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ABSTRACT

Repeated, high-dose methamphetamine (METH) administrations
cause persistent dopaminergic deficits in rodents, nonhuman pri-
mates, and humans. In rats, this treatment also causes the for-
mation of high-molecular mass (greater than approximately 120
kDa) dopamine transporter (DAT)-associated complexes, the loss
of DAT monomer immunoreactivity, and a decrease in DAT func-
tion, as assessed in striatal synaptosomes prepared 24 h after
METH treatment. The present study extends these findings by
demonstrating the regional selectivity of DAT complex formation
and monomer loss because these changes in DAT immunoreac-
tivity were not observed in the nucleus accumbens. Furthermore,
DAT complex formation was not a consequence limited to METH
treatment because it was also caused by intrastriatal adminis-
tration of 6-hydroxydopamine. Pretreatment with the D2 recep-
tor antagonist, eticlopride [S-(—)-3-chloro-5-ethyl-N-[(1-ethyl-

2-pyrrolidinyl)methyl]-6-hydroxy-2-methoxybenzamide
hydrochloride], but not the D1 receptor antagonist, SCH23390
[R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-
1H-3-benzazepine hydrochloride], attenuated METH-induced
DAT complex formation. Eticlopride pretreatment also attenu-
ated METH-induced DAT monomer loss and decreases in DAT
function; however, the attenuation was much less pronounced
than the effect on DAT complex formation. Finally, results also
revealed a negative correlation between METH-induced DAT
complex formation and DAT activity. Taken together, these
data further elucidate the underlying mechanisms and the func-
tional consequences of repeated administrations of METH on
the DAT protein. Furthermore, these data suggest a multifac-
eted role for D2 receptors in mediating METH-induced alter-
ations of the DAT and its function.

Repeated, high-dose methamphetamine (METH) adminis-
trations cause persistent striatal dopaminergic deficits (for
review, see Gibb et al., 1994; Brown and Yamamoto, 2003).
Although mechanisms contributing to this phenomenon re-
main to be elucidated fully, dopamine (DA) (Wagner et al.,
1983; Schmidt et al., 1985), the DA transporter (DAT)
(Schmidt and Gibb, 1985; Fumagalli et al., 1998), hyperther-
mia (Bowyer et al., 1992), glutamate (Sonsalla et al., 1989;
Mark et al., 2004), microglial activation (LaVoie et al., 2004;
Thomas et al., 2004), and reactive species (Giovanni et al.,
1995; Yamamoto and Zhu, 1998; Gluck et al., 2001; Imam et
al., 2001) are among the contributing factors. Repeated, high-
dose METH injections also rapidly (within 1 h after the final
METH administration) decrease plasmalemmal DA uptake,
as assessed in striatal synaptosomes prepared from treated
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rats. As with METH-induced striatal dopaminergic deficits,
DA, reactive species, and hyperthermia contribute to this
rapid decrease in DAT function (for review, see Fleckenstein
et al., 2000).

In addition to effects described above, repeated, high-dose
METH administrations also cause the formation of high mo-
lecular mass (greater than approximately 120 kDa) DAT-
associated complexes, as assessed 24 h after treatment. This
phenomenon is attenuated by either prevention of METH-
induced hyperthermia or pretreatment with the DA synthe-
sis inhibitor, a-methyl-p-tyrosine (a-MT) (Baucum et al.,
2004). Reactive species also are implicated in DAT complex
formation because in vitro exposure to the reducing agent,
B-mercaptoethanol, reverses this process (Baucum et al.,
2004). Concurrent with METH-induced DAT complex forma-
tion, METH treatment causes a loss of DAT monomer immu-
noreactivity and a decrease in DAT function (Baucum et al.,
2004). However, mechanisms underlying these phenomena
and their relationship to DAT complex formation remained to
be elucidated. Furthermore, the regional specificity of DAT
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1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride; 6-OHDA, 6-hydroxydopamine.
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complex formation remained unknown. In accordance, the
present study addresses these issues. Results revealed re-
gional specificity in DAT complex formation and that this
phenomenon was not exclusive to METH treatment. Further-
more, the data demonstrated a negative correlation between
METH-induced complex formation and loss of DAT function.
Finally, these studies, taken together with previous reports,
suggest a multifaceted role for D2 receptors in affecting
METH-induced alterations in the DAT and its function.

Materials and Methods

Animals. Male Sprague-Dawley rats (290—400 g; Charles River
Laboratories, Inc., Raleigh, NC) were maintained under controlled
lighting and temperature conditions, with food and water provided
ad libitum. Rats were housed three animals per cage during treat-
ment. METH-treated rats were maintained at warmer temperatures
to assure METH-induced hyperthermia. Temperatures were as-
sessed at 1-h intervals beginning 30 min before the first saline or
METH administration, and mean temperatures after the first saline
or METH administration over the course of treatment were deter-
mined for all groups. Rats were sacrificed by decapitation. All pro-
cedures were conducted in accordance with National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and
approved by the University of Utah Institutional Animal Care and
Use Committee.

Drugs and Chemicals. (=)METH hydrochloride was supplied by
the Research Triangle Institute (Research Triangle Park, NC). Eti-
clopride hydrochloride, SCH23390 hydrochloride, and 6-hydroxydo-
pamine (6-OHDA) hydrobromide were purchased from Sigma-Al-
drich (St. Louis, MO). Drugs were dissolved in 0.9% saline vehicle.
Drug doses were calculated as the free base.

6-OHDA Treatment. Rats were anesthetized with equithesin (3
ml/kgi.p.) and fixed on a stereotaxic frame (David Kopf Instruments,
Tujunga, CA) with an incisor bar setting of —1.0 mm. The skull was
exposed, and a burr hole was drilled through the skull to introduce a
needle for the injection. Unilateral injection of either 6-OHDA (16 pg
in 2.8 pl in 0.9% NaCl containing 0.02% ascorbic acid) or vehicle
(0.9% NaCl containing 0.02% ascorbic acid) were injected (0.25 pl/
min) into the striatum in opposite hemispheres at coordinates 1.0
mm anterior and *+3.0 mm lateral of the midline relative to bregma
and 6.0 mm ventral to dura. The needle was left in place for 3 min
after infusion and then slowly removed. Animals were sacrificed 24 h
after lesion.

Tissue Preparation. DAT complex formation was assessed in
synaptosomes as described previously (Baucum et al., 2004). In brief,
striatal or nucleus accumbens tissues were homogenized in ice-cold
0.32 M sucrose, pH 7.4, and centrifuged (800g, 12 min; 4°C). The
supernatants were then centrifuged (22,0002, 15 min; 4°C), and the
resulting pellets were resuspended in ice-cold double-distilled H,O at
concentrations of 45 to 100 mg/ml. In some studies, tissue aliquots
were added to modified Krebs’ assay buffer (126 mM NaCl, 4.8 mM
KCl, 1.3 mM CaCl,, 16 mM sodium phosphate, 1.4 mM MgSO,, 11
mM glucose, and 1 mM ascorbic acid, pH 7.4) and retained to assess
[®PHIDA uptake. The remaining samples were then combined with
nonreducing loading buffer (final concentration, 2.25% SDS, 18%
glycerol, 180 mM Tris base, pH 6.8, and bromphenol blue) and
subjected to Western blot analysis.

Western Blot Analysis. Equal quantities of protein (11-45 pg)
were loaded into each well of a 10% or 4 to 16% SDS-polyacrylamide
gel electrophoresis or a 4 to 12% NuPAGE Novex Bis-Tris Midi
gradient gel (Invitrogen, Carlsbad, CA) and electrophoresed using a
Hoefer SE 660 gel apparatus (Amersham Biosciences, Chalfont St.
Giles, UK) or XCell4 Surelock Midi-cell (Invitrogen). For data pre-
sented in Fig. 1, three times more nucleus accumbens tissue than
striatal tissue was subjected to SDS-polyacrylamide gel electro-
phoresis to have approximately equal levels of DAT monomer immu-
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Fig. 1. METH-induced DAT complexes form in the striatum and not in
the nucleus accumbens. Rats received four injections of METH (+; 7.5
mg/kg/injection s.c.; 2-h intervals) or saline vehicle (—; 1 ml/kg/injection
s.c.; 2-h intervals) and were sacrificed 24 h later. Molecular masses
(kilodaltons) are indicated adjacent to a representative blot.

noreactivity in the saline control lanes. For data presented in Fig. 2,
equal volumes of sample were loaded into each well. Samples were
then transferred overnight to a polyvinylidene difluoride hybridiza-
tion transfer membrane (PerkinElmer Life and Analytical Sciences,
Waltham, MA). Each membrane was blocked for 30 min with Start-
ing Block Blocking Buffer (Pierce Chemical, Rockford, IL). The mem-
brane was then incubated for 1 h at room temperature or overnight
at 4°C with a N-terminal DAT antibody (a generous gift from Dr.
Roxanne Vaughan, University of North Dakota; Freed et al., 1995).
The polyvinylidene difluoride membrane was then washed five times
in Tris-buffered saline with Tween (250 mM NaCl, 50 mM Tris, pH
7.4, and 0.05% Tween 20). The membranes were then incubated for
1 h with a goat anti-rabbit horseradish peroxidase-conjugated sec-
ondary antibody (BioSource International, Camarillo, CA). After five
washes in Tris-buffered saline with Tween, the bands were visual-
ized using Western Lightning Chemiluminescence Reagents Plus
(PerkinElmer Life and Analytical Sciences) and were quantified by
densitometry using a FluorChem SP Imaging System (Alpha Inno-
tech, San Leandro, CA). DAT immunoreactivity with an apparent
molecular mass greater than approximately 120 kDa was defined as
DAT complexes. Protein concentrations were determined using the
method of Lowry et al. (1951).
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Fig. 2. Intrastriatal 6-OHDA infusion causes DAT complex formation.
Rats received unilateral intrastriatal injections in opposite hemispheres
of either 6-OHDA (+; 16 pg in 2.8 pl of 0.9% NaCl containing 0.02%
ascorbic acid) or vehicle (—; 0.9% NaCl containing 0.02% ascorbic acid)
and were sacrificed 24 h later. Representative data obtained from two
individual rats are shown. Molecular masses (kilodaltons) are indicated
adjacent to a representative blot.



Synaptosomal [PH]DA Uptake. [*'H]DA uptake was evaluated
by incubating retained striatal synaptosomes (as described above) at
37°C for 10 min in assay buffer (126 mM NaCl, 4.8 mM KCl, 1.3 mM
CaCl,, 16 mM sodium phosphate, 1.4 mM MgSO,, 11 mM glucose,
and 1 mM ascorbic acid, pH 7.4) and 1 pM pargyline. Nonspecific
values were determined in the presence of 50 pM cocaine. Samples
were incubated for 10 min, and the assays were initiated by the
addition of [PH]DA (0.5 nM final concentration). After incubation for
3 min, samples were placed on ice to stop the reaction. Samples were
then filtered through GF/B filters (Whatman, Clifton, NdJ), soaked
previously in 0.05% polyethylenimine. Filters were rapidly washed
three times with 3 ml of ice-cold 0.32M sucrose using a filtering
manifold (Brandel Inc., Gaithersburg, MD). Radioactivity trapped in
filters was counted using a liquid scintillation counter. Protein con-
centrations were determined using the method of Lowry et al. (1951).

Data Analysis. Statistical analyses among multigroup data were
conducted using one-way analysis of variance, followed by a New-
man-Keuls post hoc test. Differences among groups were considered
significant if the probability of error was less than or equal to 5%.
Correlation analysis was used to assess the association between
[PHIDA uptake with DAT complex and DAT monomer immunoreac-
tivity. Results were considered significant if the probability of error
was less than or equal to 5%. Data were normalized to the mean
value of the saline control groups of each experiment. All statistical
analyses were performed using GraphPad Prism 5 (GraphPad Soft-
ware Inc., San Diego, CA).

Results

Results presented in Fig. 1 confirmed findings of Baucum
et al. (2004) that repeated METH administrations caused the
formation of DAT-associated complexes in rat striatum, as
assessed in striatal synaptosomes prepared 24 h after the
last administration. In contrast, METH-induced DAT com-
plex formation was not detected in the nucleus accumbens
(Fig. 1). DAT complex formation was not a consequence re-
stricted to METH treatment because 6-OHDA, administered
at a neurotoxic dose demonstrated to deplete DAT monomer
immunoreactivity 3 weeks after treatment (data not shown),
caused DAT complex formation as assessed 24 h after treat-
ment (Fig. 2).
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Results presented in Fig. 3, A and B, demonstrate that
pretreatment with the D2 receptor antagonist, eticlopride,
attenuated the METH-induced DAT complex formation as
assessed 24 h after treatment. Eticlopride pretreatment
also attenuated, although to a lesser degree, the METH-
induced decreases in DAT activity (Fig. 3C) and loss of
DAT monomer immunoreactivity (Fig. 3D) at this time
point. In contrast, the D1 receptor antagonist, SCH23390,
did not prevent either METH-induced DAT complex for-
mation (Fig. 4, A and B), decreases in DAT activity (Fig.
4C), or loss of DAT monomer immunoreactivity (Fig. 4D).
In both experiments, elevated body temperatures were
maintained in the rats pretreated with either eticlopride
(mean temperature of 39.4°C = 0.1 and 39.3°C = 0.1 for
saline/METH- and eticlopride/METH-treated rats, respec-
tively) or SCH23390 (mean temperature of 39.1°C = 0.1
and 38.9°C = 0.2 for saline/METH- and SCH23390/METH-
treated rats, respectively) over the course of METH treat-
ment. Finally, using values presented in Figs. 3 and 4 for
saline/METH-treated rats, results revealed that [*H]DA
uptake was negatively correlated with DAT complex im-
munoreactivity (> = 0.64; p = 0.0001; Fig. 5A) and posi-
tively correlated with DAT monomer immunoreactivity
(r? = 0.14; p = 0.05; Fig. 5B).

Discussion

Many studies have examined the impact of amphetamines,
including METH, on DAT function. Some reports have fo-
cused on the effects of amphetamine application in vitro and
suggested that internalization of the DAT occurs after drug
application (Saunders et al., 2000; Gulley et al., 2002). Other
studies have examined the impact of in vivo METH admin-
istration on DAT function and have demonstrated that re-
peated, high-dose injections of METH, administered in a
pattern designed to mimic “bingeing” in METH abusers, rap-
idly (within 1 h) decreases striatal DAT function (Metzger et
al., 2000) and that this decrease remains even 24 h after

Fig. 3. Eticlopride pretreatment attenuates DAT
complex formation (B), the decreases in [*H]DA up-
take (C), and the DAT monomer loss after METH
treatment (D). Rats received four injections of
METH (7.5 mg/kg/injection s.c.; 2-h intervals) or

saline vehicle (1 ml/kg/injection s.c.; 2-h intervals)
and were sacrificed 24 h later. Thirty minutes be-
fore each injection, rats were pretreated with eticlo-
pride (ETIC; 0.5 mg/kg/injection i.p.) or saline vehi-
cle (1 ml/kg/injection i.p.). A, representative blot of
saline/saline-treated (lane 1), saline/METH-treated
(lane 2), ETIC/saline-treated (lane 3), and ETIC/
METH-treated (lane 4) samples. Molecular masses
(kilodaltons) are indicated adjacent to a representa-
tive blot. Columns represent the means + S.E.M. of
17 to 23 independent determinations. *, values dif-
ferent from saline-treated controls (p = 0.05); T,
values different from saline/METH-treated group
(p = 0.05).
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Fig. 4. SCH3390 pretreatment does not attenuate
DAT complex formation (B), the decreases in
[PHIDA uptake (C), or the DAT monomer loss after
METH-treatment (D). Rats received four injections
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of METH (7.5 mg/kg/injection s.c.; 2-h intervals) or
saline vehicle (1 ml/kg/injection s.c.; 2-h intervals)
and were sacrificed 24 h later. Thirty minutes be-
fore each injection, rats were pretreated with
SCH23390 (SCH; 0.5 mg/kg/injection i.p.) or saline
vehicle (1 ml/kg/injection i.p.). A, representative blot
of saline/saline-treated (lane 1), saline/METH-
treated (lane 2), SCH/saline-treated (lane 3), and
SCH/METH-treated (lane 4) samples. Molecular
masses (kilodaltons) are indicated adjacent to a rep-
resentative blot. Columns represent the means *
S.E.M. of 12 to 14 independent determinations.
values different from saline-treated controls (p
0.05).
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Fig. 5. DAT complex immunoreactivity negatively correlates (A; 7> = 0.64; p = 0.0001; n = 32), and DAT monomer immunoreactivity positively
correlates (B; r> = 0.14; p = 0.05; n = 32) with [PH]DA uptake. Data points represent values from Figs. 3 and 4 for the saline/METH-treated rats.

treatment (Kokoshka et al., 1998; Baucum et al., 2004; Chu
et al., 2008).

In addition to these previous studies, other studies, includ-
ing the current report, have demonstrated the formation of
high-molecular mass DAT-associated complexes, as assessed
in striatal synaptosomes prepared 24 to 48 h after METH
treatment (Baucum et al., 2004). This 24- to 48-h time frame
is of particular interest because METH treatment also causes
microglial activation during this period (LaVoie et al., 2004;
Thomas et al., 2004). Furthermore, activated microglia can
cause reactive species formation and oxidative stress (for
review, see Block and Hong, 2007). It is noteworthy that DAT
complex formation was a consequence not restricted to
METH treatment because intrastriatal injection of 6-OHDA,
an agent that causes oxidative stress and is used commonly
to model aspects of Parkinson’s disease (Smith and Cass,
2007), also caused DAT complex formation as assessed 24 h
after administration.

Oxidative stress has been indirectly implicated in DAT
complex formation as in vitro exposure to the reducing agent,
B-mercaptoethanol, reversed this process (Baucum et al.,

2004). Given that oxidative stress may contribute to DAT
complex formation and that DAT activity can be decreased by
exposure to reactive oxygen species (Berman et al., 1996;
Fleckenstein et al., 1997; Huang et al., 2003), the correlation
between the magnitude of DAT complex formation/monomer
loss and impairment of DAT activity after METH treatment
was examined. Results revealed a negative correlation be-
tween DAT complex immunoreactivity and DAT activity
(r?2 = 0.64) and a positive correlation between DAT monomer
immunoreactivity and DAT activity (> = 0.14). Although
both correlations were statistically significant, the relation-
ship between DA uptake and DAT monomer immunoreactiv-
ity was much weaker than that between DA uptake and DAT
complex immunoreactivity. This disparity permits specula-
tion that the DAT monomers may have varying degrees of
functionality 24 h after METH treatment, realizing that DAT
activity can be altered by either changes in DA transport
kinetics or in DAT protein levels. Both correlations suggest
that at the 24-h time point, DAT complex formation/mono-
mer loss and the deficits in DA transport are associated and
may result from common mechanisms, possibly including



oxidative stress. It is important to note that many additional
factors may be affecting uptake. For example, the direct
interaction of the DAT with D2 receptors enhances DAT
activity (Lee et al., 2007); disruption of such an interaction
would lead to decreased DAT activity.

Results from the present study revealed that pretreatment
with the D2 receptor antagonist, eticlopride, but not the D1
receptor antagonist, SCH23390, attenuated METH-induced
DAT complex formation. These data extend previous findings
of a role for DA in mediating DAT complex formation because
prior treatment with the DA-depleting agent, «-MT, attenu-
ates this phenomenon (Baucum et al., 2004). It is important
that METH-induced hyperthermia was maintained in these
experiments because its prevention attenuates METH-in-
duced striatal DAT complex formation (Baucum et al., 2004).
In contrast to the attenuation of DAT complex formation,
eticlopride pretreatment had a much less pronounced effect
on METH-induced DAT monomer loss and decreases in DAT
function. One possible explanation for this disparity may be
that the DAT activity is more susceptible to a particular D2
receptor-mediated insult than the DAT is prone to form DAT
complexes. In such a scenario, attenuation of that D2 recep-
tor-mediated insult might greatly reduce DAT complex for-
mation while only slightly attenuating decreases in DAT
function.

Previous studies have demonstrated that D1 and D2
receptor antagonist treatments attenuated the acute de-
creases in DAT activity, as assessed 1 h after multiple,
high-dose METH treatment (Metzger et al., 2000). Find-
ings that there was no or only a modest effect of D1 or D2
receptor antagonist pretreatment on METH-induced de-
creases in DA uptake when assessed at 24 h, permit spec-
ulation that the D1/D2 receptor-mediated attenuation of
the METH-induced decrease in DAT activity observed at
1 h may have been nearly or completely reversed by 24 h.
Furthermore, because DAT complexes are not observed
until 12 to 24 h after METH treatment (Baucum et al.,
2004), and their formation is attenuated by D2 antagonist
pretreatment, a second D2 receptor-mediated event may
be contributing to complex formation by a mechanism in-
dependent of the earlier (within 1 h) effect on DAT func-
tion. In either scenario, the complex role of D2 receptors in
regulating the impact of METH on DAT is apparent.

Baucum et al. (2004) were the first to suggest that DAT
complex formation may be associated with the persistent dopa-
minergic deficits caused by METH because either administra-
tion a-MT or prevention of hyperthermia attenuates both com-
plex formation (Baucum et al.,, 2004) and the persistent
dopaminergic deficits caused by the stimulant (Schmidt et al.,
1985; Bowyer et al., 1992). Further support for this assertion
comes from findings that in addition to preventing DAT com-
plex formation, pretreatment with a D2, but not a D1, receptor
antagonist attenuates METH-induced persistent dopaminergic
deficits in rats maintained hyperthermic throughout METH
treatment (Broening et al., 2005). It is noteworthy that previous
studies have shown that pretreatment with D1 receptor antag-
onists (O’Dell et al., 1993; Albers and Sonsalla, 1995; Angulo et
al., 2004) and D2 receptor antagonists (O’Dell et al., 1993;
Albers and Sonsalla, 1995) attenuate METH-induced dopami-
nergic deficits. However, these studies did not assess the ability
of the D1 and D2 receptor antagonists to attenuate the persis-
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tent dopaminergic deficits independent of their attenuation of
METH-induced hyperthermia.

Additional data suggesting an association between complex
formation and long-term dopaminergic deficits come from find-
ings that METH treatment does not cause DAT complex forma-
tion in the nucleus accumbens, a brain region that is less sus-
ceptible than the striatum to deficits caused by METH
treatment (Eisch et al., 1992; Cass, 1997; Haughey et al., 1999;
but see also findings that DA neurons in the core of the nucleus
accumbens are susceptible to METH-induced dopaminergic def-
icits; Broening et al., 1997; Brown and Molliver, 2000). Still, the
precise role of DAT complex formation in the development of
METH-induced persistent dopaminergic deficits remains to be
determined.

In conclusion, the present study provides further evidence
for a role of reactive species in DAT complex formation. The
functional relevance of DAT complex formation/monomer
loss in the striatum was also suggested by the correlation
between these phenomena and the METH-induced decrease
in DAT function. A multifaceted role for D2 receptors in
mediating the impact of METH on DAT was also suggested
by the present findings. Finally, the current data support the
previous suggestion of an association between DAT complex
formation and the persistent dopaminergic deficits caused by
the stimulant. These findings contribute to the understand-
ing of the effects of METH on the DAT and may lead to a
better appreciation of the etiology and treatment of DA-
related disorders.
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