
Double Transduction with GTP Cyclohydrolase I and Tyrosine
Hydroxylase Is Necessary for Spontaneous Synthesis of L-DOPA by
Primary Fibroblasts

Craig Bencsics,1 Stephen R. Wachtel,1 Sheldon Milstien,2 Kazuyuki Hatakeyama,3 Jill B. Becker,4 and
Un Jung Kang1

1Departments of Neurology, Pharmacological and Physiological Sciences, and Committee on Neurobiology, The
University of Chicago, Chicago, Illinois 60637, 2Laboratory of Cell Biology, National Institute of Mental Health, Bethesda,
Maryland 20892-4096, 3Department of Surgery, University of Pittsburgh, Pittsburgh, Pennsylvania 15261, and
4Department of Biopsychology, University of Michigan, Ann Arbor, Michigan 48104

Gene transfer of tyrosine hydroxylase (TH) in animal models of
Parkinson’s disease (PD), using either genetically modified cells
or recombinant virus vectors, has produced partial restoration
of behavioral and biochemical deficits. The limited success of
this approach may be related to the availability of the cofactor,
tetrahydrobiopterin (BH4), because neither the dopamine-
depleted striatum nor the cells used for gene transfer possess
a sufficient amount of BH4 to support TH activity. To determine
the role of BH4 in gene therapy, fibroblast cells transduced with
the gene for TH were additionally modified with the gene for
GTP cyclohydrolase I, an enzyme critical for BH4 synthesis. In
contrast to cells transduced with only TH, doubly transduced
fibroblasts spontaneously produced both BH4 and 3,4-
dihydroxy-L-phenylalanine. To examine further the importance
of GTP cyclohydrolase I in gene therapy for PD, in vivo micro-

dialysis was used to assess the biochemical changes in the
dopamine-denervated striatum containing grafts of genetically
modified fibroblasts. Only denervated striata grafted with fibro-
blasts possessing both TH and GTP cyclohydrolase I genes
displayed biochemical restoration. However, no significant dif-
ferences from controls were observed in apomorphine-induced
rotation. This is partly attributable to a limited duration of gene
expression in vivo. These differences between fibroblasts trans-
duced with TH alone and those additionally modified with the
GTP cyclohydrolase I gene indicate that BH4 is critical for
biochemical restoration in a rat model of PD and that GTP
cyclohydrolase I is sufficient for production of BH4.
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Gene transfer technology has created new directions for investi-
gation of CNS function and the potential for breakthroughs in
therapy for many neurological disorders. By injection of viral
vectors or transplantation of genetically engineered cells contain-
ing viral vectors into specific sites of the brain, the limitations of
conventional experimental and therapeutic approaches can be
overcome. Parkinson’s disease (PD) is an attractive target for
these new therapeutic approaches because the pathophysiology,
degeneration of dopaminergic neurons of the substantia nigra, is
well characterized. Furthermore, gene therapy with tyrosine hy-
droxylase (TH), the rate-limiting step in catecholamine biosynthe-
sis, may avoid some complications associated with intermittent
3,4-dihydroxy-L-phenylalanine (L-DOPA) therapy by achieving
continuous delivery of L-DOPA. Using this approach, several

investigators have demonstrated partial restoration of abnormal-
ities in rat models of PD (Wolff et al., 1989; Horellou et al., 1990;
Fisher et al., 1991; During et al., 1994; Kaplitt et al., 1994).
For hydroxylation of tyrosine, TH requires Fe21, oxygen, and

(6R)-(L-erythro-19,29-dihydroxypropyl)-2-amino-4-hydroxy-5,6,7,8-
tetrahydropteridine (tetrahydrobiopterin, BH4) as cofactors. Most
cells previously used for gene transfer, including fibroblasts, do
not synthesize BH4. Furthermore, endogenous BH4 levels in den-
ervated striatum are insufficient to support TH activity (Levine et
al., 1981; Nagatsu, 1983). Indicative of this problem, as reported
by Uchida et al. (1992), exogenous BH4 infusion is necessary for
in vivo biochemical and functional effects of an immortalized
fibroblast cell line transduced with TH. The critical role of BH4 in
PD can also be noted by the recent discovery of mutations in the
GTP cyclohydrolase I gene, the rate-limiting step of BH4 synthe-
sis, in patients with hereditary progressive dystonia who manifest
parkinsonian features (Ichinose et al., 1994). Yet, most recent
investigations have focused primarily on modes of delivery, such
as various types of cells and vectors, neglecting the issue of BH4.
Clinically, long-term administration of exogenous BH4 to PD

patients is not practical because of poor penetration into the
nervous system (Kapatos and Kaufman, 1981; Levine et al., 1987).
Therefore, gene transfer of enzymes necessary to synthesize BH4
could potentially provide a continuous and local source of BH4.
De novo biosynthesis of BH4 requires three enzymes: GTP cyclo-
hydrolase I (EC 3.5.4.16), 6-pyruvoyl-tetrahydropterin synthase,
and sepiapterin reductase. Werner et al. (1990) found that
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6-pyruvoyl-tetrahydropterin synthase and sepiapterin reductase
are constitutively expressed in fibroblasts, whereas the rate-
limiting enzyme for BH4 synthesis, GTP cyclohydrolase I, was not.
Thus, in the present study, we focused on determining genes
necessary for synthesis of L-DOPA. To accomplish this, primary
rat fibroblasts were genetically engineered with retroviral vectors
to produce TH and BH4 by double transduction with the cDNAs
for human TH (Grima et al., 1987) and rat GTP cyclohydrolase I
(Hatakeyama et al., 1991). We demonstrate that these fibroblasts
spontaneously synthesize L-DOPA and BH4 in vitro and that
transplantation of these cells leads to enhanced TH function in
vivo.

MATERIALS AND METHODS
Retroviral vector construction. The 1.7 kb BstXI–HindIII-digested frag-
ment of the human tyrosine hydroxylase type 2 (hTH2) cDNA (Ginns et
al., 1988) was inserted into the HindIII–ClaI sites of a Moloney murine
leukemia virus-derived plasmid, pLNCX (Miller and Rosman, 1989),
downstream from the cytomegalovirus promoter (CMV) (Fig. 1A). The
0.9 kb BamHI–HincII blunt-ended fragment of rat GTP cyclohydrolase I
cDNA (Hatakeyama et al., 1991) was inserted into the BglII–ClaI blunt-
ended sites of pDgHC under the control of the CMV promoter (Fig. 1B).
Whereas pDgHC contains the gene for hygromycin-B-phosphotransferase
(HPH) as a selection marker, pLNCX contains the gene for aminoglyco-
side phosphotransferase (neo) (Fig. 1). Production of viral producers was
described previously (Kang et al., 1993). All selected producer clones had
a titer of .1 3 105 pfu/ml.
Transduction of primary fibroblasts with TH and GTP cyclohydrolase I.

Isolation and culture of fibroblasts from adult female Fischer 344 rats
were described previously (Kang et al., 1993). Primary fibroblasts (PF)
were first infected with retroviruses expressing TH (LNChTH; Fig. 1A)
and selected in the presence of 400 mg/ml G418. The cells surviving
selection were pooled, and PFTH was established. To produce a cell line
transduced with both TH and GTP cyclohydrolase I, PFTH was infected
with retroviruses expressing GTP cyclohydrolase I (DgHCGC; Fig. 1B).
These cells were doubly-selected in media containing G418 and hygro-
mycin (150 mg/ml). The surviving cells were pooled and expanded into
PFTHGC.
Immunohistochemical staining. Cells were plated in 8-well chamber

slides. After attachment, the cells were fixed with 4% paraformaldehyde
in 0.1 M PBS and immunostained with a polyclonal antibody against rat
TH (Pel-freeze, Rogers, AR) at a dilution of 1:500 and a biotinylated goat
anti-rabbit IgG (Vector Laboratories, Burlingame, CA) as a secondary
antibody. The signal was amplified by avidin and biotinylated horseradish

peroxidase and the cells stained by adding 3,39-diaminobenzidine tetra-
chloride dehydrate and hydrogen peroxide.
Biochemical assays. TH activity was measured according to the method

of Nagatsu et al. (1964) as modified by Reinhard et al. (1986). Briefly,
cells (5 3 106) were lysed by sonication in 10 mM phosphate buffer, pH
6.0, and 0.2% Triton X-100 and centrifuged at 12,300 3 g for 10 min. The
amount of protein in the supernatant was quantified with a Bio-Rad
(Hercules, CA) protein determination kit. The assay contained 0.5 mCi of
[3H]tyrosine (51 Ci/mmol; Amersham, Arlington Heights, IL) and unla-
beled tyrosine for a total of 167 mM, 100 mM DL-6-methyl-5,6,7,8-
tetrahydropterin, 50 mM 2-(N-morpholino) ethanesulfonic acid (MES),
pH 6.0, 5 mM dithiothreitol, and 3000 U/ml catalase in a 100 ml total
volume and was incubated for 20 min at 378C. The reaction was stopped
by adding 1 ml of 7.5% charcoal in 1N HCl. The charcoal was pelleted,
and the supernatant was collected for scintillation counting. The Km of
TH for BH4 was determined by measuring TH activity in reactions
containing varying amounts of BH4 (0–200 mM). TH activity was
measured as described above except that the reaction was incubated for
7 min.
GTP cyclohydrolase I activity was measured by modification of a previ-

ously described method (Duch et al., 1984). In brief, 7,8-dihydroneopterin
triphosphate produced from GTP was oxidized with iodine to neopterin
triphosphate and dephosphorylated with alkaline phosphatase to neopterin,
which was then quantified by reverse-phase HPLC with fluorescence detec-
tion (Sakai et al., 1993).
For intracellular tetrahydrobiopterin measurements, adherent cells

were harvested in 500 ml of 0.4 M perchloric acid (PCA)/0.1 mM EDTA
and frozen at 2808C for HPLC analysis. The concentration of fully
reduced tetrahydrobiopterin was determined by differential iodine oxida-
tion in acid and base according to the methods of Fukushima and Nixon
(1980). For L-DOPA measurements, confluent cells were incubated in
Earl’s balanced salt solution (EBSS) with 25 mM HEPES and 100 mM
EDTA for 30 min at 378C. The media and the cells were harvested in
PCA solutions and frozen until analysis. The levels of L-DOPA in cells
and media were analyzed by reverse-phase HPLC using a C18 column
and an ESA Coulochem II electrochemical detector.
Surgical procedures: dopamine denervation and grafting. For all stereo-

taxic surgical procedures, female Fischer 344 rats (150–200 gm) were
anesthetized with a mixture of ketamine (75 mg/kg), xylazine (3.8 mg/kg),
and acepromazine (0.75 mg/kg). As described previously (Lucidi-Phillipi
et al., 1995), 8 mg (freebase weight) of 6-hydroxydopamine (6-OHDA)
was infused in 2 ml at the following coordinates: AP 24.4 mm, ML 1.2
mm relative to bregma, and DV 27.5 mm from dura (Paxinos and
Watson, 1986). To prevent destruction of noradrenergic neurons, desi-
pramine (12.5 mg/kg, i.p.) was administered 30 min before the infusion of
6-OHDA. Animals were allowed to recover 2–3 weeks before the cells
were implanted. Only those rats with ipsilateral rotations of .400/hr
induced by amphetamine (5 mg/kg, i.p.) were used for grafting
experiments.
For grafting, PF, PFTH, or PFTHGC cells were washed, trypsinized,

and suspended in Dulbecco’s PBS. L-DOPA synthesis by PFTHGC cells
was checked each time cells were grafted. Grafting was done only with
cells below passage 15, because primary cells may senesce and survive
poorly at higher passages.
Behavioral experiments. In this experiment, fibroblast cells were grafted

at eight sites. One microliter of cell suspension (50,000 cells/ml) was
infused at each site in dorso-lateral striatum (AP 1.0, ML 2.0 and 3.5, DV
5.0 and 4.0; AP 0.0, ML 2.5 and 4.0, DV 5.0 and 4.0) for a total of 400,000
cells per animal. To assess their response to changes induced by the
transplantation of the genetically modified fibroblasts, animals were
tested with apomorphine (0.05 mg/kg, s.c.) before and at 1, 2, and 3 weeks
after grafting. An automated rotometer (San Diego Instruments, San
Diego, CA) was used to record the number of rotations per hour. Data
were analyzed by two-way ANOVA with repeated measures.
Microdialysis experiments. In this study, fibroblasts were grafted at four

sites. One microliter of the fibroblast suspension (75,000 cells/ml) was
infused (0.5 ml/min) at each site in the striatum [AP 1.5 and 20.5 mm,
ML 62.8 mm relative to bregma, and DV 24.0 and 23.5 mm below dura
(Paxinos and Watson, 1986)] for a total of 300,000 cells per animal.
Microdialysis probes, of vertical concentric design, with a 2 mm active
area, were calibrated in vitro for relative recovery to assure consistency,
but the data were not corrected for recovery (Wachtel and Abercrombie,
1994). A microdialysis probe was implanted into the 6-OHDA-
denervated striatum equidistant from the grafts at the following coordi-
nates: AP 0.5 mm, ML 62.5 mm relative to bregma, and DV 25.5 mm

Figure 1. Schematic of the retroviral vector plasmids. A, pLNChTH
contains the cDNA for human tyrosine hydroxylase type 2 (hTH-2) under
the control of a cytomegalovirus promoter (CMV) and the selectable
marker aminoglycoside phosphotransferase (neo) under the control of the
retroviral long terminal repeat (LTR). B, pDgHCGC contains the rat GTP
cyclohydrolase I (GTPCH1) cDNA and the selectable marker hygromycin-
B-phosphotransferase (HPH) within the same backbone as pLNChTH.
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below dura (Paxinos and Watson, 1986). Artificial CSF (147 mM NaCl, 2.5
mM KCl, 1.3 mM CaCl2, and 0.9 mM MgCl2, pH ; 7.4) was perfused
continuously through the probe at a rate of 1.5 ml/min. The microdialysis
probe was left in place for 16–20 hr before dialysates were collected for
HPLC analysis. NSD 1015 was administered intraperitoneally [100 mg/kg,
dissolved in 0.9% (w/v) NaCl]. L-DOPA in dialysates (20 ml) was quan-
tified at 15 min intervals by HPLC, as described above. Data were
analyzed using ANOVA with repeated measures. Post hoc comparisons
were conducted with Dunn’s multiple comparisons test.
Time course experiments. Fibroblasts were grafted at eight sites. Two

microliters of the cell suspension (75,000 cells/ml) were infused at each of
four sites in the striatum (AP 1.2 and 20.3, ML 2.3 and 3.0, DV 24.0)
and 1 ml at another four sites along the same needle tract (the same
coordinates for AP and ML, DV 23.5) for a total of 900,000 cells per
animal. As in the above microdialysis experiments, microdialysis probes
were implanted equidistant between the graft sites (AP 0.45, ML 2.65,
DV 25.5).
Immediately after all in vivo experiments, rats were anesthetized and

transcardially perfused with 50 ml of saline followed by 250 ml of ice-cold
4% paraformaldehyde. Brains were removed, postfixed for 1 hr, and
transferred to 30% sucrose until equilibrated. Thirty micrometer sections
were cut and either stained with cresyl violet or immunoreacted for TH
as described above.

RESULTS
In vitro characteristics of primary fibroblasts with TH
and GTP cyclohydrolase I
Double transduction of primary fibroblast cells had no apparent
effect on cell growth and morphology. All cell types (PF, PFTH,
and PFTHGC) were tested for immunoreactivity with a TH-
specific polyclonal antibody. Both PFTH and PFTHGC cells were
immunoreactive for TH, whereas control PF cells were not (Fig.
2). The intensity of the staining for PFTH and PFTHGC cells in
culture was stable throughout all passages (data not shown).
Similarly, only PFTH and PFTHGC cells had significant TH
activity (Table 1). The TH activities of these cells at difference
passages ranged from 66.4 to 287.7 pmol/mg/min for PFTH cells
and 198.5 to 430.3 pmol/mg/min for PFTHGC cells. Although we
noticed some drift, the activity neither increased nor decreased
consistently with increasing passage up to 27, the highest passage
we have examined in vitro. A separate transduction could result in
fibroblast cells with different transgene expression. Therefore, we
used cells from the same infections whenever possible and mon-
itored their transgene activities at regular intervals. The TH
activity of PFTH and PFTHGC was comparable to bovine chro-
maffin cells (274.2 6 72.8 pmol/mg/min), which have high endog-
enous TH expression. The Km of TH was similar between PFTH
and PFTHGC, suggesting that double transduction of cells or
production of cofactor does not alter the biochemical properties
of TH. Only PFTHGC cells had significant GTP cyclohydrolase I

activity. Furthermore, expression of GTP cyclohydrolase I re-
sulted in synthesis of biopterin, the majority of which was in the
fully reduced form, BH4 (Table 1). PFTHGC cells also produced
significant amounts of L-DOPA; however, no detectable amount
of L-DOPA was produced by PF or PFTH cells without addition
of BH4 (Table 1).

Cofactor requirement of fibroblasts with TH in vitro
To investigate the requirement for BH4 in PFTH cells, L-DOPA
was measured in the media of PFTH cells incubated with BH4
(0–200 mM for 4 hr). In addition, intracellular BH4 concentrations
were measured in the cell pellets to estimate the amount of BH4
taken up by the cells from the media. The BH4 concentration in
PFTH cells increased linearly as a function of the concentration of
BH4 in the media. In contrast, the level of L-DOPA in the media
reached a plateau at a concentration of 50 mM BH4 (Fig. 3A),
indicating that TH was saturated at this concentration of cofactor.
Similarly, L-DOPA synthesis by PFTHGC cells did not increase
further with the addition of BH4 (Fig. 3B), suggesting that the
concentration of BH4 within PFTHGC cells was enough to sup-
port maximal TH activity.
To confirm that synthesis of L-DOPA is specifically dependent

on the activity of GTP cyclohydrolase I in PFTHGC cells, 2,4-
diamino-6-hydroxypyrimidine (DAHP), a specific inhibitor of
GTP cyclohydrolase I (Gal et al., 1978), was added to the culture

Table 1. Biochemical characterization of PF, PFTH, and PFTHGC cells

Cell types

PF PFTH PFTHGC

TH activity 0.053 6 0.57 148.2 6 18.9 271.6 6 16.7
(pmol/mg/min) (n 5 18) (n 5 18)

Km of TH for BH4
(mM)

NA 110.98 6 4.25 109.45 6 5.25

GTPCH1 activity 0 0 12.6 6 2.6
(pmol/mg/min)

Total biopterin 0 0 139.2 6 14
(pmol/106 cells)

BH4/total biopterin
(%)

0 0 86.4 6 1.8

L-DOPA in media 0 0 2.166 0.19
(nmol/106 cells/hr)

Biopterin production is expressed both as total biopterin and as the percentage of
total biopterin fully reduced to BH4. Values are the mean 6 SEM from a represen-
tative set of multiple assays (n 5 3 unless indicated otherwise). NA, Not applicable.

Figure 2. Immunostaining with polyclonal antibody
against TH. A, Unmodified primary fibroblast cells (PF).
B, Fibroblasts transduced with LNChTH (PFTH). C,
Fibroblasts doubly transduced with LNChTH and DgH-
CGC (PFTHGC). Scale bar, 100 mm.
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medium at concentrations of 2.5–10 mM for 19 hr at 378C. GTP
cyclohydrolase I inhibition by 2.5 mM DAHP reduced the level of
BH4 by 96% and L-DOPA by 86%, further indicating that GTP
cyclohydrolase I activity is essential for BH4 and L-DOPA pro-
duction. Higher concentrations of DAHP did not further affect
either L-DOPA or BH4 production (Fig. 4).

Rotational behaviors of animals with fibroblasts
grafted into 6-OHDA-denervated striatum
The three types of cells were grafted into the denervated striatum
of rats with unilateral dopamine depletion. As noted previously
(Kawaja and Gage, 1992; Lucidi-Phillipi et al., 1995), the geneti-
cally modified primary fibroblasts in the grafts survived well.
There were no significant differences among all three types of
genetically modified fibroblasts with respect to cell survival or
graft size.
Rotation in response to apomorphine administration was mon-

itored in animals grafted with the three types of fibroblast cells.
Although there was no significant effect of the graft type (F(2,18) 5
1.3239) or interaction between graft type and time (F(6,54) 5

0.2578), all three groups showed moderate reduction of the rota-
tions after grafting that persisted throughout the 3 week postgraft-
ing period (F(3,54) 5 8.2398, p , 0.001) (Fig. 5).

In vivo biochemical characteristics of fibroblasts
grafted into 6-OHDA-denervated striatum
The morphology of fibroblasts within a graft and a depiction of the
relative location of the grafts and the microdialysis probe are
shown in Figure 6. The in vitro differences in L-DOPA synthesis
between the PFTH and PFTHGC cells were also apparent in vivo.
The baseline dialysate level of L-DOPA was elevated only in the
PFTHGC-grafted group. To assess further the in vivo function of
these grafts, accumulation of L-DOPA was measured in dialysate
after systemic administration of an aromatic L-amino acid decar-
boxylase (AADC) inhibitor, NSD 1015, 5 d after grafting. This
method has the advantage of isolating in vivo TH activity from
further metabolic steps such as AADC, monoamine oxidase
(MAO), etc. (Westerink et al., 1990). In all groups, the increase in
L-DOPA elicited by NSD 1015 peaked within 1 hr and decayed
slowly for the duration of the experiment (4 hr) (Fig. 7). However,
there was differential increase in L-DOPA levels induced by NSD
1015 among the three groups (F(2,15) 5 59.43, p , 0.0001). The
group transplanted with PFTHGC cells displayed a significantly
greater increase of L-DOPA than either the PFTH or the PF
groups (p , 0.01). In contrast, in the group transplanted with
PFTH, NSD 1015-induced L-DOPA accumulation was not signif-

Figure 3. The effect of exogenous BH4 in genetically modified fibroblast
cells. A, Uptake of BH4 and production of L-DOPA by primary fibroblasts
transduced with hTH2 cDNA only (PFTH) incubated with exogenous
BH4. B, Production of L-DOPA by primary fibroblasts doubly transduced
with hTH2 and rat GTP cyclohydrolase I cDNAs (PFTHGC). Confluent
cells were incubated for 4 hr at 378C in DMEM with 10% fetal calf serum
with various concentration of cofactor (0–200 mM). Data represent
mean 6 SEM (n 5 3).

Figure 4. The effect of 2,4-diamino-6-hydroxy-pyrimidine (DAHP) on
BH4 production (A) and on L-DOPA production (B) in fibroblast cells
cotransduced with TH and GTP cyclohydrolase I (PFTHGC). The cells
were incubated for 1 hr at 378C for the measurement. Data represent
mean 6 SEM (n 5 3).
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icantly different from the control PF-implanted condition. The
peak concentration of L-DOPA after NSD 1015 in the trans-
planted striatum was 47.4 6 8.7 nM in the PFTHGC group, 2.6 6
0.3 nM in the PF group, and 3.0 6 0.4 nM in the PFTH group. In
comparison, the peak concentration of L-DOPA after NSD 1015
in the intact striatum was 180.4 6 11.8 nM.

In vivo characteristics of genetically modified grafts
over time
To examine catecholamine production by PFTH and PFTHGC cells
over time, L-DOPA, dopamine, dihydroxyphenyl acetic acid
(DOPAC), and homovanillic acid (HVA) levels were measured at
two time points, 4 and 14 d after grafting. L-DOPA, dopamine,
DOPAC, and HVA were elevated only in dialysates from PFTHGC-
grafted striata at 4 d after grafting. The PFTH-grafted striata showed
no significant levels of L-DOPA, dopamine, DOPAC, or HVA at 4 d.
Furthermore, by 14 d after grafting, the L-DOPA, dopamine,
DOPAC, and HVA levels in PFTHGC-grafted striata decreased
dramatically (Table 2). Immunostaining of both PFTH and
PFTHGC grafts for TH showed immunopositive cells, but TH ex-
pression was more robust in PFTHGC grafts at 4 d after grafting
(Fig. 8). However, by 14 d after grafting, immunostaining for TH was
not consistently detectable (data not shown).

DISCUSSION
Expression of both TH and GTP cyclohydrolase I was achieved in
primary fibroblasts by double transduction and selection with two
different markers (G418 and hygromycin). By the nature of the bulk
population of primary fibroblasts, there were some variations in the
transgene expression, but they remained within a narrow range
(Table 1). Transduction of PFTH cells with GTP cyclohydrolase I
resulted in production of BH4, further supporting the finding that the
other enzymes in the biosynthetic pathway of BH4 are constitutively
expressed in fibroblasts (Werner et al., 1990). The amount of BH4 in
PFTHGC cells (Table 1) was comparable to the intracellular con-
centration in PFTH cells incubated with ;100 mM BH4 and well
above the concentration required for maximal production of
L-DOPA (Fig. 3). Furthermore, whereas PFTH cells required addi-
tion of exogenous BH4 to synthesize L-DOPA, fibroblasts transduced
with both the TH and the GTP cyclohydrolase I genes synthesized
L-DOPA spontaneously. The amount of L-DOPA produced by

PFTHGC cells was similar to that synthesized by catecholamine cells
and other genetically engineered cells incubated with exogenous BH4
(Uchida et al., 1989; Wolff et al., 1989; Horellou et al., 1990; Ishii et
al., 1990; Fisher et al., 1991; Owens et al., 1991; Anton et al., 1994).
Neither BH4 nor L-DOPA production was detected from PFTH

cells in vitro. This is consistent with previous data regarding a
variety of cells genetically modified with only the cDNA for TH.
These cell types include primary cells such as fibroblasts (Fisher et
al., 1991; Kang et al., 1993), Schwann cells (Owens et al., 1991),
astrocytes (Ridoux et al., 1994), and conditionally immortalized
fetal ventral mesencephalic neuronal cells (Anton et al., 1994).
Not all genetically engineered cells are devoid of BH4. It has been
shown that an endocrine tumor cell line can produce L-DOPA
spontaneously (Horellou et al., 1990); however, immortalized cells
or tumor cells are not suitable donor cells for gene therapy
(Uchida et al., 1989; Wolff et al., 1989; Uchida et al., 1992). In
contrast, primary fibroblasts provide an excellent vehicle for gene
transfer, survive well in syngeneic rats, and do not lead to tumor
formation (Fisher et al., 1991; Kang et al., 1993). Given the
constitutive expression of the other enzymes in the pathway, one
would predict that GTP cyclohydrolase I should be sufficient to
achieve BH4 production in other cell types as well including
neuronal precursor cells.
The predominant indicator of the graft efficacy in unilaterally

6-OHDA-lesioned rats has been a reduction of apomorphine-
induced rotation (Ungerstedt, 1971) because it is a relatively
simple test to administer and there is a lack of better alternatives.
Amphetamine-induced rotational response has been reported to
be a better indicator of graft efficacy (Curran et al., 1993), but
amphetamine does not release dopamine from most genetically
modified cells. In the present experiments, all three groups in-
cluding the control group showed significant reductions of rota-
tional responses that persisted throughout the 3 week period, but
there were no significant differences in reduction of apomorphine-
induced rotations in either PFTH or PFTHGC group compared
to the PF control. The reduction of the apomorphine-induced
rotation by all the grafts is consistent with reports that damage
induced by the grafts or the volume they occupy influences rota-
tional responses (Barker and Dunnett, 1994; Isacson, 1995). In
addition, apomorphine-induced rotation occurs as a result of
postsynaptic changes that are not linear with respect to the degree
of dopamine depletion (Hudson et al., 1993). Thus, changes in
apomorphine-induced rotations after grafting may not accurately
reflect biochemical restoration (Curran et al., 1993). Finally, our
transgene expression was relatively short-lived, but a reversal of
the denervation supersensitivity takes several days; therefore, a
reduction of apomorphine-induced rotation would not be ex-
pected. To examine the behavioral consequences of transplants,
especially genetically modified cells such as ours, development of
paradigms incorporating spontaneous behaviors that more closely
reflect the abnormalities of PD are sorely needed (Borlongan and
Sanberg, 1995; Olsson et al., 1995). Therefore, in this study, we
focused our attention on biochemical measures as direct evidence
for the efficacy of gene therapy in animal models of PD.
The fact that L-DOPA was detected in microdialysates from

6-OHDA-denervated striata containing grafts of cells doubly
transduced with TH and GTP cyclohydrolase I, but not in those
with grafts of cells modified with only TH, further supports the
idea that the denervated striatum does not have a sufficient
amount of BH4 to support TH activity (Uchida et al., 1992). The
BH4 concentration in dopaminergic terminals has been estimated
to be in the range of 1–50 mm (Levine et al., 1981; Kapatos et al.,

Figure 5. Apomorphine-induced contralateral rotation in unilateral
6-OHDA-lesioned rats with genetically modified grafts. The PF group had
grafts of unmodified fibroblasts, PFTH had grafts of cells with the TH
gene only, and PFTHGC had graft of cells with both TH and GTP
cyclohydrolase I genes. Data represent mean 6 SEM (n 5 7).
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1992). However, the BH4 level in severely denervated striatum has
been reported to be ,25% of normal (Levine et al., 1981) and,
therefore, is probably below the Km for the TH. Partial reversals
of biochemical and behavioral abnormalities have been noted
after direct in vivo gene transfers of TH using herpes, adeno and
adeno-associated viral vectors (During et al., 1994; Horellou et al.,
1994; Kaplitt et al., 1994); however, given the low level of BH4 in
the denervated striatum, the source of BH4 for viral transduced
TH is unclear. In fact, addition of exogenous BH4 was required
to produce a significant amount of L-DOPA in striatal neuro-
nal cultures transduced with TH by a herpes virus vector (Geller
et al., 1995).
Accumulation of L-DOPA after inhibition of AADC was used to

isolate the in vivo TH function from other variables such as DOPA
decarboxylation, dopamine uptake, and metabolism of dopamine by
subsequent enzymatic steps (Carlsson et al., 1972; Westerink et al.,
1990; Robert et al., 1993). Our data demonstrate that in the absence
of its metabolism, L-DOPA accumulates in the striatum of rats with
PFTHGC grafts, supporting the idea that TH function is enhanced

by this genetic modification. The clear-cut difference between the
PFTH grafts and PFTHGC grafts illustrates the importance of GTP
cyclohydrolase I in the TH gene transfer paradigm. Cells modified
with both GTP cyclohydrolase I and TH displayed a higher level of
TH activity in vivo, 18-fold higher, than either grafts of cells trans-
duced with TH alone or grafts of control fibroblasts. Nevertheless,
there was a small NSD 1015-induced increase of L-DOPA in TH-
and control-grafted striata. This may have been attributable to some
remaining endogenous TH activity in residual dopaminergic termi-
nals or diffusion of L-DOPA from outside the striatum given the
delayed peak effect compared to the PFTHGC group (Fig. 7).
To examine the longevity of the transgene expression, microdialy-

sis experiments and histological examination were also conducted at
two time points after grafting PFTHGC cells. The transgene expres-
sion was self-limited in that the levels of L-DOPA and dopamine
were close to control levels (Table 2) and immunostaining was not
detectable by 2 weeks after grafting. Such a limited long-term ex-
pression is similar, but somewhat shorter than other experiments
with retroviral transduction of fibroblasts expressing AADC (Kang,
1995) or neurotrophic factors (Levivier et al., 1995; Lucidi-Phillipi et
al., 1995). This may be because TH protein is relatively unstable
when expressed in non-neuronal cells (Wu and Cepko, 1994). Al-

Figure 7. Microdialysis in striatum of freely moving rats with genetically
modified fibroblast grafts. L-DOPA was measured by HPLC in the dialy-
sates at 15 min intervals. Dialysates were monitored for 1 hr before and 4
hr after NSD 1015 (100 mg/kg, i.p.). Data represent mean 6 SEM (n 5 6)
concentration of L-DOPA in 20 ml dialysate samples.

Table 2. Baseline catecholamine concentrations in the denervated
striatum grafted with genetically modified cells doubly transduced with
TH and GTP cyclohydrolase I

Cell type L-DOPA (nM)
Dopamine
(nM)

DOPAC
(nM)

HVA
(nM)

PFTHGC 170.03 6 50.77 2.13 6 0.27 67.03 6 13.57 74.80 6 2.14
(n 5 6) (n 5 3)

PFTH 0.45 6 0.26 0.00 6 0.00 0.88 6 0.25 2.35 6 0.27
(n 5 4)

PF 0.04 6 0.04 0.00 6 0.00 1.05 6 0.46 ND
(n 5 6)

PFTHGC 3.37 6 3.12 0.00 6 0.00 2.19 6 0.14 7.41 6 1.02
14 d
(n 5 4)

Unless indicated otherwise, the microdialysis was performed 4 d after grafting in the
denervated striata containing fibroblasts genetically modified with TH (PFTH), with
both TH and GTP cyclohydrolase I (PFTHGC), or those without modification (PF).
Because no significant levels of catecholamines were detected in PF and PFTH
groups, only PFTHGC groups were followed for 14 d to assess their long-term
expression. ND, Not done.

Figure 6. Histology of genetically modi-
fied fibroblast grafts and schematic of graft
and microdialysis probe locations. A, Nissl-
stained section showing the location of a
representative graft expressing both TH
and GTP cyclohydrolase I (PFTHGC)
within the striatum. Scale bar, 200 mm. B,
Schematic sections showing the relative po-
sitions of the grafts (hatched) and microdi-
alysis probe (solid) between the two grafts.
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though the duration may vary somewhat depending on the trans-
genes, cell types, and vectors used, consistent long-term expression of
any transgenes has not been demonstrated in the literature. The
reason for this failure of long-term expression in vivo is unknown, but
is likely to be multifactorial. Improvements in long-term expression
require systematic studies of promoters and their interactions with
vectors, grafted cells, and host environments in addition to the
stability of proteins. Nonetheless, the current combination of retro-
viral vectors and fibroblast cells serves as an extremely useful tool to
investigate the effects of particular gene(s) in vivo in an animal model
of PD.
In conclusion, we have shown that gene therapy for PD using

primary fibroblasts may be much more effective by double trans-
duction of fibroblast cells with GTP cyclohydrolase I in addition to
TH. The rational design of gene therapy necessitates a systematic
investigation of the genes required by the particular gene transfer
vehicle to restore normal biochemical function. The present data
clearly demonstrate that BH4 is essential for spontaneous produc-
tion of L-DOPA by primary fibroblast cells transduced with TH
both in vitro and in vivo. Further, we have demonstrated that, in
primary fibroblasts, transduction of GTP cyclohydrolase I is the
only step required for production of BH4. This important role of
GTP cyclohydrolase I is applicable to most types of cells currently
being explored for ex vivo gene therapy as well as for direct in vivo
gene transfer of TH.
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