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ABSTRACT The acute effects of ethanol on dopamine (DA) release and clearance
in the caudate—putamen were evaluated in wild-type and dopamine transporter (DAT)
knockout (DAT-KO) mice, using microdialysis and voltammetry. Dialysate DA levels
were elevated, ~80% above baseline levels, after administration of 2 g/kg ethanol in
both wild-type and DAT-KO mice. In brain slices containing the caudate—putamen, a
low (20 mM) concentration of ethanol produced no change in electrically stimulated
DA release in either wild-type or DAT-KO mice. A high concentration (200 mM) of
ethanol caused a similar decrease in DA release in slices from both types of mice. DA
clearance was unaltered across the genotypes at low and high concentrations of etha-
nol. The fact that ethanol had similar effects in wild-type and DAT-KO mice, mea-
sured by in vivo microdialysis or brain slice voltammetry, supports the idea that acute
ethanol does not interact with the DAT to produce its effects on the DA system.
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INTRODUCTION

The rewarding, stimulating, and addictive properties
of drugs of abuse are often associated with an eleva-
tion in dopamine (DA) levels in brain areas, such as
the caudate—putamen and nucleus accumbens. Ethanol
shares this action with many other psychostimulants,
including cocaine, amphetamine, and methylphenidate
(Ritalin). Termination of the DA signal is accomplished
by diffusion of DA molecules away from receptors, me-
tabolism, and uptake by the DA transporter (DAT).
DA uptake through the DAT is the major regulator of
DA levels (Jones et al., 1998). Many psychostimulants
interact directly with the DAT at the level of presynap-
tic terminals (Giros and Caron, 1993; Schenk, 2002).
In contrast, ethanol increases the firing rate of DA cell
bodies in the ventral tegmental area and substantia
nigra (Brodie et al., 1990, 1999; Mereu and Gessa,
1985), leading to enhanced DA signaling in terminal
fields (Di Chiara and Imperato, 1985; Tang et al.,
2003; Yan, 1999). There is currently a debate as to
whether ethanol also has the ability to directly alter
DAT function (Budygin et al., 2001a; Mayfield et al.,
2001; Robinson et al., 2005; Sabeti et al., 2003; Yim
and Gonzales, 2000).

Acute and chronic ethanol studies have shown a
potential link between DAT and ethanol, but the exact
mechanism is unclear. Specifically, studies involving
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nonhuman primates have shown an increase in cau-
date—putamen DA uptake rates measured by voltam-
metry, after 18 months of ethanol exposure (Budygin
et al., 2003), and rats treated for a year with ethanol
show increased caudate-putamen DAT levels mea-
sured by western blotting (Rothblat et al., 2001). How-
ever, in humans suffering from alcoholism, the changes
in DAT are not as clear. Laine et al. (1999) reported
that alcoholics had decreased DAT numbers, while Vol-
kow et al. (1996) showed no changes in DAT numbers
during withdrawal. In addition, Tiihonen et al. (1995)
and colleagues found divergences in DAT activity,
depending on the presence or absence of violent behav-
ior in subjects. Obviously, there is much debate on
the long-term effects of ethanol on the DAT. However,
to fully comprehend the effects of ethanol on DA
uptake, potential acute interactions need to be thor-
oughly evaluated. To date, acute ethanol administra-
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tion in rodent models has produced conflicting results.
A single dose of ethanol has been reported to increase
(Sabeti et al., 2003; Wang et al., 1997), decrease (Lin
and Chai, 1995; Robinson et al., 2005), or to have no
effect (Budygin et al., 2001a; Gonzales et al., 2004;
Yavich and Tiihonen, 2000; Yim and Gonzales, 2000)
on DA uptake.

DAT knock-out (DAT-KO) mice have proven to be a
valuable tool in understanding the mechanism of
action of drugs of abuse (Giros et al., 1996; Jones
et al., 1998). DAT-KO mice provide an opportunity to
directly evaluate whether ethanol is altering DA dy-
namics via the DAT or by another mechanism (Budy-
gin et al., 2001a,b; Mayfield et al., 2001; Robinson
et al., 2005; Sabeti et al., 2003; Yim and Gonzales,
2000). This is an important area of research, because
understanding how ethanol modulates DA will aid in
understanding ethanol-mediated reinforcement and,
ultimately, alcoholism.

In the present study, we utilized in vivo microdialy-
sis to compare changes in extracellular DA levels af-
ter systemic administration of 2 g/kg ethanol in freely
moving wild-type and DAT-KO mice. A stimulating
2 g/kg ethanol dose was chosen, since previous stud-
ies using C57/BL6 mice used this dose to evaluate
extracellular DA changes (Tang et al., 2003; Zapata
et al., 2005). Cyclic voltammetry was also employed
to determine local effects of ethanol on DA dynamics,
specifically DA clearance, in caudate—putamen slices.
In sum, the in vivo microdialysis and in vitro voltam-
metry data demonstrate that the acute effects of etha-
nol on DA neurotransmission are not DAT-dependent.

MATERIALS AND METHODS
Animals

Littermate mice, expressing zero (DAT-KO) or two
(wild-type) intact copies of the DAT gene (Slc6a3),
were generated as previously described on a mixed
129SvJ/C57BL background (Giros et al., 1996). For
all experiments, male wild-type or DAT-KO mice were
used that were 2—3 months old. Animals were housed
in groups of three or four per cage, with food and
water ad libitum on a 12-h light-dark cycle. Experi-
mental protocols adhered to National Institutes of
Health Animal Care Guidelines and were approved
by the Wake Forest University Institutional Animal
Care and Use Committee.

Fast-scan cyclic voltammetry in brain slices

Mice were killed by decapitation, and the brains
were rapidly removed and cooled in ice-cold, preoxy-
genated (95% 09/5% CO,), modified in Kreb’s buffer
(containing (in mM): 126 NaCl, 2.5 KCl, 1.2 NaHyPO,,
1.2 MgCl, 25 NaHCOg, 11 glucose, 20 HEPES, 0.4 1-
ascorbic acid), and the pH was adjusted to 7.4. The tis-
sue was then sectioned into 400-pm thick coronal
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slices containing the caudate—putamen, with a vibrat-
ing tissue slicer (Leica VT1000S, Vashaw Scientific,
Norcross, GA). Slices were kept in a reservoir of oxy-
genated aCSF at room temperature until required.
Thirty minutes before each experiment, a brain slice
was transferred to a submersion recording chamber,
perfused at 1 ml/min at 25°C with oxygenated Kreb’s,
and allowed to equilibrate. DA release was evoked by
single, rectangular, electrical pulses (300 pA, 2 ms/
phase, biphasic). DA was detected using voltammetry
as described earlier (Budygin et al., 2002; Phillips
et al., 2003). Electrodes were calibrated with 1-u.M DA
to convert the signal from current to concentration.
Measured time courses of DA before and after ethanol
(20 or 200 mM) were analyzed with a Michaelis—
Menten based set of kinetic equations (Phillips et al.,
2003), to determine the maximal concentration of DA
released by stimulation and the rate of DA uptake for
wild-type mice. Since DAT-KO mice lack the DAT, DA
clearance curves obtained from these animals were fit
to a pseudo-first-order rate constant (k). To compare
kinetics between genotypes, a rate constant & was cal-
culated for wild-type mice by dividing V. by K, as
described before (Budygin et al., 2002; Jones et al.,
1998; Mateo et al., 2004a).

Surgery for in vivo microdialysis

Briefly, mice were anesthetized with 65 mg/kg keta-
mine and 4.4 mg/kg xylaxine, administered in a vol-
ume of 20 pl/g. A guide cannula for a CMA/7 micro-
dialysis probe (CMA/Microdialysis, Chelmsford, MA)
was implanted into the caudate—putamen, using coor-
dinates determined from mouse atlases (Franklin and
Paxinos, 1997; Slotnick and Leonard, 1975), and
refined by empirical determination (anterior, +0.6;
lateral, —1.8; ventral, —2.5 from bregma). The guide
cannula was anchored, and the exposed skull was
sealed with a fast-drying two-part epoxy (Locktite,
Fastneal, State College, PA). Immediately after dialy-
sis, mice were killed by cervical dislocation, and the
brains were removed for histological confirmation of
probe placement.

Microdialysis

The microdialysis procedure is essentially as de-
scribed by Mateo et al. (2004b), with the following
modifications. Briefly, as mice were recovering from
anesthesia, microdialysis probes (2 mm membrane
length, 0.24 mm o.d.; Cuprophane, 6 kDa cut-off;
CMA-7, CMA/Microdialysis, Chelmsford, MA) were
connected to a syringe pump and perfused with artifi-
cial cerebral spinal fluid (148 mM NaCl, 2.7 mM KCl,
1.2 mM CaCly, 0.85 mM MgCl,; pH 7.4) at a flow rate
of 0.2 pl/min over night. Approximately 12 h later,
the flow rate was increased to 0.6 pl/min and allowed
to adjust for 1 h before the four baseline samples
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were collected at 20-min intervals, and analyzed im-
mediately by high-performance liquid chromatogra-
phy with electrochemical detection. Dialysate samples
(10 wl) were injected onto a reverse-phase microbore
column (150 x 1 mm? C-18 Unidet, Bioanalytical
Systems, West Lafayette, IN) for separation, followed
by detection at a glassy carbon electrode (+0.65 V,
Bioanalytical Systems). The mobile phase consisted of
25 mM sodium acetate, 1 mM sodium octanesulfo-
nate, 2 mM EDTA, and 10% acetonitrile (pH 5.8).
Ethanol was injected i.p. (i.p.), and the samples were
collected for 3 h.

Statistics

Statistical analyses using one-way ANOVA, two-way
ANOVA, and paired Student’s ¢-tests were performed
with GraphPad Prism (Graph Pad Software, San
Diego, CA). The data are presented as mean = SEM.
The criterion of significance was set at P < 0.05.

RESULTS
Ethanol-stimulated DA release in vivo

Ethanol (2 g/kg, i.p.) was administered at the start of
the last baseline sample. DA was measured subse-
quently in 20-min intervals. DA levels in three samples
prior to ethanol were averaged to obtain mean baseline
values, to determine the effect of ethanol on extracellu-
lar DA levels in striatum by calculating the percent
change from baseline. Baseline dialysate DA levels
before the injection of ethanol were 2.1 = 0.4 nM (n =
7) for wild-type and 9.4 + 3.0 nM (n = 6) for DAT-KO
mice (¢ = 2.6, P < 0.05). After administration of 2 g/’kg
ethanol, DA dialysate levels were measured in the cau-
date—putamen (Fig. 1). An increase of DA level by etha-
nol was observed in caudate—putamen [Fgg, = 3.13,
P < 0.01], with a maximal elevation for wild-type and
DAT-KO mice to 186 *= 25% at 60 min (n = 7) and
166 = 24% at 80 min (n = 6) of baseline, respectively
(Fig. 1). There was no difference between the wild-type
and DAT-KO response to ethanol [F; g0 = 0.29; P =
0.59]. Thus, the increase in extracellular DA levels in
the caudate—putamen after an i.p. dose of ethanol is
not dependent on the DAT, and is not significantly
altered by its absence.

DA signals are changed by acute ethanol
identically in caudate-putamen slices
from wild-type and DAT-KO mice

Two studies suggest that ethanol changes the rate of
DA uptake (Mayfield et al., 2001; Robinson et al.,
2005). Using DAT-KO mice, we can specifically address
the contribution of DAT to the effects of ethanol on DA
levels. Voltammetry was used to evaluate the effects of
ethanol on DA dynamics in mice with normal trans-
porter levels and mice lacking the transporter. Figure 2
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Fig. 1. Ethanol (2 g/kg) increased extracellular DA levels, in the
caudate—putamen of wild-type and DAT-KO mice, as measured by
microdialysis. Three baseline samples were collected and, then, etha-
nol was administered i.p. during the start of the last baseline sample
(arrow). Ethanol increased DA levels ~90 and ~70% in wild-type and
DAT-KO mice, respectively. Data are mean = SEM values from five
or six mice and are expressed as percent of baseline values.

depicts the voltammetry data obtained in brain slices
from a representative wild-type and a knockout mouse,
before and after ethanol perfusion. The ascending phase
of the DA signal primarily represents release during
the stimulus pulse (1 pulse). The descending portion of
the overflow curves represents the rate of DA clearance,
which is clearly longer in the knockout compared to the
wild-type mice (100 vs. 1 s, respectively).

In caudate—putamen slices, 20 or 200 mM ethanol
had no effect on DA clearance in wild-type (£ = 25.1 =
0.2, 25.1 + 0.3, 25.1 + 0.2 s ! for 0, 20, and 200 mM
ethanol, respectively) or knockout mice (¢ = 0.02 =+
0.002, 0.02 + 0.001, 0.02 + 0.002 s~* for 0, 20, and
200 mM ethanol, respectively) (Fig. 3). Only 200 mM
ethanol caused a decrease in the amplitude of the DA
signal in slices from both wild-type (2.7 = 0.03 and 1.9
+ 0.02 pM, for 0 and 200 mM ethanol (P < 0.05)) and
knockout (0.7 = 0.04 and 0.5 = 0.05 pM, for 0 and 200
mM ethanol (P < 0.05)) mice and the percent decrease
in signal (~25%) was the same in wild-type and DAT-
KO mice (Fig. 4).

DISCUSSION

The precise mechanism through which acute ethanol
modifies dopaminergic neurotransmission remains
unclear, since there is a controversy over the interac-
tion of ethanol with DAT (Budygin et al., 2000, 2001b;
Gonzales et al., 1998; Maiya et al., 2002; Mayfield
et al., 2001; Robinson et al., 2005). The primary goal of
this article was to clarify the involvement of DAT in
the effects of ethanol on the DA system. We report
here that ethanol concentrations of 20 and 200 mM
had identical effects on DA dynamics in the caudate—
putamen of wild-type and DAT-KO mice. Since the ab-
sence of the DAT did not alter the DA effects of etha-
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Fig. 2. Effect of ethanol on representative electrically evoked (1
pulse) DA signals in caudate—putamen slices from wild-type and
DAT-KO mice. Top panel: Control (CON) and ethanol (EtOH) data
points are voltammetry DA measurements taken every 100 ms.
Note that the DA release was decreased by ~25% in both wild-type

nol, we conclude that DAT does not play an important
role in the interaction of ethanol with the DA system.

In the present study, microdialysis and voltammetry
were used to examine the effects of an acute dose of
ethanol on DA release and clearance. Microdialysis is a
sampling technique that measures baseline DA concen-
trations with high selectivity and sensitivity (Bungay
et al., 2003; Kehr, 1993; Ungerstedt and Pycock, 1974).
However, there are disadvantages associated with in
vivo microdialysis techniques, including (1) the rela-
tively large size of the probe (0.24 x 2 mm?), (2) the
damage associated with inserting the microdialysis
probe into the brain region under study (Clapp-Lilly
et al., 1999), and (3) the temporal resolution, which is on
the order of minutes. Because of these weaknesses,
microdialysis does not thoroughly evaluate changes in
DA uptake. In contrast, voltammetry is unable to meas-
ure basal DA levels, but can provide real-time analysis
of DA kinetics, such as release and uptake. Therefore,
the use of both microdialysis and voltammetry yields
complementary data on extracellular DA levels, release
and uptake, which allows for a more complete under-
standing of the complex relationship between ethanol,
extracellular DA levels, and the role of DAT.

Previous microdialysis studies in mice have shown
50-170% increases in extracellular DA levels in response
to an acute dose of ethanol (Hungund et al., 2003;
Olive et al., 2000; Tang et al., 2003). The microdialy-
sis results obtained in wild-type mice presented here
are in agreement with these values. In addition, ad-
ministration of 2 g/kg ethanol evoked a similar increase
in DA levels (~80%) in DAT-KO and wild-type mice,

EtOH

and DAT-KO mice when 200 mM ethanol was applied to the slice.
Ethanol did not alter DA uptake in caudate—putamen slices from ei-
ther genotype. Bottom panel: representative color plots. The voltam-
metric current (encoded in color in the z-axis) is plotted against the
applied potential (y-axis) and the acquisition time (x-axis).

suggesting that ethanol does not interact with the
DAT to produce changes in DA levels. Zero net flux is
a microdialysis method that provides an indirect esti-
mate of changes in DA uptake by measuring Ej,,
known as the extraction fraction, which is the slope
of the zero net flux regression line (Justice, 1993). A
previous study by Yim and Gonzales (2000) using the
method of zero net flux also demonstrated that etha-
nol did not alter DAT function.

To evaluate a physiologically relevant ethanol con-
centration on electrically stimulated DA release and
uptake, voltammetry was performed in caudate—puta-
men slices. We report here that 20 mM ethanol pro-
duced no change in stimulated DA release in the cau-
date—putamen of wild-type or DAT-KO mice. This is in
agreement with previous brain slice voltammetry stud-
ies performed with monkeys, rats, and mice, where low
concentrations (<100 mM) of ethanol did not cause a
change in stimulated release or uptake (Budygin et al.,
2000, 2001b, 2003). The divergence between ethanol-
induced increases in DA release measured by in vivo
microdialysis and no effect on release measured by vol-
tammetry in brain slices is due to the preparation used.
The slice preparation used for voltammetry requires
the removal of the cell bodies, which are an essential
ethanol target; therefore, there is no ethanol-induced
increase of DA release in the terminal fields. These in
vitro voltammetry results are also consistent with
microdialysis findings, where the local perfusion of
ethanol at low and moderate concentrations failed to
modify basal DA levels in the striatum of freely moving
rats (see also Yan, 2003, Yim et al., 1998). The local
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Fig. 3. Effect of ethanol on DA clearance in wild-type (WT) and
DAT-KO mice. Locally evoked DA signals are measured by voltam-
metry during 0, 20, or 200 mM ethanol-bath application. & is the
rate constant for DA clearance. A: Comparison of 0, 20, and
200 mM ethanol in wild-type mice (¢ = 25.1 + 0.2, 25.1 = 0.3, 25.1
+ 0.2 s71), n = 4-5 animals. B: Comparison of 0, 20, and 200 mM
ethanol in DAT-KO mice (¢ = 0.02 = 0.002, 0.02 = 0.001, 0.02 *+
0.002 s Y, n = 4-5 animals. DA clearance rates in caudate—puta-
men slices from wild-type mice are faster than in DAT-KO mice,
note the different k-values (y-axes). Ethanol did not alter clearance
rates in either genotype (P < 0.05).

effects of ethanol measured with either microdialysis
or voltammetry suggest that DA terminals in the cau-
date—putamen are insensitive to low and moderate con-
centrations of ethanol (Budygin et al., 2001b, 2003;
Yim et al., 1998). This is in agreement with the idea
that rewarding doses of ethanol act by directly exciting
the cell bodies of dopaminergic neurons, resulting in
elevated DA release in the terminal fields (Brodie
et al., 1999).

Previous voltammetry studies have shown that a
supraphysiological concentration of ethanol reduces
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Fig. 4. Effect of ethanol on DA release in caudate—putamen sli-
ces from wild-type (WT) and DAT-KO mice. Locally evoked DA sig-
nals are measured by voltammetry during 0, 20, or 200 mM etha-
nol-bath application. A: Comparison of 0, 20, and 200 mM ethanol
in wild-type mice (2.7 = 0.03, 2.9 = 0.05, and 1.9 = 0.02 pM), n =
4-5 animals. B: Comparison of 0, 20, and 200 mM ethanol in DAT-
KO mice (0.7 = 0.04, 0.8 = 0.08, and 0.5 = 0.05 uM), n = 4-5 ani-
mals. Ethanol (200 mM) decreased DA, .« equally in wild-type and
DAT-KO mice.

electrically evoked DA release (Budygin et al., 2001b,
2003). In the present study, a high concentration
(200 mM) of ethanol produced a robust attenuation of
stimulated DA release in both wild-type and DAT-KO
mice, demonstrating that DAT is not involved in this
ethanol effect (Fig. 2). The percent decrease in stimu-
lated DA release was the same between genotypes,
although the absolute magnitude of baseline DA levels
was higher in DAT-KO mice, as had been previously
reported (Jones et al., 1998). Although the ethanol-
induced decrease in electrically evoked DA signals
could be a result of increased extracellular DA levels
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activating DA autoreceptors, microdialysis studies
have shown that high doses of ethanol decrease extra-
cellular DA levels in the caudate—putamen (Blanchard
et al., 1993). Therefore, the activation of presynaptic
DA autoreceptors is most unlikely under the present
conditions. It is more likely that ethanol decreases DA
release by decreasing calcium influx, either directly or
indirectly (Budygin et al., 2001b). For example, etha-
nol increases extracellular adenosine (Nagy et al.,
1990), which inhibits DA release by suppressing cal-
cium influx (Dunwiddie and Masino, 2001; Fredholm
et al., 1998). In addition, ethanol can significantly
modify the level of brain gangliosides (Klemm and Fos-
ter, 1986; Klemm et al., 1988), which are important
controllers of intracellular calcium equilibrium (Nin-
garaj et al., 2001). Ethanol also affects the function of
multiple receptors and ion channels (Crews et al.,
1996). Thus, ethanol has many substrates that could
potentially lead to DA release inhibition at presynaptic
terminals at high concentrations.

These results further highlight the differences
between cell systems expressing DAT in the rodent
brain. Recent studies by Mayfield et al. (2001) have
shown that, in cells overexpressing DAT, ethanol
enhanced DA uptake by increasing the number of
DAT on the cell surface. On the other hand, the
mouse brain is apparently resistant to these effects of
ethanol on the DAT.

In agreement with our in vitro results, an in vivo
voltammetry study using mice revealed no changes in
DA clearance with ethanol (Yavich and Tiihonen,
2000). However, a recent study using rats reported
that a single dose of 2.5 g/kg ethanol or greater
decreased DAT function in dorsal and ventral stria-
tum, both in vivo and in vitro (Robinson et al., 2005).
In addition, Lin and Chai showed that, when ethanol
was locally applied to the striatum of rats in vivo, DA
clearance was prolonged (Lin and Chai, 1995). The dis-
crepancies between these two in vivo voltammetry
ethanol studies could arise from (1) species variations,
(2) ethanol concentrations in the brain, and (3) distinct
stimulation parameters. In the reports made by Robin-
son et al. (2005), Lin and Chai (1995), and Yavich and
Tiihonen (2000), it is important to note that the results
were obtained in anesthetized animals, which may
have changed the pharmacological effects of ethanol.
There have been only two studies using microelectro-
des to evaluate the effects of ethanol in awake animals
(Budygin et al., 2001a; Sabeti et al., 2003). An increase
in the clearance of exogenous DA was reported follow-
ing ethanol administration, using chronoamperometry
and exogenously applied DA in freely moving rats
(Sabeti et al., 2003). However, no ethanol-induced
changes in the clearance of electrically stimulated en-
dogenous DA release were found in rat striatum, using
fast scan cyclic voltammetry (Budygin et al., 2001a).
Our previous voltammetric findings in brain slices
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from rat and monkey show no changes in DA uptake
(Budygin et al., 2001b, 2003) and are in agreement
with previous in vivo cyclic voltammetry results
(Budygin et al.,, 2001a). In addition, a zero net flux
microdialysis study in freely moving rats supports the
hypothesis that acute doses of ethanol do not alter
transport (Yim and Gonzales, 2000). Combined, these
studies suggest that acute ethanol effects on DA clear-
ance may be different for synaptically released and ex-
perimenter-applied DA. Therefore, the acute ethanol-
induced elevation in extracellular caudate—putamen
DA is most likely the result of increased DA release
without any uptake contribution. If the DAT contrib-
uted significantly to the dopaminergic effects of etha-
nol, then marked differences would have been ob-
served between wild-type and DAT-KO mice. However,
we found no changes between DAT-KO and wild-type
mice with respect to ethanol-induced increase in extra-
cellular DA levels or stimulated DA release and up-
take. Although the behavioral effects of ethanol are
somewhat modified in DAT-KO mice (Savelieva et al.,
2002), the neurochemical effects appear to be identical.
These data from DAT-KO mice are in agreement with
the majority of in vivo and in vitro voltammetry and
chronoamperometry studies (Budygin et al., 2001a,b;
Samson et al., 1997; Yavich and Tiihonen, 2000), illus-
trating that there is no change in DA clearance after
acute ethanol administration.

In conclusion, DAT-KO mice provide a way to address
the very important question of whether ethanol inter-
acts with DAT to produce its effects. Using in vivo
microdialysis and in vitro voltammetry in wild-type and
DAT-KO mice, an identical augmentation of the dopami-
nergic system after ethanol was demonstrated. Finally,
this study using DAT-KO mice illustrates that while
ethanol has many neurochemical targets in vivo, cau-
date—putamen DA uptake is not one of them.

ACKNOWLEDGMENTS

The authors express their gratitude to Marc Caron
for the generous gift of DAT-KO mice.

REFERENCES

Blanchard BA, Steindorf S, Wang S, LeFevre R, Mankes RF, Glick
SD. 1993. Prenatal ethanol exposure alters ethanol-induced dopa-
mine release in nucleus accumbens and striatum in male and
female rats. Alcohol Clin Exp Res 17:974-981.

Brodie MS, Shefner SA, Dunwiddie TV. 1990. Ethanol increases the
firing rate of dopamine neurons of the rat ventral tegmental area
in vitro. Brain Res 508:65—69.

Brodie MS, Pesold C, Appel SB. 1999. Ethanol directly excites dopa-
minergic ventral tegmental area reward neurons. Alcohol Clin Exp
Res 23:1848-1852.

Budygin EA, Kilpatrick MR, Gainetdinov RR, Wightman RM. 2000.
Correlation between behavior and extracellular dopamine levels
in rat striatum: Comparison of microdialysis and fast-scan cyclic
voltammetry. Neurosci Lett 281:9-12.

Budygin EA, Phillips PE, Robinson DL, Kennedy AP, Gainetdinov
RR, Wightman RM. 2001a. Effect of acute ethanol on striatal do-
pamine neurotransmission in ambulatory rats. J Pharmacol Exp
Ther 297:27-34.

Synapse DOI 10.1002/syn



294

Budygin EA, Phillips PE, Wightman RM, Jones SR. 2001b. Terminal
effects of ethanol on dopamine dynamics in rat nucleus accum-
bens: An in vitro voltammetric study. Synapse 42:77-79.

Budygin EA, John CE, Mateo Y, Jones SR. 2002. Lack of cocaine
effect on dopamine clearance in the core and shell of the nucleus
accumbens of dopamine transporter knock-out mice. J Neurosci 22:
RC222.

Budygin EA, John CE, Mateo Y, Daunais JB, Friedman DP, Grant
KA, Jones SR. 2003. Chronic ethanol exposure alters presynaptic
dopamine function in the striatum of monkeys: A preliminary
study. Synapse 50:266—268.

Bungay PM, Newton-Vinson P, Isele W, Garris PA, Justice JB. 2003.
Microdialysis of dopamine interpreted with quantitative model
incorporating probe implantation trauma. J Neurochem 86:932—
946.

Clapp-Lilly KL, Roberts RC, Duffy LK, Irons KP, Hu Y, Drew KL.
1999. An ultrastructural analysis of tissue surrounding a micro-
dialysis probe. J Neurosci Methods 90:129-142.

Crews FT, Morrow AL, Criswell H, Breese G. 1996. Effects of etha-
nol on ion channels. Int Rev Neurobiol 39:283-367.

Di Chiara G, Imperato A. 1985. Ethanol preferentially stimulates
dopamine release in the nucleus accumbens of freely moving rats.
Eur J Pharmacol 115:131-132.

Dunwiddie TV, Masino SA. 2001. The role and regulation of adeno-
sine in the central nervous system. Annu Rev Neurosci 24:31-55.
Franklin KB, Paxinos G. 1997. The mouse brain in stereotaxic coor-

dinates. San Diego, CA: Academic Press.

Fredholm BB, Johansson B, Lindstrom K, Wahlstrom G. 1998. Age-
dependent changes in adenosine receptors are not modified by
life-long intermittent alcohol administration. Brain Res 791(1/2):
177-185.

Giros B, Caron MG. 1993. Molecular characterization of the dopa-
mine transporter. Trends Pharmacol Sci 14:43—49.

Giros B, Jaber M, Jones SR, Wightman RM, Caron MG. 1996.
Hyperlocomotion and indifference to cocaine and amphetamine in
mice lacking the dopamine transporter. Nature 379:606-612.

Gonzales RA, McNabb J, Yim HJ, Ripley T, Bungay PM. 1998.
Quantitative microdialysis of ethanol in rat striatum. Alcohol Clin
Exp Res 22:858-867.

Gonzales RA, Job MO, Doyon WM. 2004. The role of mesolimbic do-
pamine in the development and maintenance of ethanol reinforce-
ment. Pharmacol Ther 103:121-146.

Hungund BL, Szakall I, Adam A, Basavarajappa BS, Vadasz C.
2003. Cannabinoid CB1 receptor knockout mice exhibit markedly
reduced voluntary alcohol consumption and lack alcohol-induced
dopamine release in the nucleus accumbens. J Neurochem 84:
698-704.

Jones SR, Gainetdinov RR, Jaber M, Giros B, Wightman RM, Caron
MG. 1998. Profound neuronal plasticity in response to inactiva-
tion of the dopamine transporter. Proc Natl Acad Sci USA 95:
4029-4034.

Justice JB, Jr. 1993. Quantitative microdialysis of neurotrans-
mitters. J Neurosci Methods 48:263—-276.

Kehr J. 1993. A survey on quantitative microdialysis: Theoretical
models and practical implications. J Neurosci Methods 48:251—
261.

Klemm WR, Foster DM. 1986. Alcohol, in a single pharmacological
dose, decreases brain gangliosides. Life Sci 39:897-902.

Klemm WR, Mathew J, Maring RG. 1988. Acute alcohol decreases
gangliosides in mouse brain. Alcohol 5:215-219.

Laine TP, Ahonen A, Torniainen P, Heikkila J, Pyhtinen J, Rasanen
P, Niemela O, Hillbom M. 1999. Dopamine transporters increase
in human brain after alcohol withdrawal. Mol Psychiatry 4:104—
185,189-191.

Lin AM, Chai CY. 1995. Dynamic analysis of ethanol effects on NMDA-
evoked dopamine overflow in rat striatum. Brain Res 696(1/2):15—
20.

Maiya R, Buck KdJ, Harris RA, Mayfield RD. 2002. Ethanol-sensitive
sites on the human dopamine transporter. J Biol Chem 277:
30724-30729.

Mateo Y, Budygin EA, John CE, Banks ML, Jones SR. 2004a. Vol-
tammetric assessment of dopamine clearance in the absence of
the dopamine transporter: No contribution of other transporters
in core or shell of nucleus accumbens. J Neurosci Methods 140(1/2):
183-187.

Mateo Y, Budygin EA, John CE, Jones SR. 2004b. Role of serotonin
in cocaine effects in mice with reduced dopamine transporter
function. Proc Natl Acad Sci USA 101:372-377.

Mayfield RD, Maiya R, Keller D, Zahniser NR. 2001. Ethanol poten-
tiates the function of the human dopamine transporter expressed
in Xenopus oocytes. J Neurochem 79:1070-1079.

Synapse DOI 10.1002/syn

T.A. MATHEWS ET AL.

Mereu G, Gessa GL. 1985. Low doses of ethanol inhibit the firing of
neurons in the substantia nigra, pars reticulata: A GABAergic
effect? Brain Res 360(1/2):325-330.

Nagy LE, Diamond I, Casso DJ, Franklin C, Gordon AS. 1990.
Ethanol increases extracellular adenosine by inhibiting adenosine
uptake via the nucleoside transporter. J Biol Chem 265:1946—
1951.

Ningaraj NS, Chen W, Schloss JV, Faiman MD, Wu JY. 2001. S-
methyl-N,N-diethylthiocarbamate sulfoxide elicits neuroprotective
effect against N-methyl-p-aspartate receptor-mediated neurotoxic-
ity. J Biomed Sci 8:104-113.

Olive MF, Mehmert KK, Messing RO, Hodge CW. 2000. Reduced
operant ethanol self-administration and in vivo mesolimbic dopa-
mine responses to ethanol in PKCepsilon-deficient mice. Eur J
Neurosci 12:4131-4140.

Phillips PE, Johns JM, Lubin DA, Budygin EA, Gainetdinov RR,
Lieberman JA, Wightman RM. 2003. Presynaptic dopaminergic
function is largely unaltered in mesolimbic and mesostriatal ter-
minals of adult rats that were prenatally exposed to cocaine.
Brain Res 961:63—-72.

Robinson DL, Volz TJ, Schenk JO, Wightman RM. 2005. Acute etha-
nol decreases dopamine transporter velocity in rat striatum: In
vivo and in vitro electrochemical measurements. Alcohol Clin Exp
Res 29:746-755.

Rothblat DS, Rubin E, Schneider JS. 2001. Effects of chronic alcohol
ingestion on the mesostriatal dopamine system in the rat. Neuro-
sci Lett 300:63—66.

Sabeti J, Gerhardt GA, Zahniser NR. 2003. Chloral hydrate and
ethanol, but not urethane, alter the clearance of exogenous dopa-
mine recorded by chronoamperometry in striatum of unrestrained
rats. Neurosci Lett 343:9-12.

Samson HH, Hodge CW, Erickson HL, Niehus JS, Gerhardt GA,
Kalivas PW, Floyd EA. 1997. The effects of local application of
ethanol in the nucleus accumbens on dopamine overflow and
clearance. Alcohol 14:485-492.

Savelieva KV, Caudle WM, Findlay GS, Caron MG, Miller GW.
2002. Decreased ethanol preference and consumption in dopamine
transporter female knock-out mice. Alcohol Clin Exp Res 26:758—
764.

Schenk JO. 2002. The functioning neuronal transporter for dopa-
mine: Kinetic mechanisms and effects of amphetamines, cocaine
and methylphenidate. Prog Drug Res 59:111-131.

Slotnick BM, Leonard CM. 1975. A stereotaxic atlas of the albino
mouse forebrain. Washington, DC: US Government Printing Office.
174 pp.

Tang A, George MA, Randall JA, Gonzales RA. 2003. Ethanol
increases extracellular dopamine concentration in the ventral
striatum in C57BL/6 mice. Alcohol Clin Exp Res 27:1083-1089.

Tiihonen J, Kuikka J, Bergstrom K, Hakola P, Karhu J, Ryynanen
OP, Fohr J. 1995. Altered striatal dopamine re-uptake site den-
sities in habitually violent and non-violent alcoholics. Nat Med 1:
654-657.

Ungerstedt U, Pycock C. 1974. Functional correlates of dopamine
neurotransmission. Bull Schweiz Akad Med Wiss 30(1-3):44-55.
Volkow ND, Wang GdJ, Fowler JS, Logan J, Hitzemann R, Ding YS,
Pappas N, Shea C, Piscani K. 1996. Decreases in dopamine recep-
tors but not in dopamine transporters in alcoholics. Alcohol Clin

Exp Res 20:1594-1598.

Wang Y, Palmer MR, Cline EJ, Gerhardt GA. 1997. Effects of etha-
nol on striatal dopamine overflow and clearance: An in vivo elec-
trochemical study. Alcohol 14:593-601.

Yan QS. 1999. Extracellular dopamine and serotonin after ethanol
monitored with 5-minute microdialysis. Alcohol 19:1-7.

Yan QS. 2003. Involvement of non-exocytotic mechanisms in etha-
nol-induced in vivo dopamine release: Comparisons with cocaine.
Eur J Pharmacol 477:37-44.

Yavich L, Tiihonen J. 2000. Ethanol modulates evoked dopamine
release in mouse nucleus accumbens: Dependence on social stress
and dose. Eur J Pharmacol 401:365-373.

Yim HJ, Gonzales RA. 2000. Ethanol-induced increases in dopamine
extracellular concentration in rat nucleus accumbens are accounted
for by increased release and not uptake inhibition. Alcohol 22:107—
115.

Yim HJ, Schallert T, Randall PK, Gonzales RA. 1998. Comparison of
local and systemic ethanol effects on extracellular dopamine con-
centration in rat nucleus accumbens by microdialysis. Alcohol Clin
Exp Res 22:367-374.

Zapata A, Gonzales RA, Shippenberg TS. 2005. Repeated ethanol
intoxication induces behavioral sensitization in the absence of a
sensitized accumbens dopamine response in C57BL/6J and DBA/
2J mice. Neuropsychopharmacology 31:396—405.



