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Developing a system for widespread somatic gene transfer in the central nervous system (CNS) would be
beneficial for understanding the global influence of exogenous genes on animal models. We injected an
adeno-associated virus serotype 2 (AAV2) vector into the cerebral lateral ventricles at birth and mapped its
distribution and transduction pattern from a promoter capable of expression in multiple targets. The injec-
tions resulted in structure-specific patterns of expression that were maintained for at least 1 year in most
regions, with efficient targeting of some of the major principal neuron layers. The patterns of transduction were
explained by circulation of the viral vector in the subarachnoid space via CSF flow, followed by transduction
of underlying structures, rather than by progenitor cell infection and subsequent migration. This study
demonstrates that gene transfer throughout the CNS can be achieved without germ line transmission and
establishes an experimental strategy for introducing genes to somatic cells in a highly predictable manner.

Widespread somatic gene delivery to the central nervous
system (CNS) is of general interest for genetically modifying
brain cells without the disadvantages of germ line transmission.
Somatic gene delivery eliminates the potential lethality asso-
ciated with expression during the formation and patterning
period of the brain, and it restricts the genetic modifications
only to cells of the CNS without involving other organ systems.

One strategy for widespread gene delivery is to inject viral
vectors directly into the cerebral lateral ventricles and allow
the natural flow of the cerebrospinal fluid (CSF) to deliver the
virus throughout the CNS. However, when injected into the
adult brain, adenovirus, adeno-associated virus serotype 4
(AAV4), or AAV5 vectors have not produced widespread
transduction, due to their high affinity for the ependymal cells
lining the ventricles (4, 13, 25, 34). Using a viral vector that is
not absorbed and sequestered by the ependyma may allow the
virus to gain access to a multitude of locations via the sub-
arachnoid space. This has been tested with AAV2 in the adult
brain, where the pia-arachnoid and hypothalamus became
transduced, which suggests that these vectors are able to gain
entry and circulate within the subarachnoid space (1, 41, 55).
However, the extent of transduction was limited even with the
aid of irradiation (1). The neonatal mouse brain may represent
a window of opportunity for widespread gene transfer, since
ongoing brain remodeling may help establish a substantial
transduction profile along the CNS axis.

In this study, we injected an AAV2 vector into the cerebral
lateral ventricles of mice at birth and used carbocyanine
(CY3)-labeled virions and in situ hybridization as direct
marker assays for vector distribution and expression, respec-
tively. The data showed global delivery of AAV2 via the CSF

and subsequent structure-specific patterns of gene expression
that were sustained for at least 1 year in most structures. The
principal neuron layers of the olfactory bulb, dentate gyrus,
and cerebellar cortex were extensively transduced, demonstrat-
ing a potentially powerful strategy to target these specialized
layers of major output neurons for genetic manipulation. The
reproducibility of the transduction patterns shows that this
experimental strategy can be used to deliver foreign genes
throughout the CNS in a highly predictable manner.

MATERIALS AND METHODS

AAV2 genomic vector construction and packaging. The AAV2 genomic plas-
mid pTR-UF4 (a gift from N. Muzyczka) was modified as follows: the 1.8-kb NSE
promoter was replaced with a 2.6-kb cassette (H�H) that contained the 0.4-kb
human �-glucuronidase (GUSB) promoter immediately upstream of the 2.2-kb
human GUSB cDNA (53). All bacterial transformations were performed in
SURE-2 competent cells (Stratagene). Large-scale plasmid preps of the recom-
binant genome were performed (Maxiprep kit; Qiagen) and later packaged into
AAV2 capsids by the Institute for Human Gene Therapy Vector Core using
previously described methods (18). The virions generated were named AAV2-
H�H and possessed a wild-type genome size of 4.7 kb and a titer of 4.5 � 1012

genome particles/ml, as determined by PCR of the simian virus 40 poly(A)
sequence.

Experimental animals and intraventricular injection of AAV2-H�H. Normal
C3H/HeOuJ mice were purchased from Jackson Laboratory (Bar Harbor,
Maine) and maintained in our breeding colony. On the day of birth, designated
as P0.5, pups were individually anesthetized on ice, and 2 �l of AAV2-H�H was
injected into each lateral ventricle with a finely drawn glass micropipette needle
(47). The viral solution contained 0.05% (wt/vol) trypan blue to help determine
if the ventricles were indeed injected. Only those pups in which the lateral
ventricles were filled with viral solution were analyzed; pups with misplaced
parenchymal injections were not included in this study. All treatment of mice
were approved by, and carried out according to the guidelines of, the Institu-
tional Animal Care and Use Committee.

Preparation of brain. Mice to be sacrificed were deeply anesthetized and
perfused transcardially with 1� PBS, which was followed by ice-cold fixative (4%
paraformaldehyde–0.1 M phosphate buffer, pH, 7.4). Brains were dissected and
refixed overnight at 4°C. Fixed tissues were cryoprotected overnight in 30%
sucrose–0.1 M phosphate buffer at 4°C and placed in embedding medium, which
consisted of 1 part 100% optimal cutting temperature (OCT) compound and 1
part 30% sucrose–0.1 M phosphate buffer. Tissues were frozen in liquid nitrogen-
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cooled isopentane and stored at �80°C until ready for sectioning. Coronal serial
sections were cut to a thickness of 20 �m and mounted on glass slides. Tissues
designated for enzyme histochemistry were stored at �20°C, and those desig-
nated for in situ hybridization were stored at �80°C.

Enzyme histochemistry. Frozen tissue sections were assayed for enzymatic
activity by staining with a naphthol-AS-BI-�-D-glucuronide substrate as reported
(54). The very low levels of endogenous GUSB in the brain of C3H/HeOuJ mice
is not detectable by this assay and can be used to study exogenous GUSB
enzymatic activity. A further advantage of using the human GUSB cDNA is that
the human protein is not heat labile, whereas the murine protein is inactivated
at 65°C. To further ensure that GUSB-positive cells were from the vector, tissue
sections were heat inactivated as reported (10).

In situ hybridization. To detect viral message, nonradioactive in situ hybrid-
ization was done on frozen tissue sections. Full-length human GUSB cDNA was
cloned into Bluescript (Stratagene) and linearized to generate sense and anti-
sense templates for runoff transcription from the cis-acting viral promoters.
Antisense and sense digoxigenin-labeled (Roche) cRNA probes were generated
and analyzed on a formaldehyde gel to verify probe length, and their ability to
react with antidigoxigenin antibody was tested by using a dot blot assay. The in
situ hybridization protocol was similar to that published elsewhere (39), with the
following modifications: tissue sections were digested in proteinase K (10 �g/ml)
for 5 min at 37°C, antisense or sense probes were mixed in hybridization solution
at a concentration of 1 �g/ml and hybridized overnight at 60°C, and the anti-
digoxigenin antibody that is conjugated to alkaline phosphatase (Roche) was
used at a dilution of 1:2,500. Sections from both enzyme histochemistry and in
situ hybridization reactions were mounted in 100% glycerol and photographed by
using Nomarski and light microscopy (Zeiss).

Fluorescent labeling of AAV2-H�H with CY3. The carbocyanine dye CY3 was
covalently linked to the protein coat of AAV2-H�H virions according to the
CyDye-FluoroLink labeling kit protocol (Amersham-Life Sciences) (5, 32). Un-
conjugated dye molecules were separated from labeled virions by dialyzing the
reaction mixture in a dialysis chamber (molecular weight cutoff, 7,000; Slide-a-
Lyser; Pierce) against three changes of 10 mM Tris-HCl (pH 7.5)–150 mM
NaCl–10% glycerol at 4°C over a 24-h period. Purified CY3-labeled virions were
brought up to 20% glycerol and stored at �80°C until ready for use. The
CY3-labeled virions were injected into both lateral ventricles at P0.5, as de-
scribed above. As a control for unlinked CY3 dye molecules, a separate tube
containing saline was mixed with CY3, dialyzed, and injected into both lateral
ventricles. Pups from the experimental and control injections were sacrificed
either 30 min or 20 h later and fixed in toto for 48 h in 4% paraformaldehyde–0.1
M phosphate buffer, pH 7.4. The pups were then cryoprotected, frozen, sec-
tioned, and stored at �20°C as described above. For analysis, sections were
thawed, coverslips were mounted on the sections with a Vectashield-DAPI so-
lution (Vector Laboratories), and the sections were photographed on a confocal
microscope using Texas red and DAPI (4�,6�-diamidino-2-phenylindole) fluores-
cent filters.

RESULTS

The distribution of AAV2 virions after intraventricular in-
jection. The distribution of AAV2 through the brain was de-
termined with virions that were covalently labeled with CY3
fluorescent molecules (CY3-AAV2). CY3-AAV2 was injected
into the cerebral lateral ventricles of newborn mice and ana-
lyzed 30 min and 20 h later. The resultant distribution patterns
were similar at both time points; however, the rostral forebrain
possessed more positive signals at 30 min compared to 20 h,
whereas the caudal forebrain, midbrain, and hindbrain were
more prominently labeled at 20 h. As a control for unlinked
CY3 dye molecules, one litter received intraventricular injec-
tions of saline that went through the CY3 labeling protocol.
These saline-injected neonates did not show fluorescent signals
in any CNS structure, as illustrated by the rostral forebrain.
(Fig. 1A).

Thirty minutes after the administration of CY3-AAV2, the
rostral forebrain was symmetrically labeled along the ventral-
dorsal axis of the midline and along the medial-lateral axis of
the ventral surface (Fig. 1B and C). The strong labeling of cells
was also present in more posterior structures, such as the

hypothalamus and amygdala, in which a striking symmetry of
fluorescent cells was observed in both hemispheres (Fig. 1D).

At twenty hours postinjection (p.i.), CY3-AAV2 was de-
tected in many caudal brain structures. The neocortex was
heavily labeled in both hemispheres, particularly along the
surfaces in direct contact with the subarachnoid space, such as
the quadrigeminal cistern (Fig. 1E). Labeling was also detected
in the midbrain, as demonstrated by a high magnification im-
age of the superior colliculus (Fig. 1F). In general, these high-
magnification images showed fluorescent label in a punctate
pattern which surrounded the DAPI-stained nuclei. These
probably represent clusters of AAV2 virions accumulating in
the perinuclear space, a feature of the normal AAV2 infection
pathway (6). In more-ventral locations of the caudal brain,
fluorescent label was detected along the surface of the para-
subiculum and entorhinal cortex and lateral midbrain (Fig.
1G). High magnification of the entorhinal cortex showed flu-
orescence in cells adjacent to the ambient cistern of the sub-
arachnoid space and within the neuropil (Fig. 1H). In the
hindbrain, abundant fluorescence was detected along the ven-
tral surface of the medulla (Fig. 1I). In addition, CY3-AAV2
was observed in the meninges and in the spaces between the
lobules of the cerebellar cortex (Fig. 1J and K).

Of particular interest was the lack of fluorescent labeling in
the subventricular germinal zone and along the lining of the
cerebral lateral ventricle (Fig. 1L). This was consistent with the
lack of AAV2 vector expression in the ependymal cell layers at
all time points examined (data not shown).

The early AAV2 transduction pattern after intraventricular
injection. The early transduction pattern of the AAV2-H�H
vector, which contains the human GUSB promoter upstream
of the human GUSB cDNA, was analyzed 1 week after intra-
ventricular injections by in situ hybridization (Fig. 2). This time
point was chosen to ensure that the rate-limiting second-strand
synthesis step of the AAV2 vector was completed, thus allow-
ing the viral vector to be fully capable of transcription (16, 17).
Transferred gene expression was measured by comparing the
AAV2-injected mice with control mice that were injected with
saline. In all cases, no cells were in situ-hybridization positive
in the brain of saline-injected mice. Furthermore, no cells were
positive for the riboprobe after the injection of an AAV2
vector that contained a different cDNA directly into the brain
parenchyma (data not shown). This additional control shows
that the presence of AAV2 virions alone does not up-regulate
endogenous mRNA levels.

The pattern of in situ-hybridization-positive cells at 1 week
was similar to the distribution of CY3-AAV2 virions. Trans-
duction was observed along the pial surface in contact with the
subarachnoid space, within superficial layers of the brain pa-
renchyma, and in the meninges (Fig. 2). This indicated that the
AAV2 virions transduced the brain structures underlying the
subarachnoid space following early circulation.

Most transduced brain structures sustained long-term viral
vector expression. The expression pattern from the AAV2-
H�H vector was analyzed at 1, 6, and 12 months p.i. (n � 3 for
all groups). One month was chosen as a time point to investi-
gate the postnatal transduction profile of the AAV2 vector,
since organogenesis and the remodeling period of the CNS are
completed by this time (47). The 6- and 12-month time points
were analyzed to understand the effectiveness of the human
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FIG. 1. CY3-AAV2 fluorescence after intraventricular injection at birth. The distribution of CY3-AAV2 virions was analyzed 30 min (A to D
and L) and 20 h (E to K) after injection into the developing brain. Cells infected with CY3-AAV2 produced a red fluorescent color. Cell nuclei
were visualized with the blue fluorochrome DAPI. Saline-injected mice produced no CY3 fluorescence (A). CY3-AAV2 was observed bilaterally
along the midline (asterisks) of the rostral brain (B). (C) High magnification of panel B at the level of the ventral midline. Symmetrical infection
was also observed in the amygdala and hypothalamus (D) and in the caudal brain (E). Abundant fluorescent signals were concentrated in the
neocortex and meninges, whereas the pineal body, a gland in direct contact with the CSF, was negative for CY3-AAV2 (E). Magnification (�100)
of the superior colliculus (F) and entorhinal cortex (H) demonstrated that the majority of CY3 signals were localized outside the nucleus. CY3
fluorescence was detected along the lining of the ambient cistern (G). CY3-AAV2 was abundant along the surface of the ventral medulla (I) and
circulating in spaces between the lobules of the cerebellar cortex (J and K [arrow]). Fluorescence was observed neither in the cerebral lateral
ventricle nor in the subventricular zone and adjacent brain structures (L). Scale bars: 200 �m (A, B, D, E, G, I, J, and L), 50 �m (C and K), and
20 �m (F and H). Abbreviations: AC, ambient cistern; AM, amygdala; CBL, cerebellar lobules; CP, caudate putamen; EC, entorhinal cortex; HY,
hypothalamus; LV, cerebral lateral ventricle; MN, meninges; MS, lateral midbrain; NX, neocortex; PB, pineal body; PS, parasubiculum; QC,
quadrigeminal cistern; SA, subarachnoid space; SE, septum; SVZ, subventricular zone.
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GUSB promoter to maintain long-term expression. Previous
reports with adult rodent brain injections have demonstrated
that the site and duration of AAV2 vector expression varied in
different structures (28, 38). The human GUSB promoter was

therefore used in this study since this regulatory element
achieved high levels of expression in all tissues of transgenic
mice and in ex vivo gene transfer experiments in the adult
mouse brain (31, 50).

FIG. 2. Analysis of the transduction pattern 1 week after intraventricular injection of P0.5 mice. AAV2-H�H transduction was observed in the
pial surface, brain parenchyma, and meninges of vector-injected (A, C, E, G, I, K, M, O, and Q) but not saline-injected (B, D, F, H, J, L, N, P,
and R) control brains. Robust expression was also detected in the MCL of the main olfactory bulb (O) and in the ventralmost region of the granule
cell layer of the dentate gyrus (Q). This ventralmost region is in direct contact with the CSF via the interpeduncular cistern and may provide an
accessible pathway for AAV2 penetration into the dentate gyrus. Scale bars: 200 �m (A and B), 500 �m(C, D, G, H, I, J, M, N, O, and P), 60 �m
(E, F, Q, and R), and 100 �m (K and L). Abbreviations: IC, inferior colliculus; SC, superior colliculus; TT, tenia tecta. See Fig. 1 legend for other
abbreviations.

VOL. 75, 2001 GLOBAL GENE TRANSFER VIA THE CSF BY AAV2 12385



Intraventricular injections at birth resulted in structure-spe-
cific patterns of gene expression that were highly reproducible
in all infected mice. The expression patterns were based on
how the relative number of in situ-hybridization-positive cells
changed with time within a given structure (Table 1). All pat-
terns were similar in both hemispheres, as demonstrated by
multiple brain structures at the level of the caudal forebrain/
rostral midbrain (Fig. 3A and B). In situ hybridization using
sense riboprobes was done as a negative control on all brain
sections and produced little or no positive signal (Fig. 3C).

Enzyme histochemical reactions showed that functional
GUSB protein was translated from the viral message (Fig. 3B).
The normal C3H mouse contains very low levels of GUSB
activity in the brain, which can be heat inactivated relative to
the human protein (10, 26, 40). Uninjected C3H mice were
always negative for enzyme histochemistry in all brain struc-
tures (Fig. 3D), confirming that the enzymatic activity seen was
not due to endogenous GUSB.

The most-common pattern showed high numbers of trans-
duced cells within a given structure, and these numbers were
sustained for at least 1 year p.i. (Table 1). A typical example of
this transduction pattern is illustrated by the inferior colliculus.
Numerous in situ-hybridization and enzyme-positive cells were
evenly distributed in both hemispheres at 1 month p.i. (Fig. 3E
and F). Although there was a small decrease in the number of
positive cells with time, a substantial number of cells remained
positive at 6 (Fig. 3G and H) and 12 months (Fig. 3I and J).

A group of brain structures showed low transduction, which
did not increase with time (Table 1). All brain structures that
possessed low transduction, such as the caudate putamen and
septum, contained very little CY3 fluorescence shortly after
injection, indicating that AAV2 did not gain access to these
structures via the CSF. This was also supported by results of

direct injections of AAV2-H�H into these structures in the
adult mouse brain, where high levels of expression occurred
(data not shown).

Expression in the neocortex and hippocampus decrease with
time. A distinct pattern of expression was observed in the
neocortex and in the dentate gyrus of the hippocampal forma-
tion. In both structures, high numbers of in situ-hybridization-
positive cells were detected at 1 month but were not sustained
over time (Table 1).

In the neocortex, the temporal pattern of expression involved
the transduction of cells at 1 month p.i. (Fig. 4A), followed by a
substantial decrease in the number of in situ-hybridization-
positive cells at 6 months (Fig. 4B), which then remained
constant at 12 months (Fig. 4C). At all time points, positive
cells were found scattered in all layers of the neocortex, with
the most-numerous cells being detected in layers II to V. In
general, transduced cells were more numerous in the neocortex of
the caudal forebrain compared to that of the rostral forebrain.
This corresponds to the distribution of the viral vector after
injection, in which CY3-fluorescent signals were present in
greater concentration in the caudal areas of the neocortex.

In the hippocampus, abundant cells were positive for AAV2
vector expression in the granule cell layer (GCL) of the den-
tate gyrus at 1 month p.i. (Fig. 4D and E). However, transduc-
tion was restricted to the outer tier of the GCL, on the side
directly adjacent to the molecular layer. A decline in the num-
ber of positive cells was apparent by 6 months (Fig. 4F and G),
which further decreased at 12 months (Fig. 4H and I).

Transduction of principal neuron layers. Extensive trans-
duction occurred in the principal neuron layers of the dentate
gyrus, olfactory bulb, and cerebellar cortex. Principal neurons,
also known as relay or projection neurons, receive synaptic
input from multiple sources and then convey that information

TABLE 1. Summary of distinct and reproducible patterns of transduction in structures of the CNS following
intraventricular injection of AAV2-H�H

Pattern Structure
Expressiona at mo:

1 6 12

High initial transduction, sustained expression Amygdala ��� ��� ��
Dorsal and ventral horns, SC �� �� ��
Hypothalamus ��� ��� ��
Inferior colliculus ���� ��� ���
Medulla oblongata ��� ��� ���
Mitral cell layer, OB ���� ���� ���
Olfactory tubercle ��� ��� ��
Parasubiculum ��� ��� ���
Purkinje cell layer, CB ��� ��� ��
Subiculum �� �� ��
Superior colliculus ��� ��� ���

Low initial transduction, sustained expression CA1/CA3 pyramidal layers, HP � � �
Caudate putamen � � �
Geniculate � � �
Inner tier, granule cell layer, DG � � �
Interneuron layers, OB � � �
Septum � � �
Substantia nigra � � �

High initial transduction, decreased expression Neocortex ��� � �
Outer tier, granule cell layer, DG ���� ��� �

a Expression based on the number of in situ-hybridization-positive cells in one hemisphere. Symbols: ����, 201 cells or more; ���, 101 to 200 cells; ��, 31 to
100 cells; �, 10 to 30 cells; �, 1 to 9 cells; �, no cells. Abbreviations: CB, cerebellum; DG, dentate gyrus; HP, hippocampus; OB, olfactory bulb; SC, spinal cord.
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to other brain centers through interregional pathways that
typically involve long axon projections (45). The principal neu-
rons of the dentate gyrus, olfactory bulb, and cerebellar cortex
are present in specific layers that are distinct and separate from
the surrounding interneuronal and plexiform layers.

In the dentate gyrus, the principal neurons are granule cells,
which send axons to CA3 pyramidal cells of the hippocampus.
At birth, the outer tier of the GCL contains a population of
mature granule cells, whereas the inner tier is composed of
immature granule cells and dividing progenitors (11, 14, 42).
The restriction of gene expression to the outer but not the
inner tier indicated that selective targeting of principal neurons
occurred after vector administration (Fig. 4E, G, and I). If
dividing progenitor cells had been transduced at birth, AAV2
vector expression would be expected to be detected in the
inner tier of the GCL due to the ongoing addition of granule
cells that occurs in the adult rodent (2, 7, 20, 43).

In the olfactory bulb, the principal neurons are mitral cells,
which send long axonal projections via the lateral olfactory
tract to the paleocortex. An extensive pattern of transduction
was observed in the mitral cell layer (MCL) at all time points
examined (Fig. 5A to E). High magnification of the MCL
showed that the positive label was restricted primarily to large
cell bodies, which contained dendrites that extended into the
external plexiform layer, a hallmark feature of mitral cell mor-
phology (45) (Fig. 5D). Nearly all of the large cell bodies in this
layer were positive by in situ hybridization, while the small,
unlabeled cell bodies adjacent to the inner plexiform layer
were displaced granule interneurons (8) (Fig. 5E). Analysis of
a 6-month-old transgenic adult mouse, which expresses the
human GUSB gene from the human GUSB promoter on a null
background (31), showed in situ-hybridization-positive signals
in all cell layers of the olfactory bulb (Fig. 5F). This demon-
strated that the human GUSB promoter is capable of expres-

FIG. 3. Symmetrical and sustained expression from AAV2-H�H following intraventricular injections at birth as shown by in situ hybridization
(A, C, E, G, and I) and enzyme histochemistry (B, F, H, and J). Symmetrical pattern of positive cells at the level of the caudal forebrain-rostral
midbrain at 1 month p.i. (A and B). The relative positions between the interpeduncular cistern (arrow) and ventral dentate gyrus (arrowhead) are
shown. The dentate gyrus of injected brain was negative with a sense riboprobe (C). The dentate gyrus of normal, uninjected C3H mice does not
produce detectable levels of enzyme activity (D). (E to J) AAV2 vector expression in the inferior colliculus. Numerous cells were positive for
human GUSB at 1 (E and F), 6 (G and H), and 12 (I and J) months p.i. Scale bars: 1.25 mm (A and B), 250 �m (C and D), and 500 �m (E to
J). Abbreviations: DG, dentate gyrus; SC, superior colliculus. See Fig. 1 legend for other abbreviations.
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sion in all cell layers, indicating that the AAV2 vector specif-
ically transduced mitral cells.

In the cortex of the cerebellum, the principal neurons are
Purkinje cells, which send axons to the deep cerebellar nuclei.
In situ-hybridization-positive signals were present in the Pur-
kinje cell layer of all lobules, with the most-numerous positive
cells being located in the lobule directly adjacent to the fourth
ventricle (Fig. 5G). High magnification images showed that
nearly all of the positive signals were located in a single row of
cells that extended dendrites into the molecular layer (Fig.
5H). The morphology and position within in the lobules clearly
demonstrated that these were Purkinje cells.

Transduction of other principal neurons, identified by the
morphology of their somas, also occurred. Neocortical pyra-
midal cells (Fig. 5I) and spinal cord motoneurons in the ventral
horn (Fig. 5J) were consistently positive for in situ hybridiza-
tion and enzymatic activity.

DISCUSSION

The AAV2 transduction patterns we observed after intra-
ventricular injection of neonates, when the brain is undergoing
significant remodeling, were unexpectedly widespread and
have important implications for neuroscience and gene therapy

experiments. Understanding the properties of AAV2 with this
experimental strategy is critical to using them effectively as
somatic gene transfer tools. This will be of general interest to
those who want to achieve widespread genetic modification of
cells without the disadvantages associated with transgenic an-
imals.

A desirable feature of AAV vectors is that all the viral
coding sequences are removed when engineering the recom-
binant genome, thereby limiting the extent of the cell toxicity
and immune response that are often associated with viral gene
expression (56). The efficient transduction of postmitotic cells
by AAV make it an excellent vector to deliver genes to the
CNS. In parenchymal injections, AAV2 vectors remain rela-
tively confined to the injection site and show a substantial
preference for transducing neurons over glia, which are due to
the high abundance of heparan sulfate proteoglycans found on
neuronal surfaces (5, 24, 37, 46). AAV2 binds heparan sulfate
proteoglycans with high affinity and utilizes these molecules as
a primary attachment receptor in cells (6, 49).

Although confinement of AAV2 vectors to the injection site
is beneficial for localized gene delivery, widespread distribu-
tion of the viral vector would be desirable in experiments
aimed at understanding the global influence of transferred
genes on experimental and disease models. One potential

FIG. 4. Decreased expression with time in the neocortex and dentate gyrus. Shown is AAV2-H�H expression in the neocortex (A to C) and
dentate gyrus (D to I). The number of in situ-hybridization-positive cells in the neocortex at 1 month (A) was substantially greater than that at
6 (B) and 12 (C) months p.i. Abundant expression was detected in the GCL at 1 month p.i. (D and E), followed by a continual decrease in
expression at 6 (F and G) and 12 (H and I) months p.i. Viral vector expression was confined to the outer tier of the GCL in all time points. Scale
bars: 500 �m (A to D, F, and H) and 50 �m (E, G, and I). Abbreviations: HL, hilus; IT, inner tier of the GCL; ML, molecular layer of the dentate
gyrus; OT, outer tier of the GCL.
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strategy for widespread gene delivery is to inject AAV2 directly
into the cerebral lateral ventricles and allow the CSF stream to
deliver the viral vector throughout the CNS. However, intra-
ventricular injections into the adult brain with AAV2 results in

limited CNS transduction in rodents (1, 13, 41, 55). The ma-
jority of transduced cells are restricted to CNS epithelial struc-
tures, particularly to the pia-arachnoid and leptomeninges (1,
41). PCR analysis for the AAV2 vector genome has shown that

FIG. 5. Transduction of principal neuron layers as shown by in situ hybridization (A, C, E, F, and G) and enzyme histochemistry (B, D, and
H to J). AAV2-H�H expression was detected throughout the MCL at 1 (A and B) and 12 (C, D, and E) months p.i. In addition, a small number
of positive cells were scattered in the granule and glomerular layers (A to C). (F) An uninjected transgenic mouse showed that expression of the
human GUSB promoter was not restricted to mitral cells. (G) Expression in the medulla oblongata (lower part of panel) and Purkinje cell layer
of the cerebellar cortex at 1 month p.i. (H) Purkinje cell morphology was evident with enzyme histochemistry at 12 months p.i. (I) In the motor
cortex at 6 months p.i., many enzyme-positive cells possessed pear-shaped somas, characteristic of pyramidal cell morphology. (J) The ventral horn
at 12 months p.i. showed an enzyme-labeled neuron in a field of unlabeled neurons. Scale bars: 500 �m (A to C, F, and G) and 50 �m (D, E, and
H to J). Abbreviations: EPL, external plexiform layer; GLO, olfactory granule cell layer; GRO, olfactory glomerular cell layer; IPL, inner plexiform
layer; ML, molecular layer of the cerebellum; PCB, Purkinje cell bodies; PCD, Purkinje cell dendrites.
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the hypothalamus is transduced following adult intraventricu-
lar injection, but the medulla oblongata, neocortex, and cere-
bellum are not (55). This differs considerably from our study,
in which all of these structures and many others are extensively
transduced, indicating that penetration of AAV2 vectors into
the brain parenchyma is a substantially more efficient process
in the neonate compared to the adult.

One mechanism by which viral vectors have been shown to
gain access to multiple structures in the developing brain is by
infecting progenitor cells of the subventricular germinal zones,
followed by expansion and subsequent migration of transduced
cells through the brain parenchyma. Intraventricular injections
with retroviruses in the developing brain resulted in neocorti-
cal expression that was generated and mediated by a progen-
itor cell infection step (51, 52). Furthermore, transplantation
of engineered neural progenitor cells results in engraftment of
germinal zones and migration of donor-derived cells in the
CNS (29, 33, 47).

Our data demonstrate that distribution of AAV2 differs
from retroviruses and neural cell transplants. When adminis-
tered at birth, AAV2 does not undergo substantial diffusion
into the subventricular germinal zones, but rather circulates
through the subarachnoid space. This is supported by at least
two lines of evidence. Firstly, CY3 fluorescence and the 1 week
in situ hybridization, which showed the early p.i. distribution
and transduction patterns, were not detected in subventricular
germinal zones. Instead, positive cells were observed in the
meninges, along the pial surface directly contacting the sub-
arachnoid space, and within superficial locations of the brain
parenchyma. Secondly, the transduction pattern observed in
the MCL of the olfactory bulb is not consistent with delivery by
the rostral migratory stream. If diffusion and subsequent trans-
duction of progenitor cells in the anterior subventricular zone
had occurred, it would be expected to result in vector expres-
sion being present in granule and periglomerular neurons, two
cell types born postnatally (3, 36). Previous work demonstrated
that adenovirus and retrovirus vectors are localized predomi-
nately to these two classes of interneurons following anterior
subventricular zone injections in adult and neonatal rodents
(36, 57). Neural progenitor cell transplantation studies have
also shown that exogenous cells migrate down the rostral mi-
gratory stream and differentiate into granule and periglomeru-
lar cells, but not into mitral cells (35).

Of particular interest is the extent of transduction that oc-
curred in the mitral cells of the olfactory bulb. The lack of CY3
fluorescence along the pial surface and olfactory ventricle of
the main olfactory bulb suggests that the AAV2 vector did not
gain access to the mitral cell bodies by the CSF. One potential
explanation is that the AAV2 transduced mitral cells at distant
locations and moved by retrograde transport through the lat-
eral olfactory tract. All mitral cells are born by embryonic day
17 in rodents and send projections to the paleocortex, a region
of the ventral forebrain that includes the olfactory tubercle,
piriform and entorhinal cortexes, and amygdala (8, 23, 45).
Abundant CY3-AAV2 virions and in situ-hybridization-posi-
tive cells were detected in the paleocortex. A mechanism of
infection at the distal end of the nerve, followed by retrograde
transport to mitral cell bodies would explain the observed
expression pattern in the olfactory bulb. Although retrograde
transport does not appear to be a general property of AAV2

vectors, a recent report showed that axonal transport occurs in
the Purkinje cells of the cerebellum after injection of the viral
vector into the deep cerebellar nuclei of adult mice (27). Since
Purkinje cells are a type of principal neuron, that experiment
taken with our data suggest that axonal transport of AAV2
vectors may be a property of principal neurons.

In the majority of transduced structures, expression at 1
month p.i. was maintained at 6 and 12 months, demonstrating
the effectiveness of the human GUSB promoter to support
long-term expression in a wide variety of CNS structures. How-
ever, two structures showed a substantial decrease in the num-
ber of in situ-hybridization-positive cells over time. The grad-
ual loss of positive cells in the dentate gyrus is consistent with
the progressive cell turnover that occurs in the GCL through-
out the life span of the adult rodent (7, 22). In contrast, the
decline of vector gene expression in the neocortex between 1
and 6 months may be due to suppression of promoter activity
rather than cell loss, since developmental pruning of neurons
in the neocortex is completed by 1 month.

In some inherited neurodegenerative diseases, notably the
lysosomal storage disorders, it is possible to treat the brain by
transducing a limited number of cells and relying on export of
the therapeutic protein for uptake by cells in distal structures.
This has been clearly demonstrated by a number of laborato-
ries using GUSB in the mucopolysaccharidosis type VII mouse
brain (9, 12, 15, 19, 21, 30, 44, 46–48, 50). The widespread
distribution of GUSB activity seen in the present study is well
above the amount previously proven to be therapeutic for the
mucopolysaccharidosis type VII mouse brain. For other inher-
ited diseases that affect the entire CNS, it will be important to
deliver the gene itself to a global population of cells, since most
neurodegenerative diseases do not involve secretory proteins.
Although our experiments show that a gene can be transferred
widely in the brain, not all neurons were transduced, which
may limit the therapeutic efficacy for some disorders.

Future studies should be conducted to understand the post-
partum time frame in which AAV2 is able generate this exten-
sive transduction pattern. Defining the temporal window of
opportunity for widespread gene delivery, before the brain
adopts the more limited adult pattern, would be relevant for
designing both functional and treatment strategies.

Introducing viral vectors into the cerebral lateral ventricles
at birth is a relatively easy and effective alternative to multiple
parenchymal injections for achieving widespread gene delivery.
The global targeting and transduction of the CNS reported in
this study resulted in very robust expression compared to pre-
vious adult and neonatal intraventricular injections, in which
transduction with a variety of viral vectors was limited (1, 13,
51, 52, 55). The human GUSB promoter demonstrated the
ability of the AAV2 vector to function in multiple brain struc-
tures. It may also be possible to express foreign genes in spe-
cific target structures by using cell type-specific promoters. The
reproducibility of the structure-specific patterns of gene ex-
pression and efficient transduction of principal neuron layers
allow this experimental strategy to be used in a predictable
manner. The defined strategy of genetic modifications of so-
matic cells reported in this study should have wide applicability
for manipulations in the CNS.
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