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Abstract

The corticostriatothalamic circuit regulates learning behav-
iors via dopamine neurotransmission. D2 long (D2L) recep-
tors are an isoform of dopamine D2 receptors (D2Rs) and
may act mainly at postsynaptic sites. It is well known that
D2Rs influence high brain functions, but the roles of indi-
vidual D2R isoforms are still unclear. To assess the influence
of D2L receptors in visual discrimination learning, we per-
formed visual discrimination and reversal tasks with D2L
knockout mice using a touchscreen operant system. There
were no significant differences in an operant conditioning
task between genotypes. However, D2L knockout mice
were impaired in both visual discrimination and reversal
learning tasks. D2L knockout mice were also significantly
slower than wild-type mice in collecting the reward in the
visual discrimination task. These results indicate that D2L
receptors play animportantrolein visual discrimination and
reversal learning. ©2016 S. Karger AG, Basel

Introduction

Visual discrimination learning requires perceptual
learning and memory processing [1, 2], while reversal
learning assesses behavioral flexibility of learning [3, 4].
Abnormalities in visual discrimination learning have
been shown in patients with depression, autism, and Alz-
heimer’s disease, while impairments of reversal learning
have been shown in patients with schizophrenia and Alz-
heimer’s disease [5-9]. The corticostriatothalamic cir-
cuitry connecting the prefrontal cortex, striatum, and
thalamus is important for learning behaviors in humans,
nonhuman primates, and rodents [10-12]. Dopamine
transmission is a major modulator of this circuit [11, 13,
14].

Dopamine receptors are classified into two subfami-
lies, namely D1-like (D1 and D5) and D2-like (D2, D3,
and D4) [15]. D2 receptors (D2Rs) have two alternative
splicing variants: long-form (D2L) receptors and short-
form (D2S) receptors. D2L receptors may act predomi-
nantly at postsynaptic sites, whereas D2S receptors may
act predominantly at presynaptic sites [16-18]. Changes
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in expression levels of each isoform have been reported
for the dorsolateral prefrontal cortex and hippocampus
in schizophrenia and affective disorders [19]. Mice lack-
ing presynaptic D2 autoreceptors display hyperlocomo-
tion and enhanced motivation [20]. In contrast, locomo-
tor activity and the reinforcing properties of food rewards
are reduced in D2R-deficient mice lacking both the D2L
and the D2S isoform [21-23]. Similarly, D2L receptor-
deficient mice also show hypolocomotion and reduced
motivation [24-26]. These findings demonstrate that
presynaptic D2S and postsynaptic D2L receptors play dis-
tinct roles in motor and motivational functions. Howev-
er, it is still unclear whether D2L and D2S receptors play
individual roles in controlling visual discrimination and
reversal learning.

In recent years, the development of touchscreen oper-
ant chambers has allowed researchers to assess high brain
functions in humans, nonhuman primates, and rodents
with a high degree of automation and standardization
[27-29]. Many translatable tests, such as visual discrimi-
nation (VD) and reversal learning (VDR) tasks, using
touchscreen operant systems have been developed [30].
Visual discrimination and reversal learning, measured
using touchscreen operant systems, have been reported in
disease model mice [31-35]. GluA1 mutant mice, used as
a model of schizophrenia, show impairments of reversal
learning [33], while 16p11.2 mutant mice, used as a mod-
el of autism, show impairments of visual discrimination
learning [35].

Here we used a gene knockout mouse model to inves-
tigate the role of D2L receptors in the performance of
touchscreen tasks. We showed that D2L receptor-defi-
cient mice (D2L-KO mice) [24] exhibited impairments
in both VD and VDR tasks. D2L-KO mice were also sig-
nificantly delayed in collecting the reward in the VD
task. These findings suggest an important role for D2L
receptors in the modulation of visual discrimination
learning.

Materials and Methods

Animals

Heterozygous D2L-Het mice [24] were backcrossed to a
C57BL/6] genetic background for more than 10 generations; ho-
mozygous D2L-KO, heterozygous D2L-Het, and wild-type (WT)
littermate mice were generated by mating heterozygous D2L-Het
mice. The mice were group housed on a 12-hour light/dark cycle,
and all experiments were conducted during the light phase of the
cycle. All experiments used 15-week-old male mice. All animal
handling procedures were approved by the animal research com-
mittees of Kyoto University Graduate School of Medicine.
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VD Tasks in the Touchscreen Operant System

Apparatus

Training and testing were conducted in touchscreen operant
chambers (Campden Instruments Ltd., Loughborough, UK)
(fig. 1a). The front wall of the chamber consisted of an infrared
touchscreen. A black mask with two windows was positioned in
front of the touchscreen. The rear wall consisted of a centrally
mounted liquid dipper and reward tray, which provided access to
10% condensed milk (Morinaga Milk Industry Co. Ltd., Tokyo,
Japan) as a reward, and a tray light located above the reward tray.
A house light was mounted above the chamber. The operant con-
ditioning chamber was controlled using ABET II (Lafayette Instru-
ment Co., Lafayette, Ind., USA) and Whisker (Cambridge Univer-
sity Technical Services Ltd., Cambridge, UK) software.

Pretraining and Operant Conditioning Task

Behavioral protocols and schedules were based on established
protocols [30]. Following commencement of testing, the mice were
restricted to 4 h of drinking water per day. They were required to
successfully fulfill a set criterion for each task before advancing to
the next task. First, the mice were habituated to the apparatus by
being placed in the chamber for 40 min on 2 consecutive days and
exposed to 150 pl of condensed milk in the reward tray.

In the first pretraining schedule, during each trial, visual
stimuli were displayed randomly as conditioned stimuli (CS) on
one side of the screen, while the other side of the screen was left
blank. Various shapes were used for the CS. One stimulus was
presented at a time. After a delay (30 s), regardless of any murine
responses, the stimulus was removed and 20 pl of condensed
milk was delivered as a reward. Reward delivery was accompa-
nied by illumination of the tray light and a tone (3 kHz). When
the mouse entered the reward tray to collect a reward, the tray
light was switched off and an intertrial interval (ITI) was initi-
ated. After the ITI period (20 s), the tray light was again illumi-
nated. Subsequently, the next trial was initiated by an entry into
the reward tray. The session ended following the completion of
30 trials, or after 60 min, whichever came first. The mice pro-
gressed to the next training stage following the completion of 30
trials in 60 min.

In the second pretraining schedule, stimuli were again dis-
played randomly on one side of the screen during a trial. The mice
had to touch the stimulus to elicit the tone and reward response. If
the mice touched the blank screen, no reward was given. Reward
delivery was accompanied by illumination of the tray light and the
tone. When the mice entered the reward tray to collect a reward,
the tray light was switched off and the ITI was initiated. After the
ITI, the tray light was again illuminated. A new trial was initiated
by an entry into the food tray. As before, the session ended follow-
ing the completion of 30 trials, or after 60 min, and the mice pro-
gressed to the next stage if they successfully completed 30 trials in
60 min.

The operant conditioning task was conducted similarly to the
pretraining schedules described above, except that if a mouse
touched the side of the screen opposite the stimulus (blank side)
in a trial, the house light was illuminated for a time-out period
(5's) and no reward was given (fig. 1b). The session ended follow-
ing the completion of 30 trials, or after 60 min, whichever came
first. The criterion was set at 23/30 (76.7%) correct trials in 60 min.
Regardless of whether this criterion was reached, at least 4 operant
conditioning sessions were performed.
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Fig. 1. a Touchscreen operant chamber. Condensed milk as a re-
ward was dropped from the liquid dipper to the reward tray at the
rear wall. b Schematic representation of visual stimuli and reward
patterns during each stage of the experiment. Following habitua-
tion and pretrainings, the mice performed the operant condition-
ing, VD, and VDR tasks in sequence. The images below the stim-
uli indicate the outcome (reward vs. no reward) of touch respons-

VD and VDR Tasks

In the VD task, a pair of novel visual discriminative stimuli
(CS1 and CS2) appeared on the screen during each trial; CS1 as a
correct stimulus and CS2 as an incorrect stimulus (fig. 1b). A nose
poke to the correct stimulus resulted in the tone, tray light, and
reward (20 pl of condensed milk); a nose poke to the incorrect
stimulus resulted in illumination of the house light, no reward, and
a time-out, followed by a correction trial. Correction trials were
repeated until the correct stimulus was chosen. The left-right ar-
rangement of the stimuli was determined pseudorandomly, with a
constraint that a given stimulus could not appear on the same side
of the screen for more than 3 consecutive trials. When the mouse
entered the reward tray to collect a reward, the tray light was
switched off and the ITI was initiated. After the ITI, the tray light
was again illuminated. The next trial was initiated by an entry into
the reward tray. The session ended following the completion of 30
trials, or after 60 min, whichever came first. The criterion was set
at 24/30 (80%, excluding correction trials) correct trials in 60 min.
Regardless of whether this criterion was reached, at least 5 VD task
sessions were performed.

The day after having reached the criterion, the mice were
moved on to the VDR task, which followed the same setup as the
VD task, except that the designation of the correct versus incorrect
stimuli was reversed (fig. 1b). During the VDR task, access to
drinking water was further restricted from 4 h per day to 2 h per
day to counteract a decrease in motivation likely due to the in-
creased difficulty of the task. The criterion was again set at 80%
(excluding correction trials) correct in 60 min. Regardless of
whether this criterion was reached, at least 10 VDR task sessions
were performed. After 10 sessions in the VDR tasks, 1 of the WT
and 1 of the KO mice were lost to accidental death before they
reached the criterion; thus these data are missing in figure 3c
(see also online suppl. fig. 1¢; for all online suppl. material, see
www.karger.com/doi/10.1159/000447970).
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es to either CS. In the operant conditioning task, the CS was
randomly presented on one side of the screen, and the other side
of the screen was left blank. In the VD and VDR tasks, a pair of
visual discriminative stimuli (CS1 and CS2) was presented on the
screen. The left-right arrangement of the stimuli was determined
pseudorandomly.

Statistical and Data Analysis

All statistical analyses were performed using GraphPad Prism
6.0 (GraphPad Software, La Jolla, Calif., USA) and SPSS 22.0 (IBM
Corporation, Armonk, N.Y., USA) software.

Differences in the number of sessions to reach the criterion be-
tween genotypes were evaluated using one-way ANOVA or Krus-
kal-Wallis tests after checking the homogeneity of variance as-
sumption by Bartlett’s test [36]. Subsequent post hoc comparisons
of genotypic groups were conducted with Bonferroni correction,
multiplying pairwise t test p values by the number of tests, or
Dunn’s correction. Statistical significance was set at p < 0.05.

Differences in the percent of correct responses, correct re-
sponse latency, and reward collection latency between genotypes
were evaluated using two-way, one-repeated-measure ANOVA.
Greenhouse-Geisser-corrected degrees of freedom and p values
were used [37] whenever Mauchly’s test of sphericity was signifi-
cant [38]. Subsequent post hoc comparisons for the main effect of
genotype were conducted with Bonferroni correction. When ex-
amining the simple main effect of genotype in each session, the
significance level was set at p < 0.05 divided by the number of ses-
sions in order to correct for multiple testing across sessions.

Results

To investigate the role of D2L receptors in learning, we
examined the reward-based learning ability of D2L-KO,
D2L-Het, and WT mice in VD and VDR tasks using the
touchscreen operant systems. After the habituation and
pretrainings, the mice performed the operant condition-
ing task, the VD task, and the VDR task in sequence. In
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Fig. 2. Percentage of correct responses 1007

across sessions in the operant conditioning
(a), VD (b), and VDR (c) tasks. Marks and
error bars represent the mean + SEM. WT
mice: n = 9; D2L-Het mice: n = 7; D2L-KO
mice: n = 10. n.s. = Not significant. The cri-
terion is shown as a dotted line (operant
conditioning task: 76.7%; VD and VDR
tasks: 80%). Two-way, one-repeated-mea-
sure ANOVA showed no significant effects
of genotypes and the interaction in the op-
erant conditioning task (a; effect of interac-

Correct (%)

40

20 4

-4 Het
=i KO

100

Correct (%)

n.s.

tion: Fg 69 = 0.745, p = 0.615; effect of geno-
types: Fp 3 = 1.599, p = 0.224), significant
effects of genotypes but not the interaction
in the VD task (b; effect of interaction: Fg
92 = 1.103, p = 0.369; effect of genotypes: F,,
23 =7.05, p = 0.004), and significant effects
of genotypes and the interaction in the
VDR task (c; effect of interaction: Fggy;.
101516 = 3.623, p < 0.001; effect of geno-
types: F, »3 = 13.288, p < 0.001). Post hoc
Bonferroni corrections of the overall com-
parisons between genotypes were per-
formed (** p < 0.01, *** p < 0.001). The
comparisons for each session between gen-
otypes were also performed with Bonfer-
roni correction for the number of sessions
(b, KO vs. WT: * p < 0.01/5; ¢, KO vs. WT:
#p<0.01/10, ** p < 0.001/10; KO vs. Het:
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the operant conditioning task, the mice could obtain a
reward when they touched a visual stimulus (fig. 1b). WT,
D2L-Het, and D2L-KO mice did not differ significantly
in their ability to learn the rule following repeated train-
ing (fig. 2a). After the mice reached the criterion, they
moved on to the VD task (fig. 1b). In this task, the mice
could obtain a reward when they touched a correct stim-
ulus from a pair of discriminative stimuli. D2L-KO mice
showed fewer correct choices than WT mice in the first 5
sessions of the VD task (fig. 2b). After the mice reached
the criterion of 80% correct choices in the VD task, they
moved to the VDR task, where the designation of the
same discriminative stimuli as correct versus incorrect
was reversed (fig. 1b). In the VDR task, WT and D2L-Het
mice showed a comparable ability to learn the reversal,
and they reached the criterion of 80% correct choices by
session 7. D2L-KO mice, however, were impaired in re-

D2L Deficiency Impairs Discrimination
Learning

versal learning and failed to reach the criterion by session
10 (fig. 2¢).

The acquisition curves of the individual mice are
shown in online supplementary figure 1. When two-way,
one-repeated-measure ANOV As were performed for fig-
ure 2, the homogeneity of variance was checked with
Mauchly’s test of sphericity (online suppl. table 1). There
were no significant differences in Mauchly’s test of sphe-
ricity values in figure 2a and b; thus we evaluated p values
without corrections by degrees of freedom. On the other
hand, there was a significant difference in Mauchly’s test
of sphericity values in figure 2¢, which is why the p values
were corrected by the Greenhouse-Geisser method (e =
0.490). Post hoc Bonferroni corrections were performed
in figure 2. In the VD and VDR tasks, we also performed
correction trials to counteract side and stimulus biases,
and to ensure that the mice received a consistent number
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Fig. 3. Numbers of sessions to reach the criterion in the operant
conditioning (a), VD (b), and VDR (c) tasks. Marks represent the
number of sessions to reach the criterion for each mouse. Lines
and error bars represent the mean + SEM. n.s. = Not significant.

a, b WT mice: n = 9; D2L-Het mice: n = 7; D2L-KO mice: n = 10.
¢ WT mice: n = 8; D2L-Het mice: n = 7; D2L-KO mice: n = 9. Sig-
nificance was evaluated by post hoc Dunn’s corrections (a, b; n.s.,
*p <0.05) and Bonferroni corrections (¢; **p < 0.01, *** p < 0.001).
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repeated-measure ANOVA.
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Fig. 5. Latencies to collect the reward when
mice chose the correct stimulus in the op-
erant conditioning (a), VD (b), and VDR
(c) tasks. Marks and error bars represent
the mean + SEM. WT mice: n = 9; D2L-Het
mice: n = 7; D2L-KO mice: n = 10. n.s. =
Not significant. Two-way, one-repeated-
measure ANOVA showed no significant
effects of genotypes and the interaction in
the operant conditioning task (a; effect of
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interaction: F4.184> 48111 — 0420, pP= 0801,
effect of genotypes: F, ,3=2.928,p =0.074),
significant effects of genotypes but not the
interaction in the VD task (b; effect of in-
teraction: F5.546, 63.781 — 2289, pP= 0050, ef—
fect of genotypes: F, ,3 = 3.755, p = 0.039),
and no significant effects of genotypes and
the interaction in the VDR task (c; effect of
interaction: F9'227’ 106.110 = 0.756, pP= 0.660;
effect of genotypes: F, ,3=2.728,p =0.087).
Post hoc Bonferroni corrections of the
overall comparisons between genotypes
were performed (* p < 0.05). The compari-
sons for each session between genotypes
were also performed with Bonferroni cor-
rection for the number of sessions (KO vs. 0
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WT: * p < 0.05/5). See online supplemen-
tary table 1 for detailed statistical informa- c
tion on the two-way, one-repeated-mea-
sure ANOVA.

Session

of rewards per session despite their performance on non-
correction trials. Regarding the number of correction tri-
als, there were significant effects of genotypes in the VD
task (online suppl. fig. 2a) and the interaction between
sessions and genotypes in the VDR task (online suppl.
fig. 2b). These results correlate with the percent correct
responses of D2L-KO mice in the VD (fig. 2b) and the
VDR task (fig. 2¢). Taken together, these results reveal
impairments of discrimination learning in D2L-KO mice
in both the VD and the VDR task.

To assess learning ability and flexibility in the VD
and VDR tasks, we next measured the number of ses-
sions to reach the criterion in each task. To determine
significance between genotypes, we used Bartlett’s test
to check the homogeneity of variance. There were sig-
nificant differences in Bartlett’s test values in figure 3a
and b (fig. 3a, p = 0.0072; tig. 3b, p = 0.015); thus we
performed a Kruskal-Wallis test and post hoc Dunn’s
correction. On the other hand, there was no significant
difference in Bartlett’s test values in figure 3c (p =
0.0855), which is why we performed one-way ANOVA

D2L Deficiency Impairs Discrimination
Learning

and post hoc Bonferroni correction. There were no sig-
nificant differences between genotypes in the time tak-
en to reach the criterion in the operant conditioning
task (fig. 3a, p = 0.341), although some D2L-KO mice
required more sessions than did WT and D2L-Het mice.
D2L-KO mice required more sessions to reach the cri-
teria in the VD (fig. 3b, p = 0.013) and VDR (fig. 3c,
F, 51 =11.07, p < 0.001) tasks.

Previously, D2L-KO mice have been shown to dis-
play behavioral changes in locomotion [24, 25], emotion
[39, 40], motivation [26, 41], and avoidance [25, 42, 43].
These behavioral changes may influence visual discrim-
ination and reversal learning ability. To address this
possibility, we assessed the latency to respond to the cor-
rect stimulus and to collect a reward. When two-way,
one-repeated-measure ANOVAs were performed on
figures4and 5, the homogeneity of variance was checked
with Mauchly’s test of sphericity (online suppl. table 1).
There were significant differences in Mauchly’s test of
sphericity values for figures 4 and 5; thus the p values
were corrected using the Greenhouse-Geisser method
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(fig. 4a, € = 0.673; fig. 4b, € = 0.553; fig. 4c, € = 0.335;
fig. 5a, £ = 0.697; fig. 5b, £ = 0.693; fig. 5¢, € = 0.513). Post
hoc Bonferroni corrections were performed on figures 4
and 5. Latencies to correct response did not differ sig-
nificantly between genotypes in each of the tasks (fig. 4),
indicating that D2L-KO mice displayed normal re-
sponse speeds to the correct stimulus. However, D2L-
KO mice were significantly slower than WT mice in col-
lecting the reward in the VD task (fig. 5b), indicating
that D2L-KO mice may have reduced motivation or re-
ward sensitivity. There were no significant differences
between genotypes in the VDR task (fig. 5¢), indicating
that the low percentage of correct responses and the
higher number of sessions to reach the criterion seen in
D2L-KO mice reflects a low discriminative ability but
not altered motivation.

Discussion

In this study, D2L-KO mice were impaired in visual
discrimination and reversal learning in the VD and VDR
tasks. The deficit in reversal learning might be due to the
low flexibility of learning in D2L-KO mice. Alternatively,
the behavioral deficits seen in the VD and VDR tasks
might be due to defective learning of a new CS-reward
association during the VD and VDR tasks. D2L-KO mice
also needed more prolonged training with frequent errors
initially, suggesting that this might be a reason for the
slower acquisition in the VD and VDR tasks. The current
finding is similar to previous reports of reversal learning
impairments in patients with schizophrenia [7, 9] and
their mouse models [33]; however, the impairments were
more pronounced in our study.

D2L receptors are expressed within the prefrontal cor-
tex, striatum, and substantia nigra of the corticostriato-
thalamic circuit [16, 44-47]. In the prefrontal cortex,
D2Rs are primarily located in the pyramidal cells, and
they control not only motor activity but also memory for-
mation, attention, flexible behavior, and risk-based deci-
sion-making [48-51]. Thus, D2L receptors in the pre-
frontal cortex may be important for visual discrimina-
tion.

In the striatum, D2L receptors postsynaptically influ-
ence neural activity and plasticity in a specific population
of projection neurons [14, 52, 53]. D2R-expressing neu-
rons in the ventral striatum have critical roles in aversive
learning and learning flexibility [43, 54, 55]. D2R-ex-
pressing neurons in the dorsolateral striatum play an es-
sential role in the regulation of the correct response ac-
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curacy of conditional audio discrimination [56]. Dopa-
mine may influence learning and its flexibility via striatal
D2L receptors.

In addition, D2L receptors may function as autorecep-
tors in the substantia nigra pars compacta [47]. Future
studies employing region-specific manipulations of D2L
receptors will likely provide further elucidation of the role
of D2L and D2S receptors in visual discrimination and
reversal learning.

In conclusion, these results demonstrate a crucial role
for D2L receptors in visual discrimination learning, and
provide new insights into the molecular and circuit mech-
anisms underlying symptoms of neuropsychiatric disor-
ders.
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