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Abstract The common marmoset is a small New World pri-
mate that has attracted remarkable attention as a potential ex-
perimental animal link between rodents and humans. Adeno-
associated virus (AAV) vector-mediated expression of a
disease-causing gene or a potential therapeutic gene in the
brain may allow the construction of a marmoset model of a
brain disorder or an exploration of the possibility of gene
therapy. To gain more insights into AAV vector-mediated
transduction profiles in the marmoset central nervous system
(CNS), we delivered AAV serotype 9 (AAV9) vectors ex-
pressing GFP to the cisterna magna or the cerebellar cortex.
Intracisternally injected AAV9 vectors expanded in the CNS
according to the cerebrospinal fluid (CSF) flow, by retrograde
transport through neuronal axons or via intermediary
transcytosis, resulting in diffuse and global transduction with-
in the CNS. In contrast, cerebellar parenchymal injection in-
tensely transduced a more limited area, including the cerebel-
lar cortex and cerebellar afferents, such as neurons of the
pontine nuclei, vestibular nucleus and inferior olivary nucleus.
In the spinal cord, both administration routes resulted in label-
ing of the dorsal column and spinocerebellar tracts, presum-
ably by retrograde transport from the medulla oblongata and
cerebellum, respectively. Motor neurons and dorsal root

ganglia were also transduced, possibly by diffusion of the
vector down the subarachnoid space along the cord. Thus,
these two administration routes led to distinct transduction
patterns in the marmoset CNS, which could be utilized to
generate different disease animal models and to deliver thera-
peutic genes for the treatment of diseases affecting distinct
brain areas.
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Introduction

The use of common marmosets (Callithrix jacchus) for neu-
roscience, including both basic and translational research, has
been expanding because marmosets have many advantages
over macaques, including (1) small size and easy handling,
(2) high productive efficiency, and (3) a lack of fatal zoonotic
diseases such as herpes B virus [1]. Moreover, marmosets are
promising experimental animals that link mice to humans.
However, basic neuroanatomical and neurophysiological data
are still largely insufficient in marmosets relative to those in
macaques.

The abnormal accumulation of neurotoxic proteins in the
central nervous system (CNS) causes a variety of disorders,
including lysosomal storage diseases [2, 3] and neurodegen-
erative diseases [4–6]. The efficient transfer of therapeutic
genes that ultimately reduce the level of accumulated proteins
in neurons of the CNS represents a promising approach for the
treatment of these diseases [3, 7–9]. Recent progress in the
development of viral vectors has allowed the delivery of
transgenes into CNS cells with great efficiency. In particular,
adeno-associated virus (AAV) vectors, which are only 20 nm
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in diameter [10], have the potential to transduce broad regions
in the CNS [11]. Previous studies used AAV serotype 9
(AAV9) vectors to examine different administration routes in
non-human primates (NHPs) such as macaques and marmo-
sets and showed local and retrograde gene transfer in the stri-
atum and visual cortex (marmosets and macaques) [12] and
widespread transduction after intravascular and intracisternal
administration (macaques) [13–20]. Here, we used marmosets
to clarify the transduction profiles and pathways in the CNS
after intracisternal or cerebellar parenchymal injection of
AAV9 vectors. Our results will be useful for future application
of AAV9 vector expression systems to the construction of a
marmoset model of a brain disorder as well as neuroanatom-
ical and neurophysiological experiments of marmosets.

Results

Global Transduction of the CNS by Intracisternal
Injection of AAV9 Vectors

A previous study showed greater astrocytic tropism of
intracisternally administered AAV9 vectors [19]. Because
the application of AAV9 vectors for the production of neuro-
degenerative models and therapeutic gene delivery into neu-
rons are future goals, we used a neuron-specific synapsin I
(SynI) promoter. The sequence of the synapsin I promoter is
highly conserved among rodents and primates. Therefore, we
used 1.0 kb of the rat SynI promoter augmented by the addi-
tion of the minimal cytomegalovirus (CMV) promoter
(minCMV) sequence (rSynI-minCMV) [21]. The woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE)
was placed in the main AAV plasmid downstream of the green
fluorescent protein (GFP) gene to stabilize the GFP mRNA
and increase the expression level of the transgene [22]. An
AAV9 vector expressing GFP under the control of the rSynI-
minCMV promoter was injected into the cisterna magna of
two young adult marmosets approximately 1 year of age
(H014 and H017) (Table 1). One marmoset (H014) weighed
250 g and received 150 μl of an AAV9 vector suspension with
a titer of 1.5×1013 virus genomes (vg)/ml (9.2×1012 vg/kg
body weight). The second marmoset (H017) weighed 320 g
and received 200 μl of an AAV9 vector suspension with a titer
of 6.9×1013 vg/ml (4.3×1013 vg/kg body weight). The be-
havior of the marmosets after the operation was almost indis-
tinguishable from that of the naïve marmosets. The treated
marmosets were euthanized 31 days after viral injection.
Observation of whole brains and spinal cords under a fluores-
cent stereoscopic microscope revealed remarkably diffused
GFP expression throughout the CNS (Fig. 1). Then, sagittal
(H014) and coronal (H017) sections of the whole brains
were produced and double-immunostained for GFP and
the Nissl bodies.

Both the sagittal and coronal sections showed strong GFP
expression in the medulla oblongata that extended to the cer-
ebellum through the cerebellar peduncle and moderate (or
weak) disseminated GFP expression in various brain regions
(Fig. 2a–d), such as the cerebral cortex (Fig. 2e), caudate
nucleus, hippocampus, the ventral posteromedial nucleus of
the thalamus, the gigantocellular reticular nucleus of the me-
dulla oblongata (Fig. 2f), and the cerebellar cortex (Fig. 2g).
Interestingly, GFP expression in the cerebral cortex was char-
acterized by a striped pattern that extended from the surface of
the cerebral cortex vertically into the cerebral parenchyma.
Immunolabeling of blood vessels with an antibody against
factor VIII-related antigen showed that the GFP-expressing
cells surrounded penetrating arteries (Fig. 2h), suggesting that
the AAV9 vectors reached the cerebral parenchyma through
the paravascular space (PVS) along the penetrating arteries as
previously reported in cynomolgus macaques after AAV9
vector injection into the cisterna magna [19].

Using stereology, we assessed the transduction efficiency
in various brain regions by determining the ratio of GFP-
expressing neurons to total neurons present in the region of
interest (Fig. 2i and Table 2). Consistent with the strong GFP
expression observed in the medulla oblongata (low magnifi-
cation photos; Fig. 2a–d), approximately half of the neurons in
the medulla oblongata were transduced by intracisternal injec-
tion of the AAV9 vector. Approximately 10–20 % of the neu-
rons in the frontal, parietal, occipital, and temporal lobes of the
cerebral cortex, basal ganglia, and cerebellar cortex were
transduced, whereas only a small percentage of neurons in
the insular lobe, limbic lobe, thalamus, and hypothalamus
were transduced (Fig. 2i and Table 2). In the cerebellum, the
large projection neurons in the deep cerebellar nuclei (DCN)
were efficiently transduced (approximately 50 %), followed
by Purkinje cells (approximately 20 %). In contrast, the inter-
neurons with small cell bodies in the DCN and the granule
cells in the cerebellar cortex were rarely transduced.

Absence of Purkinje Cell Transduction
by Intraparenchymal Injection of an AAV9 Vector With
an rSynI-minCMV Promoter

To examine the transduction area and efficiency of the admin-
istration of the AAV9 vector directly into the interstitial space
of the cerebellum, an AAV9 vector expressing GFP under the
control of the rSynI-minCMV promoter was injected into the
bilateral cerebellar hemispheres of an adult marmoset (I4222;
Table 1). Themarmoset received 100 μl (50 μl/hemisphere) of
an AAV9 vector suspension with a titer of 3.0×1013 (vg)/ml
(8.8× 1012 vg/kg body weight). The treated marmoset was
euthanized 555 days after the viral injection. Observation of
the whole brain and spinal cord with a fluorescent stereoscop-
ic microscope showed remarkably strong GFP expression in
the cerebellum (Fig. 3a, b) and relatively strong GFP
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expression along the spinal cord (Fig. 3c, d). Then, coronal
sections of the whole brain were produced and double-
immunostained for GFP and the Nissl bodies (Fig. 4c–k).
These serial coronal sections showed highly efficient GFP
expression that occurred bilaterally in the hemispheres and
the vermal region of the cerebellum (Fig. 4a). Notably, high
magnification images showed an almost complete absence of
Purkinje cell transduction throughout the whole cerebellum
(Fig. 4c–e, arrowhead), which was in sharp contrast to the
strong GFP expression in the granule cells beneath the
Purkinje cell layer. Additionally, we observed almost no trans-
duced Purkinje cells in a marmoset treated with an AAV9
vector expressing a different transgene under the control of
the rSynI-minCMV promoter (data not shown). These results
suggest that little or weak rSynI-minCMV promoter activity
occurred in marmoset Purkinje cells.

In addition to the cerebellum, strong GFP expression
was observed in several regions of the brainstem and
midbrain that were closely associated with the cerebellar
cortex, including the red nucleus (Fig. 4b), inferior
olivary nuclei (Fig. 4f–h), and pontine nuclei (Fig. 4b,
i–k).

Efficient Transduction of Purkinje Cells and Neurons
of the Brainstem Nuclei by Intraparenchymal Injection
of an AAV9 Vector With the Murine Stem Cell Virus
Promoter

Many types of spinocerebellar ataxia (SCA) primarily af-
fect Purkinje cells in the cerebellum [23–25]. Therefore,
we were interested in expressing disease-causing and ther-
apeutic genes in Purkinje cells. Because rSynI-minCMV

Table 1 Summary of marmosets that received intracisternal and cerebellar parenchymal injections of AAV9 vectors

ID Route Gender Age (year) Weight (g) Viral titer (vg/ml) Volume (μl) Dose
(vg/kg BW)

Sacrifice
(days after IJ)

Promoter

H014 IC M 0.8 250 1.5 × 1013 150 9.0 × 1013 31 rSynl-minCMV

H071 IC F 1.5 320 6.9 × 1013 200 4.3 × 1013 31 rSynl-minCMV

I4222 CP F 5.0 341 3.0 × 1013 100 8.8 × 1012 555 rSynl-minCMV

H016 CP M 1.2 324 1.2 × 1014 100 3.7 × 1013 32 MSCV

H018 CP M 0.9 314 1.2 × 1014 100 3.8 × 1013 28 MSCV

H038 CP F 2.2 341 4.5 × 1013 100 1.3 × 1013 30 MSCV

IC intracisternal, CP cerebellar parenchymal, M male, F female, vg virus genomes, BW body weight, IJ injection.

Fig. 1 Global transduction in the
marmoset CNS driven by
intracisternal injection of an
AAV9 vector expressing GFP
under the control of the neuron-
specific rSynI-minCMV
promoter. Whole brains and
spinal cords from one non-
injected control (Non-injected)
and two marmosets (H014 and
H017) 1 month after the injection
of AAV9 vectors are presented.
a–f Bright field (a, c, e) and GFP
fluorescence (b, d, f) images of
whole brains from non-injected
(a, b) and AAV9 vector-treated
(c–f) marmosets. g–l Bright field
(g, i, k) and GFP fluorescence (h,
j, l) images of spinal cords from
non-injected (g, h) and AAV9
vector-treated (i, k, j, l)
marmosets (scale bar, 1 cm)
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exhibited markedly low promoter activity in the Purkinje
cells (Fig. 4c–e), we tested the constitutive murine stem
cell virus (MSCV) promoter, which had a preference for
Purkinje cells in the mouse cerebellum [26]. AAV9 vec-
tors expressing GFP under the control of the MSCV pro-
moter were injected into the bilateral cerebellar hemi-
spheres of three young adult marmosets (H016, H018,
and H038; Table 1). These marmosets received 100 μl
(50 μl/hemisphere) of an AAV9 vector suspension with
a titer of 1.2 × 1014 vg/ml. The injected marmosets ap-
peared to be slightly ataxic on the day of operation but
recovered and were almost indistinguishable from the
naïve marmosets by the next day.

The treated marmosets were euthanized approximately
1 month after the viral injection. Observation of the whole
brain and spinal cord with a fluorescent stereoscopic micro-
scope showed remarkably strong GFP expression in the cere-
bellum (Fig. 3e, f, i, j) and relatively strong GFP expression
along the spinal cord (Fig. 3g, h, k, i). Sagittal (H018) and
coronal (H016) sections of the whole brains were produced
and double-immunostained for GFP and the Nissl bodies
(Fig. 5a–h). These serial sagittal sections showed that the
wide-ranging transduction of the cerebellar cortex and white
matter occurred primarily from the anterior to the central lob-
ules (Fig. 5a, b), whereas the serial coronal sections showed
efficient GFP expression in the whole cerebellum (Fig. 5c).

Fig. 2 Whole brain sections from
marmosets that received
intracisternal injections of an
AAV9 vector expressing GFP
under the control of the neuron-
specific rSynI-minCMV
promoter and the transduction
efficiency in various brain
regions. Sections were
immunolabeled for GFP and
Nissl bodies (a–g) or factor VIII-
related antigen (h). a, b Sagittal
sections +1.4 (a) and +4.0 mm (b)
from the midline. c, d Coronal
sections −5.0 (c) and +5.0 mm (d)
from the bregma. Note the striped
GFP expression pattern in the
cerebral cortex. e–h Enlarged
images of the cerebral cortex (e),
reticular nucleus of the medulla
oblongata (f), and cerebellar
cortex (g). Arrows and
arrowheads indicate pyramidal
neurons and Purkinje cells,
respectively. hAn enlarged image
of a GFP stripe in the cerebral
cortex, showing many GFP-
expressing cells around a blood
vessel immunolabeled for factor
VIII-related antigen. Scale bars,
1 mm (a–d) and 100 μm (e–h). i
Percent ratios of GFP (+) neurons
to total neurons in various brain
areas. The number of neurons in
each area was determined by
stereology. DCN (large) and
DCN (small); large projection
neurons and small interneurons,
respectively, in the deep
cerebellar nuclei
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We produced coronal sections of the brain from another mar-
moset (H038) that showed a transduction pattern similar to
H016 (data not shown). A major difference in the transduction
patterns between the rSynI-minCMVand MSCV promoters is
the robust and efficient transduction of Purkinje cells by the
MSCV promoter (Fig. 5e), which is in contrast to the almost
complete lack of Purkinje cell transduction by the rSynI-
minCMV promoter (Fig. 4c–e). However, the brainstem and
midbrain, which are closely associated with the cerebellar cor-
tex, expressed GFP at levels similar to the rSynI-minCMV
promoter in regions including the vestibular nuclei, inferior
olivary nuclei, pontine nuclei, and red nucleus (Fig. 5a, f–h).
Moreover, GFP expression was lower but clearly present in
regions that received cerebellar efferents, such as the thalamic
nuclei (LP, VPL, VPPC, and VPM) [27] and dorsal lateral
geniculate nucleus (DLG) [28] (Fig. 5b, d). Interestingly, the
visual cortex (V1–V3) expressed GFP (especially V2 and V3)
(Fig. 5b); these regions are also connected to the cerebellum
by a pontine nuclear relay [29].

Using stereology, we assessed the transduction efficiency
of neurons in various cerebellar regions by determining the
ratio of GFP-expressing neurons to total neurons present in the
region of interest (Fig. 5m and Table 2). Notably, more than
80 % of the Purkinje cells (Fig. 5e, m) and 50–70 % of the

large projection neurons in the vestibular nucleus (Ve) (Fig. 5f,
m), inferior olivary nucleus (Fig. 5g, m), and pontine nuclei
(Fig. 5h, m) expressed GFP, whereas only limited percentages
of granule cells (Fig. 5m) and neurons in the DCN expressed
GFP, including large projection neurons and small interneu-
rons (Fig. 5m).

Efficient Transduction of Motor Neurons and Sensory
Afferents in the Spinal Cord by Intracisternal
and Cerebellar Parenchymal Injection of the AAV9Vector

The transduction profiles of the spinal cord were exam-
ined at different spinal levels by double-immunolabeling
of transverse sections for GFP and choline acetyltransfer-
ase. The fluorescent microscopic images revealed that
similar components were labeled by GFP following both
intracisternal injection and cerebellar parenchymal injec-
tion. The AAV9 vector transduced motor neurons in the
anterior horns, dorsal root ganglia cell bodies, and sensory
projections, such as the dorsal column medial lemniscus,
spinocerebellar tracts, and spino-olivary fibers (Fig. 6).
These GFP-expressing sensory afferents projected into
the brainstem and cerebellum, both of which were close
to the viral injection sites. These results suggested the

Fig. 3 Robust transduction of the
cerebellum, brainstem, and spinal
cord by cerebellar parenchymal
injection of an AAV9 vector.
AAV9 vectors expressing GFP
under the control of the rSynI-
minCMVor MSCV promoter
were injected bilaterally into the
cerebellar hemispheres of adult
marmosets (I4222, H018, and
H016). The GFP expression
profiles in the brain and spinal
cord were examined 1.5 years
(rSynI-minCMV) or 1 month
(MSCV promoter) after viral
injection. The bright field and
GFP fluorescent images from
I4222 (a–d), H018 (e–h), and
H016 (i–l) are presented (scale
bar, 1 cm)
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occurrence of retrograde transport and the consequent
transduction of neurons whose axons constituted the dor-
sal column medial lemniscus, spinocerebellar tracts, and
spino-olivary fibers (Fig. 6). In addition to the lower mo-
tor neurons and dorsal root ganglia, we examined the ret-
inas of marmosets as an example of peripheral neuronal
structures after intracisternal or cerebellar parenchymal
injection but found no GFP-positive cells (data not
shown).

Discussion

AAV is non-pathogenic for humans and measures only 20–
25 nm in diameter [10]. Thus, AAV9 vectors are diffusible in
the brain and allow the efficient delivery of transgenes to broad
regions of the CNS. These advantages allow the use of AAV9
vectors for the generation of disease model animals for the
study of neurodegenerative diseases [30, 31] and gene therapy
vectors that may target brain disorders [8, 32, 33]. For these

Fig. 4 Coronal sections of the
whole brain and the magnified
images following cerebellar
parenchymal injection of an
AAV9 vector expressing GFP
under the control of the neuron-
specific rSynI-minCMV
promoter. Sections were
immunostained for GFP and Nissl
bodies. a, bCoronal sections −5.5
(a) and +3.5 mm (b) from the
bregma. Pn, pontine nuclei; RN,
red nucleus. Note the high levels
of GFP expression in the
cerebellum and areas relevant to
the cerebellar cortex. c–k
Enlarged images of the cerebellar
cortex (c–e), inferior olivary
nucleus (f–h) and pontine nuclei
(i–k). GFP, NeuroTrace, and the
merged images were presented as
depicted. Note the complete
absence of GFP expression in the
Purkinje cells (arrowheads).
Scale bars, 1 mm (a, b) and
100 μm (c–k)
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applications, it is important to clarify the relationship between
the administration route of the AAV9 vector and the consequent
transduction profiles in the CNS. Although such experiments
have been primarily conducted in rodents [30, 34–36], there are
significant merits to using NHP to replicate human disease

pathology and to assess the benefits and adverse reactions that
accompany therapeutic gene delivery.

Cerebrospinal fluid (CSF) is produced at the choroid plex-
us and flows through the cerebral ventricles and subarachnoid
space [37–39]. A recent study demonstrated that CSF flowed

Fig. 5 Whole brain sections following cerebellar parenchymal injection
of an AAV9 vector expressing GFP under the control of the MSCV
promoter and the transduction efficiency in the cerebellum and the areas
associated with the cerebellum. Sections were immunostained for GFP
and Nissl bodies. a Sagittal sections +2.0 mm from the midline. IO,
inferior olive; Pn, pontine nuclei; RN, red nucleus; Ve, vestibular
nucleus. b Sagittal sections +4.0 mm from the midline. V1–V3, visual
area (1–3); LP, lateral posterior thalamic nucleus; VPL, ventral
posterolateral thalamic nucleus. c, d Coronal sections −6.0 mm (c) and
+4.8 mm (d) from the bregma. DLG, dorsal lateral geniculate nucleus;
RN, red nucleus; VPM, ventral posteromedial thalamic nucleus; VPPC,

ventral posterior nucleus of the thalamus, parvicellular. Note the high
levels of GFP expression in the cerebellum and areas relevant to the
cerebellar cortex. e–h Enlarged images of the cerebellar cortex (e),
vestibular nucleus (f), inferior olivary nucleus (g), and pontine nuclei
(h). Scale bars, 1 mm (a–d) and 100 μm (e–h). i Percent ratios of GFP
(+) neurons to total neurons in the cerebellum and brain stem areas
associated with the cerebellar cortex. The number of neurons was
determined by stereology. DCN, deep cerebellar nuclei; GCL, granule
cell layer; IO, inferior olive; ML, molecular layer; Pn, pontine nuclei;
Ve, vestibular nucleus; WM, white matter
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into the PVS surrounding the arteries that penetrate the brain
tissue [40]. Intracisternally administered AAV9 vectors dif-
fused via the CSF and flowed in the PVS that surrounded
the arteries entering the brain tissue. The inner and outer walls
of the PVS consist of vascular smooth muscle and astrocytic
endfeet, respectively. CSF is actively transferred from the PVS
to the interstitial space by the aquaporin 4 protein present on
the endfeet [40], whereas the AAV9 vectors must pass through
the cleft between endfeet to reach the brain tissue. Because the
astrocytic processes of primates are far more complex than
those of rodents [41], the distance between the endfoot gap
and the permeability of the AAV9 vectors through it may
differ between primates and rodents. To answer these ques-
tions, we performed AAV9 experiments in marmosets.

We administered AAV9 vectors to the marmoset CNS via
two different injection routes (intracisternal and cerebellar pa-
renchymal). To reach the brain parenchyma, intracisternally
injected AAV9 vectors flowing in the CSF have to pass the
endfoot gap, which is presumably 20 nm or less in NHPs. This
reduced gap suggests that only a portion or none of the AAV9

vector may reach the brain tissue. The limited (striped) trans-
duction along the penetrating arteries in the cerebral cortex
(Fig. 2a–d) suggests that the gap between the astrocytic
endfeet is permeable for the AAV9 vectors but that the perme-
ability is not very high. In the parenchymal injection, AAV9
vectors are administered directly into the interstitial space,
resulting in transduction of almost the entire cerebellar cortex
(Fig. 7b, red arrow). Neurons in the inferior olivary nuclei,
pontine nuclei, and vestibular nuclei were highly efficiently
transduced (50–70% of the projection neurons, Fig. 5m). This
result could be explained by the infection of AAV9 vectors
from the axon terminals projecting into the cerebellar cortex
and the subsequent retrograde transport (Fig. 7b, blue arrow).

The finding that intracisternal injection and cerebellar pa-
renchymal injection resulted in essentially the same transduc-
tion patterns in the spinal cord was unexpected. Because both
administration routes robustly transduced the cerebellar cortex
and the medulla oblongata, we postulated that the neurons
whose axons constituted the dorsal column medial lemniscus
and spinocerebellar tracts were retrogradely transduced by

Fig. 6 Immunohistochemistry of
the spinal cord at different levels.
Transverse sections of the cervical
(a, d), thoracic (b, e), and lumbar
(c, f) cords from marmosets
following intracisternal (H017),
and cerebellar parenchymal
(H016) injection were double-
immunolabeled for GFP (green)
and choline acetyltransferase
(red). The inset in each panel is an
enlarged view of the ventral horn
showing efficient GFP expression
in motor neurons immunolabeled
for choline acetyltransferase
(scale bars, 300 and 50 μm
(insets))
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infection with AAV9 vectors from the axon terminals in the
medulla oblongata and cerebellum (Fig. 7a, b, blue arrow). In
contrast, motor neurons in the ventral horn and dorsal root
ganglia were presumably transduced in a manner that differed
from the dorsal column and spinocerebellar tracts; considering
the preference of AAV9 vectors for retrograde transport, the
vectors descending in the subarachnoid space along the spinal
cord most likely infected the axons of motor neurons and
dorsal root ganglia and were retrogradely transported to trans-
duce those neurons.

It is likely that the similar administration of AAV9 vectors
results in different transgene expression patterns in rodents
and other species because the affinity of AAV9 vectors for
neurons and glia may differ among species. Moreover, it is
highly probable that the activities of the cell type-specific
promoters used to drive gene expression in the AAV9 vectors
differ between rodents and other species, including primates.
Therefore, a number of studies have aimed to clarify the trans-
duction profiles of AAV vectors in different species, such as
cynomolgus macaques [13, 16–19], rhesus macaques [14],
pigs [13, 42], and cats [20]. Most of these studies employed
intracisternal injection [13, 16–20]. The administration of the
AAV9 vector into the cisterna magna of marmosets in this
study was basically similar to studies that used cynomolgus
macaques in terms of global transduction and transduced cell
types, such as spinal motor neurons [16–18], dorsal root gan-
glia [18], and cerebral pyramidal neurons close to the blood
vessels [16, 18, 19]. It is difficult to compare retrograde trans-
port between marmosets and other animals because previous
studies have not described the transduction pathway in detail.
One detectable difference between marmosets and cynomol-
gus macaques is marked GFP expression in the dorsal
column-medial lemniscus pathway (sensory afferents) in mar-
mosets (Fig. 6) but not in cynomolgus macaques. In contrast,
high transduction was observed in the descending ventral
corticospinal tracts in cynomolgus macaques [18].
Transduction of the sensory afferents in marmosets is thought
to occur by the invasion of the medulla oblongata by high
density AAV9 vectors, leading to retrograde axonal transport
through the dorsal column. Therefore, the absence of spinal
cord transduction in cynomolgus macaque may be attributable
to the lower density of AAV9 vectors in the medulla oblongata
due to rapid viral diffusion in the CSF rather than entry into
the medulla.

GFP fluorescence image from the marmoset (H014) treated
with lower titer AAV9 vectors (Fig. 1d) was brighter than that
from the marmoset (H017) treated with higher titer vectors
(Fig. 1f). We postulate that the posture after the viral injection
substantially influenced the viral diffusion in the CSF and
consequent transduction pattern. Indeed, the Trendelenburg
position after viral injection was shown to facilitate spreading
of the vector and significantly increase the transduction effi-
cacy in cynomolgus macaques [17].

Fig. 7 Schematic depicting a possible diffusion route of AAV9 vectors in
the marmoset CNS. a Intracisternally injected AAV9 vectors primarily
expand with the CSF flow (thick orange arrow) and enter into the
paravascular space (PVS) along arteries penetrating into the cerebral tissue.
A portion of the AAV9 particles pass through the astrocytic endfoot gap to
enter the interstitial space and transduce neurons near the penetrating arteries
(thin orange arrow). Some AAV9 vectors enter the interstitial space of the
brainstem close to the injection site, probably due to the high viral density,
and diffuse through the interstitial space to reach the cerebellum (red arrow).
Neurons in the spinal cord are transduced by two different routes: the first is
retrograde transport from axon terminals projecting into the cerebellum
(spinocerebellar tract) and brainstem (cuneate fasciculus) (blue arrow) and
the second is infection by AAV9 vectors diffusing into the subarachnoid
space along the spinal cord (thick orange arrow), leading to the retrograde
transport and transduction of motor neurons and neurons of the dorsal root
ganglia. b Cerebellar parenchymal injection causes diffusion of AAV9
vectors into the interstitial space throughout the cerebellar cortex (red
arrow). Relevant brainstem nuclei are efficiently transduced in a retrograde
fashion (blue arrow). Neurons in the spinal cord are transduced similarly to
those intracisternally injected with AAV9 vectors (i.e., retrograde transport
via axons projecting into the cerebellum (spinocerebellar tract) and
brainstem (cuneate fasciculus) (blue arrow)). The vectors that diffuse
through the subarachnoid space (orange arrow) are re-retrogradely
transported through the axons of motor neurons and dorsal root ganglia.
Color figure online
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Many previous studies used constitutive promoters that
were active in almost all cell types, such as the CMV promoter
and CMVearly enhancer/chicken β actin (CAG) promoter. In
contrast, we used a neuron-specific rSynI-minCMV promoter
and the constitutive MSCV promoter and found that the
rSynI-minCMV promoter had no or very weak promoter ac-
tivity in marmoset Purkinje cell (Fig. 4c–e), although this
promoter exhibited robust promoter activity in mouse
Purkinje cell [21, 30]. Thus, we have to be cautious in choos-
ing promoters (especially cell type-specific promoters) be-
cause they can behave quite differently in monkeys and pre-
sumably in humans compared with rodents.

The present results suggest that intracisternal injection is
suitable for diffuse and global transduction of the CNS,
whereas cerebellar parenchymal injection leads to more limit-
ed and robust transduction of the cerebellar cortex and cere-
bellar efferent neurons. Both administration routes transduced
motor neurons, dorsal root ganglia, the dorsal column medial
lemniscus and spinocerebellar tracts. The former route could
be utilized for gene therapy against diseases affecting broad
b r a i n a r ea s , su ch a s A lzhe ime r ’s d i s e a s e and
mucopolysaccharidosis, whereas the latter route may be of
use for gene therapy against disorders that primarily impair
the cerebellum, the associated brainstem nuclei, and the spinal
cord, such as spinocerebellar degeneration.

Materials and Methods

Marmosets

We used six common marmosets (C. jacchus; three males and
three females) in this study. Marmosets were purchased
through CLEA Japan (Tokyo, Japan) and were bred at the
Gunma University Bioresource Center. The animals were
maintained in rooms under controlled temperature (25 to
27 °C), humidity (40 to 50 %), and light cycle (12 h each of
light and dark) conditions.Water was provided ad libitum, and
40 to 50 g of soaked monkey chow (CMS-1, CLEA Japan)
with vitamin supplementation and fruit, boiled chicken or
milk powder was provided daily. All efforts were made to
minimize suffering and reduce the number of animals used.

Construction of Plasmids and AAV9 Production

We used two expression plasmids (pAAV-MSCV-GFP and
pAAV-rSynI-minCMV-GFP-WPRE) [21] for AAV9 vector pro-
duction. pAAV-MSCV-GFP was generated by subcloning the
MSCV-GFP fragment from pCL20c-MSCV-GFP [43] into
pAAV. The following two primer pairs were used to amplify
the inserts: XhoI-MSCV (forward) 5′-CGACTCGAG
TAACGGGCCCAGCTTCGA-3 ′ /GFP (reverse) 5 ′-
GTTTAAACTCATTACTTGTACAGCTCGTCCATG-3′ and

XhoI - rSyn I ( fo rward ) 5 ′ -ATGCTCTAGACTCG
AGGAAGAGGCTGAATACACATCAGAG-3′/KpnI-WPRE
( r e v e r s e ) 5 ′ -CTAGAGGATCCCCGGGTACCA
TGCGGGGAGGCGGCCCAAA-3′.

The AAV9 vectors were produced as previously described
[44]. Briefly, AAV9 vectors were generated by the cotransfection
of HEK293T cells (Thermo Fisher Scientific, Waltham, MA,
USA) with three plasmids: pHelper (Stratagene, La Jolla, CA,
USA), pAAV2/9 (kindly provided by Dr. J. Wilson), and one of
the two expression plasmids. The viral particles were purified
using ammonium sulfate precipitation and iodixanol continuous
gradient ultracentrifugation as previously described [45]. The
genomic titer of the purified AAV9 vectors (Table 1) was deter-
mined by quantitative real-time PCR (Dice TP800, Takara Bio,
Shiga, Japan) using the THUNDERBIRD SYBR qPCR Mix
(Toyobo, Osaka, Japan) with the following primers: 5′-
C T G T T G GG CA C T GA CAAT T C - 3 ′ a n d 5 ′ -
GAAGGGACGTAGCAGAAGGA-3′ targeting the WPRE se-
quence, or 5′-CACTCCCTTAAGTTTGACCTT-3′ and 5′-
GCCAAGGCTTCCCAGGTC-3′ targeting MSCV.

Viral Vector Injection

AAV9 vectors were injected into the cisterna magna or cerebel-
lar cortex. Marmosets were anesthetized with ketamine (20–
25 mg/kg) and xylazine (1.6–2.0 mg/kg), and anesthesia was
maintained by inhalation of 2.0–2.5 % isoflurane (air flow,
0.5 l/min) in 80–100 % O2. The hair in the occipital region
was shaved prior to the skin incision. A 30-gauge needle at-
tached to a 1-mm syringe was inserted into the cisterna magna
through the dura mater and arachnoid; the needle tip was mon-
itored by radioscopy. We confirmed the entrance of the needle
tip into the subarachnoid space by gentle suction of CSF into
the syringe. Then, the syringe was replaced with a syringe con-
taining the AAV9 vector, and 150 μl (H014) or 200 μl (H017)
of the viral suspension was injected into the cisterna magna.

For viral injection into the cerebellar parenchyma, the marmo-
sets were fixed with a stereotaxic apparatus (SR-6C-HT;
Narishige, Tokyo, Japan). Muscles and ligaments over the occip-
ital bone were carefully pushed aside without cutting to expose
the occipital bone. The bonewas pierced using a 25-gauge needle
(4.0 mm caudal to the torus occipitalis and 3.5–4.0 mm lateral to
the midline). The AAV9 vector was injected bilaterally into the
cerebellar hemispheres (5.0 mm deep from the occipital bone
surface). Fifty microliters of the viral solution was injected unilat-
erally into the hemisphere at a speed of 5 μl/min for 10min using
a 33-gaugeHamilton syringe and amicropump (UltramicroPump
II; World Precision Instrument, Sarasota, FL, USA).

Histological Analysis

The marmosets were deeply anesthetized with a combination
of ketamine, xylazine, and isoflurane and transcardially
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perfused with 1× phosphate-buffered saline (PBS(−)) and a
fixative containing 4 % paraformaldehyde in 0.1 M phosphate
buffer. Native GFP fluorescent images of whole brains were
obtained with a fluorescence stereoscopic microscope (VB-
7010; Keyence, Osaka, Japan). Then, the brains and spinal
cords were cut into 100-μm-thick sections using a Vibrating
Blade Microtome (VT1000; Leica, Wetzlar, Germany). The
eyes were cut into 8-μm-thick sections using the Cryostat
(CM3050; Leica).

Immunohistochemistry

Sections were immunostained for GFP and Nissl bodies or
choline acetyltransferase. Blood vessels in the cerebral cortex
were visualized by immunolabeling for Factor VIII. Floating
brain and spinal cord sections were incubated in blocking
solution (2 % bovine serum albumin, 2 % normal donkey
serum (S30-100 ml; Merck Millipore, Billerica, MA, USA)
and 0.4 % Triton X-100 in 0.1 M phosphate buffer) for 1 day
at 4 °C with the following primary antibodies: rat monoclonal
anti-GFP (1:1000; 04404–84; Nacalai Tesque, Kyoto, Japan),
rabbit polyclonal anti-Factor VIII-related antigen (von
Willebrand factor) (1:2; 220 M; Biomeda, Foster City, CA,
USA), and goat polyclonal anticholine acetyltransferase
(1:100; AB144P; Merck Millipore). The bound primary anti-
bodies were visualized after incubation with Alexa Fluor 488-
conjugated donkey anti-rat IgG (1:1000; Thermo Fisher
Scientific), Alexa Fluor 594-conjugated donkey anti-rabbit
IgG (1:1000; Thermo Fisher Scientific), and Alexa Fluor
568-conjugated donkey anti-goat IgG (1:1000; Thermo
Fisher Scientific) in blocking solution for 2 h at room temper-
ature. After the secondary antibody reaction, Nissl bodies
were stained with NeuroTrace 530/615 (1:200; Thermo
Fisher Scientific) or NeuroTrace 640/660 (1:200; Thermo
Fisher Scientific) in PBS for 1 h at room temperature. The
immunostained sections were mounted in the ProLong Gold
or Diamond antifade reagent (Thermo Fisher Scientific). Low
magnification images of the whole brain and spinal cord sec-
tions were obtained using fluorescence microscopes (BZ-
9000 or BZ-X700, Keyence). High-magnification images
were obtained using a confocal laser scanning microscope
(LSM 5 PASCAL; Carl Zeiss, Oberkochen, Germany).

Stereology

The number and efficiency of GFP-expressing neurons in
various brain regions were analyzed statistically by stere-
ology using Stereo Investigator ver. 11 (Micro Bright
Field Japan, Chiba, Japan). Following intracisternal injec-
tion, a 1-in-20 series (1 section per 2.0 mm) of 17 sections
immunostained for GFP and Nissl bodies (NeuroTrace)
were analyzed. The counting grid was 2500 × 2500 μm,

the counting frame was 35 × 35 μm, and the dissector
height was 30 μm.

For the brains that received a cerebellar parenchymal injec-
tion, the cerebellum and brainstem were analyzed using dif-
ferent counting frames and grid sizes. For the examination of
the cerebellum, the interval was 1.2 mm (1-in-12 series, six
sections), the counting grid was 3500×2500 μm, the counting
frame was 100×100 μm, and the dissector height was 30 μm.
For the examination of the brainstem, the interval was 0.5 mm
(1-in-5 series), the counting grid was 300 × 300 μm, the
counting frame was 35 × 35 μm, and the dissector height
was 30 μm. The inferior olivary nucleus, pontine nuclei, and
vestibular nucleus were examined using five, four, and seven
sections, respectively.

To determine the ratio of GFP-expressing neurons to total
neurons present in the examined brain regions, neurons
double-labeled for GFP and Nissl bodies (NeuroTrace) and
neurons labeled only with NeuroTrace were counted indepen-
dently, and the ratios were calculated. In total, 9788 neurons
were counted for the intracisternal injection, and 13,895, 710,
258, and 830 neurons were counted in the cerebellum, inferior
olivary nucleus, pontine nuclei, and vestibular nucleus, re-
spectively, for the cerebellar parenchymal injection.
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