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Impact of psychostimulants on vesicular monoamine transporter function
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Abstract

The vesicular monoamine transporter-2 (VMAT-2) facilitates the sequestration of catecholamines and serotonin into synaptic vesicles, and

is therefore an essential regulator of monoaminergic neuronal function. VMAT-2 proteins may also play a role in neuroprotection, since these

transporters have the capacity to sequester neurotoxins within vesicles. Recent studies have demonstrated that psychostimulants, particularly

dopamine ‘‘releasers’’ and ‘‘reuptake inhibitors’’, differentially alter VMAT-2 function. As described in this review, these studies not only

provide insight into the pharmacological actions of stimulants, but also mechanisms underlying neurodegenerative disorders, including

Parkinson’s disease.
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1. Overview

The vesicular monoamine transporter-2 (VMAT2) utilizes

proton electrochemical gradients to transport monoamines

into vesicles in preparation for exocytotic release. It contains

12 putative transmembrane domains (Erickson et al., 1992),

and is potently inhibited by reserpine and tetrabenazine.

VMAT-2 protein is associated with both small synaptic

vesicles and large dense core vesicles, at least in rat solitary

nuclei (Nirenberg et al., 1995).

Many investigators utilize the presence of VMAT-2 as a

marker of neurotoxicity and/or neurodegeneration since a

loss of catecholaminergic or serotonergic neurons predict-

ably decreases VMAT-2 levels. For example, in Parkinson’s

disease, a reduction in binding of the VMAT-2 ligand,

dihydrotetrabenazine, accompanies dopaminergic degenera-

tion (Frey et al., 1996; Thibaut et al., 1995; Lehericy et al.,

1994). Accordingly, administration of a high-dose regimen

of the psychostimulant, methamphetamine, damages dopa-

minergic nerve terminals and reduces dihydrotetrabenazine

binding in rodent striata days after treatment (Hogan et al.,

2000). Similarly, in vervet monkeys, repeated methamphet-

amine injections decrease VMAT-2 immunoreactivity as

assessed 1 week after treatment (Harvey et al., 2000).
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Interestingly, no changes in VMAT-2 levels were found in

chronic human methamphetamine abusers despite reduced

levels of three dopamine nerve terminal markers (dopamine,

tyrosine hydroxylase and the dopamine transporter) in post-

mortem striatum (Wilson et al., 1996a). These and other

studies demonstrate that assessment of VMAT-2 levels can

provide valuable insights into the persistent impact of

psychostimulant treatment.
2. Amphetamine analogs acutely alter VMAT-2 function

In addition to persistent effects, amphetamine and its

analogs rapidly alter VMAT-2 function. Amphetamine is a

weak base substrate for monoamine transporters, including

the dopamine transporter. In addition, it is highly lipophilic

and readily enters nerve terminals by diffusing across

plasmalemmal membranes. Once inside, amphetamine pur-

portedly depletes vesicular monoamine stores by several

mechanisms: first, it binds directly, albeit with low affinity,

to VMAT-2 (as assessed in cos cells transfected with human

VMAT) and thereby inhibits vesicular uptake (Gonzalez et

al., 1994). Second, amphetamine, a weak base, diffuses

across vesicle membranes in its uncharged form where it

accumulates in its charged form as a result of the lower pH

in the synaptic vesicle interior. As vesicular amphetamine

concentrations increase, the buffering capacity of the vesicle

is lost resulting in a diminished pH gradient (Sulzer and
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Rayport, 1990; Sulzer et al., 1993, 1995) and thereby a loss

of free energy necessary for monoamine sequestration

(Johnson, 1988). This results in reduced vesicular mono-

amine uptake. In addition, the collapse of the gradient

purportedly results in competition for protons between the

monoamines and amphetamine, and increases uncharged

vesicular neurotransmitter concentrations that diffuse out

of vesicles along a concentration gradient (Sulzer and Ray-

port, 1990).

A predictable consequence of diminished vesicular do-

pamine sequestration would be that amphetamine reduces

the number of dopamine molecules released per vesicle: this

finding has been reported in studies employing invertebrate

neurons (Anderson et al., 1998) and PC12 cells (Sulzer et

al., 1995). Consonant with a vesicle-depleting action, am-

phetamine application decreases the dopamine available for

depolarization-evoked release (Jones et al., 1998).

Concurrent with depleting vesicular dopamine content,

amphetamine purportedly increases cytoplasmic dopamine

concentrations. The stimulant and its derivatives promote

nonvesicular dopamine efflux by reverse transport through

the plasmalemmal dopamine transporter (Fischer and Cho,

1979; Raiteri et al., 1979; Liang and Rutledge, 1982; Sulzer

et al., 1993, 1995; Jones et al., 1998).

In addition to disrupting the proton gradient and thereby

dopamine sequestration, recent ex vivo studies have dem-

onstrated that amphetamine analogs rapidly decrease vesic-

ular dopamine transport through a mechanism involving a

redistribution of VMAT-2 protein, and presumably associ-

ated vesicles. Specifically, striatal tissues were obtained

from saline- and methamphetamine-treated rats, and sub-

jected to biochemical fractionation as described by Brown et

al. (2000) and Riddle et al., 2002. This protocol separated

tissues into several fractions, including a whole synapto-

somal fraction, a synaptic vesicle-enriched (non-membrane-

associated) fraction, and a plasmalemmal membrane-asso-

ciated fraction. Using this protocol, it was observed that a

single methamphetamine injection rapidly (within 1 h) and

reversibly decreases dopamine uptake in a vesicle-enriched

fraction obtained from rat striata; an effect that was not due

to residual methamphetamine introduced by the original

injections (Brown et al., 2002). This effect was largely

associated with dopaminergic nerve terminals, since de-

struction of the striatal serotonergic projections did not alter

vesicular dopamine uptake in this preparation (Brown et al.,

2000). The decrease in vesicular dopamine uptake caused

by a single methamphetamine administration was attenuated

by pretreatment with the dopamine D2 antagonist, eticlopr-

ide, but not the dopamine D1, antagonist, SCH23390

(Brown et al., 2002), suggesting that activation of D2

receptors contributes to this phenomenon. Other studies

have suggested that amphetamine may inhibit dopamine

release by activating D2 autoreceptors indirectly (Schmitz et

al., 2001) However, as described below, the role of D2

receptors in regulating VMAT-2 and vesicular dopamine

release is complex and is the focus of ongoing studies.
Concurrent with the publication by Brown et al. (2000)

was the report by Hogan et al. (2000) that multiple high-

dose injections of methamphetamine decreased vesicular

dopamine transport and binding of dihydrotetrabenazine as

assessed 1 day after treatment in purified striatal vesicles of

mice. Importantly, these investigators also found that total

dihydrotetrabenazine binding in whole mouse striatal homo-

genates was not affected at this 1 day time point. These data

allowed for the possibility that VMAT-2 protein was redis-

tributed within nerve terminals after methamphetamine

treatment. Consistent with a redistribution hypothesis, Rid-

dle et al. (2002) reported multiple high-dose methamphet-

amine injections rapidly (within 1 h) redistribute rat striatal

VMAT-2 immunoreactivity from synaptic vesicle-enriched

fractions to, at high doses, a location not retained in the

preparation of the synaptosomes; an effect not likely attrib-

utable to an overall loss of VMAT-2 protein.

The methamphetamine-induced decrease in vesicular

dopamine uptake appears common among dopamine ‘‘re-

leasing agents’’. For instance, a single administration of

amphetamine per se rapidly and reversibly decreases vesic-

ular dopamine uptake (Riddle et al., in press). Administra-

tion of methylenedioxymethamphetamine rapidly decreases

striatal vesicular dopamine transport as well. Unlike effects

of multiple methamphetamine injections, the methylene-

dioxymethamphetamine-induced decrease partially recovers

by 24 h after drug treatment. D2 dopamine receptors

contribute to this methylenedioxymethamphetamine-in-

duced deficit, as the phenomenon was attenuated by pre-

treatment with eticlopride (Hansen et al., 2002).

A methamphetamine-related redistribution of vesicles

and/or disruption of dopamine sequestration may have im-

portant implications regarding the neurotoxic properties of

the stimulant (see Fleckenstein et al., 2000). It is well

established that high-dose methamphetamine treatment

causes persistent deficits in dopaminergic neuronal function

in rodents (Hotchkiss et al., 1979; Hotchkiss and Gibb, 1980;

Wagner et al., 1980; Ricaurte et al., 1982), non-human

primates (Woolverton et al., 1989) and humans (Wilson et

al., 1996a). Several groups have suggested that dopamine, per

se, contributes to this long-term damage, as it is attenuated by

pretreatment of rats with the dopamine synthesis inhibitor, a-

methyl-p-tyrosine (Gibb and Kogan, 1979; Wagner et al.,

1983; Schmidt et al., 1985). The precise mechanism whereby

dopamine contributes to these long-term decreases is un-

known, although dopamine can contribute to the formation of

neurotoxic reactive species (Graham et al., 1978; Hastings,

1995). Since cytoplasmic dopamine levels are regulated

largely by the VMAT-2, deficits in the function of this carrier

protein may contribute to the damage. Specifically, by

decreasing vesicular dopamine uptake, it may accumulate

within nerve terminals promoting the formation of reactive

species and thereby causing neuronal damage.

Support for the hypothesis that disruption of dopamine

sequestration contributes to methamphetamine-induced do-

paminergic deficits comes from findings of Fumagalli et al.
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(1999) that in VMAT-2 heterologous knockout mice, meth-

amphetamine-induced deficits are enhanced compared to

corresponding wild-type mice. Furthermore, methamphet-

amine-induced degeneration of dopamine neurites and accu-

mulation of metabolites of oxidized dopamine vary inversely

with VMAT-2 expression in postnatal ventral midbrain

neuronal cultures derived from VMAT-2 knockout mice

(Larsen et al., 2002). Further support for this possibility

comes from findings that there is decreased vesicular dopa-

mine content in vesicles purified from the striata of rats

treated with methamphetamine (Sandoval et al., 2003). This

phenomenon likely results from altered trafficking of

VMAT-2, in addition to the direct inhibition of VMAT-2

and the weak base disruption of the pH gradient necessary

for vesicular uptake as described above. Regardless of the

process, the decrease in sequestered dopamine caused by

methamphetamine treatment presumably increases cytoplas-

mic dopamine concentrations and perhaps reactive oxygen

species formation.

Of interest are recent findings that pretreatment of rats

with an escalating dose-paradigm of methamphetamine

attenuates not only the persistent dopaminergic deficits

caused by a subsequent high-dose methamphetamine ‘‘chal-

lenge’’ administration, but also the acute decrease in vesic-

ular dopamine uptake caused by the challenge. Neither

attenuation was due to differences in pharmacokinetics

effected by the methamphetamine-pretreatment paradigm

(Johnson-Davis et al., 2003). These data support the possi-

bility of a causal link between the acute redistribution of

VMAT-2 and the persistent dopaminergic deficits caused by

the stimulant.
3. Plasmalemmal dopamine reuptake inhibitors and

releasers differentially alter VMAT-2 function

Relatively few studies have assessed the impact of

plasmalemmal dopamine reuptake inhibitors and releasers

on VMAT-2. Among the few reports include the observation

by some (Wilson et al., 1996b; Little et al., 2003), but not all

(Staley et al., 1997), investigators that human cocaine users

have less VMAT2 protein: whether this represents damage

to aminergic neurons or an adaptive response to chronic

cocaine use warrants investigation.

In contrast to these studies assessing the long-term impact

of cocaine, the acute action of this stimulant on VMAT-2 has

been recently investigated. It was reported that administra-

tion of reuptake inhibitors to rats abruptly (within 1 h) and

reversibly increases both dopamine uptake and dihydrote-

trabenazine binding, as assessed ex vivo in a vesicle-

enriched fraction prepared according to protocol by Brown

et al. (2000) described above. More selective inhibitors of the

dopamine transporters (GBR12935 and amfonelic acid), but

not the plasmalemmal serotonin transporter (fluoxetine), also

increase vesicular dopamine uptake (Brown et al., 2001).

The cocaine-induced increase in uptake corresponds to a
shift in VMAT-2 protein from a plasmalemmal membrane-

associated to a synaptic vesicle-enriched compartment (Rid-

dle et al., 2002).

Subsequent studies have demonstrated that administra-

tion of the dopamine D2 antagonist, eticlopride, but not

SCH23390 inhibits the cocaine-induced increases in dopa-

mine uptake in purified vesicular preparations. Similar to

the effects of cocaine, treatment with the dopamine D2

agonist, quinpirole, increases both vesicular dopamine up-

take and dihydrotetrabenazine binding. In contrast, admin-

istration of the dopamine D1 agonist, SKF81297, is without

effect on vesicular dopamine uptake or dihydrotetrabenazine

binding. Finally, co-administration of quinpirole and co-

caine does not further increase vesicular dopamine uptake or

dihydrotetrabenazine binding when compared to treatment

with either agent alone. These data suggest that cocaine-

induced increases in vesicular dopamine uptake and dihy-

drotetrabenazine binding are due to a D2 receptor-mediated

pathway (Brown et al., 2001).

Noteworthy are findings that in addition to cocaine and

quinpirole, administration of the dopamine D2/3 agonist,

pramipexole, increases vesicular dopamine uptake (Truong

et al., 2003). These data seem paradoxical given that

methamphetamine and methylenedioxymethamphetamine

decrease vesicular dopamine uptake via a D2 receptor-

mediated mechanism. Possible explanations for this discrep-

ancy involve the distinct localization and function of D2

receptors, such as differential pre- and post-synaptic D2-

associated mechanisms. This paradox underscores the com-

plex actions regulating VMAT-2 function.

It was reported recently that a single injection of another

dopamine reuptake inhibitor, methylphenidate, increases

vesicular dopamine uptake and dihydrotetrabenazine bind-

ing in a vesicle-enriched subcellular fraction prepared from

saline- or treated-rats. These increases occur rapidly (within

30 min) and reversibly. The increases in vesicular dopamine

uptake do not result from residual methylphenidate intro-

duced by the original in vivo treatment. In accord with these

findings, a single injection of methylphenidate increases

VMAT-2 immunoreactivity in the synaptic vesicle-enriched

fractions prepared from treated rats. In addition, treatment

with methylphenidate decreases VMAT-2 immunoreactivity

in a plasmalemmal membrane-associated fraction, with no

change in the whole synaptosomal fraction. Taken together,

these data suggest that, like cocaine, methylphenidate redis-

tributes VMAT-2 protein between the synaptosomal mem-

brane and vesicle-enriched fractions (Sandoval et al., 2002).

Similar to effects of cocaine, eticlopride pretreatment

antagonizes the increase in vesicular dopamine uptake, and

prevents the methylphenidate-induced increases in dihydro-

tetrabenazine binding and VMAT-2 immunoreactivity in the

vesicle-enriched fraction. Unlike the effects of cocaine,

SCH23390 pretreatment attenuates the methylphenidate-in-

duced increases in vesicular dopamine uptake, dihydrotetra-

benazine binding and VMAT-2 immunoreactivity in the

vesicle-enriched fraction. Coadministration of these antago-
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nists inhibits completely the methylphenidate-related in-

crease in vesicular dopamine sequestration and dihydrote-

trabenazine binding in this fraction (Sandoval et al., 2002).

The appearance of a D1 component in the methylphenidate-

induced increase was unexpected, as cocaine presumably

increases extracellular dopamine concentrations and hence

would predictably have displayed a similar component: the

lack of cocaine-induced dopamine D1 receptor-mediated

VMAT-2 alterations may be due to factors such as the

magnitude and/or duration of the cocaine-induced increase

in extracellular dopamine concentrations.

The functional relevance of a methylphenidate-induced

redistribution of VMAT-2 protein, and presumably associated

vesicles, remains unknown. However, a predictable conse-

quence would be altered dopamine disposition within nerve

terminals. Accordingly, it was determined that methylpheni-

date increases vesicular dopamine content by greater than

200%, without altering homogenate dopamine concentra-

tions (Sandoval et al., 2003). This finding is consistent with

the hypothesis that methylphenidate redistributes vesicles

from amembrane-associated to a vesicle-enriched subcellular

fraction, thereby increasing the dopamine concentration in

the latter compartment without affecting total striatal dopa-

mine concentrations. These data suggest that the functional

importance of the methylphenidate-induced vesicular traf-

ficking involves a redistribution of intraneuronal dopamine.

As mentioned above, it has been hypothesized that high-

dose methamphetamine treatment rapidly redistributes cy-

toplasmic dopamine within nerve terminals, leading to

intraneuronal reactive oxygen species formation and well-

characterized persistent dopamine deficits. As described

above, in addition to this persistent damage, methamphet-

amine treatment rapidly decreases vesicular dopamine up-

take; a phenomenon that may contribute to aberrant

intraneuronal dopamine redistribution purportedly caused

by the stimulant. Interestingly, post-treatment with dopa-

mine transporter inhibitors attenuates the persistent dopa-

mine deficits caused by methamphetamine (Marek et al.,

1990; Sandoval et al., 2003); however, mechanisms under-

lying this phenomenon have not been elucidated. Recent

studies by Sandoval et al. (2003) revealed that methylphe-

nidate post-treatment both prevents the persistent dopamine

deficits and reverses the acute decreases in vesicular dopa-

mine uptake and dihydrotetrabenazine binding caused by

methamphetamine treatment. In addition, methylphenidate

post-treatment reverses the acute decreases in vesicular

dopamine content caused by methamphetamine treatment.

Taken together, these findings suggest that methylphenidate

prevents persistent methamphetamine-induced dopamine

deficits by redistributing vesicles and the associated

VMAT-2 protein and presumably augmenting dopamine

sequestration. Notably, a protective sequestering role for

VMAT2 has been postulated. Among the suggestive data are

findings that the toxic metabolite of 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), 1-methyl-4-phenylpyri-

dinium, is sequestered within VMAT-2-containing neurons
(Speciale et al., 1998). Of particular interest are findings by

German et al. (2000) that striatal MPTP toxicity is enhanced

if mice are treated with VMAT-2 inhibitors. Also of interest

are findings that MPTP toxicity is enhanced in VMAT-2

heterozygote knockout mice (Takahashi et al., 1997). Thus,

an understanding of the neuroprotective sequestering role of

VMAT-2 and vesicles may not only provide insight into the

neurotoxic effects of methamphetamine, but may also elu-

cidate mechanisms underlying dopamine neurodegenerative

disorders, including Parkinson’s disease.
4. Other agents and VMAT-2

The majority of studies assessing psychostimulant-in-

duced effects on VMAT-2 has involved dopamine reuptake

inhibitors or releasers. However, other psychoactive agents

have been demonstrated to rapidly impact VMAT-2. For

example, lobeline is an alkaloidal constituent of Lobelia

inflata classified as both an agonist and an antagonist at

nicotinic receptors (for review, see Dwoskin and Crooks,

2002). It has been suggested that lobeline inhibits dopamine

reuptake and thus redistributes dopamine within the presyn-

aptic terminal via an interaction with the tetrabenazine-

binding site on VMAT-2 (Teng et al., 1998).

In addition to lobeline, phencyclidine has been demon-

strated to affect VMAT-2. Phencyclidine is a hallucinogen

that is both an NMDA receptor antagonist and a dopamine

reuptake inhibitor. In addition, it rapidly and reversibly

increases vesicular dopamine uptake. In contrast, a similar

pretreatment with another non-competitive NMDA receptor

antagonist, dizocilpine ([5R,10S]-[+]-5-methyl-10,11-dihy-

dro-5H dibenzo[a,d]cyclohepten-5,10-imine; MK-801),

does not alter vesicular dopamine uptake suggesting that,

as was the case with cocaine and methylphenidate, the

dopamine reuptake blocking properties of this agent mediate

the effects on VMAT-2. Consistent with this, pretreatment

with eticlopride blocked the increase in vesicular dopamine

uptake caused by phencyclidine suggesting that D2 receptors

contribute to this phenomenon (Crosby et al., 2002).
5. Summary

As described above, psychostimulants differentially alter

vesicular monoamine transporter function. There are also

strong indications that these acute responses may contribute

to, or at least be predictive of, their long-term neurochemical

consequences. For instance, agents that tend to release

dopamine through an action involving reversal of the plas-

malemmal dopamine transporter such as methamphetamine

appear to rapidly decrease vesicular monoamine transporter

function in the cytosol, thus presumably increasing unse-

questered cytoplasmic dopamine concentrations causing per-

sistent dopaminergic neuronal damage. In contrast, agents

that increase vesicular dopamine uptake in the vesicular-



Fig. 1. Schematic representation of the effect of dopamine (DA) ‘‘releasers’’ and ‘‘reuptake inhibitors’’ on VMAT-2 distribution within nerve terminals. Under

‘‘drug-free’’ conditions, DA is sequestered within vesicles inside nerve terminals. In the presence of DA ‘‘releasers’’, VMAT-2 (and presumably vesicles) are

redistributed such that the ability to sequester cytoplasmic DA has diminished. Hence, cytoplasmic DA accumulates and promotes formation of reactive oxygen

species. In the presence of DA ‘‘reuptake inhibitors’’, VMAT-2 (and presumably vesicles) are redistributed to a non-membrane-associated, presumably

cytoplasmic pool: consequently, sequestration of cytoplasmic DA is enhanced and cytoplasmic DA concentrations remain low.
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enriched fraction such as cocaine or methylphenidate cause

relatively little or no such deficits (Fig. 1). Of perhaps clinical

relevance are findings that these plasmalemmal dopamine

reuptake inhibitors can be neuroprotective against metham-

phetamine-induced neurodegeneration (Marek et al., 1990;

Sandoval et al., 2003), perhaps by increasing dopamine

sequestration within synaptic vesicles. Accordingly, these

agents may be of benefit in treating neurodegenerative dis-

orders such as Parkinson’s disease wherein aberrantly high

cytoplasmic dopamine concentrations may contribute to the

loss of dopaminergic neurons. Future studies are necessary to

investigate precise mechanisms whereby vesicle function,

including trafficking, occurs. For example, recent studies

demonstrate that alpha-synuclein, a protein aberrant in some

Parkinson’s disease families (Polymeropoulos et al., 1997),

contributes to the regulation of synaptic vesicles within nerve

terminals, at least in the hippocampus (Cabin et al., 2002). An

understanding of how agents, including stimulants, alter the

function of alpha-synuclein and similar proteins may have

widespread implication for treatment of not only neurode-

generative disorders, but also an array of disease processes

associated with aberrant monoaminergic transmission.
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