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eneration  of  a  neurodegenerative  disease  mouse  model  using
entiviral  vectors  carrying  an  enhanced  synapsin  I  promoter
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 i  g  h  l  i  g  h  t  s

We  developed  a  new  hybrid  promoter  having  high  neuronal  specificity.
The  promoter  showed  efficient  and specific  neuronal  transduction  in the  cerebellum.
Spinocerebellar  ataxia  model  mice  were  lentivirally  generated  using  the  promoter.
The  model  mice  showed  neuron-specific  transgene  expression  throughout  the  CNS.
The  model  mice  showed  ataxia  and  neuronal  inclusions  characteristic  to the disease.
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a  b  s  t  r  a  c  t

Background:  Certain  inherited  progressive  neurodegenerative  disorders,  such  as spinocerebellar  ataxia
(SCA),  affect  neurons  in large  areas of the  central  nervous  system  (CNS).  The  selective  expression  of
disease-causing  and  therapeutic  genes  in susceptible  regions  and  cell  types  is  critical  for  the  generation  of
animal  models  and  development  of  gene  therapies  for these  diseases.  Previous  studies  have  demonstrated
the  advantages  of  the  short  synapsin  I (SynI)  promoter  (0.5 kb)  as  a neuron-specific  promoter  for  robust
transgene  expression.  However,  the  short  SynI  promoter  has  also shown  some  promoter  activity  in  glia
and a lack  of  transgene  expression  in  significant  areas  of  the  CNS.

New  methods:  To  improve  the  SynI  promoter,  we  used  a SynI  promoter  that  is  twice  as  long (1.0  kb)
as  the  short  SynI  promoter  and  incorporated  a minimal  CMV  (minCMV)  sequence.
Results: We  observed  that  the 1.0  kb  rat  SynI  promoter  with  minCMV  [rSynI(1.0)-minCMV]  exhibited
robust  promoter  strength,  excellent  neuronal  specificity  and  wide-ranging  transgene  expression  through-
out the  CNS.

Comparison  with  existing  methods:  Compared  with  the  two  previously  reported  short  (0.5  kb)  promo-
ters,  the new  promoter  was  superior  with  respect  to neuronal  specificity  and  more  efficiently  transduced

neurons.  Moreover,  transgenic  mice  expressing  the  mutant  protein  ATXN1[Q98],  which  causes  SCA  type
1 (SCA1),  under  the  control  of the  rSynI(1.0)-minCMV  promoter  showed  robust  transgene  expression
specifically  in neurons  throughout  the  CNS  and  exhibited  progressive  ataxia.
Conclusion:  rSynI(1.0)-minCMV  drives  robust  and  neuron-specific  transgene  expression  throughout  the
CNS  and  is  therefore  useful  for viral  vector-mediated  neuron-specific  gene  delivery and  generation  of
neuron-specific  transgenic  animals.
. Introduction

Previous studies comparing several neuron-specific promo-
ers have shown that the synapsin I (SynI) promoter is superior

n terms of promoter strength and neuronal specificity (Boulos
t al., 2006; Hioki et al., 2007; Kugler et al., 2003; Nakagawa
t al., 2006). Because the SynI promoter is phylogenetically well
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conserved, promoters from rats and humans are often used for
the generation of neuron-specific transgenic mice (Guo et al.,
2002; Heumann et al., 2000; Hoesche et al., 1993; Holzer et al.,
2001; Morimoto et al., 2002; Nakagawa et al., 2006; Sargeant
et al., 2012; Scott and Lois, 2005) or viral vector-mediated gene
transfer into rodent neurons (Dittgen et al., 2004; Hioki et al.,
2007; Kugler et al., 2003). The first transgenic mice expressing a

transgene under control of the SynI promoter carried a construct
containing ∼4300 nucleotides of the 5′-flanking sequence of the rat
synapsin gene (Hoesche et al., 1993). The size of the SynI promoter
in these transgenic mice was  gradually shortened in subsequent
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tudies (Heumann et al., 2000; Morimoto et al., 2002; Nakagawa
t al., 2006; Sargeant et al., 2012; Scott and Lois, 2005). However,
ecent studies using shorter versions of the SynI promoter have
ailed to demonstrate robust transgene expression in the hind-
rain. For example, Nakagawa et al. (2006) generated transgenic
ice expressing glutamate receptor interacting protein 1 (GRIP1),

 postsynaptic protein, under the control of a 450-bp human SynI
romoter; however, these mice did not show transgene expression

n the cerebellum, although transgene expression was  observed in
he brainstem, olfactory bulb, forebrain and hippocampus. More
ecently, transgenic mice carrying a 585-bp human SynI promoter
howed minimal expression of the transgene in several regions,
ncluding the brainstem and spinal cord, in contrast to the abundant
xpression observed in the cerebrum and hippocampus (Sargeant
t al., 2012). These results suggest that the deleted region might
e required for stable transgene expression throughout the central
ervous system (CNS).

A major disadvantage of cell type-specific promoters is their
eaker transcriptional activity when compared with constitutive

iral promoters such as the cytomegalovirus (CMV) promoter and
he murine stem cell virus (MSCV) promoter (Boulos et al., 2006;
akagawa et al., 2006). Hioki et al. (2007) increased transcriptional
ctivity 2-to-3-fold after fusing the CMV  enhancer to the human
ynI promoter (401 bp), as verified through the lentiviral expres-
ion of GFP in the rat neostriatum, thalamus and neocortex in vivo.
owever, the addition of the CMV  enhancer significantly decreased

he neuronal specificity of neuron-specific promoters, including the
ynI promoter (Hioki et al., 2007). These results suggest that addi-
ion of the CMV  enhancer is beneficial for increasing transcriptional
ctivity but might potentially compromise neuronal specificity.

Spinocerebellar ataxias (SCAs) are progressive neurodegenera-
ive diseases of multiple types. SCAs impair a wide range of CNS
egions, including the cerebral cortex, thalamus, midbrain, cere-
ellum, brainstem and spinal cord (Seidel et al., 2012). Neuronal
uclear inclusions are a hallmark of many types of SCAs, such as SCA
ype 1, type 3 and type 7 (Seidel et al., 2012), indicating that neurons
re the primary cell types affected by these SCA types. The selective
elivery of disease-causing genes to susceptible regions and cell
ypes is critical for the generation of animal models. Although many
ifferent types of SCA mouse models have been genetically engi-
eered, there are no SCA mouse models showing diffuse expression
f disease-causing genes exclusively in neurons in the CNS (Ingram
t al., 2012). Although the SynI promoter is an ideal candidate for
he generation of these animals, previous studies using short SynI
romoters have found either no transgene expression or scarce
xpression in the cerebellum and brainstem (Nakagawa et al., 2006;
argeant et al., 2012). The aim of the present study was  to obtain

 SynI promoter with high neuronal specificity and robust trans-
riptional activity extensively in the CNS. The behavior of the SynI
romoter in the cerebellum has not been extensively studied; thus,
sing lentiviral vectors, we initially examined the transduction pro-
le of three different SynI promoters of different lengths carrying
MV-derived enhancers in the cerebellums of mice. As a result, we
enerated an SCA mouse model using 1.0 kb of the rat SynI pro-
oter fused with the minimal CMV  promoter (minCMV) sequence.

. Materials and methods

.1. Animals

C57BL/6J (BL6) mice were purchased from CLEA (Tokyo, Japan),

nd ICR mice were obtained from Charles River Laboratories (Kana-
awa, Japan) and Japan SLC (Sizuoka, Japan). Nine BL6 mice and 23
CR mice were used in this study. All procedures for the care and
reatment of animals were performed according to the Japanese
ce Methods 223 (2014) 133– 143

Act on the Welfare and Management of Animals and the Guidelines
for the Proper Conduct of Animal Experiments issued through the
Science Council of Japan. The experimental protocol was  approved
through the Institutional Committee of Gunma University (no. 09-
062). All efforts were made to minimize suffering and reduce the
number of animals used.

2.2. Construction of modified SynI promoters

For the construction of rSynI(1.0)-minCMV (Fig. 1A and B),
1.0 kb of the rat SynI promoter region (nucleotides 1–1046; Gen-
Bank: DD464830.1) was amplified by polymerase chain reaction
(PCR) of rat genomic DNA (1st PCR in Supplementary Fig. 1A). The
minCMV sequence (nucleotides 1091–1218; GenBank: X03922.1)
was amplified by PCR of the CMV  IE1 promoter (1st PCR in Sup-
plementary Fig. 1A). The 5′ end of the forward primer for the
minCMV fragment amplification contained a sequence overlapping
the 3′ end of the rat SynI promoter; thus, the rat SynI promoter
and minCMV fragments were directly combined through over-
lapping PCR (Overlapping 2nd PCR in Supplementary Fig. 1A).
rSynI(0.5)-minCMV (containing nucleotides 511–1046; GenBank:
DD464830.1) was  obtained from rSynI(1.0)-minCMV by the 3rd PCR
depicted in Supplementary Fig. 1A.

CMVe-hSynI(0.4) was constructed as previously reported (Hioki
et al., 2007). Briefly, using PCR, the CMV  enhancer (CMVe,
nucleotides 1–364; GenBank: X03922.1) and 0.4 kb of the human
synapsin I promoter region (hSynI, nucleotides 1889–2289; Gen-
Bank: M55301.1) were amplified from the CMV  promoter and
human genome, respectively, and the two PCR products were lig-
ated after restriction enzyme (PstI) digestion (Supplementary Fig.
1B). The sequences of all primers used for generation of the three
hybrid promoter constructs are shown in Supplementary Fig. 1C.

The generated promoters were inserted into the MluI/EcoRI-
digested site of the pCL20c-GFP lentiviral vector plasmid provided
by St. Jude Children’s Research Hospital (Memphis, TN, USA) (Fig. 1A
and B).

2.3. Construction of a lentiviral vector plasmid expressing
ATXN1[Q98]

P2A, a ‘self-cleaving’ peptide sequence (ATNFS-
LLKQAGDVEENPGP), was inserted between GFP and HA-
ATXN1[Q98], which freed GFP from HA-ATXN1[Q98] by ribo-
somal skipping between glycine and proline (Donnelly et al., 2001;
Iizuka et al., 2009; Kuzmich et al., 2013). The woodchuck hepatitis
virus posttranscriptional regulatory element (WPRE) sequence
was inserted following ATXN1[Q98] at the ClaI-digested site of
pCL20c (Donello et al., 1998; Zufferey et al., 1999).

The human ataxin-1 gene was amplified using reverse tran-
scription PCR, and the human influenza hemagglutinin (HA) tag
sequence was  attached to the 5′ end of the ataxin-1 gene. To
enhance the pathology when expressed in transgenic mice, the
number of CAG repeats in the ataxin-1 gene was  expanded to 98
repeats using two-step PCR (Laccone et al., 1999). Briefly, two
ataxin-1 fragments from the 5′ end to the CAG repeat region and
from the CAG repeat region to the 3′ end were produced through
PCR using two  pairs of primers: ATXN1-F (forward primer),
5′-CGACGCGTGCCACCATGTACCCATACGAT-3′/CTG7-R (reverse
primer) 5′-CTGCTGCTGCTGCTGCTGCTG-3′ and CAG7-F (forward
primer), 5′-CAGCAGCAGCAGCAGCAGCAG-3′/ATXN1-R (reverse
primer), 5′-CCATCGATCTACTTGCCTACATTAGACC-3′. The 5′- and
3′-end fragments obtained from the 1st PCR reaction were mixed

together after gel purification, and a 2nd PCR reaction was per-
formed using ATXN1-F (a forward primer) and ATXN1-R (a reverse
primer) to obtain the full-length ataxin-1 gene. The conditions
used for the 1st and 2nd PCR reactions were 40 cycles of 98 ◦C for
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Fig. 1. Comparison of three altered human or rat synapsin I (SynI) promoters of different sizes. (A) Schema depicting the proviral region flanked by U3-deleted long terminal
repeats (�U3LTRs) and the composition of three modified SynI promoters. Each of the modified SynI promoters and the enhanced green fluorescent protein (GFP) gene
were  inserted into lentiviral vectors as the GOI (gene of interest) and positioned upstream of the woodchuck hepatitis virus posttranscriptional regulatory element (WPRE).
The  three promoters include the human SynI promoter (0.4 kb) and two rat SynI promoters (0.5 kb and 1.0 kb). The human and rat SynI promoters were fused with the
364-bp cytomegalovirus (CMV) enhancer (CMVe, yellow arrow) at the 5′ end [CMVe-hSynI(0.4)] or with a 128-bp minimal CMV  (minCMV, green arrow) at the 3′ end
[rSynI(1.0)-minCMV and rSynI(0.5)-minCMV], respectively. �gag, deleted gag sequence; �pol, deleted pol sequence; RRE, rev response element. (B) A diagram showing the
components of the CMV  IE1 promoter and the relative positions of CMVe and minCMV in the CMV IE1 promoter (blue arrow). The CMV IE1 promoter includes the enhancer
region  (ENHANCER), TATA box and immediate early 1 (IE1) gene. (C) Percentage of neurons transduced by lentiviral vectors containing one of the modified SynI promoters.
Three  mice were used for the analysis of each promoter (a total of nine mice for three promoters). We counted the number of GFP-expressing cells in more than 2000
Nissl-positive neurons in lobule 4/5 from three mice, and the percentage ratios are expressed in the graph. (D) Decrease in the neuronal specificity of three modified SynI
promoters. Three mice were used for the analysis of each promoter. We counted the number of S-100-positive astrocytes in more than 500 GFP-expressing-cells in lobule
4/5,  and the percentage ratio is expressed in the graph. (E) Cell types transduced by the modified rat or human SynI promoters. Three mice received an injection of a lentiviral
vector  containing one of the modified SynI promoters (a total of nine mice for three promoters). Cerebellar sections were labeled for S-100 and Nissl. The number of Purkinje
cells,  interneurons and astrocytes in more than 500 GFP-positive cells in lobule 4/5 from three mice were counted, and their ratios were determined. Purkinje cells were
distinguished from interneurons by their unique morphology and diameter of the soma. ML,  molecular layer; GCL, granule cell layer; PCL, Purkinje cell layer. The data are
the  means ± S.E.M. Statistical analysis was performed by one-way ANOVA with Tukey’s post hoc test: * p < 0.05, ** p < 0.01, *** p < 0.001. n.s., not significant. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web version of this article.)
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0 s, 60 ◦C for 5 s and 72 ◦C for 90 s. After expansion of the CAG
ract, the ataxin-1 gene was inserted into the NotI restriction site
f the pCL20c-rSynI(1.0)-minCMV-GFP-P2A-(NotI)-WPRE plasmid
sing KOD-Plus-NEO polymerase (Toyobo, Osaka, Japan) and the

nFusion HD cloning kit (Takara Bio, Shiga, Japan) (Fig. 4A).

.4. Production and titration of lentiviral vectors

The vesicular stomatitis virus-glycoprotein (VSV-G)-
seudotyped lentiviral vector was produced in HEK293T cells
Thermo Fisher Scientific, Kanagawa, Japan), as previously
escribed (Torashima et al., 2008). The plasmids were transfected

nto HEK293T cells using the calcium phosphate method. After 48 h,
he supernatant, containing viral particles, was harvested, ultra-
entrifuged (CP80WX; Hitachi Koki, Tokyo, Japan) and resuspended
n 70 �l of Dulbecco’s phosphate-buffered saline (−). The resultant
entiviral solution was stored at 4 ◦C and used within 3 weeks. The
iral titers were measured using the quantitative real-time RT-PCR
ethod. We  used an RNeasy Mini Kit (Qiagen, Tokyo, Japan) to

repare genomic RNA from 1 �l of the viral solution. Reverse tran-
cription was performed using the ReverTra Ace qPCR RT Master
ix  with gDNA Remover (Toyobo). For viral titration, quantitative

eal-time PCR was performed using the Takara thermal cycler Dice
P800 system (Takara Bio) and SYBR Premix Ex Taq II (Takara Bio)
ith cycles at 95 ◦C for 5 s and 60 ◦C for 30 s. The following primer
airs were used: EGFP-F, 5′-CGACCACTACCAGCAGAACAC-3′ and
GFP-R, 5′-TGTGATCGCGCTTCTCGTTGG-3′.

.5. Generation of transgenic mice

Transgenic mice were generated after lentiviral injection into
he perivitelline space of 2-cell mouse embryos, as previously
escribed (Oue et al., 2012). The 2-cell embryos collected from
uperovulated ICR female mice were treated with serotropin (5IU;
SKA Pharmaceutical Co., Tokyo, Japan) and gonatropin (5IU;
SKA Pharmaceutical Co.). The lentiviral microinjection was per-

ormed using a FemtoJet microinjector (Eppendorf AG, Hamburg,
ermany) equipped with a FemtoTip (Eppendorf AG) and a three-
xis hanging joystick oil hydraulic micromanipulator (Narishige,
okyo, Japan). The injected embryos were transplanted into the
viducts of pseudo-pregnant females. Fluorescent images of the
rain and spinal cord of newborn pups were obtained using a CCD
amera (VB-7010; Keyence, Osaka, Japan) attached to a fluores-
ence stereoscopic microscope (VB-L10; Keyence). The genotyping
as performed by PCR amplification of genomic DNA samples

rom the toe tips of weaned pups using the following primers:
inCMV-F, 5′-TTTTGACCTCCATAGAAGACACC-3′ and EGFP-R, 5′-

GGTGCAGATGAACTTCAGGG-3′.

.6. Histological analysis

The mice were deeply anesthetized with a combination of
etamine (150 mg/kg body weight) and xylazine (15 mg/kg body
eight) and transcardially perfused with PBS and a fixative con-

aining 4% paraformaldehyde in 0.1 M phosphate buffer. The brains
ere cut into 50 �m sagittal sections using a microslicer (DTK-

000; Dosaka, Kyoto, Japan). Images of GFP fluorescence were
btained using a fluorescence microscope (BZ-9000; Keyence) or

 confocal laser-scanning microscope (LSM 5 PASCAL; Carl Zeiss,
berkochen, Germany).

.7. Immunohistochemistry
Floating brain sections were immunostained in blocking solu-
ion (2% bovine serum albumin, 2% normal donkey serum and
.4% Triton X-100 in phosphate buffer) for 1 day at 4 ◦C with the
ce Methods 223 (2014) 133– 143

following primary antibodies: rat monoclonal anti-GFP (1:1000;
04404-84; Nacalai Tesque, Kyoto, Japan), rabbit monoclonal
anti-GFP (1:1000; GFP-Rb-Af2020-1; Frontier Institute, Hokkaido,
Japan), mouse monoclonal anti-S100 (1:1000; S2532; Sigma-
Aldrich, St. Louis, MO,  USA), rat monoclonal anti-HA (1:1000;
1867423; Roche Diagnostics, Basel, Switzerland) and rabbit poly-
clonal anti-calbindin D-28K (1:500; AB1778; Merck Millipore,
Billerica, MA). The bound primary antibodies were visualized after
incubation with Alexa Fluor 488 donkey anti-rat IgG (1:1000; Life
Technologies, Gaithersburg, MD,  USA), Alexa Fluor 568 donkey anti-
mouse IgG (1:1000; Life Technologies) and Alexa Fluor 568 donkey
anti-rat IgG (1:1000; Life Technologies) in blocking solution for 2 h
at room temperature. After the secondary antibody reaction, Nissl
bodies were stained using NeuroTrace 530/615 (1:200; Life Tech-
nologies) or NeuroTrace 640/660 (1:200; Life Technologies) in PBS
for 40 min  at room temperature.

2.8. Measurement of the thickness of the molecular layer in the
cerebellar cortex

The thicknesses of the molecular layers from 3 SCA1 model
founders (no. 66, no. 68 and no. 69) were measured and com-
pared with that of wild-type mice. Because the SCA1 model founder
no. 68 was sacrificed at 26 weeks of age, three wild-type mice
at 26 ± 2 weeks of age were used for comparison, while 34–38-
week-old wild-type mice were used as controls for the SCA1
model founders no. 66 and no. 69, which were sacrificed at 38
weeks of age. Sagittal sections (50 �m thickness) were prepared
from the cerebellar vermis (within 0.4 mm from the midline) and
immunolabeled for calbindin-D28K. Immunofluorescence images
of the cerebellar cortex were obtained with a confocal laser-
scanning microscope (LSM 5 PASCAL, Carl Zeiss). The thickness of
the molecular layer was  measured at lobule 3, lobule 6 and lobule
9 using two  cerebellar sections from one mouse. The exact loca-
tions at which the thickness was  measured are depicted in Fig. 7A.
The molecular layer was  defined from the origin of the primary
dendrites of Purkinje cells to the distal end just below the pia
mater.

3. Results

3.1. Assessment of the promoter strength and neuronal specificity
of the three SynI promoters

We  prepared three SynI promoters of different lengths fused
with CMV-derived enhancers (Fig. 1A). One promoter, comprising
the 401-bp human SynI promoter with the upstream 364-bp CMVe
from the CMV  E1 promoter [CMVe-hSynI(0.4)] (Fig. 1B), has been
previously reported as being superior to other neuron-specific pro-
moters in terms of neuronal specificity and transcriptional activity
(Hioki et al., 2007). The other two promoters comprised 0.5 or 1.0-
kb rat SynI promoters with a downstream minCMV region from
the CMV  E1 promoter [rSynI(0.5)-minCMV or rSynI(1.0)-minCMV,
respectively] (Fig. 1A and B). Each of the promoters, together with
the enhanced green fluorescent protein (GFP) gene, was  subcloned
into the lentiviral plasmid (Fig. 1A). The WPRE was placed down-
stream of the GFP gene to enhance gene expression (Donello et al.,
1998; Zufferey et al., 1999).

The promoter strength and neuronal specificity of the modified
SynI promoters were examined through the lentiviral vector-
mediated expression of GFP in the cerebellar cortex. After adjusting

the genome titers of the lentiviral vectors, 10 �l of lentiviral solu-
tion was injected into the subarachnoidal space over lobules 4/5 of
the cerebella of 3 C57BL/6 mice at postnatal day (P) 21–24. The
mice were examined at 7 days after viral injection. Fluorescent
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tereoscopic examination showed bright fluorescence in the cere-
ella treated with lentiviral vectors expressing GFP under the
ontrol of the modified SynI promoter (Supplementary Fig. 2A–C).
o assess the transduction area and cell types in the cerebellum,
agittal slices were immunostained for Nissl substance, a neuronal
arker, or S-100, an astrocyte marker. Low-magnification images

f the sagittal sections of the cerebellum showed a fairly simi-
ar range of GFP expression, which was centered at lobules 4/5
nd extended to the cortex of lobule 9 through the white matter
Supplementary Fig. 2D–F). These results suggest that rSynI(0.5)-

inCMV and rSynI(1.0)-minCMV exhibit strong transcriptional
ctivity similar to CMVe-hSynI(0.4), which was previously reported
o have strong promoter activity (Hioki et al., 2007). The enlarged
mages around lobules 4/5 showed that all three promoters induced
FP expression primarily in neurons, which were morphologically
istinguished as Purkinje cells and interneurons such as stellate,
asket and Golgi cells (Supplementary Fig. 2G–I). As reported pre-
iously (Torashima et al., 2006), the lentiviral vectors did not
ransduce granule cells. To quantitate the efficiency of lentiviral
ransduction of neurons, we counted neurons that were double-
ositive for GFP and Nissl in the cortex of lobule 4/5 and divided
his number by the number of Nissl-positive cells, omitting gran-
le cells because no granule cells were transduced by lentiviral

ectors. rSynI(1.0)-minCMV caused a significantly higher neuronal
ransduction frequency (29.7%) than rSynI(0.5)-minCMV (21.3%)
Fig. 1C).

ig. 2. Lentiviral-generated transgenic mice expressing GFP under the control of rSynI(1.
f  the brain and spinal cord from a P35 transgenic mouse (no. 33) (A–D) and an age-match
f  whole brains from a transgenic mouse (no. 33, P35) and transgenic littermate (no. 39, P
erebellar nuclei (DCN) (M)  and pontine nuclei (N) from a transgenic mouse (no. 39). An e
urkinje and granule cells. Scale bars = 1 mm (J) and 50 �m (K–N).
ce Methods 223 (2014) 133– 143 137

Some GFP-expressing cells were immunolabeled for S-100, a
glial marker, which revealed that the modified SynI promoters were
not 100% specific for neurons (Supplementary Fig. 2J–L, arrow-
heads). To assess the neuronal specificity of the three promoters,
we determined the ratio of astrocytes that were double-positive for
GFP and S-100 to the total number of GFP-positive cells in lobule 4/5
(Fig. 1C). CMVe-hSynI(0.4) showed significantly greater expression
in astrocytes (15.1%) than did 1.0 kb and 0.5 kb rat synapsin I-based
promoters (3.1% and 5.1%, respectively) (Fig. 1D).

We  next examined the cortical cell types transduced by the three
promoters. We  analyzed more than 500 GFP-expressing cells in the
cerebellar cortices from three mice that were treated with lentiviral
vectors containing one of the modified SynI promoters, and the
percent ratio of Purkinje cells, interneurons and astrocytes to total
GFP-expressing cells was calculated (Fig. 1E). Consistent with the
results shown in Fig. 2D, the astrocyte ratio was significantly higher
in cells transduced with CMVe-hSynI(0.4) (15.1%) compared with
those transduced with the two other modified rat SynI promoters
(3–5%). CMVe-hSynI was  more likely to transduce Purkinje cells
(16.1%) than the modified rat SynI promoters (7.0–11.7%); however,
the modified rat SynI promoters transduced interneurons in the
molecular layer (namely, stellate cells and basket cells) significantly
more efficiently than CMVe-hSynI.
We  further examined the transduction profiles of the three
promoters on the basis of GFP intensity in Purkinje cells, interneu-
rons and astrocytes, which was  measured in the somata of

0)-minCMV in the CNS. (A–H) Native GFP fluorescence and bright field (BF) images
ed wild-type littermate (E–H). (I and J) GFP fluorescence images of sagittal sections
378). (K–N) Native GFP fluorescence images of the cerebellar cortex (K and L), deep
nlarged image of the cerebellar cortex (L) shows the efficient expression of GFP in
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Fig. 3. Neuron-specific transgene expression in transgenic mice expressing GFP
under the control of rSynI(1.0)-minCMV. Sagittal brain sections were double-
immunolabeled for Nissl substance (red) and GFP (green). The images on the right
are  magnifications of the images shown on the left. (A and B) Cerebellar cortex; (C
and  D) deep cerebellar nuclei (DCN); (E and F) pontine nuclei; (G and H) vestibular
38 Y. Matsuzaki et al. / Journal of Neu

FP-expressing cells using ImageJ. GFP intensity in Purkinje cells
ransduced by lentiviral vectors containing rSynI(1.0)-minCMV
as significantly lower than that in cells transduced with the other

wo promoters (Supplementary Fig. 3). On the other hand, the GFP
ntensity in interneurons of the granule cell layer transduced by
entiviral vectors containing CMVe-hSynI(0.4) was approximately
alf that observed in cells transduced by lentiviral vectors con-
aining the modified rat SynI promoters. Taken together, these
ata indicate that rSynI-minCMV is superior to CMVe-hSynI(0.4) in
erms of neuronal specificity, and rSynI(1.0)-minCMV significantly

ore efficiently transduced cerebellar cortical neurons compared
ith rSynI(0.5)-minCMV. Thus, it seemed that rSynI(1.0)-minCMV
as superior to the other two promoters for efficient and specific
euronal transduction.

.2. Generation of transgenic mice that express GFP under the
ontrol of rSynI(1.0)-minCMV

To examine the transgene expression profile of the rSynI(1.0)-
inCMV in the CNS, transgenic mice expressing GFP under

he control of the rSynI(1.0)-minCMV promoter were produced
hrough the lentiviral vector-mediated transfer of the transgene
nto the chromosomes of fertilized eggs. In total, 8 of the 13 pups
enerated possessed the transgene. The brain (Supplementary Fig.
A and B, arrows) and spinal cord (Supplementary Fig. 4A and B,
rrowheads) of the live transgenic pups emitted bright fluores-
ence that was visible through the bones and skin under fluorescent
tereoscopic microscopy. The transgenic mice, together with their
ild-type littermates, were sacrificed at P35 (no. 33) and P378

no. 39). Examination of transgenic mouse no. 33 revealed robust
FP expression throughout the CNS under fluorescent stereotaxic
icroscopy (Fig. 2A–D). The observed signal was not autofluo-

escence because almost no fluorescent signal was observed in
he brain and spinal cord of an age-matched wild-type mouse
Fig. 2E–H). The sagittal sections of the brain from two  transgenic

ice (Fig. 2I and J) showed bright GFP fluorescence throughout
he brains, even at 1 year after birth (no. 39, Fig. 2J). Although the
xpression of GFP in the cerebellum was lower than that in the
ther brain regions in transgenic mouse no. 39 (Fig. 2J), the enlarged
mages of the cerebellum and associated brainstem regions showed
bundant GFP expression in Purkinje and granule cells as well as in
eurons in the deep cerebellar and pontine nuclei (Fig. 2K–N).

To confirm neuron-specific GFP expression, brain sections were
mmunostained for Nissl substance. GFP was expressed extensively
n most neurons in the cerebellum and associated brainstem nuclei,
uch as pontine, vestibular and inferior olivary nuclei (Fig. 3). Sim-
lar levels of GFP were detected in neurons elsewhere in the brain,
ncluding the cerebral cortex, hippocampus, thalamus and basal
anglia (data not shown). Quantitative analysis of the transgenic
ice (no. 33 and no. 39) revealed that more than 99.5% of GFP-

xpressing cells were neurons (Table 1).

.3. Generation of SCA1 model mice expressing mutant ataxin-1
nd GFP via rSynI(1.0)-minCMV

We  next examined whether rSynI(1.0)-minCMV could be used
or the generation of a mouse model of disease that affects neurons
iffusely in the CNS. In this study, we selected SCA type 1 (SCA1),
hich impairs the cerebral cortex, basal ganglia, thalamus, hip-
ocampus, brainstem and cerebellum (Seidel et al., 2012). SCA1 was

nduced through the abnormal expansion of CAG repeats in the sca1
ene (Orr et al., 1993), leading to the production of ataxin-1 pro-

ein (ATXN1) with an abnormally expanded polyglutamine tract.

utant ATXN1 forms nuclear aggregates with nuclear proteins
hat are critical for neuronal function, resulting in neurodegen-
ration and cell death. Using lentiviral vectors, we generated
nucleus; (I and J) Inferior olivary nucleus. Scale bar = 20 �m. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  this article.)

transgenic mice expressing GFP and ATXN1 containing a stretch
of 98 polyglutamine residues (ATXN1[Q98]) under the control of
rSynI(1.0)-minCMV (Fig. 4A).

The 17 embryos that received lentiviral injections were returned
to a pseudo-pregnant female mouse. Six pups (no. 66–71) were
obtained, all of which were genotype positive. The brains and spinal

cords of the P3 pups emitted bright fluorescence that was vis-
ible through the bones and skin under fluorescent stereoscopic
microscopy (Fig. 4B and C). The SCA1 model mice gained body
weight steadily with increasing growth. However, no. 68 started
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Table 1
Neuronal specificity of the transgenic mice generated in the current study that
express transgenes via the rSynI(1.0)-minCMV promoter. Nissl was  labeled in neu-
rons with NeuroTrace. The percent ratios of neurons among the GFP-expressing
cells were determined in the various brain regions. In each region, 200–450 GFP-
expressing cells were examined. DCN, deep cerebellar nuclei.

GFP GFP-P2A-ATXN1(Q98)

No. 33 No. 39 No. 66 No. 68 No. 69

Cerebellar cortex 99.5 100 98.8 100 99.3
DCN 100 100 100 100 100
Pontine nuclei 99.6 99.6 100 100 99.7
Hippocumpus 100 100 100 100 100
Cerebral cortex 99.7 99.6 99.7 100 100

P

t
(
n
(
5
t
(
s

(

nuclei (Brunk and Terman, 2002; Nandy, 1971). In addition to the

F
b
w
(
(
t

Total 99.8 99.9 99.7 100 99.8

ercent ratio of GFP- and Nissl-double-positive-cells in generated transgenic mice.

o lose weight at 20 weeks of age (Fig. 4D). The other two mice
no. 66 and no. 69) also started to lose weight gradually begin-
ing at 27 weeks. Consistently, the three mice showed clasping
Supplementary Fig. 5A) and ataxic behavior (Supplementary Fig.
B and Supplementary movie). Ataxia became more severe with
ime; thus, the three mice were euthanized at 26 (no. 68) and 38

no. 66 and no. 69) weeks of age. Transgenic mouse no. 71 died
pontaneously at 49 weeks of age.

The whole brains and spinal cords from the SCA1 model mice
no. 68, no. 66 and no. 69) emitted bright GFP fluorescence under

ig. 4. Lentiviral-generated transgenic mice expressing GFP and ATXN1 with an abnorm
y  �U3LTRs. Transcription of GFP and an ataxin-1 cDNA containing 98 CAG repeats (ATXN
as  attached to the 5′ end of ATXN1[Q98]. A self-cleaving 2A sequence (P2A) was  inserte

B  and C) Bright field (B) and GFP fluorescent (C) stereoscopic images of the transgenic p
D)  A graph showing changes in the body weights of transgenic mice. Because transgenic m
he  animals were sacrificed to examine the pathological changes in the brain at the point
ce Methods 223 (2014) 133– 143 139

fluorescent stereoscopic microscopy (Fig. 5A and B and Supplemen-
tary Fig. 6A–D). Sagittal sections showed diffuse GFP expression
throughout the brain (Fig. 5C and Supplementary Fig. 6E and F).
Enlarged images of a sagittal section from mouse no. 68 showed
efficient GFP expression in Purkinje and granule cells in the cere-
bellar cortex (Fig. 5D) as well as cells in the deep cerebellar, pontine
(data not shown) and inferior olivary nuclei (Fig. 5E). The disrupted
arrangement of Purkinje cell somata was  clearly visible (Fig. 5D).

We next examined neuronal specificity in the transgenic mice
by measuring the ratio of neurons (cells double-positive for GFP
and Nissl) in transduced cells (GFP-positive cells) in the cerebellar
cortex, deep cerebellar nuclei, pontine nuclei, CA3 of the hippocam-
pus and cerebral cortex. We  counted 200–450 GFP-positive cells in
each region from each mouse. The result showed that the neuronal
specificity was greater than 99.3% in all regions of the transgenic
mice examined (Table 1).

To visualize the expression and localization of ATXN1[Q98], we
immunostained brain sections from the SCA1 model mice and a
control wild-type mouse (28 weeks old) for HA, which was N-
terminally fused with ATXN1[Q98], and Nissl substance (Fig. 6). The
mice used for immunohistochemistry were relatively older (26-
and 38-week-old) mice; therefore, non-specific granular immuno-
labeling of lipofuscin was observed in the cytoplasm but not in the
non-specific immunolabeling, all 3 SCA1 mouse models (no. 68, no.
66 and no. 69) showed ATXN1[Q98] aggregates localized diffusely
in the nuclei of neurons in the cerebellar cortex, deep cerebellar

ally expanded polyglutamine stretch. (A) A diagram depicting the provirus flanked
1[Q98]) driven by rSynI(1.0)-minCMV. A human influenza hemagglutinin (HA) tag

d between GFP and mutant ataxin-1 cDNA to express ATXN1[Q98] freed from GFP.
ups. The number and sex (male or female) of each mouse is indicated on the body.

ice no. 68, no. 69 and no. 66 developed severe ataxia with decreased body weight,
s indicated with black dots.
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Fig. 5. Native GFP in the brain of a transgenic mouse (no. 68, P185) expressing GFP and ATXN1[Q98]. The transgenic mouse (no. 68) did not gain weight until 12 weeks after
birth  and began to lose weight at 20 weeks after birth. In parallel, a progression toward severe ataxia was  noted among the littermates. The mouse was sacrificed at P185
for  pathological examination. (A and B) Bright field (A) and GFP fluorescent (B) stereoscopic images of the whole brain of the transgenic mouse. (C) A sagittal section of the
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rain.  Note that GFP was  expressed throughout the transgenic brain, similar to the
he  regions primarily affected by SCA1, including the cerebellar cortex (D) and the i

uclei, pontine nuclei, hippocampus and cerebral cortex (Fig. 6).
hese aggregates were not observed in the control wild-type mice
Fig. 6P–T). In the cerebellar cortex, strong immunoreactivity was
bserved in Purkinje cell nuclei (Fig. 6A, F and K). The thickness
f the molecular layer was significantly decreased in SCA1 model
ice compared with the control wild-type mouse (arrows indicate

he top and bottom of the layer, Fig. 6A, F, K and P) (Fig. 7). In the
eep cerebellar nuclei, immunoreactivity was primarily observed

n large glutamatergic neurons. Thus, although the expression of
he transgene differed among the transgenic individuals, the trans-
ene was stably expressed throughout the brain, indicating the
eliability and stability of rSynI(1.0)-minCMV for diffuse transgene
xpression in neurons of the CNS.

. Discussion

In this study, we generated a mouse model of a neurodegen-
rative disease, SCA1, using lentiviral vectors containing a 1.0-kb
at SynI promoter fused with minCMV at the 3′ end. Transgenic
ice expressed mutant ataxin-1 specifically in neurons through-

ut the CNS. A detailed examination using immunohistochemistry
evealed nuclear aggregates of mutant ataxin-1 in the primary
egions affected by SCA1, including the cerebral cortex, cerebel-
ar cortex, deep cerebellar nuclei and brainstem (Seidel et al.,
012).

Various neuron-specific transgenic mice have been produced
or studying molecules of unknown function and for examining the
athology of and developing novel therapies for neuronal diseases
Boy et al., 2010; Burright et al., 1995; Gendron and Petrucelli,

011; Nuber et al., 2008; Torashima et al., 2008; Wen  et al., 2002).
lthough transgenic mice expressing transgenes driven by the
ynI promoter have been generated (Hoesche et al., 1993), its
eak transcriptional activity, which is a common feature of cell
n observed in transgenic mice expressing GFP alone. (D and E) Enlarged images of
r olivary nucleus (E). Scale bars = 1 mm (C), 20 �m (D) and 50 �m (E).

type-specific promoters, often yields ambiguous outcomes. To
avoid ambiguity, a tetracycline-controlled transactivation system
(Gossen and Bujard, 1992; Odeh et al., 2011) has been used to
compensate for the insufficient transcriptional activity of the
SynI promoter (Chen et al., 2013; Kuhn et al., 2012; Sargeant
et al., 2012). However, a several studies have demonstrated the
toxicity of the tetracycline transactivator (McCloskey et al., 2005;
Morimoto and Kopan, 2009; Sisson et al., 2006), which sometimes
influences the phenotypes of the resultant transgenic rodents,
including their behavior (Barton et al., 2002; Han et al., 2012).
Using lentiviral vector-mediated transgene expression in the
mouse brain in vivo, a recent study demonstrated that the addition
of the CMV  enhancer to the SynI promoter strengthened pro-
moter activity (Hioki et al., 2007). Thus, the viral vector-mediated
expression system is a powerful approach for screening various
promoter constructs. However, the transgene expression profile
of a promoter in transgenic animals does not always correspond
to that observed in viral vector-mediated expression (Oue et al.,
2012), as promoter constructs inserted into the chromosome of
transgenic mice might undergo various developmental modifica-
tions, such as DNA methylation and acetylation, thereby silencing
or enhancing the promoter activity depending on the specific
area and cell type. Therefore, after screening a promoter construct
through viral vector-mediated expression in the brain in vivo, the
transgene expression profile of the promoter should be further
examined in transgenic mice.

The most commonly accepted method for the generation of
transgenic mice is pronuclear injection of linearized DNA into fer-
tilized oocytes (Gordon et al., 1980). A major disadvantage of this

method is the relatively low efficiency, particularly in species other
than mice (Hirabayashi et al., 2001; Park, 2007). Although dis-
ease models of non-human primates are crucial for the clinical
translation of results from basic research, there is a significant
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Fig. 6. ATXN1[Q98] aggregates in neurons of various regions primarily affected by SCA1. Sagittal sections from the transgenic mice expressing GFP and ATXN1[Q98] (no. 66,
no.  68 and no. 69) and the control wild-type mouse were double-immunostained for Nissl substance (blue) and HA (magenta) fused to the amino-terminus of ATXN1[Q98].
Diffuse cytoplasmic granular spots immunolabeled with the anti-HA antibody showed non-specific immunolabeling for lipofuscin, which accumulates in postmitotic cells
with  increasing age. (A, F, K and P) Cerebellar cortex; (B, G, L and Q) deep cerebellar nuclei (DCN); (C, H, M and R) pontine nuclei; (D, I, N and S) hippocampus; (E, J, O and
T ain ar
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)  cerebral cortex. ATXN1[Q98] was localized specifically in the neurons in the br
ertical  arrows, is markedly thinner in transgenic mice expressing ATXN1[Q98] and
nterpretation of the references to color in this figure legend, the reader is referred 

bstacle to the generation of transgenic non-human primates using
onventional methods. The lentiviral vector-mediated insertion of

 transgene into the chromosome is another approach for the gen-
ration of transgenic animals (Oue et al., 2012; Park, 2007). Indeed,
ransgenic marmosets expressing GFP under the control of con-
titutive viral promoters have previously been developed (Sasaki
t al., 2009). Lentiviral transgenesis has several advantages over
onventional pronuclear injection, which includes the production
f transgenic animals with higher efficiency, particularly in species

ther than mice (Park, 2007). Moreover, the low transcriptional
ctivity of cell type-specific promoters can be boosted through the
ddition of the WPRE downstream of the gene of interest. For the
entiviral transfer of a transgene, the size of the transgene flanked
eas examined. Note that the thickness of the molecular layer, indicated with the
A, F and K) compared with the control wild-type mouse (P). Scale bar = 20 �m. (For

 web  version of this article.)

by the long terminal repeats should be less than 8 kb because of
packaging limitations; if the transgene size is within these lim-
its, it can be efficiently expressed. In this study, we used a 1.0-kb
rat SynI promoter, which showed increased transcriptional activity
without compromised neuronal specificity when a 128-bp minCMV
sequence was  fused to its 3′ end. Approximately 14 of the 19
animals born during this study possessed transgenes, and most
of the animals robustly expressed the transgene throughout the
CNS. The discrepancy between our results and those of previous

reports showing absent or faint transgene expression in the cere-
bellum or brainstem (Nakagawa et al., 2006; Sargeant et al., 2012)
might reflect the use of a longer SynI promoter. Alternatively, the
appended minCMV might have strengthened the SynI promoter
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Fig. 7. Decrease in the thickness of the molecular layers in SCA1 model mice. (A) Schema depicting the locations at which the thickness of the molecular layer was  measured.
(B  and C) Molecular layer thickness of SCA1 model mice no. 68 (26 weeks old), no. 66 and no. 69 (both 38 weeks old) and age-matched wild-type mice (WT). The molecular
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ayer  thickness was measured at three lobules using two cerebellar slices per mous
he  box boundaries indicate the first and third quartiles, the middle lines in the boxe
bove the whiskers indicate significant differences between the wild-type and SCA

ctivity sufficiently such that the transgene was also expressed in
he hindbrain.

The transgenic mice expressing mutant ataxin-1 displayed
taxic behavior. Immunohistochemistry revealed mutant protein
ggregates consistently in the nuclei of neurons in the major
rain regions affected by SCA1. Thus, the 1.0-kb rat SynI promoter
ttached to minCMV exhibited great potential for the stable and
obust expression of a transgene throughout the CNS. Because the
ynI promoter is highly homologous across species, a transgene
xpression profile similar to that observed in this study might
e obtained using the same SynI promoter in different animals,

ncluding non-human primates. Therefore, lentiviral transgenesis
sing this modified SynI promoter may  be employed in the gen-
ration of various animal models, including non-human primates,
or diseases that affect the CNS, such as several major types of
CA.
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