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Abstract

Experimental evidence suggests that dopamine D and D receptors may interact in an opposing or synergistic fashion. To investigate1 3

interactions between both receptors in behaviour, we have used dopamine D and D receptor knockout mice to generate mice lacking1 3

both receptors. DyryDyry mice were viable, fertile and showed no gross morphological abnormalities. In an open field, they exhibited1 3

lower activity than wild-type, Dyry and Dyry mice. DyryDyry mice performed equally poorly in the rotarod and Morris water maze1 3 1 3

tasks as their Dyry littermates. Basal locomotor activity and anxiety-like behaviour were normal in DyryDyry mice. Combined deletion1 1 3

of both receptors abolished the exploratory hyperactivity and anxiolytic-like behaviour of dopamine D receptor mutant phenotype and3

further attenuated the low exploratory phenotype of Dyry mice. These results imply an interaction of both receptors in the expression of1

exploratory behaviour in a novel environment, and the need for the presence of intact dopamine D receptor for the expression of certain1

behaviours manifested in dopamine D receptor mutant phenotype. In addition, dopamine D receptor, but not dopamine D receptor, is3 1 3

involved in the ability to perform on the rotarod and spatial learning. q 2000 Elsevier Science B.V. All rights reserved.
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Spatial learning

1. Introduction

Brain dopamine is involved in the control of locomotor
activity, learning and memory, motivation, and reward
through the nigrostriatal and mesocorticolimbic pathways.
Its effects are mediated by five G protein-coupled recep-

Ž .tors, divided into two subclasses: D -like D and D and1 1 5
Ž .D -like D , D , D receptors based on sequence homol-2 2 3 4

Žogy, signal transduction and pharmacology for review see
.Missale et al., 1998 .

Dopamine D receptor is found at the highest levels in1

caudate–putamen, nucleus accumbens and olfactory tuber-
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cle and at lower levels in cortex, hippocampus and hypo-
Ž .thalamus Fremeau et al., 1991; Weiner et al., 1991 .

Pharmacological data has implicated dopamine D receptor1
Žin the regulation of locomotor activity Dreher and Jack-

.son, 1989; Essman et al., 1993 and cognitive processes,
Žincluding learning and memory Ichihara et al., 1989;

Sawaguchi and Goldman-Rakic, 1991; Williams and Gold-
.man-Rakic, 1995; Muller et al., 1998 , as well as the

reinforcing effects of drugs of abuse, including cocaine
ŽCaine and Koob, 1994; Self et al., 1996; Epping-Jordan et

.al., 1998 . Dopamine D receptor is expressed predomi-3

nantly in nucleus accumbens, olfactory tubercle and is-
Žlands of Calleja Bouthenet et al., 1991; Landwehrmeyer et

.al., 1993 . Based on its anatomical distribution and phar-
macological studies, dopamine D receptor is thought to be3

Žinvolved in reward and cognitive behaviour for review see
.Shafer and Levant, 1998 . This receptor plays an inhibitory

Žrole on locomotion Daly and Waddington, 1993; Waters
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.et al., 1993; Svensson et al., 1994 , and may also be
Žinvolved in the reinforcing properties of cocaine Parsons

.et al., 1996; Caine et al., 1997; Pilla et al., 1999 .
Identification of specific functions of dopamine D and1

D receptors and their interactions in vivo has been diffi-3

cult because of the lack of ligands acting exclusively on
each receptor. Dopamine D and D receptor ligands also1 3

have some selectivity for other dopamine D -like and1

D -like receptors. In the past decade, gene-targeting tech-2

niques have been successfully used to generate mice lack-
ing various G protein-coupled receptors, including

Ž .dopamine receptors Rohrer and Kobilka, 1998 . Indeed,
there are reports of over 70 single and three double G
protein-coupled receptor knockouts, including a dopamine

Ž .D rD receptor double knockout Jung et al., 1999 .2 3

Various aspects of dopamine-mediated behaviour were
characterised in dopamine D and D receptor mutants.1 3

Reports indicate that dopamine D receptor mutants dis-1
Žplayed lower activity in a novel open field Drago et al.,

.1994; Smith et al., 1998 , but their locomotor activity,
measured over longer period of time, was either unchanged
Ž . ŽEl-Ghundi et al., 1999 or increased Xu et al., 1994;

.Clifford et al., 1998 . In addition, dopamine D receptor1

knockout mice exhibited impairments in sequence coordi-
Žnation and duration of grooming movements Cromwell et

. Žal., 1998 and a spatial learning deficit Smith et al., 1998;
.El-Ghundi et al., 1999 . With respect to reward, dopamine

D receptor mutants displayed retained cocaine-condi-1
Ž .tioned place preference Miner et al., 1995 and lower
Ž .preference for alcohol El-Ghundi et al., 1998 . Mice

lacking dopamine D receptor exhibited locomotor hyper-3
Ž .activity Accili et al., 1996 and lower anxiety levels

Ž .Steiner et al., 1997 . Several putative dopamine D recep-3

tor selective ligands were found to have the same effects
on dopamine D receptor knockout and wild-type mice3
Ž .Boulay et al., 1999; Xu et al., 1999 , emphasizing the
need for caution when assigning specific functions to
individual dopamine receptors based on pharmacological
studies.

Dopamine D and D receptors are co-expressed in a1 3

large number of neurons in nucleus accumbens and in
Žgranule cells of the islands of Calleja Le Moine and

.Bloch, 1996; Ridray et al., 1998; Schwartz et al., 1998 ,
raising the possibility of interactions at a single neuronal
level. Evidence has shown that dopamine D and D1 3

receptors exert opposite effects on c-fos expression in
Žislands of Calleja Ridray et al., 1998; Schwartz et al.,

.1998 and a synergistic effect on body temperature de-
Ž .crease Barik and de Beaurepaire, 1998 . In hemiparkinso-

nian rats, the levodopa-induced dopamine D receptor3

expression was shown to be mediated by dopamine D1
Ž .receptor Bordet et al., 1997 . In a human medulloblastoma

cell line, the stimulation of dopamine D receptor led to1

mRNA upregulation of both dopamine D and D recep-1 3
Ž .tors Levavi-Sivan et al., 1998 . A study using knockout

mice reported that dopamine D receptor-mediated c-fos1

induction was reduced in dopamine D receptor deficient3
Ž .mice Jung and Schmauss, 1999 .

Interactions between dopamine D -like and D -like re-1 2

ceptors in behaviour were reported on locomotor activity,
Žlearning and reinforcement Dreher and Jackson, 1989;

Ichihara et al., 1992; Essman et al., 1993; Koshikawa et
.al., 1996; Ikemoto et al., 1997 . However, the individual

roles of dopamine D and D receptors in these interac-1 3

tions are unknown. To investigate possible interactions of
dopamine D and D receptors in behavioural processes,1 3

we have generated mice lacking both receptors. Here, for
the first time, we report the effects of deletion of both
receptors on locomotor activity, exploration, anxiety, mo-
tor control and spatial learning.

2. Materials and methods

2.1. Animals

The generation of dopamine D receptor knockout1
Ž yry. Ž yry.D and dopamine D receptor knockout D mice1 3 3

Žhas been described previously Drago et al., 1994; Accili
. yryet al., 1996 . The D mice were a gift from Dr. J. Drago1

Ž . yryMonash University, Clayton, Australia and the D3
Žmice were obtained from the Jackson Laboratory Bar

.Harbor, Maine, USA . Dopamine D rD receptor double1 3
Ž yry yry.knockout D D mice were generated by crossing1 3

Dyry and Dyry mice. The resulting heterozygotes1 3
Ž qry qry.D D of the F1 generation were bred to produce1 3

the F2 generation. F2 DyryDqry mice were intercrossed1 3

to obtain DyryDyry and Dyry offspring with predicted1 3 1

frequencies of 25% in F3. The Dyry and wild-type con-3

trols were generated by breeding Dqry mice, derived from3

the same original dopamine D receptor knockout mice as3

the F2 DyryDqry mice. Mice were genotyped for1 3

dopamine D and D receptor mutations by polymerase1 3
Ž .chain reaction PCR on genomic DNA derived from tail

Žbiopsies Puregene DNA Isolation Kit, Gentra Systems,
.Minneapolis, MN . The primer sequences and conditions

required for genotyping dopamine D receptor mutation1

are available on the Jackson Laboratory web page
Ž .http:rrwww.jax.org . The PCR protocol for genotyping
dopamine D receptor mutants was developed by Dr. J.3

Drago. The forward primer, 5X TGGATGTGGAATGTGT-
GCGAG3X, recognising the sequence within the neomycin
resistance gene, and the backward primer, 5XGAAAC-
CAAAGAGGAGAGGGCAGGAC3X, recognising a DNA
sequence of dopamine D receptor gene, were used to3

detect the mutated gene. The final amplified fragment was
about 200 bp. The wild-type allele was detected about the
SalI site, which represents the site into which the neomycin

Ž .cassette was cloned Accili et al., 1996 . The forward and
reverse primers used were 5XGCAGTGGTCATGCCAGT-
TCACTATCAG3X and 5X CCTGTTGTGCTGAAACC-
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AAAGAGGAGAGG3X, respectively. The amplified frag-
ment was about 137 bp.

The animals were group housed and kept on a 12 h
Ž .light–12 h dark cycle lights on at 0700 h under standard

conditions in accordance with the guidelines of the Cana-
dian Council on Animal Care. Male wild-type, Dyry,1

Dyry and DyryDyry mice were used for all tests. The3 1 3

same subjects were used in all experiments. Behavioural
testing began when mice were between 12 and 19 weeks
old and lasted for 6 months. All testing took place during
the light phase of the light–dark cycle.

2.2. Locomotor actiÕity

The assessment of basal horizontal locomotion was
conducted in clear, rectangular plastic cages of 27=15 cm
and 17 cm high. The cages were identical to the home
cages, except that they did not contain floor bedding. The
test cages were placed in frames equipped with six photo-
cell beams on each of the opposite longer sides. Before the
test session, mice were habituated to the cages in 15-min
sessions on 3 consecutive days. One week after the habitu-
ation sessions, the test session was conducted and photo-
beam breaks were recorded for 60 min as a measure of
basal locomotor activity.

2.3. Open field

The apparatus consisted of a square enclosed Plexiglas
box of 60=60 cm and 30 cm high. The floor was white
and divided into nine squares of 20=20 cm each. To
begin testing, each mouse was placed in the central square
of the field and allowed 15-min exploration. A video
camera was used to record the sessions and the peripheral
and central square crossings, as well as the number of
rearing events were counted from the videotape.

2.4. EleÕated plus maze

The maze consisted of two opposite open arms, 30 cm
long and 5 cm wide, and two opposite closed arms of same
dimensions, surrounded by 15 cm high walls. The four
arms were attached to a central square platform of 5=5
cm. The plus maze was elevated 70 cm above the floor. At
the beginning of the test session, each mouse was placed
on the central platform facing one of the closed arms and
allowed 15-min exploration. The sessions were videotaped
and the number of closed arm entries with four paws, as
well as the number of open arm entries with four paws and
two forepaws, and the time spent in the open arms, were
recorded.

2.5. Rotarod

The rotarod was a 3-cm diameter cylinder rotating at 10
rpm. Testing on the rotarod took place on 2 consecutive

days. On day 1, each mouse was given a 10-min training
session. The mouse was placed on the immobile rod and
the speed was turned on to 10 rpm. If the mouse fell from
the rotarod, it was placed back on. Two hours after the
training session, performance was tested in a 3-min ses-
sion. The latency to fall off the rotating rod was measured.
On day 2, mice that performed poorly on the first probe

Ž .trial latency-30 s were given another 10 min training
session. Two hours later, a 3-min test session was con-
ducted for all mice.

2.6. Water maze

The mice were tested in the hidden and cued versions of
the Morris water maze task. The apparatus consisted of a
white circular tank of 120 cm diameter and 30 cm high,
filled with water to a depth of 23 cm. The water was
rendered opaque by the addition of a non-toxic white paint,
and maintained at room temperature. In the hidden version
of the task, a platform 12 cm in diameter was submerged 1
cm below the water surface. In the cued version, a 15 cm
high and 2.5 cm diameter red cylinder was attached to the
centre of the platform.

2.6.1. Hidden platform
During place training, the platform was located in the

middle of one of the four quadrants, labelled NE, NW, SE
and SW. The location of the platform was chosen ran-
domly and kept constant for each mouse. Training took
place on 3 consecutive days and consisted of four trials in
three blocks per day for a total of 36 trials. On day 1,
before the first trial, each mouse was allowed a 30-s free
swim without the platform to allow acclimation to the
tank. At the beginning of each trial, the mouse was placed
in the tank facing the wall, at one of four start locations
labelled N, S, E and W. The order of the start location was
random within a block of trials. The mouse was allowed to
swim for 60 s and the latency to find the platform was
recorded. If the platform was not located during 60 s, the
animal was manually guided towards it and given a score
of 61 s. Each mouse was allowed to stay on the platform
for 60 s in-between trials. The time interval between
blocks was 2.5 h. On day 3, 1 h after the last trial, the
platform was removed and a 60 s probe trial was con-
ducted. Time spent in each quadrant and annulus crossings
were recorded from a videotape of the probe trial.

2.6.2. Cued Õersion
The procedure was identical to the hidden version,

except that platform location was changed between the
NE, NW, SE and SW quadrants within a block, and no
probe trial was conducted.

2.7. Statistical analysis

In all experiments, data was recorded for each mouse
and expressed as mean of each group"S.E.M. For most
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Ž .comparisons, one-way analysis of variance ANOVA ,
Ž .followed by Newman–Keuls post hoc test as0.05 , was

used to assess genotype differences. Time course horizon-
tal activity in the open field, rotarod fall latencies, water
maze escape latencies and quadrant preference were anal-
ysed by two-way ANOVA using genotype as the
between-subjects factor and time blockrdayrtrial
blockrquadrant as the repeated measures factors. The
remaining data was analysed by unpaired t-test.

3. Results

3.1. Generation of DyryDyry mice1 3

The DyryDyry mutants were healthy, and had no1 3

gross physical abnormalities. They were fertile, producing
litters of expected size and sex distribution. DyryDyry

1 3

mice were smaller in size, which is consistent with previ-
yry Žous reports of the smaller size of D mice Drago et al.,1

. yry1994; Xu et al., 1994 . Since D mice require a diet of1
Žhydrated food to thrive after weaning Drago et al., 1994;

. yry yryEl-Ghundi et al., 1998 , the D D mice received1 3

mashed pellets upon weaning. Weight measurements dur-
ing the experiments indicated that Dyry and DyryDyry

1 1 3

mice had body weights 10–20% lower than wild-type and
Dyry mice.3

3.2. Locomotor actiÕity

To investigate the effect of deletion of both dopamine
D and D receptors on spontaneous locomotor activity,1 3

we measured forward locomotion in the double mutants
and compared it to Dyry, Dyry and wild-type controls,1 3

using automated photocell beam boxes. No significant
differences were observed among the four genotypes in

Ž Ž . .horizontal activity in the 60-min session F 3,35 s 2.65
Ž .Fig. 1 .

3.3. Open field

In order to find out how the deficiency of both dopamine
D and D receptors affected exploratory behaviour in a1 3

Ž .novel environment, horizontal square crossings and verti-
Ž .cal rearing activities were measured in a large open field.

There was a significant difference among the groups in
Ž Ž . .total horizontal crossings F 3,34 s12.66; P-0.0001

Ž . yry yryFig. 2a . Further analysis indicated that D D mice1 3

exhibited a decreased number of crossings compared to
Ž . yryŽ . yrywild-type P-0.001 , D P-0.05 and D mice1 3

Ž . yryP-0.001 . D mice were significantly less active than1
yry Ž .either wild-type or D mice P- 0.05 . There was no3

significant difference in the total number of square cross-
ings between wild-type and Dyry mice over the 15-min3

session. A detailed time course analysis demonstrated a
Ž Ž . .significant main effect of genotype F 3,34 s27.13 and

Ž . yry Ž .Fig. 1. Basal locomotor activity of wild-type ns10 , D ns8 ,1
yry Ž . yry yry Ž .D ns10 and D D ns11 mice. Mice were placed indi-3 1 3

vidually into activity boxes and horizontal locomotor activity was mea-
sured by photobeam breaks for 60 min. Values represent means"S.E.M.
One-way ANOVA did not reveal significant differences among the
genotypes.

Ž Ž . . Žtime block F 2,35 s25.45 , but no interaction genotype
.= time block . ANOVA of each 5-min time block revealed

Žsignificant differences in square crossings 1–5 min:
Ž . Ž .F 3,34 s13.59; P-0.0001, 6–10 min: F 3,34 s10.85;

Ž . .P-0.0001, 11–15 min: F 3,34 s6.04; P-0.01 . Sub-
sequent analysis indicated that DyryDyry mice exhibited1 3

Ž . yryŽ .lower activity than wild-type P-0.001 , D P-0.051
yry Ž .and D mice P-0.001 , in the first 5-min block of3

Ž .the test session Fig. 2b . In the 6–10 and 11–15 min
blocks, the activity levels of DyryDyry mice were not1 3

significantly different from their Dyry littermates, but1

were significantly lower than the levels of wild-type and
yry Ž .D mice P-0.01 . The decrease in horizontal activity3

of Dyry mice was observed only in the 1–5 min time1

block. Interestingly, in the 6–10 min block, Dyry mice3

showed an increase in square crossings when compared to
Ž .wild-type mice P-0.05 . This hyperactivity was not

observed in the 1–5 and 11–15 min blocks. The distribu-
tion of horizontal activity between the peripheral and
central squares of the open field did not differ significantly
among the genotypes. Normalised centre square entries
Ž .centre entriesrtotal crossings indicated that although
Dyry and Dyry mice tended to enter the centre square1 3

more often than wild-type mice, this difference was not
significant. Moreover, a time course analysis of centre
entries did not reveal any differences among the groups in

Ž .any of the time blocks data not shown .
Analysis of vertical activity indicated significant differ-

Ž Ž . .ences among the genotypes F 3,34 s55.58; P-0.0001 .
Dyry mice reared less, and Dyry mice reared more than1 3

Ž . yry yrythe wild-type mice P-0.001; Fig. 2c . D D mice1 3

reared significantly less than either wild-type or Dyry
3

Ž . yry yrymice P-0.001 . Although D D mice appeared to1 3

rear less than Dyry mice, ANOVA did not reveal a1

statistically significant difference. Nevertheless, a simple
comparison of the two groups by an unpaired t-test yielded

Ž .a significant difference ts2.48; Ps0.022 , indicating a
tendency towards decreased rearing in DyryDyry mice.1 3
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ŽFig. 2. Exploratory behaviour in a novel open field of wild-type ns10,
. yry Ž . yry Ž .white bars , D ns7, diagonal bars , D ns10, checkered bars1 3

yry yry Ž .and D D ns11, shaded bars mice. Each mouse was placed in1 3
Ž .the centre square of the open field and a total horizontal distance

travelled in 15 min was measured. Data are mean square crossings"

S.E.M. ) P -0.05, compared to wild-type and Dyry mice. aP -0.001–3
yry yry Ž .0.05, compared to wild-type, D and D mice. b Time course1 3

analysis of total horizontal activity. Values represent mean square cross-
ings"S.E.M. in each 5 min block. 1–5 min: ) P -0.01–0.05, compared
to wild-type and Dyry mice. aP -0.001–0.05, compared to wild-type,3

Dyry and Dyry mice. 6–10 min: ) P -0.01–0.05, compared to wild-1 3

type and Dyry mice. aP -0.001–0.01, compared to wild-type and1

Dyry mice. 11–15 min: aP -0.01, compared to wild-type and Dyry
3 3

Ž . )mice. c Number of rears in 15 min. Data are means"S.E.M. P -0.001,
compared to wild-type and Dyry mice. P̂ -0.001 compared to wild-3

type mice. aP -0.001, compared to wild-type and Dyry mice, and3
yry Ž .P s0.022 compared to D mice unpaired t-test .1

Ž . yry Ž . yry Ž .Fig. 3. Behaviour of wild-type ns10 , D ns8 , D ns101 3
yry yry Ž .and D D ns11 mice in the elevated plus maze. Each mouse1 3

was placed on the centre platform and the number of arm entries was
counted for 15 min. Data are means"S.E.M. Dyry mice entered the3

open arms with four paws more often than other genotypes. ) P -0.05,
compared to wild-type, Dyry and Dyry Dyry mice.1 1 3

3.4. EleÕated plus maze

In order to study the effects of combined lack of
dopamine D and D receptors on anxiety-related be-1 3

haviour, we examined the performance of the mice on the
elevated plus maze task. The entries into open arms with
two forepaws vs. all four paws were recorded to observe if
mice that entered open arms with all paws, a measure of
decreased anxiety, also tended to cross more often into the
open arms with the two forepaws. No differences in closed

Ž Ž . .arm entries F 3,35 s2.12 and open arm entries with
Ž Ž . .two forepaws F 3,35 s1.55 were observed among the

Ž . yry yrygenotypes data not shown . D D mice did not1 3

differ in their entries into the open arms with four paws
yry Ž .from either wild-type or D mice Fig. 3 . As expected,1

Dyry mice entered the open arms with four paws more3

often than any other genotype, when expressed as either
Ž .the number of open arm entries Fig. 3 or as a percentage

Ž . Ž .of all entries data not shown P-0.05 . The increased
exploration of the open arms with four paws observed in
Dyry mice was therefore abolished by the concurrent3

deletion of dopamine D receptor, as observed in1

DyryDyry mice. No difference in time spent in the open1 3

arms with either four or two paws was observed among the
genotypes. Although Dyry mice appeared to spend more3

time in open arms with four paws than any other genotype
Ž .data not shown , this difference failed to show statistical
significance. Moreover, when the variable was expressed
as time spent per each entry, no difference was observed

Ž .among the groups data not shown .

3.5. Rotarod

Motor control of DyryDyry mice was investigated1 3

using the rotarod. All mice were able to stay on the
immobile cylinder for 3 min. A significant main effect of

Ž Ž . .genotype F 3,33 s67.56; P-0.0001 , but no signifi-
Žcant main effect of day and no interaction genotype=
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Ž . yry Ž . yry Ž .Fig. 4. Performance of wild-type ns10 , D ns8 , D ns91 3
yry yry Ž .and D D ns10 mice on the rotarod. Each mouse was placed1 3

on the rotarod and the speed was turned on to 10 rpm. The latency to fall
was measured, maximum time allowed was 3 min. Values represent
group mean latencies"S.E.M. during probe trials on day 1 and day 2.
) P -0.001, and aP -0.001, compared to wild-type and Dyry mice.3

P̂ -0.05, compared to wild-type mice.

. yry yryday , was observed. D D mice performed very1 3
Ž .poorly on the task on both days of testing Fig. 4 . The

latency to fall off the rotating cylinder in the double
mutants was significantly lower than in either the wild-type

yry Ž .or the D mice on each day P-0.001 . The perfor-3

mance of DyryDyry mice, however, did not differ from1 3

Dyry mice. Dyry and DyryDyry mice fell off the1 1 1 3

cylinder immediately after it started rotating, during train-
ing and trial sessions. Their performance did not improve
on day 2 despite another 10-min training session. The
latency to fall was the same in wild-type and Dyry mice3

on day 1. On day 2, however, Dyry mice performed better3
Žthan wild-type mice, staying longer on the rotarod P-

.0.05 .

3.6. Water maze

We tested the ability of DyryDyry mice to locate an1 3
Žescape platform submerged in water using distal outside

Ž . yry Ž . yry Ž .Fig. 5. Performance of wild-type ns10 , D ns7 , D ns101 3
yry yry Ž .and D D ns11 mice in the water maze task. Each mouse was1 3

Ž .placed into the tank and the latency to find a the hidden platform was
measured. The maximum time allowed was 60 s. Each block represents
the mean latencies in four trials"S.E.M. Both Dyry and Dyry Dyry

1 1 3

mice had higher latencies to platform than wild-type and Dyry mice.3
Ž .During the probe trial, the platform was removed and b development of

spatial bias for target versus opposite quadrant was measured. Values
represent the means of time spent in each quadrant"S.E.M. Wild-type
mice: ) P -0.05, compared to target quadrant. Dyry mice: aP -0.0001,3

compared to target quadrant. Dyry and Dyry Dyry mice did not1 1 3
Ž .develop a significant preference for the target quadrant. c Annulus

crossings during the probe trial. Data are expressed as mean crossings
through platform location"S.E.M. Wild-type and Dyry mice crossed3

the platform location more often than Dyry and Dyry Dyry mice.1 1 3
) a yry Ž .P -0.001 and P -0.001, compared to wild-type and D mice. d3

Escape latencies to visible platform in cued version of the task. Values
represent mean latencies in four trials"S.E.M. Wild-type and Dyry

3

mice performed better than Dyry and Dyry Dyry mice.1 1 3

. Ž .of tank and proximal marked platform cues, to investi-
gate if deficiency of both receptors affects the performance
in the task. No differences in swim speeds were found

yry yry Ž .among wild-type, D and D mice data not shown .1 3

DyryDyry mice, however, demonstrated significantly1 3
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Ž Ž .lower swim speeds than the other three groups F 3,34 s
.7.83; P-0.01 . In addition, observation of the swim paths

revealed that DyryDyry and Dyry mice often floated in1 3 1

the water and tended to swim around the walls of the tank
Ž .thigmotaxis .

In the hidden version of the water maze, a significant
Ž Ž . .main effect of genotype F 3,34 s 132.2; P-0.0001

Ž Ž . .and trial block F 8,315 s5.22; P-0.0001 were ob-
Žserved, as well as an interaction genotype= trial block,

Ž . . yryF 24,315 s 3.24; P - 0.0001 . Both D and1

DyryDyry mice exhibited longer latencies to platform1 3

than wild-type mice by trial block 2, and Dyry mice by3
Ž .trial block 3 and all blocks thereafter Fig. 5a . The escape

performance of wild-type and Dyry mice improved over3

training as indicated by the decreasing latencies to plat-
form. The analysis of the data from the probe trial revealed
no main effect of genotype, but a significant main effect of

Ž Ž . .quadrant F 1,34 s16.78; P-0.001 and an interaction
Ž Ž . .genotype=quadrant, F 3,68 s7.16; P-0.001 . A sim-
ple analysis of the swim paths indicated that only wild-type
and Dyry mice spent more time in the target quadrant vs.3

Žthe opposite quadrant ts2.73; Ps0.0231 and ts4.37;
. Ž . yryPs0.0018, respectively, paired t-test Fig. 5b . D1

and DyryDyry mice spent similar amounts of time in the1 3

target and opposite quadrants, indicating lack of learning
of the escape platform location. A significant difference
among the genotypes was observed in annulus crossings
Ž Ž . . yryF 3,34 s15.26; P-0.0001 . Wild-type and D mice3

crossed the location of the escape platform more often than
yry yry yry Ž .either D or D D mice P-0.001 , indicating1 1 3

Ž .retention of memory of the platform location Fig. 5c . No
differences in annulus crossings were observed between
wild-type and Dyry mice, and between Dyry and3 1

DyryDyry mice.1 3

In the cued version of the task, significant main effects
Ž Ž . .of genotype F 3,34 s742.7; P-0.0001 and trial block

Ž Ž . . ŽF 8,315 s7.86; P-0.0001 and an interaction geno-
Ž . .type= trial block, F 24,315 s1.55, P-0.05 were ob-

served. The escape latencies of wild-type and Dyry mice3
Ž . yrydecreased rapidly over the trials Fig. 5d . Both D and1

DyryDyry mice, however, showed no improvement in1 3

locating the visible platform over the trials, as their laten-
cies remained higher in all trial blocks. No difference in
latencies was observed between wild-type and Dyry mice,3

as well as between Dyry and DyryDyry mice, in all trial1 1 3

blocks.

4. Discussion

We have previously characterised the dopamine D1

receptor both pharmacologically and using knockout mice
ŽNg et al., 1995; El-Ghundi et al., 1998; George et al.,

.1998; El-Ghundi et al., 1999; Jin et al., 1999 . To further
investigate dopamine D receptor function and its interac-1

tions with the dopamine D receptor in dopamine-media-3

ted behaviours, we generated DyryDyry mice and studied1 3

their performance in various behavioural tests. The major
Ž .findings of these tests suggest that: 1 the combined lack

of dopamine D and D receptors further attenuates the1 3

low exploratory phenotype resulting from dopamine D1
Ž .receptor mutation, 2 the presence of intact dopamine D1

receptor is necessary for the expression of some aspects of
the dopamine D receptor knockout phenotype, including3

increases in rearing in the open field and open arm entries
Ž .in the plus maze, and 3 impairments in behavioural tests

observed in Dyry mice, such as the rotarod and water1

maze, are not affected by concurrent deletion of dopamine
D receptor.3

DyryDyry mice exhibited normal spontaneous loco-1 3

motor activity in a familiar environment, when compared
to mice with functional dopamine D and D receptors.1 3

These findings suggest that the presence of either, or both
receptors, is not required for the expression of normal
basal forward locomotion. Lack of significant change in
basal locomotor activity in either Dyry mice, as demon-1

Žstrated in the present and past studies El-Ghundi et al.,
. yry1999 , or D mutants, further supports these findings.3

However, DyryDyry mice exhibited significantly lower1 3

locomotor activity than wild-type, Dyry and Dyry mice1 3

in the open field, a test for exploratory behaviour and
anxiety. Dopamine D receptor knockout mice have been1

reported to show lower locomotor activity and rearing in
Ž .an open field Drago et al., 1994; Smith et al., 1998 , and

dopamine D receptor knockout mice were found to be3
Ž .hyperactive in the same test Accili et al., 1996 . Our

findings that deletion of dopamine D receptor attenuates,1

while deletion of dopamine D receptor stimulates ex-3

ploratory behaviour are, therefore, in agreement with these
reports. However, an increase in locomotor activity in
dopamine D receptor mutants was reported by other1

Ž .groups Xu et al., 1994; Clifford et al., 1998 . The differ-
ences in results could be attributed to factors, such as
environmental differences and variations in test protocols.
As indicated by our results, a distinction should be made
between basal locomotion tests which involve long ses-
sions and allow habituation, and tests of exploratory activ-
ity which are of shorter duration and are affected by the
novelty of the environment. Thus, the difference in activity
in the locomotion and open field tests of DyryDyry mice1 3

and their Dyry littermates may be attributed to the differ-1

ent types of behaviour measured by these tests. In the
locomotion test, mice were habituated to the activity cages,
prior to the test session, in order to reduce the element of
novelty, and were thus familiar with the test environment.
In addition, the test cages were small and they resembled
the home cages. The open field, however, was a large
bright novel space to which the mice were exposed for the
first time during the test session, allowing us to study
exploratory behaviour. Therefore, our results suggest that
the concurrent deletion of dopamine D and D receptors1 3

further attenuates the already low exploratory activity ob-
served in Dyry mice. In fact, DyryDyry mice showed1 1 3
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impairment in response initiation, as indicated by the
lowest activity in the initial 5 min of the open field test,
and the fact that some DyryDyry mutants stayed in the1 3

central square for a few minutes before initiating move-
ment. The low locomotor activity of DyryDyry, as well1 3

as Dyry mice in the open field test, could reflect not only1

the attenuation of exploratory activity, but also changes in
the anxiety state of these mice. However, results obtained
from the plus maze test suggest that Dyry and DyryDyry

1 1 3

mice exhibit normal anxiety levels when compared to
wild-type mice. There were also no changes in the centre
square entries in the open field, a measure of anxiety level,
between Dyry, DyryDyry and wild-type mice. According1 1 3

Žto our findings, the exploratory hyperactivity i.e. the
increase in both rearing, and horizontal activity in the

.6–10 min block and anxiolytic-like effect of dopamine D3

receptor mutation were eliminated with concurrent deletion
of dopamine D receptor. This suggests that dopamine D1 1

receptor, in the absence of dopamine D receptor, may3

facilitate the stimulation of these behaviours. This implies
a possible inhibitory effect of dopamine D receptor in3

these processes.
The inability of DyryDyry mice to perform on the1 3

rotarod indicates a possible motor control deficit, which
could be involved in the observed attenuated rearing be-
haviour. In order for mice to remain on the rotating rod,
normal coordination between the frontal and hind paws, as
well as the ability to learn the task, are required. However,
DyryDyry mice and their Dyry littermates fell off the1 3 1

rod immediately after it started rotating, suggesting that
they failed to respond to the stimulus, i.e. the rotating
cylinder. This indicates that an impairment in movement
initiation, and not a motor control deficit, may be responsi-
ble for the inability of Dyry and DyryDyry mice to walk1 1 3

on the rotarod. Previous studies reporting that Dyry mice1
Ždid not exhibit changes in motor coordination Drago et

.al., 1994; El-Ghundi et al., 1999 support these findings.
Although DyryDyry mice performed poorly on both the1 3

rotarod and water maze tasks, their impairment was identi-
cal to that of Dyry mice. These findings suggest the1

involvement of dopamine D but not D receptors in the1 3

ability to perform on the rotarod, and to locate the escape
platform in the water maze, since Dyry mice performed3

normally in both tasks. It should be noted, however, that
the impairments demonstrated by Dyry and DyryDyry

1 1 3

mice resulted in very low fall latencies in the rotarod test
and very high latencies in the water maze, possibly creat-
ing a floor and ceiling effect, respectively. Therefore, a
potential further decrease in performance due to dopamine
D receptor deletion may have been impossible to mea-3

sure.
In the present study Dyry mice were impaired in the1

water maze, an effect consistent with that reported by
Ž .Smith et al. 1998 . However, this deficit was more severe

Žthan that reported previously by our laboratory El-Ghundi
. yryet al., 1999 . In this latter study, D mice were clearly1

impaired in the water maze but did show a decline in
escape latencies in both the hidden and cued versions of
the task. Procedural differences between the present study

Ž .and the study of El-Ghundi et al. 1999 could explain
these different patterns of results. In comparison to the 60
s trial maximum used in this report, El-Ghundi et al.
Ž .1999 used a 90 s trial maximum. Thus, the shorter trial
length used in the present study would be likely to reduce
the chances of the impaired Dyry mice to locate the1

Ž .platform. Additionally, while El-Ghundi et al. 1999 used
an inter-trial interval of approximately 6 min, during which
mice were returned to their home cages, mice in the
present study were subjected to consecutive trials with a
60 s inter-trial interval on the platform. It is possible that
this massed trial procedure may have been more stressful
than the one in which long intervals intervened between
successive trials. Given that dopamine in prefrontal cortex
is thought to be involved in mediating responses to stress
Ž .Horger and Roth, 1996 , it is possible that any stress
engendered by exposing Dyry mice to massed swim trials1

may have affected performance andror learning in these
animals. The inability of Dyry and DyryDyry mice to1 1 3

locate the escape platform in both the hidden and cued
versions of the task supports the role of dopamine D1

receptor in cognitive processes. In addition to a spatial
learning deficit, i.e. the inability to learn to associate
external cues with the location of the escape platform, the
impairment in the water maze may be a result of other
factors. The impairment could have resulted from in-
creased thigmotaxis, as well as periods of floating instead
of swimming observed in both groups. Although
DyryDyry mice exhibited lower swim speeds, this un-1 3

likely caused their poor performance, since the impaired
Dyry mutants showed normal swim speeds. The rotarod1

results may again suggest motor deficits, which may have
affected the swimming performance and, thus, the ability
of DyryDyry mice to locate the escape platform. We1 3

believe, however, that swimming disability as a result of
motor incoordination was not the reason for impairments
in the water maze, since Dyry mice developed normal1

swim speeds compared to wild-type mice, and both Dyry
1

and DyryDyry mice were able to climb onto the plat-1 3

form. Visual impairments were unlikely to have caused the
poor performance of DyryDyry mice, since naıve Dyry¨1 3 1

Žmice were able to locate the cued platform El-Ghundi et
.al., 1999 . Moreover, according to studies by another

group, initial processing of visual information is un-
Žchanged in dopamine D receptor knockout mice Smith et1

. yry yryal., 1998 . It is possible that D D mutants failed to1 3

learn the association between the platform and escape from
water. One of the limitations of the water maze task, is its

Žrestriction to aversively motivated behaviour Morris,
.1981 , which is thought to be mediated in part by dopamine

D receptor. Therefore, impairments in motivational pro-1

cesses, in addition to impaired spatial learning and re-
Ž .sponse initiation floating as well as thigmotaxis, may all
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be variables contributing to the poor performance of
DyryDyry mice in the water maze. Future studies are1 3

needed to further investigate the role of both dopamine D1

and D receptors in specific aspects of motivation and3

learning.
There may be several possible mechanisms via which

the two receptors interact. Co-localisation of dopamine D1

and D receptors on single neurons suggests that they may3

interact at the cellular membrane or the second messenger
level. Several G protein-coupled receptors, including
dopamine receptors, have been shown to form het-

Žerodimers Jordan and Devi, 1999; Ng et al., 1999; Xie et
.al., 1999; Rocheville et al., 2000 . Therefore, it is conceiv-

able that dopamine D and D receptors physically interact1 3

on the cell surface forming heterodimers, which in turn
may affect their agonist binding and G protein coupling.
Alternatively, dopamine D rD receptor interactions may1 3

also occur as a result of dopamine D and D receptor1 3

coupling to the same second messenger signalling path-
ways such the adenylyl cyclase and the mitogen-activated

Žprotein kinase pathways Schwartz et al., 1998; Obadiah et
. Ž .al., 1999 . The mechanism s behind the interaction be-

tween dopamine D and D receptors remains to be re-1 3

vealed.
The possibility of compensatory changes by other pro-

teins, in this case, other dopamine receptors, in DyryDyry
1 3

mutants has to be considered. It has been reported that
dopamine D receptor mutants exhibit increased expres-2

sion of dopamine D receptor which may in fact compen-3
Žsate for the lacking dopamine D receptor functions Jung2

.et al., 1999 . The same study, however, reports no changes
in dopamine D receptor expression in dopamine D re-2 3

ceptor mutants, which is consistent with previous reports
Ž .Accili et al., 1996; Xu et al., 1997 . Dopaminergic neu-
rons and D -like binding also appeared normal in dopamine1

Ž .D receptor knockout mice Xu et al., 1997 . Similarly,3

dopamine containing systems and D -like binding sites2
yry Žwere preserved in D mutants Xu et al., 1994; El-1

.Ghundi et al., 1998 .
In conclusion, DyryDyry mice have demonstrated a1 3

significant additive role of dopamine D and D receptors1 3

in at least one aspect of behaviour, the expression of
normal exploratory activity. We have shown that the ex-
ploratory Dyry phenotype was potentiated in dopamine1

D rD receptor double mutants, and that the concurrent1 3

deletion of dopamine D receptor prevented the expression1

of the phenotype observed in Dyry mutants. Our findings3

imply a dopamine D rD receptor interaction in the regu-1 3

lation of exploratory activity in mice. Future studies will
further investigate dopamine D rD receptor interactions1 3

in learning and memory, motivation and reward.
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