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C57BL/6J mice show greater amphetamine-induced locomotor activation and
dopamine efflux in the striatum than 129S2/SvHsd mice
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Abstract

Inbred strains of mice have served as valuable models for studying genetic susceptibility to drug addiction, an alternative to genetically
modified mouse models. This is the first study comparing amphetamine (AMPH) effects on locomotor stimulation and dopamine efflux between
two inbred strains of mice C57BL/6J and 129S2/SvHsd, frequently used as background strains for production of genetically engineered mice.
There were no significant differences in basal locomotor activity and basal dopamine levels between the two strains. However, C57BL/6J mice
showed greater AMPH-stimulated locomotor activity and AMPH-induced striatal dopamine efflux than 129S2/SvHsd mice. The differential
AMPH effects could not be explained by differences in presynaptic dopamine components such as surface and total dopamine transporter (DAT)
expression levels, striatal dopamine contents, and DAT activity. C57BL/6J and 129S2/SvHsd mice are excellent models for future identification of
genetic, molecular, and behavioral components related to individual vulnerability to AMPH addiction. This study emphasizes the importance of

mouse strain selections in the production of genetically modified mice for investigating phenotypes and mechanisms of psychostimulants.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Amphetamine (AMPH) is an addictive and a widely abused
illicit drug. Although AMPH has high affinities for the dopamine,
norepinephrine, and serotonin transporters, the dopamine trans-
porter (DAT) is associated with the stimulating and rewarding
properties of AMPH (Koob and Nestler, 1997; Wise and Bozarth,
1987). As both a substrate and an inhibitor of DAT, AMPH binds
to DAT, stimulating dopamine efflux and inhibiting dopamine
uptake, respectively, leading to an increased level of extracellular
dopamine. The increased extracellular dopamine level contributes
to AMPH-stimulated locomotor behavior (Koob and Nestler,
1997; Wise and Bozarth, 1987). However, the molecular
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determinants of AMPH-induced dopamine efflux through DAT
have not been determined despite continued progress (for reviews
see Gnegy, 2003; Sulzer et al., 2005).

Genetically modified mice have provided us valuable
information of specific genes in drug abuse. These genetic
manipulations, however, may complicate phenotypes resulting
from developmental adaptations in the long-term presence of
altered genes, requiring caution in interpreting results using
these mice. Another potential confound of genetically modified
mice is the fact that the backgrounds of the mice used for
production show a wide span of genetic variation (e.g., Simpson
et al., 1997), raising the question of whether the phenotypes of
congenic mice in response to drugs result from the specific gene
mutation or simply background traits. The most commonly used
background strains in the production of knock-out, knock-in or
transgenic animals are substrains of C57BL/6 and 129 mice.
Given that behavioral and biochemical phenotypes vary
significantly among strains of mice in response to psychosti-
mulants (for review see Puglisi-Allegra and Cabib, 1997),
characterization of the background strains used in genetically
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engineered mice is a prerequisite for appropriately concluding
phenotypes of mutant mice.

Alternatively, investigation of inbred mouse strains display-
ing differential behavioral and neurochemical phenotypes in
response to psychostimulants is another useful approach for
identifying the genetic basis underlying the phenotypes (e.g. He
and Shippenberg, 2000; Kuzmin and Johansson, 2000; Schluss-
man et al., 1998, 2003). Individual liability to drug addiction
has been well documented in humans (Piazza et al., 1989;
Siegel, 1984). Inbred mouse strains have been used as valuable
models for studying susceptibility to drug addiction given their
wide span of responses to commonly abused drugs. Compar-
isons of responses of divergent mouse strains to psychostimu-
lants such as cocaine and AMPH might provide insights into
potential genetic factors for drug addiction.

Mouse strain differences in cocaine effects on locomotor
activity, stereotypy, and reward between C57BL/6 and 129
substrains have been extensively studied. In general, C57BL/6
mice are more sensitive to cocaine-stimulated locomotor and
stereotypy sensitization than 129 substrains (e.g., Schlussman
et al., 1998, 2003; Zhang et al., 2002). C57BL/6 mice are able
to develop cocaine-induced conditioned place preference
(Cunningham et al., 1999; Miner, 1997) and self-administer
cocaine (Fuchs et al., 2003; Griffin and Middaugh 2003;
Highfield et al., 2002; Kuzmin and Johansson, 2000) while
substrains of 129 mice do not (Kuzmin and Johansson, 2000;
Miner, 1997).

There have been comparatively few studies on mouse strain
differences in AMPH-induced behavioral and neurochemical
alterations. Although there are strong similarities between
cocaine- and AMPH-mediated behaviors, the stimulated
behavioral patterns (e.g., Antoniou et al., 1998) and molecular
components (Briegleb et al., 2004; George et al., 1991; He and
Shippenberg, 2000) involved in behavioral stimulation are not
exactly the same. Furthermore, dopamine efflux induced by
psychostimulants has not been extensively examined in
different strains of mice. Therefore, the main goal of the study
was to extend the characterization of mouse strain differences in
AMPH-induced locomotor stimulation and dopamine efflux
into other lines of inbred mice. C57BL/6J and 129S2/SvHsd
mice were chosen based on their commonality used in gene
targeting for generation of mutant animals. Presynaptic
dopaminergic components likely involved in AMPH-stimulated
efflux were compared between the two mouse strains.

2. Materials and methods
2.1. Animals

Adult female C57BL/6J (Jackson Laboratory, Bar Harbor,
ME) and 129S2/SvHsd (Harlan, Indianapolis, IN) mice aged 8—
10 weeks were group housed before experiments. Mice had free
access to standard Purina rodent chow and water and were
maintained in a temperature- and humidity-controlled environ-
ment on a 12-h dark/light cycle with lights on at 7:00 AM. All
animal use procedures complied with the Guide for the Care and
Use of Laboratory Animals by the National Institutes of Health,

and were approved by the University of Michigan Committee
on the Use and Care of Animals.

2.2. Transmitter implantation and locomotor activity
measurement

A radiotransmitter (Mini Mitter Co., Bend, OR) was
implanted into the peritoneal cavity of each mouse. Surgery
was performed under xylazine (10 mg/kg) and ketamine
(100 mg/kg). The transmitter-produced locomotor activity
signals (both horizontal and vertical locomotion) were sent to
a receiver placed underneath the mouse home cage (model ER-
4000 Receiver, Mini Mitter Co., Bend, Oregon). Signals from
the receivers were sent to a computer, and data were collected
and processed by the Vital view data acquisition system (Mini
Mitter Co.). Locomotion is expressed in gross activity counts.
This measurement does not differentiate stereotyped behavior
such as licking or sniffing from locomotion.

Animals were individually housed after transmitter implants
and allowed to recover for 7 days. One day before behavioral
testing, animals in their home cages, with food and water ad
libitum, were placed on the top of the transmitter receivers for
habituation to the testing environment. On the next day, baseline
locomotor data were collected 30 min prior to the saline treat-
ment and behavioral recording continued for 3 h. On the third
day, AMPH (2.5 or 5 mg/kg, i.p.) was given to mice following
the baseline locomotor data collection. Locomotor activity data
were summed over 3 h. Mice were visually monitored for at
least 30 min following injection of AMPH to determine whether
mice expressed stereotyped behavior. No significantly increased
stereotyped behavior was noted in either mouse strain following
either dose of AMPH compared to the saline treatment. A two-
way analysis of variance (ANOVA) (mouse strain X AMPH
dose) using Prism 3.0 (GraphPad, San Diego, CA) was per-
formed to analyze main effects of AMPH treatment, mouse
strain, and their interaction effects followed by post-hoc
analysis with Bonferroni test. The strain difference in the
basal locomotor activity was analyzed by a two-way ANOVA
with repeated measures (strain x time).

2.3. AMPH-induced striatal dopamine efflux

Mice were sacrificed by cervical dislocation and the brains
were rapidly removed. Striata were dissected, sliced, weighed,
and placed in chambers of a Brandel perfusion apparatus
(Brandel SF-12, Gaithersburg, MD) onto Whatman GF/B filter
disks. Dorsal and ventral striatum were dissected together to
provide enough material to measure dopamine efflux from one
mouse. The chambers were perfused at 37 °C with oxygenated
Krebs—Ringer buffer (KRB) containing 24.9 mM NaHCOs,
1.2 mM KH,POy,4, 145 mM NaCl, 2.7 mM KCI, 1.2 mM CaCl,,
1.0 mM MgCl,, 10 mM glucose, 0.25 mM ascorbic acid, and
50 uM pargyline at a rate of 100 pl/min. After 60 min of
perfusion, perfusates were collected at 5-minute intervals for a
total of 13 fractions. At fraction number 4, 10 uM AMPH
dissolved in KRB was introduced to the tissues for 5 min
followed by perfusion with KRB for the rest of the experiment.
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Perfusates were collected into vials with a final concentration of
50 mM HCIOy, 25 pM sodium bisulfate, 25 puM EDTA, and
10 nM dihydroxybenzylamine (DHBA) as an internal standard.
Dopamine was measured by high performance liquid chroma-
tography (HPLC) with electrochemical detection, and expressed
as pmol dopamine per milligram wet weight tissue per 5 min. A
two-way ANOVA with repeated measures over time intervals
was performed to analyze strain differences in the basal
dopamine level and AMPH-induced dopamine efflux followed
by post-hoc analysis with Bonferroni test using SYSTAT (SPSS
Science, Chicago, IL).

2.4. Striatal dopamine content

Dopamine was extracted from mouse dorsal and ventral striata
and analyzed by HPLC. Briefly, drug naive mice were sacrificed
by cervical dislocation and striata were homogenized in 0.1 M
perchloric acid containing 10 nM DHBA. Homogenates were
centrifuged for 10 min at 10,000 xg. The supernatants were
filtered through 0.2 pm filters and dopamine was analyzed using
HPLC with electrochemical detection. Protein assays were
performed using a Bio-Rad D, protein assay kit (BioRad
Laboratories, Herculase, CA). Mouse strain differences in striatal
dopamine content were analyzed by Student’s #-test.

2.5. Synaptosomal dopamine uptake

Dopamine uptake was measured in mouse synaptosomes
freshly prepared from dorsal and ventral striata (Johnson et al.,
2005). The uptake assay was conducted in KRB containing
30 nM [*H]dopamine (23.5 Ci/mmol) (PerkinElmer, Boston,
MA), various concentrations of unlabeled dopamine ranging
from 100 nM to 10 pM, and 150 pM ascorbic acid. The uptake
assay was initiated by the addition of aliquots of the
synaptosomes (50—100 pg) in the presence of increasing
concentrations of unlabeled dopamine followed by incubation
for 3 min at 37 °C. Non-specific uptake of [°H]dopamine was
determined by incubation of a parallel set of samples in the
presence of 200 uM cocaine. The assay was terminated by the
addition of 5 ml ice-cold KRB, filtration, and two 5 ml washes
with the same buffer. The radioactivity on the filters was
determined by a Beckman liquid scintillation counter. Dopa-
mine binding affinity for DAT (K,) and dopamine uptake
velocity (Vnax) Values were determined by nonlinear regression
analysis using Prism 3.0. Mouse strain differences in dopamine
uptake kinetics were analyzed by Student’s #-test.

2.6. Biotinylation of striatal surface DAT

Surface DAT expression in dorsal and ventral striata was
determined in synaptosomes using sulfo-NHS-SS-biotin (Pierce,
Rockford, IL) and purified by streptavidin beads (Pierce) as
described previously (Johnson et al., 2005). One hundred percent
of the biotinylated fraction and one-tenth of the total lysate
fractions were resolved by SDS-PAGE and immunoblotted using
1:1000 dilution of a DAT antibody mAb16 against the N-terminal
of DAT, a generous gift from Dr. Roxanne Vaughn (Department of

Biochemistry, University of ND). The membranes were further
blotted with a goat anti-mouse horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) with a 1:5000 dilution. Bands were visualized using the
Enhanced Chemiluminescence detection method (Amersham
Corp, Piscataway, NJ). Quantification of the bands was performed
by the Scion Image software, and strain differences were analyzed
by Student’s #-test.

2.7. Drugs

All drugs used were from Sigma-Aldrich (St. Louis, MO)
except those specified. AMPH sulfate was dissolved in 0.9%
saline and was injected at a volume of 10 mg/kg.

3. Results

3.1. Baseline and AMPH-induced locomotor activity in C57BL/
6J and 129S2/SvHsd mice

To reduce novelty-induced locomotor stimulation, the
locomotor activity of the mice was conducted in their home
cages. A two-way ANOVA with repeated measures over time
intervals did not reveal statistical mouse strain difference in
baseline locomotor activity (data not shown). However, AMPH
administration induced a significant difference in locomotor
stimulation between mouse strains as indicated in Fig. 1.
Locomotor activity was plotted as the sum of locomotor counts
during the 3 h after AMPH or saline injection (N = 5-6 for each
experimental group). A two-way ANOVA (strain X dose)
showed significant main effects of dose [F(2,26) = 58.13, P <
.01] and strain [F(1,26) = 20.95, P < .01], and a significant
strain % dose interaction effect [F(2,26) = 5.44, P = .01]. As
indicated in Fig. 1, AMPH stimulated locomotor activity from
both C57BL/6J and 129S2/SvHsd mice in a dose-dependent
manner but C57BL/6J mice showed greater stimulation by
AMPH than 129S2/SvHsd mice at both the 2.5 and 5 mg/kg
AMPH doses (P < 0.05 and P < 0.01, respectively).
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Fig. 1. Comparisons of AMPH-induced locomotor activity between C57BL/6J
and 129S2/SvHsd mice. Mice were given either saline or AMPH treatments (2.5
or 5 mg/kg, i.p.). Locomotor counts were summed over 3 h following AMPH or
saline injection. Data are represented as mean+SEM. *, P<0.05 as compared to
129S2/SvHsd mice at the dose of 2.5 mg/kg; **, P<0.01 as compared to 12952/
SvHsd mice at the dose of 5 mg/kg.
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Fig. 2. Comparisons of the basal dopamine level and AMPH-induced dopamine
efflux in striatal slices between C57BL/6J and 129S2/SvHsd mice. Data are
represented as mean+SEM. The AMPH treatment (10 uM, 5 min) was given at
fraction #4 indicated by the arrow. *, P<0.05 as compared to 129S2/SvHsd
mice; ¥*, P<0.01 as compared to 129S2/SvHsd mice.

3.2. AMPH-induced striatal dopamine efflux in C57BL/6J and
129S52/SvHsd mice

The striatal basal dopamine level and AMPH-induced dopa-
mine efflux are shown in Fig. 2. The basal level of dopamine
was calculated by averaging 3 fractions of perfusates prior to the
AMPH treatment. The basal levels of striatal dopamine (pmol/
mg wet weight/5 min) for CS7BL/6J and 129S2/SvHsd were
0.19 £ 0.06 (N = 10) and 0.17 = 0.07 (N = 7), respectively,
which were not statistically different (P > 0.05, t-test).

AMPH induced significant dopamine efflux from both
strains of mice compared to their basal dopamine levels as
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Fig. 3. Comparisons of striatal surface and total DAT expression levels between
C57BL/6J and 129S2/SvHsd mice. A representative western blot of DAT surface
and total expression levels for a C57BL/6J and a 129S2/SvHsd mouse (A) and a
statistical summary of quantitation of band densities (B) are shown. Data are
represented as mean+SEM.

indicated in Fig. 2. However, a two-way ANOVA with repeated
measures indicated significant effects of strain [F(1,16) =4.573,
P <.05] and treatment [F(12, 192) = 35919, P < 0.01], and a
significant strain x treatment interaction [F(12, 192) = 2.524,
P <.01]. As shown in Fig. 2, AMPH (10 pM, 5 min exposure)
induced a greater dopamine efflux from striata of C57BL/6J
mice than from that of 129S2/SvHsd. The AMPH-stimulated
dopamine peak level from 129S2/SvHsd mice was only 61.23%
of that from C57BL/6J mice (P < 0.01).

3.3. Striatal dopamine content in C57BL/6J and 129S2/SvHsd

mice

Striatal dopamine content was analyzed in both strains of
mice. The total dopamine concentrations (nmol/mg protein) for
C57BL/6J and 129S2/SvHsd mice were 0.34 + 0.03 and 0.46 +
0.06, respectively (N = 5). There was no significant difference
between mouse strains (P > 0.05, #-test) although 129S2/SvHsd
showed a slightly higher level of dopamine.

3.4. Striatal surface DAT in C57BL/6J and 12982/SvHsd mice

Striatal surface expression of DAT was analyzed by
biotinylating striatal synaptosomal surface proteins in both
CS57BL/6J and 129S2/SvHsd mice. Fig. 3A shows a represen-
tative western blot of DAT surface and total expression levels in
a C57BL/6J and a 129S2/SvHsd mouse. There was no signi-
ficant difference in the expression of biotinylated surface DAT
between the two strains (P > 0.05, #-test, N = 4) as indicated in
Fig. 3B. In addition, total DAT expression levels of both mouse
strains analyzed from the striatal lysates did not reveal a
significant strain difference either (Fig. 3B).

3.5. Striatal DAT activity in C57BL/6 and 12952/SvHsd mice

Dopamine transporter activity was measured in striatal
synaptosomes from both mouse strains (N = 5). Dopamine
affinities (K,, uM) for DAT of C57BL/6J and 129S2/SvHsd
mice were 0.35 = 0.09 and 0.14 + 0.06, respectively, while
dopamine uptake velocities (pmol/mg protein/min) were
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Fig. 4. Comparisons of striatal dopamine uptake kinetics (K, and Vy,.x) in
synaptosomes between C57BL/6J and 129S2/SvHsd mice. Data are represented
as mean+SEM.
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10.58 + 0.69 and 8.22 + 0.76 for C57BL/6 and 129S2/SvHsd
mice, respectively (Fig. 4). There were no significant
differences in either DAT affinity for dopamine or uptake
velocity between the mouse strains (P>0.05, t-test).

4. Discussion

Our data demonstrate that C57BL/6J and 129S2/SvHsd mice
differ in AMPH-stimulated locomotor activity in vivo and
AMPH-induced dopamine efflux in vitro. These results add to a
growing body of evidence delineating behavioral and biochem-
ical differences of inbred strains of mice resulting from genetic
variations. This is the first study comparing AMPH-stimulated
behavioral activity and AMPH-stimulated dopamine efflux in
the two commonly used inbred mouse strains.

There was a significant difference in AMPH-induced loco-
motor stimulation between the two mouse strains. C57BL/6J
mice showed greater locomotor activity than 129S2/SvHsd
mice upon the AMPH treatment (2.5 and 5 mg/kg). Our result is
in contrast to the report that C57BL/6J and 129/SvJ mice do not
differ in locomotor stimulation by the cocaine treatment (Miner,
1997). Although different substrains of 129 mice used might
attribute greatly to this discrepancy, it is also possible that
cocaine and AMPH might act on different sites to stimulate
locomotor activity, and thus elicit different behavioral patterns
as suggested by George et al. (1991).

Moreover, we did not observe the difference in basal
locomotor activity between C57BL/6J and 129S2/SvHsd mice
which has been reported between C57BL/6J and 129/] mice
(Miner, 1997). In addition to different substrains of mice used in
these studies, our behavioral tests were performed in the home
cages as opposed to a habituated testing environment described
in Miner’s studies (1997). The novelty of the testing
environment is known for influencing the basal (Galani et al.,
2001) and drug-stimulated locomotor activity (Carey et al.,
2005) in rodents. Furthermore, it has been reported that habi-
tuation to a novel environment in rodents is determined by
specific genes (for review see Leussis and Bolivar, 2006). Taken
together, these results emphasize the importance of the
mouse substrain and the environment in influencing behavioral
phenotypes.

There was no difference in basal locomotor activity between
C57BL/6J and 129S2/SvHsd mice, which parallels the lack of
significant difference in basal dopamine levels between these
two mouse strains. Our result is also consistent with the report of
no difference in basal locomotor activity between C57BL/6J and
129Sv/ter mice (He and Shippenberg, 2000). The significantly
lower AMPH-stimulated locomotor activity expressed in 129S2/
SvHsd mice as compared to C57BL/6J mice also parallels the
significantly lower AMPH-induced striatal dopamine efflux in
12952/SvHsd mice than in C57BL/6] mice. AMPH exerts its
effect by binding to DAT and being transported into the ter-
minals, resulting in dopamine efflux. Therefore, the surface DAT
expression level, the brain dopamine content, and dopamine
uptake kinetics are likely influencing factors of AMPH-induced
dopamine release and locomotor stimulation. However, the
differential dopamine efflux induced by AMPH between the two

mouse strains could not be accounted for by these factors be-
cause the two strains did not differ in any of these measurements.

Since we did not observe the mouse strain difference in the
basal level of dopamine efflux and locomotor activity, the
difference in AMPH-induced dopamine efflux and locomotor
stimulation between the strains might be due to dissimilar
pharmacokinetics of AMPH in the two strains. However,
evidence suggests that brain levels of AMPH need not be directly
related to AMPH-stimulated locomotor activity. For instance,
C57BL/6] mice show a higher level of AMPH-induced total
distance traveled as compared to A/J mice yet have a lower brain
AMPH content when treated with the same dose of AMPH
(Torkamanzehi et al., 2006). Furthermore, a congenic strain of A/J
mice has an equivalent brain level of AMPH to the A/J parental
strain, but exhibits significantly more AMPH-stimulated loco-
motion (Torkamanzehi et al., 2006). Similarly, altered pharma-
cokinetics of AMPH between male and female rats did not
underlie the marked difference in their behavioral and neuro-
chemical responsiveness to AMPH (Robinson, 1984).

The difference in the AMPH-induced locomotor activity and
dopamine efflux between the two mouse strains might be due to
differential presynaptic regulation of DAT that affects AMPH-
induced dopamine efflux. Phosphorylation of DAT is a pre-
requisite for AMPH-induced dopamine efflux (Khoshbouei et al.,
2004). Protein kinase C (PKC) has been shown to contribute to
AMPH-stimulated dopamine efflux (Cowell et al., 2000; Johnson
et al., 2005; Kantor and Gnegy, 1998) and AMPH-stimulated
locomotor activity (Browman et al., 1998). Striatal PKC activities
might differ between the two mouse strains, which would have an
impact on DAT phosphorylation, dopamine efflux, and locomotor
activity. Different expressions of PKC isoforms between mouse
strains have been reported. For instance, C57BL/6J and DBA2
mice exhibit differences in hippocampal PKC gamma expression
levels and activity, which has been associated with differential
learning ability between mouse strains (Matsuyama et al., 1997).
Whether C57BL/6J and 129S2/SvHsd differ in striatal expression
levels of PKC isoforms and importantly their functional activity
for DAT phosphorylation requires further investigation.

Finally, there might be mouse strain differences in norepi-
nephrine transporter (NET) function that contribute to the
differential AMPH-stimulated dopamine efflux and locomotor
activity between C57BL/6J and 129S2/SvHsd mice. AMPH is
potent in releasing dopamine from the prefrontal cortex through
NET (Shoblock et al., 2004). It warrants further investigation the
possible role of NET in AMPH effect between mouse strains.
Despite the potential role of norepinephrine in the AMPH-
mediated behavior, our results have demonstrated a basic dif-
ference in dopamine efflux in the striatum in response to a
challenge with amphetamine in the C57BL/6J and 129S2/SvHsd
mice.

In summary, our data indicate that C57BL/6J and 129S2/
SvHsd mice show significantly different locomotor stimulation
and dopamine efflux induced by AMPH treatments. The higher
AMPH-induced dopamine efflux in C57BL/6J mice than in
129S52/SvHsd mice might underlie their greater AMPH-stimulat-
ed locomotor activity. The two mouse strains are useful models
for future elucidation of genetic, molecular, and behavioral
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components that contribute to AMPH effects. Additionally, our
data emphasize the importance for selection of mouse lines in the
production of genetically modified mice for investigating mecha-
nisms of psychostimulants.
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