
REVIEW

Enhancing Aromatic L-amino Acid Decarboxylase Activity:
Implications for L-DOPA Treatment in Parkinson’s Disease
Maria Hadjiconstantinou & Norton H. Neff

Division of Molecular Neuropsychopharmacology, Departments of Psychiatry and Pharmacology, College of Medicine, Ohio State University, Columbus,
OH, USA

Keywords
Aromatic L-amino acid decarboxylase; L-DOPA;

L-DOPA decarboxylation; Neurotransmitter

receptors; Parkinson’s disease; Striatum.

Correspondence
Maria Hadjiconstantinou, M.D., Division of

Molecular Neuropsychopharmacology,

Department of Psychiatry, College of Medicine,

Ohio State University, 333 West Tenth Avenue,

Columbus, OH 43210, USA.

Tel: +614-292-6168;

Fax: +614-292-7232;

E-mail: neff.6@osu.edu

doi: 10.1111/j.1755-5949.2008.00058.x

Aromatic L-amino acid decarboxylase (AAAD) is an essential enzyme for the
formation of catecholamines, indolamines, and trace amines. Moreover, it is
a required enzyme for converting L-DOPA to dopamine when treating pa-
tients with Parkinson’s disease (PD). There is now substantial evidence that
the activity of AAAD in striatum is regulated by activation and induction, and
second messengers play a role. Enzyme activity can be modulated by drugs
acting on a number of neurotransmitter receptors including dopamine (D1–4),
glutamate (NMDA), serotonin (5-HT1A, 5-HT2A) and nicotinic acetylcholine
receptors. Generally, antagonists enhance AAAD activity; while, agonists may
diminish it. Enhancement of AAAD activity is functional, as the formation of
dopamine from exogenous L-DOPA mirrors activity. Following a lesion of ni-
grostriatal dopaminergic neurons, AAAD in striatum responds more robustly
to pharmacological manipulations, and this is true for the decarboxylation of
exogenous L-DOPA as well. We review the evidence for parallel modulation
of AAAD activity and L-DOPA decarboxylation and propose that this knowl-
edge can be exploited to optimize the formation of dopamine from exogenous
L-DOPA. This information can be used as a blue print for the design of novel
L-DOPA treatment adjuvants to benefit patients with PD.

Introduction

It is more than 70 years since the discovery of aromatic
L-amino acid decarboxylase (AAAD, EC 4.1.1.28, syn-
onyms include: DOPA decarboxylase; tryptophan decar-
boxylase; 5-hydroxytryptophan decarboxylase) in mam-
malian tissue [1]. Its strategic importance in medicine was
recognized when it was demonstrated that its substrate
L- DOPA alleviated the clinical symptoms of Parkinson’s
disease (PD) [2–4] by replacing lost dopamine from ni-
grostriatal neurons. Indeed, L-DOPA has been the gold
standard for PD patients’ treatment since these first clin-
ical studies. Prolonged therapy with L-DOPA, however,
is associated with diminishing effectiveness and motor
complications. L-DOPA pharmacokinetics, continual de-
generation of dopamine containing neurons, and changes
of dopamine receptors and their signaling might be the
underlying causes. Although, there has been a long-
standing discussion as to why and how L-DOPA looses

effectiveness, the enzyme that forms dopamine from
L-DOPA and AAAD has received minimal consideration.
Perhaps this is because to many investigators AAAD is
an uninteresting enzyme; it is relatively nonspecific, it
is rather widely distributed, and it is normally not rate-
limiting for dopamine synthesis [5]. Unfortunately, this
dogmatic and erroneous viewpoint still persists despite
the newer developments in AAAD neurochemistry and
its implications for L-DOPA treatment for PD. There is
now substantial evidence that the activity of AAAD, the
second enzyme in the pathway leading to the biosyn-
thesis of dopamine, is regulated and L-DOPA decarboxy-
lation mirrors enzyme regulation. Decarboxylation of
L-DOPA by AAAD is the controlling step for the for-
mation of dopamine in Parkinsonian patients, and al-
tered enzyme activity and regulation might contribute
to the decreasing therapeutic response of L-DOPA.
The reviewed preclinical evidence advances the con-
cept that AAAD is a potential target for pharmacological
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intervention in PD, and that drugs that modulate
AAAD activity could be considered as a potential adju-
vant when developing strategies for L-DOPA treatment
augmentation.

AAAD is a Regulated Enzyme

AAAD is regulated in vivo and in vitro, and regulation
involves both enzyme activation and induction. Activa-
tion in vivo occurs in response to the acute action of
physiological stimuli, drugs that act at neurotransmitter
receptors, or modulation of the activity of endogenous
kinases/phosphatases [6–16]. In striatum and retina,
kinetic activation of AAAD is rapid, short-lasting, and
characterized by changes in the apparent Vmax for both
the substrate and the cofactor pyridoxal-5′-phosphate,
suggesting partial phosphorylation of the enzyme [6,7].
Indeed, phosphorylation appears to play a role in the ac-
tivation of the enzyme in vivo. Injection of either forskolin
[12] or phorbol-12,13-myristic acid (PMA) [11] intrac-
erebroventricularly (icv) increases the activity of AAAD
in striatum, a response that can be blocked by selec-
tive inhibitors of protein kinase A (PKA) or protein ki-
nase C (PKC). In addition, okadaic acid, a protein phos-
phatase PP1 and PP2A inhibitor, exaggerates the response
to PMA [11]. Notably, diminished serine phosphorylation
and AAAD activity has been described in dopaminergic
cells that overexpress α-synuclein, attributed to enhanced
PP2A activity [17]. In vitro studies with recombinant and
brain (striatum and midbrain) AAAD demonstrated that
the enzyme is phosphorylated and activated by PKA, but
not PKC [18], indicating that the effect of PKC activa-
tors in vivo is apparently indirect. Additionally, in vitro ev-
idence suggests that recombinant and brain AAAD can be
phosphorylated by protein kinase G (PKG), but its biolog-
ical role remains to be elucidated (personal observation).

The early activation of AAAD is followed by a late,
longer lasting (hours) response, which is accompanied
by an increase in AAAD mRNA and protein [7,13,19].
Prolonged induction of AAAD (days) also occurs after
chronic administration of neuroactive drugs [20]. Al-
though the transcription of AAAD in neuronal cells is
not fully explored, the presence of putative regulatory
elements on the promoter [21–23] (Genbank AY37370)
and the observation that pharmacological agents, hor-
mones, and trophic factors change the abundance of
AAAD mRNA [13,19,24–31] imply that the transcrip-
tional regulation of the enzyme is possible. The finding
that icv forskolin induces a late increase of AAAD activity
and mRNA in midbrain neurons suggests that cyclic-AMP
might regulate the transcription of AAAD in vivo [10].

Even if AAAD is a regulated enzyme, there is no ev-
idence supporting a rate limiting action for the synthe-
sis of dopamine under normal circumstances. Despite
commonalities in regulatory mechanisms and responses
[10,19,24,28,32], often the pharmacological regulation of
AAAD and tyrosine hydroxylase, the rate limiting en-
zyme for dopamine synthesis, in the striatum is discor-
dant [13,20,31] suggesting (i) that AAAD might serve
additional function(s); and/or (ii) that AAAD regulation
might, in part, occur in extra-dopaminergic sites in stria-
tum. Indeed, AAAD is the rate-limiting enzyme for the
synthesis of trace amines [5]; it is present in serotoner-
gic and noradrenergic neurons and in a subset of AAAD+

neurons in striatum [33–35]; and AAAD mRNA increases
in the locus coeruleus and raphe nuclei, in addition to
substantia nigra pars compacta and ventral tegmental
area, after pharmacological manipulations [19].

Receptors and Regulation of Striatal
AAAD

Dopamine Receptors

Cumulative evidence suggests that acute or chronic
blockade of D1- and D2-like receptors increase the ac-
tivity of AAAD in rodent striatum (Table 1). Selec-

Table 1 Drugs acting at dopamine receptors and AAAD activity

Receptor type Drug AAAD activity References

Acute Chronic

D1-like

Agonists SKF 38393 ↔ ↑↔ 7,13,20

Antagonists SCH 23390 ↑ ↑ 7,13,20,9,36

D2-like

Agonists Bromocryptine ↓ ↓ 7,13,20,36

Quinpirole ↔ ↓ 7,13,20,36

7-OH-DPAT ↓ ↔ 13,20

Antagonists Haloperidol ↑ ↑ 7,13,20

Sulpiride ↑ ↑ 7

Spiperone∗ ↑ ↑ 13,20

Flupenthixol ↑ ND 36

Pimozide ↑ ND 9

Remoxipride ↑ ND 36

Clozapine∗ ↑ ND 19

L-745,870 ↑ ND 19

Dopamine receptors

Indirect agonists L-DOPA ↓ ↓ 7,16

Clorgyline ↓ ND 31

Pargyline ↓ ND 31

Effect of acute or chronic treatment with dopamine receptor agonists

or antagonists on AAAD activity in the striatum: ↓ = decrease AAAD

activity; ↑ = increase of AAAD activity; ↔ = No change of activity.
∗5-HT2A antagonist action; ND = not determined.
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tive or mixed D1, D2, D3 or D4 antagonists admin-
istered acutely, all elevate striatal AAAD activity, and
a similar effect has been observed with multirecep-
tor drugs displaying affinity for D2-like receptors, such
as spiperone and clozapine [7,9,13,19,36]. In general,
there is an early transient activation and a late induc-
tion, and the latter is accompanied by a rise in enzyme
mRNA in midbrain and protein content in the striatum
[7,13]. Similarly, chronic blockade of D1- and D2-like
receptors results in a prolonged increase of AAAD activity
in striatum and mRNA in brain and midbrain nigrostriatal
neurons [20,37], and similar results are observed after icv
administration of a D2 receptor antisense oligodeoxynu-
cleotide [29]. In the same line, PET studies measuring 18F-
L-DOPA uptake have shown suppressed AAAD activity in
the ventral striatum of drug-free schizophrenics, which
is increased with typical or atypical antipsychotic treat-
ment [38]. Finally, depletion of dopamine by reserpine
increases AAAD activity in striatum [7,39,40].

Studies with agonists suggest that dopamine receptor
activation decreases enzyme activity, but the responses
are variable and modest. In rodents, acute or chronic ad-
ministration of D2-like agonists, particularly bromocryp-
tine, suppresses the activity of AAAD in striatum; while,
the effect of D1-like agonists SKF 38393 is inconsistent
[7,13,16,20,36]. Correspondingly, acute or chronic ad-
ministration of L-DOPA [7,16] and inhibition of MAO
A which raises synaptic dopamine [31,41] also decreases
AAAD activity in striatum. Deprenyl attenuates AAAD
activity in striatum at doses that inhibit both MAO B and
MAO A [31] and elevates mRNA in the substantia nigra
pars compacta and ventral tegmental area [27]. In agree-
ment with the neurochemical studies, enhancement of
AAAD activity following flupenthixol and diminution by
apomorphine has been observed by following [3H]DOPA
conversion to [3H]dopamine in the rat striatum in vivo
[42]. Moreover, PET studies have documented an in-
crease in AAAD activity in the human and porcine stria-
tum after haloperidol [43,44], and a decrease in AAAD
activity in the macaque striatum after MAO B inhibition
[45]. In humans, AAAD activity appears to be genetically
determined, as healthy subjects carrying the A1 allele of
the human D2 receptor gene have increased enzyme ac-
tivity in striatum, presumably due to decreased D2 au-
toreceptor function [46].

Other Receptors

Even though the majority of the studies have focused
on the regulation of AAAD by dopamine receptors, a
notable body of evidence suggests that the enzyme is
subjected to regulation by other neurotransmitter recep-
tors as well (Table 2). The emerging picture supports the

idea that serotonergic, glutamatergic, and nicotinic re-
ceptors (Table 2) modulate AAAD activity; whereas, in-
volvement of alpha adrenergic, muscarinic, and GABA
receptors appears less likely in brain. For example, the
5-HT2A/5-HT2C antagonist ketanserin, the 5-HT1A/5-HT2A

antagonist metergoline, and the 5-HT1A selective antag-
onist Way 100635 all increase AAAD activity in stria-
tum after acute administration, while selective antago-
nists of 5-HT2C and 5-HT3 receptors do not influence
enzyme activity [19]. Acute blockade of the glutamate
NMDA ionotropic receptors by the noncompetitive antag-
onist MK-801 enhances the activity of AAAD in striatum
[30], and similar observations have been made for other
NMDA channel blockers, phencyclidine, budipine, aman-
tadine, memantine, and dextromethorphan [14–16]. Un-
like NMDA competitive antagonists, antagonists acting at
the glycine or polyamine site, and AMPA noncompetitive
antagonists have little effect [14,15]. AAAD in dopamin-
ergic and nondopaminergic neurons might be regulated
by NMDA receptors, as acute administration of MK-801
increases the expression of AAAD mRNA in midbrain
[30]; whereas, chronic administration of phencyclidine
has been shown to augment AAAD mRNA in striatum
[47] indicating possible regulation in AAAD+ neurons
of the region. Acute, intermittent, or chronic adminis-
tration of nicotine has no effect on AAAD activity (un-
published personal observations). In contrast, mecamy-
lamine, a noncompetitive nicotine receptor antagonist,
increases enzyme activity (unpublished personal obser-
vations). Alpha1- and alpha2-adrenergic and muscarinic
receptors do not appear to play a role in the acute regula-
tion of AAAD in striatum [19], and we have made similar
observations for GABAA and GABAB receptors (unpub-
lished personal observations). In the retina in contrast
to the striatum, blockade of alpha2-adrenergic receptors
increases, while activation of the receptor decreases en-
zyme activity [8]. Perhaps in different regions of the ner-
vous system the biochemical mechanisms and receptors
for regulating AAAD activity vary.

Taken together, the dopaminergic, glutamatergic, and
setotonergic system have been identified as candidate tar-
gets for pharmacological regulation of AAAD via selec-
tive receptors (Table 2). Apparently in nigrostriatal neu-
rons AAAD is under dopaminergic control, and dopamine
receptors regulate enzyme activity via presynaptic (D2,
D3) and post-synaptic (D1, D2) mechanisms [13]. Col-
lectively, the studies reviewed so far imply that under
normal conditions, dopamine exerts tonic inhibition of
AAAD activity in dopaminergic neurons via autorecep-
tors. Glutamate, NMDA, and serotonin, 5-HT1A and 5-
HT2A, receptors modulate dopaminergic neuron firing,
dopamine synthesis and release (for reviews see [48–
51]) and their respective antagonists could affect AAAD
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Table 2 Drugs acting on various neurotransmitter receptors and AAAD activity

Receptor type Drug AAAD activity Reference

Alpha adrenergic

Alpha 1 agonist Methoxamine ↔ a

Alpha 1 antagonist Prazosin ↔ 19

Alpha 2 agonist Clonidine ↔↑ a,30

Alpha 2 antagonist Yohimbine ↔ 19

Cholinergic

nAChR agonist Nicotine ↔ a

nAChR antagonist Mecamylamine ↑ a

mAChR agonist Oxotremorine ↔ a

mAChR antagonist Atropine ↔ 19,30

Serotonergic

5-HT1A antagonist Way 100635 ↑ 19

Metergoline ↑ 19

5-HT2A antagonist Ketanserin ↑ 19

Spiperone∗ ↑ 19

Clozapine∗ ↑ 19

5-HT2C antagonist SB-242084 ↔ 19

5-HT3 antagonist Tropiserton ↔ 19

GABAergic

GABAA antagonist Bicuculine ↔ a

GABAB antagonist SCH 50911 ↔ a

Glutamatergic

NMDA channel blockers MK-801 ↑ 30,14,15

Phencyclidine ↑ 14

Amantadine ↑ 14,15,16

Memantine ↑ 14,15,16

Dextromethorphan ↑ 13,14

Budipine ↑ 14,15,16,40

NMDA polyamine site antagonist Eliprodil ↔ 14,15

NMDA glycine site antagonist R-HA 966 ↔ 14,15

NMDA competitive antagonist CGP 40116 ↔ 14,15

AMPA noncompetitive antagonist NBQX ↔ 14,15

Antagonist drugs were administered acutely and AAAD activity estimated in striatum: ↓ = decrease AAAD activity; ↑ = increase of AAAD activity; ↔ =
No change of activity.
∗D2-like antagonist action; a = unpublished personal results.

activity, at least in part, by disinhibiting dopaminergic
control. Although studies exploring the regulation of
AAAD in serotonergic neurons are lacking, we specu-
late that in analogy with dopaminergic neurons, AAAD
in serotonergic neurons is under the control of serotonin
and 5-HT1A, antagonists could regulate AAAD expression
in raphe nuclei [19] via somatodendritic autoreceptors
[50].

Receptors and L-DOPA Decarboxylation

Support for the notion that elevated AAAD is associ-
ated with enhanced conversion of L-DOPA to dopamine
under physiological conditions was first provided in
studies of retina dopaminergic neurons. Exposing rats

to environmental light, which increases AAAD activ-
ity in retina, enhances the conversion of exogenous L-
DOPA to dopamine [52]. Subsequent studies in the stria-
tum demonstrated that moderate changes in AAAD ac-
tivity appear to be functionally responsive to exoge-
nous L-DOPA. Indeed, dopamine formation, release, and
metabolism from exogenous L-DOPA are enhanced fol-
lowing treatment with drugs that increase AAAD activity.
Systemic administration of the D1 antagonist SCH 23390
and the multireceptor (including D2-like and 5-HT2A) an-
tagonist clozapine prior to exogenous L-DOPA causes an
about 40% increase in L-DOPA decarboxylation prod-
uct formation and a doubling of dopamine turnover rate
in striatum [19,53]. The noncompetitive NMDA antago-
nist budipine enhances dopamine and DOPAC released

CNS Neuroscience & Therapeutics 14 (2008) 340–351 c© 2008 The Authors. Journal compilation c© 2008 Blackwell Publishing Ltd 343



Modulation of DOPA Decarboxylase Activity Hadjiconstantinou and Neff

Table 3 AAAD regulation and L-DOPA decarboxylation in PD models

Drug AAAD L-DOPA product Animal model Reference

DA receptors antagonists

SCH 23390 ↑ ↑ (tissue DA + DOPAC) MPTP 53

Sulpiride ↑ ↑ (dialysate DA + DOPAC) Reserpine 40

Clozapine ↑ ↑ (tissue DA + DOPAC) MPTP 19

GLU receptor antagonists

Budipine ↑ ↑ (dialysate DA + DOPAC) Reserpine 40,54

MK-801 ↑ ↑ (dialysate DA) 6-OHDA 65

Amantadine ↑ ↑ (dialysate DA) 6-OHDA 66

L-DOPA and antagonists were administered systemically and dopamine (DA) and DOPAC formation measured in striatum.

by exogenous L-DOPA in striatum, studied by in vivo
microdialysis, suggesting increased dopamine availability
in the synapse [54]. Furthermore, the decarboxylation
rate of radiolabeled L-DOPA is augmented in the stria-
tum following treatment with MK-801 [55]. Potentia-
tion of L-DOPA decarboxylation by AAAD inducers de-
pends on and is proportional to AAAD activity [19,53],
and reflects an increase in the magnitude and duration of
the response [19,53,54]. More importantly, the effect is
most evident with low doses of L-DOPA. Augmented L-
DOPA decarboxylation in striatum apparently occurs in
dopaminergic neurons, since increased dopamine forma-
tion, release, and metabolism have also been observed
in the substantia nigra of animals treated with L-DOPA
and drugs that induce AAAD activity [53,54]. Support,
albeit limited, for these preclinical studies has been pro-
vided by a report that following treatment of humans
with amantadine, the rate of conversion of [18F]DOPA to
[18F]dopamine is accelerated in striatum consistent with
enhanced AAAD activity and L-DOPA decarboxylation
[56].

Taken together, it appears that the drugs that increase
AAAD activity in striatum have the potential to enhance
dopamine formation from exogenous L-DOPA, and ac-
cordingly antagonists of dopamine (D1–4), serotonin
(5-HT2A;5-HT1A), glutamate (NMDA), and nicotinic re-
ceptors (Tables 1 and 2) are expected to act as L-DOPA
decarboxylation enhancers. While in theory agonists
could attenuate L-DOPA decarboxylation, the impact of
reduced AAAD activity on dopamine formation from ex-
ogenous L-DOPA is unexplored. L-DOPA decarboxyla-
tion in striatum occurs in dopaminergic as well as non-
dopaminergic sites [33–35,57–63], questioning whether
neuronal-phenotype selective modulation of L-DOPA de-
carboxylation is feasible. We will argue that the number
of neurotransmitter receptors shown to regulate AAAD in
striatum and the finding that enzyme expression in raphe
nuclei and locus coeruleus [19] is elevated by clozap-

ine favor such a probability. The ability to pharmaco-
logically manage AAAD activity and L-DOPA decarboxy-
lation in dopaminergic, serotonergic, noradrenergic, or
AAAD+ neurons is of strategic importance for the treat-
ment of PD.

AAAD Activity and L-DOPA
Decarboxylation in PD Models

AAAD activity in nigrostriatal neurons appears to be up-
regulated soon after a MPTP lesion [64] implying the in-
volvement of compensatory or altered regulatory mech-
anisms. In MPTP-treated mice, AAAD in the denervated
striatum responds more robustly to D1- and D2-like an-
tagonists [7], and the same appears to be true for cloza-
pine, a broad spectrum receptor antagonist (Table 3)
[19]. We have termed this exaggerated responsiveness of
AAAD after a lesion of the nigrostriatal neurons “presy-
naptic supersensitivity,” and it is manifested by a shift of
the time- and dose–response curves to the left and up-
ward; that is, AAAD activity is more pronounced and
observed earlier and with lower antagonist doses. Al-
tered posttranslational modification of AAAD after MPTP
and/or altered receptor/second messenger signaling cas-
cades secondary to the dopaminergic lesion might un-
derlie this phenomenon. Indeed, the magnitude of ex-
ogenous PKA-induced AAAD phosphorylation is greater
in homogenates prepared from striatum and midbrain of
MPTP-lesioned mice, with the response increasing with
time following the lesion (unpublished observations),
and icv administration of forskolin in MPTP-mice ampli-
fies the activation of the enzyme and causes an earlier
induction of AAAD mRNA [10,12]. In contrast, MPTP
treatment shortens the duration of AAAD activation by
icv administered PMA, and abolishes the PMA-induced
late rise of AAAD mRNA [10,11].
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The “supersensitive” response of AAAD to pharma-
cological enhancers in the MPTP-mouse is mirrored by
the rate of L-DOPA decarboxylation. The response to
dopamine receptor antagonism by SCH 23390 and cloza-
pine is striking, with a doubling in total decarboxylation
product formation and dopamine turnover rate in both
striatum and midbrain, estimated in tissue homogenates,
and the response being AAAD-dependent and propor-
tional to the magnitude of enzyme induction [19,53].
These data imply that the enzyme activity is closely asso-
ciated with substrate response and is a determining fac-
tor for the formation of dopamine. It should be stressed
that neither the lesion nor SCH 23390 [53] or clozap-
ine (unpublished personal observations) alter the levels
of DOPA in the striatum following exogenous L-DOPA
administration.

Unlike the tissue L-DOPA decarboxylation studies
summarized above, in vivo dialysis measurements of
extracellular dopamine are influenced by the forma-
tion, storage, release, transport, and metabolism of
the amine, and although they provide an approximate
index for the intrasynaptic availability of dopamine,
they are not reliable estimators of L-DOPA decar-
boxylation. Notwithstanding, in vivo dialysis studies in-
vestigating the effect of NMDA receptor blockade on
L-DOPA decarboxylation in reserpine treated and 6-
OHDA-lesioned rats have provided in general sup-
portive results. Systemic administration or local infu-
sion of budipine markedly increases the magnitude
and duration of L-DOPA-stimulated dopamine release
in the striatum and substantia nigra of rats treated
with reserpine [39,40,54], and AAAD inhibition blocks
the response [40]. Likewise, systemic administration of
MK-801 or amantadine enhances the L-DOPA-induced
dopamine release in the 6-OHDA denervated stria-
tum [65,66]. Whether NMDA antagonists can produce
AAAD “supersensitive responses” in animals with com-
promised dopaminergic neurotransmission needs explo-
ration; while budipine appears to increase AAAD activity
about the same in the striatum of control and reserpine
treated rats [14], CGP 40116 and HA 966, that are ineffec-
tive in control animals [14], markedly augment enzyme
activity [16].

Imaging studies using 18F-DOPA [67,68] have shown
that the PD process differentially affects AAAD in vari-
ous brain regions and within the striatum over time [69–
73], and have estimated a relative upregulation of stri-
atal AAAD by comparison to other neurochemical, neu-
roanatomical, and imaging dopaminergic markers [74–
77]. Although this has been attributed to a compensatory
increase of AAAD activity in the remaining dopamin-
ergic neurons, serotonergic, noradrenergic, and intrinsic
striatal neurons contribute to the AAAD measurements

and enzyme activity in striatum [71,73] and might add
to the calculated AAAD “upregulation” [77] as well. Re-
gardless, radiotracer imaging studies have strengthened
our original proposal that AAAD is a regulated enzyme
[6,7] and provided clues supporting the idea that AAAD
can be subjected to pharmacological manipulation in PD.
For example, therapeutic infusion of L-DOPA or apomor-
phine caused a small decrease in L-[11C]DOPA influx in
the striatum with early but not advanced PD [78,79];
while, oral administration of 100 mg of L-DOPA had no
measurable effect on 18F-DOPA uptake [80]. Reported
[81] decreases in putamen AAAD activity following a 2-
year treatment with L-DOPA, –20.3%, or a D2 agonist, –
13.4%, are intriguing but difficult to interpret, as there is
enzyme activity loss over time [72,76,82]. However, the
study was performed over 12 h following drug removal,
a time that AAAD activity is decreased in rodent stria-
tum [7,20], and the decrease of putamen AAAD activity
in PD has been calculated between 7% and 10% annually
[72,82–85].

To complete our understanding of AAAD regulation af-
ter a dopaminergic lesion, studies investigating the ef-
fect of L-DOPA and dopamine agonists on AAAD and
L-DOPA decarboxylation in PD models are needed. Pro-
gressive loss of presynaptic dopaminergic control might
alter enzyme regulation under basal conditions and fol-
lowing receptor stimulation. Finally, it should be stressed
that depending on the progression of dopaminergic loss,
L-DOPA decarboxylation in striatum is expected to in-
creasingly take place in nondopaminergic sites. While this
possibility has been much talked about, little is known as
to how AAAD and L-DOPA decarboxylation are regulated
outside the dopaminergic neurons and the contribution
of such a regulation to the formation of dopamine from
exogenously administered L-DOPA in the dopaminergi-
cally denervated striatum.

Clinical Implications

When treating PD patients with exogenous L-DOPA,
AAAD becomes the rate-limiting step for the formation
of dopamine and the potential to modulate the activ-
ity of the enzyme by pharmacological means should not
be disregarded. We propose that enhancing and stabi-
lizing AAAD activity might be an alternative approach
to achieve and maintain optimal dopaminergic transmis-
sion with L-DOPA treatment, and AAAD inducers may
prove to be useful L-DOPA adjuncts. Drugs that increase
AAAD activity in the striatum enhance the formation of
dopamine from L-DOPA, and are expected to decrease
the dose of L-DOPA, smooth the rise and fall of stri-
atal dopamine following intermittent administration of
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L-DOPA, and maintain relatively constant levels of
intrasynaptic dopamine resulting, thus, to a more physi-
ological receptor stimulation. Hence, L-DOPA decarboxy-
lation enhancers could meet two important tenets for
successful L-DOPA therapy: (i) to use the least amount
of drug that improves disability and (ii) to achieve a rela-
tively continuous stimulation of dopamine receptors [86–
88]. High doses of L-DOPA are associated with an in-
creased risk of motor complications [89,90], and contin-
uous dopaminergic stimulation in early PD is believed to
reduce this risk [87,88,91].

AAAD enhancement strategies are envisioned to
initially aim at the residual nigrostriatal dopaminergic
neurons, where physiological L-DOPA decarboxylation
occurs and tonic release of dopamine is therapeutically
desirable. As the disease advances and L-DOPA decar-
boxylation shifts to nondopaminergic neurons, however,
it is sensible that AAAD in these neurons be targeted as
well. Ostensibly, such strategy requires the development
of neuronal-phenotype selective AAAD inducers, and a
better understanding of how L-DOPA decarboxylation in
nondopaminergic neurons is regulated and newly formed
dopamine is stored and released. It has been estimated
that a decrease of 30–50% in putamen AAAD might rep-
resent the threshold for the onset of motor symptoms
in PD [77]. Given that the annual decline rate of AAAD
activity in Parkinsonian patients has been estimated be-
tween 7% and 10% in putamen and 3% and 7% in
caudate [72,82–85,92], we surmise that stabilizing AAAD
activity about or over the estimated threshold might be
most favorable for maintaining physiological dopaminer-
gic neurotransmission under standard intermittent oral L-
DOPA treatment. Preclinical studies predict that this strat-
egy would appreciably reduce the daily dose of L-DOPA
and elevate the striatal levels of dopamine during the pe-
riods of low L-DOPA troughs in the plasma.

Clinical studies provide implicit support for the trans-
lational inferences we made afore. The L-DOPA adju-
vants amantadine, budipine and memantine, increase
AAAD activity and L-DOPA decarboxylation in exper-
imental animals [14–16], improve Parkinsonian symp-
toms [93–98] and reduce motor complications [98,99]. In
L-DOPA treated patients, the atypical antipsychotic cloza-
pine moderately improves motor performance [100–107]
and reduces motor fluctuations and dyskinesias [99,107–
113], while in a PD model, it augments AAAD activity
and L-DOPA decarboxylation [19]. Finally, the antide-
pressants mianserin, nefazodone, and ritanserin improve
Parkinsonian symptoms [114–116] and the blockade of
5-HT2A receptors enhances AAAD activity in the striatum
of mice [19]. These observations call for further studies to
understand the role of AAAD in L-DOPA treatment and
adjuvant L-DOPA therapies. From the emerging pharma-

cological profile, it is obvious that AAAD induction may
not be the exclusive property of L-DOPA decarboxyla-
tion enhancers, and other independent pharmacological
actions may be advantageous for treating PD psychomo-
tor abnormalities not responding to L-DOPA, for exam-
ple, tremor, dementia, depression, etc, and/or L-DOPA-
associated side effects. Available NMDA and 5-HT2A an-
tagonists appear to meet these criteria, and further pre-
clinical studies are recommended. Adenosine A2A recep-
tor antagonists are another interesting group of drugs,
as they enhance L-DOPA decarboxylation in animals
[117] and potentiate the anti-Parkinson effect of L-DOPA
[118], apparently via an association with D2 receptors
[119] that are known to regulate AAAD [7,9]. Preclinical
studies have indicated that L-DOPA decarboxylation en-
hancers can encompass a broad class of neuroactive drugs
targeting AAAD expression in various neuronal popula-
tions in striatum, and the translational challenge ahead is
to identify them. Selective and rational use of such drugs
during the various stages of PD could improve therapeutic
outcome and prolong the efficacy of L-DOPA treatment
with regard to Parkinsonian symptoms, and as a conse-
quence delay/reduce unwanted motor complications.
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