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Midbrain dopaminergic activity seems to be important in forming
the prediction of future events such as rewards. The nucleus
accumbens (NAc) plays an important role in the integration of
reward with motor function, and it receives dense dopamine
innervation and extensive limbic and cortical afferents. Here, we
examined the specific role of the dopamine D2 receptor (D2R) in
mediating associative learning, locomotor activity, and regulating
NAc neural responses by using D2R-knockout (KO) mice and their
wild-type littermates. D2R-KO mice displayed reduced locomotor
activity and slower acquisition of a place-learning task. D2R-KO
eliminated the prereward inhibitory response of neurons in the
NAc. In contrast, an increased number of neurons in D2R-KO mice
displayed place-related activity. These results provide evidence
that D2R in the NAc participates in coding for a specific type of
neural response to incentive contingencies and partly in spatial
learning.

he ability to predict future events such as rewards permits an

organism to interact with its environment in a manner that
is essential for its survival (1). Research on motivation, locomo-
tion, addiction, and reward processes has emphasized the essen-
tial contribution of the mesolimbic dopamine system (2, 3).
Dopaminergic activity at the level of the nucleus accumbens
(NAc) seems to be important in forming a prediction of reward
(4, 5) that is an essential determinant for learning-approach
behaviors to reward sources (2, 6). In addition to a dense
dopamine innervation from the ventral tegmental area (VTA,;
refs. 5 and 7), the extensive cortical and limbic inputs (8§—10) also
are integrated in the NAc, a brain structure closely involved in
motivation and goal-directed behavior (6). However, the involve-
ment of dopamine receptor subtypes in assessing reward infor-
mation still remains to be specified. Knockout (KO) strategies
offer a prospectively unique approach for revealing the function
of specific proteins and neurotransmitter systems in behavior.
For example, the effect of dopamine D2 receptor (D2R) in
opioid analgesia was demonstrated in the D2R-KO mouse (11).
Therefore, we trained KO mice lacking D2R (D2R-KO) and
their wild-type (WT) littermates in spatial tasks using intracra-
nial self-stimulation (ICSS) as rewards. To investigate the in-
volvement of D2R functions in reward and spatial associative
processes, we recorded neural activity from the NAc of D2R-KO
mice and their WT littermates, which were well trained to
perform two spatial tasks: random reward place-search task
(RRPST) and place-learning task (PLT). In the RRPST, mice
learned to move randomly in the open field to obtain ICSS
rewards. The PLT, a type of associative learning task, required
mice to learn and memorize two reward places set at fixed
locations in the open field.

Methods

Subjects. Six male D2R-KO (27-33 g) and seven WT (28-37 g)
mice were used in the present experiments. We obtained the
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mice from a collaborative laboratory (Laboratory of DNA
Biology and Embryo Engineering, University of Tokyo, Tokyo).
The experiments were conducted in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Electrode Implantation and ICSS Training. Mice were implanted
bilaterally with monopolar stimulating electrodes for ICSS in the
posterior lateral hypothalamic area (anteroposterior = —2.3
mm, mediolateral = *=0.70 mm, and dorsoventral = —5.3 mm
from the bregma) (12). The recording electrodes consisting of a
bundle of eight nichrome wires inserted into a stainless steel
cannula were mounted on a moveable microdrive, enabling later
adjustment of electrode position. This electrode assembly was
implanted into the dorsal part of the NAc (AP = +1.42 mm,
ML = *0.75 mm from the bregma) at the same surgery. After
the mice recovered from surgery, the efficacy of electrical
stimulation was verified in a nose-poking chamber with a small
round hole in the center. Each time a mouse poked its nose into
the hole, a 500-ms train of 0.3-ms biphasic square waves pulsed
at 80 Hz was generated by a stimulator. The mice were trained
daily to self-stimulate in a 30—60-min session for 5-7 days until
stable nose-poking was obtained.

Spatial Task Training. The mice were trained to perform spatial
tasks (13) in an 80-cm-diameter open field. The cumulative
distance traveled in extended trials of 10-min duration on the
first day of training served as a measure of spontaneous loco-
motor activity. In the second task, mice performed a distance
movement (DM) task, in which the mice could obtain rewards if
their moving distance met a predetermined distance. DM cri-
teria began at 30 cm and was increased incrementally to 100 cm
when the mice acquired 50 ICSS rewards within 10 min. The mice
were tested subsequently in the RRPST and PLT. (i) For
RRPST, a reward place was delineated with its center chosen at
random within the open field. The mouse was rewarded with
ICSS when it entered the reward place. (i) For PLT, two reward
places were located diametrically opposite to one another in the
open field. The mouse was rewarded in both places when it
returned to one reward place after visiting to the other. A trial
was terminated when the mouse had received 50 ICSS or 10 min
had passed, whichever occurred first.

Behavioral Analysis. A microcomputer was programmed to mon-
itor (i) the number of nose pokes that occurred in the operant
chamber, (if) spontaneous locomotion in the open field, and (iii)

Abbreviations: NAc, nucleus accumbens; VTA, ventral tegmental area; D2R, dopamine D2
receptor; KO, knockout; WT, wild type; ICSS, intracranial self-stimulation; RRPST, random
reward place-search task; PLT, place-learning task; DM, distance movement; AM, amyg-
dala; PFC, prefrontal cortex; HF, hippocampal formation.
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Table 1. Comparisons of accumbens neural responses between WT and D2R-KO mice

Prereward Postreward Place-related
Mice Iore Eore Npre Ipost Epost Npost Number Size, cm?
WT
ICSS 130 11 4 15 9 6 15 4 435 + 88
E13 0 8 5 1 6 6 3
N 40 4 32 3 1 36 2
Total n =83 15 16 52 13 13 57 9
D2R-KO
ICSS 129 0 1 28 9 5 15 9 738 + 89*
E7 0 2 5 0 4 3 4
N 18 0 3 15 2 1 15 2
Total n =54 0** 6 48 11 10 33 15*

Atotal of 83 and 54 neurons recorded, respectively, from the WT and D2R-KO mice were classified as inhibitory
(1), excitatory (E), and no response (N) according to their responses to ICSS in the RRPST. The responses of classified
neurons prior to and after reward were examined in the PLT. Place field sizes were measured in the RRPST. *, P <

0.05; and **, P < 0.001 ()2 test).

the number of rewards acquired, distance traveled, and duration
of each trial in the three tasks. Comparisons of the number of
nose pokes, spontaneous locomotor activity, and trial duration
in the DM tasks were made by a two-tailed Student’s ¢ test. The
number of rewards and distance traveled in the RRPST and PLT
were analyzed using two-way ANOVA (type, between subjects;
day, within subjects). Individual comparisons between subjects
used the two-tailed Student’s ¢ test, and within subjects by
Fisher’s probable least-squares difference test.

Electrophysiological Recording. The recording electrode assembly
was advanced in the NAc at 40—-60 wm per day. Single neural
activities were recorded when the mice perform the RRPST and
PLT by using a conventional recording procedure (13).

Analysis of Neural Correlates with Reward and Location. Unit data in

4-s bins before and after the starting points of reward delivery
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were chosen and used to generate histograms and rastergrams.
The firing rate seen before receiving rewards in the RRPST trial
served as the baseline rate, which was compared with the firing
rate seen in the reward period by using a ¢ test. Based on
responses of neurons to ICSS in the RRPST, recorded neurons
were classified into three categories: the inhibitory (I), excitatory
(E), and no response (N) types if neurons displayed significant
increase, decrease, or no change in firing rate, respectively.
Prereward and postreward responses of I, E, and N type neurons
were determined in the PLT (Table 1) by comparing neural
activity for 1.5 s before and after ICSS with the baseline rate. The
neurons were tabulated as having prereward inhibitory (/pre),
excitatory (Epre), and no response (Npre) and postreward inhib-
itory (Ipost), €xcitatory (Epost), and no response (Npost) if neurons
showed relevant response in these phases. Place fields were
delineated in RRPST by processes described previously (13). A
place field is a cluster of pixels with a firing rate exceeding twice
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Comparisons of spontaneous locomotor activity and performance on spatial tasks between WT and D2R-KO mice. (A) Spontaneous locomotor activity.

(B) Performance on the DM task. (a—c) Mean elapsed time per trial in DM tasks with predetermined criteria were 30, 50, and 80 cm per reward. (C and D)
Performance on the RRPST and PLT, respectively. (a) Mean distance traveled per trial. (b) Mean number of rewards acquired per trial. D2R-KO mice showed slower
acquisition of the PLT. All data are expressed as mean = SEM. *, P < 0.05 versus WT group (Student t test); t, P < 0.05; 11, P < 0.01 versus same group on day
1 (Fisher’s probable least-squares difference test). W, WT mice; KO, knockout mice.
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Examples of reward and place correlates of accumbens neurons during the RRPST and PLT in WT mice. (A and C) Performance of mice and neural

responses on the RRPST. (a) Trail of mouse (Left) and firing-rate map (Right). Yellow dots in the trail map indicate the locations of reward delivery. (b) Single
sweep of responses to ICSS (Left) and its expanded display (Right). The bars above the sweeps indicate the ICSS period. (Cb) Activation of a neuron by ICSS (Left)
and superimposed responses (Right) show activation with a fixed latency of 2.0 ms (®) in an all-or-none manner, and other responses with varied latencies of
4-9 ms. Vv, stimulation delivered at 10-ms intervals. (c) Rastergrams (Left), histograms of firing (Right), and curve of averaged locomotion speed (Bottom Right).
(B and D) Performance of mice and neural responses on the PLT. (a) Trail of mouse reward locations (Left) and firing-rate map (Right). (b) Rastergram (Upper
Left), histogram of firing (Middle Left), and curve of averaged locomotion speed (Bottom Left) corresponding to data recorded at the upper red-circled place.
(Right) Rastergram, histogram, and curve of averaged speed corresponding to data recorded at lower red-circled place. Most neurons responded similarly at both
reward sides, but note that this I-type neuron had higher prereward inhibition at upper reward side and was insensitive to movement speed. The horizontal bars
below the rastergrams, histograms, and speed curves indicate the ICSS period. The color-scale tables to the right of the firing maps show calibration for firing
rate. The thick black open rectangles in color-coded firing rate maps demarcate place fields.

over extended periods, the D2R-KO mice showed a marked
reduction in activity compared with their WT littermates (Fig.
14). We found no difference in the elapsed time per trial
between the two groups when a shorter DM criterion was used

the identified mean firing rate, and each place field contains at
least nine contiguous pixels.

Results

First, we tested the effect of D2R-KO at the behavior level.
There were no significant differences between the two types of
mice in the mean current intensity or mean number of nose
pokes for ICSS in the operant chamber, which indicates that
D2R-KO disrupted neither self-stimulation behavior nor simple
motor performance. However, in tests of forward locomotion
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(Fig. 1Ba) but did find differences when the DM criterion was set
at longer intervals (Fig. 1 Bb or Bc), which shows that the
D2R-KO mice tended to move more slowly than the WT mice
(14, 15). The reduced locomotion seen in the D2R-KO mice
continued in the RRPST training through 4 consecutive days
(Fig. 1Ca). For the number of rewards acquired in the RRPST,

Tran et al.
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Examples of reward and place correlates of accumbens neurons during RRPST and PLT in D2R-KO mice. (A and C) Performance of mice and neural

responses on the RRPST. (a) Trail of mouse, reward locations (Left), and firing-rate map (Right). (b) Rastergrams (Left), histograms of firing (Right), and curves
of averaged locomotion speed (Bottom Right). (B and D) Performance of mice and neural responses on the PLT. Other notations are similar to those described
for Fig. 2. Note that prereward inhibition is absent in I-type neurons (Bb), whereas E-type neurons still displayed prereward excitation (Db).

there was no significant difference between the two groups
except on day 4 (Fig. 1CD).

In contrast to the RRPST performance, the D2R-KO mice
clearly were delayed in the acquisition of the PLT (Fig. 1D). The
D2R-KO mice traveled less than the WT in the PLT only during
the first 2 days (Fig. 1Da) but acquired fewer rewards than the
WT mice until the 4th day (Fig. 1Db). At the end of the training
sessions, the D2R-KO mice acquired approximately the same
number of rewards as the WT mice. However, examination of the
trails traveled in the PLT showed that whereas the WT mice
visited two fixed rewarding places in an efficient shuttle manner
(Fig. 2 Ba and Da), the D2R-KO mice displayed an inefficient
pattern of movement between these significant places in the
open field (Fig. 3Ba and Da).

We next tested the plasticity of the NAc neurons to address the
issue of how the D2R influences neural responses in the NAc to

Tran et al.

reward information. All neurons presented here were recorded
from the medial core part of the NAc. Fig. 2 4 and C shows
typical examples of inhibitory (I-type) and excitatory (E-type)
responses in the RRPST, respectively, during the ICSS period
recorded in the WT mice. During the ICSS period, suppression
in firing of the I-type neurons ranged from 40 to 94% (Fig. 2. Ab
and Ac) and facilitation of the E-type ranged from 70 to 480%
(Fig. 2 Cb and Cc). These I- and E-type neurons in the RRPST
also showed prereward inhibitory (Fig. 2Bb) or excitatory re-
sponses (Fig. 2Db) in the PLT, respectively. In the WT mice, the
majority of the I-type neurons showed inhibitory responses of
1-1.5 s preceding the reward delivery, with decreases in firing
from 36% to a nadir of 80%, and most of the E-type neurons
showed prereward excitatory responses with increases in firing
from 40 to 216%. Postreward responses lasted for 0.5-1.5 s, with
decreases in firing from 38 to 80% or increases in firing from 40
to 450%.
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Putative neural circuits for reward and place-related responses in the WT and D2R-KO mice. (A) In the WT mice, reward information passed through

the VTA, amygdala (AM), and prefrontal cortex (PFC) converge onto NAc neurons. Spatial, contextual information signaling rewards are processed in the
hippocampal formation (HF) with action of N-methyl-p-aspartate receptors (NMDAR) in interaction with dopamine receptors (D1R and D2R). Association of two
processed flows is integrated in the NAc, also with the involvement of dopamine receptors. (B) In the D2R-KO mice, the absence of D2R leads to imbalance of
dopamine receptors, which results in changes of approach behavior and NAc neural responses to incentive stimuli and place. Note that information inputs from
the AM, PFC, and VTA to the NAc are separated but were simplified by sharing one arrow line as shown in the figure. See Discussion for detail.

Two neurons shown in Fig. 3 4b and Cb are typical I and E
types, respectively, recorded from the D2R-KO mice. The
prereward inhibitory response in the predictable reward (i.e.,
PLT) is absent in the I-type neuron (Fig. 3Bb), which still displays
an inhibitory response in the reward and postreward phases (Fig.
34b). Conversely, the prereward excitatory response appeared
normally (Fig. 3Db) in the E-type neuron (Fig. 3Cb).

Population comparisons of neurons with reward and place
correlates between the WT and D2R-KO mice revealed further
interesting differences (Table 1). The number of neurons with
prereward excitatory responses in WT mice (n = 16) was nearly
equal to those with inhibitory responses (n = 15), which is
consistent with our previous study using rats (16). In the
D2R-KO mice, in contrast, there were no neurons with prere-
ward inhibitory responses, whereas the number of prereward
excitatory neurons was comparable to the WT mice. The number
of neurons with prereward excitatory responses of E-type neu-
rons in the WT and D2R-KO mice had no difference. Although
the total number of responding neurons in the reward and
postreward phases did not differ between the WT and D2R-KO
mice, during the rewarding ICSS the inhibitory responses were
observed more frequently in the KO mice.

Paradoxically, in contrast to the low number of neurons that
responded during the prereward phase, place-related cells (i.e.,
neurons that fire in a specific location in the open field) were
observed much more frequently in the D2R-KO mice (nearly
3-fold relative to the WT mice). Fig. 24 also shows an example
of a place-related neuron in the WT mice, with a small place field
located near the center of the open field. This neuron showed
both prereward and place correlates. Thus, integration of spatial
and reward information is possible at the level of individual
neurons in the NAc. An I-type neuron of the D2R-KO mice with
a larger place field having no prereward response is illustrated
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in Fig. 3 Aa and Ba. The averaged place-field size of the
place-related cells in the D2R-KO mice was about twice that of
the WT mice (Table 1).

Discussion

Nigrostriatal dopamine neurons participate in motor acts,
whereas the mesolimbocortical dopamine pathway, arising from
the VTA and innervating the ventral striatum including the NAc,
plays a role in incentive motivational processes (3, 17, 18).
Therefore, locomotion impairment observed in the D2R-KO
mice may reflect changes to the D2R system located in the
nigrostriatal area (19). Furthermore, changes in neural re-
sponses to incentive stimuli in these mice may result from
disruption of D2R in the mesolimbocortical dopaminergic path-
way. In the D2R-KO mice, the prereward inhibitory response
was eliminated, whereas the inhibitory responses recorded dur-
ing and after reward were unchanged. These observations lead
to a firm point that the D2R plays a crucial role in determining
the specific type of response displayed by NAc neurons in a
prereward period. In addition to this role for the D2R system, the
present results do not preclude the involvement of other trans-
mitter systems such as the noradrenergic inputs (20, 21) from the
locus coeruleus (22) in the reward or consummatory phase (2,
23). In the D2R-KO mice, although no D2R was found in the
NAc, the expression of other substances such as enkephalin
increased (14, 15). These phenomena also might influence the
behavior of D2R-KO mice. The fact that the D2R-KO mice
engaged in self-stimulation behavior seems not to support a
conjecture for a role of the D2R in brain stimulation (24).
The PLT requires the use of previously acquired information
about the location of reward to guide the animal’s prospective
search behavior. Reward-predicting information is recruited
also in establishing approach behavior (4, 5). The slower acqui-

Tran et al.



sition of the PLT observed in the D2R-KO mice could reflect
changes in processes used to acquire associative environmental
information and prereward coding essential for efficient ap-
proach response to the reward. Drug-infusion studies have
confirmed the involvement of D2R in spatial tasks with an
emphasis on the memory-consolidation process (25). We assume
that the repetition of PLT trials on consecutive days, in con-
junction with a number of exclusively excitatory prereward
responses, both contributed to the ability of the D2R-KO mice
to acquire reward-predicting responses and thereby to improve
their performance. The strong bias to place-related neural
activity in NAc neurons in the D2R-KO mice (Table 1) suggests
that neural substrates for spatial mapping of the environment
were compromised in mice lacking the D2R.

Finally, we would like to discuss the anatomical and functional
connections of the NAc and propose putative neural circuits to
rationalize the present finding at neural and behavioral levels
(Fig. 4). The HF, AM, and PFC send fibers to the NAc (8).
Spatial and contextual information are associated in the HF (13,
26-28). Specific rewards are coded in the activity of the AM (29)
and PFC (30-32). In addition, massive dopaminergic inputs
arising from the VTA to the NAc are widely recognized to
mediate rewards and drug abuse (3, 33). In the WT mice (Fig.
4A4), relevant reward information would be processed in the AM,
VTA, and PFC, and environmental information would be pro-
cessed in the HF, both of which then converge onto NAc neurons
(9, 16). The action of dopamine through the D1 and D2 receptors
in the NAc and its afferent sources may interact with the
glutamatergic action through N-methyl-D-aspartate receptors
(34, 35). This mutual interaction might be critical for the function
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of neural ensembles in the NAc (10) and its sources, which then
affect spatial learning. On one level, the absence of inhibitory
prediction in the D2R-KO mice may reflect the crucial involve-
ment of D2R in the NAc in the incentive phase of motivated
behavior (Fig. 4B). However, it also might reflect the changes in
the D2R system of structures providing reward information to
the NAc such as the PFC and AM. Unchanged excitatory
responses related to reward prediction may have been sufficient
to permit the D2R-KO mice to perform spatial tasks based on
memory of a place associated with reward (e.g., the PLT). Last,
the effect of D2R-KO might bias the activation of the HF cells,
thereby increasing the flow of spatial information to efferent
structures, which could trigger more potent NAc neurons rep-
resenting place information. Nevertheless, at present it is still
difficult to explain the significant change in the number of
place-related cells and place-field size in the NAc of the
D2R-KO mice. Many HF place cells are reported to show a
prereward response in a reward place if it is set within the place
field; furthermore, this responsiveness to a reward place is
thought to be involved in place recognition (13). Given that NAc
neurons recorded in the present study displayed prereward
responses at both reward places, which were independent of the
place field, it is highly unlikely that such prereward responses
reflect the prereward responses of HF place cells. We conclude
therefore that NAc I- and E-type neurons are involved in
prediction of reward but not in place recognition.
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