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Abstract

The activity of tyrosine hydroxylase and aromatic L-amino acid decarboxylase in the striatum and their mRNA content in the midbrain
were assayed in mice following the intracerebroventricular injection of forskolin or phorbol-12,13-myristic acid (PMA). Control and
1-methyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned animals were studied. Both forskolin and PMA induced a rapid and transient
increase of tyrosine hydroxylase and aromatic L-amino acid decarboxylase activity in the striatum that lasted less than 45 and 60 min,
respectively. A second belated increase of striatal tyrosine hydroxylase and aromatic L-amino acid decarboxylase activities was seen only
after forskolin, and it was accompanied by a rise of tyrosine hydroxylase and aromatic L-amino acid decarboxylase mRNA in the
midbrain. In the MPTP-lesioned mouse, the rise of tyrosine hydroxylase and aromatic L-amino acid decarboxylase following forskolin
appeared exaggerated, while the response to PMA was not. These studies suggest that tyrosine hydroxylase and aromatic L-amino acid
decarboxylase of striatum can be modulated in parallel by protein kinase A and protein kinase C, and that exaggerated responsiveness to
protein kinase A is observed in the partially denervated striatum. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is convincing evidence that tyrosine hydroxylase
(tyrosine-3-monooxygenase; EC1.14.16.2) and aromatic
L-amino acid decarboxylase (EC 4.1.1.28), the first en-
zymes in the biosynthetic pathway of catecholamines, are
subject to short- and long-term modulation (Goldstein,
1995; Zhu and Juorio, 1995; Kumer and Vrana, 1996).
Physiological stimuli (luvone et a., 1978; Hadjiconstanti-
nou et a., 1988) and neurotransmitter receptors (Zivkovic
et a., 1974; Zhu et al., 1992; Hadjiconstantinou et al.,
1993, 1995; Cho et al., 1996, 1997) induce short-term
activation of tyrosine hydroxylase and aromatic L-amino
acid decarboxylase in vivo. Multiple site phosphorylation
by protein kinase A and C and Ca®" /calmodulin kinase
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underlies the short-term activation of tyrosine hydroxylase
(Goldstein, 1995; Kumer and Vrana, 1996), and such a
mechanism has been speculated for the short-term modula-
tion of aromatic L-amino acid decarboxylase. Indeed, there
are several amino acid motifs on aromatic L-amino acid
decarboxylase that are potential sites for phosphorylation
by protein kinase A and C (personal observations), and
intracerebroventricular (i.c.v.) injection of forskolin (Y oung
et al., 1993) or phorbol-12, 13-myristic acid (PMA) (Y oung
et al., 1994) increases the activity of the enzyme in the
mouse striatum and midbrain.

Enzyme induction is the other regulatory mechanism
shared by tyrosine hydroxylase and aromatic L-amino acid
decarboxylase (Goldstein, 1995; Zhu and Juorio, 1995;
Kumer and Vrana, 1996). Basa and induced tyrosine
hydroxylase transcription is directed by several cis-acting
regulatory elements, and protein kinase A- and C- depen-
dent cascades have been shown to regulate tyrosine hy-
droxylase gene expression (Kumer and Vrana, 1996). Al-
though aromatic L-amino acid decarboxylase gene tran-
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scription has not been explored yet, the presence of puta-
tive regulatory elements on its promoter (Hahn et a.,
1993; Aguanno et al., 1995) and the observation that
pharmacological agents, hormones, and trophic factors
change the abundance of its MRNA (Wessel and Joh,
1992; Li et al., 1992, 1993, 1994, 1997; Kim et al., 1993g;
Hadjiconstantinou et al., 1995; Cho et al., 1996, 1997)
indicate that transcriptional regulation of aromatic L-amino
acid decarboxylase is possible.

To understand the regulation of aromatic L-amino acid
decarboxylase in the brain and the role, if any, for this
regulation in the synthesis of dopamine, we have been
studying the pharmacological and biochemical character-
istics as well as the mechanisms of tyrosine hydroxylase
and aromatic L-amino acid decarboxylase regulation in the
striatum of control and dopaminergically denervated ani-
mals. In this study, we investigated the responses of
striatal tyrosine hydroxylase and aromatic L-amino acid
decarboxylase in control and 1-methyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-lesioned mice to the i.c.v. administration
of forskolin or PMA and presumed activation of protein
kinase A and C. We now report that forskolin and PMA
induce a rapid and transient increase of tyrosine hydroxyl-
ase and aromatic L-amino acid decarboxylase activitiesin a
temporally similar pattern. Interestingly, after forskolin
there was a second belated increase of the activity of both
enzymes and mRNA in the midbrain. Lesion of dopamin-
ergic neurons with MPTP amplified the enzymes' respon-
siveness to forskolin but not to PMA.

2. Methods
2.1. Administration of drugs

Male Swiss—Webster (Harlan) mice, 25-30 g, were
used for experimentation. Normal and MPTP-lesioned mice
were studied. The MPTP-lesioned mice were randomly
selected and injected with MPTP, 30 mg/kg i.p. daily for
7 days, and then alowed 14 days to recover before being
used in experiments. This MPTP protocol induces about a
50% loss of dopaminergic markers in the mouse striatum
(Hadjiconstantinou and Neff, 1988, Table 1). For thei.c.v
injections, mice were anesthetized with isofluorane and an
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Fig. 1. Tyrosine hydroxylase and aromatic L-amino acid decarboxylase
activities increase in the striatum following forskolin administration.
Dashed line presents data for tyrosine hydroxylase and the solid line for
aromatic L-amino acid decarboxylase. (A) Data for norma animals
injected with forskolin, 2 nmol in 2 pl i.c.v., presented as percent of
values found for vehicle-treated mice (Control). For the animals that
received vehicle, the values for tyrosine hydroxylase and aromatic L-amino
acid decarboxylase in nmol /mg protein/20 min+ S.E.M. were 0.36 +
0.04 and 35+ 0.4, respectively. (B) Data for MPTP-lesioned animals
injected with forskolin, 2 nmol in 2 wl i.c.v., presented as percent of
values found for vehicle-treated MPTP-lesioned mice (Control). For the
MPTP-lesioned animals that received vehicle, the values for tyrosine
hydroxylase and aromatic L-amino acid decarboxylase in hmol /mg pro-
tein/20 min+ S.E.M. were 0.16+0.05% and 19+ 0.2%, respectively. P
< 0.05 compared with respective contrast control group. The number of
animals studied at each time interval varied between 6 and 13. Open
symbols show data that are significantly different from control values.
Statistics are based on actual values before transformation to percentages.

incision made in the scalp to expose the skull and PMA or
forskolin (Research Biochemicals) administered free-hand
into the right lateral ventricle. The injection site was on the

Tyrosine hydroxylase and aromatic L-amino acid decarboxylase activity in the striastum and mRNA in the midbrain of mice lesioned with MPTP

Tyrosine hydroxylase

Aromatic L-amino acid decarboxylase

Activity MRNA Activity MRNA
Control 0.36 + 0.004 100+ 0.5 35+ 04 100+ 1
MPTP 0.16 + 0.005% 72+ 6% 19+ 022 118+ 4

MPTP, 30 mg/kg i.p., or saline (Control), was administered daily, for 7 days and the mice killed 14 days after the last injection. Tyrosine hydroxylase and
aromatic L-amino acid decarboxylase activities in the striatum and their respective mRNAs in the midbrain were assessed as described in Section 2. Values
for enzyme activity are expressed as nmol /mg protein/20 min + SE.M., and for enzyme mRNA as percent of Control + SEE.M. n = 8-15 for Northern

blots, and n = 15 for enzyme activity.
#P < 0.05 compared with Control.
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bregma, 1 mm latera to the midline and 2 mm below the
surface of the skull. Forskolin and PMA, 2 nmol /2 pl,
derived from dose-response studies (Young et al., 1993,
1994), were dissolved in dimethylsulfoxide and control
animals received this vehicle. Following the injection, a
surgical staple was used to close the incision, and the
animal was returned to a cage for recovery. Mice recov-
ered from anesthesia within about 2 min and they were
decapitated at varying times, 2, 5, 10, 15, 30, 45, 90 or 180
min, after injection. Striata were used fresh for the estima-
tion of tyrosine hydroxylase, left striatum, and aromatic
L-amino acid decarboxylase, right striatum. Midbrains were
frozen and used for the evaluation of the enzymes' mRNA.

2.2. Assay of tyrosine hydroxylase activity
The method of Reinhard et al. (1986) was used to assay

tyrosine hydroxylase activity. Tissue was homogenized in
200 ! of 10 mM Tris acetate buffer (pH 7.0) containing
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0.2% Triton X-100 and 1 mM 2-mercaptoethanol. Thirty
wl of homogenate was added to 70 wl of incubation
mixture containing; 40 mM sodium acetate buffer, pH 6.0,
50 wM 6-methyl-5,6,7,8-tetrahydropteridine, 10 g cata-
lase, 1 mM ferrous ammonium sulfate, 0.2 mM tyrosine
and 1 wCi [*H]-L-tyrosine (Amersham, specific activity 48
Ci /mmol). Incubation was carried at 37°C for 20 min and
the reaction terminated by adding 1 ml of 7.5% charcoal in
0.01 N HCI. The mixture was centrifuged and radioactive
[*H]H,0, produced during the conversion of [*Hltyrosine
to 3,4-dihydroxyphenylalanine (DOPA), was counted in
the supernatant with a (3-spectrometer.

2.3. Assay of aromatic L-amino acid decarboxylase activity

Aromatic L-amino acid decarboxylase activity was as-
sayed as previously described (Hadjiconstantinou et al.,
1993). Striatal tissue was homogenized in 3 ml ice-cold
0.25 M sucrose, 20 pl of the homogenate was added to
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Fig. 2. Forskolin elevates tyrosine hydroxylase and aromatic L-amino acid decarboxylase mRNA in the midbrain. Animal groups were treated as described
in Fig. 1. Mice were decapitated at the indicated times and the midbrain removed for the analysis of tyrosine hydroxylase and aromatic L-amino acid
decarboxylase mRNA as described in methods. Open bars: tyrosine hydroxylase mRNA in normal animals after forskolin; Horizontal hatched bars:
aromatic L-amino acid decarboxylase MRNA in normal animals after forskolin; Hatched bars: tyrosine hydroxylase mRNA in MPTP-lesioned animals after
forskolin; Cross-hatched bars aromatic L-amino acid decarboxylase mRNA in MPTP-lesioned animals after forskolin. Data are expressed as percent of
respective controls + S.E.M. ®P < 0.05 compared with respective control. n= 5-15 blots from different animals. Representative Northern blots shown
below the figure. (A) Tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (AAAD) mRNA for normal animals after forskolin. (B)
Tyrosine hydroxylase and aromatic L-amino acid decarboxylase mMRNA for MPTP-lesioned animals after forskolin. Numbers designate: (1) Respective

control; (2) 45 min; (3) 90 min; (4) 180 min.
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400 pl of the assay mixture (50 mM sodium phosphate,
pH 7.2, 100 wM pargyline, 100 M EDTA, 170 uM
ascorbate, 1 mM [3-mercaptoethanol, 500 wM L-DOPA, 10
wM pyridoxal 5-phosphate) and incubated in a shaking
water bath at 37°C for 20 min. The reaction was stopped
by adding 80 ! of 0.525 M HCIO, containing 100 pmol
of 3,4-dihydroxybenzylamine (internal standard) and plac-
ing the samples on ice. The reaction mixture was trans-
ferred to 1.5 ml Eppendorf tubes containing 20 mg acti-
vated alumina and after extraction, dopamine was analyzed
by high-performance liquid chromatography with electro-
chemical detection.

2.4. Assay of tyrosine hydroxylase and aromatic L-amino
acid decarboxylase mRNA

Total RNA was isolated by the method of Chomczynski
and Sacchi (1987). Total RNA, 15 g, was separated by
denaturing agarose gel (1.1%) electrophoresis at 70 V
constant for 2.5 h and transferred to Hybond nucleic acid
transfer membrane (Amersham) overnight. Radioactive
probes were prepared using a Nick trandation kit
(Amersham) with [*P]dCTP. For aromatic L-amino acid
decarboxylase, a 286 bp (Eaton et al., 1993) inserted in
pGEMaZz, cut with EcoRl, and for tyrosine hydroxylase, a
300 bp in pGEM 4Z (a gift from Dr. D.M. Chikaraishi,
Tufts University), cut with Hindlll and EcoRI, were used
for *P labeling. Blots were hybridized overnight and
exposed to X-OMAT AR film (Kodak). Blots were rehy-
bridized with a ** P-labeled B-actin probe (American Type
Culture Caollection), to correct for variances in total RNA
between samples after the previous radioactive probes
were stripped. There was no apparent difference between
B-actin MRNA in control and MPTP-treated mice. Autora-
diograms were scanned using a Hoffer Scientific Instru-
ment GS300 densitometer. Data are expressed as the ratio
of density for the probe of interest to that of B-actin.

2.5. Satistical methods

For the statistical analysis of the data, a parametric one
or two way analysis of variance was employed followed
by a Student—Newman—Keuls test for multiple group com-
parisons. For data expressed as ratios, a nonparametric
one-way or two-way anaysis of variance was utilized
followed by a Dunn test. GraphPed, version 2.0, software
was used for all data analysis, and alevel of P < 0.05 was
accepted for statistical significance.

3. Reaults

Forskolin administered i.c.v., 2 nmol in 2 pl, induced a
biphasic increase in tyrosine hydroxylase activity (Fig.
1A). Enzyme activity increased rapidly, as early as 2 min
after the drug administration, returned to control values by

45 min and then increased again by 90 min. The increase
of tyrosine hydroxylase activity was still present 3 h later,
the longest time studied. Although the two phases of the
tyrosine hydroxylase response to forskolin varied in dura-
tion, with the second phase been apparently longer, they
were similar in magnitude of response, with a maximal
increase about 60% over the control values observed at 5
and 90 min. Aromatic L-amino acid decarboxylase activity
also increased in response to forskolin in a similar biphasic
and temporal pattern (Fig. 1A). However, the magnitude of
response was less, about 40% over the control values at 5
min and 20% over the control values at 90 min.

Fourteen days after completing treatment with MPTP
there was the expected decline of tyrosine hydroxylase and
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Fig. 3. Tyrosine hydroxylase and aromatic L-amino acid decarboxylase
activities increase in the striatum following PMA administration. Dashed
line presents data for tyrosine hydroxylase and solid line for aromatic
L-amino acid decarboxylase. (A) Data for normal animals injected with
PMA, 2 nmol in 2 pl i.c.v., presented as percent of values found for
vehicle-treated mice (Control). For the animals that received vehicle, the
values for tyrosine hydroxylase and aromatic L-amino acid decarboxylase
in nmol /mg protein/20 min+S.E.M. were 0.354+0.04 and 35+0.4,
respectively. (B) Data for MPTP-lesioned animals injected with PMA, 2
nmol in 2 ul i.c.v., presented as percent of values found for vehicle-treated
MPTP-lesioned mice (Control). For the MPTP-lesioned animals that
received vehicle, the values for tyrosine hydroxylase and aromatic L-amino
acid decarboxylase in nmol /mg protein/20 min+ S.E.M. were 0.16 +
0.05% and 18+0.3%, respectively. ®P < 0.05 compared with respective
contrast control group. The number of animals studied at each time
interval varied between 6 and 13. Open symbols show data that are
significantly different from control values. Statistics are based on actual
values before transformation to percentages.
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aromatic L-amino acid decarboxylase activity in the stria-
tum (Table 1). In addition, there was a corresponding
decrease of tyrosine hydroxylase, but not of aromatic
L-amino acid decarboxylase mRNA in the midbrain.

In the MPTP-lesioned animals, the response of tyrosine
hydroxylase and aromatic L-amino acid decarboxylase to
forskolin was exaggerated and appeared shifted to the right
(Fig. 1B). Tyrosine hydroxylase activity was dightly in-
creased by 2 min, reached a maximal, about 90% over the
MPTP control values by 10 min and plateaued up to 30
min. By 45 min, activity had declined and increased again
by 180 min. A somewhat similar picture emerged for
aromatic L-amino acid decarboxylase activity (Fig. 1B). As
with tyrosine hydroxylase, the increase of aromatic L-amino
acid decarboxylase activity after forskolin was exagger-
ated, about 60% over the MPTP control values.

The abundance of tyrosine hydroxylase and aromatic
L-amino acid decarboxylase mMRNA was evaluated during
the second phase of enzyme increase. The mRNAs for

both enzymes were elevated in the midbrain at 90 and 180
min after forskolin (Fig. 2). The largest increase, about
80% over control, was evident by 180 min. In MPTP-le-
sioned animals the rise of both mRNA signals was ob-
served earlier, by 45 min, and signals declined to MPTP
control levels by 180 min.

Following PMA administration i.c.v., there was also a
rise of both tyrosine hydroxylase and aromatic L-amino
acid decarboxylase activities (Fig. 3A). Compared with
forskalin, the response appeared slower and more pro-
longed and there was no evidence for a biphasic response
during the 3 h of the studies. Tyrosine hydroxylase activity
reached a maximum of about 50-57% and aromatic L-
amino acid decarboxylase of about 26—29% over the con-
trol values by 15—-30 min, and both activities returned to
control values by 90 min. Lesioning the dopaminergic
neurons with MPTP appeared to shorten the response of
the enzymes to PMA without modifying the maximal
magnitude (Fig. 3B). There were no changes of tyrosine
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Fig. 4. PMA administration does not change the mRNA for TH and AAAD in the midbrain. Animal groups and treatments are as described in Fig. 3. Mice
were decapitated at the indicated times and the midbrain removed for the analysis of tyrosine hydroxylase and aromatic L-amino acid decarboxylase
mRNA. Open bars: tyrosine hydroxylase mRNA in normal animals after PMA; Horizontal hatched bars: aromatic L-amino acid decarboxylase mRNA in
normal animals after PMA; Hatched bars: tyrosine hydroxylase mRNA in MPTP-lesioned animals after PMA; Cross-hatched bars aromatic L-amino acid
decarboxylase mRNA in MPTP-lesioned animals after PMA. Data are expressed as percent of respective control + SE.M. n= 8 blots from different
animals. Representative Northern blots shown below the figure. (A) Tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (AAAD) for
normal animals after PMA. (B) Tyrosine hydroxylase and aromatic L-amino acid decarboxylase mRNA for MPTP-lesioned animals after PMA. Numbers

designate: (1) Respective control group; (2) 45 min; (3) 90 min; (4) 180 min.
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hydroxylase and aromatic L-amino acid decarboxylase
MRNA in the midbrain of control and MPTP-lesioned
mice when studied at 45-180 min following PMA (Fig. 4).

4, Discussion

Dopamine synthesis and dopaminergic transmission are,
in part, regulated by transcriptional, translational and post-
tranglational mechanisms controlling the expression and
activity of tyrosine hydroxylase. Although the role, if any,
of aromatic L-amino acid decarboxylase for the synthesis
of dopamine and other catecholamines remains unknown,
aromatic L-amino acid decarboxylase is also modulated in
the brain by similar mechanisms as for tyrosine hydroxyl-
ase. Protein kinase A and C are apparently essential for the
short- and long-term regulation of tyrosine hydroxylase.
They activate preexisting enzyme molecules by phosphory-
lation, and induce enzyme protein synthesis by enhancing
gene transcription and/or mRNA stability (Goldstein,
1995; Kumer and Vrana, 1996). This work and our previ-
ous studies provide compelling evidence that protein ki-
nase A and C might be important for regulating aromatic
L-amino acid decarboxylase activity as well. Indeed, both
tyrosine hydroxylase and aromatic L-amino acid decarbox-
ylase activities of striatum rapidly increased in response to
i.cv. administration of forskolin and PMA, whereas a
belated second rise of enzyme activity was observed after
forskolin only. Based on the temporal and kinetic charac-
teristics of the response, the lack of effect of protein
synthesis inhibitors, and that phosphatase inhibitors also
increase enzyme activity, we postulate that aromatic L-
amino acid decarboxylase of striatum is phosphorylated in
vivo by protein kinase A and C, (Young et al., 1993,
1994). We now demonstrate that the modulation of tyro-
sine hydroxylase and aromatic L-amino acid decarboxylase
in vivo can take place in paralel. In the striatum, enhanced
activity of both enzymes was observed within 2-5 min
after forskolin and this initial rapid response returned to
control values by about 45 min. A smaller, slower, and
more prolonged response was seen after PMA. Notably the
percentage activation of tyrosine hydroxylase by forskolin
or PMA was greater than that of aromatic L-amino acid
decarboxylase. Both the magnitude and the temporal pat-
tern of the activation of striatal tyrosine hydroxylase by
forskolin and PMA observed in our studies are similar to
those reported for the purified enzyme in vitro or in intact
PC12 cells (Vulliet et a., 1980; Albert et al., 1984;
Funakoshi et al., 1991).

Cyclic AMP analogs and forskolin activate tyrosine
hydroxylase in striatal slices (Hirata and Nagatsu, 1985)
and synaptosomes (Harris et a., 1975; Goldstein et 4.,
1976), and induce phosphorylation activation of the en-
zyme in striatal homogenates (Vrana and Roskoski, 1983),
synaptosomes (Haycock and Haycock, 1991) and prepara-
tions of purified protein (Joh et al., 1978). Phorbol esters

phosphorylate tyrosine hydroxylase in striatal synapto-
somes (Haycock and Haycock, 1991), and, as our data
indicate, increase the enzyme activity in vivo. Recently, it
was proposed that extracellular signa regulated kinases
(Erks) are responsible for the phosphorylation of Ser3! by
protein kinase C (Haycock et a., 1992). Protein
kinase/Erk-dependent phosphorylation has been impli-
cated for the short-term activation of tyrosine hydroxylase
by prolactin in the tuberoinfundibular dopaminergic neu-
rons (Pasqualini et al., 1994), and perhaps it is responsible
for the activation of tyrosine hydroxylase in the striatal
dopaminergic neurons in our studies (personal observa-
tions).

In contrast to the wedlth of information for tyrosine
hydroxylase, little is known about aromatic L-amino acid
decarboxylase regulation. We have provided evidence that
striatal aromatic L-amino acid decarboxylase activity can
be enhanced by protein kinase A- and C-mediated pro-
cesses in vivo (Young et al., 1993, 1994). The short-term
enhancement of aromatic L-amino acid decarboxylase ac-
tivity appears to be independent of protein synthesis, is
prevented by protein kinase A or C inhibitors, and is
mimicked by phosphatase inhibitors, suggesting phospho-
rylation activation of the enzyme. In support of this notion
are severa potential phosphorylation sites identified on the
amino acid sequence of aromatic L-amino acid decarboxyl-
ase predicting protein kinase A- and C-, Ca?* /calmodulin
kinase- and proline directed kinase-dependent phosphory-
lation (personal observations), and indirect evidence for
possible phosphorylation of the enzyme by protein kinase
A (Park et al., 1992). Protein kinase C may phosphorylate
aromatic L-amino acid decarboxylase directly and/or indi-
rectly, perhaps via the extracellular signal regulated kinase
pathway.

In addition to the early transient rise after forskolin
treatment, there was a second belated and more prolonged
rise of tyrosine hydroxylase and aromatic L-amino acid
decarboxylase activity in the mouse striatum. This activity
appeared to be correlated with mRNA levels in the mid-
brain, suggesting an apparent parallel induction of the
dopamine synthetic enzymes. Parallel upregulation of cate-
cholamine-synthetic enzymes has been described in PC12
cells(Kimet al., 1993a), adrenal gland, and locus coeruleus
(Wessel and Joh, 1992). It has been proposed that cyclic
AMP-dependent pathways might mediate the long-term
adaptive responses of noradrenergic neurons, but not of
dopamine neurons in brain (Melia et a., 1992). Our results
provide evidence that i.c.v. administered forskolin induces
tyrosine hydroxylase and aromatic L-amino acid decarbox-
ylase MRNA and activity in the nigrostriatal dopaminergic
neurons of mouse brain. In agreement with our observa
tions, Leviel et al. (1991) reported increased tyrosine
hydroxylase mRNA 24 h after direct injection of forskolin
into the substantia nigra. Cyclic AMP and forskolin have
been shown to stimulate tyrosine hydroxylase gene tran-
scription rate and to induce tyrosine hydroxylase mRNA
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and protein (Tank et al., 1986; Lewis et al., 1987; Fossom
et al., 1992; Kim et a., 1993b), in part, via binding of
transcription factors to cyclic AMP-response elements
(CRE) (Fader and Lewis, 1990; Kilbourne et al., 1992;
Kim et al., 1993b; Best et a., 1995). Transcription of the
tyrosine hydroxylase gene and stability of its mRNA are
also enhanced by protein kinase C-stimulating phorbol
esters (Vyas et al., 1990; Icard-Liepkalns et al., 1992).
However, we found no evidence for elevated tyrosine
hydroxylase mRNA in the midbrain during the 180-min
period of study. It is possible that protein kinase C is not
involved in tyrosine hydroxylase gene transcription in
central dopaminergic neurons, or that longer intervals are
needed for the induced mRNA to reach new steady-state
levels. Presently, there is no information on the transcrip-
tional regulation of the aromatic L-amino acid decarboxyl-
ase gene. As the aromatic L-amino acid decarboxylase
promoter lacks a CRE-like sequence (Hahn et d., 1993;
Aguanno et al., 1995), it is not clear how forskolin induces
aromatic L-amino acid decarboxylase mMRNA in our stud-
ies. Perhaps, protein kinase A-phosphorylated transcription
factors can bind to other elements and initiate aromatic
L-amino acid decarboxylase gene transcription, and/or
forskolin might affect the stability of aromatic L-amino
acid decarboxylase mMRNA. The transcription factor activa-
tor protein 2 (AP2) mediates transcriptional activation in
response to cyclic AMP and protein kinase C signa trans-
duction pathways (Angel et al., 1987), and severa AP2
sites have been found on the aromatic L-amino acid decar-
boxylase promoter (Hahn et a., 1993).

In the MPTP-mouse model of parkinsonism, the early
increase of striatal tyrosine hydroxylase and aromatic L-
amino acid decarboxylase activities following activation of
protein kinase A with forskolin was substantially greater
and longer compared with normal unlesioned mice, and the
biphasic pattern of the response was less evident. The
magnitude of the second belated response, however, did
not appear to differ significantly between the two experi-
mental groups. Postsynaptic dopaminergic receptor super-
sensitivity following blockade or denervation is thought to
underlie a variety of supersensitive responses described
after prolonged treatment with antagonist drugs or alesion.
Such a mechanism, for example, could explain our obser-
vation that MPTP-lesioned mice are more sensitive to the
acute effects of dopamine receptor antagonists on aromatic
L-amino acid decarboxylase activity (Hadjiconstantinou et
a., 1993). From the present study, however, it would
appear that there is also an accentuated responsiveness
presynaptically following a partial lesion of the nigrostri-
atal dopaminergic neurons. This ‘ presynaptic supersensi-
tivity’ after denervation might be the result of either
altered post-translational modifications of tyrosine hydrox-
ylase and aromatic L-amino acid decarboxylase and/or
altered cyclic AMP-protein kinase A signaling cascade in
the remaining dopaminergic neurons after a lesion. As
electrical stimulation of the medial forebrain bundle in

vivo and depolarization of striatal synaptosomes in vitro
enhance the incorporation of *P into Ser'® and Ser®
(Haycock and Haycock, 1991), we feel that a compen-
satory heightened firing rate of dopaminergic neurons in
the MPTP-lesioned mice would not account for the exag-
gerated activation of tyrosine hydroxylase, and perhaps
aromatic L-amino acid decarboxylase, after forskalin. In-
terestingly, Rausch et al. (1988), have reported that tyro-
sine hydroxylase from homogenates of the caudate from
patients with Parkinson’s Disease can be stimulated to a
higher degree than control (48% vs. 18%) by exogenous
protein kinase A. In contrast, the response of tyrosine
hydroxylase and aromatic L-amino acid decarboxylase af-
ter PMA appeared near norma or attenuated in the
MPTP-lesioned mice. Presently, we do not know why
partial dopaminergic denervation differentially modifies
the responsiveness of dopamine synthetic enzymes after
forskolin and PMA treatment.

Two weeks after treating mice with the neurotoxin
MPTP, there was a decrease in the levels of tyrosine
hydroxylase mRNA in the midbrain, whereas the message
for aromatic L-amino acid decarboxylase was slightly above
control levels, suggesting differential regulatory responses
to injury (Hadjiconstantinou and Neff, 1990). We made
similar observations in primary mesencephalic cultures
treated with 1-methyl-4-phenylpyridinium (Dalia et al.,
1993 and for discussion). Administration of forskolin to
MPTP-treated animals did not enhance further the re-
sponse of tyrosine hydroxylase and aromatic L-amino acid
decarboxylase mRNA, but it appeared to shift the time
course to the left. This observation could, in part, explain
the blunting of the biphasic response of tyrosine hydroxyl-
ase and aromatic L-amino acid decarboxylase activity to
forskolin in the lesioned animals, as synthesis of new
protein is apparently taking place earlier compared with
the controls.

Taken together we provide evidence that tyrosine hy-
droxylase and aromatic L-amino acid decarboxylase activi-
ties can be regulated in parallel by second messenger-de-
pendent pathways in the striatum of mouse in vivo. We
believe that the observed changes of tyrosine hydroxylase
and aromatic L-amino acid decarboxylase in striatum occur
mainly in dopaminergic terminals. They contain the major-
ity of enzyme activity in this region (Melamed et al., 1980;
personal observations), and aromatic L-amino acid decar-
boxylase and tyrosine hydroxylase activity (Young et al.,
1993, 1994, personal observations) and mRNA also change
in midbrain. It is possible that some of the enhanced
tyrosine hydroxylase and aromatic L-amino acid decar-
boxylase activity is the result of activation of feedback
neuronal systems by PMA and forskolin rather than a
direct effect on the enzymes. Thus, under certain condi-
tions, tyrosine hydroxylase and aromatic L-amino acid
decarboxylase can be activated and /or induced in parallel.
The physiological relevance for modulation of aromatic
L-amino acid decarboxylase is unclear as tyrosine hydro-
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xylase is the rate-limiting enzyme for dopamine synthesis.
Since aromatic L-amino acid decarboxylase closely follows
the modulation of tyrosine hydroxylase it suggests that
aromatic L-amino acid decarboxylase is not a passive
bystander but an active participant.
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