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INTRODUCTION

Dopamine is the principal neurotransmitter for several major neural systems
in the brain.'™* The nigrostriatal pathway originates from dopamine-synthesizing
neurons of the midbrain substantia nigra complex and innervates the dorsal stria-
tum (caudoputamen). This system is involved in modulating sensorimotor coordi-
nation and initiation of movement.” Degeneration of this pathway leads to Parkin-
son’s disease.® The mesolimbic pathway arises in the midbrain ventral tegmental
area and innervates the ventral striatum (nucleus accumbens and olfactory
tubercle) and parts of the limbic system. This system is thought to influence
motivated behaviors including activity related to reward.”® The mesocortical
pathway also arises in the ventral tegmental area and innervates part of the frontal
cortex. [t may be involved in certain aspects of learning and memory." Together,
these dopaminergic systems are thought to be the major targets for the neurophar-
mac:nlc;glitzﬁl actions of psychomotor stimulants such as cocaine and amphet-
amine, ™'

Dopamine receptors are strongly expressed in the targets of these pathways
and on many dopamine-containing neurons. The dopamine receptor genes so far
cloned fall into two classes, the D1-like (D1, and D5 or D1y) and the D2-like (D2,
D3, and D4) receptors.'*" These classes were originally differentiated pharmaco-
logically and in terms of their positive (D1-like) or negative (D2-like) coupling
to cAMP. '
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Previous studies suggest that cocaine primarily binds to the dopamine trans-
porter and interferes with the uptake of dopamine by the transporter.'®"” Such
binding would result in excessive dopamine in the synapse and therefore, it is
reasonable to assume that multiple dopamine receptor subtypes would be involved
in the effects of cocaine. Indeed, both D1 and D2 receptor subfamilies have been
suggested to mediate the effects of cocaine on behavior. For example, antagonists
of both D1 and D2 receptor classes have been shown to block several well-
characterized behavioral effects of cocaine, including locomotor hypemctivily,"-'*
subjective effects measured by drug discrimination technigues,™ * and rewarding
effects assessed by self-administration paradigms.”-*" Moreover, the relevant D1-
like and D2-like receptor bearing neurons appear to be localized within the nucleus
accumbens, which implicates the mesoaccumbens dopamine system in these ef-
fects of cocaine. ¥ Nevertheless, although there has been general agreement
regarding the essential role playved particularly by the mesolimbic dopamine system
in mediating the psychomotor stimulant activities of cocaine, disagreement exists
with respect to the relative contributions of different dopamine receptor subtypes.
This is because of the lack of ligands with selectivity within the D1 and D2
subfamilies. For example, available ligands do not distinguish between D1 and
DS receptors, or between D2 and D3 receptors. Accordingly, studies have been
limited, in large part, to broad distinctions between behaviors associated, respec-
tively, with D1 and D2 receptor subfamilies. To date, which dopamine receptor
subtypes within these two subfamilies are particularly important for the behavioral
effects of cocaine remains unknown.

To gain further knowledge of how the brain dopamine system functions in the
presence of cocaine, we have used a genetic approach, the gene-targeting tech-
nigque, and generated D1 dopamine receptor mutant mice. These mutant mice
provide an unprecedented opportunity to evaluate, in a very selective and precise
manner, the roles of this receptor in cocaine- and dopamine-mediated neuronal
function.™* With these D1 mutant mice, we have demonstrated an essential role
for the D1 receptor in the locomotor stimulant effects of cocaine and in dopamine-
mediated neurophysiological effects within the nucleus accumbens. These mice
should be very useful for further investigation of mechanisms of cocaine action.

MATERIALS AND METHODS

For details of the generation of D1 dopamine receptor mutant mice and subse-
quent behavioral and electrophysiological analyses, see Xu er al. and refer-
ences therein, ¥

RESULTS
Generation of DI Dopamine Receptor Mutant Mice

To generate D1 receptor mutant mice, we first cloned the mouse D1 receptor
gene. The restriction map of the mouse D1 gene locus and the D1 gene targeting
construct are shown in FIGURE 1A. The D1 receptor gene is about 2 kilobase pairs
(kb) long and is intronless. The targeting construct contains a 4.5 kb DNA fragment
from the 5' of the DI gene and a 4.2 kb DNA fragment from the 3’ of the DI
gene. It also contains a Neo gene coding for G418 resistance for selection. Upon
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successful homologous recombination, 95% of the D1 gene would be deleted. The
predicted sizes of the DNA fragment before and after the desired homologous
recombination and the D1 specific DNA probes used are indicated (see Fig. 1A).
After stable transfection, we were able to identify five cell clones that carry the
desired D1 mutation. We introduced three of the clones into recipient mice and
bred the resulting mice extensively to obtain mice homozygous for D1 receptor
gene deletion.

To identify the D1 receptor mutant mice, we performed genomic Southern
analysis with a D1 specific DNA probe. the 5' probe. As shown in Ficure 1B,
in this family of mice, two are homozygous for D1 gene mutation. The sizes of the
DNA fragment matched the predicted sizes indicating homologous recombination
occurred correctly. The others are either heterozygous or do not carry such
mutation. Another D1 specific DNA probe, the 3' probe, confirms the results from
the first D1 specific probe. Therefore, in this family of 10 pups, the distribution
of the D1 gene alleles reflects typical Mendelian segregation.

The D1 mutant mice appeared healthy and had no gross abnormalities. How-
ever, they were smaller than their wildtype littermates. For instance, ten-
week-old adult mice (n = 46) weighed, on the average, 309% less than the wild-
type controls (n = 46). Because of the reduced body weight, the mutant mice
were weaned three to five days later than the wildtype littermates. The litter
sizes of the mutants seemed normal and there was no obvious sex bias in the off-
Spring.

As reported by Xu er al.,” ligand binding and locomotor studies confirmed
the absence of expression and function of the DI receptor gene in the mutant mice.
Furthermore, extensive histological analysis indicates that the general anatomy of
the dopamine system in the D1 mutant brains are similar to that of the controls.*
We used the DI receptor mutant mice as valuable tools to study the role of this
receptlor in mediating the actions of cocaine and dopamine.

Cocaine Fails to Induce Locomotor Hyperactivity in DI Dopamine
Recepror Mutant Mice

To investigate whether D1 receptor is involved in locomotor-stimulating effect
of cocaine, we performed locomotor activity analysis in response to cocaine. To
do this, different groups of mutant and control mice were allowed to habituate in
photocell cages for 30 min. Then. they were given ip injections of different doses
of cocaine or its vehicle and placed back into photocell cages for 1 h. As shown
in FIGURE 2, while there is a dose-dependent increase in locomotor activity in the
control mice, cocaine-induced locomotor hyperactivity was not observed in the
mutant mice. In fact, with increasing doses of cocaine, there is a decrease in
locomotor activity.

To make sure the lack of locomotor hyperactivity is not due to increased
stereotyped behavior, at the same time of recording cocaine-induced locomotor
activity, we also scored each mouse for cocaine-induced stereotyped behaviors.
As shown in Figure 3, only the wildtype mice engaged in typical cocaine-
induced stereotyped behaviors such as rearing and sniffing. Other stereotyped
behaviors known to result from exposure to higher doses of amphetamine (e.g.,
oral behaviors such as licking and gnawing) were never observed following cocaine
treatment in either the wildtype or mutant mice. At the two highest cocaine doses,
the mutant mice were often completely immobile during the first 1015 min of the

test period, during which they displayed a flattened body posture and abducted
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FIGURE 1. Generation of D1 dopamine receptor mutant mice. (A) The DI gene targeting construct, wildiype and mutant loci of the mouse D1
dopamine receplor gene. The open box represents the entire DI gene. The shaded box depicts the neo gene driven by a PGK promoter. The
solid fine represents extragenic sequences of the D1 gene. The expected sizes of the hybridizing restriction fragments for both the wildtype and
the mutant alleles are indicated under the corresponding wildtype and the mutant loci sequences. Abbreviations for restriction enzyme siles are:
Bg, Belll; E, EcoRI; H, HindlIl; K, Kpnl; N, Ncol; X, Xbal, (B} Genomic Southern analyses of tail biopsies. Genomic DNA was isolated from
a litter of 10 pups from one heterozygous breeding pair. DNA was digested either with Mool and hybridized with a 5 probe {left) or with Bglll
and hybridized with a 3° probe (right). The genotype of cach pup is indicated. (From Xu ef af.® Reprinted by permission from Cell.)

SHINFIS 40 ANIAYIY HHOA MAN STYNNY



XU et al.: MECHANISMS OF COCAINE ACTION

POY- A @G A8 - ueiny E_m.m-—
. d

DsG- Al w BNl _odnp DS9- - m -EEE:...
Frisssdrr y tzx MFM.HHH
L n SR A R - ' 1 i T T
Ly — _| N m—
aqo.d ¢ aqoud g
g



56 ANNALS NEW YORK ACADEMY OF SCIENCES

hindlimbs. Therefore. cocaine-induced locomotor hyperactivity is eliminated in
the D1 mutants. implying the importance of D1 receptor in mediating such effect.

Nucleus Accumbens Neurons in DI Dopamine Receptor Mutant Mice
Are Less Sensitive to Cocaine

Since nucleus accumbens has been implicated in mediating the effect of cocaine,
we studied the electrical properties of the nucleus accumbens neurons in the
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FIGURE 2. Dose-response curves for cocaine-induced locomotor activity, Because the DI
mutant mice (D1-) were significantly more active than wildtype (WT) mice during habituation
to the test chamber as well as during saline injections (bar graph. inser; **fy, = 5.95,
p <0.0001), the data have been expressed as the percentage of activity observed following
saline administration (statistics were performed on raw data). Each point represents the
mean of 7-11 mice. To avoid Emicntiat confounds resulting from sensitization to cocaine
upon repeated administration.” each mouse was tested with only one dose of cocaine or
with saline. Cocaine produced a highly significant { p <0.001, Kruskal-Wallis ANOV A) dose-
related increase in activity counts in the wildtype mice, but a significant (p <0.001, Kruskal-
Wallis ANOVA) dose-related decrease in activity counts in the mutant mice (*p <0.05,
**p <0.01 as compared to saline test for that group; ##p <0.01 as compared to D1 mutant
mice at the same dose, Mann-Whitney test). (From Xu er al.” Reprinted by permission
of Cell.)



XU er al.: MECHANISMS OF COCAINE ACTION 57
9'}‘ A. Rears |_ B. Sniffs C. Grooms
£33 -
T
F | - @ Wildtype
; T £ % = = Mmitﬁt
6r | = 1 L

]
1
&

INTERVALS
PRESENT (of 12)

| |E Bl
10 20 40 0 5 10 20 40
DOSE OF COCAINE (mg/kg)

FIGURE 3. Effects of cocaine on different aspects of behavior generally referred to as
stereotypy. Cocaine caused significant increases in rearing, sniffing. and grooming in wild-
tvpe, but not in D1 mutant mice (*p <0.05, **p <0.01, between groups comparison for each
dose, Mann-Whitney test). (From Xu er al.”* Reprinted by permission of Cell.)

presence of cocaine. To accomplish this, we used extracellular single unit recording
and microiontophoresis in vive, and recorded the effects of cocaine on the firing
of the nucleus accumbens neurons. We inserted multibarre] electrodes into mice
that have been anesthetized and manipulated the electrodes in such a way that
only the electrical activity of a single neuron would be recorded. Most neurons
in the nucleus accumbens are quiescent or fire at very slow and irregular rates.,
Therefore, the excitatory amino acid transmitter glutamate, which is the endoge-
nous neurotransmitter of cortical and limbic inputs to the nucleus accumbens,™
was used to induce neuronal activity. We detected no significant difference be-
tween the wildtype mice (34.5 = 2.4 nA, n = 28 neurons) and the mutant mice
(36.2 = 2.1 nA, n = 26 neurons) with respect to the iontophoretic currents required
to drive nucleus accumbens neurons to a firing rate of 4-5 spikes/s. Moreover,
there was no significant difference between the two groups of mice in the total
number of spikes/30 s generated by glutamate during basal conditions (wildtype:
137.3 = 3.3 spikes/30 s; mutant: 136.2 = 3.0 spikes/30 s).

Local administration of cocaine onto nucleus accumbens neurons produced a
current-dependent inhibition of the generation of action potentials in the wildtype
mice (F1G. 4A). This effect was significantly reduced in the D1 mutant mice (F1G.
4C). When we averaged the results obtained from the 12 neurons tested in each
group of mice, we observed a highly significant decrease in the inhibitory efficacy
of cocaine in the mutant mice (FiG. 5A).

Elimination of Dopamine-Mediated Neurophysiological Responses in DI
Dopamine Receptor Mutant Mice

Previous experiments conducted on neurons in the rat nucleus accumbens
have demonstrated that cocaine-induced inhibition is often dependent upon stimu-
lation of both dopamine and serotonin receptors.® This dual transmitter mediation
of cocaine’s effects results from the potent inhibition by cocaine of both dopamine
and serotonin transporters.'® Therefore, we conducted additional experiments to
determine the inhibitory efficacies of dopamine and serotonin in the wildtype and
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FIGURE 4. Cumulative rate histograms illustrating the reduced efficacy of dopamine and cocaine at inhibiting glotamate (GLUT) activated
nucleus accumens neurons in the mutant mice. (A) and (B): Dopamine {IXA), cocaine, and serotonin (3-HT) inhibited glutamate-induced firing
of nuclews accumbens neurons in wildtype mice in a curreni-dependent manner. {C) and (ID): The inhibitory effects of dopamine were completely
absent in the D1 mutant mice, even when the transmitter was administered continuously for two minutes at a high ejection current. The inhibitory
efficacy of cocaine was greatly diminished in the D1 mutant mice whereas that of serotonin was unaffected. Lines represent the onset and offser
of drug or transmitter iontophoresis and numbers indicate the iontophoretic current, in nanoamperes, (From Xu e of ™ Reprinted by permission
from Ceff.)
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FIGURE 5. Current-response curves showing the reduced inhibitory efficacy of (A) cocaine
and (B) dopamine, but not (C) serotonin in D1 mutant mice as compared to wildtype controls.
Each point represents the mean = SEM of 10-12 neurons obtained from 4-35 mice. Statistical
comparison revealed a significant reduction in the efficacy of cocaine (Fj,, = 7.4, p =
0.014) and dopamine (F, s = 12.36. p = 0.0026), but not serotonin (F, ;3 = 0.96, n.s.). in
the D1 mutant mice (*p <0.05, **p <0.01, Dunnett's test as compared to wildtype mean
at the same dose). (From Xu er al.” Reprinted by permission from Cell.)

mutant mice. Whereas both dopamine and serotonin inhibited glutamate-induced
firing of nucleus accumbens neurons in wildtype mice (F16. 4A and 4B). only
serotonin was effective in the D1 mutant mice (Fic. 4C and 4D). Analysis of the
current-response curves for these two neurotransmitters revealed a near complete
loss of dopamine-induced inhibition in the mutant mice as compared to the wildtype
controls (FiG. 5B). In contrast, there was no significant difference between the
two groups of mice with respect to serotonin-induced inhibition (FiG. 5C). There-
fore. D1 receptor plays a critical role in normal dopamine-mediated neurophysio-
logical effects in the nucleus accumbens.

DISCUSSION

We have used a genetic approach and generated mice that do not carry the
D1 receptor gene in their genome. We used these mice and started to study the
mechanisms of cocaine action. Qur behavioral and electrophysiological analyses
demonstrated the essential roles of the D1 dopamine receptor in cocaine-induced
locomotor activity and in cocaine- and dopamine-mediated inhibitory neuronal
effects within the nucleus accumbens. This ventral forebrain structure is closely
allied to both limbic and motor systems,™* and is considered as the primary site
of the locomotor stimulating, subjective, and positive reinforcing effects of cocaine
and other drugs of abuse.”™** Previous work has implicated both D1-like and D2-
like dopamine receptors in these behavioral effects of cocaine. The present findings
explicitly demonstrate that without the D1 dopamine receptor, and in the absence
of detectable changes in the brain dopamine system, mice are incapable of exhibit-
ing psychomotor stimulation in response to cocaine administration. In fact, D1
mutant mice exhibited a significant dose-dependent decrease in locomotion in
response to cocaine. Thus, our studies have provided definitive evidence that the
D1 dopamine receptor is essential for the psychomotor stimulant effects of cocaine.
In addition, we have demonstrated that the D1 receptor is required for dopamine-
mediated inhibitory effects within the nucleus accumbens.
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The relationship between psychomotor stimulant activity and the addictive
potential of a variety of drugs of abuse has been the subject of considerable
recent interest.”*%*! Certainly with respect to animal studies of drug-seeking
behavior, cocaine self-administration seems to rely on anatomical and neuro-
chemical substrates that are intermixed or overlapped with those involved
in locomotor hyperactivity, i.e., the mesolimbic dopamine system.”*** The
availability of D1 mutant mice should provide the possibility to test whether
D1 dopamine receptor is a primary target for the reinforcing effects of cocaine
and other drugs of abuse. In addition, psychomotor stimulants like cocaine
are known to be able to induce the expression of immediate early genes through
dopamine receptors.''* The generation of D1 receptor mutant mice should be
very valuable to addiress which dopamine receptor subtypes mediate these
inductions in vive and help to elucidate the molecular targets of these immediate
early gene products.

Deletion of D1 dopamine receptor gene in the mouse genome is only the
beginning of using genetic approaches to study brain dopamine receptor function
in the presence of cocaine. Recent advances in gene targeting techniques®-*
make it possible to generate region-specific, developmental stage-specific knock-
out, and subtle changes (such as point mutations) of dopamine receptors in
the mouse genome to study when, where and how they function in the presence
of cocaine. Furthermore, mice with simultaneous deletion of different dopamine
receptor gene subtypes can be generated and thus provide the opportunity to
study synergistic or antagonistic effects among these dopamine receptor sub-
types. The use of this powerful genetic approach will be essential for dissecting
the components of the signal transduction pathway leading to anatomical,
cellular, and behavioral changes in mice upon cocaine administration and
dopamine neurotransmission. These studies will undoubtedly bring insights to,
in addition to mechanisms of cocaine action, many aspects of the molecular
mechanisms of behavior and help to understand the manifestation of neurological
diseases as well as provide new strategies in cure and prevention of these dis-
E45ESs.

SUMMARY

The brain dopamine system is thought to be the major target for the neurophar-
macological actions of psychomotor stimulants such as cocaine. To investigate
the mechanisms of cocaine action, we used a genetic approach, the gene-targeting
technigue, and generated D1 dopamine receptor mutant mice. Locomotor activity
analysis in response to cocaine indicates that, in contrast to control mice which
showed a dose-dependent increase in locomotion, D1 receptor mutant mice exhib-
ited a dose-dependent decrease, suggesting that D1 receptors play an essential
role in mediating such effects. Extracellular single unit recording of dopamine
sensitive nucleus accumbens neurons in the D1 receptor mutant mice and control
mice revealed a marked reduction in the inhibitory effects of cocaine and dopamine
on the generation of action potentials, suggesting that D1 receptors play a funda-
mental role in cocaine- and dopamine-mediated neurophysiological effects within
the nucleus accumbens. From these analyses, we conclude that the D1 dopamine
receptor plays essential roles in mediating these effects of cocaine. [n the future,
the use of this powerful genetic approach will be essential for elucidating the
molecular components of the signal transduction pathway leading to anatomical,
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cellular and behavioral changes upon cocaine administration and dopamine neuro-
transmission.
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