3T3-derived
spheres to generate secondary spheres. After dissoci-
ating into single cells and culturing for 3-7 days, the
secondary spheres were quickly formed (on days 3-5)
in NSCm, and the sphere size was dependent on

© 2011 The Authors

culture time with defined cell density (Fig. 1D-F). These
cells could generate sub-spheres for an extended
period of three passages (more passages were
untested). However, NC-cultured spheres formed only
very small secondary spheres on days 3-5 after
passaging (Fig. 1G-l), and tertiary spheres were diffi-
cult to generate.

Journal compilation © 2011 Japanese Society of Developmental Biologists
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NIH/3T3-derived spheres express neural progenitor
markers

Third, we performed immunocytochemistry to stain the
neural progenitor markers Nestin, Sox2, Pax6, and
Msi1 for NSCm-cultured NIH/3T3-derived spheres,
and the results showed that these cells expressed
neural progenitor markers (Fig. 2E-T). Some of these
spheres co-expressed Nestin and Sox2 (Fig. 2J-L),
suggesting that some cells expressed multiple neural
progenitor markers. Double staining for Sox2, Pax8,
and Msi1 with BrdU indicated that these spheres were
composed of dividing cells that entered the cell cycle
(Fig. 2N-P,R,T).

To compare the neural progenitor potential of
NIH/3T3 cells cultured in different conditions, the
expression of neural progenitor markers Sox2 and
Nestin were examined by real-tme PCR. Sox2
{Fig. 2V) and Nestin (Fig. 2W) were significantly upreg-
ulated in NSCm-cultured spheres compared with
adherent NIH/3T3 fibrablasts or NC-cultured spheres.
Moreover, the expression of Nestin and Sox2 were
also observed from NSCm-cultured spheres by wes-
tern blotting (Fig. 2X).

NIH/3T3-derived spheres have the potential to
differentiate into neuronal cells

Subsequently, we tested whether NiH/3T3-derived
spheres can be differentiating into neuronal cells. After
transferring to the DM, these spheres were cultured
for another 8 days. Immunocytochemical results
showed that these cells expressed the neuronal mark-
ers B-tubulin (Fig. 3D) and NF200 (Fig. 3H) and the
astrocytic marker GFAP (Fig. 3K), although expression
of GFAP was very low. However, these cells did not
express the oligodendrocyte marker O4 (data not
shown).

NIH/3T3-derived spheres can be induced to express
retinal photoreceptor markers

Finally, to determine the ability of NIH/3T3 cells to dif-
ferentiate along neural lineage, we treated NIH/3T3-
derived neuron-like cells with taurine and RA, both of
which show effective promotion of neuron induction.
After treatment with these chemicals, expression of
the neuronal marker B-tubulin (Fig. 4E) was greatly
enhanced, and expression of photoreceptor markers
rhodopsin (Fig. 4L,K,M) and recoverin (Fig. 4L,M) was
also induced. Double staining results showed that
some cells co-expressed recoverin and rhodospin
{Fig. 4K-M); however, the expression of recoverin was
very low (Fig. 4L-N). Real-time PCR analysis showed

that neural progenitor markers Sox2 and Nestin were
significantly downregulated during the differentiation
and induction of neuron- and photoreceptor-like cells
(Fig. 40,P).

Discussion

Many studies have shown that the undifferentiated
cells, such as ES cells, ES-derived neural stem cells
(NSCs), bone marrow stromal cells or iPS cells have
the ability to be differentiated along the neuronal line-
age (Sanchez-Ramos et al. 2000; Woodbury et al.
2000; Zhao et al. 2002; lkeda et al. 2005; Takahashi &
Yamanaka 2006; Osakada et al. 2008, 2009; Hirami
et al. 2009; Jin et al. 2009) and could be potential tar-
gets for the replacement therapy for retinal degenera-
tion diseases. However, the ability of differentiated
cells to be transdifferentiated into neuronal cells has
not been widely investigated. Zhang et al (2010)
showed that the NIH/3T3 fibroblasts were able to be
induced to express neuronal markers after the epige-
netic modification by adding epigenetic modifiers, but
the question of whether the differentiated cells could
be transdifferentiated into neuronal celis without add-
ing any epigenetic modifier and the mechanism
involved still remain to be characterized.

Our study showed that NIH/3T3 fibroblasts were
able to form spheres composed of dividing cells in
suspension culture in the presence of EGF, bFGF and
B27 supplement (without vitamin A), which are condi-
tions suitable for the proliferation of neural progenitors.
These spheres were able to be serially passaged to
form more sub-spheres, and these cells were incorpo-
rated with BrdU, indicating their ability to self-renew.
NSCm-cultured spheres express neural progenitor
markers Nestin, Sox2, Pax6 and Msi1, indicating that
these cells may have the potential to proliferate toward
neural progenitor lineage. NIH/3T3-derived spheres
was able to be differentiated into both neuronal and
astrocytic cell types by removing EGF and B27 sup-
plement (without vitamin A) from the medium and
substituting them with serum, standard B-27 supple-
ment and BDNF or CNTF, and also have the potential
to be induced into photoreceptor-like cells. Taken
together, these results suggested that NIH/
3T3-derived neurosphere-like cells can undergo self-
renewal and differentiation into neuron-like cells
without any epigenetic modification, which are proper-
ties of neural progenitors, suggesting the possible
neuronal lineage of NIH/3T3 fibroblasts.

To test whether the NIH/3T3-derived spheres
obtained were neurospheres or neural progenitors,
three functional attributes that define neural progeni-
tors (or neural stem cells) must be exhibited. The first

© 2011 The Authors
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Fig. 2. Neural stem cell medium (NSCm)-cultured NIH/3T3-derived neurosphere-like cells expressed neural progenitor markers. NC-
cultured NIH/3T3 fibroblasts did not express any neural progenitor marker (B-D). Single and double staining of Sox2 (E, F, J and L) and
Nestin (G, H, K and L) demonstrated that these spheres co-expressed multiple neural progenitor markers. Some spheres were positively
stained with BrdU and Sox2 (N-P), Pax-6 (R), Msi1 (T), indicating their proliferative property. Phase contrast images of NIH/3T3 cells
cultured in NC (A) and NSCm (I, M, Q and S) were also shown. The percentage of positive cells is presented in the graph (U). Real-time
PCR analysis of Sox2 (V) and Nestin (W) were performed for NIH/3T3 cells adherent in NC, floating in NC or NSCm. The columns
represent the relative expression level of Sox2 or Nestin in spheres compared with those of adherent NIH/3T3 fibroblasts. Western
blotting analysis of Sox2 and Nestin in NC- and NSCm-cultured NIH/3T3 cells were shown in X. The symbols * and ** represent
P < 0.05 and P < 0.01, respectively.
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Fig. 3. Differentiation of neural stem cell medium (NSCm)-cultured NIH/3T3-derived neurosphere-like cells into neuron- and astrocyte-
like cells. When shifted to DM, these cells expressed markers corresponding to neurons (B-tubulin [D] and NF200 [H]) and astrocytes
(glial fibrillary acidic protein [GFAP)] [K]). NIH/3T3 fibroblasts cultured in normal conditions (NC) were used as a control (A, B, E, F, and |).
Phase contrast images of NIH/3T3 cells cultured in NC (A and E) and DM (C, G and J) were also shown. The percentage of positive

cells expressing neuronal or glial markers is presented in the graph (L).

property is self-renewal wherein cells from spheres
proliferate and make identical copies of themselves.
The second is multipotency, wherein the spheres are
able to generate all three main cell lineages of the
mammalian central nervous system (CNS), neurons,
astrocytes, and oligodendrocytes. The third is the abil-
ity to generate tissues. The generation of a neuro-
sphere even from a particular region of the CNS does
not necessarily denote to be neural progenitors unless
there is supporting in vivo evidence (Chojnacki & Weiss
2008; Ahmed 2009). This neurosphere protocol has
been used in a number of studies to examine the
properties of various progenitors (Chaichana et al.
2006; Das et al. 2006; Jensen & Parmar 2006; Mar-
shall et al. 2006; Chojnacki & Weiss 2008).

In the present study, we demonstrated the self-
renewal property of NIH/3T3-derived spheres, and we
also showed the potential of these cells to differentiate
along two basic CNS lineages, neurons and astro-
cytes; however, we failed to show the expression of
the oligodendrocyte. marker O4.

These results predicted two possibilities. One is that
these NIH/3T3-derived spheres are not neural progen-
itors, but only some NIH/3T3 cells with changes in
morphology and properties. Because the growth of

cells in vivo and in vitro are tightly regulated by their
microenvironments (Hegde et al. 2007), NIH/3T3 fibro-
blasts are likely to survive in NSCm, display classic
morphology of neurospheres and respond to growth
factor exposure in a similar manner that was exhibited
by neural progenitors. For example, the markers of
neural progenitors were upregulated and some cells
had the potential to differentiate toward neural lineage.
However, most of these cells still preserved the prop-
erty of NIH/3T3 fibroblasts, and could not be differenti-
ated into all three main types of CNS lineages.

The other possibility is that these NIH/3T3-derived
spheres may be immature neural progenitors. These
spheres could proliferate, express markers of neural
progenitors and generate neuron and astrocyte mark-
ers. The reason why these spheres did not express
the oligodendrocyte marker O4 may be due to the lack
of some growth factor(s) in the differentiating medium
or the shortage of culture period, which may be critical
for the generation of oligodendrocyte progenitors or
oligodendrocytes. The cytokine CNTF alone might not
be sufficient for the generation of oligodendrocytes,
further investigations are needed to detect whether
oligodendrocytes can be generated by adding other
candidate factor(s), for example, platelet-derived

©® 2011 The Authors
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Fig. 4. Induction of neuron- and photoreceptor-like cells by treating cells with the combination of 50 umol/L taurine and 10 pmol/L
retinoic acid (RA). (A). Procedure for induction of retinal photoreceptor-like cells from NIH/3T3 fibroblasts. Immunocytochemical analysis
of p-tubulin (C and E), rhodopsin (G, I, J, K and M) and recoverin (J, L and M) was performed for the treated (E, |, and K-M) and
untreated (C, G and J) cells. Phase contrast images of NIH/3T3 cells cultured in NC (B and F) and IM (D and H) were also shown. The
percentage of positive cells expressing neuronal or photoreceptor markers is presented in the graph (N). Real-time PCR was carried out
to analyze Sox2 (O) and Nestin (P) expression in NSCm-, DM- and IM-cultured cells. The symbols * and ** represent P < 0.05 and

P < 0.01, respectively.

growth factor AA, which was demonstrated to effec-
tively enhance survival of oligodendrocyte progenitors
(Yang et al. 2005; Chen et al. 2007).

Our study demonstrates that NIH/3T3 fibroblasts dis-
play some features of neural progenitors and express
neuron, astrocyte and even photoreceptor markers
under defined conditions. These results shed some light
on the induction of retinal photoreceptors from a differ-
entiated cell source. Further studies are necessary to
determine if NIH/3T3 fibroblasts can be differentiated
into functional neurons or photoreceptors, but the pres-

© 2011 The Authors

ent study suggests that neuronal cells can be generated
from differentiated cells of other types without the need
of adding any epigenetic modifier.
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Immune responses to adeno-associated virus type 2
encoding channelrhodopsin-2 in a genetically blind

rat model for gene therapy

E Sugano!, H Isago!, Z Wang!2, N Murayama!, M Tamai’® and H Tomital4*

We had previously reported that transduction of the channelrhodopsin-2 (ChR2) gene into retinal ganglion cells restares visual
function in genetically blind, dystrophic Royal College of Surgeons (RCS) rats. In this study, we attempted to reveal the safety
and influence of exogenous ChR2 gene expression. Adeno-associated virus (AAV) type 2 encoding ChR2 fused to Venus
(rAAV-ChR2V) was administered by intra-vitreous injection to dystrophic RCS rats. However, rAAV-ChR2 gene expression was
detected in non-target organs (intestine, lung and heart) in some cases. ChR2 function, monitored by recording visually evoked

potentials, was stable across the observation period (64 weeks).

No change in retinal histology and no inflammatory marker of

leucocyte adhesion in the retinal vasculature were observed. Although antibodies to rAAV (0.01-12.21 pgmi-!) and ChR2
(0-4.77 ugmi—1) were detected, their levels were too low for rejection. T-lymphocyte analysis revealed recognition by T cells
and a transient inflammation-like immune reaction only until 1 month after the rAAV-ChR2V injection. In conclusion, ChR2,
which originates from Chlamydomonas reinhardtii, can be expressed without immunologically harmful reactions in vivo.
These findings will help studies of ChR2 gene transfer to restore vision in progressed retinitis pigmentosa.

Gene Therapy advance online publication, 28 October 2010; doi:

10.1038/gt.2010.140
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INTRODUCTION

Retinitis pigmentosa (RP) is a group of diseases in which a gene
mutation results in the death of photoreceptor cells. At present,
approximately 40 genes have been identified as the causative agents
(http://www.sph.uth.tmc.edu/retnet/; provided in the public domain
by the University of Texas Houston Health Science Center, Houston,
TX, USA). The initial visual impairment in patients with RP is
night blindness, and patients lose their vision in the final stage of
this disease following visual field loss.! Many trials have been con-
ducted to identify agents that can protect photoreceptors and delay
vision loss, but effective treatments have not been developed against
progressed RP.

Although photoreceptor cells are often degenerated in the case of
progressed RP, other inner neurons, including retinal ganglion cells
(RGCs) are preserved. It would be ideal to utilise the remaining
retinal neurons to restore vision. We have been studying light-gated
cation-selective membrane channel protein channelrhodopsin-2
(ChR2)? to induce photoreceptor function in retinal neurons such
as RGCs*® and ON bipolar cells.® We have already demonstrated that
the responses induced by various stimulus frequencies (Hz) in ChR2-
transduced rats are in no way inferior to those in normal rats,” as
supported by the finding that ChR2-induced photocurrents are
extremely fast.®® Visual function was also well analysed by using
transgenic rats with ChR2 transduction into RGCs: the spatial

frequencies based on behavioural responses of photoreceptor-
degenerated ChR2 transgenic rats were the same as those of normal
rats.'® These studies indicate that transfer of the ChR2 gene into the
remaining retinal neurons is a useful method for restoring vision in
progressed RP.

However, for clinical application of ChR2 therapy, some problems
must be considered. First, this approach is a gene therapy. An immune
response (mostly a problem with adenovirus- and herpes simplex
virus-derived vectors)!! may be caused by adeno-associated virus
(AAV) and its incorporation into the host genome may lead to
de-repression of tumour suppression genes.'>4 Second, ChR2 is a
protein originating from Chlamydomonas reinhardtii. 1t is important
to study the systemic responses on virus vector application and long-
term expression of the transgene product in humans. In this study, to
reveal the safety and influence of exogenous ChR2 gene expression, we
investigated the functional stability of the ChR2 gene and the
possibility of harmful immune reactions caused by this gene therapy
in a Royal College of Surgeons (RCS) rat model of RP.

RESULTS

Recording of visually evoked potentials (VEPs) in RCS rats
Although RGCs are maintained in aged RCS (rdy/rdy) rats, VEPs
would be abolished because of the loss of light-evoked synchronous
activities by photoreceptor cells. Indeed, VEPs were not evoked even
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by the maximum flash of the light-emitting diode in any of the detected by reverse transcription-polymerase chain reaction (RT-PCR)
6-month-old RCS (ryd/rdy) rats. After confirmation of the loss of analysis from the brain, liver, spleen and kidney (Figure 2). As
photoreceptor-derived function, AAV encoding ChR2 fused to Venus expected, we detected the appropriate Venus protein expression
(rAAV-ChR2V) was administered by intra-vitreous injection into the  from the rAAV-transduced retinas. Venus expression was unexpectedly
left eye. The right eye was not treated and served as the control. At  detected in other organs (heart, lung and intestine) in some cases.
2 weeks after the injection, VEPs were recorded in the right visual
cortex. The amplitude peaked at 8 weeks but remained stable untii  Histological examination of rAAV-ChR2V-treated retina
64 weeks after the injection (Figure 1). There was no recording from  The rAAV-derived gene expression was investigated by observing
the left side of the visual cortex (data not shown). We could not record  whole-mounted retina. At 6 months after rAAV administration, the
for longer periods than 64 weeks because the lifespan of RCS rats is  expression of ChR2V or Venus was observed by fluorescence micro-
about 2 years. scopy (Figure 3). ChR2V was expressed in the plasma membrane of
the retinal cells; on the other hand, Venus expression was observed in
Viral dissemination to the organs the cytoplasm of the rAAV-Venus-injected retina. Both of the rAAV-
To determine systemic dissemination of rAAV after the injection, total  derived proteins were expressed all over the retina, and there was some
ribonucleic acids were isolated from each organ after 6 months of deflection of the retinal expression.
rAAV-ChR2V administration. No rAAV-derived Venus expression was To assess the side effects of ChR2 gene transfer by using rAAV,
histological studies were performed on paraffin-embedded and frozen
150 - sections. There was no obvious difference in the retinal morphology
between the ChR2-injected and the age-matched untreated RCS
125 (rdylrdy) rats (Figures 4a and b). However, intra-vitreous injection
of lipopolysaccharide, which resulted in endotoxin-induced uveitis
(EIU), in the RCS (+/+) rats caused substantial migration of inflam-
i 100 1 matory cells, mainly polymorphonuclear leucocytes, in the neural
E retina and vitreous humour (Figure 4d).
3 757 When the retinal activities were studied in frozen sections by
= immunohistochemistry (Figure 5), glial fibrillary acidic protein
E 50 - (GFAP) expression was restricted to the ganglion cell layers in the
rAAV-ChR2V-treated retina (Figure 5c); however, GFAP expression
25 | was observed throughout the inner half of the retina in the untreated
RCS (Figure 5b) and rAAV-Venus-injected RCS (Figure 5d) rats.
04 ' i . i i i i . Nuclear factor-kB (NF-kB) expression was restricted to the ganglion
0 8 16 24 32 40 48 56 64 cell layers in all the tested RCS rats, but it was markedly high in the
weeks post injection rAAV-ChR2V-treated retinas (Figure 5h).
Figure 1 Long—te'rm fur.lctionalv gnal)_/sis of photosensitiyity following ChR2 Effects of rAAV-ChR2V treatment on leucocyte adhesion in the
gene transfer by intra-vitreous injection of rAAV-ChR2V in 6-month-old RCS s
(rdyirdy) rats. A blue LED (wavelength, 435-500nm; peak, 470nm) was  retinal vasculature ) [ ;
flashed for 20 ms at 2.6 mWcm-2 and time-dependent improvements in the ~ 1he retinal adherent leucocytes were imaged by perfusion labelling
amplitude of the VEPs were recorded. After peaking at 8 weeks of  with fluorescein isothiocyanate-coupled concanavalin A. According to
administration, the amplitude remained stable for 64 weeks post-injection. a report of Koizumi et al.,!® leucocyte adhesion is significantly elevated
retina brain testis liver retina brain testis liver
-0"--’------‘--‘--: - —— -
f -Actin Venus
kidney intestine lung heart kidney Intestine lung  heart
- - e GNR S W G SR e G e M s oo -
The expression of venus protein, which was carried by rAAV
retina | brain | testis | liver | kidney | intestine | lung | heart
Sample1 +++ - - - - - - -
Sample2 +++ - - - - ++ - +
Sample3 ERay - - - - - - +
Sample4 +++ - - - - - + +
o i : -, No exp +, Light exp! +4+, N Xp ++4,1 P
Figure 2 Virus dissemination to the organs. At 6 months after the administration of rAAV-ChR2V, total ribonucleic acid was extracted from the retina, brain,
testis, liver, kidney, intestine, lung and heart. The rAAV-derived gene was investigated by using RT-PCR analysis. As expected, a high copy number of the
rAAV-derived gene expression was detected in the retina. The gene expression was also detected in the heart, lung and intestine in some cases.
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Figure 3 Expression profiles of the rAAV-derived proteins in the retina. Construction of the rAAV vector expressing ChR2V (a) and Venus (e) is illustrated. -
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After 6 months of intra-vitreous injection, the rAAV-derived protein expression in whole-mounted retinal samples was observed by fluorescence microscopy.
ChR2V expression was observed in the membrane (b-d) and Venus was expressed in the cytoplasm (f-h) of the retinal cells.
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Figure 4 Histological examination of rAAV-ChR2V-treated retina. rAAV-ChR2V was administered by intra-vitreous injection into the left eye of RCS (rdy/rdy)
rats. After 64 weeks, their right (control) (a) and left (b) eyeballs were enucleated and stained with hematoxylin and eosin. As a model of inflammation, age-
matched RCS (+/+) rats were administered lipopolysaccharide (LPS) by intra-vitreous injection and their eyeballs were enucleated after 48 h. Retinal sections
of untreated RCS (+/+) (c) and the LPS-treated (d) rats were studied. Substantial infiltration of inflammatory cells, which were mainly PMNLs in the neural
retina (arrow) and vitreous humour (arrowhead), was observed in the retina of the LPS-treated rats.

after the development of EIU. Our study demonstrated that EIU
caused leucocyte adhesion in the retinal venules (Figures 6¢ and d).
However, there was no difference in leucocyte adhesion between the
untreated (Figure 6a) and the rAAV-ChR2V-injected (Figure 6b) RCS
rats, which had received the rAAV injection 1 year previously.

Humoral immune responses to the viral vector and transgene

To assess the possibility of a systemic humoral immune response to
the viral vector or transgene, we determined the antibody levels
against the rAAV2 capsid and ChR2 in serum by enzyme-linked
immunosorbent assay. In the rAAV-ChR2V-injected rats, rAAV2
capsid-specific antibodies were detected and showed the maximum
production at 2 months after injection (0.01-12.21pgml~1;

Figure 7a). However, the titre was extremely low in this study
compared with that in a previous report of intramuscular injection
of AAV2 (200400 jig ml~1).16 The titre against the ChR2 protein was
the maximum at 6 months post-injection. However, this level was also
low (0-4.77+2.55pgml™!) compared with the antibody level in
serum of the immunized rabbit (1442.34 ugml™!), which received a
peptide injection to produce antibody to ChR2 forcibly (Figure 7b).

Analysis of T-lymphocyte subsets

Total T lymphocytes were gated with positive staining of anti-CD3.
Then, the population of lymphocytes was confirmed by forward
scatter (cell size) versus side scatter (cell granularity). Analysis of
T lymphocyte subsets, namely CD4* (T helper cells), CD8* (cytotoxic

w
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Figure 5 Changes in the protein immunoreactivities in the retina. Untreated RCS (+/+) (a and f) and RCS (rdy/rdy) (b and g) rats were used as the controls.
rAAV-Venus (d and i) or rAAV-ChR2V (c and h) was administered by intra-vitreous injection into the left eye of RCS (rdy/rdy) rats. After 64 weeks, their
eyeballs were enucleated. All the RCS rats were of the same age at the time of enucleation (2.2 years). As the negative control for staining, the first
antibodies were replaced with non-immune mouse immunoglobulin G (e and j). DNA was counterstained with 4’, 6-diamidino-2-phenylindole. GFAP
expression was restricted to the ganglion cell and nerve fibre layers of the ChR2V-treated retina (c); however, it was observed throughout the inner half of the
retina in the untreated RCS (b) and rAAV-Venus-injected RCS (d) rats. Nuclear factor-xB expression was restricted to the ganglion cell layers in all the tested
RCS rats, but it was markedly high in the ChR2V-treated retina (h).
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Figure 6 Adverse effect of rAAV-ChR2V treatment on retinal leucocyte adhesion. To study the adverse effect of ChR2 treatment in RCS rats, their retinas
were examined after 1 year of rAAV-ChR2V injection. As a model of inflammation, RCS (+/+) rats received an intra-vitreous injection of lipopolysaccharide
(LPS) and were examined 48h after the injection. Flat-mounted retinas labelled with concanavalinA lectin showed increased number of adherent leucocytes
in the retinal vessels of the LPS-injected rats (c) compared with the untreated (a) and rAAV-ChR2V-injected (b) rats. High-magnification photography of the
LPS-treated retinal vessels showed leucocyte adhesion more clearly (d).

cells) and CD4*CD25* (T regulatory cells), was performed. The 1 week of the rAAV injection was higher than the pre-injection ratio
CD4*/CD8" ratio is a known indicator of the immunoregulatory  (Figure 8a). This increase occurred in the case of both the rAAV-Venus
status.!7!® Our results demonstrated that the CD4*/CD8* ratio after and rAAV-ChR2V injections. In addition, the CD4*/CD8* ratio only 1
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