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Introduction: The dopaminergic system plays a key role in the appropriate
functioning of the central nervous system, where it is essential for emotional
balance, arousal, reward, and motor control. The cell adhesion molecule close
homolog of L1 (CHL1) contributes to dopaminergic system development, and
CHL1 and the dopamine receptor D2 (D2R) are associated with mental disorders
like schizophrenia, addiction, autism spectrum disorder and depression.

Methods: Here, we investigated how the interplay between CHL1 and D2R affects
the behavior of young adult male and female wild-type (CHL+/+) and CHL1-
deficient (CHL1-/-) mice, when D2R agonist quinpirole and antagonist sulpiride
are applied.

Results: Low doses of quinpirole (0.02mg/kg body weight) induced
hypolocomotion of CHL1+/+ and CHL1-/— males and females, but led to a
delayed response in CHL1-/— mice. Sulpiride (1mg/kg body weight) affected
locomotion of CHL1-/- females and social interaction of CHL1+/+ females as
well as social interactions of CHL1—-/— and CHL1+/+ males. Quinpirole increased
novelty-seeking behavior of CHL1-/— males compared to CHL14+/+ males.
Vehicle-treated CHL1—-/— males and females showed enhanced working memory
and reduced stress-related behavior.

Discussion: We propose that CHL1 regulates D2R-dependent functions in vivo.

Deficiency of CHL1 leads to abnormal locomotor activity and emotionality, and
to sex-dependent behavioral differences.

KEYWORDS

close homolog of L1, CHL1, dopamine, dopamine receptor D2, behavior, quinpirole,
sulpiride

1. Introduction

Cells of the dopaminergic system localize in the ventral tegmental area and substantia nigra
of the midbrain and control many central and peripheral nervous system functions. Brain
regions are innervated by the three major dopaminergic pathways, the nigrostriatal, the
mesocorticolimbic, and the tuberoinfundibular pathways. These dopaminergic pathways
control a multitude of functions, such as movement, cognition, decision-making, motivation,
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working memory, mood, emotions, balanced visceral motility,
secretion of hormones, positive reinforcement, and pain (Bjorklund
and Dunnett, 2007; Iversen and Iversen, 2007; Klein et al., 2019;
Donovan and Wood, 2022; Kouhnavardi et al., 2022; Vegas-Suarez
et al, 2022). Dopamine (DA) is not only a neurotransmitter
modulating nervous system functions, but also an important
immunoregulatory factor affecting both innate and adaptive
immunity (Levite et al., 2017; Pinoli et al., 2017; Matt and Gaskill,
2020; Vidal and Pacheco, 2020). Impaired dopaminergic (DAergic)
signaling is implicated in several neurological and psychiatric
disorders, such as Parkinson’s disease, autism spectrum disorder,
attention deficit/hyperactivity disorder, depression, schizophrenia,
drug abuse, and neuroinflammation (Arias-Carrion and Poppel,
2007; Goto and Grace, 2007; Sierra et al., 2015; Belujon and Grace,
2017; Kosillo and Bateup, 2021; Mariggio et al., 2021; Guatteo et al.,
2022; Garritsen et al., 2023). DAergic neurons of the midbrain are the
main source of DA in the mammalian central nervous system, where
DA is packed into synaptic vesicles and released into the synaptic cleft
upon activation (Meiser et al., 2013; Garritsen et al., 2023). DA serves
its function by activating five subtypes of receptors (D1-D5), which
are abundant in the brain. They are classified into two general classes:
those that predominantly couple to the Gas/olf class of G proteins
(“D1-like”; D1 and D5 receptors), and to the Gai/o class of G proteins
(“D2-like”; D2-D4 receptors) (Kebabian and Calne, 1979; Lachowicz
and Sibley, 1997; Kim, 2023). The D2 receptor (D2R) is expressed
pre- and postsynaptically and maintains continuous signal
transduction through agonist-induced receptor phosphorylation,
arrestin recruitment, and endocytosis, which recycle and resensitize
desensitized receptors (Kim, 2023). Activation of the D2Rs and
interaction with Gai/o inhibits the activation of adenylyl cyclase,
production of cyclic adenosine monophosphate and activation of
protein kinase A (Neve et al., 2004; Beaulieu and Gainetdinov, 2011).
In mammals, D2R is localized both on pre- and postsynaptic
dopaminergic neurons. Two splice variants of D2R are found to
display differences in DA binding affinity, trafficking and induction
of signaling pathways. The short D2R isoform is primarily localized
at the presynaptic membrane of DAergic neurons where it acts as an
autoreceptor to reduce DA synthesis and release, resulting in initial
inhibitory control over locomotion at low agonist doses (Usiello et al.,
2000; Radl et al., 2018). The long D2R isoform, predominantly
expressed postsynaptically in striatal medium spiny neurons, acts as
an auto- or hetero-receptor and induces motor activity upon
activation by DA or agonists (Dal Toso et al., 1989; David et al., 1991;
Usiello et al., 2000; Ford, 2014; Shioda, 2017; Radl et al., 2018;
Quintana and Beaulieu, 2019). Both D2R isoforms play key roles in
the DAergic system and do not function properly in schizophrenia
(Oda et al., 2015; Shioda, 2017; Zhou et al., 2022; Iasevoli et al., 2023).
The DAergic system regulates locomotion (Beninger, 1983;
Groenewegen, 2003), motivational aspects of behavior like
exploration, novelty and reward seeking (Menegas et al., 2017) as well
as anxiety (Steiner et al., 1997; Braiidao and Coimbra, 2019; Juza
et al.,, 2023). Antagonists and partial agonists of D2Rs are used to
treat schizophrenia, autism spectrum disorder, Parkinson’s disease,
depression, and anxiety (Mandic-Maravic et al., 2022; Juza et al,,
2023). Furthermore, DA receptors play crucial roles in signaling
upon novelty stimuli (Kakade and Dayan, 2002) and mediate
hippocampus-dependent memory consolidation of novel events
(Diizel et al., 2010).
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We have identified CHLI as binding partner and signaling
modulator of D2Rs (Kotarska et al., 2020). CHLI is a member of the
immunoglobulin superfamily, which is mainly present at the axon and
accumulates at synapses (Nikonenko et al., 2006; Dityatev et al., 2008;
Andreyeva et al., 2010). CHLI1 is involved in neurite outgrowth, cell
migration, positioning, and survival and regulates dendritic spine
density (Hillenbrand et al., 1999; Buhusi et al., 2003; Montag-Sallaz
et al., 2003; Demyanenko et al., 2004; Nishimune et al., 2005;
Jakovcevski et al., 2009; Mohan et al., 2019). CHL1 was found to
interact with both D2R isoforms, to inhibit the internalization of the
short D2R isoform and to regulate development of ventral midbrain
DAergic pathways (Alsanie et al., 2017; Kotarska et al., 2020).
Moreover, CHLI is implicated in mental retardation and psychiatric
disorders, such as schizophrenia and autism spectrum disorders
(Sakurai et al., 2002; Frints et al., 2003; Chen et al., 2005; Tam et al.,
2010; Salyakina et al., 2011; Shoukier et al., 2013). The CHLI gene is
located on chromosome 3 at 3p26.1, a region which contains genes
that are suggested to be associated with schizophrenia (Lewis et al.,
2003; Gandawijaya et al., 2020). Deletions in the 3p region result in
3p-syndrome which is characterized by developmental delay,
intellectual disability, facial dysmorphisms, and autism-spectrum
disorder behaviors (Gandawijaya et al., 2020; Fu et al., 2021). CHL1
deficiency in mice leads to age-dependent loss of parvalbumin-
expressing hippocampal interneurons, impairments in synaptic
transmission, long-term potentiation, working memory, gating of
sensorimotor information, and prepulse inhibition of the acoustic
startle response (Montag-Sallaz et al., 2003; Irintchev et al., 2004;
Nikonenko et al., 2006; Schmalbach et al., 2015). Conditional ablation
of CHLI in neurons and constitutive ablation of CHLI in mice lead to
alterations in social and exploratory behaviors (Montag-Sallaz et al.,
2002, 2003; Pratte et al., 2003; Irintchev et al., 2004; Morellini et al.,
2007; Kolata et al., 2008; Pratte and Jamon, 2009).

Since CHLI interacts with D2Rs and reduces internalization of
the short D2R isoform, CHL1—/— mice may contain less functional
D2Rs at the cell membrane and thus be less responsive to D2R
autoreceptor stimulation. To test this hypothesis, we determined
D2R-dependent mouse behavior. We evaluated the performance of
male and female CHLI-deficient (CHL1—/—) and wild-type
(CHL1+/+) mice treated with low doses of the D2R agonist quinpirole
and the D2R antagonist sulpiride, which target mainly presynaptic D2
autoreceptors, in different behavioral paradigms. Based on our results
from the open field, Y-maze, novel object and social interaction,
we propose that CHL1 regulates D2R-dependent functions, thereby
affecting behavior in sex-dependent and sex-independent manners.

2. Materials and methods
2.1. Chemicals

(—)-Quinpirole hydrochloride [(—)-LY-171555 or trans-(—)-
(4aR)-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-g]
quinoline monohydrochloride; CAS number 85798-08-9] was
obtained from Tocris-Bioscience (catalog #1061, lot 17A/
239398; Wiesbaden-Nordenstadt, Germany). (+)-Sulpiride
[(£)-5-(aminosulfonyl)-N-[(1-ethyl-2-pyrrolidinyl)methyl]-2-
methoxybenzamide; CAS number 15676-16-1] (catalog #S8010, lot
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4B/217248) and dimethyl sulfoxide (CAS number 67-68-5) were from
Sigma-Aldrich (Taufkirchen, Germany).

2.2. Animals

Heterozygous CHLI-deficient mice back-crossed onto the
C57Bl/6] background for more than eight generations were used to
obtain CHL1—/— mice and age-matched CHL1+/+ littermates
(Montag-Sallaz et al., 2002). Mice were bred and maintained at the
Universitatsklinikum Hamburg-Eppendorf. Animals were housed at
21+1°C and 40-50% humidity on a 12h light/12h dark cycle with
ad libitum access to food and water. Three- to five-month-old males
or females were used for all experiments. Experiments were approved
by the Behorde fiir Justiz und Verbraucherschutz of the State of
Hamburg (animal permit number N061/2019) and experiments were
designed and the manuscript was prepared according to the ARRIVE
guidelines (Kilkenny et al., 2010).

2.3. Behavior

To determine motor activity, exploratory behavior, and anxiety-
like or stress-related behavior (Prut and Belzung, 2003; Seibenhener
and Wooten, 2015) the open field test was used. Short-term memory
retention, particularly spatial working memory and spontaneous
alternation were tested in a free-trial Y-maze (Lalonde, 2002; Kraeuter
etal, 2019). Novelty-seeking behavior triggered by a new stimulus, for
which there was no pre-existing recognition memory, was assessed in
the novel object test (Barto et al., 2013; Akiti et al.,, 2022) and
motivation to investigate a social stimulus was analyzed by giving the
experimental mouse the choice to investigate an unfamiliar mouse or
a familiar sex-matched mouse (Freitag et al, 2003). Tracks
representing the position of the mice were created and analyzed with
EthoVision XT (Noldus, Wageningen, The Netherlands; https://www.
noldus.com/ethovision; RRID:SCR_000441) (Freitag et al., 2003).
Manual scoring of grooming and jumping behavior was performed by
a trained experimenter blinded to the genotype and treatment of the
mice using The Observer software (Noldus). Between tests, mice were
allowed to recover for 7 days before the next test with injection of a
single dose of the solutions followed by behavioral evaluation after
2min. All experiments were performed with the same batch of mice
and with the same instruments. A detailed description of the tests is

10.3389/fnbeh.2023.1288509

given in the Supplementary material and the timeline of experiments
is shown in Figure 1.

2.4. Statistical analysis

A detailed description is given in the Supplementary material.

3. Results
3.1. Open field

Compared to CHL1+/+ mice, CHL1—/— mice exhibit a different
exploratory behavior, a reduced reaction to novelty and impairments
in their working memory (Montag-Sallaz et al., 2002, 2003; Pratte
et al.,, 2003; Morellini et al., 2007; Pratte and Jamon, 2009). Novelty-
seeking, exploratory behavior, anxiety and locomotor activity are also
modulated by DA and the DA receptors (Beninger, 1983; Kakade and
Dayan, 2002; Menegas et al., 2017; Braiidao and Coimbra, 2019; Juza
etal,, 2023). Thus, we set out to determine if CHL1 and D2R together
influence exploratory behavior. CHL1+/+ and CHL1—/— mice were
treated with vehicle solution, a low dose of the D2R agonist quinpirole
(0.02mg/kg body weight) or a low dose of the D2R antagonist
sulpiride (1 mg/kg body weight) which act primarily on presynaptic
D2Rs (Eilam and Szechtman, 1989; Van Hartesveldt et al., 1994;
Boschen et al., 2011, 2015). Motor activity, exploratory behavior,
stress-related and anxiety-like behavior were first evaluated in the
open field test. Mice were injected with vehicle solution, quinpirole or
sulpiride and placed in the open field 2min after the injection to
detect an early drug impact (Eilam and Szechtman, 1989; Frantz and
Van Hartesveldt, 1995; Usiello et al., 2000; Anzalone et al., 2012; Lane
et al, 2012). Representative tracks of CHLI+/+ and CHL1-/—
vehicle-, sulpiride- and quinpirole-treated males and females are
shown in Supplementary Figure S1.

3.1.1. Alterations in locomotor activity
Vehicle-treated CHL1—/— males moved a shorter distance and
at a lower speed compared to the CHL1+/+ males treated with
vehicle, while CHL1—/— and CHL1+/+ female mice treated with
vehicle moved the same distance and at the same speed
(Figures 2A-C, 3A,B, Supplementary Figure S2A). Interestingly,
vehicle-injected CHL1—/— males also moved a shorter distance in

week 1-2 week 3-4 week 5

week6 | week7 week 8

adaptation | handling OF

FIGURE 1

experiments (SI).

SA NO Sl

Timeline of behavioral experiments. OF, open field; SA, spontaneous alternation; NO, novel object; Sl, social interaction. All experiments were
performed with the same batch of mice and mice were 3-month-old when the experiments (OF) started and 4—5-month-old at the end of the
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FIGURE 2

Reduced locomotor activity of male CHL1—-/— mice in the open field and hypolocomotion of mice treated with quinpirole. Three-month-old male and
female CHL1+/+ and CHL1—-/— mice were treated with single injections of vehicle, sulpiride (1 mg/kg body weight) or quinpirole (0.02 mg/kg body
weight), and activity in the open field was observed over 30 min. Total distance moved was evaluated after 10 min (A) and 30 min (B) in the open field
and average speed over 30 min (C) was determined. Values are presented as single values and mean + SEM (n = 11-13 mice per group) and were
analyzed with three-way ANOVA (variables: genotype, treatment, and sex) followed by the Bonferroni correction post-hoc test (*p <0.05, **p <0.01,
***%n < 0.0001, statistical difference from vehicle treated corresponding genotype; *p <0.05, ##p < 0.01 in case of genotype difference within

treatment). White bars: CHL1+/+ mice, grey bars: CHL1-/— mice.

comparison to CHL1—/— females (Figure 4A). Treatment with
quinpirole reduced the distance moved of CHL1+/+ males within
the first 10 min and differences to vehicle-treated CHL1+/+ males

were evident at 3min (Figures 2A, 3A,

already
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Supplementary Figure S3A). In contrast, quinpirole led to reduced
locomotion of CHL1—/— males only at 9min and thereafter
(Figures 2A,B, 3A, Supplementary Figure S3A). When all 30 min
time points in the open field were evaluated, quinpirole injection
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FIGURE 3

Delayed hypolocomotion of CHL1—/— mice treated with quinpirole. Three-month-old male (A) and female (B) CHL1+/+ and CHL1—-/— mice were
treated with single injections of vehicle, sulpiride (1 mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and distance moved in the open field
was observed for 10 min (comparison between genotypes is shown in Supplementary Figure S2). Values for each time bins are presented as

mean + SEM (n = 11-13 mice per group) and were analyzed with three-way repeated measures ANOVA followed by the Bonferroni correction post-hoc
test (*p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001, statistical difference from vehicle treated corresponding genotype).
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FIGURE 4
Sex-dependent differences in behavior in the open field. Three-month-old CHL1+/+ and CHL1—/— males and females were treated with single
injections of vehicle, sulpiride (1mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and activity in the open field was observed over 30 min.
After 30 min total distance moved (A), distance moved in the center (B) and time spent grooming (C) were evaluated. The 30 min values are presented
as single values and mean + SEM (n = 11-13 mice per group) and were analyzed with three-way ANOVA (variables: genotype, treatment, and sex)
followed by the Bonferroni correction post-hoc test (*p < 0.05, statistical difference for mice of the other sex but the same genotype and treatment).
Blue bars: male mice, magenta bars: female mice.

led to a reduction in the distance moved and a reduction in average
speed of CHL1—/— and CHL1+/+ males relative to vehicle-treated
males, and quinpirole-treated CHL1—/— and CHL1+/+ males
showed a similar distance moved and a comparable velocity
(Figures 2B,C, Supplementary Figure S3A). CHL1+/+ males treated
with quinpirole moved less compared to the quinpirole-treated
CHLI1+/+ females (Figures 3, 4A). Quinpirole reduced the distance
moved of CHL1—/— and CHL1+/+ females within the first 10 min
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and in the overall 30 min of the test and values of quinpirole-treated
CHL1+/+ and CHL1—/— females were similar (Figures 2A,B, 3B,
Supplementary Figures S2C, S3B). When the first 10 min of the test
were examined in detail CHL1+/+ females responded more quickly
to quinpirole treatment and showed a reduction in the distance
moved already after 3 min, while CHL1—/— females were delayed
in responding to quinpirole and moved less at 7 min and at later
times after application (Figure 3B). Also, quinpirole-treated
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CHLI1+/+ males moved less compared to quinpirole-treated
CHLI1+/+ females, whereas quinpirole-treated CHL1—/— males and
females moved similar distances (Figure 4A). Sulpiride treatment
did not alter the activity of males in the open field and only reduced
the distance moved and velocity of CHL1—/— females but not of
CHL1+/+ females over 10 and 30 min (Figures 2A,B, 3A,B, 4A,
Supplementary Figures S2B, S3A,B). In addition, sulpiride-treated
CHLI1+/+ males moved less compared to sulpiride-treated
CHLI1+/+ females, whereas sulpiride-treated CHL1—/— males and
females moved similar distances (Figure 4A).

3.1.2. Normal exploratory activity of CHL1—/—
mice

Besides locomotor aptitude, exploratory patterns can give an
indication of the emotional state and anxiety of the animal. Time and
distance moved in the center zone and distance to wall can be used to
evaluate the anxiety/stress-related behavior of mice (Seibenhener and
Wooten, 2015). Time in the center zone revealed that vehicle-treated
CHL1+/+ and CHL1—/— males and females spent a similar time
moving in the center, stayed for comparable times in the center and
moved similar total distances in the center zone (Figures 4B, 5A-C,
Supplementary Figure S4). After injection, CHL1+/+ males, but
neither CHL1—/— males nor CHL1+/+ and CHL1—/— females,
showed a reduction in the time moving in the center or distance
moved in the center. Quinpirole-treated CHL1+/+ males spent a
shorter time in the center compared to quinpirole-treated CHL1+/+
females, while time in the center was similar for quinpirole-treated
CHLI1—/— males and females (Figure 5B, Supplementary Figure S4).
Quinpirole-treated CHL1+/+ males moved a shorter distance in the
center compared to the quinpirole-treated CHLI1+/+ females
(Figures 4B, 5C). Sulpiride-treated males and females of both
genotypes did not differ from vehicle-treated mice in time and
distance moved in the center, but sulpiride-treated CHL1+/+ males
spent less time moving in the center compared to sulpiride-treated
CHLI1—/— males (Figures 4B, 5C). Average distances to wall were
similar for vehicle-, sulpiride- and quinpirole-treated males and
females of both genotypes (Figure 5D). These results suggest that
CHL1—/— mice are not altered in their stress-related behavior and
strengthen the finding that quinpirole treatment reduces locomotion
especially of CHL1+/+ and CHL1—/— males.

3.1.3. Altered emotional state of CHL1-/— males
Stress- and novelty-induced exploratory behavior as well as
stereotyped behavior of mice can give an indication of the emotional
state of the animals. Rearing (vertical activity) is a variant of the search
phase in exploratory behavior, when the animal is moving around the
environment attempting to contact environmental cues that need to
be recognized by the animal to adjust its behavior, and it is an
important parameter of the exploratory and motor activity.
Particularly during the first minutes of the test, when the reactivity to
novelty is highly triggered, rearing can be observed. Rearing on and
off wall can also reveal the emotional state of the mice (Sturman et al.,
2018). In addition, defecation, which negatively relates to emotionality
in rodents, as well as grooming (low stress comfort grooming or
stress-evoked grooming) can also alert to levels of stress and anxiety
in the mouse (Archer, 1973; Walsh and Cummins, 1976; Kalueff and
Tuohimaa, 2004a,b; Ramos, 2008). Vehicle-treated CHL1—/— males
exhibited reduced self-grooming latencies and a higher number of
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unsupported rearings and performed less wall jumpings compared to
the vehicle-treated CHL1+/+ males, while there were no differences
between vehicle-treated CHL1—/— and CHL1+/+ females and no
differences in grooming time between all groups (Figures 4C,
6A-D,F). Vehicle-treated CHL1—/— males also tended to deposit a
lower number of fecal boli than CHL1+/+ males, but this difference
was not significant (Figure 6E). CHL1—/— and CHL1+/+ males
treated with sulpiride did not differ in their emotional state and
showed similar self-grooming, rearing and jumping behaviors
(Figures 4C, 6A-F). Quinpirole treatment enhanced the latency for
self-grooming of CHL1—/— males and led to enhanced deposition of
fecal boli, but did not change the self-grooming activity of CHL1+/+
males nor their deposition of fecal boli, grooming time, number of
supported and unsupported rearings and wall jumping of males from
both genotypes (Figures 4C, 6A-F). CHL1—/— females treated with
sulpiride showed more unsupported rearings and less supported
rearings compared to sulpiride-treated CHL1+/+ females, but there
were no differences between vehicle-treated and sulpiride-treated
CHLI1—/— females (Figures 6C,D). Quinpirole-treated CHL1+/+
females deposited more fecal boli compared to vehicle-treated
CHL1+/+ females, but not to vehicle-treated CHL1—/— females
(Figure 6E). Sulpiride-treated CHL1+/+ females jumped more often
compared to sulpiride-treated CHL1—/— females, but this parameter
was not different between vehicle-treated CHL1+/+ females and
sulpiride-treated CHL1+/+ females (Figure 6F). Vehicle-treated
CHL1—/— males groomed longer times compared to vehicle-treated
CHLI1—/— females (Figure 4C). Results suggest that stress-related
behavior and emotionality of CHL1+/+ and CHL1—/— males differ,
while emotionality of CHL1—/— females is like that of CHL1+/+
females. Interestingly, quinpirole treatment affected stress-related
behavior and emotionality of CHL1—/— males, but not of CHL1+/+
males, although quinpirole-induced hypolocomotion was more
pronounced in CHL1+/+ males.

3.2. Y-maze

Previous studies relate the ablation of CHLI1 in mice with
impairments of working memory duration, resulting in slower
processing speed in the reinforced alternation task (Kolata et al., 2008)
and in the intra-trial interval T-maze (Morellini et al., 2007). With a
view on the importance of DA and its receptors D1R and D2R in
memory formation and cognition, for instance spatial working
memory formation (Robbins, 2000; Mehta and Riedel, 2006), we were
interested in exploring this relationship further in the context of CHL1
ablation. D1Rs dominate neural responses during stable periods of
short-term memory maintenance (requiring attentional focus), while
D2Rs play a more specific role during periods of instability such as
changing environmental or memory states (requiring attentional
disengagement) (Matzel and Sauce, 2023).

3.2.1. Improved working memory of CHL1-/-
males and females

To assess the ability of CHL1+/+ and CHL1—/— mice to retain
short-term memory, specifically spatial working memory, animals were
subjected to the Y-maze after treatment with vehicle, quinpirole or
sulpiride. When mice are placed in a three-arm maze, they explore
previously unvisited areas due to their innate curiosity for novelty.
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vehicle, sulpiride (1mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and activity in the open field was observed over 30 min. Time moving
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bars: CHL1-/— mice.

in the center (A), time in center (B), distance moved in the center (C; also shown in Figure 4B for sex comparisons) and average distance to wall

(D) were determined. The 30 min values are presented as single values and mean + SEM (n = 11-13 mice per group) and were analyzed with three-way
ANOVA (variables: genotype, treatment and sex) followed by the Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ****p <0.0001, statistical
difference from vehicle treated corresponding genotype; #p < 0.05 in case of genotype difference within treatment). White bars: CHL1+/+ mice, grey

With intact working memory, animals remember the previously visited
arm and tend to enter a less recently visited arm (Lalonde, 2002;
Kraeuter et al., 2019). While vehicle-treated CHL1+/+ males and
females performed at chance level (50% of correct alternations)
(vehicle-treated CHL1+/+ males 51.04+2.52% and vehicle-treated
CHLI1+/+ females 51.89 +1.86% correct alternations), vehicle-treated
CHL1—/— males and females performed more correct alterations and
above chance level (vehicle-treated CHL1—/— males 59.49 +2.81% and
vehicle-treated CHL1—/— females 62.15+3.42% correct alternations)
(Figure 7A). Sulpiride- and quinpirole-treated CHL1—/— and
CHL1+/+ males were similar in numbers of alternations (sulpiride-
treated CHL1+/+ males 51.89+3.53%, sulpiride-treated CHL—/—
males 54.81 +2.53%, quinpirole-treated CHL1+/+ males 57.43 +1.96%
and quinpirole-treated CHL—/— males 52.78+2.48% correct
alternations), but values did not differ from those of vehicle-treated
males. Sulpiride-treated CHL1—/— females performed better compared
to CHL1+/+ females treated with sulpiride, while quinpirole-treated
CHLI1—/— and CHL1+/+ females showed the same performance and
carried out similar numbers of correct alternations (sulpiride-treated
CHL1+/+ females 53.47 +3.07%, sulpiride-treated CHL—/— females
62.18 £3.64%, quinpirole-treated CHL1+/+ females 49.04 +2.50% and
quinpirole-treated CHL—/— females 53.41+3.55% correct alternations)
(Figure 7A). Interestingly, the time to complete 24 alternations was
similar for CHL1+/+ and CHL1—/— males and females and was
increased for quinpirole-treated CHL1+/+ males and females and
CHL1—-/- females, but not for CHL1—/— males (Figure 7B). Results
suggest that the better short-term memory performance of CHL1—/—
mice was abolished by quinpirole treatment, whereas the performance
of CHL1+/+ mice was not altered by quinpirole treatment. We propose
that the longer time that quinpirole-treated mice needed to complete
24 alternations is linked to hypolocomotion induced by this drug
(Figure 7B, Supplementary Figures S5A,B).

3.2.2. Hypolocomotion of CHL1+/+ but not
CHL1-/- mice induced by quinpirole

Next, we analyzed the distance moved by the mice in the Y-maze.
As seen in the open field, sulpiride treatment did not alter the distance
moved of CHL1+/+ and CHL1—/— males and females. In contrast,
quinpirole treatment led to hypolocomotion of CHL1+/+ males and
females and reduced locomotion of CHL1—/— females to a lower
and had effect on CHL1-/—
(Supplementary Figures S5, S6). In the Y-maze, vehicle-treated

extent almost no males
CHL1—/— females traveled a larger distance than vehicle-treated
CHL1—/— males, and sulpiride-treated CHL1+/+ females traveled a
than  sulpiride-treated CHLI+/+

(Supplementary Figures S5B, S6). In contrast to the open field, in the

larger  distance males
Y-maze CHL1—/— females did not show a delayed hypolocomotion
after quinpirole application compared to CHLI+/+ females
(Supplementary Figure S5). The effects of quinpirole on locomotion

in the Y-maze correspond with those of quinpirole regarding the time
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needed to perform 24 alternations and the values in the open field
where hypolocomotion was seen for males and females of
both genotypes.

3.3. Novel object test

In addition to influencing locomotor activity, D2R availability or
pharmacological modulation can directly influence novel stimulus
and novelty-seeking behavior (Czoty et al., 2010; Franca et al,, 2016).
The ablation of CHLI1 in mice has also been linked to a mild
impairment of novelty-seeking behavior, where an initial hesitation to
explore a new object was found for CHL1—/— mice, while no effect on
the total time of object exploration was detected (Pratte et al., 2003;
Morellini et al., 2007). Thus, we analyzed the behavior of CHL1+/+
and CHL1—/— mice treated with vehicle, quinpirole or sulpiride in the
novel object test. After treatment, mice were placed in an arena with
a novel object in the center, and the interaction with the novel object
was investigated. Vehicle-treated CHL1+/+ and CHL1—/— males and
females spent similar times at the novel object, moved the same
distance near the novel object and were similarly latent to approach
the novel object (Figures 8A-C). Sulpiride and quinpirole treatment
did not influence the behavior of CHL1+/+ and CHL1—/— males and
females compared to the corresponding vehicle-treated mice of the
same genotype (Figures 8A-C). Nonetheless, quinpirole-treated
CHLI1—/— males spent a longer time at the novel object and moved a
larger distance close to the novel object compared to the respective
CHL1+/+ males (Figures 8A,B). Also, CHL1—/— males treated with
quinpirole spent a longer time near the novel object compared to
quinpirole-treated CHL1—/— females, while quinpirole-treated
CHL1+/+ mice did not
(Supplementary Figure S7). These results indicate an unaltered

show sex-dependent differences
novelty-seeking behavior of vehicle-treated CHL1—/— mice and
suggest that activation of D2R by quinpirole enhanced interest in the
novel object in CHL1—/— males but not CHL1—/— females. Of note,
blocking of D2R with sulpiride did not change the novelty-seeking
behavior of male and female CHL1+/+ and CHL1—/— mice.

We also determined the distance moved and average speed of
animals in the novel object test. As seen in the open field and Y-maze,
vehicle-treated CHL1—/— males tended to move shorter distances and
had a reduced speed compared to vehicle-treated CHL1+/+ males,
whereas vehicle-treated females moved a similar distance and at a similar
speed (Supplementary  Figures S8A,B). Quinpirole induced
hypolocomotion of CHL1+/+ males, CHL1+/+ females and CHL1—/—
females, but did not affect CHL1—/— males. Quinpirole-treated
CHL1—/— males traveled a longer distance compared to the quinpirole-
treated CHL1—/— females. In agreement with the findings from the open
field test, sulpiride treatment reduced the distance moved and average
speed of CHL1—/— females, but did not affect CHL1+/+ females nor
CHL1+/+ males and CHL1—/— males (Supplementary Figures S8A,B).
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Altered emotional state of male CHL1—/— mice. Three-month-old CHL1+/+ and CHL1—-/— males and females were treated with single injections of
vehicle, sulpiride (1 mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and activity in the open field was observed over 30 min. Self-grooming
latency (A), self-grooming time (B; also shown in Figure 4C for sex comparisons), unsupported rearing (C) and supported rearing (D) were determined
during the first 10 min in the open field. Fecal boli deposits (E) were determined over 30 min and numbers of jumps on the wall (F) were determined
during the first 10 min. Values are presented as single values and mean + SEM (n = 11-13 mice per group) and were analyzed with three-way ANOVA
(variables: genotype, treatment and sex) followed by the Bonferroni correction post-hoc test (*p < 0.05, statistical difference from vehicle-treated
correspondent genotype; *p < 0.05, #p < 0.01, #¥#p <0.001 in case of genotype differences within treatment). White bars: CHL1+/+ mice, grey bars:

CHL1—-/- mice

3.4. Social interaction

Dopamine influences social behavior and social cognition,
and this influence can be mediated by D2R (Yamaguchi et al,,
2017; Cutando et al., 2022; Mandic-Maravic et al., 2022). Patients
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with autism spectrum disorder display impaired social interactions
and repetitive behavior in addition to cognitive disabilities,
anxiety, sleep disturbances, hyperactivity, and motor impairments
(see for instance, Lord et al., 2020). Since CHL1 interacts with
D2R and regulates its levels at the cell surface (Kotarska et al.,

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1288509
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org

Fernandes et al.

10.3389/fnbeh.2023.1288509

A
males females
" 25
5 * CHL1+/+
S 20- o CHL1-/-
£
S
© & 154
™
o ©
53 10-
8e
“
o
) 51
2
£
z 0-
T T 1 T T L]
O . e & R4 <
F & &S EE
< e\) &;\Q & e\) &;\(‘

FIGURE 7

grey bars: CHL1-/— mice.

Improved working memory of male and female CHL1—-/— mice in the Y-maze. Three-month-old male and female CHL1+/+ and CHL1-/— mice were
treated with single injections of vehicle, sulpiride (1 mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and activity in the Y-maze was
observed over 15 min. The number of correct alterations (A) and time to complete 24 alternations (B) were determined. The 15 min values are
presented as single values and mean + SEM (n = 11-13 mice per group) and were analyzed with three-way ANOVA (variables: genotype, treatment, and
sex) followed by the Bonferroni correction (A) and the Brown-Forsythe ANOVA followed by the Games-Howell (B) post-hoc tests (****p <0.0001,
statistical difference from vehi-cle-treated correspondent genotype; #p <0.05, #p < 0.01, difference between genotypes). White bars: CHL1+/+ mice,
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2020), and since CHLI is also implicated in autism spectrum
disorders (Salyakina et al., 2011; Mandic-Maravic et al., 2022),
we investigated if treatment of CHL1+/+ and CHL1—/— mice with
quinpirole or sulpiride alters their social behavior. CHL1—/— and
CHL1+/+ males and females preferred to visit the unfamiliar
mouse compared to the familiar mouse in the social interaction
test (Figure 9). Treatment with the D2R agonist and antagonist did
not change this preference of the CHL1+/+ and CHL1—/— mice
(Figure 9). Furthermore, vehicle- and quinpirole-treated males
and females of both genotypes visited the familiar and unfamiliar
mouse with the same frequency (Figure 10). However, treatment
of CHL1+/+ and CHL1—/— males with sulpiride enhanced the
number of visits at the familiar and unfamiliar mouse (Figure 10).
Interestingly, treatment of CHLI+/+ females with sulpiride
enhanced the frequency of visits at the familiar mouse, but did not
change the frequency of visits at the unfamiliar mouse. Sulpiride
treatment did not change the frequency of visits of the CHI1—/—
females (Figure 10).

4. Discussion

We here examined the interplay of D2R and CHLI in mice and
analyzed if their interaction influences novelty-seeking, exploration,
anxiety-related behavior, social interaction and locomotor activity.
Interest in novelty, spatial working memory, social interaction and
anxiety-related behavior were not different between vehicle- and
quinpirole-treated CHL1+/+ and CHL1—/— males and females,
while sulpiride treatment enhanced the number of visits at the
familiar and unfamiliar mouse by CHL1+/+ males and CHL—/—
males but not CHL—/— females. CHL1—/— males and females were
delayed in their response to low doses of quinpirole, which was
most evident in the open field, where CHL1—/— mice were delayed
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in hypolocomotion. Interestingly, only CHL1—/— males showed
more stress-related behavior after quinpirole treatment and only
CHL1—-/- females exhibited hypolocomotion and altered anxiety-
and stress-related behavior when treated with sulpiride, suggesting
that the interaction of CHLI with D2R modifies exploratory and
locomotor activity as well as emotional behavior differently in males
and females.

4.1. CHL1 and D2R interaction

In our previous studies we observed that the extracellular domain of
CHLI interacts with the first extracellular D2R loop. We propose that
this interaction occurs in trans-orientation, since the recombinant
extracellular CHL1 domain interacts with D2Rs at the cell surface
(Kotarska et al., 2020). CHLI is present at the cell soma, at dendrites and
axons and accumulates presynaptically, while D2R is present pre- and
postsynaptically (Leshchyns'ka et al., 2006; Beaulieu and Gainetdinov,
2011; Anzalone et al., 2012). High D2R expression is detectable in the
striatum, the nucleus accumbens, and the olfactory tubercle as well as the
substantia nigra, ventral tegmental area, hypothalamus, cortical areas,
septum, amygdala, and hippocampus (Beaulieu and Gainetdinov, 2011),
regions that also express CHL1. Of note, CHLI reduces quinpirole-
triggered internalization of the short D2R, but not the long D2R isoform
(Kotarska et al., 2020). Since the short D2R isoform is highly expressed
in DAergic neurons pre- and postsynaptically and regulates presynaptic
inhibitory feedback control and postsynaptic neurotransmission, it is
possible that CHLI regulates pre- and postsynaptic functions via its
interaction with the D2R short isoform. We find it interesting in this
context that the dorsal striatum controls motor and cognitive functions,
while the ventral striatum regulates motivation, reward, and emotion
(Chen et al., 2020). In CHL1—/— mice decreased levels of D2R, enhanced
D2 autoreceptor internalization and dysregulation of D2R-dependent
DA transporter surface expression and activity in the dorsal striatum
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FIGURE 8
Quinpirole-treated CH1—-/— males, but not CHL1—/— females, spent a longer time and move a larger distance near a novel object compared to
CHL1+/4 males. Four-month-old male and female CHL1+/+ and CHL1-/— mice were treated with single injections of vehicle, sulpiride (1 mg/kg body
weight) or quinpirole (0.02 mg/kg body weight), and activity in the novel object test was recorded for 20 min. Time spent near the novel object (A),
distance moved near the novel object (B) and latency to reach the object (C) were determined. The 20 min values are presented as single values and
mean + SEM (n = 11-13 mice per group) and were analyzed with three-way ANOVA (variables: genotype, treatment, and sex) followed by the
Bonferroni correction post-hoc test (*p < 0.01, difference between genotypes). White bars: CHL1+/+ mice, grey bars: CHL1-/— mice.

could lead to altered presynaptic signaling and decreased levels of
phosphorylated tyrosine hydroxylase, leading to enhanced feedback
inhibition and reduced motor activity in CHL1—/— mice. Since CHL1
stabilizes the short D2R isoform at the cell surface upon activation with
quinpirole (Kotarska et al., 2020), we would like to suggest that lack of
CHLI leads to altered D2R signaling or ligand binding affinities that
might change behavior. The findings that CHLI co-localizes with D2R
in DA- and cyclic-AMP-regulated phosphoprotein of molecular weight
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32,000 (DARPP-32)-positive striatal cells and that lower D2R and
phosphorylated tyrosine hydroxylase levels are seen in the dorsal
striatum of CHL1—/— mice, whereas in the ventral striatum levels of
phosphorylated DARPP-32 are reduced compared to levels in CHL+/+
mice (Kotarska et al., 2020), support this speculation. In the following
sections we attempt an interpretation how the interplay of D2R
and CHLI
sex-unspecific manner.

might influence behavior in sex-specific and
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CHL1-/- and CHL1+/+ mice prefer to visit the unfamiliar mouse in the social interaction test. Four-month-old male and female CHL1+/+ and
CHL1-/- mice were treated with single injections of vehicle, sulpiride (1mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and activity in
social interaction test was recorded for 20 min. The preference indices were calculated and the 20 min values are presented as single values and
mean + SEM (n = 11-13 mice per group). Analysis was carried out for each sex with two-way ANOVA (variables: genotype and treatment) followed by
the Bonferroni correction post-hoc test. White bars: CHL1+/+ mice, grey bars: CHL1—-/— mice.
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CHL1-/- and CHL1+/+ mice visit the familiar and unfamiliar mouse at a similar frequency. Four-month-old male and female CHL1+/+ and CHL1-/—
mice were treated with single injections of vehicle, sulpiride (1mg/kg body weight) or quinpirole (0.02 mg/kg body weight), and activity in social
interaction test was recorded for 20 min, and number of visits at the unfamiliar mouse (A) and the familiar mouse (B) were counted. Values are
presented as mean single values and + SEM (n = 11-13 mice per group) and values from each sex were analyzed with two-way ANOVA (variables:
genotype and treatment) followed by the Bonferroni correction post-hoc test (*p < 0.05 statistical difference from vehicle-treated correspondent
genotype). White bars: CHL1+/+ mice, grey bars: CHL1-/— mice.
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4.2. Sex differences in DAergic signaling
and DA-related behaviors

Sex differences in DAergic signaling and DA-related behaviors
as well as in several neuropsychiatric disorders have been
acknowledged in numerous studies over many years (Williams
etal, 2021, and references therein). Animal studies showed that the
DA systems differ between males and females and display
differences in DA release and DA receptor expression in adulthood
and during development. DA receptor agonists and antagonists
trigger sex-specific functional responses and sex-specific differences
in behavior in adulthood during decision-making, learning, anxiety
and reward (Williams et al., 2021, and references therein). Many
neuropsychiatric disorders are characterized by a dysfunction of the
DAergic system in reward-related brain regions (Williams et al.,
2021, and references therein). Apart from regulation of the DAergic
system by ovarian hormones in females, many sex differences are
independent of the ovarian cycle and are due to differences in
DAergic system function and structural (re-)organization, showing
different distribution of DAergic neurons in the midbrain, leading
to increased DA receptor activity, increased release of DA from
synaptic terminals in the striatum and increased basal DA levels
(Zachry et al,, 2021, and references therein). In the striatum, DA
release from terminals is maintained in the adult and controlled by
regulatory proteins, including D2 autoreceptors and DA
transporters (Zachry et al., 2021, and references therein). These
regulatory proteins participate in hormonal and non-hormonal
homosynaptic and heterosynaptic regulation of DA release and
trigger or inhibit DA release and modulate the timing and
magnitude of the release (Zachry et al., 2021, and references
therein). Sex-dependent expression and activity of these regulatory
proteins may regulate DA signaling and DA-dependent behaviors
differently in males and females. The DA transporter contributes to
the clearance of DA from synaptic and extra-synaptic spaces and
hence plays an important role in the timing and duration of
DA-triggered events (Walker et al., 2006). It has been reported that
D2R regulates the surface expression and activity of the DA
transporter and thus, the DA clearance in a sex-dependent manner
(Stewart et al., 2021). In males, D2R-dependent regulation of the
DA transporter predominantly takes place in the dorsal striatum
containing projections of DAergic neurons from the substantia
nigra, whereas this regulation does not occur in the ventral
striatum. In females, regulation of the DA transporter by D2R is
detectable in the ventral striatum containing projections of DAergic
neurons from the ventral tegmental area, whereas this regulation
was not evident in the dorsal striatum (Stewart et al., 2021).

Like CHL1—/— males, mice lacking the long D2R isoform
were reduced in locomotion compared to mice expressing both
D2R isoforms (Wang et al., 2000). These results suggest that the
interplay between CHL1 and the long D2R isoform is also crucial
for regulating DA-driven striatum-dependent locomotion. In
CHL1-/- females, absence of CHL1 could inhibit internalization
of postsynaptic D2Rs in the ventral striatum and may alter the
conformation of postsynaptic D2R, leading to an altered
sensitivity to sodium ions, which decreases the affinity of DA and
DA agonists and enhances the affinity for several antagonists
(Michino et al., 2015). Interestingly, the affinity of wild-type D2R
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for sulpiride increases ~23-fold in the presence of sodium, while
the affinity of sulpiride to D2R mutants was not altered (Wilson
et al,, 2001; Michino et al., 2015). It is likely that in CHL1—/—
females the postsynaptic D2Rs in the ventral striatum could
be more sensitive to sulpiride. Sulpiride can indeed function as
inverse agonist that binds to the same receptor as an agonist, but
induces a response opposite to that of an agonist (Hall and
Strange, 1997; Zhang et al., 2014). Thus, we propose that sulpiride
triggers postsynaptic responses opposite to DA because of its
increased affinity for D2R, thereby reducing postsynaptic activity
accompanied by reduced levels of phosphorylated DARPP-32 that
lead to changes in motivation-driven locomotion and in
emotionality. Of note, sulpiride treatment reduced locomotor
activity in the open field and Y-maze, reduced numbers of
supported rearing and reduced wall jumping in CHL1-/—
females relative to CHL1+/+ females, whereas there was no
CHLI1+/+

difference  between and

CHL1—/— males.

sulpiride-treated

4.3. Locomotor activity

Beside sex-specific differences in behavior, we also observed
a sex-independent difference of locomotor activity at early stages
after application of low quinpirole doses which mainly act on
presynaptic D2 autoreceptors (Boschen et al, 2011, 2015).
Application of a low dose of the DA agonist quinpirole stimulates
selectively D2 autoreceptors and leads to an early suppression of
locomotor activity (Mogenson and Wu, 1991a,b; Frantz and Van
Hartesveldt, 1995; Horvitz et al., 2001; Schindler and Carmona,
2002; Anzalone et al., 2012). Mice treated with a low dose of
quinpirole were reduced in exploratory behavior and enhanced in
immobility but not changed in flight reaction, while mice treated
with higher doses of quinpirole were altered in flight behavior
(Gao and Cutler, 1993). In addition, quinpirole treatment induced
hypolocomotion of wild-type mice and mice lacking the long D2R
isoform at lower concentrations compared to mice lacking the
short D2R isoform (Radl et al, 2018). In our current study,
CHLI1+/+ males and females showed a decrease in locomotion
within the first 6-7min in the open field and Y-maze after
injection of a low concentration of quinpirole, indicating that a
low dose of quinpirole inhibits locomotion by stimulating
presynaptic feedback inhibition via D2 autoreceptor signaling and
internalization. Yet, in CHL1—/— males and females quinpirole
treatment did not lead to this early suppression of locomotion. It
is interesting in this context that CHL1 inhibited quinpirole-
triggered internalization of the short D2R isoform but not the
long isoform and led to higher cell surface expression of the short
D2R isoform (Kotarska et al., 2020), indicating that in CHL1—/—
mice less D2R is expressed at the cell surface after stimulation,
that the presynaptic D2 autoreceptor did not respond to quinpirole
in an early phase, that it displays a retarded response or that it is
reduced in ligand affinity. Changes in affinity states of the D2R
isoforms could contribute to the delayed reaction of CHL1—/—
mice to quinpirole and could lead to constitutive activation of
presynaptic D2Rs in the dorsal striatum and postsynaptic D2Rs in
the ventral striatum.
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Sulpiride treatment led to reduced locomotion of CHL1—-/—
females in the open field during the first 10 min of the test, while
CHL1+/+ females and CHL1—/— and CHL1+/+ males showed no
alterations compared to vehicle-treated mice. In a study using
young male and female wild-type rats, sulpiride injection alone did
not alter locomotion, but it antagonized the biphasic locomotor
1995).
Furthermore, male wild-type mice did not exhibit altered

effect of quinpirole (Frantz and Van Hartesveldt,
locomotion after sulpiride treatment, but showed facilitated
extinction of conditioned fear (Ponnusamy et al., 2023). These
findings suggest that, when applied alone, low doses of sulpiride do
not induce opposite effects of quinpirole on D2R and strengthen the
notion that D2Rs might function differently in CHL1—/— females
compared to males.

4.4. Stress-related and social behavior

When evaluating stress-/anxiety-related and social behaviors,
sulpiride treatment did not influence stress-related behavior, such
as grooming, fecal boli deposition, distance moved in the center
or distance to the wall. Yet, sulpiride treatment influenced social
behavior in a sex-dependent manner: enhanced numbers of visits
at the familiar and unfamiliar mouse were observed for CHL1+/+
and CHL1—/— males, while only enhanced numbers of visits at
the familiar mouse were observed for CHL1+/+ females. In
agreement with our findings, increased social interaction and
unchanged stereotyped behavior of sulpiride-treated rats had been
described (Sams-Dodd, 1998). Of note, male and female rats
treated with 10 mg/kg sulpiride did not show changes in rearing
or grooming behavior, but a higher sulpiride dose reduced these
behaviors (Diaz-Véliz et al.,, 1999). As low doses of sulpiride
specifically block presynaptic D2R (Kuroki et al., 1999; Ohmann
et al., 2020), one may speculate that the absence of CHLI in
females prevents sulpiride’s impact on presynaptic D2Rs and
promotes the blockade of postsynaptic D2Rs, leading to no
sulpiride-induced alterations of social behavior in CHL1—/—
females. Furthermore, social interactions were not altered by
quinpirole treatment. In contrast, quinpirole treatment altered
certain behaviors related to stress in a sex-dependent manner:
CHL1—/— males showed an enhanced grooming latency and
CHL1—/— males and CHL1+/+ females showed enhanced fecal
boli depositions when treated with quinpirole, while CHL1+/+
females, CHL1—/— females and CHL1+/+ males displayed a
reduced distance moved in the center. Distance to the wall and
time in the center did not differ between genotypes and
treatments, suggesting that quinpirole but not sulpiride changed
stress-related behavior especially of males. Similar results had
been described before: low quinpirole doses of 0.05 and 0.1 mg/kg
did not change rearing, grooming or jumping behavior of male
mice, while treatment with 1 mg/kg increased rearing and jumping
(Luque-Rojas et al., 2013). When mice were tested during the light
phase and treated with 0.5 mg/kg quinpirole time in the center was
not changed but numbers of rearings were reduced (Moraes et al.,
2021). These observations indicate that sulpiride at low
concentrations affects mainly social behavior, while stress-related
behavior is more affected by quinpirole.
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4.5. CHL1 and D2R in psychiatric diseases

Dorsoventral parcellation of the striatum is crucial for the
expression of sex-specific behavior and for mediating many psychiatric
diseases, such as Huntington’s disease, Parkinson’s disease, addiction,
depression, anxiety, schizophrenia, attention deficit hyperactivity
disorder and autism spectrum disorder. The sex-specific behavioral
differences in CHLI1—/— mice and CHLI’s implication in
schizophrenia and autism spectrum disorders (Sakurai et al., 2002;
Frints et al., 2003; Chen et al., 2005; Tam et al., 2010; Salyakina et al.,
2011; Shoukier et al, 2013) suggests that CHL1 participates in
sex-dependent regulation of DA-dependent pathways in the dorsal
and ventral striatum.

4.6. Limitations of the study

Systemic administration of quinpirole can cause centrally
mediated changes in blood pressure which are associated with changes
in plasma levels of noradrenaline and adrenaline (Van den Buuse,
1992, 1995, 1997), which could alter emotionality and activity of mice.
These effects of quinpirole are dose-dependent and concentrations
below 0.1 mg/kg, as we used here, did not enhance blood pressure
(Van den Buuse et al., 1998). While continuous systemic application
of quinpirole affected also D1R functions, intermittent quinpirole
application did not affect this receptor (Engber et al., 1993). Thus,
although we cannot rule out that effects of quinpirole are not only
mediated by D2R, it is likely that the intermittent one-time injections
of 0.02 mg/kg quinpirole affected mostly D2Rs. D2Rs are found at a
high density in the striatum, nucleus accumbens, and olfactory
tubercle, and D2 autoreceptors are located on the soma and dendrites
of midbrain DAergic neurons in the ventral tegmental area and
substantia nigra pars compacta as well as on their axon terminals in
projection areas. Low levels of D2Rs are expressed in the hippocampus,
amygdala, hypothalamus and cortical regions. Activation of D2
autoreceptors on midbrain DAergic neurons reduced locomotion in
the current study, and this mode of action was confirmed using
conditional knock-out mice in which D2Rs were deleted only from
DAergic neurons (Anzalone et al., 2012). These findings suggest that
indeed the hypolocomotion observed after quinpirole treatment and
the differences in response of CHL1—/— and CHL1+/+ mice are
mediated by D2Rs on DAergic neurons. CHL1—/— mice used in the
current study exhibit increased numbers of excitatory spine synapses
(Mohan et al., 2019), defects in tyrosine hydroxylase-positive axonal
projections during embryonic development (Alsanie et al., 2017) and
abnormally high numbers of parvalbumin-expressing hippocampal
interneurons at juvenile age (Schmalbach et al., 2015). These changes
could influence the behavior of adult mice and affect the response to
stimulation of D2Rs. Specific deletion of CHL1 from DAergic neurons
in adulthood could more specifically advance insights into the
influence of CHL1 on D2Rs.

5. Conclusion

In the open field, Y-maze and novel object test CHL1—/— male
and female mice are delayed in responding to low doses of the D2R
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agonist quinpirole, whereas anxiety, working memory and novelty-
seeking behavior are similar to that of CHL1+/+ males and females.
CHLI—/— males exhibit more stress-related behavior after quinpirole
treatment and CHL1—/— females respond with hypolocomotion and
altered emotionality when treated with the D2R antagonist sulpiride.
These results indicate that differences between males and females in
the interaction of CHL1 with D2R influence exploratory and
locomotor activities and emotional behavior. We hypothesize that
CHLI regulates D2R-dependent functions, thereby affecting behavior
in a sex-dependent as well as sex-independent manner.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal studies were approved by Behorde fiir Justiz und
Verbraucherschutz of the State of Hamburg. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent was obtained from the
owners for the participation of their animals in this study.

Author contributions

LF: Data curation, Formal analysis, Investigation, Methodology,
Validation, Writing - review & editing. RK: Conceptualization,
Supervision, Writing - review & editing. LC: Data curation, Formal
analysis, Writing — review & editing. SF: Supervision, Writing - review
& editing. MK: Resources, Writing - review & editing. GL:
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. MS: Funding acquisition, Resources,
Supervision, Writing - review & editing.

References

Akiti, K., Tsutsui-Kimura, I, Xie, Y., Mathis, A., Markowitz, J. E., Anyoha, R., et al.
(2022). Striatal dopamine explains novelty-induced behavioral dynamics and individual
variability in threat prediction. Neuron 110, 3789-3804.e9. doi: 10.1016/j.
neuron.2022.08.022

Alsanie, W. E, Penna, V., Schachner, M., Thompson, L. H., and Parish, C. L. (2017).
Homophilic binding of the neural cell adhesion molecule CHLI regulates development
of ventral midbrain dopaminergic pathways. Sci. Rep. 7:9368. doi: 10.1038/
541598-017-09599-y

Andreyeva, A., Leshchyns'ka, I., Knepper, M., Betzel, C., Redecke, L., Sytnyk, V., et al.
(2010). CHLI is a selective organizer of the presynaptic machinery chaperoning the
SNARE complex. PLoS One 5:¢12018. doi: 10.1371/journal.pone.0012018

Anzalone, A., Lizardi-Ortiz, J. E., Ramos, M., De Mei, C., Hopf, E W,, Iaccarino, C.,
et al. (2012). Dual control of dopamine synthesis and release by presynaptic and
postsynaptic dopamine D2 receptors. J. Neurosci. 32, 9023-9034. doi: 10.1523/
JNEUROSCI.0918-12.2012

Archer, J. (1973). Tests for emotionality in rats and mice: a review. Anim. Behav. 21,
205-235. doi: 10.1016/s0003-3472(73)80065-x

Arias-Carrién, O., and Poppel, E. (2007). Dopamine, learning, and reward-seeking
behavior. Acta Neurobiol. Exp. (Wars) 67, 481-488.

Barto, A., Mirolli, M., and Baldassarre, G. (2013). Novelty or surprise? Front. Psychol.
4:907. doi: 10.3389/fpsyg.2013.00907

Frontiers in Behavioral Neuroscience

10.3389/fnbeh.2023.1288509

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank Eva Kronberg, Karen Kesseler, and Tanja
Stofiner for excellent animal care.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1288509/
full#supplementary-material

Beaulieu, J. M., and Gainetdinov, R. R. (2011). The physiology; signaling, and pharmacology
of dopamine receptors. Pharmacol. Rev. 63, 182-217. doi: 10.1124/pr.110.002642

Belujon, P, and Grace, A. A. (2017). Dopamine system dysregulation in major depressive
disorders. Int. J. Neuropsychopharmacol. 20, 1036-1046. doi: 10.1093/ijnp/pyx056

Beninger, R. J. (1983). The role of dopamine in locomotor activity and learning. Brain
Res. 6, 173-196. doi: 10.1016/0165-0173(83)90038-3

Bjorklund, A., and Dunnett, S. B. (2007). Dopamine neuron systems in the brain: an
update. Trends Neurosci. 30, 194-202. doi: 10.1016/j.tins.2007.03.006

Boschen, S. L., Andreatini, R., and da Cunha, C. (2015). Activation of postsynaptic
D2 dopamine receptors in the rat dorsolateral striatum prevents the amnestic effect of
systemically administered neuroleptics. Behav. Brain Res. 281, 283-289. doi: 10.1016/j.
bbr.2014.12.040

Boschen, S. L., Wietzikoski, E. C., Winn, P.,, and Da Cunha, C. (2011). The role of
nucleus accumbens and dorsolateral striatal D2 receptors in active avoidance
conditioning. Neurobiol. Learn. Mem. 96, 254-262. doi: 10.1016/j.nIm.2011.05.002

Brafidao, M. L., and Coimbra, N. C. (2019). Understanding the role of dopamine in

conditioned and unconditioned fear. Rev. Neurosci. 30, 325-337. doi: 10.1515/
revneuro-2018-0023

Buhusi, M., Midkiff, B. R., Gates, A. M., Richter, M., Schachner, M., and Maness, P. F.
(2003). Close homolog of L1 is an enhancer of integrin-mediated cell migration. J. Biol.
Chem. 278, 25024-25031. doi: 10.1074/jbc.M303084200

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1288509
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1288509/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1288509/full#supplementary-material
https://doi.org/10.1016/j.neuron.2022.08.022
https://doi.org/10.1016/j.neuron.2022.08.022
https://doi.org/10.1038/s41598-017-09599-y
https://doi.org/10.1038/s41598-017-09599-y
https://doi.org/10.1371/journal.pone.0012018
https://doi.org/10.1523/JNEUROSCI.0918-12.2012
https://doi.org/10.1523/JNEUROSCI.0918-12.2012
https://doi.org/10.1016/s0003-3472(73)80065-x
https://doi.org/10.3389/fpsyg.2013.00907
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1093/ijnp/pyx056
https://doi.org/10.1016/0165-0173(83)90038-3
https://doi.org/10.1016/j.tins.2007.03.006
https://doi.org/10.1016/j.bbr.2014.12.040
https://doi.org/10.1016/j.bbr.2014.12.040
https://doi.org/10.1016/j.nlm.2011.05.002
https://doi.org/10.1515/revneuro-2018-0023
https://doi.org/10.1515/revneuro-2018-0023
https://doi.org/10.1074/jbc.M303084200

Fernandes et al.

Chen, Q. Y,, Chen, Q,, Feng, G. Y., Lindpaintner, K., Chen, Y., Sun, X,, et al. (2005).
Case-control association study of the close homologue of L1 (CHL1) gene and
schizophrenia in the Chinese population. Schizophr. Res. 73, 269-274. doi: 10.1016/j.
schres.2004.06.001

Chen, S. Y, Lu, K. M,, Ko, H. A,, Huang, T. H,, Hao, J. H,, Yan, Y. T, et al. (2020).
Parcellation of the striatal complex into dorsal and ventral districts. Proc. Natl. Acad. Sci.
U.S. A. 117, 7418-7429. doi: 10.1073/pnas.1921007117

Cutando, L., Puighermanal, E., Castell, L., Tarot, P, Belle, M., Bertaso, F, et al. (2022).
Cerebellar dopamine D2 receptors regulate social behaviors. Nat. Neurosci. 25, 900-911.
doi: 10.1038/s41593-022-01092-8

Czoty, P. W,, Gage, H. D., and Nader, M. A. (2010). Differences in D2 dopamine
receptor availability and reaction to novelty in socially housed male monkeys during
abstinence from cocaine. Psychopharmacology 208, 585-592. doi: 10.1007/
500213-009-1756-4

Dal Toso, R., Sommer, B., Ewert, M., Herb, A., Pritchett, D. B., Bach, A., et al. (1989).
The dopamine D2 receptor: two molecular forms generated by alternative splicing.
EMBO J. 8, 4025-4034. doi: 10.1002/j.1460-2075.1989.tb08585.x

David, C., Ewert, M., Seeburg, P. H., and Fuchs, S. (1991). Antipeptide antibodies
differentiate between long and short isoforms of the D2 dopamine receptor. Biochem.
Biophys. Res. Commun. 179, 824-829. doi: 10.1016/0006-291x(91)91891-f

Demyanenko, G. P, Schachner, M., Anton, E., Schmid, R., Feng, G., Sanes, J., et al.
(2004). Close homolog of L1 modulates area-specific neuronal positioning and dendrite
orientation in the cerebral cortex. Neuron 44, 423-437. doi: 10.1016/j.neuron.2004.10.016

Diaz-Véliz, G., Benavides, M. S., Butrdn, S., Dussaubat, N., and Mora, S. (1999).
Behavioral effects of dopamine agonists and antagonists: influence of estrous cycle,
ovariectomy, and estrogen replacement in rats. Pharmacol. Biochem. Behav. 62, 21-29.
doi: 10.1016/s0091-3057(98)00097-5

Dityatev, A., Bukalo, O., and Schachner, M. (2008). Modulation of synaptic
transmission and plasticity by cell adhesion and repulsion molecules. Neuron Glia Biol.
4, 197-209. doi: 10.1017/51740925X09990111

Donovan, A., and Wood, R. I. (2022). Effort-based decision making in response to
high-dose androgens: role of dopamine receptors. Behav. Pharmacol. 33, 435-441. doi:
10.1097/FBP.0000000000000687

Diizel, E., Bunzeck, N., Guitart-Masip, M., and Diizel, S. (2010). NOvelty-related
motivation of anticipation and exploration by dopamine (NOMAD): implications for
healthy aging. Neurosci. Biobehav. Rev. 34, 660-669. doi: 10.1016/j.neubiorev.2009.08.006

Eilam, D., and Szechtman, H. (1989). Biphasic effect of D-2 agonist quinpirole on
locomotion and movements. Eur. J. Pharmacol. 161, 151-157. doi:
10.1016/0014-2999(89)90837-6

Engber, T. M., Marin, C., Susel, Z., and Chase, T. N. (1993). Differential effects of
chronic dopamine D 1 and D 2 receptor agonists on rotational behavior and dopamine
receptor binding. Eur. J. Pharmacol. 236, 385-393. doi: 10.1016/0014-2999(93)90476-x

Ford, C. P. (2014). The role of D2-autoreceptors in regulating dopamine neuron
activity and  transmission.  Neuroscience 282, 13-22. doi: 10.1016/j.
neuroscience.2014.01.025

Franca, A. S., Muratori, L., Nascimento, G. C., Pereira, C. M., Ribeiro, S., and
Lobao-Soares, B. (2016). Object recognition impairment and rescue by a dopamine D2
antagonist in hyperdopaminergic mice. Behav. Brain Res. 308, 211-216. doi: 10.1016/j.
bbr.2016.04.009

Frantz, K. J., and Van Hartesveldt, C. (1995). Sulpiride antagonizes the biphasic
locomotor effects of quinpirole in weanling rats. Psychopharmacology 119, 299-304. doi:
10.1007/BF02246295

Freitag, S., Schachner, M., and Morellini, F. (2003). Behavioral alterations in mice
deficient for the extracellular matrix glycoprotein tenascin-R. Behav. Brain Res. 145,
189-207. doi: 10.1016/s0166-4328(03)00109-8

Frints, S. G., Marynen, P, Hartmann, D., Fryns, J. P, Steyaert, J., Schachner, M., et al.
(2003). CALL interrupted in a patient with non-specific mental retardation: gene
dosage-dependent alteration of murine brain development and behavior. Hum. Mol.
Genet. 12, 1463-1474. doi: 10.1093/hmg/ddg165

Fu, ], Wang, T., Fu, Z,, Li, T,, Zhang, X., Zhao, J,, et al. (2021). Case report: a case
report and literature review of 3p deletion syndrome. Front. Pediatr. 9:618059. doi:
10.3389/fped.2021.618059

Gandawijaya, J., Bamford, R. A., Burbach, J. P. H., and Oguro-Ando, A. (2020). Cell
adhesion molecules involved in neurodevelopmental pathways implicated in 3p-deletion
syndrome and autism spectrum disorder. Front. Cell. Neurosci. 14:611379. doi: 10.3389/
fncel.2020.611379

Gao, B., and Cutler, M. G. (1993). Effects of quinpirole on the behaviour shown by
mice in the light-dark box and during social interactions. Neuropharmacology 32,
93-100. doi: 10.1016/0028-3908(93)90134-0

Garritsen, O., van Battum, E. Y., Grossouw, L. M., and Pasterkamp, R. J. (2023).
Development, wiring and function of dopamine neuron subtypes. Nat. Rev. Neurosci.
24, 134-152. doi: 10.1038/s41583-022-00669-3

Goto, Y., and Grace, A. A. (2007). The dopamine system and the pathophysiology of
schizophrenia: a basic science perspective. Int. Rev. Neurobiol. 78, 41-68. doi: 10.1016/
$0074-7742(06)78002-3

Frontiers in Behavioral Neuroscience

17

10.3389/fnbeh.2023.1288509

Groenewegen, H. J. (2003). The basal ganglia and motor control. Neural Plast. 10,
107-120. doi: 10.1155/NP.2003.107

Guatteo, E., Berretta, N., Monda, V., Ledonne, A., and Mercuri, N. B. (2022).
Pathophysiological features of nigral dopaminergic neurons in animal models of
Parkinson's disease. Int. J. Mol. Sci. 23:4508. doi: 10.3390/ijms23094508

Hall, D. A., and Strange, P. G. (1997). Evidence that antipsychotic drugs are inverse
agonists at D2 dopamine receptors. Br. J. Pharmacol. 121, 731-736. doi: 10.1038/sj.
bjp.0701196

Hillenbrand, R., Molthagen, M., Montag, D., and Schachner, M. (1999). The close
homologue of the neural adhesion molecule L1 (CHLI1): patterns of expression and
promotion of neurite outgrowth by heterophilic interactions. Eur. J. Neurosci. 11,
813-826. doi: 10.1046/j.1460-9568.1999.00496.x

Horvitz, J. C., Williams, G., and Joy, R. (2001). Time-dependent actions of D2 family
agonist quinpirole on spontaneous behavior in the rat: dissociation between sniffing and
locomotion. Psychopharmacology 154, 350-355. doi: 10.1007/5002130000677

Tasevoli, F, Avagliano, C., D'Ambrosio, L., Barone, A., Ciccarelli, M., De Simone, G.,
etal. (2023). Dopamine dynamics and neurobiology of non-response to antipsychotics,
relevance for treatment resistant schizophrenia: a systematic review and critical
appraisal. Biomedicine 11:895. doi: 10.3390/biomedicines11030895

Irintchev, A., Koch, M., Needham, L. K., Maness, P, and Schachner, M. (2004).
Impairment of sensorimotor gating in mice deficient in the cell adhesion molecule L1
or its close homologue, CHL1. Brain Res. 1029, 131-134. doi: 10.1016/j.
brainres.2004.09.042

Iversen, S. D., and Iversen, L. L. (2007). Dopamine: 50 years in perspective. Trends
Neurosci. 30, 188-193. doi: 10.1016/j.tins.2007.03.002

Jakovcevski, L, Siering, J., Hargus, G., Karl, N., Hoelters, L., Djogo, N., et al. (2009).
Close homologue of adhesion molecule L1 promotes survival of Purkinje and granule
cells and granule cell migration during murine cerebellar development. J. Comp. Neurol.
513, 496-510. doi: 10.1002/cne.21981

Juza, R., Musilek, K., Mezeiova, E., Soukup, O., and Korabecny, J. (2023). Recent
advances in dopamine D(2) receptor ligands in the treatment of neuropsychiatric
disorders. Med. Res. Rev. 43, 55-211. doi: 10.1002/med.21923

Kakade, S., and Dayan, P. (2002). Dopamine: generalization and bonuses. Neural Netw.
15, 549-559. doi: 10.1016/50893-6080(02)00048-5

Kalueff, A. V,, and Tuohimaa, P. (2004a). Contrasting grooming phenotypes in
C57Bl/6 and 129S1/Svim] mice. Brain Res. 1028, 75-82. doi: 10.1016/j.
brainres.2004.09.001

Kalueff, A. V., and Tuohimaa, P. (2004b). Grooming analysis algorithm for
neurobehavioural stress research. Brain Res. Brain Res. Protoc. 13, 151-158. doi:
10.1016/j.brainresprot.2004.04.002

Kebabian, J. W, and Calne, D. B. (1979). Multiple receptors for dopamine. Nature 277,
93-96. doi: 10.1038/277093a0

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M., and Altman, D. G. (2010).
Animal research: reporting in vivo experiments: the ARRIVE guidelines. J. Gene Med.
12, 561-563. doi: 10.1002/jgm.1473

Kim, K. M. (2023). Unveiling the differences in signaling and regulatory mechanisms
between dopamine D(2) and D(3) receptors and their impact on behavioral sensitization.
Int. J. Mol. Sci. 24:6742. doi: 10.3390/ijms24076742

Klein, M. O., Battagello, D. S., Cardoso, A. R., Hauser, D. N., Bittencourt, J. C., and
Correa, R. G. (2019). Dopamine: functions, signaling, and association with neurological
diseases. Cell. Mol. Neurobiol. 39, 31-59. doi: 10.1007/s10571-018-0632-3

Kolata, S., Wu, ], Light, K., Schachner, M., and Matzel, L. D. (2008). Impaired working
memory duration but normal learning abilities found in mice that are conditionally
deficient in the close homolog of L1. J. Neurosci. 28, 13505-13510. doi: 10.1523/
JNEUROSCI.2127-08.2008

Kosillo, P,, and Bateup, H. S. (2021). Dopaminergic dysregulation in syndromic autism
spectrum disorders: insights from genetic mouse models. Front. Neural Circuits
15:700968. doi: 10.3389/fncir.2021.700968

Kotarska, A., Fernandes, L., Kleene, R., and Schachner, M. (2020). Cell adhesion
molecule close homolog of L1 binds to the dopamine receptor D2 and inhibits the
internalization of its short isoform. FASEB . 34, 4832-4851. doi: 10.1096/
1.201900577RRRR

Kouhnavardi, S., Ecevitoglu, A., Dragacevic, V., Sanna, F, Arias-Sandoval, E.,
Kalaba, P, et al. (2022). A novel and selective dopamine transporter inhibitor, (S)-
MK-26, promotes hippocampal synaptic plasticity and restores effort-related
motivational dysfunctions. Biomol. Ther. 12:881. doi: 10.3390/biom12070881

Kraeuter, A. K., Guest, P. C., and Sarnyai, Z. (2019). The Y-maze for assessment of
spatial working and reference memory in mice. Methods Mol. Biol. 1916, 105-111. doi:
10.1007/978-1-4939-8994-2_10

Kuroki, T., Meltzer, H. Y., and Ichikawa, J. (1999). Effects of antipsychotic drugs on
extracellular dopamine levels in rat medial prefrontal cortex and nucleus accumbens. J.
Pharmacol. Exp. Ther. 288, 774-781.

Lachowicz, J. E., and Sibley, D. R. (1997). Molecular characteristics of mammalian
dopamine receptors. Pharmacol. Toxicol. 81, 105-113. doi: 10.1111/j.1600-0773.1997.
tb00039.x

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1288509
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.schres.2004.06.001
https://doi.org/10.1016/j.schres.2004.06.001
https://doi.org/10.1073/pnas.1921007117
https://doi.org/10.1038/s41593-022-01092-8
https://doi.org/10.1007/s00213-009-1756-4
https://doi.org/10.1007/s00213-009-1756-4
https://doi.org/10.1002/j.1460-2075.1989.tb08585.x
https://doi.org/10.1016/0006-291x(91)91891-f
https://doi.org/10.1016/j.neuron.2004.10.016
https://doi.org/10.1016/s0091-3057(98)00097-5
https://doi.org/10.1017/S1740925X09990111
https://doi.org/10.1097/FBP.0000000000000687
https://doi.org/10.1016/j.neubiorev.2009.08.006
https://doi.org/10.1016/0014-2999(89)90837-6
https://doi.org/10.1016/0014-2999(93)90476-x
https://doi.org/10.1016/j.neuroscience.2014.01.025
https://doi.org/10.1016/j.neuroscience.2014.01.025
https://doi.org/10.1016/j.bbr.2016.04.009
https://doi.org/10.1016/j.bbr.2016.04.009
https://doi.org/10.1007/BF02246295
https://doi.org/10.1016/s0166-4328(03)00109-8
https://doi.org/10.1093/hmg/ddg165
https://doi.org/10.3389/fped.2021.618059
https://doi.org/10.3389/fncel.2020.611379
https://doi.org/10.3389/fncel.2020.611379
https://doi.org/10.1016/0028-3908(93)90134-o
https://doi.org/10.1038/s41583-022-00669-3
https://doi.org/10.1016/S0074-7742(06)78002-3
https://doi.org/10.1016/S0074-7742(06)78002-3
https://doi.org/10.1155/NP.2003.107
https://doi.org/10.3390/ijms23094508
https://doi.org/10.1038/sj.bjp.0701196
https://doi.org/10.1038/sj.bjp.0701196
https://doi.org/10.1046/j.1460-9568.1999.00496.x
https://doi.org/10.1007/s002130000677
https://doi.org/10.3390/biomedicines11030895
https://doi.org/10.1016/j.brainres.2004.09.042
https://doi.org/10.1016/j.brainres.2004.09.042
https://doi.org/10.1016/j.tins.2007.03.002
https://doi.org/10.1002/cne.21981
https://doi.org/10.1002/med.21923
https://doi.org/10.1016/s0893-6080(02)00048-5
https://doi.org/10.1016/j.brainres.2004.09.001
https://doi.org/10.1016/j.brainres.2004.09.001
https://doi.org/10.1016/j.brainresprot.2004.04.002
https://doi.org/10.1038/277093a0
https://doi.org/10.1002/jgm.1473
https://doi.org/10.3390/ijms24076742
https://doi.org/10.1007/s10571-018-0632-3
https://doi.org/10.1523/JNEUROSCI.2127-08.2008
https://doi.org/10.1523/JNEUROSCI.2127-08.2008
https://doi.org/10.3389/fncir.2021.700968
https://doi.org/10.1096/fj.201900577RRRR
https://doi.org/10.1096/fj.201900577RRRR
https://doi.org/10.3390/biom12070881
https://doi.org/10.1007/978-1-4939-8994-2_10
https://doi.org/10.1111/j.1600-0773.1997.tb00039.x
https://doi.org/10.1111/j.1600-0773.1997.tb00039.x

Fernandes et al.

Lalonde, R. (2002). The neurobiological basis of spontaneous alternation. Neurosci.
Biobehav. Rev. 26, 91-104. doi: 10.1016/s0149-7634(01)00041-0

Lane, D. A,, Chan, J,, Fitzgerald, M. L., Kearn, C. S., Mackie, K., and Pickel, V. M.
(2012). Quinpirole elicits differential in vivo changes in the pre- and postsynaptic
distributions of dopamine D(2) receptors in mouse striatum: relation to cannabinoid-1
(CB(1)) receptor targeting. Psychopharmacology 221, 101-113. doi: 10.1007/
500213-011-2553-4

Leshchyns'ka, I, Sytnyk, V., Richter, M., Andreyeva, A., Puchkov, D., and
Schachner, M. (2006). The adhesion molecule CHLI regulates uncoating of clathrin-
coated synaptic vesicles. Neuron 52, 1011-1025. doi: 10.1016/j.neuron.2006.10.020

Levite, M., Marino, E, and Cosentino, M. (2017). Dopamine, T cells and multiple
sclerosis (MS). J. Neural Transm. (Vienna) 124, 525-542. doi: 10.1007/s00702-016-1640-4

Lewis, C. M., Levinson, D. E, Wise, L. H., DeLisi, L. E., Straub, R. E., Hovatta, L., et al.
(2003). Genome scan meta-analysis of schizophrenia and bipolar disorder, part II:
schizophrenia. Am. J. Hum. Genet. 73, 34-48. doi: 10.1086/376549

Lord, C., Brugha, T. S., Charman, T., Cusack, J., Dumas, G., Frazier, T, et al. (2020).
Autism spectrum disorder. Nat. Rev. Dis. Primers. 6:5. doi: 10.1038/s41572-019-0138-4

Luque-Rojas, M. J., Galeano, P, Sudrez, J., Araos, P, Santin, L. J., de Fonseca, E R., et al.
(2013). Hyperactivity induced by the dopamine D2/D3 receptor agonist quinpirole is
attenuated by inhibitors of endocannabinoid degradation in mice. Int. J.
Neuropsychopharmacol. 16, 661-676. doi: 10.1017/S1461145712000569

Mandic-Maravic, V., Grujicic, R., Milutinovic, L., Munjiza-Jovanovic, A., and
Pejovic-Milovancevic, M. (2022). Dopamine in autism spectrum disorders-focus on D2/
D3 partial agonists and their possible use in treatment. Front. Psych. 12:787097. doi:
10.3389/fpsyt.2021.787097

Mariggio, M. A., Palumbi, R., Vinella, A., Laterza, R., Petruzzelli M. G,
Peschechera, A., et al. (2021). DRD1 and DRD2 receptor polymorphisms: genetic
neuromodulation of the dopaminergic system as a risk factor for ASD, ADHD and ASD/
ADHD overlap. Front. Neurosci. 15:705890. doi: 10.3389/fnins.2021.705890

Matt, S. M., and Gaskill, P. J. (2020). Where is dopamine and how do immune cells see
it?: dopamine-mediated immune cell function in health and disease. J. Neuroimmune
Pharmacol. 15, 114-164. doi: 10.1007/s11481-019-09851-4

Matzel, L. D., and Sauce, B. (2023). A multi-faceted role of dual-state dopamine
signaling in working memory, attentional control, and intelligence. Front. Behav.
Neurosci. 17:1060786. doi: 10.3389/fnbeh.2023.1060786

Mehta, M. A, and Riedel, W. J. (2006). Dopaminergic enhancement of cognitive
function. Curr. Pharm. Des. 12, 2487-2500. doi: 10.2174/138161206777698891

Meiser, J., Weindl, D., and Hiller, K. (2013). Complexity of dopamine metabolism. Cell
Commun. Signal 11:34. doi: 10.1186/1478-811X-11-34

Menegas, W.,, Babayan, B. M., Uchida, N., and Watabe-Uchida, M. (2017). Opposite
initialization to novel cues in dopamine signaling in ventral and posterior striatum in
mice. elife 6:€21886. doi: 10.7554/eLife.21886

Michino, M., Free, R. B., Doyle, T. B, Sibley, D. R, and Shi, L. (2015). Structural basis
for Na(+)-sensitivity in dopamine D2 and D3 receptors. Chem. Commun. (Camb.) 51,
8618-8621. doi: 10.1039/c5¢cc02204e

Mogenson, G. J., and Wu, M. (1991a). Effects of administration of dopamine D2
agonist quinpirole on exploratory locomotion. Brain Res. 551, 216-220. doi:
10.1016/0006-8993(91)90935-0

Mogenson, G. ], and Wu, M. (1991b). Quinpirole to the accumbens reduces
exploratory and amphetamine-elicited locomotion. Brain Res. Bull. 27, 743-746. doi:
10.1016/0361-9230(91)90057-q

Mohan, V., Wade, S. D., Sullivan, C. S., Kasten, M. R., Sweetman, C., Stewart, R., et al.
(2019). Close homolog of L1 regulates dendritic spine density in the mouse cerebral
cortex through semaphorin 3B. J. Neurosci. 39, 6233-6250. doi: 10.1523/
JNEUROSCI.2984-18.2019

Montag-Sallaz, M., Baarke, A., and Montag, D. (2003). Aberrant neuronal connectivity
in CHL1-deficient mice is associated with altered information processing-related
immediate early gene expression. J. Neurobiol. 57, 67-80. doi: 10.1002/neu.10254

Montag-Sallaz, M., Schachner, M., and Montag, D. (2002). Misguided axonal
projections, neural cell adhesion molecule 180 mRNA upregulation, and altered
behavior in mice deficient for the close homolog of L1. Mol. Cell. Biol. 22, 7967-7981.
doi: 10.1128/MCB.22.22.7967-7981.2002

Moraes, M. A., Arabe, L. B., Lopes Resende, B., Campos Codo, B., de Aratjo Lima
Reis, A. L., and Rezende de Souza, B. (2021). Effects of L-Dopa, SKF-38393 and
Quinpirole on exploratory, anxiety- and depressive-like behaviors in pubertal female
and male mice. bioRxiv. doi: 10.1101/2021.02.26.433029

Morellini, E, Lepsveridze, E., Kahler, B., Dityatev, A., and Schachner, M. (2007).
Reduced reactivity to novelty, impaired social behavior, and enhanced basal synaptic
excitatory activity in perforant path projections to the dentate gyrus in young adult mice
deficient in the neural cell adhesion molecule CHL1. Mol. Cell. Neurosci. 34, 121-136.
doi: 10.1016/j.mcn.2006.10.006

Neve, K. A., Seamans, J. K., and Trantham-Davidson, H. (2004). Dopamine receptor
signaling. J. Recept. Signal Transduct. Res. 24, 165-205. doi: 10.1081/rrs-200029981

Nikonenko, A. G., Sun, M., Lepsveridze, E., Apostolova, ., Petrova, L, Irintchev, A.,
et al. (2006). Enhanced perisomatic inhibition and impaired long-term potentiation in

Frontiers in Behavioral Neuroscience

18

10.3389/fnbeh.2023.1288509

the CA1 region of juvenile CHL1-deficient mice. Eur. J. Neurosci. 23, 1839-1852. doi:
10.1111/j.1460-9568.2006.04710.x

Nishimune, H., Bernreuther, C., Carroll, P, Chen, S., Schachner, M., and
Henderson, C. E. (2005). Neural adhesion molecules L1 and CHLI are survival factors
for motoneurons. J. Neurosci. Res. 80, 593-599. doi: 10.1002/jnr.20517

Oda, Y., Kanahara, N., and Iyo, M. (2015). Alterations of dopamine D2 receptors and
related receptor-interacting proteins in schizophrenia: the pivotal position of dopamine
supersensitivity psychosis in treatment-resistant schizophrenia. Int. J. Mol. Sci. 16,
30144-30163. doi: 10.3390/ijms161226228

Ohmann, H. A., Kuper, N., and Wacker, J. (2020). A low dosage of the dopamine D2-
receptor antagonist sulpiride affects effort allocation for reward regardless of trait
extraversion. Personal. Neurosci. 3:¢7. doi: 10.1017/pen.2020.7

Pinoli, M., Marino, E, and Cosentino, M. (2017). Dopaminergic regulation of innate
immunity: a review. J. Neuroimmune Pharmacol. 12, 602-623. doi: 10.1007/
s11481-017-9749-2

Ponnusamy, R., Nissim, H., and Barad, M. (2023). Systemic blockade of D2-like
dopamine receptors facilitates extinction of conditioned fear in mice. Learn. Mem. 12,
399-406. doi: 10.1101/1m.96605

Pratte, M., and Jamon, M. (2009). Impairment of novelty detection in mice targeted
for the Chll gene. Physiol. Behav. 97, 394-400. doi: 10.1016/j.physbeh.2009.03.009

Pratte, M., Rougon, G., Schachner, M., and Jamon, M. (2003). Mice deficient for the
close homologue of the neural adhesion cell L1 (CHL1) display alterations in emotional
reactivity and motor coordination. Behav. Brain Res. 147, 31-39. doi: 10.1016/
s0166-4328(03)00114-1

Prut, L., and Belzung, C. (2003). The open field as a paradigm to measure the effects
of drugs on anxiety-like behaviors: a review. Eur. J. Pharmacol. 463, 3-33. doi: 10.1016/
$0014-2999(03)01272-x

Quintana, C., and Beaulieu, J. M. (2019). A fresh look at cortical dopamine D2 receptor
expressing neurons. Pharmacol. Res. 139, 440-445. doi: 10.1016/j.phrs.2018.12.001

Radl, D., Chiacchiaretta, M., Lewis, R. G., Brami-Cherrier, K., Arcuri, L., and
Borrelli, E. (2018). Differential regulation of striatal motor behavior and related cellular
responses by dopamine D2L and D2S isoforms. Proc. Natl. Acad. Sci. U. S. A. 115,
198-203. doi: 10.1073/pnas.1717194115

Ramos, A. (2008). Animal models of anxiety: do I need multiple tests? Trends
Pharmacol. Sci. 29, 493-498. doi: 10.1016/j.tips.2008.07.005

Robbins, T. W. (2000). Chemical neuromodulation of frontal-executive functions in
humans and other animals. Exp. Brain Res. 133, 130-138. doi: 10.1007/5002210000407

Sakurai, K., Migita, O., Toru, M., and Arinami, T. (2002). An association between a
missense polymorphism in the close homologue of L1 (CHL1, CALL) gene and
schizophrenia. Mol. Psychiatry 7, 412-415. doi: 10.1038/sj.mp.4000973

Salyakina, D., Cukier, H. N, Lee, J. M., Sacharow, S., Nations, L. D., Ma, D., et al.
(2011). Copy number variants in extended autism spectrum disorder families reveal
candidates potentially involved in autism risk. PLoS One 6:€26049. doi: 10.1371/journal.
pone.0026049

Sams-Dodd, E. (1998). Effects of dopamine agonists and antagonists on PCP-induced
stereotyped behaviour and social isolation in the rat social interaction test.
Psychopharmacology (Berl) 135, 182-193. doi: 10.1007/s002130050500

Schindler, C. W,, and Carmona, G. N. (2002). Effects of dopamine agonists and
antagonists on locomotor activity in male and female rats. Pharmacol. Biochem. Behayv.
72, 857-863. doi: 10.1016/s0091-3057(02)00770-0

Schmalbach, B., Lepsveridze, E., Djogo, N., Papashvili, G., Kuang, E, Leshchyns'ka, L.,
etal. (2015). Age-dependent loss of parvalbumin-expressing hippocampal interneurons
in mice deficient in CHL1, a mental retardation and schizophrenia susceptibility gene.
J. Neurochem. 135, 830-844. doi: 10.1111/jnc.13284

Seibenhener, M. L., and Wooten, M. C. (2015). Use of the open field maze to measure
locomotor and anxiety-like behavior in mice. J. Vis. Exp. 96:€52434. doi: 10.3791/52434

Shioda, N. (2017). Dopamine D,; receptor-interacting proteins regulate dopaminergic
signaling. J. Pharmacol. Sci. 135, 51-54. doi: 10.1016/j.jphs.2017.10.002

Shoukier, M., Fuchs, S., Schwaibold, E., Lingen, M., Gartner, J., Brockmann, K., et al.
(2013). Microduplication of 3p26.3 in nonsyndromic intellectual disability indicates an
important role of CHL1 for normal cognitive function. Neuropediatrics 44, 268-271. doi:
10.1055/s-0033-1333874

Sierra, M., Carnicella, S., Strafella, A. P,, Bichon, A., Lhommee, E., Castrioto, A., et al.
(2015). Apathy and impulse control disorders: Yin and Yang of dopamine dependent
behaviors. J. Parkinsons Dis. 5, 625-636. doi: 10.3233/JPD-150535

Steiner, H., Fuchs, S., and Accili, D. (1997). D3 dopamine receptor-deficient mouse:
evidence for reduced anxiety. Physiol. Behav. 63, 137-141. doi: 10.1016/
s0031-9384(97)00430-7

Stewart, A. M., Felix, P, Gowrishankar, R., Davis, G. L., Areal, L. B., Gresch, P. ., et al.
(2021). Sex and circuit specific dopamine transporter regulation underlies unique behavioral
trajectories of functional SLC6A3 coding variation. bioRixv. doi: 10.1101/2021.11.02.466932

Sturman, O., Germain, P. L., and Bohacek, J. (2018). Exploratory rearing: a context-
and stress-sensitive behavior recorded in the open-field test. Stress 21, 443-452. doi:
10.1080/10253890.2018.1438405

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1288509
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/s0149-7634(01)00041-0
https://doi.org/10.1007/s00213-011-2553-4
https://doi.org/10.1007/s00213-011-2553-4
https://doi.org/10.1016/j.neuron.2006.10.020
https://doi.org/10.1007/s00702-016-1640-4
https://doi.org/10.1086/376549
https://doi.org/10.1038/s41572-019-0138-4
https://doi.org/10.1017/S1461145712000569
https://doi.org/10.3389/fpsyt.2021.787097
https://doi.org/10.3389/fnins.2021.705890
https://doi.org/10.1007/s11481-019-09851-4
https://doi.org/10.3389/fnbeh.2023.1060786
https://doi.org/10.2174/138161206777698891
https://doi.org/10.1186/1478-811X-11-34
https://doi.org/10.7554/eLife.21886
https://doi.org/10.1039/c5cc02204e
https://doi.org/10.1016/0006-8993(91)90935-o
https://doi.org/10.1016/0361-9230(91)90057-q
https://doi.org/10.1523/JNEUROSCI.2984-18.2019
https://doi.org/10.1523/JNEUROSCI.2984-18.2019
https://doi.org/10.1002/neu.10254
https://doi.org/10.1128/MCB.22.22.7967-7981.2002
https://doi.org/10.1101/2021.02.26.433029
https://doi.org/10.1016/j.mcn.2006.10.006
https://doi.org/10.1081/rrs-200029981
https://doi.org/10.1111/j.1460-9568.2006.04710.x
https://doi.org/10.1002/jnr.20517
https://doi.org/10.3390/ijms161226228
https://doi.org/10.1017/pen.2020.7
https://doi.org/10.1007/s11481-017-9749-2
https://doi.org/10.1007/s11481-017-9749-2
https://doi.org/10.1101/lm.96605
https://doi.org/10.1016/j.physbeh.2009.03.009
https://doi.org/10.1016/s0166-4328(03)00114-1
https://doi.org/10.1016/s0166-4328(03)00114-1
https://doi.org/10.1016/s0014-2999(03)01272-x
https://doi.org/10.1016/s0014-2999(03)01272-x
https://doi.org/10.1016/j.phrs.2018.12.001
https://doi.org/10.1073/pnas.1717194115
https://doi.org/10.1016/j.tips.2008.07.005
https://doi.org/10.1007/s002210000407
https://doi.org/10.1038/sj.mp.4000973
https://doi.org/10.1371/journal.pone.0026049
https://doi.org/10.1371/journal.pone.0026049
https://doi.org/10.1007/s002130050500
https://doi.org/10.1016/s0091-3057(02)00770-0
https://doi.org/10.1111/jnc.13284
https://doi.org/10.3791/52434
https://doi.org/10.1016/j.jphs.2017.10.002
https://doi.org/10.1055/s-0033-1333874
https://doi.org/10.3233/JPD-150535
https://doi.org/10.1016/s0031-9384(97)00430-7
https://doi.org/10.1016/s0031-9384(97)00430-7
https://doi.org/10.1101/2021.11.02.466932
https://doi.org/10.1080/10253890.2018.1438405

Fernandes et al.

Tam, G. W, van de Lagemaat, L. N, Redon, R., Strathdee, K. E., Croning, M. D,,
Malloy, M. P, et al. (2010). Confirmed rare copy number variants implicate novel genes
in schizophrenia. Biochem. Soc. Trans. 38, 445-451. doi: 10.1042/BST0380445

Usiello, A., Baik, J. H., Rouge-Pont, E, Picetti, R., Dierich, A., LeMeur, M., et al. (2000).
Distinct functions of the two isoforms of dopamine D2 receptors. Nature 408, 199-203.
doi: 10.1038/35041572

Van den Buuse, M. (1992). Central effects of quinpirole on blood pressure of
spontaneously hypertensive rats. J. Pharmacol. Exp. Ther. 262, 303-311.

Van den Buuse, M. (1995). Differential effects of quinelorane and pergolide on
behaviour, blood pressure, and body temperature of spontaneously hypertensive rats
and Wistar-Kyoto rats. Pharmacol. Biochem. Behav. 50, 389-397. doi:
10.1016/0091-3057(94)00283-0

Van den Buuse, M. (1997). Pressor responses to brain dopaminergic stimulation. Clin.
Exp. Pharmacol. Physiol. 24, 764-769. doi: 10.1111/j.1440-1681.1997.tb02129.x

Van den Buuse, M., Tritton, S. B., Burke, S. L., and Head, G. A. (1998). Interaction of
the dopamine D2 receptor agonist quinpirole with sympathetic vasomotor tone and the
central action of rilmenidine in conscious rabbits. J. Auton. Nerv. Syst. 72, 187-194. doi:
10.1016/s0165-1838(98)00104-0

Van Hartesveldt, C., Meyer, M. E., and Potter, T. J. (1994). Ontogeny of biphasic
locomotor effects of quinpirole. Pharmacol. Biochem. Behav. 48, 781-786. doi:
10.1016/0091-3057(94)90346-8

Vegas-Suarez, S., Morera-Herreras, T., Requejo, C., Lafuente, J. V., Moratalla, R.,
Miguelez, C., et al. (2022). Motor cortico-nigral and cortico-entopeduncular information
transmission and its modulation by buspirone in control and after dopaminergic
denervation. Front. Pharmacol. 13:953652. doi: 10.3389/fphar.2022.953652

Vidal, P. M., and Pacheco, R. (2020). The cross-talk between the dopaminergic and
the immune system involved in schizophrenia. Front. Pharmacol. 11:394. doi: 10.3389/
fphar.2020.00394

Frontiers in Behavioral Neuroscience

19

10.3389/fnbeh.2023.1288509

Walker, Q. D., Ray, R., and Kuhn, C. M. (2006). Sex differences in neurochemical
effects of dopaminergic drugs in rat striatum. Neuropsychopharmacology 31, 1193-1202.
doi: 10.1038/sj.npp.1300915

Walsh, R. N., and Cummins, R. A. (1976). The open-field test: a critical review.
Psychol. Bull. 83, 482-504. doi: 10.1037/0033-2909.83.3.482

Wang, Y., Xu, R., Sasaoka, T., Tonegawa, S., Kung, M. P,, and Sankoorikal, E. B. (2000).
Dopamine D2 long receptor-deficient mice display alterations in striatum-dependent
functions. J. Neurosci. 20, 8305-8314. doi: 10.1523/JNEUROSCI.20-22-08305.2000

Williams, O. O. E, Coppolino, M., George, S. R., and Perreault, M. L. (2021). Sex
differences in dopamine receptors and relevance to neuropsychiatric disorders. Brain
Sci. 11:1199. doi: 10.3390/brainscil 1091199

Wilson, J., Lin, H., Fu, D,, Javitch, J. A., and Strange, P. G. (2001). Mechanisms of
inverse agonism of antipsychotic drugs at the D(2) dopamine receptor: use of a mutant
D(2) dopamine receptor that adopts the activated conformation. J. Neurochem. 77,
493-504. doi: 10.1046/j.1471-4159.2001.00233.x

Yamaguchi, Y., Lee, Y. A,, Kato, A,, Jas, E., and Goto, Y. (2017). The roles of dopamine
D2 receptor in the social hierarchy of rodents and primates. Sci. Rep. 7:43348. doi:
10.1038/srep43348

Zachry, J. E., Nolan, S. O,, Brady, L. J., Kelly, S. ], Siciliano, C. A., and Calipari, E. S. (2021).
Sex differences in dopamine release regulation in the striatum. Neuropsychopharmacology
46, 491-499. doi: 10.1038/541386-020-00915-1

Zhang, B., Albaker, A., Plouffe, B., Lefebvre, C., and Tiberi, M. (2014). Constitutive

activities and inverse agonism in dopamine receptors. Adv. Pharmacol. 70, 175-214. doi:
10.1016/B978-0-12-417197-8.00007-9

Zhou, R., He, M., Fan, ], Li, R,, Zuo, Y., Li, B., et al. (2022). The role of
hypothalamic endoplasmic reticulum stress in schizophrenia and antipsychotic-
induced weight gain: a narrative review. Front. Neurosci. 16:947295. doi: 10.3389/
fnins.2022.947295

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1288509
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1042/BST0380445
https://doi.org/10.1038/35041572
https://doi.org/10.1016/0091-3057(94)00283-o
https://doi.org/10.1111/j.1440-1681.1997.tb02129.x
https://doi.org/10.1016/s0165-1838(98)00104-0
https://doi.org/10.1016/0091-3057(94)90346-8
https://doi.org/10.3389/fphar.2022.953652
https://doi.org/10.3389/fphar.2020.00394
https://doi.org/10.3389/fphar.2020.00394
https://doi.org/10.1038/sj.npp.1300915
https://doi.org/10.1037/0033-2909.83.3.482
https://doi.org/10.1523/JNEUROSCI.20-22-08305.2000
https://doi.org/10.3390/brainsci11091199
https://doi.org/10.1046/j.1471-4159.2001.00233.x
https://doi.org/10.1038/srep43348
https://doi.org/10.1038/s41386-020-00915-1
https://doi.org/10.1016/B978-0-12-417197-8.00007-9
https://doi.org/10.3389/fnins.2022.947295
https://doi.org/10.3389/fnins.2022.947295

	CHL1 depletion affects dopamine receptor D2-dependent modulation of mouse behavior
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Animals
	2.3. Behavior
	2.4. Statistical analysis

	3. Results
	3.1. Open field
	3.1.1. Alterations in locomotor activity
	3.1.2. Normal exploratory activity of CHL1−/− mice
	3.1.3. Altered emotional state of CHL1−/− males
	3.2. Y-maze
	3.2.1. Improved working memory of CHL1−/− males and females
	3.2.2. Hypolocomotion of CHL1+/+ but not CHL1−/− mice induced by quinpirole
	3.3. Novel object test
	3.4. Social interaction

	4. Discussion
	4.1. CHL1 and D2R interaction
	4.2. Sex differences in DAergic signaling and DA-related behaviors
	4.3. Locomotor activity
	4.4. Stress-related and social behavior
	4.5. CHL1 and D2R in psychiatric diseases
	4.6. Limitations of the study

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

