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RO-10-5824 is a selective dopamine D4 receptor agonist that
increases novel object exploration in C57 mice
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Abstract

Novelty seeking as a behavioral phenomenon emerges as a compromise between approach and avoidance behavior. Although
novelty seeking is thought to play a role in drug abuse and in cognition, the biological basis for this construct is poorly understood.
At a genetic level, dopamine D4 receptors (D4R) appear to be critical for the behavioral expression of novelty seeking. In humans,
polymorphisms of D4R have been associated with novelty-seeking traits in general and attention deficit-hyperactivity disorder in
particular. Similarly, D4R (�/�) mice exhibit less novel object exploration than D4R (+/+) mice. Due to of the paucity of selective
D4R ligands for use in behavioral pharmacology studies, few studies have examined the behavioral effects of D4R compounds in
animals. The present experiments characterized RO-10-5824, a new, selective D4R partial agonist with minimal affinity for dopamine
D2 and D3 receptors, and tested the hypothesis that activation of D4R increases the investigation by mice of a novel object placed
in the center of a familiar open field. C57BL/6J and DBA/1J male mice were used in a dose response study of the selective D4R
partial agonist RO-10-5824 (0, 1.0, 3.0, or 10.0 mg/kg). While having no effect on the amount of locomotor activity in novel or
familiar environments, RO-10-5824 (10.0 mg/kg) increased time spent in the center of the enclosure in the presence of a novel
object in C57 but not DBA mice. These results support the hypothesis that stimulation of D4R can enhance novelty seeking in
mice and that this effect may be dependent on subtle genetic differences.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Explorations of novel environments and novel stimuli
are critical to an organism’s survival. Exploratory drives
have been well documented in several species (see
Berlyne, 1960). In a Y-maze, rats will explore the novel
arm preferentially over the two familiar arms (Dellu et
al., 2000), and hungry rats will choose a new runway in
the presence of runways in which they have repeatedly
obtained food (Berlyne, 1960). In addition to showing
preferences for novel environments, rats also show an
increased preference for discrete novel objects (Berlyne,
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1960; Beesheer and Bevins, 2000; Ennaceur and Delac-
our, 1988; Sheldon, 1969). The constant balance for an
organism to weigh the relative risks and benefits of a
particular environmental situation has been concep-
tualized as an approach-avoidance conflict (e.g.,
approach rewarding stimuli vs avoid predators; Berlyne,
1960). The aversive properties of a novel environment
have been demonstrated in rodents through paradigms
such as a modified open field test that measures “nov-
elty-induced suppression of feeding” in food-deprived
rats (Rex et al., 1998). Novelty seeking is an important
construct related to this approach-avoidance conflict.
Specifically, novel stimuli evoke a conflict in animals by
eliciting both approach and avoidance behaviors concur-
rently (Berlyne, 1960; Montgomery, 1955; Welker,
1957). The degree of novelty seeking has been impli-
cated as a variable that is predictive of drug-taking tend-
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encies in animals (Piazza et al., 1989; Kabbaj et al.,
2000) and of the risk of developing substance abuse in
humans (Pedersen et al., 1989; Teichman et al., 1989;
Kosten et al., 1994). Hence, novelty seeking as a person-
ality dimension (Cloninger, 1987) has received increas-
ing attention in psychiatric and genetic research.

Dopamine D4 receptors (D4R) have been implicated
in novelty seeking in both human and animal studies. In
humans, specific tandem repeat polymorphisms (e.g., 7
allele variant) of the dopamine D4R have been related
to novelty-seeking dimensions of personality scales
(Benjamin et al., 1996; Ebstein et al., 1996). The link
between D4R and novelty seeking has been debated,
with subsequent investigations either supporting (Noble
et al., 1998; Kuhn et al., 1999; Tomitaka et al., 1999)
or questioning the association between the D4R gene and
novelty seeking (Jonsson et al., 2002; Mitsuyasu et al.,
2001). The D4R gene has also been linked to attention
deficit hyperactivity disorder [ADHD] (Faraone et al.,
2001) as well as substance abuse (Kotler et al., 1997).
Using a battery of paradigms assessing the exploration
of novel and familiar environments to examine novelty
seeking in mice, a previous study found that D4R (�/�)
mice exhibited less novel object exploration, decreased
entries into the center of an open field, and increased
latency to emerge from a (safe) cylinder (Dulawa et
al., 1999).

Thus, if the lack of D4 receptors is associated with a
reduced exploration of a novel object and D4 receptors
are critical for the balance between approach and avoid-
ance behaviors, one would hypothesize that a D4 recep-
tor agonist increases exploration of a novel object.
Therefore, the present investigation tested the hypothesis
that acute administration of a D4R agonist increases
exploration of a novel object. Support for this hypothesis
would provide further evidence for the role of D4 recep-
tors in modulating novelty-seeking responses. Mice of
different strains differ dramatically, however, in their
responses to novelty (Elias et al., 1975; Crabbe and Bel-
knap, 1992). Therefore, we sought to clarify the influ-
ence of the genetic background by selecting two differ-
ent strains, C57BL/6J and DBA/1J mice, that differ
dramatically in their locomotor behavior and responses
to novelty. Support for this hypothesis would emphasize
that the modulatory role of D4R in novelty seeking
depends critically on the trait of the animal and may
provide some explanation for divergent findings in both
human and animal studies for the role of the D4 receptor
in novelty seeking.

2. Methods

2.1. In vitro studies

2.1.1. Materials
Haloperidol, clozapine, dopamine, quinpirole, and

(-)apomorphine were purchased from Research Bio-

chemicals International (RBI). 3H-spiperone (89
Ci/mmol), 3H-SCH23390 and 35S-GTPgS (1000
Ci/mmol) were purchased from Amersham. RO-10-5824
(Godel et al., 1997) was tested as both a free base and
as a hydrochloric salt.

2.1.2. Cell lines
CHO-K1 cell lines stably expressing the human D4.4

dopamine receptor isoform (Asghari et al., 1994), as well
as untransfected control cells, were obtained from H. H.
M. Van Tol, Toronto. CHO-D2 and GH4-D1 cell lines
are described in (Lanau et al., 1997b), and CHO-D3 and
CHO-D5 cells are described in (Lanau et al., 1997a).

2.1.3. Radioligand binding assays
CHO-D4.4 and CHO-D2 cells were adapted to sus-

pension culture in DHI-TIPP media (Schlaeger and
Schumpp, 1992) and grown in 23.5-liter airlift fer-
mentors. Cell membranes were prepared and binding
assays performed as described in (Lanau et al., 1997b).
Briefly, competition binding was carried out in binding
buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 5 mM
KCl, 1.5 mM CaCl2, 4 mM MgCl2) in a 0.5 ml final
volume in 96 well-plates with 23.1 µg and 4.5 µg of
membrane protein per well for CHO-D4 and CHO-D2
assays, respectively, in the presence of 200 pM 3H-spip-
erone and increasing concentrations of competitor ligand
for 90 min at room temperature. Competition binding
was performed in the presence of 500 pM 3H-SCH23390
for D1 and D5 assays, and 200 pM of 3H-7-OH-DPAT
for D3R assays. 5.7, 68, and 37.6 µg of membrane pro-
tein per well were used for D1, D3, and D5 receptor
assays, respectively. Data were analyzed using EBDA
and LIGAND for the Apple Macintosh.

2.1.4. 35S-GTPgS binding assay
Preparation of cell membranes and performance of

35S-GTPγS assays are described in Lanau et al., 1997b.

2.2. Behavioral studies

2.2.1. Subjects
64 C57BL/6J (C57) and 40 DBA/1J (DBA) male mice

were obtained from Jackson Laboratories (Bar Harbor,
ME). Behavioral testing occurred between 8–9 weeks of
age when the mice weighed approximately 20–40 g.
Mice were housed four to a cage and kept on a 12 h
light/dark cycle (lights off at 9:00 am) with food (Harlan
Teklad, Madison, WI) and water available ad libitum,
except during behavioral testing. Testing occurred dur-
ing the dark phase between 11:00 am and 6:00 pm.
Experiments were approved by the local animal care and
use committee and were conducted in accordance with
the National Institute of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 80-
23) revised 1996. All efforts were made to minimize the
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number of animals used and the suffering of animals in
these experiments.

2.2.2. Drugs
For behavioral experiments, RO-10-5824 was dis-

solved in 0.6% Tween 80 in saline at the following doses
(0, 1.0, 3.0, and 10.0 mg/kg). For locomotor activity and
pattern assessments, injections of RO-10-5824 or saline
were administered intraperitoneally (IP) 10 min before
behavioral testing. All injections were given at a volume
of 5 ml/kg body weight.

2.2.3. Apparatus
The video-tracker (VT) consisted of four adjacent

white plastic enclosures (41 × 41 × 34 cm) surrounded
by a white plastic curtain. Each mouse was tested indi-
vidually in a separate enclosure. A video camera,
mounted 158 cm above the enclosures, provided the sig-
nal for the Polytrack digitizer (San Diego Instruments;
San Diego, CA). The signal was processed to obtain the
left-uppermost coordinate for each of the four animals
simultaneously. The signal was stored in a PC computer
for further off-line processing. For this investigation, the
(x,y) position (in pixels) of each animal was sampled at
a rate of 18.18 Hz and used to generate a (x,y,t) coordi-
nate file consisting of the x-location, the y-location, and
the duration of time (t) spent at that location. The spatio-
temporal resolution of each event recorded was 0.32 cm,
0.32 cm, and 55 msec, which corresponded to a
maximum speed of 25 cm/sec.

2.2.4. Locomotor—novel object testing
Previous dose response studies in our laboratory in F2

mice (C57 × 129 hybrid) indicated that RO-10-5824 (at
3.0 and 10.0 mg/kg) did not increase overall locomotor
activity (unpublished observations). In order to deter-
mine whether the D4 agonist would have appreciable
effects on the amount or patterns of locomotion or time
spent in the center of the enclosure, we conducted an
initial experiment in male C57 mice with 10 mg/kg RO-
10-5824. In this experiment, mice were administered
RO-10-5824 (10.0 mg/kg, IP; n = 12) or saline (n =
12) 10 min prior to being placed in the VT chamber for
a 60-min period.

In a second experiment, 39 C57 and 40 DBA mice
were tested over a three-day period. On days 1 and 2,
mice were placed into the VT for 60 min and locomotor
behavior was recorded. On the third day, mice were
placed into the VT chamber for 60 min. Following the
60-min period, mice were removed from the chambers
and administered 0, 1.0, 3.0, or 10.0 mg/kg of RO-10-
5824 (n = 9–11 per group). Mice were assigned to drug
group pseudo-randomly, with each dose being rep-
resented in a cage of four mice. A novel paper cup meas-
uring 9.5 cm in height and 7.5 cm in diameter at the rim
was placed upside down in the center of each open field

and secured to the floor with tape. Mice were returned
to the VT 10 min following injection and tested for an
additional 30 min.

Each mouse was placed in the bottom left hand corner
of each enclosure at the start of the test session. The
movements of the mice were tracked for either 30 or 60
min, with data being stored in 6 or 12, 5-min blocks,
respectively. The amount of locomotor activity was mea-
sured by the distance traveled, i.e. tracing the consecu-
tive locations of the animal using the highest resolution
of the video-tracker and calculating the distance between
them. The locomotor activity data were analyzed based
on a strain-by-time or a strain-by-drug-by-time analysis
of variance (ANOVA).

2.2.5. Data analysis
For analyses, the VT is subdivided into nine regions

(center [1], walls [4], and corners [4]). Transitions were
defined as the total number of entries into the nine
regions of the VT chamber. Center duration is defined
as the amount of time (min) spent in the center square
of the arena (20.5 × 20.5 cm). To compare similar levels
of habituation to a novel environment, data from the first
30 min of the three sessions without the cup were ana-
lyzed. Three factor ANOVAs with strain as a between
subject factor and day and block (3, 10 min blocks) as
within subject factors were applied to two different mea-
sures: transitions and time spent in the center. Separate
three-factor ANOVAs with strain and drug as between
subject factors and block as a within subject factor were
performed on transitions and time spent in the center for
the 30 min period in which the cup was in the center.
For significant interactions with strain, subsequent post-
hoc ANOVAs for each strain were conducted to deter-
mine the nature of the interaction (with alpha level set
at 0.025). In the separate experiment of RO-10-5824 in
C57 mice, two-way ANOVAs with drug as a between
subjects factor and time as a within subject factor were
performed on transitions and time spent in the center.

3. Results

3.1. Identification of RO-10-5824

To identify novel compounds with selectivity for the
dopamine D4 receptor, CHO cells expressing recombi-
nant human D4.4R (CHO-D4.4 cells) were grown in 23-
liter airlift fermentors ( � 1010 cells per batch), and
crude membranes were prepared for binding assays. The
D4.4 receptor isoform was selected because it is the most
commonly found in the human population (Lichter et al.,
1993; Van Tol et al., 1992; Asghari et al., 1994). A total
of 8540 compound mixtures (ten compounds each) were
screened in 3H-spiperone competition assays, and after
deconvolution of mixtures, 24 discrete active structures
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Fig. 1. Chemical structure of RO-10-5824 (Godel et al., 1997).

were identified. One of these actives, RO-10-5824,
showed high affinity binding with a Ki = 5.2 ± 0.9 nM
(n = 3), 250-fold selectivity vs human D3R, and �
1000 fold selectivity for D4 vs human D2, D1, and D5
receptors. The structure of RO-10-5824, which has a cal-
culated LogP value of 2.431, is shown in Fig. 1.

Functional activity was evaluated in GTPgS activation
binding assays using CHO-D4.4 cell membranes pre-
pared specifically for these assays according to Lanau et
al., 1997b. RO-10-5824 stimulated 35S-GTPgS binding
with an EC50 value of 205 ± 67 nM (n = 7) and maximal
induction at 36 ± 4% above basal level. Comparisons of
EC50 values and activation levels for RO-10-5824 with
known dopaminergic agonists are shown in Table 1. No
stimulation of 35S-GTPgS binding was induced by RO-
10-5824 in untransfected control CHO cells lacking the
D4.4R. Stimulation of RO-10-5824-induced 35S-GTPgS
binding in CHO-D4.4 membranes was blocked by the
dopaminergic antagonists haloperidol and clozapine with
IC50 values of 209 ± 66 nM (n = 3) and 643 ± 244 nM
(n = 3), respectively. These values are consistent with
reported IC50s for haloperidol and clozapine antagonism
of dopamine in similarly prepared D4.4R membranes
(Lanau et al., 1997b). Based on its high binding affinity,
functional potency, and selectivity for the D4R, RO-10-
5824 was selected for behavioral studies.

3.2. Strain comparisons of response to novel
environment

The locomotor activity profile across Day 1–3 differed
significantly between C57 and DBA mice. As can be

Table 1
Profile of dopaminergic agonists in 35S-GTPgS binding assays at the
human D4.4R

Agonist EC50 (nM) Relative activation level
(percent over basal)

Dopamine 189 ± 14 (n = 41) 88.2 ± 4.6%
RO-10-5824 205 ± 67 (n = 7) 36.3 ± 3.7%
(-)apomorphine 146 ± 75 (n = 4) 77.5 ± 8.9%
Quinpirole 101 ± 25 (n = 4) 91.0 ± 12.5%

seen in Fig. 2 (panel A), C57 mice showed an increased
number of transitions compared to DBA mice [main
effect of strain; F(1,77) = 90.43, p � 0.01]. There was
a significant effect of day [F(2,154) = 4.22, p � 0.05]
and time [F(2,154) = 18.13, p � 0.01] on transitions,
with the number of transitions decreasing across the
blocks within a session. The changes in transitions
across days were strain-dependent, as confirmed by a
significant strain by day interaction [F(2,154) = 12.86,
p � 0.01]. Although C57 mice showed a greater number
of transitions on each day compared to DBA mice, tran-
sitions decreased in C57 mice across the three days
(main effect of day F(2,78) = 30.68, p � 0.01; post-hoc
ANOVA), but remained the same in DBA mice across
the three days (effect of day not significant F(2,76) =
2.12, n.s.; post-hoc ANOVA).

In addition to displaying greater amounts of overall
locomotion than DBA mice, C57 mice also spent more
time in the center of the enclosure (Fig. 2B) [main effect
of strain; F(1,77) = 141.23, p � 0.01]. There was also
a significant effect of day [F(2,154) = 43.23, p � 0.01]
and time [F(2,154) = 13.63, p � 0.01] on center dur-
ation. There were significant strain by time [F(2,154)
= 7.89, p � 0.01] and strain by day interactions
[F(2,154) = 29.2, p � 0.01]. During the 60 min exposure
to the testing environment, C57 mice spent increasingly
more time in the center (main effect of time, F(2,78)
= 14.78, p � 0.01; post-hoc ANOVA). In comparison,
DBA mice neither increased nor decreased their time
spent in the center over the course of the session (effect
of time, F(2,76) = 1.0, n.s.; post-hoc ANOVA). C57
mice decreased the time spent in the center over the
course of the three days (main effect of day, F(2,78) =
51.18, p � 0.01; post-hoc ANOVA); whereas DBA mice
spent the same amount of time in the center during Days
1–3 (effect of day, F(2,76) = 2.98, n.s.; post-hoc
ANOVA).

3.3. Effect of RO-10-5824 on novel object exploration

In the initial experiment with C57 mice, the high dose
(10.0 mg/kg) of RO-10-5824 did not increase center
entries in the open field in a single 60-min session with-
out the novel object present (drug [F(1,22) = 0.35, n.s.];
Fig. 3A), nor did it increase overall transitions (drug
[F(1,22) = 0.13, n.s.; Fig. 3B).

During the novel object testing, C57 mice showed
higher levels of overall locomotor activity (significant
effect of strain [F(1,71) = 40.59, p � 0.01] on tran-
sitions; Fig. 4A). There was no main effect of drug
[F(3,71) = 2.45, n.s.], but there was a significant effect
of time [F(2,142) = 108.35, p � 0.01] on transitions.
There were no strain by drug [F(3,71) = 0.51, n.s.], drug
by time [F(6,142) = 0.77, n.s.], or strain by time
[(2,142) = 0.17, n.s.] interactions.

There were no significant effects of strain [F(1,71)
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Fig. 2. Comparison of C57BL/6J and DBA/1J mice on measures of transitions (A) and time spent in center (B) during the first 30 min of each
locomotor session across the three days.

Fig. 3. Transitions (A) and time spent in center (B) in response to
RO-10-5824 (10.0 mg/kg) in C57BL/6J mice).

= 2.27, p � 0.05] or drug [F(3,71) = 1.29, n.s.] on the
amount of time spent in the center (Fig. 4B). Similarly,
there was no effect of time [F(2,142) = 0.09, n.s.] nor
was there a time by drug interaction [F(6,142) = 1.32,
n.s.]. As predicted by the second hypothesis, however,
there was a strain by drug interaction [F(3,71) = 4.12,
p � 0.01]. Subsequent post-hoc ANOVAs for each strain

Fig. 4. Effects of RO-10-5824 (0, 1.0, 3.0, 10.0 mg/kg) on transitions
(A) and time spent in center (B), during novel object exposure in
C57BL/6J and DBA/1J mice.

were conducted to determine the nature of the strain by
drug interaction (with alpha level set at 0.025). In C57
mice, there was a significant effect of drug [F(3,35) =
4.46, p � 0.01], and in DBA mice, there was no effect
of drug [F(3,36) = 0.92, n.s.], confirming that RO-10-
5824 increased the amount of time spent in the center
by C57 but not by DBA mice. There was also a strain
by time interaction [F(2,142) = 3.18, p � 0.04], with
C57 mice either increasing center duration or remaining
the same over the 30-min session and DBA mice tending
to decrease time spent in the center over the session. In
C57 mice, there was no effect of time [F(2,70) = 2.34,
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n.s.] and no time by drug interaction [F(6,70) = 1.57,
n.s.]. Similarly, in DBA mice, there was no effect of
time [F(2,70) = 1.11, n.s.] or a time by drug interaction
[F(6,70) = 1.23, n.s.].

4. Discussion

The D4 agonist RO-10-5824 by itself had no effect
on activity level or time spent in the center of the enclos-
ure but increased exploration of a novel object in the
center by C57 but not by DBA mice. The increased
exploration of a novel object by a D4 agonist is consist-
ent with the previous observation that the lack of D4
receptors is associated with decreased novel object
exploration in mice (Dulawa et al., 1999). In combi-
nation, these results support the general hypothesis that
D4 receptors are important for modulating novelty seek-
ing. Whereas the D4R agonist increased the center time
in the presence of a novel object for C57 mice, which
showed high levels of locomotor activity, this drug had
no effect on DBA mice, which showed low levels of
locomotor activity and exploration. This finding suggests
that baseline activity may be a critical factor in the
ability of D4 receptor agonists to increase novel object
exploration.

Based on in vitro binding data, RO-10-5824 appears
to be selective for D4R and act as a partial agonist at
the D4R in functional assays. RO-10-5824 showed high
affinity binding with 250-fold selectivity for D4R vs
human D3R and � 1000 fold selectivity for D4R vs
human D2, D1, and D5 receptors. Based on 35S-GTPgS
binding assays, RO-10-5824 appears to be a partial
agonist at D4R. This assay reflects the activation of G
proteins and may be better at detecting partial agonism
than other functional assays such as cAMP accumulation
(Gazi et al., 2000). Although the behavioral effects of
RO-10-5824 on novel object exploration would be
strengthened by complementary studies examining the
blockade of these effects with D4R antagonists, unfortu-
nately, there are relatively few selective D4R antagonists
commercially available for pharmacological studies.
From reports in the literature it is difficult to determine
whether D4R compounds act as full agonists, partial
agonists, or antagonists. For example, L-745,870 has
been reported as an antagonist at human D4 receptors
(Patel et al., 1997) and as a partial agonist at rat D4
receptors in some assays (Gazi et al., 2000). Perhaps a
better way to address this question would be to examine
the effects of the D4 agonist in D4 KO mice. It may
also be interesting to examine the effects of dopamine
D2 receptor agonists on novel object exploration and
whether D2 receptor antagonists will block the effects
of RO-10-5824. D2 compounds, however, are also not
pharmacologically selective for subtypes of dopamine
receptors. For example, the putative D2 agonist quinpir-

ole also acts as an agonist at D4 receptors in the GTPgS
activation assays (see Table 1). These initial studies were
designed to characterize the effects of stimulation of D4
receptors on novel object exploration, using a selective
D4R agonist. Subsequent studies should examine the
effects of other D2-family ligands in this paradigm and
in conjunction with RO-10-5824.

In the current study, RO-10-5824 did not produce
overall increases in locomotor activity in the context of
the novel object test in either mouse strain. Additionally,
the initial examination of the 10.0 mg/kg dose of RO-
10-5824 in C57 mice did not produce an increase in tran-
sitions or center time in a 60-min locomotor activity ses-
sion. Although these data indicate that RO-10-5824
(10.0 mg/kg) does not produce increased locomotor
activity and time spent in the center in a novel environ-
ment, we cannot conclude that RO-10-5824 would not
produce increased center time if tested in well-habituated
mice using similar procedures to those used for novel
object testing. Consistent with the opposite effects
observed in D4R knockout mice on a C57BL/6J back-
ground (Dulawa et al., 1999), we hypothesize that D4R
activation augments approach behavior as opposed to
reducing avoidance. The important distinction to be
made is whether the mouse is spending more time in the
center because the aversiveness of the center has been
decreased (i.e., reducing avoidance) or because the
exploratory drive has been increased (i.e., increasing
approach). This increased exploration is unlikely to
reflect a reduction in the avoidance of the center for sev-
eral reasons. First, the novelty paradigm used in this
experiment attempted to decrease avoidance tendencies
by first habituating the mice to the environment (see
Dulawa et al., 1999). Prior to the introduction of the
novel cup, the mice had been exposed to the testing
arena for one hour/day over three days. Thus, the novelty
associated with the arena was decreased relative to the
novelty associated with the cup. Second, in C57 mice,
we found that the dose of RO-10-5824 (10.0 mg/kg) that
increased exploration of the novel object did not alter
time spent in the center in a novel environment when
no novel object was present.

It is important to point out that the assessment of nov-
elty in the current study is an indirect measure of novel
object exploration. We did not directly assess object
interaction in these experiments. From our anecdotal
viewing of the videotapes, however, it appears that a
significant portion of center time is spent in close prox-
imity to the object. The area that was denoted as the
‘center’ was a 20 cm2 area in the middle of the VT
chamber. When no object is present, mice may enter this
area, but traverse through it very quickly. Conversely,
when a novel object is present, the mice spend more
time exploring the object, sometimes even crawling on
the object. From these experiments we can conclude that
in the presence of a novel object, mice given 10.0 mg/kg
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of RO-10-5824 spent more time in the center of an open
field, which is otherwise aversive, compared to vehicle-
treated mice. Thus, the combination of the object and
the drug resulted in a shift in the approach-avoidance
conflict of the mice.

Several investigators have examined ‘novelty detec-
tion’ by showing a preference for a novel object over a
familiar one (Beesheer and Bevins, 2000; Beesheer et
al., 2001). This novelty detection can be blocked by
muscarinic antagonists, but not by dopamine antagonists
(Beesheer et al., 2001). A failure to show a preference
for the novel object after a delay is interpreted as an
impairment in the retrieval or neural storage of the mem-
ory of the previously presented object (Ennaceur and
Delacour, 1988). The increased time spent exploring the
novel object with RO-10-5824 in C57 mice is most
likely not due to a decrease in retrieval or neural storage
capacity. These novelty detection paradigms measure
preference for novel objects over familiar ones, rather
than habituation to a novel object. In our paradigm, we
cannot directly assess neural storage, but are able to
examine habituation to the novel object. Determining
whether RO-10-5824 alters habituation processes is dif-
ficult in view of the fact that vehicle-treated mice did
not show significant increases in center time with object
exposure and did not show a decrease in center time over
the 30 min session (i.e., habituation). If the mice are
habituated to the novel object, we would predict that the
pattern would be an increase in the time spent in proxim-
ity to the object initially and then a decrease over the
course of the session. This indeed may be the pattern
that we would observe if we tested the mice for longer
periods of time. There was no evidence that C57 mice
on 10.0 mg/kg RO-10-5824 habituated to the object,
indeed the time spent in the center increased over the
30 min session. Along the same lines, if the difference
in the effects of RO-10-5824 in the two strains can be
attributed to a decreased neural storage capacity in C57
mice (or decreased habituation to the novel object), sam-
pling of the object in DBA mice would be high initially
and then decrease throughout the session. In contrast,
DBA mice given RO-10-5824 showed very little
increase in center time and that which was observed was
evident later in the session. At their peak, C57 mice
given 10.0 mg/kg of RO-10-5824 are only spending 1/4
of their time in the center with the novel object (Fig. 4).
Perhaps a better examination of habituation to the novel
object would be to place the object in an area that is less
aversive (i.e., in the corner or near the walls), which is
possible with this paradigm.

Previous investigations have not shown a specific
behavioral ‘ ethogram’ for D4 compounds in general
(Clifford and Waddington, 2000). While the D4 agonist
CP-226,269 failed to show any significant effects on
behavior, PD 168077 dose dependently increased loco-
motor behavior without inducing stereotypy (Clifford

and Waddington, 2000). These studies did not, however,
include explicit assessments of responses to novel
objects. A link between D4 receptors and the locomotor
hyperactivity associated with neonatal 6-OHDA lesions
in rats has been suggested (Zhang et al., 2001; Zhang et
al., 2002a,2002b). Specifically, three of four D4R antag-
onists decreased hyperactivity in neonatal 6-OHDA-
lesioned rats without having an effect on locomotor
activity in controls. Conversely, the D4R agonist CP-
226, 269 exacerbated hyperactivity in 6-OHDA lesion
rats but had no effect in controls (Zhang et al., 2001).
Consistent with an attenuation of responses to novelty
similar to that seen in the D4R knockout mice (Dulawa
et al., 1999), the D4R antagonist effects were interpreted
to reflect a facilitation of habituation to the novel
environment (Zhang et al., 2002a). It will be of interest
to determine whether these D4R ligands alter behavioral
responses to specific novel stimuli in neonatal 6-OHDA-
lesioned rats.

D4 dopamine receptors are widely distributed in the
frontal cortex and hippocampus, two brain regions that
have long been implicated in subserving behavioral
habituation and responses to novel stimuli (Ariano et al.,
1997; Wedzony et al., 2000; Mrzljak et al., 1996). In
addition to dopaminergic modulation via the D4R in
frontal cortex, noradrenergic systems may also critically
influence similar targets since D4R have high affinity for
norepinephrine (Newman-Tancredi et al., 1997; Lanau
et al., 1997b). The potential importance of interactions
between norepinephrine and D4R stimulation should
also be investigated in this paradigm, given that norepi-
nephrine is implicated in responses to novelty (Flicker
and Geyer, 1982; Pudovkina et al., 2001).

Considering the diffuse distribution of D4R in the cor-
tex, it is plausible that occupancy of the D4R has a
modulatory role on a number of different behaviors, with
approach-avoidance behavior being a particularly sensi-
tive target for D4 receptor modulation. The D4R has
been implicated in the genetics of ADHD and in novelty
seeking, both of which may involve common processes,
such as alterations in habituation to novel stimuli. Thus,
considering the primarily cortical distribution patterns of
the D4 receptor and preclinical findings such as the
present results, there is ample reason to explore further
the role of D4 receptors in novelty seeking and atten-
tional problems associated with ADHD.

Increased novelty seeking has been implicated in an
increased susceptibility to drug-taking behavior in rod-
ents (Piazza et al., 1989; Kabbaj et al., 2000). These fin-
dings in rodents are similar to those in human studies,
which have shown an increased risk of substance use
disorders in subjects with high sensation-seeking meas-
ures on rating scales (Pedersen et al., 1989; Teichman
et al., 1989; Kosten et al., 1994). The development of
sensitive and reliable measures of ‘novelty seeking’ in
addition to assessing the response to a novel environ-
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ment may increase the ability to predict susceptibility to
drug-taking behavior in rodents. For example, the
response to novelty in the playground maze (Nicholls et
al., 1992) was shown to predict amphetamine con-
ditioned place preference (Klebaur and Bardo, 1999).
Thus, the novel object paradigm used in the current stud-
ies may provide a sensitive measure related to ‘drug see-
king’ behavior.

The overall findings of the current experiments sup-
port a role for D4R in the modulation of novelty seeking.
Ro-10-5824 was shown to be a highly selective, partial
agonist at D4R. The D4R agonist increased novel object
exploration in C57 mice, suggesting a direct link
between stimulation of these receptors and increased
approach behavior.
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