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Abstract

Accumulating evidence suggests that dopamine D3 receptor (D3R) stimulation is inhibitory to
spontaneous and psychostimulant-induced locomotion through opposition of concurrent D1R and
D2R-mediated signaling. To evaluate this model, we used homozygous D3R mutant mice and wild-
type controls to investigate the role of the D3R in locomotor activity and stereotypy stimulated by
acute amphetamine (AMPH) (0.2, 2.5, 5.0, 10.0 mg/kg). At the lowest dose tested (0.2 mg/kg), neither
D3R mutant mice nor wild-type mice exhibited measurable change in locomotor activity or
stereotypy relative to their respective saline-treated controls. D3R mutant mice exhibited a
significantly greater increase in locomotor activity, but not stereotypy, relative to wild-type mice in
response to treatment with AMPH 2.5 mg/kg. AMPH-induced locomotor activity and stereotypy
were similar in both wild-type and D3R mutant mice at both the 5.0 and 10 mg/kg AMPH doses.
These findings provide further support for an inhibitory role for the D3R in AMPH-induced
locomotor activity, and demonstrate a more limited role for the D3R in modulating AMPH-induced
stereotypy.
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INTRODUCTION

The same mesolimbic and nigrostriatal dopamine (DA) pathways modulating reward processes
in the mammalian brain also play a role in mediating motor behaviors including locomation
and stereotyped behaviors. Dopaminergic signaling in these pathways is mediated by G
protein-coupled receptors grouped into two subfamilies: D1-like (D1 and D5) and D2-like (D2,
D3, and D4) (reviewed in Missale et al., 1998). Accumulating evidence from pharmacological
studies suggest that D3R stimulation is inhibitory to spontaneous and psychostimulant-induced
locomotion, in opposition to concurrent D1R- and D2R-mediated signaling (Carr et al.,
2002; De Boer et al., 1997; Ekman et al., 1998; Kling-Petersen et al., 1995; Ouagazzal and
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Creese, 2000; Pritchard et al., 2003; Waters et al., 1993; Xu et al., 1997; Zhang et al., 2004).
A clear understanding of D3R behavioral functions has been limited, however, by the limited
selectivity of D3R agonists and antagonists. An alternative approach to understanding the
behavioral function of the D3R has been the use of D3R knockout mice (reviewed in Holmes
et al., 2004). Three lines of mutant mice lacking the D3R have been independently generated
(Accili et al., 1996; Jung et al., 1999; Xu et al., 1997). D3R mutant mice exhibit normal D1R
and D2R binding profiles and brain distributions (Accili et al., 1996; Xu et al., 1997; Wong et
al., 2003), suggesting that effects on DA signaling in adult mice following selective mutation
of the D3R are mediated primarily through loss of D3R expression.

At the behavioral level, the originally described increased spontaneous locomaotor activity
exhibited by D3R mutant mice (Accili etal., 1996; Xu et al., 1997) has been replicated by some
studies (Betancur et al., 2001; Boulay et al., 1999; Vallone et al., 2002) but not others (Joseph
etal., 2002; Jungetal., 1999; McNamaraetal., 2002). A significant increase in novelty-induced
stereotypy has also been observed in D3R mutant mice relative to wild-type controls (Joseph
et al., 2002). With regard to psychostimulant-induced locomotor activity, acute cocaine-
induced locomotor activity was significantly greater in D3R mutant mice relative to wild-type
mice at the lowest dose (5 mg/kg) tested; however, this effect was not observed at higher doses
(10-40 mg/kg) (Xu et al., 1997). Subsequent studies have similarly observed that higher doses
of acute cocaine (20-30 mg/kg) produce comparable elevations in locomotor activity in D3R
mutant and wild-type mice (Betancur et al., 2001; Carta et al., 2000). Repeated treatment with
high dose cocaine (25 mg/kg twice daily) also increased stereotypy and reduced locomotor
activity to a greater degree in D3R mutant mice than in wild-type mice (Carta et al., 2000),
while a second study observed similar effects on stereotypy and locomotor activity in D3R
mutant mice and wild-type animals in response to repeated cocaine treatment (20 mg/kg/day)
(Betancur et al., 2001). Cocaine and amphetamine (AMPH) have overlapping, but distinct,
mechanisms of action (reviewed in Riddle et al., 2005), and to date there have been no published
studies evaluating AMPH-induced locomotor activity and stereotypy in wild-type and D3R
mutant mice. Therefore, in the present study we examined the effects of acute AMPH (0.2, 2.5,
5.0, 10.0 mg/kg) treatment on locomotor activity and stereotypy in homozygous D3R mutant
mice and wild-type mice. We demonstrate that AMPH-induced locomotor activity is
significantly elevated in D3R mutant mice relative to wild-type mice in a dose-dependent
manner, while stereotypy ratings were similar at all AMPH doses in D3R mutant mice and
wild-type animals. These findings provide further evidence that the D3R plays an inhibitory
role in psychostimulant-induced locomotor activity, and suggest that the D3R plays a more
limited role in the modulation of acute AMPH-induced stereotypy.

MATERIALS AND METHODS

Animals

Details regarding the generation and validation of the homozygous D3R mutant mice used in
this study have been described previously (Xu et al., 1997). The genetic backgrounds of both
mutant and wild-type mice are C57BL/6 x 129Sv, and mice have subsequently been
backcrossed for three generations with inbred C57BL/6 mice to reduce the number of 129Sv-
linked genes to 12.5% (Silver, 1995). Adult (8-12 weeks) male mice used in the present study
were genotyped by PCR using DNA extracted from tail clips, as previously described (Pritchard
et al., 2003). Experimental animals were housed with same sex siblings with 4-5 animals per
cage in SPF Murine Facilities maintained on a 12:12 light:dark cycle. Behavioral testing was
performed during the light phase of the cycle (between 0900 and 1700) and food and water
were available ad libitum. All experiments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals.
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o-Amphetamine sulfate (AMPH) (Research Biochemicals, Int., Natick, MA) was dissolved in
0.9% NaCl. AMPH concentrations are described as free base. All injections were administered
subcutaneously in a volume of 1.0 ml/kg, and control injections consisted of an equivalent
volume of the drug vehicle (0.9% NaCl).

Behavioral apparatus

Behavioral testing was performed in 30 automated activity chambers, each consisting of a
lighted, ventilated, sound-attenuated cabinet housing a 40 x 40 x 38 cm? Plexiglas enclosure.
Horizontal locomotor activity was monitored with a 16 x 16 photo beam array (San Diego
Instruments, San Diego, CA) located 1.25 cm above the floor of the enclosure, as previously
described (Pritchard et al., 2003). An air evacuation fan in each enclosure provided constant
air circulation and background noise. Each chamber had an overhead-mounted video camera
connected to a VCR to record behavior.

Locomotor activity

Stereotypy

Mice were transported from the adjacent vivarium to the activity chamber room 30 min prior
to placement into activity chambers. All mice were first acclimated to the activity chamber for
1 h prior to injections, and locomotor activity was recorded for 3 h following drug
administration. Locomotor activity is expressed as crossovers, defined as entry into any of the
active zones of the chamber, as previously described (Pritchard et al., 2003). Mice were
randomly distributed to each treatment group, with saline- and AMPH-treated mice run in
parallel.

Stereotyped behaviors were scored from videotape recordings for 60-s periods starting 5 min
after AMPH injection, and continuing every 5 min for 1 h. Data were collected and presented
as the percentage of the 60-s observation period during which the mouse displayed stereotyped
behaviors, as previously described (Segal and Kuczenski, 1987). Stereotyped behaviors were
defined as focused sniffing, repetitive head bobbing, rearing, and oral behaviors (gnawing,
flank grooming/licking) in the absence of locomotor activity. Raters were blind to mouse
genotype and treatment condition at the time of scoring.

Statistical analysis

RESULTS

Statistical analyses were performed using SAS (Version 9.1, SAS Institute, Cary, NC) PROC
MIXED procedure. Crossover data was analyzed with a three-way ANOVA, with Genotype
(wild-type, D3R mutant) and Drug dose (0, 0.2, 2.5, 5.0, 10 mg/kg) as main factors, and Time
interval (20 x 9 min intervals over 3 h) as the repeated measure. Stereotypy data was analyzed
with a three-way ANOVA, with Genotype (wild-type, D3R mutant) and Drug dose (0, 0.2,
2.5,5.0, 10 mg/kg) as main factors, and Time interval (12 x 5 min bins over 1 h) as the repeated
measure. Fisher's LSD multiple comparisons tests were used with a = 0.05. Activity and
stereotypy measures were obtained from the same mice.

The effect of saline injection on locomotor activity of wild-type and D3R mutant mice is
presented in Figure 1, and individual AMPH dose comparisons are presented in Figures 2 and
3A. A three-way ANOVA with repeated measures found significant main effects of Dose, F
(4,800) = 123.4, P < 0.0001, Time interval, F(19,893) 6.77, P < 0.0001, but not Genotype F
(1,47) = 1.86, P = 0.186, and a significant Genotype x Dose Interaction, F(4,47) = 3.08, P =
0.025. Furthermore, there was a significant Genotype x Dose x Time Interaction, F(76,893) =
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1.57, P = 0.002. Within wild-type mice, locomotor activity stimulated by the 2.5 (P < 0.01),
5.0 (P £0.01), and 10.0 mg/kg (P < 0.01) AMPH doses were significantly greater than
locomotion following saline treatment. Locomotor activity following the 0.2 mg/kg AMPH
dose did not differ significantly from saline treatment (P > 0.05). Similarly, within D3R mutant
mice, locomotor activity stimulated by the 2.5 (P <0.01), 5.0 (P <0.01), and 10.0 mg/kg (P <
0.01) AMPH doses were significantly greater than locomotion following saline treatment.
Locomotor activity following the 0.2 mg/kg AMPH dose did not differ from saline treatment.
Comparisons between wild-type and D3R mutant mice found significant differences at the 2.5
mg/kg AMPH dose (P <0.01) (Fig. 2B). A separate analysis of the first 10 intervals following
the 10 mg/kg dose found a significant main effect of Time, F(9,90) = 4.72, P <0.0001, whereas
the main effect of Genotype, F(1,10) = 4.70, P = 0.055, and the Genotype x Time Interaction,
F(9,90) = 1.12, P = 0.32, did not reach significance. Similarly, a separate analysis of the last
10 intervals following the 10 mg/kg dose found a significant main effect of Time, F(9,90) =
3.73, P = 0.0005, whereas the main effect of Genotype, F(1,10) = 0.82, P = 0.386, and the
Genotype x Time Interaction, F(9,90)=0.77, P = 0.65 did not reach significance. Analysis of
the last five intervals following the 10 mg/kg dose found a significant main effect of Time, F
(4,40) = 7.03, P = 0.0002, whereas the main effect of Genotype, F(1,10)= 0.257, P = 0.257,
and the Genotype x Time Interaction, F(4,40) = 0.364, P = 0.36, did not reach significance.

Analysis of stereotypy scores following acute AMPH treatment are presented in Figure 3B.
For this analysis, data could not be collected for three mice because of the failure of the video
recording equipment. A three-way ANOVA with repeated measures found significant main
effects of Time, F(11,484) = 3.07, P <0.0005, and Dose, F(4,44) = 34.6, P = 0.0001, and a
significant Time x Dose Interaction, F(44,484) = 1.85, P = 0.001. However, the main effect
Genotype was not significant, F(1,44) = 0.05, P = 0.83, and the Genotype x Dose Interaction,
F(4,44) = 0.25, P = 0.907, and Genotype x Dose x Time Interaction, F(44,484) = 1.29, P =
0.107, were not significant. Stereotypy stimulated by the 5.0 mg/kg (P < 0.01) and 10.0 mg/
kg (P <0.01) AMPH doses were significantly greater than stereotypy following saline
treatment for both wild-type and mutant mice. Stereotypy stimulated by the 0.2 and 2.5 mg/kg
AMPH doses did not differ significantly from saline treatment for either wild-type or mutant
mice (P > 0.05).

DISCUSSION

In the present study, locomotor activity and stereo-typy were significantly elevated in wild-
type and D3R mutant mice following acute AMPH treatment in a dose-dependent manner
relative to their respective saline-treated controls. Moreover, AMPH-induced locomotor
activity is significantly greater in D3R mutant mice than wild-type mice at the 2.5 mg/kg dose,
while elevations in stereotypy are comparable in the two strains following this treatment.
Stereotypy increased in both wild-type and D3R mutant mice with elevating AMPH dose,
resulting in a concomitant decrease in locomotor activity in both wild-type and D3R mutant
mice. Stereotypy scores did not differ significantly between wild-type and D3R mutant mice
at any of the AMPH doses evaluated.

The behavioral response of D3R knockout mice to AMPH are in general agreement with those
reported by other investigators in response to cocaine treatment. Specifically, a low cocaine
dose (5 mg/kg) produced significantly greater locomotor activity in D3R mutant mice relative
to wild-type mice, whereas higher doses (10-40 mg/kg) produced comparable alterations in
both locomotor activity and stereotypy in D3R and wild-type mice (Betancur etal., 2001; Carta
et al., 2000; Xu et al., 1997). Collectively, these findings add to a growing body of evidence
that support the model that D3R plays an inhibitory role in psychostimulant-induced locomotor
activity, but not stereotypy, in a dose-dependent manner.
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The finding that D3R knockout mice display more prominent perturbations in the regulation
of locomotion than stereotypy in response to stimulant drugs is of interest in light of the relative
distribution of D3R in the dorsal and ventral striatum. Specifically, D3R is highly expressed
in the ventral striatum [nucleus accumbens (shell) and islands of Calleja], while it is expressed
at low/absent levels of detection in the rat caudate-putamen (Diaz et al., 2000). Lesions of the
substantia nigra (Creese and Iversen, 1975; Roberts et al., 1975) and mesolimbic DA systems
(Costall and Naylor, 1974; Pijnenburg et al., 1975) attenuate the locomotor stimulant actions
of AMPH, while the stereotypy producing effects are blocked by lesions of the nigrostriatal
DA pathway (Creese and Iversen, 1972, 1975). Therefore, the D3R may play a more central
role in mediating DA signaling in the mesoaccumbens DA pathway than the nigrostriatal DA
pathway with respect to acute psychostimulant treatment. Within the ventral striatum, D3R are
coexpressed with D1R in the majority of neurons (Ridray et al., 1998; Surmeier et al., 1996),
and the D3R and D1R interact in an antagonistic manner in the regulation of neuronal c-fos
expression in response to psychostimulant treatment (Ridray et al., 1998; Zhang et al., 2004),
and in the regulation of locomotor activity (Mori et al., 1997; Xu et al., 1997). Therefore,
reductions in D3R-mediated opposition to concomitant D1R signaling following AMPH-
induced elevations in DA release within the nucleus accumbens may contribute to the elevated
locomotor response observed in D3R mutant mice.

A possible contribution of presynaptic D3 receptors to the observed behavioral effect is less
clear, as the degree to which the D3R functions as an autoreceptor vs. postsynaptic function
has not been clearly determined. Two studies using different D3R mutant mouse strains
demonstrated that autoreceptor regulation of DA synthesis is intact in D3R knockout mice,
while regulation of DA release is minimally impaired in D3R knockouts (Joseph et al., 2002;
Koeltzow et al., 1998). Extracellular DA levels were elevated in the ventral striatum (Koeltzow
et al., 1998) and caudate-putamen (Joseph et al., 2002) of D3R mutant mice relative to wild-
type controls, suggesting some role for the D3R in the regulation of extracellular DA levels.
In contrast, D2R knockout mice display complete loss of DA autoreceptor function (Mercuri
et al., 1997). In another study, extracellular DA levels, and potassium- as well as cocaine-
induced elevations in DA, were similar in the ventral striatum of wild-type and D3R mutant
mice, while the D3R agonist (+)-PD 128907 selectively reduced extracellular DA
concentrations in wild-type, but not D3R mutant, mice (Zapata et al., 2001). In summary,
evidence from several different laboratories suggests that D3R contributes to regulation of DA
release, while D2 autoreceptors regulate DA synthesis. Further study is needed to identify
whether loss of autoreceptor modulation of DA release contributes to elevated AMPH
stimulated locomotion in D3 knockout mice.

Accumulating evidence suggests that the D3R may play an important role in both the
pathophysiology, and treatment-emergent side effects, of Parkinson's disease (reviewed in
Joyce, 2001). Specifically, dyskinesias, characterized by loss of motor control manifesting as
tics, spasms, or myoclonus, are a common side effect of chronic levo (1)-dopa administration
used in the treatment of Parkinson's disease. Dyskinesias are thought to result from behavioral
sensitization to -dopa-induced elevations in DA transmission (Bezard et al., 2001).
Interestingly, MPTP-treated monkeys, an animal model of Parkinson's disease, exhibit a
significant loss of D3R binding in the caudate nucleus (Bezard et al., 2003), and .-dopa-induced
dyskinesia in MPTP-treated monkeys is significantly attenuated by the D3R-selective partial
agonist BP897, and antagonists nafadotride and ST 198 (Guillin et al., 2003). The present
findings imply that the absence of D3R neither enhances nor protects against stereotypic
behaviors resulting from elevated DA neurotransmission, suggesting that although -dopa-
induced dyskinesias and AMPH-induced stereotypic behaviors superficially share some
common behavioral features, they would appear to recruit different dopaminergic pathways.
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The rodent behavioral response to low dose AMPH treatment is characterized by elevated
locomotor activity, while the behavioral response to higher AMPH doses includes focused
stereotyped movements, which compete with locomotion and therefore inhibit locomotor
activity. Following completion of the episode of elevated stereotypy, animals exhibit a
poststereotypy period of elevated locomotion (Segal and Kuczenski, 1994). While a
quantitative analysis of the behavioral response to AMPH 10 mg/kg did not identify differences
in locomotion or stereotyped behaviors between wild-type and D3R knockout mice,
comparison of the relative shapes of the curves for the two genotypes suggests a trend toward
decreased locomotion during the time period of elevated stereotypy, followed by an
exaggerated locomotor response period of poststereotypy hyper-locomotion (Fig. 2, Panel D).
To further examine the possibility of opposing effects on locomotion during different periods
following AMPH injection, a separate analysis was done during the time periods of stereotypy
(first 10 intervals) and poststereotypy hyperlocomotion (last 5 intervals). These analyses also
failed to detect a quantitative difference between D3R knockout and wild-type mice: neither
main effects of Genotype, nor Genotype x Time Interactions, were significant. Thus, in
summary, while clear evidence for a quantitative difference in stereotyped behavior between
D3R knockout and wild-type mice was not detected in the analysis of behavioral response to
higher dose AMPH, the relative shapes of the locomotor response curves for wild-type vs. D3R
knockout mice suggest a modest effect of D3R on stereotyped behaviors that is below the level
of reliable detection.

In conclusion, our findings support the model that the D3R plays an inhibitory role in AMPH-
induced locomotor activity, and suggests that the D3R plays a limited role in the regulation of
AMPH-induced stereotypy. These findings add to a growing body of evidence that support the
model that D3R plays an inhibitory role in psychostimulant-induced locomotor activity.
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Fig. 1.

Effect of saline injection on locomotor activity in wild-type (D3 +/+; n = 6) and D3R mutant
(D3 —/=; n = 6) mice. Note that wild-type and D3R mutant mice exhibit comparable levels of
locomotor activity over the 3 h observation period. Data are expressed as group mean crossover
+SEM.
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Effect of acute AMPH (0.2, 2.5, 5.0, 10.0 mg/kg) on locomotor activity in wild-type (D3 +/+;
n = 5-6/group) and D3R mutant (D3 —/—; n = 5-6/group) mice (A-D, respectively). Note that
D3R mutant mice exhibit significantly greater locomotor activity in response to AMPH 2.5
mg/kg relative to wild-type mice (B), and wild-type and D3R mutant mice exhibit similar
alterations in locomotor activity in response to high doses of AMPH (5.0 and 10.0 mg/kg) (C,
D). Data are expressed as group mean crossover + SEM. *P <0.05, **P < 0.01 vs. wild-type

mice.
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Fig. 3.

Effect of acute AMPH (0.2, 2.5, 5.0, 10.0 mg/kg) on (A) locomotor activity and (B) stereotypies
in wild-type (D3 +/+) and D3R mutant (D3 —/-) mice during the first 60 min following
injections. Note: (1) AMPH dose-dependently increases locomotor activity and stereotypies
in both wild-type and D3R mutant mice relative to their respective saline controls; (2) acute
AMPH (2.5 mg/kg) induces significantly greater locomotor activity in D3R mutant mice
relative to wild-type mice despite the absence of differences in stereotypies. **P < 0.01 vs.
wild-type mice in (A), **P <0.01 vs. saline controls in (B).
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