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Summary. L-Dihydroxyphenylalanine (L-DOPA), the anti-parkinsonian
drug affording the greatest symptomatic relief of parkinsonian symptoms,
is still misunderstood in terms of its neurotoxic potential and the mecha-
nism by which generated dopamine (DA) is able to exert an effect despite
the absence of DA innervation of target sites in basal ganglia. This review
summaries important aspects and new developments on these themes. On
the basis of L-DOPA therapy in animal models of Parkinson’s disease, it
appears that L-DOPA is actually neuroprotective, not neurotoxic, as indi-
cated by L-DOPA’s reducing striatal tissue content of the reactive oxygen
species, hydroxyl radical (HO®), and by leaving unaltered the extraneu-
ronal in vivo microdialysate level of HO®. In addition, the potential
beneficial anti-parkinsonian effect of L-DOPA is actually increased
because of the fact that the basal ganglia are largely DA-denervated.
That is, from in vivo microdialysis studies it can be clearly demonstrated
that extraneuronal in vivo microdialysate DA levels are actually higher in
the DA-denervated vs. the intact striatum of rats — owing to the absence
of DA transporter (i.e., uptake sites) on the absent DA nerve terminal
fibers in parkinsonian brain. In essence, there are fewer pumps removing
DA from the extraneuronal pool. Finally, the undesired motor dyskinesias
that commonly accompany long-term L-DOPA therapy, can be viewed as
an outcome of L-DOPA’s sensitizing DA receptors (D;-Ds), an effect
easily replicated by repeated DA agonist treatments (especially agonist of
the D, class) in animals, even if the brain is not DA-denervated. The
newest findings demonstrate that L-DOPA induces BDNF release from
corticostriatal fibers, which in-turn enhances the expression of D5 recep-
tors; and that this effect is associated with motor dyskinesias (and it is
blocked by D3 antagonists). The recent evidence on mechanisms and
effects of L-DOPA increases our understanding of this benefical anti-
parkinsonian drug, and can lead to improvements in L-DOPA effects
while providing avenues for reducing or eliminating L-DOPA’s deleter-
ious effects.
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Introduction

The discovery by Hornykiewicz that L-dihydroxyphenyl-
alanine (L-DOPA) could successfully treat Parkinson’s dis-
ease (PD) in humans (Ehringer and Hornykiewicz, 1960;
Birkmeyer and Hornykiewicz, 1961), has been hailed as the
first neurological disorder that can be treated by pharma-
cologically replacing a ‘missing’ neurotransmitter [dopa-
mine (DA)] — otherwise lacking because of spontaneous
degeneration of pars compacta dopaminergic neurons in
substantia nigra, thereby resulting in nigrostriatal axonal
loss with accompanying DA denervation of basal ganglia.
While this is all true, the dynamics involved in restoring the
missing DA is complicated and not well understood. The
purpose of the review article is to highlight the intricacies
involved in successful L-DOPA therapy of PD.

Dopamine synthesis

a. In untreated non-Parkinsonian DA neurons

h‘yrosine —-TOH> L-DOPA -AADC-> DA‘

In dopaminergic neurons, DA is synthesized, packaged,
released and recovered in the following way. The essential



158 R. M. Kostrzewa et al.

aminoacid tyrosine is accumulated in the nerve by facili-
tated diffusion. The rate-limiting enzyme in DA synthesis,
namely tyrosine hydroxylase (TOH) then adds an ortho-
phenolic group to form L-DOPA. In the final step in DA
synthesis, the abundant enzyme aminoacid decarboxylase
(AADC), also known as dopa decarboxylase (DDC),
removes the carboxyl group to form DA.

Fate of intraneuronal DA. DA is rapidly accumulated
by synaptic vesicles (i.e., chromaffin granules) via the
vesicular monoamine transporter (VMT) located in the
vesicle’s outer membrane. As VMT is coupled to a
proton-antiporter, for every molecule of DA that is accu-
mulated, a molecule of hydrogen ion (HT) is also
accumulated. Because DA is a primary amine with a
pK~8.5, DA thus becomes protonated and essentially
ion-trapped in the vesicle. The intravesicular pH is about
5.5, and the vesicle can achieve a gradient of DA of
about 135,000:1 vs. cytoplasm (i.e., 135,000 times more
DA in the vesicle vs. cytoplasm). A single vesicle
stores ~3 x 10° DA molecules (Feldman et al., 1997),
and there are thousands of vesicles in every nerve
terminal.

Recycling of DA in nerves. When a DA nerve is stimu-
lated, passage of an axon potential across the plasma
membrane promotes fusion of vesicles with the outer
nerve membrane, whereby DA and other vesicular con-
tents are released and thereby act on other cells. As much
as 85% of released DA is reaccumulated by DA nerves via
a DA transporter (DAT) linked with an ATPase in the
outer plasma membrane. Inside the nerve the reaccumu-
lated DA is repackaged in the vesicles. DA may cycle in
this way, in and out (and in again) in the nerve, multiple
times. Some of the released DA merely diffuses from the
site, and some is catabolized by monoamine oxidase
(MAO) and catechol-O-methyltransferase (COMT). In
the nerve, only MAO is present, cleaving the amino group
from cytoplasmic DA.

b. In untreated DA neurons in PD

—TOH-> L-DOPA —AADC-> DA

Tyrosine

The same manner of processing of DA occurs in
DA nerves in PD. However, because approximately
80% or more of DA innervation is lost to basal ganglia,
the dynamics involved in DA metabolism and recycling
is altered. In essence, the remaining 20% of DA neurons
attempt to compensate for the missing 80% of DA

nerves. Consequently, turnover of DA is much more
rapid, plus less DA actually recycles. In PD, there are
fewer DA nerve endings which also means that there
are fewer DATS in the outer membrane. Therefore, fewer
DA molecules reenter DA nerves. Accordingly, in the
schema just a few lines above, tyrosine, L-DOPA and
DA are smaller font than in the original schema, indicat-
ing less of these molecules in DA nerves in untreated
PD.

c. In DA neurons after L-DOPA treatment of PD

L-DOPA
(Endogenous)
T
L-DOPA

(Exogenous)

Tyrosine —TOH-> —-aApC> DA

In treated parkinsonians, exogenous L-DOPA, if given
alone, must be administered in gram amount per day in
order to produce a therapeutic effect. In reality, L-DOPA
is typically administered in combination with a selective
AADC inhibitor that is unable to cross the blood-brain
barrier. When given as such combination therapy, L-
DOPA is largely unmetabolized by AADC in muscle,
liver, kidney, etc. — so that most of an administered L-
DOPA is able to enter the brain and undergo conversion
to DA in nerve cells. In the schema, a large exogenous
amount of L-DOPA is shown to enter the endogenous
(intraneuronal) pool, generating a high intraneuronal L-
DOPA content. AADC converts large amounts of L-DOPA
to DA, thereby elevating intraneuronal DA (shown as a
larger font size).

d. In non-DA neurons (e.g., 5-HT neurons)
before L-DOPA treatment of PD

Tryptophan -TrpOH-> 5-OH-Trp —-AADC-> 5-HT

Below, L-DOPA will be shown to enter non-dopaminergic
nerves and undergo conversion to DA in these non-
dopaminergic nerves. In the present example, a serotonin
(5-HT) neuron is shown to normally convert the substrate
tryptophan to 5-hydroxytryptophan (5-OH-Trp) via the
enzymatic action of tryptophan hydroxylase (TrpOH).
5-OH-Trp is subsequently converted to the neurotrans-
mitter 5-HT via action of AADC, of identical molecular
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structure as the AADC in DA neurons. 5-HT neurons do
not normally synthesize DA, as 5-HT neurons lack
tyrosine hydroxylase, the rate-limiting enzyme in DA
synthesis.

e. In non-DA neurons (e.g., 5-HT neurons)
before L-DOPA treatment of PD

Tryptophan -TrpOH-> 5-OH-Trp —AADC>

L-DOPA
(Endogenous)
Tt
L-DOPA

(Exogenous)

—-AADC> DA

It is significant that 5-HT neurons and other types of neu-
rons can accumulate L-DOPA. If this occurs, L-DOPA will
be converted via AADC to DA and thereby become a ‘false
transmitter’ in the 5-HT- or other type of neuron. In the
schema accompanying this paragraph, exogenously admi-
nistered L-DOPA is shown to enter 5-HT neurons to
undergo conversion to DA which will be stored in vesicles
in 5-HT neurons. This is so, because the VMT in vesicles in
5-HT nerves is identical to the VMT in vesicles in DA
nerves. Accordingly, DA will displace some 5-HT, as indi-
cated by reduced 5-HT content of striatal tissue following
L-DOPA treatment of an animal model of PD (Kostrzewa
et al., 2000). In the above schema, the smaller font size for
5-HT in the presence of DA is intended to indicate a low-
ered 5-HT content.

In phenotypically different neurons in which DA is
unable to be stored, DA might simply diffuse out of the
nerve, independent of nerve activity.

Volume transmission — a crucial process
for successful L-DOPA therapy

There are two major types of chemical neurotransmission:
synaptic transmission and volume transmission.

a. Description of synaptic transmission

In synaptic transmission the neurotransmitter (e.g., DA)
enters a small space and is virtually trapped. As such, the
transmitter acts locally on the post-synaptic cell and then
is largely reaccumulated by the pre-synaptic nerve, or it
diffuses, or it is degraded by enzymes. Neuromuscular
transmission, involving release of acetylcholine by a
motor nerve onto the motor endplate, is classically

‘synaptic transmission’. Minor amounts of the neurotrans-
mitter enter the extraneuronal milieu outside the synaptic
space.

b. Description of volume transmission

In volume transmission the neurotransmitter is released in
paracrine fashion, a reasonably large distance from its site
of action on other nerves. For DA neurotransmission, DA
would diffuse to a site that is distant from the DA nerve
ending. Consequently, only small amounts of DA so-
released would return to the DA nerve for reaccumulation
by the DAT. In other words, most of the released DA
would remain extraneuronal.

What are the consequences of this? In this situation
basal extraneuronal levels of DA would be reasonably
high. Although DA nerves would not ‘recapture’ DA, the
turnover rate for DA can be less because of the high
extraneuronal level.

c. Implications of volume transmission
on L-DOPA treatment of PD

If DA acted largely via synaptic transmission, much DA
would be reaccumulated by nerve endings in the
vicinity of DA receptors. Because DA functions largely
by volume transmission, not only endogenously released
DA has a long half-life extraneuronally, but DA formed
by exogenously administered L-DOPA also has a long
half-life after being released by (or diffusing from)
nerves.

Measured extraneuronal levels of DA
following L-DOPA treatment

Because this type of assessment involves invasive meth-
ods, studies described here are from animal experiments.

Basal extraneuronal level of striatal DA
in intact and lesioned rats

As shown by Abercrombie et al. (1990) the basal striatal
in vivo microdialysate level (i.e., extraneuronal level) of
DA was unaltered when rat striatum was DA-depleted by
10-80%. This indicates that there are major compensa-
tory mechanisms (i.e., safety factor) to maintain normal
function even in the presence of a major disruption to the
DA system. However, in rats in which the striatum was
DA-depleted by >80%, the basal in vivo microdialysate
level was reduced by nearly 80%. This indicates that
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physiologic compensatory mechanisms fail when there is
major damage to the DA system.

L-DOPA treatment of control rats with full DA
innervation of striatum

When intact control rats pretreated with the peripherally
restricted AADC inhibitor RO4-4602 received a low
dose of L-DOPA (25 or 50mg/kg), there was a brief
decline in the striatal in vivo microdialysate levels (i.e.,
extraneuronal levels) of DA. Because L-DOPA can
acutely have this effect on activity (i.e., firing rate) of
DA neurons in vitro (Bunney et al., 1973), the noted
in vivo effect possibly is attributable to action of newly
formed DA on DA neuronal autoreceptors to inhibit DA
nerve activity and associated release of DA from vesicles
(Abercrombie et al., 1990; Wachtel and Abercrombie,
1994). In contrast, a high dose of L-DOPA (100 or 200 mg/
kg) produced a prolonged elevation in the in vivo micro-
dialysate level of DA in these rats (Zetterstrom et al., 1986;
Abercrombie et al., 1990; Wachtel and Abercrombie,
1994; Miller and Abercrombie, 1999). The striatal tissue
level of DA was not appreciably changed by acute
carbidopa-L-DOPA (60 mg/kg) treatment (Kostrzewa
et al., 2000).

L-DOPA treatment of rats with DA-denervated
striatum (i.e., Parkinsonian rats)

In rats in which striatal DA was depleted by >80%,
L-DOPA (100 mg/kg; RO4-4602 pretreatment) produced
a marked increase in the striatal in vivo microdialysate
level of DA. In these rats, with the striatum largely DA-
denervated, the extraneuronal DA level after L-DOPA was
about 5-times higher than in L-DOPA-treated intact rats
(Zetterstrom et al., 1986; Abercrombie et al., 1990). This
outcome is reflective of the importance of volume trans-
mission for maintaining high levels of extraneuronal DA,
particularly if numbers of nerve endings with DATSs are
reduced in number. One can see how this would be partic-
ularly advantageous in using L-DOPA therapy in Parkin-
sonian patients in which there is >80% loss of nigro-
striatal fibers (and accompanying DA-denervation of basal
ganglia. The striatal tissue level of DA was increased
several-fold by acute carbidopa-L-DOPA (60 mg/kg)
treatment, thereby partly restoring low tissue DA content
(Kostrzewa et al., 2000). The dramatic elevation in the
striatal in vivo microdialysate level of DA in largely
DA-denervated rat striatum is illustrated in Fig. 1. While
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Fig. 1. Effect of acute L-DOPA treatment of the in vivo microdialysate
level of dopamine (DA) in intact rat striatum and (largely) DA-dener-
vated rat striatum. L-DOPA (60 mg/kg IP) + carbidopa (12.5 mg/kg IP)
was administered to rats approximately 1 h prior to sampling and analy-
sis of the in vivo microdialysate at or near the peak L-DOPA effect in
freely moving rats in which a microdialysis probe had been implanted
on the previous day. Intact rats were treated at 3 days after birth with
desipramine HCl (20mg/kg IP) and vehicle [saline (0.85%)-ascorbic
acid (0.1%), intracerebroventicularly (ICV)], while DA-denervation of
striatum was produced by treatment with 6-hydroxydopamine (134 ug
ICV, base form; desipramine pretreatment). Neonatal 6-OHDA treatment
consistently produces >97% reduction in striatal tissue DA content,
assessed in adulthood

the basal striatal extraneuronal level of DA is reduced
by only about 65% despite the 99% reduction in striatal
tissue content, acute IP L-DOPA (60 mg/kg)-carbidopa
(12.5 mg/kg) treatment elevates the extraneuronal content
(in vivo microdialysate level) to a much greater extent in
the largely DA-denervated striatum. It is this phenomenon
of a multiplication in L-DOPA effect in DA-denervated
striatum that is largely responsible for the effectiveness of
L-DOPA as a therapy for PD.

L-DOPA effect on reactive oxygen species (ROS)

An ongoing debate over the past decade relates to the
concern of whether L-DOPA promotes reactive species
(ROS) formation in brain, and thereby possibly accelerat-
ing the progression of PD. The basis of this is the follow-
ing. For every molecule of DA that is metabolized by
monoamine oxidase (MAO), one molecule of H,O, is
formed. As the striatum and substantia nigra are rich in
iron (Fe?*), hydroxyl radical (HO®) will subsequently be
generated via the Fenton reaction.

DA + O, + H,0 — MAO — H,0, + DOPAC + NH;
H,0, + Fe>™ — HO® + Fe*™ + HO™
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One assumption is that DA turnover would be increased
after L-DOPA therapy and that generation of ROS would
be increased. However, in an earlier study, quite the con-
trary was shown. In rats in which striatal DA content had
been reduced by about 99%, acute L-DOPA treatment
(60mg/kg; carbidopa, 12.5mg/kg IP) actually reduced
striatal tissue content of HO®, assessed by HPLC analysis
of dihydroxybenzoic acids (2,3- and 2,5-DHBA) — spin
trap products of salicylate (Kostrzewa et al., 2000). Thus,
it is more likely that L-DOPA is neuroprotective rather
than neurotoxic.

L-DOPA priming of DA receptors

In Parkinsonians treated long-term with L-DOPA, motor
dyskinesias commonly develop. As DA receptor super-
sensitization has been invoked as one of the likely
processes underlying this disturbing outcome of L-DOPA
therapy (Groppetti et al., 1990; Hossain and Weiner, 1993;
Carey et al., 1994; Cole et al., 1994; Hume et al., 1995;
Opacka-Juffry et al., 1998), we describe some aspects of
this phenomenon.

L-DOPA priming of DA receptors

In adult rats in which the striatum was largely DA-dener-
vated shortly after birth, an assortment of exaggerated
stereotypic and locomotor activities were produced by
L-DOPA - even after initial treatment (Breese et al.,
1984). Breese and colleagues showed that DA D, recep-
tors were largely involved in many of these effects, but
that D; agonists did not produce similarly exaggerated
behavioral effects in the DA-lesioned rats until after the
third dose. The delayed development of receptor super-
sensitivity, produced by repeated agonist treatment, was
termed ‘priming’. The Breese group showed also that
repeated D, agonist treatment would similarly prime D,
receptors. Therefore, D; receptor priming could be homo-
typic (D; agonist-induced) or heterotypic (D, agonist-
induced). L-DOPA was considered to prime receptors dur-
ing its initial effects (Breese et al., 1985, 1987; Criswell
et al., 1989).

Subsequently, it was shown that further sensitization of
the D; receptor could be produced in neonatally DA-
lesioned rats by ontogenetic postnatal D; agonist treat-
ments (Gong et al., 1993, 1994) or ontogenetic postnatal
D, agonist treatments (Brus et al., 2003).

Although DA D, receptors were also sensitized in this
animal model, the behavioral effects of D, agonist treat-

ments were not nearly so dramatic as those observed with
D, agonist treatments (Breese et al., 1985, 1987; Criswell
et al., 1989). Moreover, ontogenetic D, agonist treatments
did not further sensitize D, receptors in the lesioned rats,
at least not appreciably (Brus et al., 2003).

Despite the dramatic D; receptor supersensitivity in the
above series of studies, there were no obvious intracellular
or biochemical processes that could be clearly linked to
receptor supersensitivity (Johnson et al., 1992; Duncan
et al., 1993; Gong et al., 1994). However, in rats that
were DA-lesioned, enhanced DA-induced adenylyl cy-
clase activity was reported (Gropetti et al., 1990), as well
as up-regulated striatal DA-induced phosphorylation of
the cAMP-response element-binding protein (Cole et al.,
1994), and increased D, receptor number (Hume et al.,
1995; Opacka-Juffry et al., 1998).

DA-denervation-supersensitivity of DA D, receptors

Ungerstedt and Arbuthnott showed in 1970 that in rats
with a unilateral lesion of the nigrostriatal tract that
amphetamine or apomorphine produces rotational motor
activity in the direction of the lesioned side. As these
agonist-induced effects are blocked by D, receptor
antagonists, it is apparent that D, receptors become super-
sensitized in this particular instance.

D, agonist priming of D, receptors

In intact rats treated repeatedly with quinpirole, a prefer-
ential D, agonist, D, receptors become supersensitized
(Kostrzewa et al., 1990, 1991, 1993a, b; Kostrzewa and
Brus, 1991; Kostrzewa, 1995), as evidenced by exagger-
ated quinpirole-induced stereotypies (vertical jumping,
paw treading, rearing, digging), which develop gradually
in relation to the number of treatments (Eilam and
Szechtman, 1989, 1990; Szechtman et al., 1994).
Although the effect is most notable in rats that are
quinpirole-primed during postnatal ontogeny, quinpirole-
priming in adult rats also occurs (Szechtman et al., 1994;
Brus et al., 1998). Once quinpirole-priming has been
induced, it tends to persist and can be life-long (Brus
et al., 1998; Oswiecimska et al., 2000). The so-called
“super”’ sensitization of D, receptors may be a misnomer,
in that primed receptors may actually be “‘sub” sensitive
autoreceptors in the ventral tegmental area or in the sub-
stantia nigra. Support for this hypothesis is marshaled
from the findings of Nowak et al. (2002) who showed that
acute amphetamine treatment produced a 5-fold increase
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in the striatal microdialysate level of DA in primed vs.
control rats. Subsensitivity of D, autoreceptors would
account for less feedback inhibition of extraneuronal
DA following the indirect-acting agonist, amphetamine.

L-DOPA, BDNE, induction of Dj; receptors
and behavioral sensitization

In unilaterally 6-OHDA-lesioned rats, repeated L-DOPA
treatments induce the overexpression of D3 receptors in
the shell of the nucleus accumbens and in the striatum
(Bordet et al., 1997). Because L-DOPA-induced rotational
activity is blocked by a D3 receptor antagonist, it appears
that behavioral sensitization to L-DOPA is dependent
on Dj receptor expression (Bordet et al., 1997). In fact, a
partial D3 agonist promotes rotational activity (Pilla et al.,
1999). Presumably, these effects of L-DOPA are the result
of DA action (from decarboxylation of L-DOPA) on DA
D, and/or Ds receptors in cortical layers V and VI,
thereby enhancing BDNF synthesis and release by corti-
costriatal neurons (Guillin et al., 2001).

L-DOPA-induced motor dyskinesias
and Dj; receptors

In MPTP-treated parkinsonian monkeys (Morissette et al.,
1998) and in post-mortem human Parkinsonians there is
reduced Dj receptor expression in the brain (Ryoo et al.,
1998); and its reversal by repeated L-DOPA treatment
(Bezard et al., 2003) coincides with the onset and worsen-
ing of motor dyskinesias (Sokoloff et al., 2002).

Summary of L-DOPA therapy and treatment effects

L-DOPA, when administered to intact or DA-lesioned rats,
is decarboxylated to DA in nerves of the DA phenotype
and in nerves of a non-DA phenotype, with the latter
being of much greater importance following nigrostriatal
DA-denervation (i.e., parkinsonian animal model). Extra-
neuronal levels of DA (i.e., as in in vivo microdialysates)
in basal ganglia (i.e., striatum in the rat) is surprisingly
much higher in the parkinsonian than in the control. This
outcome of L-DOPA treatment is related to 1) DA being a
volume transmitter in striatum, and also 2) the absence of
DA transporters in the parkinsonian brain (i.e., absence
of DA nerve terminals on which DA transporters are
located). These latter phenomena are largely responsible
for the beneficial therapeutic effects of L-DOPA therapy
of PD.

L-DOPA secondarily acts at both DA D; and DA Ds
receptors on coticostriatal neurons which release BDNF in
striatum and thereby promote expression of Dj receptors.
L-DOPA also ‘primes’ (sensitizes) receptors of the D,
class (D;, D5 receptors) and D, class (D,, D3, D4 recep-
tors), thereby producing exaggerated behavioral effects.
These effects add to the receptor supersensitivity accom-
panying dopaminergic fiber denervation per se (Herrera-
Marschitz et al., 1985a, b). Apparently the so-called
supersensitization may represent overt subsensitization
of DA D, autoreceptors — as this would produce identical
exaggerated behavioral effects. Finally, the overall sum-
mation of L-DOPA’s secondary effects, on priming recep-
tors and on inducing expression of Dj receptors per se,
accounts for the undesired motor dyskinesias commonly
associated with long-term L-DOPA therapy.

Future objectives are to maximize the beneficial symp-
tomatic effects of L-DOPA while limiting the priming
effects of DA receptors. Partial D5 agonists represent a
viable approach towards achieving this goal.
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