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Apomorphine increases vesicular monoamine transporter-2 function:
implications for neurodegeneration
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Abstract

Apomorphine is a nonselective dopamine D1/D2 receptor agonist used in Europe to treat symptoms resulting from the dopaminergic
degeneration associated with Parkinson’s disease. In addition, neuroprotective effects of this agent in rodent models have been reported.
Recent studies indicate that treatments that alter vesicular monoamine transporter-2 (VMAT-2) function may be protective in models of
dopaminergic degeneration. Hence, the purpose of the present study was to examine the effect of apomorphine on VMAT-2 function. Results
revealed that apomorphine rapidly and reversibly increased vesicular dopamine uptake, as determined in purified striatal vesicles obtained
from treated rats. This increase occurred in both postnatal day 40 and postnatal day 90 rats, and was associated with a redistribution of
VMAT-2 protein within nerve terminals. This effect of apomorphine on vesicular dopamine uptake was blocked by pretreating with
eticlopride, a dopamine D2 receptor antagonist. The implications of these findings relevant to the treatment of neurodegeneration are

discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Apomorphine is a nonselective dopamine D1/D2 receptor
agonist currently in clinical use in Europe as a treatment for
impotence and for symptoms of Parkinson’s disease. It is also
approved as an emetic in veterinary clinics. These effects of
apomorphine result from its ability to directly activate
dopamine receptors. Interestingly, recent studies have sug-
gested that apomorphine may be neuroprotective in a rodent
model of methamphetamine toxicity (Fornai et al., 2001;
Battaglia et al., 2002). However, mechanism(s) underlying
its neuroprotective potential is (are) unknown.

A recent report suggested that dopamine receptor ago-
nists can regulate the vesicular monoamine transporter-2
(VMAT-2; Truong et al., 2003), a major transporter protein
responsible for sequestration of cytoplasmic dopamine into
synaptic vesicles for storage and subsequent release. It is
speculated that alterations in VMAT-2 function can regulate
intra- and extraneuronal dopamine levels, which may mod-
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ify cytoplasmic dopamine levels. An aberrantly high level of
cytoplasmic dopamine has been linked to oxidative stress
and neuronal toxicity (for review, see Kita et al., 2003).
Hence, the purpose of the present study was to examine the
effect of apomorphine on VMAT-2 function. Because do-
pamine receptor numbers have been demonstrated to change
as a function of age (Teicher et al., 1995; Hyttel, 1987), the
effects of apomorphine on VMAT-2 function were also
examined in adolescent, postnatal day 40 and young adult,
postnatal day 90 rats. Results reveal that apomorphine
increased vesicular dopamine uptake, as determined in
purified striatal vesicles obtained from treated rats. The
apomorphine-induced increase in vesicular dopamine up-
take occurred rapidly (within 1 h) and was reversed within 3
h after treatment. Additionally, this effect was observed in
both postnatal day 40 and postnatal day 90 rats and was
associated with a redistribution of VMAT-2 protein within
nerve terminals. This effect of apomorphine on vesicular
dopamine uptake was blocked by pretreating with eticlo-
pride, a dopamine D2 family antagonist, suggesting the effect
is dopamine D2-receptor-mediated. Taken together, these
data suggest a novel mechanism of action for apomorphine
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and a potential mechanism underlying its neuroprotective
potential. The implications of this phenomenon relevant to
the understanding of neurodegeneration will be discussed.

2. Materials and methods
2.1. Animals

Male Sprague—Dawley rats (approximately postnatal day
40 and postnatal day 90; Charles River Laboratories, Wil-
mington, MA, USA) were maintained under controlled
temperature and lighting, with food and water provided ad
libitum. Rats were killed by decapitation. Striata were
dissected and quickly placed in cold 0.32 M sucrose. All
experiments were conducted in accordance with the Nation-
al Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

2.2. Drugs and chemicals

[7,8-H]Dopamine (54.1 Ci/mmol) was purchased from
New England Nuclear (Boston, MA). Apomorphine hydro-
chloride and eticlopride were purchased from Sigma-
Aldrich (St. Louis, MO) and doses were calculated as free
bases and were dissolved in 0.9% saline (Symes et al., 1976;
Brown et al., 2001).

2.3. Vesicular dopamine uptake

Striatal synaptic vesicles were prepared according to a
modification of a previously described method (Dunah and
Standaert, 2001). Briefly, striatal tissues were dissected and
homogenized in ice-cold 0.32 M sucrose and centrifuged
(1000 x g for 10 min; 4 °C) to remove nuclei and large
debris. The supernatant was centrifuged (10,000 X g for 15
min; 4 °C) to obtain a crude synaptosomal fraction and
subsequently lysed hypo-osmotically and centrifuged
(25,000 x g for 20 min; 4 °C) to pellet a membrane-
associated fraction. The resultant supernatant was centri-
fuged (165,000xg for 45 min; 4 °C) to obtain a non-
membrane-associated fraction. Vesicular [3H]dopamine up-
take was determined as described previously (Brown et al.,
2002). Protein concentrations were determined using the
Bradford protein assay.

2.4. VMAT-2 immunoreactivity

Striatal synaptosomes were prepared as described above.
Pellets obtained from whole synaptosomal, membrane-asso-
ciated, and non-membrane-associated fractions were resus-
pended at 50 mg/ml original wet weight in cold water and
reserved for Western blot analysis. Western blot analysis was
performed as described previously (Riddle et al., 2002).

Binding of VMAT-2 antibody was performed using 50
ng protein from crude synaptosomal, 30 pug protein from

synaptosomal membranes, and 20 pg protein from non-
membrane-associated fractions. The primary VMAT-2 anti-
body (1:1000 dilution) was purchased from Chemicon
(Temecula, CA; AB1767). Bound antibody was visualized
with antirabbit Immunoglobulin antibody (1:2000) pur-
chased from Biosource International (Camarillo, CA). An-
tigen—antibody complexes were visualized by
chemiluminescence. Bands on blots were quantified by
densitometry using Kodak 1D image-analysis software.

2.5. Statistical analysis

Analyses between two groups were conducted using a
Student’s ¢ test. Statistical analyses among three or more
groups were performed using an analysis of variance
(ANOVA) followed by Fisher’s protected least-significant
difference (PLSD) post hoc comparison. Differences among
groups were considered significant if the probability ( P) of
error was less than 5%.

3. Results

Results presented in Fig. 1 demonstrate that a single
administration of apomorphine increased vesicular dopa-
mine uptake, as assessed in synaptic vesicles prepared from
striata of treated rats. The increase in vesicular dopamine
uptake induced by 10 mg/kg apomorphine occurred rapidly
(i.e., within 1 h) and recovered by 3 h after treatment (Fig.
2). This increase occurred in both adolescent postnatal day
40 and young adult postnatal day 90 rats (Fig. 3); hence,
subsequent studies were conducted in rats at approximately
postnatal day 90.

Findings presented in Fig. 4 demonstrate that a single
administration of apomorphine redistributed VMAT-2 pro-
teins within the nerve terminals. Specifically, apomorphine
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Fig. 1. A single administration of apomorphine increased vesicular
[*H]dopamine uptake. Rats received a single administration of apomor-
phine (1.0-10.0 mg/kg; i.p.) or saline (Sal; 1.0 ml/kg; i.p.). All animals
were sacrificed 1 h after administration. Data are means and vertical lines
1 S.E.M. of determinations in six rats. *Value significantly different from
saline-treated controls (P < 0.05).
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Fig. 2. A single administration of apomorphine rapidly increased vesicular
[*H]dopamine uptake. Rats received apomorphine (10.0 mg/kg, i.p.) and
were sacrificed 1-6 h later. Data are means and vertical lines 1 S.E.M. of
determinations in six rats. *Value significantly different from saline-
treated controls (P < 0.05).

administration increased VMAT-2 immunoreactivity in
non-membrane-associated (presumably cytoplasmic) frac-
tions, with no significant change in the membrane-associ-
ated and whole synaptosomal fractions prepared from
striata of rats sacrificed 1 h after treatment. Hence, to
further examine whether the apomorphine-induced increase
in vesicular dopamine uptake was dopamine D1- or D2-
receptor-mediated, effects of the dopamine D2 receptor
antagonist, eticlopride, were investigated. Results presented
in Fig. 5 demonstrate that pretreatment with eticlopride
blocked the apomorphine-induced increase in vesicular
dopamine uptake.

4. Discussion

Apomorphine is a dopamine D1/D2 agonist used in
Europe for the symptomatic treatment of late stage Parkin-
son’s disease to reduce Levodopa-induced on—off oscilla-
tions of dyskinesia (Lees, 1993). Several studies suggest
that Levodopa-induced dyskinesia is a result of discontinu-
ous DA receptor stimulation; hence, the effectiveness of
apomorphine likely results from continuous, direct dopa-
mine receptor activation (Blin et al., 1988; Bedard et al.,
1999). Interestingly, recent studies suggest that dopamine
receptor agonists should be an initial recommended therapy
for Parkinson’s disease (for review, see Kondo, 2002). For
example, Marek et al. (2002) demonstrated using single
photon emission computed tomography (SPECT) that
patients on levodopa therapy for 22, 34, and 36 months
showed a greater decrease in the nerve terminal marker, 23-
carboxymethoxy-3 {3 (4-iodophenyl) tropane (3-CIT), bind-
ing in the striatum compared to patients on pramipexole, a
dopamine D2/3 receptor agonist. Additionally, a study by
Whone et al. (2002) demonstrated significantly slower
progression of Parkinson’s disease in patients treated with
the dopamine receptor agonist, ropinirole, for 2 years
compared with those treated with levodopa. These data

suggest that dopamine receptor agonists may provide sig-
nificant benefits in the treatment of Parkinson’s disease.

Interestingly, recent studies in animal models suggest that
apomorphine pretreatment protects against the persistent
dopaminergic deficits caused by methamphetamine treat-
ment (Battaglia et al., 2002; Fornai et al., 2001). This is of
significance, as the cause of dopaminergic degeneration
associated with both Parkinson’s disease and methamphet-
amine treatment has been suggested to result from aberrant
cytosolic accumulation of dopamine that then undergoes
autooxidation causing the generation of damaging reactive
oxygen species (Sun and Chen, 1998; Jenner and Olanow,
1998; Kita et al., 2003; Fleckenstein and Hanson, 2003).
Accordingly, one mechanism whereby apomorphine might
afford neuroprotection would be by augmenting vesicular
dopamine sequestration. Results from the present study
confirm the hypothesis and demonstrate that apomorphine,
at a dose that was shown by Fornai et al. (2001) to afford
neuroprotection, increases vesicular dopamine sequestration
in a purified vesicular fraction. This phenomenon results
from a redistribution of VMAT-2 protein, and presumably
vesicles, within nerve terminals. Specifically, apomorphine
increased VMAT-2 immunoreactivity within the non-mem-
brane-associated (presumably cytoplasmic) fraction, with no
significant change in the whole synaptosomal fraction.
Noteworthy, a decrease in membrane-associated VMAT-2
immunoreactivity would have been anticipated if VMAT-2
protein was redistributed between the membrane-associated
fraction and the cytoplasmic fraction: In these studies,
however, the decrease did not reach statistical significance.
One possible explanation is that the total quantity of VMAT-
2 protein in the non-membrane-associated fraction is much
smaller than the quantity of VMAT-2 protein in the mem-
brane-associated fraction under study. Hence, when vesicles
are trafficked from the membrane-associated fractions rela-
tive to baseline, the effect is not very robust, but it does
produce a pronounce effect in the non-membrane-associated
fraction under study.
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Fig. 3. A single administration of apomorphine increased vesicular
[*H]dopamine uptake of postnatal day 40 and postnatal day 90 rats. Rats
received apomorphine (10.0 mg/kg, i.p.) or saline (1.0 ml/kg; i.p.) and were
sacrificed 1 h later. Columns represent the means and vertical lines 1 S.E.M.
of determinations in six rats. *Values significantly different from saline-
treated controls (P < 0.05).
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Fig. 4. A single administration of apomorphine caused redistribution of VMAT-2 immunoreactivity. Rats received apomorphine (10.0 mg/kg, i.p.) or saline (1.0
ml/kg; i.p.) and were sacrificed 1 h later. Columns represent the means and vertical lines 1 S.E.M. of determinations in six rats. Molecular mass standards (in
kilodaltons) are shown to the left of the representative western blot. *Value significantly different from saline-treated controls (P < 0.05).

Recent studies by Brown et al. (2001) and Sandoval et al.
(2002b) demonstrated that cocaine and methylphenidate
increase vesicular dopamine uptake and that the increase in
vesicular dopamine uptake is likely dopamine D2-receptor-
mediated as the dopamine D2 receptor antagonist blocked the
effect. In addition, Brown et al. (2001) also demonstrated that
the dopamine D1 receptor agonist, SKF81297, was without
effect on vesicular dopamine uptake. These data suggest that
the apomorphine-mediated increase in vesicular dopamine
uptake is mediated via dopamine D2 receptors. Results from
Fig. 5 demonstrate that pretreatment with the dopamine D2
receptor antagonist, eticlopride, prevents this phenomenon,
thereby confirming that dopamine D2 receptors contribute to
the increase in vesicular dopamine uptake. Noteworthy are
reports that dopamine receptor expression changes as a
function of age. For example, Teicher et al. (1995), using
receptor autoradiography, demonstrated that postnatal ex-
pression of dopamine D2 family receptors increases between
postnatal day 25—40 but decreased between postnatal day
60—120. Hence, dopamine-receptor-mediated effects on ve-
sicular dopamine uptake might predictably differ as a func-
tion of age. However, results presented in Fig. 4 demonstrate
that apomorphine increases vesicular dopamine uptake sim-
ilarly in both postnatal day 40 and postnatal day 90 rats. It is
noted that there is a greater basal level of vesicular dopamine
uptake in the purified vesicular fraction of postnatal day 90
compared to postnatal day 40 rats. One likely explanation for
this difference in basal level of vesicular dopamine uptake is a

difference in the number of vesicles in the non-membrane-
associated fraction between the two age groups. A greater
number of vesicles in the non-membrane-associated fraction
of postnatal day 90 rats would contribute to the greater basal
level of vesicular dopamine uptake in postnatal day 90
compared to postnatal day 40 rats.

Precedence for age-dependent effects on VMAT-2 have
also been reported after treatment with the psychostimulant,
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Fig. 5. A single administration of the dopamine D2 class antagonist,
eticlopride, blocked the apomorphine-induced increase vesicular [*H]do-
pamine uptake. Rats received eticlopride (0.5 mg/kg; i.p.) or vehicle (1 ml/
kg; i.p.) 15 min before administration of apomorphine (10.0 mg/kg; i.p.) or
saline (1 ml/kg; i.p). All animals were sacrificed 1 h after the last injection.
Columns represent the means and vertical lines 1 S.E.M. of determinations
in six rats. *Value significantly different from saline-treated controls
(P <0.05).
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methamphetamine. Specifically, methamphetamine causes
greater decreases in vesicular dopamine uptake in postnatal
day 90 compared to postnatal day 40 rats (Truong et al.,
2002). Noteworthy, too, are findings that methamphetamine
causes greater persistent dopaminergic deficits in young
adult compared to adolescent rats (Pu and Vorhees, 1993;
Kokoshka et al., 2000). These data suggest an association
between the magnitude of acute decreases in vesicular
uptake and of persistent methamphetamine-induced deficits;
a phenomenon that warrants further investigation.

In conclusion, data from the present studies demonstrated
a novel cellular action of apomorphine that may contribute
to its neuroprotective potential. Specifically, apomorphine
increases vesicular dopamine uptake, an effect that is
associated with VMAT-2 protein redistribution within the
nerve terminals and is a result of dopamine D2 receptor
activation. These data are particularly interesting given
recent studies suggest that agents which increase activity
of VMAT-2 are neuroprotective. For example, Sandoval et
al. (2002a) demonstrated that methylphenidate increases
vesicular dopamine uptake and protects against the persis-
tent dopaminergic deficits caused by methamphetamine
treatment. Additionally, pramipexole, a drug currently in
clinical use as therapy for Parkinson’s disease, protects
against methamphetamine toxicity (Hall et al., 1996) and
likewise increases vesicular dopamine uptake (Truong et al.,
2003) in rodent models. Hence, the present data are the first
to demonstrate that apomorphine similarly alters VMAT-2
activity and suggest that this property may contribute to its
neuroprotective potential.
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