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Abstract
Neuroanatomical research suggests that interactions between dopamine and glutamate within the
mesolimbic dopamine system are involved in both drug-induced locomotor stimulation and
addiction. Therefore, genetically determined differences in the locomotor responses to ethanol and
cocaine may be related to differences in the effects of these drugs on this system. To test this, we
measured drug-induced changes in dopamine and glutamate within the nucleus accumbens
(NAcc), a major target of mesolimbic dopamine neurons, using in-vivo microdialysis in selectively
bred FAST and SLOW mouse lines, which were bred for extreme sensitivity (FAST) and
insensitivity (SLOW) to the locomotor stimulant effects of ethanol. These mice also show a
genetically correlated difference in stimulant response to cocaine (FAST > SLOW). Single
injections of ethanol (2 g/kg) or cocaine (40 mg/kg) resulted in larger increases in dopamine
within the NAcc in FAST compared to SLOW mice. There was no effect of either drug on NAcc
glutamate levels. These experiments indicate that response of the mesolimbic dopamine system is
genetically correlated with sensitivity to ethanol- and cocaine- induced locomotion. Because
increased sensitivity to the stimulating effects of ethanol appears to be associated with greater risk
for alcohol abuse, genetically determined differences in the mesolimbic dopamine response to
ethanol may represent a critical underlying mechanism for increased genetic risk for alcoholism.
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Introduction
Sensitivity to ethanol-induced stimulation, and insensitivity to ethanol-induced depression,
are positively associated with propensity to self-administer ethanol (King et al. 2002;
Kulkosky et al. 1993; Risinger et al. 1994; Schuckit 1994; Waller et al. 1986). In humans,
sensitivity is measured as alterations in subjective mood (King et al. 2002; Schuckit et al.
2008), or changes in physical activity and body sway after alcohol (Addicott et al. 2007;
Schuckit 1994). Locomotor stimulation and depression are used as measures of sensitivity in
mice (Moore et al. 1993; Phillips et al. 2002). Through selective breeding, lines of mice
were developed that possess genotype-dependent differences in both measures of ethanol
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sensitivity (Crabbe et al. 1987; Phillips et al. 2002) as a model of similar differences in
humans. The line more sensitive to the stimulant and less sensitive to the sedative effects of
ethanol (FAST) voluntarily consumes larger amounts of ethanol than does the line of mice
(SLOW) with the opposite sensitivity phenotypes (Risinger et al. 1994). These selected lines
provide a definitive means of answering questions about the genetic association between
sensitivity to ethanol and ethanol-induced neurochemical effects, such as dopaminergic
responses.

The mesolimbic dopamine system plays a crucial role in motivated behavior and locomotion
(Mogenson & Yang 1991). Ethanol, given systemically or directly into the ventral tegmental
area, causes increases in extracellular dopamine levels in the nucleus accumbens (NAcc)
(Imperato & Di Chiara 1986; Yim & Gonzales 2000), as do other drugs of abuse (Amalric &
Koob 1993; Ikemoto & Panksepp 1999; Tzschentke & Schmidt 2000). Dopamine
antagonists block the locomotor stimulant response to ethanol in FAST mice (Shen et al.
1995), and FAST and SLOW mice are differentially sensitive to drugs that activate the
mesolimbic dopamine system (Bergstrom et al. 2003).

The FAST and SLOW lines permit a direct test of the hypothesis that magnitude of drug-
induced dopamine in the NAcc is genetically related to sensitivity to ethanol stimulation
because they were bred for differential sensitivity to this ethanol effect. Also, because
ethanol inhibits the N-methyl-D-aspartate subclass of glutamate receptors (Lovinger et al.
1989), has effects on glutamate transmission in the NAcc (Dahchour et al. 2000; Kapasova
& Szumlinski 2008; Lominac et al. 2006; Moghaddam & Bolinao 1994; Piepponen et al.
2002), and FAST and SLOW mice are differentially sensitive to glutamatergic drugs (Meyer
& Phillips 2003), we hypothesized that ethanol would differentially regulate glutamate
transmission in the NAcc in these mouse lines. Finally, since sensitivity to ethanol and
cocaine activation are genetically correlated in these mice, and cocaine increases dopamine
levels, we predicted that FAST mice would show a greater cocaine-induced NAcc dopamine
increase. Repeated cocaine administration elicits sensitization of NAcc glutamate (Pierce et
al. 1996), but acute cocaine typically fails to elicit increases in NAcc glutamate, except at
higher doses that have large effects on behavior (Smith et al. 1995). Because FAST mice are
particularly sensitive to the locomotor stimulant effects of cocaine, we hypothesized that
acute cocaine treatment would increase NAcc glutamate in FAST, but not SLOW, mice.

Materials and Methods
Subjects

The FAST and SLOW lines of mice were selectively bred in two replicates from an 8-way
cross of genetically divergent inbred strains for extreme sensitivity (FAST-1, FAST-2) and
insensitivity (SLOW-1, SLOW-2) to ethanol-induced locomotor stimulation (Crabbe et al.
1987; Phillips et al. 1991; Shen et al. 1995). These mice also exhibit a genetically correlated
difference in sensitivity to the depressant effects of ethanol (FAST < SLOW), measured as
duration of loss of the righting response after administration of a sedative dose of ethanol
(Phillips et al. 2002). In ethanol dose-response (0.5–3.0 g/kg) studies measuring locomotor
activity, FAST mice had biphasic dose-response curves with stimulation occurring at most
doses, whereas the locomotor activity of SLOW mice was either unaffected or depressed by
all doses of ethanol (Palmer et al. 2002a; Shen et al. 1995). Testing occurred between 0800
and 1600 h (the colony lights were on from 06:00 to 18:00). Room temperature was
maintained between 20 and 22 °C in the colony and testing rooms. Mice were 50 to 100
days old and weighed 14 to 30 g at the time of surgery. Only males were available for use in
these experiments. All procedures were performed in accordance with the Institutional
Animal Care and Use Committee and National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals. Experiments were designed in such a way as to minimize
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suffering and utilize the smallest number of mice possible. Final group sizes for each
experiment are presented in the results section.

Drugs
Ethanol (Pharmco Products, Brookfield, CT) was diluted from 100% to a final concentration
of 20 % (v/v) in 0.9% saline. Mice were injected intraperitoneally (i.p.) with 2 g/kg ethanol.
Cocaine HCl (40 mg/kg; Sigma, St. Louis, MO) was injected i.p. at a volume of 10 ml/kg.
“Surgical cocktail” was purchased from the Portland Veterans Affairs Medical Center
pharmacy, and contained 5 ml ketamine (100 mg/ml), 2.5 ml xylazine (20 mg/ml), 1.5 ml
sterile NaCl solution, and 1 ml acepromazine (10 mg/ml). This stock solution was diluted
1:6 in saline for injection, resulting in an anesthetic/hypnotic dose of 140 mg/kg ketamine,
14 mg/kg xylazine and 2.8 mg/kg acepromazine.

We chose to use the single 2 g/kg dose of ethanol because the FAST and SLOW mice were
selectively bred based on their response to this dose for the final 32 of 37 total generations
of selection (Crabbe et al. 1987; Phillips et al. 1991), and they show their largest locomotor
response difference after treatment with this dose (Crabbe et al. 1987; Palmer et al. 2002a;
Phillips et al. 1991; Shen et al. 1995). In addition, dose-response studies have suggested that
the dopaminergic effect of ethanol peaks near this dose, and does not differ substantially
from that seen after treatment with1.5 g/kg and 3 g/kg ethanol doses (Piepponen et al. 2002;
Ramachandra et al. 2007; Szumlinski et al. 2007). Similarly, we chose the 40 mg/kg dose of
cocaine because FAST and SLOW mice show the largest behavioral differences at this dose
and not at other doses (Bergstrom et al. 2003).

Activity monitors
Mice were tested in clear acrylic plastic boxes (40 cm long × 40 cm wide × 30 cm high), that
were placed in automated activity monitors (Accuscan Instruments, Columbus, OH).
Occlusion of 8 intersecting photobeams were automatically recorded and used by Accuscan
software to calculate the distance traveled (in cm) by a mouse during the test sessions. The
activity monitors were housed in individual, opaque sound attenuation chambers (Flair
Plastics, Portland, OR) that were each illuminated during testing by a 15 W fluorescent bulb,
and ventilated by a fan that also masked external noise.

Surgery
The surgical, microdialysis, and high pressure liquid chromatography (HPLC) procedures
described below were adapted from previous studies in this and other laboratories (Boehm et
al. 2002; McKee & Meshul 2005; Meshul et al. 1999; Olive et al. 2000). After
anesthetization with surgical cocktail and placement in a stereotaxic frame (SAS75
Stereotaxic Alignment System, Cartesian Research, Inc, Sandy, OR), a plastic CMA/7 guide
cannula (CMA Microdialysis, Stockholm, Sweden) was surgically placed through a hole
drilled above the left NAcc so that the tip was positioned above the NAcc, using the
following coordinates (relative to bregma): 1.4 mm rostral, 1.0 mm lateral, and 2.9 mm
ventral. A stainless steel stylette was inserted into the cannula to prevent clogging. The
cannula was secured with dental acrylic and a tethering post (Instech Laboratories, Plymouth
Meeting, PA) was also cemented to the skull. Mice were allowed to recover for 3-14 days
before microdialysis measures were taken.

Microdialysis
On the evening before testing began (between 15:00 and 20:00 h), one FAST and one
SLOW mouse were moved to the testing room, weighed, and lightly anesthetized with a
subhypnotic dose of surgical cocktail that provided adequate sedation to allow probe
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insertion and attachment to the wire tether. CMA/7 concentric microdialysis probes (CMA;
6 kDa cut-off; 0.24 mm outer diameter; 1 mm exposed cuprophane membrane) were
inserted into the cannulae. Each mouse was then tethered to a dual-channel microdialysis
swivel (Instech) via a wire attached to the tethering post, and the swivel was attached to a
counterbalanced lever arm (Instech) mounted on the activity chamber so that the swivel was
suspended above the middle of the chamber. The inlet and outlet channel of the swivel were
connected to the probe tubing using polyethylene (PE) tubing (0.12 mm inner diameter).
Artificial cerebral spinal fluid (aCSF) containing 145 mM NaCl, 2.8 mM KCl, 1.2 mM
CaCl, 1.2 mM MgCl2, and 5.4 mM D-glucose, was delivered to the dialysis probe using a
2.5 ml glass syringe (CMA) at a rate of 2 μl/min. Because we have found that aCSF
solutions with pHs higher than 5.6 promote the spontaneous oxidation of dopamine
(unpublished data), the pH was adjusted to 5.6, consistent with previous studies (Yim &
Gonzales 2000). This prevented the oxidation of dopamine in the microdialysis tubing, and
has been shown to not alter basal dopamine release in the nucleus accumbens (Thomas &
Holman 1989). Once tethered, mice were placed into the activity monitors, and sources of
rodent chow and tap water were provided overnight.

Experimental testing and sample collection began 12-17 hours after probe implantation.
Food and water were removed, and dialysate and activity data were collected in 15 min
epochs for the ethanol study and 20 min epochs for the cocaine study. The shorter sample
length was used for the ethanol experiment to ensure that the time course of this relatively
fast-acting drug could be observed. Dialysate (30-40 μl) samples were collected in 0.4 ml
glass microvials (Agilent Technologies, Palo Alto, CA), sealed with mini crimp-tops
(Agilent Technologies) that contained 2 μl of a solution containing 20 mM oxalic acid and 2
M acetic acid (Kankaanpaa et al. 2001), to prevent the spontaneous oxidation of dopamine.
Since the sensitivity of the HPLC assay dictates the amount of sample needed, we chose
15-20 min fractions to provide a sufficient amount of sample, while still offering some
temporal resolution, and corresponding with ideal times for measuring the locomotor
stimulant response to ethanol and cocaine. After one hour of basal activity testing, each
mouse was removed from the activity monitors, injected with saline, and returned to the
activity monitors. After an hour of post-saline sample collection, each mouse was injected
with 2 g/kg ethanol or 40 mg/kg cocaine and returned to the monitors. A high potassium
containing aCSF (100 mM KCl) was then perfused for 15-20 min, depending on the
experiment, and then normal aCSF was perfused for the remainder of the experiment. This
procedure results in the depolarization of terminals within the vicinity of the probe, and was
used to determine whether the probe was functioning properly and had been placed within a
dopamine-containing area of the brain. Dialysate samples were frozen at -40°C until
analyzed by HPLC.

High Pressure Liquid Chromatography (HPLC)
Dopamine levels in the dialysate fractions were measured using HPLC coupled with
electrochemical detection, as described previously (Olive et al. 2000). An ESA 582 isocratic
solvent delivery system (ESA Inc, North Chelmsford, MA) was used to pump mobile phase
(10% Acetonitrile, 90 mM sodium phosphate, 50 mM citric acid, 1.7 mM octanesulfonic
acid, 50 μM ethylenediaminetetraacetic acid, pH: 5.6) at a flow rate of 0.34 - 0.6 ml/min.
This flow rate was varied from sample to sample to promote separation from other
oxidizable substances, and to compensate for changes in elution times, which occurred as a
result of gradual column degradation. Under these conditions, dopamine metabolites were
not measurable. For electrochemical detection using the ESA electrochemical detector
(Model Coulochem III), the reducing electrode was set at −100 mV and the oxidizing
electrode was set at either 200 or 280 mV. 20 μl samples were injected onto a C18 column
(ESA model MD-150, 3-mm inner diameter, 150 mm long, 3-μm particle size) using an
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ESA 542 autosampler. The column temperature was between 27-35 °C. Column temperature
was varied between samples to promote separation of dopamine from other substances.
Dialysate levels of dopamine were calculated from a dopamine standard curve (0.15 to 14
nM), prepared at the time of sample collection. The detection limit of this assay was greater
than 50 fmol.

Glutamate concentration in dialysate fractions was determined using a Hewlett Packard
1090 interfaced with a Hewlett Packard 1046A fluorescence detector (Agilent
Technologies), as described previously (McKee & Meshul 2005). Samples were derivatized
1 min before injection with o-phthalaldehyde (Sigma) by adding 1 μl of sample, 5 μl of
borate buffer (pH 10.4) and 1 μl of o-phthalaldehyde. The entire reaction mixture was
injected onto a reverse-phase C18 column (Agilent Technologies) and o-phthalaldehyde
derivatives were separated using a 5-min linear gradient (flow rate: 0.45 ml/min) of two
mobile phases. Mobile phase A contained 0.018% (v/v) tetraethylammonium, 0.3% (v/v)
tetrahydrofuran and 20 mM sodium acetate buffer, pH 7.2. Mobile phase B contained 40%
(v/v) acetonitrile, 40% (v/v) methanol and 20% (v/v) 100 mM sodium acetate, (all purchased
from Sigma) pH 7.4. The o-phthalaldehyde derivatives of glutamate were detected by
fluorescence using an excitation wavelength of 340 nm and an emission wavelength of 450
nm. Standard solutions, prepared at the time of sample collection, contained 0.125 to 5 μM
glutamate. The detection limit of this assay was greater than 50 fmol.

Histology
At the end of the experiment, methylene blue (Sigma; 10 mg/ml in saline) was perfused
through the probe to provide a marker for accurate histological analysis of probe placement.
Brains were removed, frozen, and stained with thionin using standard methods (Boehm et al.
2002). Pictures of the brain sections were taken before and after staining (see Figure 1). If a
probe was not at least 50% within the boundaries of the NAcc, the data from that mouse
were excluded from all data analyses.

Statistics
Dependent measures were the average of the post-saline or post-drug time points for both
experiments. For the ethanol experiment, this was the average of the four, 15-min time
periods after saline injection and the four after ethanol injection. For the cocaine experiment,
this was the average of the three, 20-min time periods after saline injection and the three
after cocaine injection. The shorter sample length was used for the ethanol experiment to
ensure that the time course of this relatively fast-acting drug could be observed. Locomotor
activity data were compared using repeated measures ANOVA (Statistica 6.1, Statsoft, Inc.,
Tulsa,OK), with Selected Line (FAST, SLOW) and Replicate (1, 2) as between-groups
factors and Time (Pre, Post injection) as a within-group factor. For dialysate data, dopamine
and glutamate concentrations after drug treatment were expressed as percent relative to the
averaged post-saline samples, and analyzed with factorial ANOVA with Selected Line
(FAST, SLOW) and Replicate (1, 2) as between groups factors. Main effects and
interactions were considered significant at p ≤ 0.05.

Results
Experiment 1: Ethanol-induced increases in NAcc dopamine and glutamate

Activity—Data from 11 mice (six FAST, five SLOW) with undetectable levels of dialysate
dopamine or less than 100% increase in dopamine after perfusion of 100 mM potassium
were excluded due to dysfunctional probes. In addition, data from three FAST mice and two
SLOW mice were incomplete due to technical problems encountered during microdialysis
and HPLC analysis. Additional data from two SLOW mice were excluded as statistical
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outliers (greater than 3 standard deviations above the mean). Thus, the final analysis
included data from 13-17 mice within each Selected Line and Replicate category.

The time courses of basal, post-saline, and post-ethanol activity levels are shown in Figure
2A. The Time by Replicate by Selected Line analysis revealed no systematic interactions
with replicate, therefore data are combined for the two replicates within each selected line
(n= 31 FAST and 26 SLOW mice). There was a significant interaction of Time and Selected
Line [F (1, 55) = 44.5; p < 0.01]. Simple effect analyses indicated that the selected lines did
not differ in activity level after saline treatment, but they did after ethanol treatment at all
time points (p < 0.01). In addition, FAST mice were significantly stimulated by ethanol (p <
0.01), but SLOW mice were not.

Dopamine—Dialysate dopamine levels during basal, post-saline, post-ethanol, and
potassium perfusion periods are shown in Figure 2B. Basal concentrations of dopamine are
displayed in Table 1; there were no significant differences between FAST and SLOW mice.
Therefore, all data were expressed as percent change relative to the average of the four post-
saline time points. FAST mice had a larger dopamine response to ethanol, as reflected by a
significant effect of Selected Line [F (1, 55) = 6.7; p < 0.05], that did not interact with
replicate; data are shown with the replicates combined. There was no selected line difference
in potassium-stimulated increase in dopamine (data not shown), suggesting that the
availability of releasable dopamine was not different between FAST and SLOW mice.

Glutamate—Dialysate glutamate concentrations are shown in Figure 2C. Basal
concentrations of glutamate are displayed in Table 1; there were no significant differences
between FAST and SLOW mice or between the two replicates. While there were potassium-
stimulated increases in glutamate, there was no difference in the peak glutamate response
between FAST and SLOW mice (data not shown).

Histology—Probe placement was 92% accurate in this study; data from three of the five
animals with placements that occurred outside of the NAcc had already been removed based
on a lack of dialysate dopamine or no response to high potassium aCSF, and the other two
poorly placed probes were placed posterior to the NAcc. Data from these mice were
removed from all analyses. Microdialysis probe placement is shown in Figure 1. There were
no apparent differences in probe placement between FAST and SLOW mice of either
replicate. Probes tended to be located within both the core and shell of the NAcc. Sometimes
probes encompassed portions of the caudate-putamen or the ventral pallidum.

Experiment 2: Cocaine-induced increases in NAcc dopamine and glutamate
Samples from six mice (two FAST, four SLOW) with undetectable levels of dialysate
dopamine or less than 100% increase in dopamine after perfusion of 100 mM potassium
were removed from all analyses. Two FAST and two SLOW mice died during testing, and
data from two SLOW mice were excluded as statistical outliers (greater than 3 standard
deviations above the mean). There were data from 8-12 mice within each Selected Line and
Replicate category.

Activity—The time courses of basal, post-saline, and post-cocaine activity levels are shown
in Figure 3A. The Time by Replicate by Selected Line analysis revealed no interactions with
replicate, therefore data are combined for the two replicates within each selected line (n= 24
FAST and 19 SLOW mice). There was a significant interaction of Time and Selected Line
[F (1, 41) = 4.1; p = 0.5]. Simple effect analyses indicated that the selected lines did not
differ in activity level after saline treatment, but they did after cocaine treatment, during the
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first post-cocaine time point, with FAST mice showing greater activation (p < 0.05). Both
selected lines were significantly stimulated by cocaine (ps < 0.01).

Dopamine—Basal and post-saline dopamine dialysate concentrations are shown in Table
1, and did not significantly differ between FAST and SLOW mice; therefore, data are
expressed as percentages relative to the post-saline period (Figure 3B). There were no
differences in cocaine-induced increases between the replicates, so data were analyzed and
presented collapsed across replicate. FAST mice showed a significantly larger dopaminergic
response to cocaine, compared to SLOW mice [F (1, 41) = 5.4; p < 0.05]. There were no
differences in potassium-stimulated increases in dopamine between the selected lines (data
not shown).

Glutamate—Basal levels of glutamate are shown in Table 1, and saline and cocaine-
induced levels are shown in Figure 3C. There were elevated glutamate levels during the first
hour of sampling that had stabilized after the saline injection period. Cocaine did not
significantly alter glutamate levels. Infusion of potassium through the microdialysis probes
was associated with an increase in glutamate that was similar for the FAST and SLOW lines
(data not shown).

Histology—Probe placement was 93% accurate in this study, the data from three mice that
had probe placements outside of the NAcc had already been excluded due to lack of
dialysate dopamine or no potassium-stimulated increases in dopamine. There were no
apparent differences in probe placement between FAST and SLOW mice (Figure 5). The
probes typically encompassed both the shell and the core of the NAcc, but sometimes
included the striatum and the ventral pallidum as well.

Discussion
Selectively bred lines provided us with a means for testing the hypothesis that heightened
sensitivity to the locomotor stimulant effects of ethanol is genetically related to magnitude
of dopamine response to ethanol and cocaine in the mesoaccumbens dopamine pathway.
Pharmacological studies have suggested that this relationship exists (Jerlhag 2008), and at
least one microdialysis study comparing a pair of inbred strains that displays differential
sensitivity to ethanol (2 g/kg) stimulation has found this association (Kapasova &
Szumlinski 2008), while another has not (Zapata et al. 2006). However, those studies could
not differentiate the genetic from non-genetic sources of the association. The FAST and
SLOW lines are the only animals that have been specifically bred for behavioral stimulation
to ethanol, and a substantial involvement of the basal ganglia in the segregation of the FAST
and SLOW lines has been suggested (Demarest et al. 1999). Here, the greater dopamine
response to ethanol and to cocaine in FAST compared to SLOW mice that was found in both
replicate sets of selected lines offers strong evidence for common genetic regulation of the
behavioral and mesoaccumbens dopamine responses to these drugs.

Breeding for differential sensitivity to ethanol-induced locomotion also resulted in a
difference in sensitivity to the sedative effects of ethanol, a difference that increased in
magnitude across generations of selection (Phillips et al. 2002). Thus, the FAST line
represents a model of heightened sensitivity to ethanol-induced stimulation, reduced
sensitivity to ethanol-induced sedation and increased dopamine response in at least one
reward-related brain region. Inasmuch as the magnitude of increases in accumbal dopamine
is associated with the intensity of reinforcement (Phillips et al. 1989), FAST mice may be
expected to exhibit increased sensitivity to the rewarding effects of ethanol. FAST mice
exhibited increased voluntary ethanol consumption compared to SLOW mice, although the
selected lines did not differ when tested for sensitivity to the conditioned rewarding effect of
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ethanol (0.8-2.0 g/kg) in a place conditioning paradigm (Risinger et al. 1994). This suggests
that the genes that influence these two putative measures of ethanol reward are at least
partially genetically independent. There have been no studies of the rewarding effects of
cocaine in FAST and SLOW mice, but we would expect greater reward sensitivity in FAST
mice, given the current post-cocaine dopamine results and the positive association between
ethanol and cocaine consumption in lines of mice selected for sensitivity to
methamphetamine-induced locomotion (Kamens et al. 2006). However, because
measurements of drug reinforcement and reward can be influenced by taste factors, response
to novelty, and other variables (Blednov et al. 2008; Blizard & McClearn 2000; Green &
Grahame 2008; Orsini et al. 2004), alternative explanations would have to be carefully
considered in comparisons of FAST and SLOW mice.

Mesolimbic dopamine as a genetic correlate of ethanol- and cocaine-induced locomotion
A fundamental difference in dopaminergic function between FAST and SLOW mice might
explain their differential sensitivity, not just to psychostimulants like cocaine (Bergstrom et
al. 2003), but also to morphine (Bergstrom et al. 2003; Holstein et al. 2005),
benzodiazepines and barbiturates (Palmer et al. 2002a; Phillips et al. 1992), and ketamine
(Meyer & Phillips 2003). While these studies were unable to determine whether there were
differences in basal NAcc dopamine levels, data obtained from the potassium perfusion
experiments indicated that the FAST and SLOW mice do not differ in the availability of
releasable dopamine (Cosford et al. 1994; Ripley et al. 1997). However, the greater
sensitivity of FAST compared to SLOW mice to the stimulant effects of cocaine and ethanol
corresponded with larger increases in NAcc dopamine. This indicates that the mesolimbic
dopamine system was altered during selective breeding for sensitivity to ethanol's locomotor
effects. Consistent with this conclusion are data from our recent study of the electrical
properties of dopamine neurons. In non-ethanol treated ventral midbrain slices, dopamine
neuron pacemaker firing was faster, and ethanol produced a larger increase in spontaneous
dopamine neuron firing, in FAST compared to SLOW mice (Beckstead & Phillips, accepted
pending revision).

That FAST mice exhibit profound locomotor stimulation to cocaine suggests that they are
not engaging in significant stereotyped behaviors; however, greater sensitivity of SLOW
mice to stereotypic effects of cocaine could be related to their blunted stimulant response. In
addition, because degree of cocaine-induced stereotypy is associated with dopamine uptake
inhibition in the NAcc (Budygin 2007), one might expect to see greater dopamine levels
after cocaine in the SLOW than FAST mice if the behavioral difference was due to
heightened stereotypy in SLOW mice. We recently measured cocaine-induced stereotypy in
FAST and SLOW mice (data not shown). In this study, we examined a battery of behaviors
including chewing, exophthalmos (eye bulging), circling and line crossing after saline, 10,
20 or 40 mg/kg cocaine, and found little evidence for stereotypic behaviors induced by these
doses. For line crossing, only the 40 mg/kg cocaine dose differentiated the FAST from
SLOW mice, with FAST showing greater locomotor stimulation than SLOW, consistent
with the data shown in Figure 3A.

The quantitative relationship between drug-induced locomotor stimulation and elevated
accumbal extracellular dopamine levels does not appear straightforward. In FAST mice
there was a substantial difference in the extent to which dopamine was increased by ethanol
(∼30%) compared to cocaine (∼350%), whereas the behavioral activation induced by these
drugs was similar. SLOW mice displayed behavioral differences to ethanol versus cocaine
that were correlated more closely with changes in dopamine. It is possible that degree of
behavioral stimulation is limited by a ceiling effect, in which a mouse cannot increase
locomotor activity above a certain level. Thus, in the presence of larger increases in
dopamine, a larger amount of behavior may not be expressed.
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It is well-known that non-dopaminergic processes influence the ethanol response (Heinz et
al. 2003; Phillips & Shen 1996; Vengeliene et al. 2008), whereas NAcc dopamine is a
primary modulator of cocaine-induced stimulation (Amalric & Koob 1993; Zhang et al.
2001). For example, the stimulant response to ethanol has been associated with its N-
methyl-D-aspartate receptor antagonist (Meyer & Phillips 2003) and GABAergic properties
(Shen et al. 1998) in FAST and SLOW mice. These properties of ethanol, or another
dopamine pathway (e.g., ventral tegmental area to amygdala; Demarest et al. 1999), could
be responsible for a portion of the locomotor response. There were increases in dopamine in
SLOW mice treated with ethanol, even though these mice did not show stimulation. This
suggests dissociation between ethanol-induced activity and ethanol-induced increases in
dopamine levels. However, it may be that the neural substrates of ethanol-induced
depression mask the behavioral effects of ethanol-induced dopamine in SLOW mice.

There was no evidence for an acute effect of ethanol or cocaine on NAcc glutamate levels in
the current studies. A glutamatergic input into the accumbens from other brain areas such as
the prefrontal cortex has been demonstrated (LaLumiere & Kalivas 2008; Pennartz et al.
1994), and was confirmed in these studies by the ability of 100 mM potassium-containing
aCSF to stimulate increases in glutamate in these mice. Some studies have reported an acute
effect of ethanol on NAcc glutamate levels (Dahchour et al. 2000; Kapasova & Szumlinski
2008; Selim & Bradberry 1996) in mice or rats, while at least one has reported no effect
(Dahchour et al. 1994) in rats. Changes in glutamate in our study may have been difficult to
detect because of rapid uptake or the sampling time of our experiments. However, results
from a recent paper are consistent with ours for the same time period following an acute
injection of 2 g/kg ethanol (Kapasova & Szumlinski 2008), although increases in glutamate
at later time points or after repeated injections of ethanol were seen. At least one study has
reported a difference in ethanol-induced changes in glutamate levels in the NAcc in rats
selectively bred for high and low sensitivity to the sedative effects of 2 g/kg ethanol
(Dahchour et al. 2000), which suggests that the glutamatergic response to ethanol is
genetically correlated with this measure of behavioral sensitivity. However, our data do not
corroborate this and suggest that glutamate levels in the NAcc are not related to the
enhanced sensitivity to ethanol-induced locomotor depression in SLOW mice. These
disparities may be due to differences in the effects of ethanol in rats and mice.

Conclusions and Future Directions
The sensitivity of the mesolimbic dopamine system to ethanol and cocaine was altered by
selectively breeding for sensitivity to the locomotor stimulant effects of ethanol. These data
are unique in that they demonstrate a genetically-determined relationship, but they are in
agreement with the growing body of literature that suggests that the ventral tegmental area-
NAcc pathway is a common substrate for the locomotor stimulant and reinforcing properties
of ethanol and other abused drugs (Amalric & Koob 1993; Di Chiara & Imperato 1986;
Rodd-Henricks et al. 2000; Tzschentke & Schmidt 2000). However, additional studies are
needed to characterize the nature of the differences between FAST and SLOW mice, such as
studies using the no-net-flux method to measure basal neurotransmitter levels and
quantitative methods to determine whether transient changes in extracellular dopamine are
due to changes in vesicular release or in dopamine uptake and clearance (Chefer et al. 2003).
Studies such as these would provide greater insight into the molecular substrates that
influence the genetic relationship between ethanol's dopamine-enhancing properties and its
ability to induce behavioral stimulation.

While no specific genes have been definitively shown to underlie differences in sensitivity
to the locomotor stimulant effects of ethanol, quantitative trait locus analyses have suggested
specific chromosomal regions and candidate genes in those regions (Downing et al. 2006;
Kamens et al. 2008; Palmer et al. 2002b; Xu et al. 2002). Some of this work recently led us

Meyer et al. Page 9

Genes Brain Behav. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to examine the expression of several nicotinic acetylcholine receptor subunit genes in the
FAST and SLOW mice, and to identify a difference in the expression of the α6 and β4
subunit genes (Kamens & Phillips 2008). Whether differences in the expression or function
of these genes could influence the dopamine response of FAST and SLOW mice is a
question for future exploration.
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Figure 1.
Location of microdialysis probes for both experiments. The figures on the left depict
approximate locations of microdialysis probes, according to Paxinos and Franklin (2001).
Numbers in the insets depict the distance relative to bregma in mm. The bar graph compares
the mean position of the probes, in three spatial dimensions, between FAST and SLOW
mice. Mice were S37G74 – S37G80 offspring, where Sxx indicates the selection generation
and Gxx indicates the elapsed number of total generations, including those since selection
was relaxed. The micrographs depict brain sections, before and after staining with thionin,
showing the location of the microdialysis probe as marked by methylene blue (arrow). Inner
and outer grey circles denote the approximate boundaries of the NAcc core and shell,
respectively. A/P: anterior/posterior; M/L medial/lateral; D/V dorsal/ventral. Data are
represented as means ± standard error of the mean (SEM).
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Figure 2.
Behavioral and neurochemical responses to ethanol in FAST and SLOW mice. Panels A, B,
and C, left, reflect the time-courses of the locomotor, dopaminergic, and glutamatergic
responses to ethanol, respectively. Arrows indicate injections of saline and ethanol at t = 60
and 120 min, respectively. The bar graphs on the right represent the average of the four, 15-
min time points after ethanol injection. Asterisks reflect statistically significant differences
between the selected lines. Data are represented as means ± standard error of the mean
(SEM).
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Figure 3.
Behavioral and neurochemical responses to cocaine in FAST and SLOW mice. Panels A, B,
and C, left, reflect the time-courses of the locomotor, dopaminergic, and glutamatergic
responses to cocaine, respectively. Arrows indicate injections of saline and cocaine at t = 60
and 120 min, respectively. The bar graphs on the right represent the average of the three, 20-
min time points after cocaine injection. Asterisks reflect statistically significant differences
between the selected lines. Data are represented as means ± standard error of the mean
(SEM). Please note that some scales differ from those used in figure 2 to represent better the
data.
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Table 1

Basal levels of dopamine and glutamate during experiments 1 and 2. Values are reported as nM for dopamine
and μM for glutamate. Standard errors of the mean are presented in parentheses.

Exp 1: Dopamine (nM) Exp 1: Glutamate (μM) Exp 2: Dopamine (nM) Exp 2: Glutamate (μM)

FAST mice 1.47 (0.27) 1.06 (0.18) 1.53 (0.25) 1.03 (0.11)

SLOW mice 1.66 (0.31) 0.82 (0.12) 1.62 (0.24) 1.10 (0.24)
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