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Intrastriatal delivery of the tyrosine hydroxylase gene by viral
vectors is being explored as a tool for local delivery of L-dopa in
animals with lesions of the nigrostriatal pathway. The functional
effects reported using this approach have been disappointing,
probably because the striatal L-dopa levels attained have been too
low. In the present study, we have defined a critical threshold level
of L-dopa, 1.5 pmol�mg of tissue, that has to be reached to induce
any significant functional effects. Using new generation high-titer
recombinant adeno-associated virus vectors, we show that levels
of striatal L-dopa production exceeding this threshold can be
obtained provided that tyrosine hydroxylase is coexpressed with
the cofactor synthetic enzyme, GTP-cyclohydrolase-1. After striatal
transduction with this combination of vectors, substantial func-
tional improvement in both drug-induced and spontaneous be-
havior was observed in rats with either complete or partial 6-
hydroxydopamine lesions of the nigrostriatal pathway. However,
complete reversal of motor deficits occurred only in animals in
which part of the striatal dopamine innervation was left intact.
Spared nigrostriatal fibers thus may convert L-dopa to dopamine
and store and release dopamine in a more physiologically relevant
manner in the denervated striatum to mediate better striatal
output-dependent motor function. We conclude that intrastriatal
L-dopa delivery may be a viable strategy for treatment and control
of adverse side effects associated with oral L-dopa therapy such as
on-off fluctuations and drug-induced dyskinesias in patients with
Parkinson’s disease.

Restoration of striatal dopamine by peripheral administration
of L-dopa can provide efficient symptomatic relief in pa-

tients with Parkinson’s disease (PD). However, the therapeutic
efficacy of L-dopa treatment diminishes over time, concomitant
with the appearance of on-off f luctuations and drug-induced
dyskinesia. These complications may be caused, at least in part,
by the intermittent, pulsatile supply of L-dopa provided by the
standard oral L-dopa medication. Indeed, there is considerable
evidence that these side effects can be reduced greatly if L-dopa
is administered at a constant level, and continuous L-dopa
delivery may provide a more physiological stimulation of dener-
vated striatal dopamine receptors (1, 2). One promising delivery
method is via ex vivo or in vivo gene transfer of the L-dopa-
synthesizing enzyme, tyrosine hydroxylase (TH). This approach
has the additional advantage of local site-specific L-dopa delivery
in striatum where the dopamine deficiency is most prominent.

Studies in rodent PD models have shown that this approach is
feasible by either implantation of cells engineered to produce
L-dopa (3–9) or direct injection of TH-expressing viral vectors
into the denervated striatum (10–14). However, expression of
TH alone may not be sufficient. L-Dopa synthesis by the
transduced TH enzyme critically depends on the availability of
its cofactor, tetrahydrobiopterin (BH4), and it has been shown
that the level of L-dopa production in the transduced striatum is

very low unless expression of TH is combined with exogenous
administration of BH4 or coexpression of the primary rate-
limiting synthetic enzyme for BH4, GTP-cyclohydrolase-1
(GCH1; refs. 9–11, 13, and 15).

For functional striatal L-dopa delivery, the critical synthetic
enzymes must be expressed durably at stable levels. The most
promising results have been obtained with recombinant adeno-
associated viral (rAAV) vectors (10–12, 14). This vector allows
stable transduction of the neurons in the adult striatum, in the
absence of neurotoxic or inflammatory reactions, and expression
of the TH transgene is maintained for at least 1 year (10, 11).
Nevertheless, striatal L-dopa delivery in the rat PD model has
yielded disappointing functional results to date. Indeed, the
functional effects of TH gene delivery reported thus far have
been limited to a variable reduction in apomorphine-induced
rotation. This functional parameter, moreover, has to be inter-
preted with caution, because reductions in apomorphine-
induced rotation may be caused not only by L-dopa but also by
nonspecific effects of vector delivery (e.g., striatal damage
caused by inflammatory or immunological reactions; see refs.
15–17).

Two major factors may explain this apparent inefficiency of
striatal TH gene transfer: either the level of L-dopa production
has been too low, or the handling of the newly formed L-dopa in
the denervated striatum, i.e., dopamine synthesis, storage, or
release or dopamine receptor stimulation has been functionally
inefficient in the absence of endogenous dopaminergic termi-
nals. In the present study, we sought to determine the level of
striatal L-dopa production that is needed to produce long-lasting
functional effects in the dopamine denervated striatum and to
assess the functional efficacy of intrastriatal L-dopa delivery by
combined rAAV-TH and rAAV-GCH1 gene transfer by using
a wider range of behavioral tests. We report that long-lasting
improvement of spontaneous and drug-induced motor behavior
can be achieved in the rat PD model provided that vector-
induced L-dopa production exceeds a critical threshold of �1.5
pmol�mg of tissue and the most pronounced effects are obtained
in animals with partial nigrostriatal lesions.

Methods
Animals and Surgery. Female Sprague–Dawley rats (B & K
Universal, Sollentuna, Sweden) were housed under 12�12-h
light-dark cycle with ad libitum food and water. All surgical
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procedures were performed under halothane anesthesia accord-
ing to the rules set by the Ethical Committee for Use of
Laboratory Animals at Lund University. 6-Hydroxydopamine
(6-OHDA, Sigma) and vector suspension injections were in-
jected stereotaxically using 5-�l Hamilton microsyringes fitted
with pulled glass pipettes (OD, 60–80 �m). Eighty-two rats
received 13.5 �g of 6-OHDA (calculated as free base dissolved
in 0.05% ascorbate saline) into the medial forebrain bundle
(MFB) at two sites (complete lesion), and the remaining 40 rats
were injected with a total of 28 �g of 6-OHDA in four deposits
in the right striatum (partial lesion) as described (18).

rAAV Vector. The rAAV-CBA-TH and rAAV-CBA-GCH1 vec-
tors were produced by using a double-transfection method with
rAAV plasmids and a helper plasmid containing the necessary
gene products normally provided by adenovirus (19, 20) and
purified as described (21). The final titers were 5.2 � 1011 and
1.5 � 1011 infectious units per ml for the TH and GCH1 vectors,
respectively, as determined by an infectious center assay (22).
Both vectors express the transgene from a hybrid promoter
consisting of an enhancer element from the cytomegalovirus
promoter followed by the chicken �-actin promoter containing
a rabbit �-globin intron termed CBA (23).

Experimental Design. Experiment 1. Twenty-four animals with
partial 6-OHDA lesions were used for biochemical determina-
tion of the striatal tissue concentration of L-dopa that accumu-
lated after a single i.p. injection of 6.25 mg�kg L-dopa methyl
ester (Sigma). The animals were divided into four groups to
receive (i) an i.p. injection of 15 mg�kg benserazide-HCl (benz,
Hoffman–La Roche), a peripheral L-dopa decarboxylase inhib-
itor (n � 4); (ii) 15 mg�kg benz followed 15 min later with 6.25
mg�kg L-dopa (n � 5); (iii) 15 mg�kg benz � 6.25 mg�kg L-dopa
followed 30 min later with 100 mg�kg NSD-1015 (aromatic
amino acid decarboxylase inhibitor, Sigma; n � 5); or (iv)
NSD-1015 alone (n � 5). The animals were killed by decapita-
tion 30 min after NSD-1015 treatment (i.e., 75 min after benz
and 60 min after L-dopa) for L-dopa, dopamine, and 3,4-
dihydroxyphenylacetic acid assay (see below).

Experiment 2. Sixty-six animals with complete 6-OHDA lesions
were allocated into seven groups to receive 2- or 3-�l injections
of the vectors encoding for TH (n � 10 at five sites, and n � 10
at two sites), GCH1 (n � 10 at five sites, and n � 10 at two sites),
or the 1:1 mixture of the two vector suspensions (n � 11 at five
sites, and n � 10 at two sites) or sham operations (n � 5). Three
weeks postinjection five rats from each group were treated with
NSD-1015 and killed 30 min later by decapitation for biochem-
ical analysis; the remaining animals were processed for histo-
logical analysis (see below).

Experiment 3. Rats with either complete (n � 16) or partial
(n � 16) 6-OHDA lesions were allocated into two subgroups to
receive either the GCH1 (n � 8 per group) or 1:1 mix of the TH
and GCH1 vectors (n � 8 per group) at five sites as described
above. After completion of the behavioral tests (see Fig. 5A for
details) four animals per group were taken for biochemical assay,
and four animals per group were taken for immunohistochem-
ical analysis.

Behavioral Analysis. Drug-induced rotation was assessed in auto-
mated rotometer bowls (24) after injection of apomorphine-HCl
(Sigma; 0.25 mg�kg s.c., over 40 min) or D-amphetamine sulfate
(Apoteksbolaget, Lund, Sweden; 2.5 mg�kg i.p., over 90 min).
The data are expressed as net turns per min. The cylinder test
(25) was performed as described (26) to quantify forelimb use.
The animals were videotaped as they moved freely in a 20-cm-
wide clear glass cylinder. Contacts made by each forepaw with
the cylinder wall were scored from the videotapes by an observer
blinded to the animals’ identities. A total of 20 contacts were

recorded for each animal and presented as impaired (left)
forelimb contacts as a percentage of total.

Tissue Processing. Forty-seven rats were anesthetized with pen-
tobarbital and perfused through the ascending aorta with 50 ml
of isotonic saline followed by 250 ml of 4% buffered parafor-
maldehyde. The tissue was sectioned on a freezing microtome at
40 �m and processed for immunohistochemical staining of TH
(primary mouse anti-TH antibody, Chemicon) by using
the avidin-biotin-peroxidase method (Vector Laboratories) as
visualized using 3,3-diaminobenzidine as a chromogen as de-
scribed (18).

The total numbers of TH� cells in the transduced striatum
were estimated by using the optical fractionator (27) with the
Olympus CAST-Grid system (Olympus, Albertslund, Denmark).
The coefficient of error was calculated according to ref. 28, and
values �0.10 were accepted.

The remaining 75 rats were injected with NSD-1015 30 min
before killing to measure the rate of L-dopa production in vivo
(29). The striatum was dissected bilaterally, frozen, and stored at
�80°C until processing for radioenzymatic determination
of tissue L-dopa, dopamine, and 3,4-dihydroxyphenylacetic
acid (30).

Statistical Analysis. Group comparisons used factorial ANOVA or
repeated-measures ANOVA. When an appropriate interaction
term was significant (�-level � 0.05), post hoc analysis was
performed by using either simple main effects with a Bonferroni
correction for the P value or in other cases Student Newman
Keuls test.

Results
Two kinds of lesions were used: (i) complete nigrostriatal lesions
induced by injection of 6-OHDA in the MFB, removing all
ascending dopamine projections from the substantia nigra (SN)
pars compacta and ventral tegmental area (VTA; Fig. 1 E and
F) and (ii) partial lesions of the nigrostriatal dopamine projec-
tion induced by intrastriatal injections of 6-OHDA (Fig. 1 C and
D). As illustrated in Fig. 1C, the intrastriatal 6-OHDA lesion
lead to near complete degeneration of the fibers projecting to the
central and lateral striatum, whereas the innervation of the
medial and ventral parts were partially spared. At the level of SN,
most of the laterally situated SN pars compacta cells were lost,
whereas the TH� cells in the VTA were preserved (Fig. 1E). In
the complete MFB lesion, by contrast, the entire striatum as well
as adjacent limbic areas (e.g., nucleus accumbens) were dener-
vated (Fig. 1C), and the cell bodies in the SN pars compacta and
the VTA were removed completely (Fig. 1F). In the partially
lesioned animals, therefore, the residual striatal TH� innerva-
tion provides an additional decarboxylation and storage site for
the exogenously administered L-dopa, which is lacking in animals
with complete lesions.

Threshold Level of Striatal L-Dopa Accumulation. In the first exper-
iment, we determined the level of L-dopa that accumulates in the
striatum 60 min after a single i.p. injection of 6.25 mg�kg L-dopa
� benz. From pilot experiments (C.W. and D.K., unpublished
data) we determined that the dose used in this experiment
represents the lowest effective dose of L-dopa (in combination
with the peripheral aromatic amino acid decarboxylase inhibitor
benz) that induces significant amelioration of motor impair-
ments in rats with 6-OHDA lesions (conceptually comparable to
a therapeutic dose in patients with PD). The time point chosen
here (1 h) corresponds to the maximal behavioral effect induced
by the L-dopa injection (cf. 31, 32). Under baseline conditions
(benz alone group in Fig. 2A), L-dopa was barely detectable in
the striatum on either the intact or lesioned sides, suggesting that
newly synthesized L-dopa was converted efficiently to dopamine.

Kirik et al. PNAS � April 2, 2002 � vol. 99 � no. 7 � 4709

N
EU

RO
BI

O
LO

G
Y



The L-dopa injection resulted in a slight increase in the striatal
L-dopa on the intact side, whereas on the lesioned side, there
were �10-fold higher levels of L-dopa above that of the intact
side. The increase in the striatal L-dopa induced by the periph-
eral injection under these conditions was �1.30 pmol�mg of
tissue (see arrow in Fig. 2 A). When the central aromatic amino
acid decarboxylase enzyme was inhibited by NSD-1015, L-dopa

accumulated in the lesioned as well as the intact striatum. The
rate by which L-dopa accumulates after blockade of the decar-
boxylating enzyme provides a direct measure of the in vivo rate
of tyrosine hydroxylation (33). The L-dopa synthesis rate thus
could be estimated at �1.5 pmol�mg of tissue�30 min in the
intact striatal dopamine afferents (open bar in NSD-1015 alone
group in Fig. 2B). On the lesion side, the L-dopa production rate
was maintained at a relatively high rate (1.20 pmol�mg of tissue)
despite a strong lesion that led to �85% reduction in the
dopamine content as compared with the intact side (data not
shown), which is caused by a compensatory hyperactivity in the
neurons spared by the lesion (34, 35). After administration of
L-dopa in combination with NSD-1015, the striatal L-dopa level
on the lesioned side was increased further to �2.71 pmol�mg of
tissue, indicating that the level of L-dopa derived from the L-dopa
injection was �1.51 pmol�mg of tissue (amount indicated by the
arrow in Fig. 2B). We conclude, therefore, that for successful
treatment by gene delivery, vector-induced L-dopa production in
the striatum must be at least 1.5 pmol�mg.

Cofactor Requirement for TH Transgene Activity. In the second
experiment, we sought to assess the number of viral particles and
the combination of vectors needed to reach this threshold L-dopa
level. A total of 1.3 � 109 or 5.1 � 109 infectious particles (ratio
of 1:3.75) were injected into two (2 � 2 �l) or five (5 � 3 �l) sites
in the striatum in animals with complete MFB lesions. The levels
of L-dopa (i.e., the rate of tyrosine hydroxylation in the trans-
duced striatum) were 6–8-fold higher when TH and GCH1 were
coexpressed (1:1 mix group) compared with the animals injected
with the rAAV-TH vector alone (Fig. 3A). Thus, in animals
receiving the rAAV-TH vector alone (open bars in Fig. 3) the
vector-induced increase in striatal L-dopa levels was marginal
(�0.5 pmol�mg as determined by the difference from the control
group given the rAAV-GCH1 vector alone), i.e., below the
minimum required level determined by peripheral L-dopa injec-
tions (difference between two dashed lines in Fig. 3B), whereas
the increase obtained in the five-site 1:1 mix group was well

Fig. 1. TH immunohistochemistry from striatum (A, C, and E) and SN (B, D, and F). In partial lesions (C) striatal TH� innervation is reduced largely in the lateral
striatum, leaving some intact fibers medially, whereas TH� fibers are abolished in the complete lesions (E) as compared with the intact side (A). Partial lesions
destroyed dopamine neurons in the pars compacta (D), whereas the VTA cells were mostly spared (compare B and D). All TH� cells were lost both in the SN and
VTA in the complete lesions (F). ac, anterior commissure; cc, corpus callosum; lv, lateral ventricle; SNpc, SN pars compacta; SNpr, SN pars reticulata; STR, striatum.
(The scale bar shown in A � 1 mm for A–C and 400 �m for D–F.)

Fig. 2. Striatal L-dopa levels after i.p. injection. (A) Two groups of partially
lesioned animals received injections of benz or L-dopa. In the benz group, low
levels of L-dopa were recovered on the lesion or the intact sides. Injection of
L-dopa caused accumulation of 1.30 pmol�mg of L-dopa on the lesion side
above that of benz alone (arrow). (B) When central decarboxylation is blocked
for 30 min before killing, 1.2 pmol�mg of L-dopa was recovered on the lesion
side (NSD-1015 alone group). L-Dopa injection increased striatal L-dopa to 2.75
pmol�mg. Thus, we estimated that accumulation of 1.51 pmol�mg of L-dopa
was induced by the injection (arrow).
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above this critical level. The two-site injection of the same vector
mix, on the other hand, failed to produce sufficient levels of
L-dopa (Fig. 3A). The increased L-dopa level in the five-site
group was accompanied by an increase in striatal dopamine (to
�10% of control side) as compared with �3% in the lesioned
control animals (Fig. 3B). No increase in striatal dopamine
above baseline was obtained in either the two-site injection
group or the animals injected with the rAAV-TH vector alone.

In the five-site injection group, the striatal area transduced by
the rAAV-TH vector, as visualized by TH immunohistochem-
istry, covered large portions of the cross-sectional area in the
head (Fig. 4 A and B) and the tail (Fig. 4 C and D) of the striatum.
The numbers of TH� cells in the 1:1 mix and TH alone groups
at 3 weeks were 322,991 � 36,580 and 349,528 � 37,413,
respectively (mean � SEM). A significant number of cells was
transduced also in the globus pallidus (Fig. 4 C and D). In the
two-site injection group, by contrast, striatal transduction was
more restricted; the total number of TH� cells amounted to
69,165 � 14,896 and 95,244 � 11,986 in the AAV-TH alone and
1:1 mix groups, respectively. The vast majority of the transduced
cells (�90%) appeared to be neurons in both striatum (Fig. 4E)
and globus pallidus (Fig. 4F).

Reversal of Motor Impairments. To evaluate the effects of com-
bined TH and GCH1 gene transfer on 6-OHDA-induced motor

impairments, we applied the five-site injection protocol in rats
that had received either complete or partial nigrostriatal lesions.
Before vector treatment, all animals in both groups showed
severe impairments including a high rate of turning in response
to both apomorphine (Fig. 5D) and amphetamine (Fig. 5C) as
well as impaired forelimb use in the cylinder test (Fig. 5B).

In the control groups receiving the rAAV-GCH1 vector alone,
the animals remained impaired throughout the 12-week test
period. In contrast, partially lesioned animals receiving the 1:1
vector mix displayed more pronounced recovery as compared
with complete MFB-lesioned animals. In all three tests the
animals with complete lesions remained partially impaired (Fig.
5 B and C), whereas the partially lesioned rats were restored to
near normal performance (Fig. 5 B–D). Indeed, in the apomor-
phine test a gradual reduction in turning (70% reduction by 12
weeks) was observed only in the partially lesioned animals,
whereas no change in apomorphine rotation was seen in the
animals with complete MFB lesions (Fig. 5D). Because we used
a simplified scoring system compared with the original designed
by Schallert and Tillerson (25), it is conceivable that more
detailed analysis (e.g., of sequential movements in the cylinder
test) would reveal a remaining disability in the spontaneous use
of the impaired paw. Indeed, this contention is supported by the
incomplete recovery in the rotation tests.

In the 1:1 mix vector group, the increase in striatal L-dopa
levels at 15 weeks posttransduction was 4.20 � 0.53 and 7.75 �
1.58 pmol�mg in the partial and completely lesioned animals,
respectively (P � 0.02 compared with 3-week MFB lesion,
compare to Fig. 3A), and the total number of TH-expressing
striatal cells (288,346 � 35,895 as assessed in the completely
lesioned animals) remained stable over the 15-week period.

Discussion
The results highlight four critical factors that collectively deter-
mine the functional efficacy of intrastriatal L-dopa delivery by
TH gene transfer to the dopamine-denervated striatum. First,
striatal L-dopa delivery must reach a critical threshold to have
any significant impact on motor impairments in the rat PD
model. From the experiment using peripheral injections of
L-dopa, we estimate that this level is �1.5 pmol�mg of tissue.
Second, we show that this critical L-dopa level can be achieved
by rAAV-mediated TH gene transfer but only if the TH enzyme
is coexpressed with the primary cofactor-synthetic enzyme,
GCH1. Third, we show that reversal of both spontaneous and
drug-induced motor impairments can be obtained in 6-OHDA
lesioned rats when this high level of L-dopa production is
reached. Fourth, complete functional recovery, however, was
seen only in animals with partial lesions of the nigrostriatal
pathway, indicating that spared dopamine axons may contribute
capacity for L-dopa decarboxylation and additional sites for
functional storage and release of the newly synthesized
dopamine.

Fig. 3. Striatal levels of L-dopa and dopamine in completely lesioned animals
injected with rAAV vectors. (A) Striatal TH enzyme activity was estimated 30
min after NSD-1015 by measuring the accumulation of L-dopa. Increased
rAAV-mediated striatal L-dopa in the five-site 1:1 mix group was above the
threshold value obtained with peripheral injection (dashed line). In contrast,
animals receiving the TH vector alone or the 1:1 mixed vectors in only two sites
did not produce this threshold L-dopa level. (B) Dopamine (DA) levels were
reduced greatly on the lesioned side in all groups. Striatal dopamine was
increased only in the 5 � 3-�l mixed-vector group.

Fig. 4. TH immunohistochemistry in the striatum at 3 weeks after injection of the 1:1 rAAV-TH�rAAV-GCH1 vector mix. In large parts of the striatum (A–D) and
globus pallidus (gp, C and D), cell bodies and fibers were TH�. Nearly all infected cells had neuron-like morphology both in striatum (E) and globus pallidus (F).
ac, anterior commissure; cc, corpus callosum; lv, lateral ventricle; str, striatum. (The scale bar shown in A � 1 mm for A–D; the scale bars in E and F � 40 �m.)
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Local L-dopa delivery to the striatum using either ex vivo or in
vivo gene transfer techniques has been explored extensively in the
rat PD model. In experiments using transplants of TH-expressing
cells, TH transgene expression has been down-regulated within a
few weeks after transplantation, and the functional effects have
been limited to a partial reduction in apomorphine-induced rota-
tion (4–7, 9, 36, 37). Similarly, initial attempts to use viral vectors
for direct intrastriatal delivery of the TH enzyme have failed to
achieve any significant functional effects beyond partial reductions
in apomorphine rotation (12, 13, 38). Ushida et al. (6) and Bencsics
et al. (9) were the first to show that expression of TH alone may not
be sufficient, and codelivery of the BH4 cofactor may be necessary
for L-dopa production in the transduced cells. Consistent with this
result, Mandel et al. (11) could not detect any significant L-dopa
synthesis when the striatum was transduced with the rAAV-TH
vector alone. Significant increases in L-dopa production, however,
were observed when the rAAV-TH vector was injected together
with the rAAV-GCH1 vector or when exogenous BH4 was added
to the dialysis perfusate, suggesting that the transduced striatal
neurons contain insufficient endogenous levels of the BH4 cofactor.
These observations suggest that the transgenic TH enzyme, when
expressed in striatal neurons, is highly dependent on the presence
of BH4 for its activity. Nevertheless, no vector-induced improve-
ments in motor behavior were reported in any of these studies.

In agreement with previous findings (11, 39), our data show
that the activity of the TH enzyme (as determined by the in vivo
production rate of L-dopa after aromatic amino acid decarbox-
ylase blockade) is very low when the rAAV-TH vector is injected
alone. Coinjection of the rAAV-TH and rAAV-GCH1 vectors
increased the in vivo activity of the TH enzyme 6–8-fold,
resulting in a high level of L-dopa production and a significant
3-fold increase in striatal dopamine concentration. Indeed, the
rate of tyrosine hydroxylation in the transduced striatum, 3.05
pmol�mg�30 min, was even higher than that measured in the

normal, intact striatum (1.5 pmol�mg�30 min). The efficiency of
the rAAV-CBA vectors used in the present study was consid-
erably higher (at least 10-fold) compared with previous reports.
This new rAAV vector, with much improved functional titer
(1.5–5.2 � 1011 infectious units per ml) has several-fold higher
striatal transduction capacity compared with earlier generation
rAAV vectors (40). Using this new generation rAAV vector, the
number of TH-expressing cells reached �95,000 in the animals
receiving 4 �l (at two sites) and �350,000 after the injection of
15 �l (at five sites) of the mixed rAAV-TH�rAAV GCH1
vectors. These figures are 1–2 orders of magnitude greater than
those reported in previous experiments [which range from 1,000
to 40,000 TH� cells using earlier generation rAAV vectors
(10–12)] and correspond to 3–12% of all neurons present in the
adult rat striatum [2.79 � 106 cells (41)]. Moreover, our data
suggest a linear relationship between number of intrastriatally
injected infectious units and striatal L-dopa production. Thus,
the difference between the infectious units injected in the two-
and five-site groups (1:3.8 ratio) matches closely the difference
in total TH-expressing cells (1:3.9 ratio), and a similar ratio
(1:3.3) was obtained in striatal L-dopa levels in the two groups.
In the 1:1 vector mix, the rAAV-TH vector concentration was
diluted 2-fold; nevertheless, the number of TH� striatal cells was
similar to that obtained with the nondiluted vector in the
rAAV-TH alone group, suggesting that not only the activity but
also the stability of the TH protein may be increased by the
presence of the cofactor, as suggested previously (37).

Consistent with the high level of L-dopa production, we
observed marked improvements in both drug-induced and spon-
taneous motor behavior in the animals receiving combined
injections of the rAAV-TH and rAAV-GCH1 vectors, thus
providing unequivocal evidence that local delivery of L-dopa can
be functional in the 6-OHDA-lesioned striatum. All previous
studies on vector-mediated delivery of L-dopa have used apo-

Fig. 5. Behavioral effects of L-dopa delivery. (A) Experimental time course. The 1:1 vector mix group showed clear improvements in the cylinder (B) and
amphetamine-rotation (C) tests. Reduction in the apomorphine rotation (compared with the fourth pretest; Pre value in D) was observed only in the partially
lesioned animals. *, significantly different from the control group and their baseline values before vector injection.
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morphine rotation as the sole behavioral indicator of the ani-
mals’ recovery from motor impairments. However, reductions in
apomorphine rotation may be misleading, because factors un-
related to L-dopa production or dopamine transmission (e.g.,
nonspecific striatal damage or local inflammatory reactions) can
result in reduced turning rates in this test (15, 16). Therefore in
the present study, we used, in addition to the apomorphine
rotation test, the cylinder test as a measure of forelimb use and
the amphetamine rotation test as a measure of dopamine release
from neuronal storage sites to provide a more reliable assess-
ment of motor function. That the magnitude of functional
improvement observed here is critically dependent on the level
of striatal L-dopa production is supported by a parallel experi-
ment (D.K., A.B., and R.J.M., unpublished data) in which 12 �l
of the earlier generation rAAV-MD-TH vector [mixed 1:1 with
rAAV-MD-GCH1 (11)] was injected at four sites in the striatum
in animals with partial 6-OHDA lesions. In these animals, the
number of TH-expressing cells was �10-fold less than in the
present experiment, and the vector-induced L-dopa production
was �1 pmol�mg�30 min (i.e., �1�3 of that obtained in the
present study and below the estimated threshold level). Indeed,
no functional recovery on either drug-induced rotation or
forelimb use was observed in these animals.

Another important finding in the present study was that
functional recovery was more pronounced in animals with partial
lesions of the nigrostriatal pathway, i.e., where part of the striatal
dopamine innervation was left intact, suggesting that the spared
nigrostriatal fibers may serve as an important site for functional
storage and release of the newly synthesized dopamine. Residual

dopaminergic fibers, in addition, may provide extra decarboxy-
lating capacity and thus improve the conversion of L-dopa to
dopamine, and dopamine released from spared nigrostriatal
axons may allow for more physiological activation of striatal
dopamine receptors at the appropriate synaptic target sites. In
support of this interpretation we observed that amphetamine-
induced rotation, which depends on release of endogenous
dopamine from neuronal storage sites, was reversed almost
completely in the partially lesioned animals.

In conclusion, the present results show that combined expression
of the two enzymes, TH and GCH1, in striatal neurons can provide
sustained local L-dopa delivery at a level sufficient to induce
substantial functional recovery in the rat PD model. Although
significant recovery in both spontaneous and drug-induced motor
behavior was observed in animals with either complete or partial
lesions of the nigrostriatal pathway, near complete reversal of
motor impairments was obtained only in those animals in which a
portion of the nigrostriatal dopamine projection was left intact.
These data suggest that local intrastriatal L-dopa delivery may be a
viable therapeutic strategy in PD not only for treatment of under-
lying motor deficits but also for control of adverse side effects
associated with oral L-dopa therapy such as on-off fluctuations and
drug-induced dyskinesias.
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