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Time-frequency analysis of ECoG in V1
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Time-frequency analysis of ECoG in V1

Figure 6
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Abstract—Viral vector-mediated gene transfer has become
increasingly valuable for primate brain research, in particular
for application of genetic methods (e.g. optogenetics) to
study neuronal circuit functions. Neuronal cell tropisms and
infection patterns are viable options for obtaining viral vec-
tor-mediated transgene delivery that is selective for particu-
lar neuronal pathways. For example, several types of viral
vectors can infect axon terminals (retrograde infections),
which enables targeted transgene delivery to neurons that
directly project to a particular viral injection region, Although
recent studies in rodents have demonstrated that adeno-
assocliated virus serotype 8 (AAV8) and 9 (AAV9) efficiently
transduce neurons, the tropisms and infection patterns re-
main poorly understood in primate brains. Here, we con-
structed recombinant AAV8 or AAV9, which expressed an
enhanced green fluorescent protein (EGFP) gene driven by a
ubiquitous promoter (AAV8-EGFP and AAV9-EGFP, respec-
tively), and stereotaxically injected it into several brain re-
gions in marmosets and macaque monkeys. Immunohisto-
chemical analyses revealed almost exclusive colocalization
of EGFP fluorescence via AAV9-mediated gene transfer with
a neuron-specific marker, indicating endogenous neuronal
tropism of AAV9, which was consistent with our previous
results utilizing AAVS. Injections of either AAVS-EGFP or
AAV9-EGFP into the marmoset striatum resulted in EGFP
expression in local striatal neurons as a result of local infec-
tion, as well as expression in dopaminergic neurons of the
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Japan.

*Cormresponding author. Tel: +81-42-348-1724; fax: +81-42-346-1754.
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Abbreviations: AAV8, adeno-associated virus serotype 8; AAVY, ad-
eno-associated virus serotype 9; CAG, modified chicken g-actin pro-
moter with a cytomegalovirus immediate early enhancer; CNS, central
nervous system; DA, dopamine, EGFP, enhanced green fluorescent
protein; GFAP, glial fibrillary acidic protein; LGN, lateral geniculate
nucleus; NeuN, neuron-specific nuclear protein; Olig2, oligodendro-
cyte transcription factor 2; PBS, phosphate-buffered saline; PCR, poly-
merase chain reaction; SN¢, substantia nigra pars compacta; SNr,
substantia nigra pars reticulata, TH, tyrosine hydroxylase; WPRE,
woodchuck hepatitis virus post-transcriptional regulatory element.

substantia nigra via retrograde transport along nigrostriatal
axonal projections. Retrograde infections were also ob-
served in the frontal cortex and thalamus, which are known to
have direct projections to the striatum. These local and ret-
rograde gene transfers were further demonstrated in the
geniculocortical pathway of the marmoset visual system.
These findings indicate promising capabilities of AAVS and
AAV9 to deliver molecular tools into a range of primate neural
systems in pathway-specific manners through their neuronal
tropisms and infection patterns. ® 2011 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: AAVS, AAV9, common marmoset, gene transfer,
macaque monkey, neuronal pathway.

The utilization of nonhuman primates as animal models for
neuroscience research has provided a better understand-
ing of mechanisms of high-level brain functions (Felleman
and Van Essen, 1991; Nakahara et al., 2007; Passingham,
2009). Although lesion, anatomical and electrophysiologi-
cal studies have revealed neural substrates and activities
in primate brains, the lack of effective methods has ham-
pered efforts to correlate detailed neural circuits with func-
tions. Recently developed genetic methods provide prom-
ise for facilitating such studies, especially by the use of
genetically encoded modulators, which have the ability to
turn neuronal activity on or off with high spatiotemporal
precision (Tan et al., 2006; Zhang et al., 2007; Han et al.,
2009). A major hurdle for the application of genetic meth-
ods has been the specific in vivo expression of transgenes
encoding relevant molecules in neurons of the central
nervous system (CNS). In primates, although a few cases
have proven successful (Chan et al., 2001; Sasaki et al.,
2009), the use of generations of transgenic animals re-
mains impractical. Therefore, gene transfer vectors could
serve as a useful method for delivering transgenes into the
primate CNS.

Adeno-associated viruses (AAV) are used as frans-
gene vectors within the CNS, because they can readily
infect postmitotic cells (Kaplitt et al., 1994; Kaspar et al.,
2002; Hollis et al., 2008; Towne et al., 2010). Diverse AAV
serotypes exist because of variations of capsid proteins,
which also act as tropism determinants. Although the AAV
serotype 2 (AAV2) has been most frequently used, recent
attempts have sought to determine suitable AAV serotypes
for target cell types, tissues, and species (Gao et al., 2002,
2004; Tan et al., 2006). Rodent studies have demonstrated
that AAV8 and AAV9 are suitable for transgene deliveries
into neuronal cells (Broekman et al., 2006; Taymans et al.,
2007; Foust et al., 2009, 2010), and recently, we and
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others showed that AAVS exhibits strong tropism for neu-
rons in marmoset (Masamizu et al., 2010) and macaque
monkey (Dodiya et al., 2010) brains. However, AAV9,
another promising neurotropic serotype, has not yet been
tested on primate brains.

Several AAV serotypes can transfer genes into neu-
rons via local and retrograde infection. Although local in-
fections from neuronal somata and/or dendrites allow for
gene ftransfer into neurons surrounding the virus adminis-
tration sites, retrograde infections from axon terminals pro-
vide axonal transport of viral genomes. This results in
transgene expression in neuronal somata of distal regions
that project to the virus administration sites, which could
provide strategies for transgene delivery targeted to spe-
cific neuronal pathways. For instance, AAV-mediated ret-
rograde gene transfers have been successful in the sub-
stantia nigra and in spinal cord motoneurons (Yasuda et
al., 2007; Towne et al., 2010). Exploring the infection pat-
terns of AAV8 and AAV9 in primate brains is, therefore, a
prerequisite for utilizing these serotypes in a neuronal
pathway-specific manner.

The present study initially analyzed the cell tropism of
AAV9 in common marmoset and macaque monkey brains.
Subsequently, we explored the infection patterns of either
AAVS or AAVY in the marmoset brain after injection into
the striatum to determine the ability of retrograde infection.
Moreover, the utilization of this gene transfer strategy was
demonstrated by successful application of AAV8 and
AAV9 to the geniculocortical pathway of the visual system.

EXPERIMENTAL PROCEDURES
Animals

Five adult, male, common marmosets (Callithrix jacchus) and two
adult, male, macaque monkeys (Macaca mulatta and Macaca
fuscata) were used for the present study (Table 1). The marmo-
sets were 20-59 months old (230-325 g), and the macaques
were 8 years old (9.2 kg) and 7 years old (6.2 kg) at the start of the
experiment. All experiments were conducted in accordance with
protocols approved by the ethics committee for primate research
at the National Center of Neurology and Psychiatry, Japan.

Virus production

Recombinant AAVS and AAV9 expressing enhanced green fluo-
rescent protein (EGFP) were produced (AAV8-EGFP and AAVS-
EGFP, respectively) as previously described (Ckada et al., 2005,

Table 1. Injection sites and viral vectors in marmosets and macaques

Striatum Primary visual

cortex

Animal Right Left Right Left

Marmoset A AAVI

Marmoset B AAVI

Marmoset C AAVS

Marmoset D AAVY

Marmoset E AAVS AAVE

Macaque A AAVI

Macaque B AAVE AAVY

2009). The vector plasmid (pAAV-EGFP) contained EGFP cDNA
and the woodchuck hepatitis virus post-transcriptional regulatory
element (WPRE), which was expressed under control of the CAG
promoter, a modified chicken g-actin promoter with a cytomega-
lovirus immediate early enhancer. AAV8-EGFP and AAV9-EGFP
viruses were produced following triple-transfection of HEK293
cells with pAAV-EGFP, an adenoviral helper plasmid pAdeno
(Matsushita et al., 1998), and a chimeric helper plasmid encoding
either AAV2 rep/AAVE cap genes or AAVZ2 rep/AAVS cap genes
(pAAV2-8, pAAV2-9, respectively, gifts from Dr. James M. Wilson)
(Gao et al., 2002, 2004), which was mediated by calcium phos-
phate co-precipitation with active gassing (Okada et al., 2005). At
72 h after transfection, cell suspensions were collected, centri-
fuged at 300xg for 10 min, and resuspended in 30 ml Tris-
buffered saline (100 mM Tris—HCI [pH 8.0], 150 mM NaCl). AAVS-
EGFP and AAVI-EGFP viruses were harvested by five-cycle
freeze-thawing of the resuspended pellet. The crude viral lysate
was initially concentrated by a brief two-tier CsCl gradient centrif-
ugation for 3 h (Okada et al., 2002) and further purified by dual
ion-exchange chromatography (Okada et al., 2009). Quantitative
polymerase chain reaction of DNase |-treated stocks with plasmid
standards determined the final number of AAV8-EGFP and AAVY-
EGFP virus particles as 3.0x10"® and 9.27 102 vector genomes
(vg)/ml, respectively.

Virus injection

All surgical procedures and virus injections were conducted under
aseptic conditions. Animals were initially i.m. anesthetized with
16-22 mglkg of ketamine (for marmosets) or with 5 mg/kg of
ketamine and 0.03 mg/kg of medetomidine (for macaques), fol-
lowed by intubation and placement in a stereotaxic apparatus.
Anesthesia was then maintained with inhalation of isoflurane (1.5—
2.5% in oxygen). Saturation of pulse oxygen (SpO,), heart rate,
body temperature, end-tidal CO, (ETCO,;) and O, (ETO,), isoflu-
rane (ETISO), and fraction ofinspired CO, (FICO,), O, (FiO,), and
isoflurane (FilSO) were continuously monitored. Following i.m.
injection of the antibiotic cefovecin, a small craniotomy (2-3 mm in
diameter) was made over the area of interest, and the underlying
dura was slit to allow penetration of the virus-containing 10-pl
Hamilton syringe connected to a 33 G (45° angle) needle. The
viral solution (3 pl) was injected at a rate of 0.25 pl/min at each
site. Injection sites were determined with a stereotaxic atlas of the
marmoset brain (Yuasa et al., 2010) and the macaque brain
(BrainMaps.org, http://brainmaps.org/), respectively. The marmo-
set injection sites were aimed at the striatum: 12.0 mm anterior
from the interaural line, 3.0 mm lateral (L) from the midline and 6.0
mm ventral (V) from the brain surface (Eslamboli et al., 2005), as
well as the primary visual cortex: 10.0 mm posterior from the
interaural line, 5.0 mm L, and 2.5 mm V (Fritsches and Rosa,
1996). After each injection, the needle was maintained in place for
an additional 5 min (striatum) or 15 min (primary visual cortex),
and then slowly withdrawn (2 mm/min). The macaque injection
sites were aimed at the primary visual cortex. After each injection,
the needle was maintained in place for an additional 5 min, and
then slowly withdrawn (2 mm/min).

Immunohistochemistry

Procedures were performed as previously described (Nakahira
and Yuasa, 2005; Masamizu et al., 2010). At 4 weeks postinjec-
tion, animals were deeply anesthetized with a sodium pentobar-
bital overdose and transcardially perfused with 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Brains
were removed from the skull and postfixed at 4 °C for 2-3 days
using the same fresh fixative. The brains were embedded in 3%
agar/PBS and sliced into 100-um thick coronal sections using a
Microslicer (DTK-3000, Dosaka EM, Kyoto, Japan). After 1 h of
preincubation with 10% normal goat serum at 4 °C, floating sec-
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tions were incubated with primary antibodies in PBS/2% Triton
X-100 at 4 °C overnight. Antibodies against the following neuronal
or glial marker proteins were used: neuron-specific nuclear protein
(NeuN; mouse IgG, 1:500; Cat. No. MAB377, Millipore, Billerica,
MA, USA), tyrosine hydroxylase (TH; mouse IgG, 1:1000; Cat. No.
T2928, Sigma-Aldrich, St. Louis, MO, USA), glial fibrillary acidic
protein (GFAP; rabbit IgG, 1:200; Cat. No. 20334, Dako, Glostrup,
Denmark), and oligodendrocyte transcription factor 2 (Olig2; rabbit
IgG, 1:2000 Cat. No. AB9610, Millipore, Billerica, MA, USA).
Following PBS rinses, the sections were incubated with secondary
antibodies in PBS at 4 °C for 5 h. Secondary antibodies (Alexa
goat anti-mouse 594 IgG [1:500; Cat. No. A11005, Molecular
Probes, Eugene, OR, USA] or Alexa goat anti-rabbit 594 IgG
[1:500; Cat. No. A11012, Molecular Probes, Eugene, OR, USA)),
which were directed against the species in which the primary
antibody was raised, were used in each case.

Imaging, cell quantification, and statistics

Brain sections were mounted on glass slides with Fluoromount-G
(Beckman Coulter, Fullerton, CA, USA). Immunofluorescence and
EGFP fluorescence were observed under a confocal laser-scan-
ning microscope (LSM5 Pascal, Zeiss, Oberkochen, Germany) at
a resolution of 10241024 pixels and one confocal plane. Co-
expression of NeuN, GFAP, or Olig2 with EGFP-fluorescence was
quantified using ImageJ software (National Institute of Health,
Bethesda, MD, USA, http://rsb.info.nih.gov/ij/) with a 40X objec-
tive lens. For cell counting analyses, we examined 5-12 micro-
scopic fields in two to four adjacent sections in each case. The
number of EGFP-positive cells was statistically analyzed by the
chi-square test using JMP8 (SAS Institute, Cary, NC, USA).

Viral transgene detection

Brain slices prepared as in the immunohistochemical analyses
(see above) were used for the viral transgene detection assay.
Small volumes of tissue were sampled from the injection sites and
from regions that contained neuron populations expressing retro-
grade EGFP labels, under the guidance of EGFP fluorescence by
microscopic observation. Extraction and polymerase chain reac-
tion (PCR) amplification of total DNA were performed using the
KAPA MG Kit (Cat. No. KK7153, Kapa Biosystems, Woburn, MA,
USA). Viral transgenes were detected by PCR using the EGFP
(5'-TATATCATGGCCGACAAGCA-3') and WPRE (5'-CCA-
CATAGCGTAAAAGGAGCA-3') primers. For internal controls,
B-actin DNA was amplified using the primers for g-actin 001
(5'-TCCTGACCCTGAAGTACCCC-3') and B-actin 002 (5'-GTG-
GTGGTGAAGCTGTAGCC-3') (Sasaki et al., 2009).

Thirty-five cycles of PCR were performed (15 s each at 95, 62,
and 72 °C) in between an initial denaturation at 95 °C for 3 min and
a final elongation at 72 °C for 10 min. PCR products were ana-
lyzed by electrophoresis on a 1.2% agarose gel.

RESULTS

Preferential neuronal tropism of AAV9 in marmoset
and macaque brains

We have previously shown that AAV8 exhibits a strong
tropism for neurons, but not for glia, in the marmoset brain
(Masamizu et al., 2010). The present study aimed to de-
termine the tropism of AAV9, which is another promising
neurotropic serotype, in the marmoset brain. Recombinant
AAV9 expressing the EGFP gene under the CAG promoter
(AAV9-EGFP) was generated and stereotaxically injected
into the striatum of two marmoset monkeys (Fig. 1A). Four
weeks after injection, striatal sections were observed with

a confocal microscope. EGFP fluorescence was visible in
numerous cell bodies and processes around the injection
site (Fig. 1B). Immunohistochemistry revealed that almost
all EGFP-positive cells also expressed NeuN (Fig. 1D).
Computer-aided cell counting revealed that 99% of EGFP-
positive cells also expressed NeuN (Table 2). In contrast,
co-expression of EGFP-positive cells with the astrocyte
marker GFAP or the oligodendrocyte marker Olig2 was
rarely detected (Fig. 1E, F, Table 2). Frequencies of co-
localization of cell type-specific markers with EGFP signals
were significantly different across cell types (P<0.0001,
chi-square test; Table 2). Because CAG promoter activity
was expected to be ubiquitous across neuronal and glial
cell types, these results indicate strong endogenous neu-
ronal tropism of AAV9.

AAV9 neurotropism was also observed in the macaque
monkey, the most widely used primate model animal in
neuroscience research. AAV9-EGFP was injected into the
primary visual cortex of two macaque monkeys. EGFP
fluorescence was coexpressed almost exclusively with
NeuN, but rarely with glial markers (Fig. 2).

Viral gene transfers to neuronal pathways after the
striatum infection

To date, AAV8 and AAVY infection patterns (local infection
from cell bodies/dendrites or retrograde infection from
axon terminals) in primate brains have not been eluci-
dated; however, the reciprocal projections between the
striatum and substantia nigra offer an appropriate model
system for analyzing this. GABAergic neurons in the stria-
tum project to the substantia nigra pars reticulata (SNr),
and dopaminergic neurons in the substantia nigra pars
compacta (SNc) project to the striatum (Albin et al., 1989;
Alexander and Crutcher, 1990; Minamimoto et al., 2009)
(Fig. 3B). Therefore, either AAVB-EGFP or AAVI9-EGFP
was injected into the marmoset striatum, followed by anal-
ysis of EGFP expression in the SNr and SNc, ipsilateral to
the injection side (Fig. 3A). For both vectors, strong EGFP
flucrescence was directly observed in axon terminals in the
SNr, as well as in cell bodies of the SNc (Fig. 3C, F).
Almost all EGFP-positive cells in the SNc were dopami-
nergic neurons, as revealed by co-expression of TH (Fig.
3D, G), indicating retrograde EGFP gene transfers after
the viral infection in the striatum. We counted the number
of EGFP-positive cells among TH-positive neurons to es-
timate efficacy of retrograde gene transfers. Proportions of
EGFP-positive cells among TH-positive neurons were 38%
for AAV8 (EGFP-positive/TH-positive: 81/216), and 49%
for AAV9 (EGFP-positive/TH-positive: 102/208). In the
SNr, high-power confocal images revealed EGFP-positive
fibers and varicosities surrounding NeuN-positive cell bod-
ies (Fig. 3E, H). These results suggested that an AAVS-
EGFP or AAV9-EGFP injection into the striatum resulted in
anterograde transport of transgene products to nerve ter-
minals in the SNr via the striatonigral pathway, as well as
refrograde transport of the transgene to cell bodies in the
SNc via the nigrostriatal dopaminergic pathway (Fig. 3B).

The striatum receives major projections from the thal-
amus and the cerebral cortex (Alexander and Crutcher,

— 1B —
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A Striatum (AAV9)

Fig. 1. Efficient gene transfer into neurons of the marmoset striatum using AAV9. (A) The striatal injection site is indicated on a coronal section of the
marmoset brain, approximately 12 mm anterior to the interaural line. (B) Low power confocal images corresponding to the red box on the coronal marmoset
brain map in (A). Native EGFP fluorescence (left, green), NeuN immunofiuorescence signal (center, red), and the merged image (right) are shown. (C)
Images of the noninjected control side corresponding to the light-blue box in (A). (D) Confocal images of high-power fields reveal that EGFP-positive cells
(green) co-express NeuN (red), as shown by the merged image (yellow). (E, F) EGFP-positive cells (green) rarely co-express GFAP (E; red) or Olig2 (F; red).
Bars=200 pm in (B, C) and 20 pm in (D-F). AAV9, adeno-associated virus serotype 9; AP, anteroposterior; EGFP, enhanced green fluorescent protein;
GFAP, glial fibrillary acidic protein; NeuN, neuron-specific nuclear protein; Olig2, oligodendrocyte transcription factor 2.
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Table 2. Proportion of cells expressing NeuN, GFAP, or Olig2 in EGFP-positive cells in the striatum and primary visual cortex of marmosets following

AAVB-EGFP or AAVI-EGFP viral injection

Injection site Neuron (NeuN*/EGFP™* cells)

Astrocyte (GFAP*/EGFP™ cells)

Oligodendrocyte (Olig2*/EGFP™ cells)

Striatum (AAVS)
Striatum (AAVY)
Primary visual cortex (AAVE)
Primary visual cortex (AAV9)

98% (484/494)
99% (492/495)
99% (490/497)
98% (494/505)

0% (0/497)
0% (0/500)
0% (0/502)
0% (0/493)

1% (5/500)
1% (3/497)
1% (3/498)
1% (5/502)

In all cases, the frequencies of colocalization of cell type-specific markers with EGFP signals are significantly different across cell types (P<0.0001,

chi-square-test).

1990; Minamimoto et al., 2009). Thus, we also sought
retrogradely infected neurons in these regions. We found
EGFP expressing neuronal somata in the thalamus prob-
ably corresponding to the parafascicular thalamic nucleus
(Fig. 4B) (Minamimoto et al., 2009; Yuasa et al., 2010).
Neurons expressing EGFP were also found in the frontal
and insular cortices at almost the same anterior—posterior
level as the striatal injection site (Fig. 4C, D) (Yuasa et al.,
2010).

To further confirm retrograde neuronal infections by
AAVS8 and AAVY, we aimed to detect AAV transgenes in
neurons with retrograde EGFP labels. We exfracted total
DNA from small areas of the frontal/insular cortices and the
thalamus where retrograde EGFP labels were observed,
and performed PCR using the primers complimentary to a
sequence within the AAV construct. For both AAV8 and
AAV9, we detected the presence of viral transgenes in the
frontal/insular cortices and in the thalamus (Fig. 4E), indi-
cating the viral transgene itself was transported to remote
somata after retrograde infections with AAVS8 or AAV9.

Local and retrograde gene transfer to the
geniculocortical pathway

Gene transfer capabilities of AAV8 and AAV9 were sub-
sequently analyzed in the marmoset visual system. The
primary visual cortex (V1) and lateral geniculate nucleus
(LGN) constitute reciprocal loops typical for corticotha-
lamic pathways: feedforward projections from the LGN to
V1 and feedback projections from the V1 to LGN (Felle-
man and Van Essen, 1991; Murphy and Sillito, 1996).
Either AAVB-EGFP or AAV9-EGFP were injected into the
marmoset V1, aiming at the region representing foveal
retinotopy, according to previously described electrophys-
iological mappings (Fritsches and Rosa, 1996). Following
injection, EGFP signals were observed across cortical lay-
ers at the injection site, and AAV8 and AAV9 neuronal
tropisms were confirmed by nearly complete co-expres-
sion with NeuN (Table 2). EGFP fluorescence was then
detected in the ipsilateral LGN (Fig. 5 for AAV9-EGFP;
data not shown for AAV8-EGFP), demonstrating that V1
injection of either AAVB-EGFP or AAV9-EGFP resulted in
EGFP expression in the LGN, which was in apparent reti-
notopic correspondence with the V1 injection site (White et
al., 1998) (Fig. 5B). The EGFP labels were apparently
restricted to the parvocellular layer (White et al., 1998). In
confocal images with high-power magnification, EGFP-
positive axons and varicosities were clearly identified (Fig.
5D), suggesting anterograde transport of the transgene

products (EGFP) via projections from the V1 to LGN. Neu-
ronal somata also expressed EGFP in the LGN, suggest-
ing retrograde axonal transport of the transgene from the
V1 injection site (Fig. 5D). Efficacy of retrograde infections
in the LGN were relatively low compared with that in the
SNc. Proportions of EGFP-positive cells among NeuN-
positive neurons were 15% for AAV8 (EGFP-positive/
NeuN-positive: 26/170) and 22% for AAV9 (EGFP-posi-
tive/NeuN-positive: 38/173).

DISCUSSION

The present study demonstrated that AAV9 efficiently and
selectively infected neurons in vivo in the marmoset brain
(Fig. 1). This neuronal tropism was similar to that of AAVS,
which was shown in our previous study (Masamizu et al.,
2010). Results from the present study, in combination with
our preliminary results, demonstrate strong AAV8 and
AAV9 neurotropism in the brains of macaque monkeys, the
most widely used primate animal model in neuroscience
research (Fig. 2 for AAV9, data not shown for AAVS).
These results suggest that AAV8 and AAV9 exhibit a wide
range of neuronal infection across primate species, possi-
bly including humans. To obtain selective fransgene ex-
pression in neurons, neuron-specific promoters, such as
the CaMKII promoter, are used typically. However, neuron-
specific promoter activity is often weak and insufficient for
effective transgene expression. Endogenous AAV8 and
AAV9 tropisms permit efficient and almost exclusive neu-
ronal transgene expression through the use of ubiquitous,
strong promoters, such as the CAG promoter, rather than
specific, weak promoters.

Recently, Foust et al. (2009, 2010) reported that intra-
vascular injection of AAV9 allows transduction of neurons
throughout the brain in newborn mice, as well as in spinal
motoneurons of newborn cynomolgus monkeys. In adult
mice, however, i.v. delivery of AAV9 results in preferential
transduction of astrocytes, rather than neurons. In the
present study, AAV9 infected, almost exclusively, neurons
in the adult marmoset and macague brain via direct virus
injection into the parenchyma. The discrepancy in cell
tropism may be attributed to species differences and/or
differences in brain entry: i.v. vs. parenchyma injection.
The structure of genomes and the purification procedure of
viral particles may also affect cell tropism of AAV vectors.
Here, we used conventional single-stranded AAVS purified
with ion-exchange chromatography, whereas Foust et al.
used double-stranded, self-complementary AAV9 purified

=0
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A Primary visual cortex (AAV9)

Fig. 2. Gene transfer into neurons of the primary visual cortex of macaque monkeys with AAVS. (A) Low power confocal images at the injection site,
approximately corresponding to the red box on a coronal section of the macaque brain map (left). The confocal images reveal prominent EGFP
fluorescence around the injection site (green) and NeuN signals (red). (B) Confocal images reveal co-expression of EGFP (green) and NeuN (red),
as shown by the merged image (yellow). The view field approximately corresponds to the yellow box on the right panel of (A). (C, D) EGFP-positive
cells rarely co-express GFAP (red) or Olig2 (red), as shown by the merged images. Bars=500 um in (A) and 20 um in (B-D). The abbreviations are

as listed in Fig. 1.

without the use of ion-exchange chromatography. More
importantly, results from Foust et al. demonstrated that
AAV9 crossed the blood-brain barrier in mice and cyno-
molgus monkeys, which offers a method for brain-wide
gene delivery with less invasiveness, especially for gene
therapy applications.

The present study revealed, for the first time, neuronal
infection patterns of AAV8 and AAVS in the primate brain.
AAVS, as well as AAV9, exhibited both local and retro-
grade infection patterns in nigrostriatal, corticostriatal,

thalamostriatal and geniculocortical pathways. In the LGN,
EGFP labeling was apparently restricted to the parvocel-
lular layers. This observation, together with the observa-
tion of a lack of retrograde labeling in other brain regions,
which are known to have connections with V1, may sug-
gest that retrograde gene transfer after injection of AAV8
or AAV9 into the V1 are limited to the parvocellular layers
of the LGN, although future experiments are required to
obtain concrete evidence. For both AAV8 and AAVY, the
number of neurons expressing EGFP by retrograde trans-
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Fig. 3. Local and retrograde gene transfer into the marmoset nigrostriatal pathway with AAV8 and AAVS. (A) Experimental design. EGFP fluorescence
is detected in the substantia nigra (red box) following AAV8-EGFP or AAVS-EGFP injection into the striatum. A, anterior; P, posterior; R, right; L, left.
(B) Schematic diagram of the nigrostriatal pathway. GABAergic neurons in the striatum (GABA, blue) project to the SNr, and dopaminergic neurons
(DA, orange) in the SNc project to the striatum. (C, F) EGFP fluorescence is observed in axon terminals in the SNr, as well as in cell bodies of the
SNc following AAVS (C) or AAVS (F) injection. (D, G) High-power images of the SNc. EGFP-positive cell bodies (green) co-express TH (red), as shown
by the merged images (yellow). (E, H) High-power images of the SNr. EGFP-positive fibers and varicosities (green) are evident around NeuN-positive
cell bodies (red). Bars=50 pum in (C, D, F, G) and 20 um in (E, H). AAVS8, adeno-associated virus serotype 8, DA, dopamine; GABA, gamma-
aminobutyric acid; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; TH, tyrosine hydroxylase. Other abbreviations are as
listed in Fig. 1.
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Fig. 4. Retrograde gene transfer into neurons of the frontal/insular cortices and thalamus following AAVS injection into the striatum. (A) AAV9-EGFP
was injected into the striatum at anteroposterior (AP) +12 mm. Retrograde EGFP labels were detected in the thalamus, probably corresponding to
the parafascicular thalamic nucleus (B), the frontal cortex (C), and the insular cortex (D). (B-D) Confocal images indicate co-expression of EGFP
(green) and NeuN (red) in the thalamus (B), the frontal cortex (C), and the insular cortex (D), as shown in the merged images (yellow). (E) Polymerase
chain reaction (PCR) analyses reveal the presence of viral transgene (EGFP) not only in the striatal local infection site (Str), but also in the
frontal/insular cortices (Fr/Cln) and the thalamus (Thal) in which cell bodies with retrograde EGFP fluorescence were observed. Bars=20 um in (B,
C) and 50 pm in (D). PCR, polymerase chain reaction. Other abbreviations are as listed in Fig. 1.

fer was modest in the substantia nigra and relatively small
in the LGN. Transgene expression was examined at 4
weeks after viral injection; however, the time frame may be
insufficient for acquiring full transgene expression in the
somata via retrograde transport. In general, AAV-mediated
transgene expression persists for long periods (more than
a year), and long-term expression would allow for im-
proved efficiency of neuronal transgene expression via
retrograde AAV ftransport.

In the present study, we conducted PCR analyses and
confirmed the presence of viral transgenes in the neuronal
somata following retrograde infections of either AAV8 or
AAV9, These results prove that the genome of AAVS8 or
AAVY itself is transported to the soma after retrograde
infection at the axon terminal in the brain. This probable
mechanism has been demonstrated in several other AAV

serotypes, such as AAV1, AAV2, and AAV6 (Kaspar et al.,
2002; Hollis et al., 2008; Towne et al., 2010).

A number of neuroscience studies have demonstrated
the roles of hierarchical and interconnected structures of
the brain in terms of information processing for cognition
and behavior (Felleman and Van Essen, 1991; Murphy
and Sillito, 1996; Nishimura et al., 2007; Bostan et al.,
2010). Retrograde neuronal delivery of molecular tools
through the use of AAVS8 or AAV9 vectors could provide
methods for analyzing hierarchical information processing
in the brain. For example, injection of recombinant AAVS or
AAV9 expressing transgenes encoding optogenetic tools
into a given brain region could lead to transgene neuronal
delivery with direct projections to the injected site, thereby
allowing for experimental in vivo manipulation of neuronal
inputs to the injected brain area. Therefore, transgene
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Fig. 5. Local and retrograde gene transfer into the marmoset geniculocortical pathway with AAV9. (A) Experimental design. EGFP expression is
visible in the LGN (red box) following injection of AAV9-EGFP into the primary visual cortex. (B) Confocal images of EGFP fluorescence (green) and
NeuN expression (red) in coronal sections of the LGN, approximately 3.4—4.2 mm anterior to the interaural line. (C) Representative coronal section
of the LGN around the center of EGFP expression (green) overlaid on NeuN signals (red). Approximately 4.0 mm anterior to the interaural line. (D)
High-power confocal images show EGFP-positive cell bodies, axons and varicosities (green) in the LGN. EGFP-positive cell bodies co-express NeuN
(red), as shown by the merged image (yellow). Bars=500 um in (B, C) and 50 um in (D). LGN, lateral geniculate nucleus. Remaining abbreviations

are as listed in Fig. 1.

delivery into primate brains via AAV8 and AAV9 vectors
could facilitate studies focused on circuit-based principles
of brain function by utilizing high-infection efficiencies, as
well as neuronal infection patterns.

CONCLUSIONS

Results from the present study, in combination with our
previous study, revealed that AAV8 and AAV9 exhibited
strong endogenous tropism for neurons in primate brains.
The present results further demonstrated that these AAV
serotypes can infect neurons both locally and retrogradely.
These infection patterns allow transgene delivery to local
neurons surrounding virus-injection sites via local infection
from somata/dendrites, as well as to distal neurons that
project to virus-injection sites via retrograde infections from
axon terminals.
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Electrocorticogram (ECoG) is a well-balanced methodology for stably mapping brain surface local field
potentials (LFPs) over a wide cortical region with high signal fidelity and minimal invasiveness to the brain
tissue. To directly compare surface ECoG signals with intracortical neuronal activity immediately
underneath, we fabricated a flexible multichannel electrode array with mesh-form structure using micro-
electro-mechanical systems. A Parylene-C-based “electrode-mesh” for rats contained a 6x6 gold electrode
array with 1-mm interval. Specifically, the probe had 800800 um? fenestrae in interelectrode spaces,
through which simultaneous penetration of microelectrode was capable. This electrode-mesh was placed
acutely or chronically on the dural/pial surface of the visual cortex of Long-Evans rats for up to 2 weeks. We
obtained reliable trial-wise profiles of visually evoked ECoG signals through individual eye stimulation.
Visually evoked ECoG signals from the electrode-mesh exhibited as well or larger signal amplitudes as
intracortical LFPs and less across-trial variability than conventional silver-ball ECoG. Ocular selectivity of
ECoG responses was correlated with that of intracortical spike/LFP activities. Moreover, single-trial ECoG
signals carried sufficient information for predicting the stimulated eye with a correct performance
approaching 90%, and the decoding was significantly generalized across sessions over 6 hours. Electrode
impedance or signal quality did not obviously deteriorate for 2 weeks following implantation. These findings
open up a methodology to directly explore ECoG signals with reference to intracortical neuronal sources and
would provide a key to developing minimally invasive next-generation brain-machine interfaces.

© 2010 Elsevier Inc. All rights reserved.

Introduction sensory, motor or cognitive information (Buschman and Miller, 2007;

Whittingstall and Logothetis, 2009), the need for recording LFPs from

The local field potential (LFP) is a particular class of electrophysi- the global cortical circuits is increasing.

ological signals related to a summation of neural activity that has
recently become of converging interest (Fries, 2009). Whereas the
action potential or spike activity represents output signals from neurons
typically located within 100 micrometers of an electrode tip, LFP is
considered to arise primarily from excitatory and inhibitory dendritic
potentials and afterdepolarization/hyperpolarization (Mitzdorf, 1985)
and thus serve as a marker of inputs to and local processing within a
volume of brain tissue extending at least several hundred micrometers
(Katzner et al, 2009). LFP is also closely correlated with BOLD fMRI
signals (Logothetis et al., 2001). Since various frequency components of
LFPs have been implicated in carrying across cortical areas relevant

* Corresponding authors. Fax: +81 25 227 0755.
E-mail addresses: toda@med.niigata-u.acjp (H. Toda), ihasegawa-nsu@umin.acjp
(L. Hasegawa).

1053-8119/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2010.08.003

Electrocorticogram (ECoG) is one of the methodologies that
enables global mapping of LEPs both in humans and animal models.
Compared with microelectrode methods, ECoG has the advantage to
record cortical surface LFPs less invasively across broader regions.
Compared with scalp electroencephalogram, ECoG has better spatial
resolution and signal fidelity (Chao et al., 2010; Gaillard et al., 2009;
Leuthardt et al., 2006; Slutzky et al., 2010). In particular, high-density
ECoG electrode array is a promising tool for electrophysiological
mapping with millimeter precisions for source localization (Hollen-
berg et al., 2006; Rubehn et al., 2009; Yeager et al., 2008). However, it
has been technically demanding to directly compare between surface
ECoG and intracortical activity just underneath, because (1) penetrat-
ing the ECoG sheet is virtually impossible without damaging the
microelectrode tip, and (2) the recording surface of ECoG electrode is
too large (typically more than 2 mm in diameter) to allow simulta-
neous depth-recording within submillimeter.
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To address this issue, we developed a novel flexible ECoG probe
(electrode-mesh) using micro-electro-mechanical systems (MEMS)
technology (Takeuchi et al., 2005). The probe was designed to have a
mesh structure for stable electrode contact to the curved brain
surface, and for simultaneous penetration of microelectrodes through
the fenestrae, or mesh holes. To test the feasibility of our method for
combined ECoG and intracortical recordings, we applied the probe in
vivo to the primary visual cortex (V1) of Long-Evans rats in acute as
well as chronic preparation. We tested if multichannel ECoG signals
could be reliably recorded in response to visual stimulation and
examined correlation between epidural ECoG and intracortical spikes
in terms of the ocular dominance index. We also evaluated the
potential advantage of our method over conventional approaches by
directly comparing the amplitude of visually evoked potentials or
trial-to-trial signal variability among different probes.

Flexible ECoG probe is not only a promising electrophysiological
tool for characterizing ensemble neural activity to code particular
sensory stimuli or motor plans, but also an important candidate for
the input device of brain-machine interfaces (BMIs) that predict
stimuli or behaviors from neural responses (Kamitani and Tong, 2005;
Lebedev and Nicolelis, 2006). Since safety of ECoG has been clinically
ensured (Leuthardt et al., 2006), the ability to decode sensory- or
motor-associated information from trial-wise ECoG signals would be
critical for development of efficient BMI (Schwartz et al., 2006).
Therefore, we tested whether single-trial ECoG signals contained
sufficient information for predicting the stimulated eye by decoding
analysis (Kamitani and Tong, 2005).

Methods
Structure and fabrication of an electrode-mesh

An electrode-mesh (Fig. 1a) was designed to contain 32-channel
recording electrodes plus 2 reference/2 ground electrodes located at
the crossings of the gold beams, or wirings (20-um width). The
interelectrode distance was 1 mm. At each electrode, gold surface was
exposed in a square shape (50x50pm). Since 5x5 square holes
(800800 um per each) were open in the space between electrodes,
the probe had a mesh structure. The whole mesh size was 6 x 6 mm,
and a cable lead to a pad for a 0.025-inch pitch 36-pin connector
(#A8828-001, Omnetics, MN, USA).

Fig. 1b shows the simplified fabrication process of the electrode-
mesh. Detailed fabrication procedures for Parylen-C (poly(chloro-
para-xylylene))-based electrodes were described elsewhere (Takeu-
chi et al., 2005). (1) At first, Parylene-C was deposited on a silicon
substrate using a coating machine (PDS 2010, Specialty Coating
Systems). Then a gold layer was deposited with a vacuum evaporator
(SVC-700, Sanyu, Japan) and patterned by wet etching. (2) Parylene-C
was deposited again, and aluminum was also deposited and patterned
by wet etching. (3) Parylene-C layer was patterned by an oxygen
plasma etching system (FA-1, Samco, Japan). The aluminum layer
worked as a mask and was removed after the process. (4) Finally, the
probes were peeled off the silicon substrate by tweezers, and all
recording electrodes were coated with platinum black by electro-
chemical plating. An example of the final product is shown in Figs. 1c
and d.

Animal preparation for ECoG/LFP/spike recordings

A schematic illustration of the recording setup is shown in Fig. 1e.In
acute main experiments, data were obtained from six hemispheres in
three adult rats (Long-Evans, 300-400 g). The rats were anesthetized
by intraperitoneal injection of urethane (0.5 ml of 30% solution/100 g
body weight). The anesthetized rats were restrained to the stereotaxic
apparatus (SR-5, Narishige, Tokyo, Japan) with their head fixed. Part of
the cranium was removed to place the electrode-mesh on the dura

mater and to allow tungsten microelectrode penetrations into the
cortex (Fig. 1f). To suppress the pulsation and drying of the brain, we
placed cotton filled with saline on the dura. The craniotomized areas
were 2-9 mm posterior and 1-7 mm lateral to bregma. These areas
corresponded to V1 and the adjacent secondary visual cortex (V2)
except for the posterior tip of V1 (Fig. 2a) in the unrolled cortical map
reconstructed from the rat brain (Paxinos and Watson, 2007). The
anterior end of the electrode-mesh was located on the parietal
association cortices. The positional errors of the electrode-mesh with
reference to the 5 stereotaxic coordinates were <1 mm in each
direction. A combination of a Roman numeral (mediolateral coordi-
nate) and an alphabetical character (anterioposterior coordinate) is
used to refer to a particular channel in the electrode-mesh. A tungsten
microelectrode with an impedance of 0.5 M{Q or 1MQ (World
Precision Instruments, FL, USA) was penetrated via the electrode-
mesh into the cortex to record neuronal spikes and intracortical LFP
(icLFPs) in combination with epidural activities. We additionally
conducted control experiments in four hemisphere of two adult rats
(Long-Evans, 300-400 g). In the control experiments, conventional
silver-ball ECoG electrode with a 1-mm diameter (EKL-02010-03,
Bioresearch Center, Tokyo, Japan) was softly attached to the dura
mater by a manipulator fixed to the stereotaxic apparatus through a
fenestra of the electrode-mesh. We carefully monitored the animals'
eyes and were ready to place a drop of sodium hyaluronate to prevent
the eyes from being dried out. In most cases, the eyes were naturally
wet for hours, and no animals did develop cataract at the end of the
experiment. A typical combined recording session took 3-6 hours in
both main and control experiments.

Other six adult rats (Long-Evans, 200-300 g) were used in chronic
implantation experiments. The rat was anesthetized by intraperito-
neal injection of sodium pentobarbitulate (Nembutal, 0.1 ml/100 g
body weight). Two stainless steel screws for anchor and electrode
reference were implanted at 2 mm rostral of the bregma. Craniotomy
was performed in the same way as described above and an electrode-
mesh was placed on the V1 epidurally (n=2) or subdurally (n=4).
The electrode-mesh was covered with a gelatine sponge (Gelfoam,
Pfizer) and fixed on the skull with a dental resin. After implantation,
the impedance of the electrodes was measured under Nembutal
anesthesia in every 3 or 4 days with an IMP-2 impedance meter (BAK
electronics, MD, USA). In four rats, visually evoked responses were
recorded in the 14th day of implantation in the same way as acute
experiments,

All the experimental procedures were approved by the Niigata
University Animal Experiment Committee and conformed to guide-
lines of the animal welfare laws in Japan and NIH Guide for the Care
and Use of Laboratory Animals.

Visual stimulation

The anesthetized animal was placed 28.6 cm in front of a 19-inch
(90 degree in visual angle) cathode ray tube display monitor (EIZO
T561, Nanao, Ishikawa, Japan). Visual stimuli were presented to the full
field of the display except for part of the lower visual field occluded by
the incisor bar of the stereotactic apparatus. The effective horizontal
and vertical visual angles for the animal were 80 degree and 40 degree,
respectively. Visual stimuli were moving sinusoidal gratings generated
using ViSaGe (Cambridge Research Systems, UK) controlled by a
software written in FreePascal/Lazarus and run on Windows XP.
Spatial (0.04-0.15 cycle/deg) and temporal (3-7 Hz) frequencies of
the gratings were optimized according to Girman et al. (1999).
Stimulus duration was 500 ms and the inter-trial interval was pseudo-
randomized between 1.5 and 2.0sec. In the contralateral-eye
stimulation (Contra) or ipsilateral-eye stimulation (Ipsi) conditions,
the eye ipsilateral or contralateral to the recorded hemisphere,
respectively, was covered with an eye patch. Stimulation was
performed in separate blocks consisting of 40-200 trials. In certain
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Fig. 1. Flexible electrode-mesh: structure, fabrication and in vivo application, (a) Structure of an electrode-mesh. Thirty-six gold electrodes (50 50 um) were arranged in a 6«6
array with 1-mm interelectrode intervals, wired within a flexible Parylene-C ( poly(chloro-para-xylylene)) substrate of 20 pm thick, and connected to a terminal. Between electrodes,
holes (800 x 800 um) were open through the substrate. Black and green dotted boxes: electrodes for signal ground and reference, respectively. (b) Simplified fabrication process of
the electrode-mesh: (1) Following deposition of Parylene-C on a silicon substrate, a gold layer was deposited and patterned by wet etching. (2) Parylene-C was deposited again, and
an aluminum mask layer was deposited and patterned by wet etching. (3) Parylene-C was patterned by an oxygen plasma etching and the aluminum mask was removed. (4) The
probe was peeled off the silicon substrate, and coated with platinum black. (c) A part of electrode-mesh, comparing to a conventional silver-ball ECoG electrode with a 1-mm
diameter. (d) A scanning electron microscopy of a single electrode of an electrode-mesh. (e) Experimental setup for in vivo application of the electrode-mesh. During visual
stimulation, multichannel ECoGs via an electrode-mesh (mesh ECoG), single-channel ECoG via a silver-ball ECoG electrode (SB) and spikes or intracortical LFPs (icLFP) via a tungsten
microelectrode were simultaneously recorded from rat visual cortex. (f) Epidural placement of an electrode-mesh and a tungsten microelectrode, White arrowhead: one of the ECoG
electrodes. Black arrowhead: a tungsten microelectrode penetrated through one of the holes, Arrow: gold beam for wiring.

trials, both eyes were covered with eye patches to ensure that the
visual stimuli were effectively blocked. In additional experiments, we
used a video oculography (ET-60-L, Newopto Co. Ltd., Kawasaki,
Japan) to ensure that no voluntary eye movements or microsaccades
occurred during visual stimulation under anesthesia.

Data acquisition and processing
Multichannel ECoG signals were differentially amplified using a

32-channel Plexon amplifier (Plexon, TX, USA) with 300 Hz and
0.7 Hz high- and low-cutoff filters, respectively. The signal references

for multichannel ECoGs were connected to the reference on the
electrode-mesh. In the main experiments, signals from the tungsten
microelectrode were amplified using a DAM-80 AC amplifier (World
Precision Instruments, FL, USA) with a wide-band filter (10 kHz and
1 Hz high- and low-cut frequencies, respectively). In control experi-
ments, signals from the silver-ball electrode and the tungsten
microelectrode were amplified by 8-channel Plexon amplifier with a
wide-band filter (8 kHz and 0.7 Hz high- and low-cutoff frequencies).
For microelectrode or silver-ball electrode recordings, signal refer-
ences were connected to the animal at the neck muscle unless
otherwise stated. In chronic implantation experiments, the reference
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