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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,
10 ng/mL BDNF and the inducing agent taurine
(60 pmol/L) plus RA (10 umol/L), then plated onto
poly-D-lysine-coated 8-well culture slides to culture for
an additional 8 days (Das et al. 2006; Osakada ef al.
2008). Cells were fixed and immunocytochemistry 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 Tag (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. 2006). 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 overnight
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’¢’-diamidino-2-phenylindole
dihydrochloride (DAPI) (Vector Laboratories Inc.). Fluo-
rescence was excited and labeled cells were imaged
with a fluorescence microscope (Axiovertd0; 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 pg)
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-like cells in
defined conditions

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 2-5days, 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. All 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 (20086).
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Table 2. List of antibodies used to stain different target cells

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
S-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, dlial 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
(GH)) for 0, 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.
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NIH/3T3-derived spheres express neural progenitor
markers

Third, we performed immunocytochemistry to stain the
neural progenitor markers Nestin, Sox2, Pax8, 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, Pax6,
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-time PCR. Sox2
(Fig. 2V) and Nestin (Fig. 2W) were significantly upreg-
ulated in NSCm-cultured spheres compared with
adherent NIH/3T3 fibroblasts 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 resuits
showed that these cells expressed the neuronal mark-
ers S-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 g-tubulin (Fig. 4E) was greatly
enhanced, and expression of photoreceptor markers
rhodopsin (Fig. 41,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 4.
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 etal. (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 cells 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
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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 (), 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 (f-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

Journal compilation © 2011 Japanese Society of Developmental Biologists



364

(A) Generation of neurosphere-like cells

Differentiation

Z. Wang et al.

Introduction

DO Passage 1 D7 Passage 2 D14

Tubulin/

Rhodopsin/

(J) Recoverin/ Rhodopsin

|
l .
D22 Taurine + RA

»

Rhodopsin/

(M)Rhn(iop\in/

(N, 100- (0) 5 (P)
= & o
8 & NC 3 o £ .
54 == M < 2 estin
E i s 10 Sox2 f
7] E 5
8‘ 50+ v 2
5 g 05 -
> & °®
o, £ s — 2
iy ]
i . [Mm_ || 2 i
8 @ 00 - . .
oo (B 8 ¥:: & o i & o »
B-tubulin  Rhodopsin  Recoverin

Fig. 4. Induction of neuron- and photoreceptor-like cells by treating cells with the combination of 50 pmol/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, |, 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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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
Bergmann glial cells in the cerebellum. These data indicate that the antibody-displaying viral vectors are
potentially useful for delivering a gene of interest to a specific subset of neurons in the central nervous
system with the help of neuron type-specific antibodies.
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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
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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
with200 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.
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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 BssHII 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
MEGASscript 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 pl of the 10-fold serial dilution of the mixture was added to
50% confluent PC12 cells on 6-well plates. After 1h of incubation at
37°C under 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, Géttingen, 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 pm 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 (p75NR) 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 jum). (B) PC12 cells treated with ZZ
Sindbis with 0.4 pug/ml of the antibody (bar: 500 um). The inset shows a magnified image of a Venus-expressing cell (bar: 250 um). (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 (j.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-p75NR 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; Séllner 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
(Miesenbdck etal., 1998; Yuste etal.,2000; Sankaranarayananetal.,
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 wm (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 CAl
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. Invivo 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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pHluorin

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 pm.
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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 m). Aii and Bii are images enhanced with anti-GFP immunohistochemistry (scale bars, 20 wm). 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 12-24h 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 p75NTR, 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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