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Methamphetamine Increases Dopamine Transporter Higher
Molecular Weight Complex Formation via a Dopamine- and
Hyperthermia-Associated Mechanism

Anthony J. Baucum II, Kristi S. Rau, Evan L. Riddle, Glen R. Hanson, and Annette E. Fleckenstein
Department of Pharmacology and Toxicology, University of Utah, Salt Lake City, Utah 84112

Multiple high-dose administrations of methamphetamine (METH) both rapidly (within hours) decrease plasmalemmal dopamine (DA)
uptake and cause long-term deficits in DA transporter (DAT) levels and other dopaminergic parameters persisting weeks to months in rat
striatum. In contrast, either a single administration of METH or multiple administrations of methylenedioxymethamphetamine
(MDMA) cause less of an acute reduction in DA uptake and little or no persistent dopaminergic deficits. The long-term dopaminergic
deficits caused by METH have been suggested, in part, to involve the DAT. Hence, this study assessed the impact of METH and MDMA
administration on the DAT protein per se. Results revealed that multiple administrations of METH promoted formation of higher
molecular weight (�170 kDa) DAT-associated protein complexes 24 – 48 hr after treatment. This increase was attenuated by either
preventing hyperthermia or pretreatment with the tyrosine hydroxylase inhibitor �-methyl-p-tyrosine; notably, each of these manipu-
lations has also been demonstrated previously to prevent the persistent deficits in dopaminergic function caused by METH treatment. In
contrast, either a single injection of METH or multiple injections of MDMA caused little or no formation of these DAT complexes. The
addition of the reducing agent �-mercaptoethanol to samples prepared from METH-treated rats diminished the intensity of these
complexes. Taken together, these data are the first to demonstrate higher molecular weight DAT complex formation in vivo and that such
formation can be altered by both pharmacological and physiological manipulations. The implications of this phenomenon with regard to
the neurotoxic potential of these stimulants are discussed.
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Introduction
Multiple high-dose methamphetamine (METH) injections cause
persistent reductions in dopamine (DA) content, DA transporter
(DAT) density, and/or activity of the DA-synthesizing enzyme
tyrosine hydroxylase (TH) in rodents (Hotchkiss et al., 1979;
Wagner et al., 1980), non-human primates (Woolverton et al.,
1989), and/or humans (Wilson et al., 1996). In contrast, a single
METH injection is without long-term DA consequences (Bakhit
and Gibb, 1981), except when administered at very high doses
(Axt et al., 1990). In addition to causing persistent dopaminergic
deficits, multiple high-dose METH administrations acutely alter
DAT activity as assessed in synaptosomes prepared from treated
rats (Kokoshka et al., 1998) or mice (Sandoval et al., 2000). A
single METH injection also decreases DAT activity, albeit to a
lesser extent than produced after multiple METH injections; this
decrease is recovered by 24 hr (Fleckenstein et al., 2000).

Mechanisms whereby METH rapidly decreases DAT activity

have not been elucidated fully, although METH-induced hyper-
thermia contributes as its prevention attenuates the decrease as
assessed 1 or 24 hr after treatment (Metzger et al., 2000). DA also
contributes as pretreatment with the TH inhibitor �-methyl-p-
tyrosine (�MT) attenuates the decrease observed 1 hr after treat-
ment (Metzger et al., 2000). Hyperthermia and DA may affect
these decreases because each contributes to METH-induced re-
active oxygen species (ROS) formation (Cubells et al., 1994; Gio-
vanni et al., 1995; Fleckenstein et al., 1997b; Lavoie and Hastings,
1999) and ROS decreases DAT activity, as assessed both in an in
vitro synaptosomal model (Berman et al., 1996; Fleckenstein et
al., 1997c) and ex vivo after METH treatment (Metzger et al.,
2000).

DAT internalization after treatment with the METH-
associated compound amphetamine has been described in cell
lines (Saunders et al., 2000). The specific state of the DAT protein
after amphetamine or METH treatment has not, however, been
fully elucidated. Hence, the present study addressed this issue.
For comparison, the effects of the related analog methyl-
enedioxymethamphetamine (MDMA) were assessed. Multiple
METH administrations, a regimen demonstrated to cause persis-
tent dopaminergic deficits, caused formation of higher molecular
weight DAT-associated complexes. This is significant because al-
though DAT dimerization has been observed in cell lines (Has-
trup et al., 2001; Sorkina et al., 2003; Torres et al., 2003) as well as
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in situ (Berger et al., 1994; Milner et al., 1994), it has not been
reported in a native synaptosomal model without cross-linking
reagents. The increase in DAT complex formation was attenuated
by blocking both METH-induced hyperthermia and �MT pre-
treatment, regimens that prevent persistent METH-induced do-
paminergic deficits (Wagner et al., 1983; Axt et al., 1990; Bowyer
et al., 1992; Albers and Sonsalla, 1995). In contrast to the effects of
multiple METH administrations, a single METH injection or
multiple MDMA injections (regimens that do not lead to persis-
tent dopaminergic deficits) had little effect on DAT complex for-
mation. These data suggest an association between formation of
DAT-associated complexes and the persistent dopaminergic def-
icits caused by METH. Additionally, these data are the first to
demonstrate higher molecular weight DAT complex formation
in vivo and that such formation can be manipulated both phar-
macologically and physiologically.

Materials and Methods
Animals. Male Sprague Dawley rats (280 – 400 gm; Charles River Labo-
ratories, Willmington, MA) were maintained under controlled lighting
and temperature conditions, with food and water provided ad libitum.
Rats were housed three to six animals per cage and maintained at 24°C.
Rats treated with �MT were maintained at warmer temperatures to re-
instate hyperthermia, and all rats were killed by decapitation. Striata were
dissected and quickly placed in cold 0.32 M sucrose buffer until tissue was
processed (as described below). All procedures were conducted in accor-
dance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals and approved by the University of Utah Insti-
tutional Animal Care and Use Committee.

Drugs and chemicals. (�)METH hydrochloride, (�)MDMA hydro-
chloride, and (�)cocaine hydrochloride were supplied by the National
Institute on Drug Abuse (Bethesda, MD). 7,8-[ 3H]DA (41Ci/mmol) was
purchased from Amersham Life Sciences (Arlington Heights, IL). Drugs
were dissolved in 0.9% saline vehicle. N-ethylmaleimide (NEM), �MT
methyl ester, and all protease inhibitors were purchased from Sigma (St.
Louis, MO)

Drug treatments. For multiple METH and MDMA treatments, drugs
were given subcutaneously at a dose of 7.5 mg/kg of the free base, four
injections (one injection every 2 hr). For single METH administrations,
the drug was given subcutaneously at a dose of 15 mg/kg. �MT was given
intraperitoneally at a dose of 60 mg/kg of the free amino acid 5 and 1 hr
before the first METH injection.

Synaptosomal [3H]DA uptake. Uptake of [ 3H]DA was determined ac-
cording to the method described by Fleckenstein et al. (1997a). Fresh
striatal tissue was homogenized in ice-cold 0.32 M sucrose without NEM
or protease inhibitors and centrifuged (800 � g for 12 min; 4°C). The
supernatant (S1) was then centrifuged (22,000 � g for 15 min; 4°C), and
the resulting pellet (P2) was resuspended in ice-cold assay buffer. The
assay buffer was a modified Kreb’s buffer (in mM: 126 NaCl, 4.8 KCl, 1.3
CaCl2, 16 sodium phosphate, 1.4 MgSO4, 11 dextrose, and 1 ascorbic
acid, pH 7.4). Each assay tube contained synaptosomal tissue (i.e., resus-
pended P2 obtained from 1.5 mg of original wet weight striatal tissue)
and 1 �M pargyline. Nonspecific values were determined in the presence
of 50 �M cocaine. After preincubation of assay tubes for 10 min at 37°C,
assays were initiated by the addition of [ 3H]DA (0.5 nM final concentra-
tion). Samples were incubated at 37°C for 3 min, then filtered through
GF/B filters (Whatman, Clifton, NJ) soaked previously in 0.05% poly-
ethylenimine. Filters were washed rapidly three times with 3 ml of ice-
cold 0.32 M sucrose using a filtering manifold (Brandel, Gaithersburg,
MD). Radioactivity trapped in filters was counted using a liquid scintil-
lation counter. The remaining resuspended P2 samples were assayed for
protein concentrations according to the method of Bradford (1976).

Striatal DA content. Rats treated with either saline or �MT were killed
5 hr after the second injection. Striata were dissected and stored at �80°C
until they were processed for HPLC. Briefly, striata were sonicated in
tissue buffer containing 0.05 M sodium phosphate, 0.03 M citric acid, and
20% methanol, pH 2.89. Samples were centrifuged at 22,000 � g for 15

min. Supernatant was then centrifuged at 22,000 � g for 10 min. Super-
natant (50 �l) was then injected onto an HPLC system coupled with an
electrochemical detector (�0.7 V) for separation and quantitation of DA
levels by using the method of Chapin et al. (1986).

Western blot analysis. Two DAT antibodies were used; the first was a
polyclonal N terminus antibody kindly provided by Dr. Roxanne
Vaughan (University of North Dakota, Grand Forks, ND) (Freed et al.,
1995), and the second was a polyclonal C terminus antibody (Santa Cruz
Biotechnology, Santa Cruz CA). TH antibody was a monoclonal anti-
body obtained from Chemicon (Temecula, CA). D2 antibody was a poly-
clonal D2/D3 antibody (Chemicon). A second D2-specific antibody was
used to corroborate the results (data not shown; Santa Cruz Biotechnol-
ogy). Synaptosomes were prepared as above, except homogenization was
conducted in 0.32 M sucrose containing 10 mM NEM and 2 �g/�l pro-
tease inhibitors (aprotonin, leupeptin, pepstatin, and PMSF), and result-
ing synaptosomes were maintained at room temperature for 20 min
before centrifugation to prevent disulfide interchange. The P2 pellet was
resuspended in double-distilled water at a concentration of 100 mg/ml
original wet weight tissue. Synaptosomes were mixed with loading buffer
(final concentration: 2.25% SDS, 18% glycerol, 180 mM Tris base, pH 6.8,
and bromophenol blue). For �-mercaptoethanol (�ME) experiments,
samples contained 1.4 M �ME added to the loading buffer. Total protein
(12.5–50 �g) was loaded into each well of a 4 –16% SDS–polyacrylamide
gradient gel and electrophoresed on a Hoefer SE 660 gel apparatus (Am-
ersham Biosciences, Piscataway, NJ). After electrophoresis, samples were
transferred to polyvinylidene difluoride hybridization transfer mem-
brane (NEN, Boston, MA). All subsequent incubation steps were per-
formed at room temperature while shaking. Each membrane was first
blocked for 2 hr in 100 ml of Tris-buffered saline with Tween (TBST; 250
mM NaCl, 50 mM Tris, pH 7.4, and 0.05% Tween 20) containing 5%
nonfat dry milk. Each membrane was then incubated with the primary
antibody of interest in 10 –12 ml of TBST with 5% milk and then washed
three to five times (two washes for 1 min each and/or three washes for 5
min each) in 70 ml of TBST with 5% milk. The membranes then were
incubated for 1 hr with either goat F(ab�)2 anti-rabbit Ig antibody pread-
sorbed with human Ig (for the N-terminal DAT antibody and the D2/D3
antibody; Biosource International, Camarillo, CA), bovine anti-goat IgG
preadsorbed with human and mouse IgG (for the C-terminal DAT anti-
body and the D2-specific antibody; Santa Cruz Biotechnology), or goat
anti-mouse for TH antibody (Biosource International) in TBST with 5%
milk. Secondary antibodies were affinity isolated and conjugated with
HRP. The membranes were then washed three to five times as before with
70 ml of TBST with no milk and then developed with the Renaissance
Western Blot Chemiluminescence Reagent Plus (NEN) according to
specifications of the manufacturer. Multiple exposures of blots were per-
formed to visualize both the higher molecular weight species and mono-
meric forms of the proteins and to ensure that both were in the linear
range of the film (Kodak Biomax MR; Eastman Kodak, Rochester, NY).
Additionally, blocking peptide was used to ensure antibody specificity for
the C-terminal DAT antibody. A 40-fold excess of blocking peptide was
incubated with an antibody for 1 hr at 37°C and then for 24 hr at 4°C.
Peptide–antibody complexes were then centrifuged for 15 min at
22,000 � g to pellet any immune complexes. Peptide–antibody com-
plexes and an antibody without complexed peptide was then evaluated as
described above. All representative blots show an n of two independent
samples for each group.

Data analysis. Densitometric analysis (using Kodak 1D image analysis
software; Eastman Kodak) of sum of band intensity was performed in
two different regions on Western blots. The first higher molecular weight
region spanned �170 kDa to the top end of the gel, and the second
corresponded to the well characterized “monomeric” region, spanning
from �60 to 80 kDa. Statistical analyses among three or more groups
were performed using an ANOVA, followed by a Fisher’s PLSD post hoc
comparison. For Figures 1 B, 7B, and 9B, when the assumption of homo-
geneity of variance was not met, data were analyzed using Kruskal–Wallis
ANOVA by ranks, followed by the Mann–Whitney U test. Analyses be-
tween two groups were conducted using a Student’s t test. Differences
were considered significant if the probability of error was �5%. F values
and degrees of freedom are reported where appropriate.
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Results
As reported previously using a similar dos-
ing regimen (Fleckenstein et al., 1997a;
Kokoshka et al., 1998; Metzger et al.,
2000), multiple high-dose injections of
METH (four injections of 7.5 mg/kg, s.c., 2
hr intervals), administered in an ambient
environment of 24°C, rapidly (within 1 hr)
decreased [ 3H]DA uptake into synapto-
somes prepared from the striata of treated
rats (Fig. 1A). This effect persisted at least
24 hr. Attenuation of METH-induced hy-
perthermia (by placing animals in a 6°C
environment) (Fig. 1B) attenuated the de-
crease in DAT activity at both 1 and 24 hr
after treatment (Fig. 1A). The decrease in
uptake observed 1 hr after treatment was
not associated with a change in DAT im-
munoreactivity (see representative blot in
Fig. 2A). In contrast, the deficit observed
24 hr after treatment occurred concurrent
with an increase in formation of high mo-
lecular weight DAT-associated complexes,
which appeared on SDS-PAGE as both
discrete bands as well as multiple, overlap-
ping bands, spanning molecular weights
between 170 and �220 kDa. This increase
was substantially attenuated by preventing
the METH-induced hyperthermia (991 � 15, 1748 � 214*, and
994 � 29 arbitrary units for saline, 24°C METH, and 6°C METH,
respectively; n � 3; *p � 0.05; F(2,8) � 12.15) (see representative
blot in Fig. 2B). In addition, the net intensity of the 60 – 80 kDa
region was significantly decreased 24 hr after METH administra-
tion, and this decrease was attenuated by preventing the METH-
induced hyperthermia (1261 � 43, 852 � 35 *, and 1085 � 16 *#

arbitrary units for saline, 24°C METH, and 6°C METH, respec-
tively; n � 3, *p � 0.05 vs saline; #p � 0.05 vs 24°C METH; F(2,8)

� 37.91) (see representative blot in Fig. 2B)
To further characterize the formation of the higher molecular

weight complexes, effects were determined at multiple time
points after METH treatment. The results shown in Figure 3
reveal that multiple high-dose METH injections (four injections
of 7.5 mg/kg, s.c., 2 hr intervals) increased formation of the �170
kDa complex 24, 36, and 72 hr after treatment (1005 � 21,
1047 � 31, 1352 � 80, 2200 � 780 *, 2699 � 181 *, 1447 � 236,
and 1914 � 38 * arbitrary units for saline, 6, 12, 24, 36, 48, and 72
hr, respectively; n � 2–3; *p � 0.05; F(6,19) � 14.63) (see repre-
sentative blot in Figure 3). The monomeric band decreased sig-
nificantly at all time points after METH treatment (201 � 12,
143 � 7 *, 109 � 11 *, 103 � 23 *, 65 � 12 *, 100 � 35 *, and 80 �
16 * arbitrary units for saline, 6, 12, 24, 36, 48, and 72 hr, respec-
tively; n � 2–3; *p � 0.05; F(6,19) � 9.118) (see representative blot
in Figure 3).

A second antibody directed against the C terminus was used to
confirm that the higher molecular weight complex contained
DAT. The results shown in Figure 4 also demonstrate an increase
in the higher molecular weight form of the DAT after METH
treatment, corroborating results found using the other antibody
(Fig. 3). Specifically, an increase in the higher molecular weight
DAT-associated species was also seen with this antibody. Pread-
sorption with a blocking peptide against the C terminus antibody
eliminated this pattern (data not shown).

Results revealed that the ability of METH to cause higher mo-
lecular weight formation was not a generalized phenomenon,
because multiple administrations of METH did not cause alter-
ations in the molecular weight pattern of the D2 receptor. Given
that little or no higher molecular weight band was visualized, the
intensity of the monomeric form was measured, and no changes
were observed (2053 � 111 and 1996 � 84 arbitrary units for
saline and METH, respectively; n � 4) (see representative blot in
Fig. 5A). A second D2 antibody was used, and there was no
change in higher molecular weight D2 immunoreactivity, con-
firming results given in Figure 5A (data not shown). Using a
well-characterized monoclonal TH antibody (Perez et al., 2002),
higher molecular weight TH species were, likewise, not observed
after either saline or METH treatment. Again, the monomeric
form of the TH was measured because no higher molecular
weight bands were visualized and no changes were seen after
treatment at any of the time points tested (2652 � 125, 2336 �
434, 2499 � 189, and 2572 � 137 arbitrary units for saline, 6, 24,
and 36 hr after METH treatment; n � 3) (Fig. 5B). These data
again suggest that the formation of higher molecular weight DAT
complexes is not a phenomenon common to DA-associated
proteins.

To determine whether the METH-induced oligomerization
was associated with disulfide linkages, samples obtained from
METH-treated rats were subsequently exposed to �ME. The ad-
dition of �ME reduced the immunoreactivity of the higher mo-
lecular weight DAT complexes (2825 � 49 and 1170 � 226 *

arbitrary units for METH-treated samples without and with
�ME, respectively; n � 2; *p � 0.05; F(1,3) � 102.107; see represen-
tative blot in striatal tissue 24 hr after METH treatment in Fig. 6).

To determine the role of DA in mediating METH-induced
higher molecular weight DAT complex formation, rats were pre-
treated with the DA-depleting drug �MT. To preclude the con-
founds that (1) �MT prevents METH-induced hyperthermia
(Albers and Sonsalla, 1995; Yuan et al., 2001), and (2) attenuation

Figure 1. METH-induced decreases in [ 3H]DA uptake were prevented by blocking hyperthermia. Rats received METH (4 injec-
tions of 7.5 mg/kg, s.c.; 2 hr intervals) or saline (4 injections of 1 ml/kg s.c.; 2 hr intervals) and were exposed to 6 or 24°C ambient
temperature. Rats were decapitated 1 or 24 hr after the last METH or saline administration, and [ 3H]DA uptake was assessed ( A).
Core rectal temperatures during the treatment are shown in B. Inverted arrows represent time points of METH or saline injection.
*Values different from saline-treated controls; #value different from the METH-treated/24°C group ( p � 0.05).
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of hyperthermia prevents oligomer formation (Fig. 2), rats were
maintained in a warmer environment (�32°C) preserving
METH-induced hyperthermia (Fig. 7B). �MT pretreatment re-
duced DA content by 55% (34.6 � 3.1 vs 22.3 � 0.6* pg DA/�g
protein for saline- and �MT-pretreated samples, respectively;
n � 3; *p � 0.05; t value, 3.875). The results revealed �MT pre-
treatment attenuated higher molecular weight complex forma-
tion (349 � 30, 332 � 27, 508 � 188*, and 344 � 35 arbitrary
units for Sal/Sal, �MT/Sal, Sal/METH, and �MT/METH groups,

Figure 2. Increases in higher molecular weight DAT complex formation by multiple admin-
istrations of METH were blocked by preventing hyperthermia. Rats were maintained in an
ambient temperature of 24°C before treatment. Rats received METH (4 injections of 7.5 mg/kg,
s.c.; 2 hr intervals) or saline (4 injections of 1 ml/kg, s.c.; 2 hr intervals) and were exposed to 6 or
24°C ambient temperature for the duration of the experiment. Rats were killed 1 hr ( A) or 24 hr
( B) after the last METH administration. In these representative blots, two independent samples
are shown for each treatment group.

Figure 3. Multiple administrations of METH increased higher molecular weight DAT com-
plex formation as evidenced using an antibody directed against the N terminus of the DAT. Rats
received METH (4 injections of 7.5 mg/kg, s.c.; 2 hr intervals) or saline (4 injections of 1 ml/kg,
s.c.; 2 hr intervals) and were decapitated 6 –72 hr later. In this representative blot, two inde-
pendent samples are shown for each treatment group.

Figure 4. Multiple administrations of METH increased higher molecular weight DAT com-
plex formation as evidenced using an antibody directed against the C terminus of the DAT. Rats
received METH (4 injections of 7.5 mg/kg, s.c.; 2 hr intervals) or saline (4 injections of 1 ml/kg,
s.c.; 2 hr intervals) and were decapitated 6 –36 hr later. In this representative blot, two inde-
pendent samples are shown for each treatment group.

Figure 5. Multiple administrations of METH did not alter D2 receptor ( A) or TH ( B) complex
formation. Rats received METH (4 injections of 7.5 mg/kg, s.c.; 2 hr intervals) or saline (4 injec-
tions of 1 ml/kg, s.c.; 2 hr intervals) and were decapitated 24 –36 hr later. In this representative
blot, two independent samples are shown for each treatment group.
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respectively; n � 5– 6; *p � 0.05; F(3,21) � 4.185; see representa-
tive blot in Fig. 7A).

In contrast to the effects of multiple high-dose METH injec-
tions (i.e., a regimen linked to persistent DA deficits), it has been
reported that a single, non-neurotoxic administration of METH
(15 mg/kg, s.c.) rapidly (within 1 hr) and reversibly decreases DA
uptake (Fleckenstein et al., 1997a) 1 hr after treatment. This def-
icit was fully reversed 24 hr later. The present results reveal that
this METH regimen did not, however, alter DAT immunoreac-
tivity at either 1 or 24 hr after treatment (3197 � 140, 3309 � 109,
and 3549 � 138 arbitrary units for saline, 1, and 24 hr groups,
respectively; n � 4). To preclude the possibility that there was a
change in DAT immunoreactivity in the interim, time points at 4
and 6 hr were assessed. Results revealed no change in higher
molecular weight species formation at these time points (1356 �
34, 1421 � 39, and 1450 � 25 arbitrary units for saline, 4, and 6
hr, respectively; n � 3– 4) (see representative blots in Fig. 8).

Previous studies have demonstrated that multiple injections
of MDMA, a treatment that does not cause persistent DA deficits
(Battaglia et al., 1987; Commins et al., 1987; Schmidt, 1987; Stone
et al., 1987; Slikker et al., 1988; Insel et al., 1989; Hansen et al.,
2002), rapidly decrease [ 3H]DA uptake in striatal synaptosomes
as assessed 1 hr after treatment in tissues prepared from MDMA-
treated rats (Hansen et al., 2002). In contrast to multiple admin-
istrations of METH, this reduction recovered by 24 hr after
MDMA administrations (Fig. 9A) (Hansen et al., 2002). Multiple
administrations of MDMA increased core body temperature to
the same level as METH (Fig. 9B), however, MDMA caused sig-
nificantly less formation of the higher molecular weight DAT-
associated species than METH 24 hr after administration
(2295 � 47, 4111 � 359 *, and 2455 � 129 arbitrary units for
saline, METH, and MDMA, respectively; n � 4; *p � 0.05;

F(2,11) � 20.489) (see representative blot in Figure 10). To pre-
clude the possibility that MDMA caused the �170 kDa complex
formation at other time points, an additional experiment was
conducted demonstrating no alteration in DAT immunoreactiv-
ity 4 – 6 hr after MDMA administration (data not shown).

Discussion
METH abuse is a major concern in the United States. Both its
addictive properties and its potential to cause persistent dopami-
nergic deficits have been associated with its ability to alter plas-
malemmal DAT function. Hence, numerous in vitro studies have
investigated the direct impact of amphetamine analogs on DAT.
Among these is the demonstration that amphetamine adminis-
tration causes DAT internalization in a transfected EM4 cell line
model (Saunders et al., 2000). The current study extends these in
vitro studies by assessing the effects of METH and a related ana-
log, MDMA, on the DAT protein as assessed in striatal tissue
obtained from treated rats.

Results from the present study revealed that multiple high-
dose administrations of METH, a regimen demonstrated to cause
both a rapid decrease in DAT activity (Fleckenstein et al., 1997b;
Kokoshka et al., 1998; Metzger et al., 2000) and persistent dopa-
minergic deficits (Hotchkiss and Gibb, 1980; Wagner et al., 1980)
that is not attributable to residual METH introduced by the orig-
inal drug administration (Fleckenstein et al., 1997a; Kokoshka et
al., 1998), caused formation of higher molecular weight DAT-
associated complexes beginning 12–24 hr after treatment. Impor-
tantly, these structures were not formed as an artifact of the tissue
preparation, as evidenced by findings that attenuation of METH-
induced hyperthermia (i.e., by placing rats in a cool environment
during the METH exposure) prevented the formation of these
DAT complexes. Also of importance are findings that hyperther-
mia per se was not sufficient to cause complex formation because
multiple MDMA administrations increased core body tempera-
tures but did not cause significant complex formation. Confir-
mation that the higher molecular weight complexes contained
DAT arises from findings that probing with a second antibody
directed against the C terminus of the DAT produced findings
that revealed a higher molecular weight DAT species, similar to
that obtained with an N-terminal antibody (compare Figs. 3, 4).

Previous studies have suggested that cysteine residues on D2
receptors may be located in close proximity and hence may con-
tribute to D2 dimer formation. D2 dimer and higher-order oli-
gomers may be partially SDS resistant (Zawarynski et al., 1998);
however, Guo et al. (2003), using cysteine cross-linking, have
shown that the D2 receptor is a native homodimer but does not
survive detergent solubilization. Because of the potential for di-
sulfide linkages that could be induced by METH-induced ROS
formation and the fact that, like DAT, the D2 receptor is found
presynaptically on DA nerve terminals, effects of METH treat-
ment on this protein were assessed. Results revealed that the abil-
ity of METH to cause higher molecular weight complex forma-
tion was not a generalized phenomenon, because multiple
administrations of METH did not alter D2 receptor immunore-
activity (see representative blot in Fig. 5A). Noteworthy, D2 re-
ceptors are localized both presynaptically and postsynaptically.
This may introduce confounds in data interpretation, including
the possibility that any METH-induced increase in presynaptic
D2 complex formation might be “masked” in the presence of
nonoligomerized postsynaptic D2 receptors. Hence, we exam-
ined the acute impact of METH treatment on potential oligomer-
ization of another striatal DA-selective presynaptic marker pro-
tein, TH. TH is a native homotetramer in cells and forms

Figure 6. The increase in METH-induced higher molecular weight DAT complex formation
was attenuated by the addition of �ME. Rats received METH (4 injections of 7.5 mg/kg, s.c.; 2 hr
intervals) or saline (4 injections of 1 ml/kg, s.c.; 2 hr intervals) and were decapitated 24 hr later.
Samples were then split and prepared either in the presence or absence of 1.4 M �ME. In this
representative blot, two independent samples are shown for each treatment group.
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oligomers via coiled-coil domains (Lohse
and Fitzpatrick 1993). Using a monoclonal
TH antibody, higher molecular weight TH
oligomers were not observed after either
saline or METH treatment (Fig. 5B). These
data confirm that the oligomerization of
DAT is not a phenomenon common to all
DA-associated proteins.

A decrease in monomer band intensity
was observed concurrent with the increase
in higher molecular weight species forma-
tion after METH treatment, and no DAT-
associated bands were detected between
�80 and 150 kDa. These data suggest the
possibility that the formation of the �170
kDA oligomers reflects more than a subtle
modification of DAT protein (i.e., phos-
phorylation) (Vaughan et al., 1997) that
would cause a slight increase in molecular
weight. Rather, the �70 kDa shift repre-
sents (1) numerous relatively small modi-
fications (i.e., phosphorylations, glycosy-
lations, or ubiquinations) of monomeric
DAT, (2) the monomer binding to another
relatively large (�75 kDA) protein, or (3)
a combination of these possibilities. The
fact that several complexes spanning 170 –
220 kDA are formed after METH treat-
ment suggests that the latter is most likely:
that is, monomeric DAT both binds to

other larger proteins and was also subtly modified (i.e., phos-
phorylated, glycosylated, etc.). One intriguing possibility is that
DAT dimerization may contribute to the complex formation.
Importantly, it has been demonstrated that DAT can form ho-
modimers in both cell lines and ex vivo after the addition of
cross-linking reagents (Hastrup et al., 2001). In situ radiation
inactivation studies involving rat striata also suggest that the DAT
can form higher molecular weight complexes (Berger et al., 1994;
Milner et al., 1994). Sorkina et al. (2003) and Torres et al. (2003)
have recently reported DAT oligomerization in cell lines using
fluorescence resonance energy transfer or coexpressing differen-
tially tagged DAT molecules, respectively. Additionally, Hastrup
et al. (2003) demonstrated that higher molecular weight DAT
species representing trimers and tetramers can form. Whether
the higher molecular weight DAT species observed in the present
study reflect DAT dimers or DAT complexing with other proteins
remains to be determined; however, our findings that �ME re-
duce oligomer intensity suggest that the DAT bond is a disulfide
linkage, consistent with the DAT dimer and higher-order oli-
gomer data from Hastrup et al. (2001, 2003). Notwithstanding,
the present data are the first to demonstrate higher molecular
weight DAT complex formation caused by a pharmacological
manipulation.

The increase in DAT complex formation was attenuated by
blocking the METH-induced hyperthermia as well as by deplet-
ing DA by �MT pretreatment. Interestingly, both of these manip-
ulations have been demonstrated previously to prevent the per-
sistent DA deficits caused by METH treatment (Wagner et al.,
1983; Schmidt et al., 1985; Axt et al., 1990; Bowyer et al., 1992;
Bowyer et al., 1993; Albers and Sonsalla, 1995; Giovanni et al.,
1995), presumably because both contribute to ROS or reactive
nitrogen species formation (Cubells et al., 1994; Giovanni et al.,
1995; Fleckenstein et al., 1997b; Yamamoto and Zhu, 1998;

Figure 7. �MT pretreatment prevented the METH-induced higher molecular weight DAT complex formation ( A) although
hyperthermia was maintained ( B). Rats were pretreated with either �MT (2 injections of 60 mg/kg, i.p.; 5 and 1 hr before the first
METH injection) or saline (2 injections of 1 ml/kg, s.c.; 5 and 1 hr before the first METH injection). Subsequently, rats received METH
(4 injections of 7.5 mg/kg, s.c.; 2 hr intervals) or saline (4 injections of 1 ml/kg, s.c.; 2 hr intervals) and were decapitated 24 hr after
treatment. Inverted arrows represent time points of METH or saline injection. *Values different from saline-treated controls ( p �
0.05). In this representative blot, two independent samples are shown for each treatment group.

Figure 8. A single administration of METH did not increase higher molecular weight DAT
complex formation at 1 and 24 hr ( A) or 4 and 6 hr ( B) after injection. Rats received METH (1
injection of 15 mg/kg, s.c.) or saline (1 injection of 1 ml/kg, s.c.) and were decapitated 1–24 hr
after treatment. In this representative blot, two independent samples are shown for each treat-
ment group.
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Lavoie and Hastings, 1999; Gluck et al., 2001; Imam et al., 2001),
that in turn contribute to alterations in dopaminergic markers
and long-term damage (De Vito and Wagner, 1989; Berman et
al., 1996; Fleckenstein et al., 1997c; Kuhn and Geddes, 2000;
Metzger et al., 2000). Hence, complex formation may serve as an
indicator of, and perhaps a precursor to, the long-term DA dam-

age caused by METH. Support for this assertion comes from
findings that either a single injection of METH or multiple injec-
tions of MDMA, regimens that do not lead to persistent dopami-
nergic deficits, cause little or no DAT complex formation. Be-
cause the complex formation occurs concurrent with a decrease
in plasmalemmal DA uptake, future studies are needed to deter-
mine the functional consequences of these complex formations.

In summary, the present results revealed that neurotoxic
METH treatment causes the production of DAT complexes that
may be linked to the persistent dopaminergic deficits caused by
METH administration. Additionally, these data are the first to
demonstrate higher molecular weight DAT complex formation
in vivo and that such formation can be manipulated both phar-
macologically and physiologically. These data extend findings
about DAT complex formation as well as the neurotoxic effects of
METH on the DAT. Furthermore, these data will allow us to better
understand the process of METH-induced neurodegeneration.
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