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Amantadine is an antiviral agent that was unexpect-
edly found to cause symptomatic improvement in
patients with Parkinsonism, although its mechanism
of action remains to be elucidated. Aromatic L-amino
acid decarboxylase (AADC) is a regulated enzyme
that catalyzes the decarboxylation of 3,4-dihydroxy-
phenylalanine (L-Dopa). It may be especially impor-
tant during L-Dopa therapy in Parkinsonism, during
which it may be rate-limiting for the production of
dopamine. This study reports the effects of amanta-
dine on the gene expression of AADC in PC12 cells. It
shows that amantadine induces AADC gene expres-
sion at concentrations of 10 and 100mM after 24 hr of
incubation. The results suggest that the stimulation of
AADC mRNA by amantadine may be one of its effects
on dopamine metabolism that may have relevance for
potentiation of L-Dopa therapy in Parkinsonism. J.
Neurosci. Res. 53:490–493, 1998.r 1998 Wiley-Liss, Inc.
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INTRODUCTION
Amantadine, first introduced as an antiviral agent

for the treatment of influenza, was unexpectedly found to
cause symptomatic improvement in patients with Parkin-
sonism (Schwab et al., 1969). Amantadine is efficacious
as a monotherapy and also exhibits a synergistic effect
with levodopa and anticholinergics. It has been known for
quite a number of years that the administration of
amantadine to small rodents releases dopamine (DA)
from striatal slices (Scatton et al., 1970), increases the
brain DA outflow (von Voigtlander and Moore, 1970),
and produces a low-affinity uncompetitive blockade of
the n-methyl-D-aspartic acid (NMDA) receptor (Danysz
et al., 1994).

Aromatic L-amino acid decarboxylase (AADC) is
a synthetic enzyme for monoamine neurotransmitters
(Blaschko, 1945) and for trace amine neuromodulators
(Boulton and Juorio, 1982). It may be the rate-limiting
step for the conversion of exogenous 3,4-dihydroxyphe-
nylalanine (L-Dopa) in the Parkinsonian brain (Gjedde et
al., 1993); L-Dopa decarboxylation occurs at the remain-

ing DA or 5-hydroxytryptamine neurons or at extraneuro-
nal sites (Melamed et al., 1981; Li et al., 1992b; Juorio et
al., 1993).

The object of the present experiments is to find out
whether amantadine treatment changes AADC gene ex-
pression in PC12 cells. The experiments may provide a
clue about the possible mechanism of amantadine for
increasing DA synthesis.

MATERIALS AND METHODS
The PC12 cell line was obtained from American

Type Culture Collection (Rockville, MD) and cultured in
RPMI 1640 medium containing 5% fetal calf serum and
10% horse serum plus 100 U/ml penicillin and 100 µg/ml
streptomycin, as described in protocols provided by
supplier. The cells were plated in 6-well plates in the
presence or absence of amantadine during 24 hr as
described Results. Streptomycin and amantadine hydro-
chloride were purchased from Sigma-Aldrich Canada,
Oakville, Ontario.

The methods for the detection of mRNA of AADC
have been reported previously (Li et al., 1992a, 1993).
The AADC cDNA was obtained from rat adrenal total
RNA by reverse transcription and the polymerase chain
reaction (RT-PCR) and has been verified in this labora-
tory (Li et al., 1993) according the published rat AADC
cDNA sequences (Tanaka et al., 1989). The cDNA probes
were labeled with [a-32P]dCTP (New England Nuclear,
Boston, MA) (Fainberg and Vogelstein, 1983).

For the extraction of RNA, cultured PC12 cells
were lysed in 4 M guanidium thiocyanate solution, and
total cellular RNAwas collected by centrifugation through
5.7 M CsCl. RNA was quantitated by absorbance at 260
nm (Maniatis et al., 1982). mRNA was examined in the
PC12 cultures (Li et al., 1992a, 1993).
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Statistical Analysis
Results were analyzed by one way analysis of

variance performed on a Macintosh microcomputer using
the CLR ANOVA program (Clearlake Research, Houston,
TX). In the presence of significant F values, individual
comparisons between means were made using Newman-
Keuls test.

RESULTS
Incubation of PC12 cells with 10 µM of amantadine

during 24 hr produced an increase in the abundance of
AADC, as demonstrated by Northern blot analysis (Fig. 1).
Treatment of PC12 cultures with increasing concentra-
tions of amantadine ranging from 0.1 to 100 µM during
24 hr produced significant increases in AADC gene
expression (F4,15 5 11.09,P 5 0.0002), as disclosed by
one way analysis of variance (Fig. 2). Amantadine
produced a dose-dependent increase in AADC gene
expression that reached significance at concentrations of

10 and 100 µM, with levels of 75 and 115% above
controls (Fig. 2).

DISCUSSION
Parkinson’s disease is characterized by a reduction

in the striatal DA content and lesion of the substantia
nigra pars compacta (Ehringer and Hornykiewicz, 1960),
a finding that led to the use of L-Dopa as a replacement
therapy (Birkmayer and Hornykiewicz, 1961; Barbeau et
al., 1962; Cotzias et al., 1967). The cortex, thalamus, and
basal ganglia are part of a motor system that uses
glutamate, gamma-aminobutyric acid (GABA), or DA as
transmitters (Carlsson, 1995). The fibers connecting from
the cerebral cortex to the striatum are glutamatergic and
excitatory, whereas the striatopallidal and the pallidal
afferents contain GABA and are inhibitory; the resultant
effects of the stimulation of the corticostriatal pathway is
a disinhibition of the thalamic output (Lange et al., 1997).
Lesion of the DA nigrostriatal neurons produces an
imbalance in glutamate and GABA pathways that may be
relevant for the appearance of some of motor distur-
bances characteristic of Parkinsonism (Lange et al.,
1997).

The unexpected improvement that amantadine pro-
duced in Parkinsonism (Schwab et al., 1969) stimulated
its investigation, and it was found that amantadine
increased the striatal DA outflow (Scatton et al., 1970;
vonVoiglander and Moore, 1970). More recently, it has

Fig. 1. Effect of amantadine on AADC gene expression in
PC12 cells. This representative autoradiogram was obtained by
quantitative Northern blot analysis from 20 µg of total RNA.
Lane C is the control, and lane A is treated with 10 µM of
amantadine during 24 hr and hybridized with32P-labeled
AADC cDNA probe.

Fig. 2. Effect of amantadine on AADC expression in PC12
cells. The cells were incubated with amantadine (0, 0.1, 1, 10,
100 µM during 24 hr). Values are means6 SEM (n5 4). *P ,
0.01 by the Newman-Keuls test with respect to the control
group.
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been shown that amantadine increases DA turnover in
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
treated mice (Rojas et al., 1993) and that it increases rat
striatal AADC activity (Fisher et al., 1998). In addition,
amantadine produces a uncompetitive blockade of the
NMDA receptor (Danysz et al., 1994, 1997) that corre-
lated well with the increases in striatal AADC activity
(Hadjiconstantinou et al., 1995; Fisher et al., 1998). It
may be postulated that the effect of amantadine may
occur by at least two different mechanisms: increasing
availability of DA, and low affinity uncompetitive block-
ing of NMDA-type glutamate receptors.

For many years, it has been generally accepted that
AADC activity is present in high concentrations in the
brain of mammals; thus, its activity is not regulated
(Brodie et al., 1962). More recently, it has been shown
that a number of physiologic and pharmacologic stimuli
modulate its activity (Hadjiconstantinou et al., 1988,
1993; Li et al., 1992a, 1997; Zhu et al., 1992). The present
findings further support that AADC in PC12 cultures is
also a regulated enzyme.

PC12 cells have been widely used as a model for the
study of catecholamine synthesis, release, and metabo-
lism as well as neuronal differentiation and cell death
(reviewed by Greene, 1982; Stefanis et al., 1997). The
present investigation shows for the first time that in PC12
cells, the gene expression of AADC is increased by
amantadine. The finding suggests that an increase in the
synthesis of AADC may be one of the mechanisms of
action of amantadine. In the Parkinsonian brain, amanta-
dine could act at the remaining DA neurons or at the
neuronal or extraneuronal sites for the decarboxylation of
exogenous L-Dopa. Because NMDA receptors are also
present in PC12 cells (Schubert et al., 1992), they may
represent an alternative site for the action of amantadine.
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