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We compared the transduction efficiencies and tropisms of titer-matched recombinant adeno-associated
viruses (rAAYV) derived from serotypes 2 and 5 (rAAV-2 and rAAV-5, respectively) within the rat nigrostriatal
system. The two serotypes (expressing enhanced green fluorescent protein [EGFP]) were delivered by stereo-
taxic surgery into the same animals but different hemispheres of the striatum (STR), the substantia nigra (SN),
or the medial forebrain bundle (MFB). While both serotypes transduced neurons effectively within the STR,
rAAV-5 resulted in a much larger EGFP-expressing area than did rAAV-2. However, neurons transduced with
rAAV-2 vectors expressed higher levels of EGFP. Consistent with this result, EGFP-positive projections
emanating from transduced striatal neurons covered a larger area of the SN pars reticulata (SNr) after striatal
delivery of rAAV-5, but EGFP levels in fibers of the SNr were higher after striatal injection of rAAV-2. We also
compared the potentials of the two vectors for retrograde transduction and found that striatal delivery of
rAAV-5 resulted in significantly more transduced dopaminergic cell bodies within the SN pars compacta and
ventral tegmental area. Similarly, EGFP-transduced striatal neurons were detected only after nigral delivery
of rAAV-5. Furthermore, we demonstrate that after striatal AAV-5 vector delivery, the transduction profiles
were stable for as long as 9 months. Finally, although we did not target the hippocampus directly, efficient and
widespread transduction of hippocampal neurons was observed after delivery of rAAV-5, but not rAAV-2, into

the MFB.

With the exception of rare inherited mutations in specific
genes that segregate with familial forms of Parkinson’s disease
(PD) (24, 29, 30, 42), the molecular causes of PD remain
unknown. Pathologically, PD is caused by the progressive de-
generation of the dopaminergic neurons in the substantia nigra
pars compacta (SNc), which is accompanied by a correspond-
ing decline of the neurotransmitter dopamine in the striatum
(STR). As a consequence, PD patients present with resting
tremor, bradykinesia, rigidity, and postural instability. Dopa-
mine replacement therapy using L-dopa is the most frequent
treatment for PD, but its beneficial effects wear off over time
and severe side effects often occur. Surgical treatments such as
pallidotomy, thalamotomy, or deep brain stimulation as well as
cell transplantation therapies ameliorate some of the symp-
toms but do not inhibit ongoing neurodegeneration. With in-
creasing knowledge about molecular mechanisms of neuron
death (19), gene therapy may offer the potential to interfere
with the pathophysiological mechanisms causing cell death in
PD. Previous gene therapy studies in rodent and nonhuman
primate models of PD assessed the protective potential of
neurotrophic, antiapoptotic, antioxidative, and dopamine-re-
storative genes delivered by recombinant adenovirus (rAV)
(8), lentivirus (28), herpes simplex virus (13), adeno-associated
virus (rAAV) (22), or hybrid viral (9) vectors. Besides the
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choice of the viral vector and the gene delivered, an important
aspect for the success of these studies has been the design of
transgene cassettes optimized for sustained and high-level
gene expression in the brain (39).

rAAYV vectors have gained much attention due to their abil-
ity to mediate efficient transduction of dividing and nondivid-
ing cells and to support long-term gene expression in the ab-
sence of toxicity. Over the last decade, rAAYV vectors derived
predominantly from serotype 2 (rAAV-2) were generated and
investigated in vivo. The recent discovery of human and non-
human AAVs distinct from serotype 2 (serotypes 1 and 3 to 8)
and the cloning of their genomes have enabled scientists to
generate pseudotyped rAAV vectors and to increase the po-
tency of rAAV-2 vector-based gene therapy approaches (6, 7,
16, 45, 52). Notably, the newly identified serotypes were able to
extend the tropism and to exceed the in vivo transduction
efficiency of rAAV-2 vectors by several orders of magnitude in
organs such as the lung (53) and the liver (18) and in skeletal
muscles (5). Until now, only a limited number of gene transfer
studies within the central nervous system have been carried out
with non-serotype-2 rAAYV vectors. Transduction patterns dis-
tinct from those of rAAV-2 vectors were observed in the ro-
dent brain after intraventricular (rAAV-1, -4, and -5) (11, 38),
striatal (rAAV-1, -4, and -5) (10, 11, 32, 51), cerebellar
(rAAV-5) (1), and hippocampal (tAAV-5) (26, 35, 37) deliv-
ery. However, no data regarding the transduction profile of
rAAV-5 vectors within the entire nigrostriatal system were
reported. Therefore, we set out to compare titer-matched
rAAV-2 and rAAV-5 vectors in the same animals for their
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abilities to transduce the rat nigrostriatal system. Viruses were
delivered into the substantia nigra (SN), the STR, or the me-
dial forebrain bundle (MFB) (the fiber bundle emanating from
the SN and projecting into the STR). In each case, expression
of enhanced green fluorescent protein (EGFP) was investi-
gated locally in cell bodies at the site of injection, in fibers of
transduced neurons (anterograde transport of gene product)
projecting to other brain areas, and in neuronal cell bodies that
send axons to distantly transduced neurons (retrograde trans-
duction).

MATERIALS AND METHODS

Plasmid constructions. The rAAV-2 vector pAAV-2-CBA-WPRE was con-
structed by insertion of the Klenow polymerase-filled, 1,723-bp EcoRI CBA
promoter fragment derived from plasmid pCBA-GFP-WPRE (25) between the
Klenow fragment-filled EcoRI and Nhel sites of psub-CMV-WPRE (40). Sub-
sequently, the Hpal/Smal EGFP fragment from pEGFP-N1 (Clontech, Palo
Alto, Calif.) was inserted into the PmlI site of pAAV-2-CBA-WPRE to generate
PAAV-2-CBA-EGFP-WPRE. To construct the rAAV-5 vector pAAV-5-CBA-
EGFP-WPRE, the entire CMV-EGFP-WPRE expression cassette of plasmid
PAAVS.1-EGFP (3) (from James Wilson) was removed by Nhel and Sphl
digestion. Subsequently, the blunted Kpnl/SphI CBA-EGFP-WPRE expression
cassette (lacking AAV-2 inverted terminal repeats [ITRs]) from pAAV-2-CBA-
EGFP-WPRE was ligated between the blunted Nhel and Sphl sites of pAAVS.1-
EGFP such that the CBA-EGFP-WPRE expression cassette was flanked by the
AAV-5 ITRs of pAAVS5.1-EGFP.

Production, purification, and titration of AAV vector. rAAV-2 vectors were
produced by the calcium phosphate precipitation method. Approximately 1.2 - 10
293T cells (containing the AV genomic regions E1A and E1B) were cotrans-
fected with the rAAV-2 vector plasmid pAAV-2-CBA-EGFP-WPRE and the
hybrid AV/AAV helper plasmid pDG (17) (from Juergen Kleinschmidt) at a
molar ratio of 1:1. pDG provides in frans the helper functions of the AV-5
genomic regions VA, E2A, and E4, as well as the replication and encapsidation
functions of the AAV-2 rep and cap genes, but the endogenous AAV-2 p5
promoter has been replaced by the mouse mammary tumor virus long terminal
repeat promoter.

To produce rAAV-5 particles, 293T cells were cotransfected with the rAAV-5
vector pAAV-5-CBA-EGFP-WPRE, the AAV-5 packaging plasmid pack5.1 (3),
and the AV helper plasmid pAdAF6 (54) (the latter two from James Wilson).
pack5.1 provides in frans the packaging and encapsidation functions of the
AAV-5 rep and cap genes, and pAdAF6 provides in trans the necessary AV
helper functions as described for pDG.

Cells were collected by centrifugation 48 to 72 h after transfection, resus-
pended in 150 mM NaCl-50 mM Tris-HCI (pH 8.5), and lysed by three cycles of
freeze-thawing. After a 30-min incubation at 37°C with 50 U of benzonase/ml,
the lysates were cleared by centrifugation and purified by iodixanol gradient
ultracentrifugation as described elsewhere (55). rAAV-2 vectors were further
purified by heparin affinity chromatography as described elsewhere (55). Peak
virus fractions were pooled, dialyzed three times for 2 h at room temperature
against phosphate-buffered saline (PBS)-1 mM MgCl,, and sterile-filtered by
using Millex GV, filter units (Millipore, Bedford, Mass.). rAAV-5 vectors were
concentrated by centrifugation through Centricon Plus 20 columns (Biomax100
membrane; Millipore) that had been preincubated overnight at 4°C with PBS-1
mM MgCl,-2.5 mM KCI-2% (vol/vol) rat serum. The columns were rinsed twice
with PBS-1 mM MgCl,-2.5 mM KCl before the virus-containing iodixanol frac-
tion was applied. Physical titers (in vector genomes [vg] per milliliter) of purified
vector stocks were determined by slot blot hybridization using a [3*P]dCTP-
labeled EGFP probe fragment, and signals were quantified in the Phosphor-
Imager by using ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).

Animals and surgery. Eight-week-old male Sprague-Dawley rats (291 * 18 g)
were anesthesized by intraperitoneal injection of pentobarbital sodium (Nem-
butal; 50 mg/kg of body weight) (Abbott Laboratories, North Chicago, Ill.) and
placed in a stereotactic frame (Kopf Instruments, Tujunga, Calif.). rAAV-2 and
rAAV-5 vectors encoding EGFP were adjusted to 8 - 10! vg/ml and injected into
separate hemispheres of the same animal. Each brain site (STR, SN, MFB) and
hemisphere was injected at two positions with 2 pl of rAAV at a speed of 0.5
pl/min at symmetrical coordinates through a 26-gauge cannula by using a sp2001
precision pump (World Precision Instruments, Sarasota, Fla.). For the short-
term expression study (28 days), injections were done at the following stereotaxic
coordinates (41): for the SN, —5.3 mm (anterior-posterior [AP]), 1.8 mm/*2.5
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mm (medial-lateral [ML]), and —7.7 mm/—7.3 mm (dorsal-ventral [DV]) (six
animals for each vector serotype); for the MFB, —2.8 mm/—3.3 mm (AP), =1.5
mm (ML), and —8.5 mm (DV) (six animals for each vector serotype); for the
STR, £0.5 mm (AP), 2.1 mm/*=2.9 mm (ML), and —6.5 mm (DV) (six animals
for each vector serotype). For the long-term expression study (9 months), two
Sprague-Dawley rats (340 and 370 g) each received an injection of 5 pl of
rAAV-5 (2 - 10" vg/ml) at two of the following stereotaxic coordinates in the
STR of the right hemisphere: AP, 0.5 mm; ML, +2.5 mm/+3.3 mm; DV, —5.0
mm. Seven Sprague-Dawley rats (342 *+ 54 g) each received injections of 1 pl of
colchicine solution (20 mg/ml, dissolved in double-distilled H,O; Sigma, Buchs,
Switzerland) at two locations in the MFB of the left hemisphere at the same
stereotaxic coordinates as those described for the rAAV-5 injections. Fifteen
minutes later, the colchicine injections were followed by rAAV-5. One rat re-
ceived colchicine only in order to assess the effect of the drug on the integrity of
the nigrostriatal pathway. Colchicine and rAAV-5 were delivered by using inde-
pendent sets of cannulae and tubings.

Histology and microscopy. Animals were anesthesized and decapitated 28 days
or 9 months after rAAV injection. Brains were removed, incubated for 2 days at
4°C in 4% paraformaldehyde-PBS, and dehydrated for at least 2 days at 4°C in
30% sucrose-PBS. Consecutive 20-pm-thick coronal cryosections between AP
+1.8 mm and —6.3 mm (relative to bregma) were prepared. Sections were
incubated for 5 min in 3% H,0,-10% methanol-PBS to quench endogeneous
peroxidase activity and were blocked for 1 h at room temperature in 0.3% Triton
X-100-5% horse serum-0.2% bovine serum albumin-Tris-buffered saline. Sec-
tions were incubated overnight at 4°C with the primary antibody in 0.15% Triton
X-100-2% horse serum-0.2% bovine serum albumin-Tris-buffered saline,
washed, and incubated for 1 to 2 h in the same buffer with a Cy3-conjugated
secondary antibody. The following antibodies and dilutions were used: polyclonal
sheep anti-tyrosine hydroxylase (anti-TH) (dilution, 1:1,000; Pel-Freez Biologi-
cals, Rogers, Ark.), monoclonal mouse anti-glial fibrillary acidic protein (anti-
GFAP; dilution, 1:1,000; PharMingen, San Diego, Calif.), monoclonal mouse
anti-glutamic acid decarboxylase (anti-GAD; dilution, 1:1,000; used in the short-
term expression study; Chemicon, Temecula, Calif.), polyclonal rabbit anti-
GADG65 (dilution, 1:1,000; used in the long-term expression study; Chemicon),
monoclonal mouse anti-neuronal nuclei (anti-NeuN; dilution, 1:600; Chemicon),
a Cy3-conjugated donkey anti-sheep antibody (dilution, 1:1,200; Milan Analytica,
La Roche, Switzerland), and a Cy3-conjugated donkey anti-rabbit antibody (di-
lution, 1:1,200; Milan Analytica). Fluorochromes were detected by using a mi-
croscope (Leica, Mannheim, Germany) equipped with a mercury high-pressure
light device and appropriate filters. Sets of images were captured under identical
conditions with an AxioCam color charge-coupled device camera and Axio-
Vision 3.0 software (both from Carl Zeiss, Feldbach, Switzerland). Photoshop 6.0
software (Adobe, San Jose, Calif.) was used to process sets of images under
identical conditions.

Statistical analysis. Statistical analysis was performed using the Mann-Whit-
ney U test. A U value of =0.01 was considered significant. Results are presented
as the mean * 1 standard deviation.

RESULTS

Transduction of the nigrostriatal pathway after vector de-
livery into the STR. (i) STR. Both rAAYV serotypes mediated
efficient EGFP expression in the injected STR (Fig. 1). Con-
focal microscopy revealed that the majority of cells transduced
within the STR by both serotypes were NeuN-positive cells
(insets in Fig. 1C and H). GFAP levels were unaltered with
both serotypes relative to those in animals injected with buffer
only (data not shown). Sections selected in the rostral part of
the STR (around the bregma + 1.6 mm) in five different
animals showed weak (Fig. 1B) to intense (Fig. 1A and C to E),
but always localized, EGFP expression after rAAV-2 delivery.
In contrast, the contralateral rAAV-5-injected STR contained
EGFP-positive cells distributed over a much larger area (Fig.
1F to J). Neither of the two serotypes transduced NeuN-pos-
itive cell bodies in the more caudal part (around the bregma —
2.3 mm) of the caudate putamen (Fig. 1K to T). However, in
the same sections, both serotypes transduced cells located
within the globus pallidus (GP) and produced a network of
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rostral at bregma + 1.6 mm
rAAV-2-CBA-EGFP-WPRE rAAV-5-CBA-EGFP-WPRE

J. VIROL.

caudal at bregma — 2.3 mm
rAAV-2-CBA-EGFP-WPRE rAAV-5-CBA-EGFP-WPRE

Regdell - 0 NT IS 5

EGFP + NeuN

FIG. 1. EGFP expression in the STR after striatal injection of rAAV-2 and rAAV-5. Coronal sections of the STR were analyzed for expression
of EGFP (green) and NeuN (red) 28 days after virus injections. Representative two-color (merged) images from five animals are shown. (A to E)
Within the rostral part of the STR, rAAV-2-mediated EGFP expression was locally restricted around the needle tract. CPu, caudate putamen. (F
to J) In contrast, rAAV-5-mediated EGFP expression was widespread. (C and H insets) Confocal microscopy revealed that the majority of cells
transduced within the STR by both serotypes were NeuN positive. Bars for insets, 25 wm. (K to T) Within the caudal part of the STR, EGFP
expression was restricted to fibers (both serotypes) and a few positive cells (rAAV-2 [K to O]) in the GP. rAAV-5 transduced more cells within
and outside of the GP (e.g., nucleus thalamus [NT; arrowheads in panels P to T]). Bar for panels, 500 pwm.

strongly EGFP-positive fibers, indicative of anterograde trans-
port of EGFP within transduced striatal neurons projecting to
the SN (Fig. 1K to T). While only a few NeuN and EGFP
double-positive cell bodies were detected within the GP after
rAAV-2 injections (Fig. 1K to O), significantly more cells were
found in the rAAV-5-injected hemisphere (Fig. 1P to T). Fur-

thermore, only rAAV-5 vectors transduced NeuN-positive cell
bodies located outside the nigrostriatal pathway (e.g., nucleus
thalamicus [Fig. 1P to TJ).

(i) SN. The relationship between the striatal afferents and
the lamellar organization of the rat SN pars reticulata (SNr)
(12) is reflected by the EGFP expression pattern depicted in
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rAAV-2-CBA-EGFP-WPRE

rAAV-5-CBA-EGFP-WPRE

EGFP + TH

EGFP+ GAD

FIG. 2. EGFP expression in the SN after striatal injection of
rAAV-2 and rAAV-5. Coronal sections of the SN were analyzed for
expression of EGFP (green), TH (red), and GAD (red). Representa-
tive two-color (merged) images from one animal are shown. GAD-
positive EGFP-expressing fibers emerging from rAAV-5-transduced
striatal neurons were detected throughout the SNr (B and D). Fewer
EGFP-expressing fibers, located mainly in the medial part of the SN,
were observed after striatal injection of rAAV-2 (A and C). These
observations are in accordance with the lamellar organization of the
SNr (12). Many dopaminergic (TH-positive) neurons in the SNc ex-
pressed EGFP after striatal rAAV-5 injection (B and D, arrowheads),
whereas only a few such cells were found after striatal rAAV-2 delivery
(A and C, arrowheads). Bar for panels, 250 wm. Bars for insets, 25 pm.

Fig. 2. GAD-positive projections emanating from striatal neu-
rons projecting into the SNr were found to be EGFP positive
after delivery of both vector serotypes into the STR (Fig. 2C
and D). However, major differences were observed between
the two serotypes. EGFP expression in the SNr after striatal
delivery of rAAV-2 vectors was spatially more restricted but
reached higher levels in individual fibers (as seen by strongly
fluorescent cross-sectioned fibers) than was observed with
rAAV-5 (insets in Fig. 2A and B), which resulted in EGFP
expression in fibers throughout the SNr (Fig. 2B). Confocal
microscopy confirmed this finding and clearly demonstrated a
higher number and density of EGFP-positive fibers in the SNr
after striatal delivery of rAAV-5 (insets in Fig. 2C and D). The
higher density and larger area of EGFP-positive fibers in the
SNr is in accordance with the higher number of transduced
cells observed after striatal rAAV-5 injection (Fig. 1). Further-
more, retrogradely transduced TH-positive cell bodies located
within the SNc were more numerous and were distributed over
a larger ML extension after striatal rAAV-5 delivery (Fig. 2B
and D) than after striatal rAAV-2 delivery (Fig. 2A and C).
Quantification of EGFP-positive cell bodies within the ventral
tegmental area (VTA) and the SNc in both hemispheres re-
vealed a significantly higher number of retrogradely trans-
duced neurons for serotype 5 (40.7 = 13.1 versus 16.6 = 8.1; P
< 0.001; four consecutive sections per animal around the
bregma [5.3 mm]; five animals)).

Transduction of the nigrostriatal pathway after vector de-
livery into the SN. (i) SN. Both rAAV serotypes efficiently
transduced TH-positive neurons in the SNc (Fig. 3A and B).
Again, for both vector serotypes, GFAP levels were not ele-
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rAAV-2-CBA-EGFP-WPRE rAAV-5-CBA-EGFP-WPRE

B
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FIG. 3. EGFP expression in the SN after nigral injection of
rAAV-2 and rAAV-5. Coronal sections of the SN were analyzed for
expression of EGFP (green), TH (red), and GAD (red). Representa-
tive two-color (merged) images from one animal are shown. EGFP-
expressing TH-positive neurons in the SNc were found for both vector
serotypes (A and B). However, significantly more EGFP-positive cells
were present in the GAD-positive area of the SNr after nigral rAAV-5
delivery (C and D). Bar, 250 pm.

vated above those in animals injected with buffer only (data not
shown). rAAV-2-mediated EGFP expression was mainly con-
fined to the SNc and nearby areas located dorsal to it (Fig. 3A
and C). In contrast, rAAV-5 transduced a large area in the
entire midbrain (data not shown), including numerous cells
within the SNr, an area that was poorly transduced by rAAV-2
(Fig. 3C and D). Quantification of EGFP-positive cell bodies
located in the ventral half of the SNr showed that the TAAV-5
vector transduced significantly more cells than the rAAV-2
vector (71.6 = 24.8 versus 17.3 + 14.0; P < 0.001; three con-
secutive sections per animal around the bregma [5.3 mm]; six
animals).

(ii) STR. Despite efficient expression of EGFP in nigral
dopaminergic neurons, EGFP could not be detected in TH-
positive axon terminals in the STR for either serotype by native
fluorescence microscopy (Fig. 4). However, widespread and
strong EGFP expression was detected in fibers of the external
capsule (Fig. 4A) and of the capsula interna (CI) (Fig. 4B)
after nigral injection of rAAV-5. Moreover, no EGFP-positive
neurons in the STR were detected after nigral delivery of
rAAV-2, but we found such cells after nigral delivery of
rAAV-5 (Fig. 4C) at a frequency of 42.6 = 26.5 per section (3
consecutive sections per animal around the bregma + 0.2 mm;
6 animals). NeuN staining classified these cells as neurons (Fig.
4D), and their morphology suggested that they were medium-
sized spiny projection neurons.

Transduction of the nigrostriatal pathway after vector de-
livery into the MFB. (i) MFB. EGFP-positive fibers and cell
bodies were readily detected within the TH-positive area of the
MFB after injection of either rAAYV serotype (Fig. 5). Again,
as observed in the STR and the SN, rAAV-5 transduced a
larger area in the MFB than did rAAV-2 (Fig. SA and B), with
EGFP-positive cell bodies found in the ventral part of the
MFB (Fig. 5B).
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rAAV-5-CBA-EGFP-WPRE
St B ‘

EGFP + TH

EGFP + TH
EGFP + NeuN

FIG. 4. EGFP expression in the STR after nigral injection of
rAAV-2 and rAAV-5. Coronal sections of the STR were analyzed for
expression of EGFP (green), TH (red), and NeuN (red). Representa-
tive two-color (merged) images of the rAAV-5-injected hemisphere
from one animal are shown. Neither EGFP-positive fibers nor EGFP-
positive cells were detected after nigral delivery of rAAV-2 (data not
shown). In contrast, nigral injection of rAAV-5 resulted in EGFP-
positive fibers located within the CI (B, arrows), the external capsule
(EC) (A), and the cortex (data not shown). However, neither vector
serotype resulted in (detectable) expression of EGFP in TH-positive
striatal axons. Retrogradely transduced striatal neurons (C, arrow-
head) were detected after nigral injection of rAAV-5 at a frequency of
42.6 = 26.5 cells per section (3 sections per animal; 6 animals). These
EGFP-expressing cells stained positive for NeuN (D, arrowhead), and
their morphology suggested that they are medium-sized spiny projec-
tion neurons. Bar for panels A to C, 62.5 um. Bar for panel D, 39.7
pm.

(ii)) STR. EGFP-positive fibers were detected in the CI and
were present in both hemispheres (Fig. 5C and D), a situation
similar to that after nigral rAAV-5 vector delivery (compare
Fig. 4B with Fig. 5C and D). In agreement with the stronger
EGFP expression in individual fibers of the SNr after striatal
rAAV-2 delivery (Fig. 2A), injection of rAAV-2 into the MFB
resulted in a stronger EGFP signal within the fibers of the CI
than that with injection of rAAV-5 (Fig. 5C and D).

(iii) SN. Delivery of rAAV-2 into the MFB resulted in only
a few EGFP-positive fibers located dorsally to the SN (Fig.
5E), and occasionally EGFP-positive cell bodies were found
within the SNc (Fig. 5SE). However, EGFP-positive fibers sur-
rounding TH-positive dopaminergic neurons after MFB deliv-
ery of rAAV-2 vectors could be detected (Fig. SE). In contrast,
rAAV-5 delivery to the MFB resulted in more TH and EGFP
double-positive dopaminergic neurons in the SNc (Fig. 5F). In
order to distinguish between simple diffusion of rAAV-5 vec-
tors from the MFB to the SNc and retrograde axonal transport,
colchicine was injected into the MFB prior to rAAV-5 vector
delivery. Colchicine blocks fast axonal transport by interfering
with microtubule organization (14), and it has been used to
inhibit retrograde transport of rAV and rAAV from the sciatic
nerve to the spinal cord in mice and rats (4). In agreement with
previous observations (15), the dose of colchicine applied in
this study did not change the morphology of TH-positive neu-
rons in the SNc (Fig. 5G), although a reduced striatal TH
signal was observed on the colchicine-injected hemisphere
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(data not shown). However, colchicine blocked rAAV-5-medi-
ated EGFP expression in TH-positive neurons of the SNc and
VTA almost completely after virus delivery to the MFB (Fig.
5G).

(iv) Hippocampus. Surprisingly, we found that the hip-
pocampus was efficiently transduced in several animals after
MEFB injection of rAAV-5 (Fig. 6B and C). Mossy fibers em-
anating from EGFP-expressing granule cells of the dentate
gyrus (DG) were readily identified in the CA3 region (Fig. 6B).
Likewise, many NeuN-positive pyramidal cells in the hilus of
the DG expressed EGFP (Fig. 6B and C). EGFP-positive fi-
bers derived from transduced pyramidal cells were found in the
molecular layer of the hippocampus (Fig. 6B). In addition,
some NeuN-negative cells within the DG also expressed
EGFP, indicating the transduction of nonneuronal cells by
rAAV-5. In contrast, rAAV-2 only weakly transduced hip-
pocampal neurons that were located close to the needle tract
(Fig. 6A). Interestingly, as seen for the SNc and VTA (Fig.
5G), colchicine also blocked retrograde transduction of hip-
pocampal neurons after rAAV-5 delivery to the MFB (data not
shown).

Long-term EGFP expression in the STR and the SN. To
investigate long-term gene expression mediated by rAAV-5,
two animals were injected with rAAV-5-EGFP in the right
STR and assessed 9 months later. EGFP expression remained
stable from day 28 (Fig. 1) up to 9 months (Fig. 7) within the
STR and the SN. Many EGFP-positive cells were readily de-
tected within the STR, and some EGFP-positive cell bodies
were found within the cortex (Fig. 7A and B). Strongly EGFP-
positive fibers covered the entire ML extension of the SNr
(Fig. 7C and D), and EGFP-positive cell bodies were detected
within the SNc (Fig. 7C).

DISCUSSION

The nigral dopaminergic cells are the neurons that progres-
sively degenerate in PD. Although gene transfer at the level of
the SN may protect dopaminergic cell bodies from degenera-
tion, attenuation or prevention of motor deficits will (most
likely) require preservation of the dopaminergic striatal inner-
vation as well (22, 23, 44). To preserve dopaminergic axons, it
may be necessary to express “therapeutic” genes in large areas
of the STR. Combined expression of genes in dopaminergic
neurons and striatal cells may be necessary to provide the best
benefit. This may be achieved by the simultaneous transduc-
tion of nigral dopaminergic neurons with a virus expressing an
antiapoptotic gene (33) and infection of striatal tissue with a
vector encoding a neurotrophic factor supporting the survival
of dopaminergic axon terminals (23, 28). While widespread
transduction would be desired in the STR in this setting (to
reach as many axon terminals as possible), locally restricted
infection of dopaminergic neurons in the SN may be preferred
so as to limit the effects of the transgene to these cells. In
addition, a vector with the ability for retrograde transduction is
expected to facilitate surgical interventions, because it could be
delivered into the STR and circumvent direct injections into
the SN (which is located close to the brain stem and several
other vital brain areas).

With these ideas in mind, we set out and compared the
abilities of rAAV-2 and rAAV-5 vectors (with ITRs and capsid
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rAAV-2-CBA-EGFP-WPRE rAAV-5-CBA-EGFP-WPRE

EGFP + TH

EGFP + TH

EGFP + TH
— Colchicine

(7))
pd

EGFP + TH
+ Colchicine

FIG. 5. EGFP expression in the MFB, the STR, and the SN after injection of rAAV-2 and rAAV-5 into the MFB. Coronal sections of the MFB,
the STR, and the SN were analyzed for EGFP (green) and TH (red) expression. Representative two-color (merged) images from two animals are
shown. (A and B) EGFP-positive fibers and cells were present above and within the TH-positive area of the MFB after delivery of either serotype.
However, only rAAV-5 transduced cells located on the ventral part of the MFB (B, arrowhead). Bar, 250 um. (C and D) In the STR,
EGFP-positive fibers were present in the CI of both hemispheres. Bar, 125 pm. (E and F) Occasionally, EGFP-expressing dopaminergic neurons
were detected in the SNc after MFB injection of rAAV-2 (E, arrowhead), while more EGFP-transduced dopaminergic neurons were present after
MFB delivery of rAAV-5 (F, arrowheads). In addition, a meshwork of EGFP-positive fibers surrounding the dopaminergic neurons was observed
after MFB injection with either vector serotype. (G) Colchicine injection into the MFB prior to rAAV-5 delivery almost completely blocked EGFP
expression in TH-positive cell bodies within the SNc. Bar for panels E to G, 62.5 pm.

proteins derived from the same serotype) to transduce the transport of gene product) projecting to other brain areas, and
nigrostriatal system of rats. For this purpose, the two serotypes in neuronal cell bodies that send axons to distantly transduced
were delivered into the SN, the STR, or the MFB. In each case, neurons (retrograde transduction). Our main findings are as

EGFP expression was investigated locally in cell bodies at the follows: (i) both serotypes predominantly transduced neurons,
site of injection, in fibers of transduced neurons (anterograde although rAAV-5 also infected nonneuronal cells; (i) the
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rAAV-2-CBA-EGFP-WPRE rAAV-5-CBA-EGFP-WPRE

EGFP + NeuN

FIG. 6. EGFP expression in the hippocampus after MFB injection
of rAAV-2 and rAAV-5. Coronal sections of the hippocampus were
analyzed for EGFP (green) and NeuN (red) expression. Representa-
tive two-color (merged) images from one animal are shown. A few
EGFP-positive fibers and cells were present along the needle tract
(which passed the hippocampus during MFB injection) after rAAV-2
injection (asterisk in panel A). In contrast, rAAV-5 transduced many
granule cells (GC) and pyramidal cells (PC) as well as NeuN-negative
cells within the DG (B and C; panel C is a magnification of the inset
in panel B). In addition, EGFP-positive mossy fibers emanating from
transduced GC were detected in their target area, the CA3 region (B,
arrowhead), and EGFP-positive axons of transduced PC were present
in the molecular layer of the hippocampus (B, arrows). Bar for panels
A and B, 500 wm. Bar for panel C, 250 pm.

J. VIROL.

rAAV-5 vector transduced significantly more cells and a much
larger area in all targeted sites; (iii) transduction was spatially
restricted with rAAV-2, but the level of EGFP expression was
higher than with rAAV-5; and (iv) retrograde transduction was
observed with rAAV-5 but not, or much less so, with rAAV-2.

Davidson and colleagues (11) first investigated rAAV-5 vec-
tors in the rodent STR. Like us, they observed a significantly
higher number of transgene (B-galactosidase)-expressing cells
after injection of rAAV-5 than after rAAV-2 injection. The
same authors also found that rAAV-5 transduces an apprecia-
ble number of astrocytes, while we only occasionally detected
NeuN-negative (glial) cells expressing EGFP after injection of
the rAAV-5 vector into the STR and the SN. This discrepancy
may be explained by the fact that their rAAV-5 vector con-
tained the Rous sarcoma virus long terminal repeat promoter,
whereas both of our vectors harbored the hybrid cytomegalo-
virus enhancer/chicken B-actin (CBA) promoter. The most
striking difference we observed between the two serotypes was
that rAAV-5 transduced significantly more cells and a much
broader area in all targeted brain sites. Notably, the superior
transduction of neurons by rAAV-5 in the STR translated into
a much denser network of EGFP-expressing fibers in the
GAD-positive area of the SNr. In contrast, after striatal injec-
tion of rAAV-2, EGFP-positive fibers were confined to the
medial part of the SNr. These observations are in good agree-
ment with the lamellar relationship between the SNr and the
STR (12). Locally restricted transduction (around the injection

rAAV-5-CBA-EGFP-WPRE

rostral at bregma + 1.6 mm

EGFP + NeuN

EGFP + GAD65

caudal at bregma — 1.8 mm

STR

EGFP + TH

FIG. 7. EGFP expression in the STR and the SN 9 months after striatal injection of rAAV-5. Coronal sections of the STR and the SN of the
right hemisphere were analyzed for expression of EGFP (green), TH (red), GAD65 (red), and NeuN (red) 9 months after rAAV-5-EGFP
injections. Representative two-color (merged) images from one animal are shown. (A and B) Within the rostral and caudal parts of the STR, EGFP
expression was widespread. EGFP-positive cells were also detected in the cortex (arrowheads). CPu, caudate putamen. Bar, 500 wm. (C and D)
Strongly EGFP-positive fibers were present within the entire area of the SNr. EGFP-positive cell bodies were distributed over the ML extension

of the SNc (C, arrowheads). Bar, 250 pm.
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site) in the STR by rAAV-2 has been reported previously (50).
Our results confirm these findings and the observation that the
tropism of rAAV-2 is higher for neurons of the GP than for
cells located in the caudate putamen (see Fig. 1). In addition to
this work (50), we also find that retrograde transduction of
dopaminergic neurons in the SNc can be achieved by injection
of either vector into the STR, although the efficiency of retro-
grade transduction is considerably higher for rAAV-5. While it
is known that some neurotrophic factors can be transported in
a retrograde manner between cells (34), this does not apply to
proteins in general. Thus, glial cell line-derived neurotrophic
factor (GDNF), but not B-galactosidase, was expressed in mo-
toneurons after delivery of rAAV vectors encoding these pro-
teins into skeletal muscle (31). We therefore believe that
EGFP expression in nigral dopaminergic cell bodies is the
result of retrograde transport of the viral particles within do-
paminergic axons that were infected in the STR. Indeed, evi-
dence for retrograde transport of fluorescently labeled AAV-2
particles in the nigrostriatal system has been presented previ-
ously (21). Furthermore, we demonstrate the stability of EGFP
expression in the STR and the SN after striatal delivery of
rAAV-5 for as long as 9 months. To our knowledge, this is the
longest period described for a nonpseudotyped rAAV-5 vector
in the brain.

Interestingly, we also observed expression of EGFP in ret-
rogradely transduced striatal neurons after nigral delivery of
rAAV-5 (but not rAAV-2). Morphologically, the transduced
cells resembled gamma aminobutyric acid-positive, medium-
sized spiny projection neurons. Such a transduction pattern has
not been reported previously, and it suggests the interesting
possibility of selectively transducing striatal neurons that par-
ticipate in, and are regulated by, the nigrostriatal network.

While rAAV-2 transduction was locally restricted, EGFP
expression levels in individual cells and their axons were gen-
erally higher than those achieved with rAAV-5. It is likely that
serotype-specific affinities for cell surface attachment and in-
ternalization receptors at least partially account for this differ-
ence. Heparan sulfate proteoglycans (49), integrins (48), and
fibroblast growth factor receptor 1 (43) are important recep-
tors for AAV-2. Heparan sulfate proteoglycans are heavily
expressed at the surfaces and in the extracellular matrix of
neurons, thus preventing the spread of rAAV-2 in the paren-
chyma and possibly mediating multiple transduction events.
Recently, N-linked sialic acid (20) and platelet-derived growth
factor receptor (37) were identified as receptors for AAV-5,
and their expression in vivo correlates well with the observed
transduction profile of rAAV-5 (37). However, we cannot be
certain that the capsid-receptor interactions alone account for
the differences in expression levels seen between rAAV-2 and
rAAV-5, because we cannot formally exclude distinct effects of
the serotype-specific ITRs on gene expression from the CBA
promoter.

We did not detect EGFP expression by native fluorescence
microscopy in the STR after nigral delivery of either AAV
serotype. This finding was surprising, because we had previ-
ously shown that dopaminergic expression of EGFP from an
rAAV-2 vector containing the neuron-specific human platelet-
derived growth factor B-chain promoter could be readily de-
tected in the STR (40). Moreover, EGFP expression in striatal
dopaminergic axons had been observed by others (27) with the
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same CBA promoter that was used in this study, but the dif-
ferent outcomes may be explained by the roughly 12-fold-lower
virus dose injected in our study.

Delivery of the rAAV vectors into the MFB was investigated
as a possibility for the simultaneous transduction of both nigral
dopaminergic neurons and striatal axons. However, transduc-
tion by both serotype vectors was largely confined to the in-
jected MFB, and only in the case of rAAV-5 did we observe a
few EGFP-positive nigral dopaminergic neurons (Fig. 5F).
Colchicine injections into the MFB blocked EGFP expression
in dopaminergic neurons of the SNc and the VTA after
rAAV-5 delivery into the MFB (Fig. 5G). This shows that
MFB injection of rAAV-5 results in the transduction of TH-
positive cell bodies in the SNc and VTA by retrograde trans-
port rather than by passive diffusion.

Transduction of hippocampal neurons after direct injection
of rAAV-2 and rAAV-5 into the hippocampus has been de-
scribed previously (26, 36, 37). However, to our surprise, we
found that the hippocampus was also efficiently transduced in
several animals after MFB injection of rAAV-5. Specifically,
rAAV-5 mediated widespread transduction of granule and py-
ramidal cells in the DG (Fig. 6B and C). Although we cannot
exclude the possibility that a small amount of virus solution
may have leaked out during needle insertion or retraction, it is
very unlikely that this alone would account for the widespread
transduction in the hippocampus that we observed. Rather, we
favor the idea that the hippocampal neurons were transduced
by retrograde transport of virus particles that were taken up
into axons in the MFB. Supporting this view is the observation
that rAAV-5-mediated EGFP expression in hippocampal cell
bodies was completely suppressed when colchicine was in-
jected into the MFB prior to vector delivery (data not shown).
Also, if hippocampal neurons were transduced by virus leakage
in this structure, we would expect to find EGFP expression in
fibers of the contralateral hippocampus (26), but this was not
observed (see Fig. 6A). In fact, it has long been known that the
MEFB receives afferent innervation from the hippocampus and
that lesions in the hippocampus can be generated by injection
of 6-hydroxydopamine into the MFB (2). Again, the lack of
hippocampal transduction after MFB injection of rAAV-2 ar-
gues that retrograde transduction by rAAV-5 is more effective.
These observations are exciting in view of the important func-
tion of the hippocampus for learning and memory, and the
increasing evidence of its involvement in human psychological
disorders such as schizophrenia and depression (46, 47).

In summary, our results highlight the differences and specific
properties of rAAV-2 and rAAV-5 vectors in the rat nigrostri-
atal system. Our findings should be useful for the development
of improved gene therapy approaches for PD and possibly
other central nervous system diseases affecting the STR and/or
the hippocampus.
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