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ARTICLE INFO ABSTRACT

Keywords: Schizophrenia (SCZ) is a chronic psychiatric disorder characterized by positive, negative, and cognitive symp-
MT? receptors toms that remain insufficiently controlled by current dopamine- and serotonin-based antipsychotics. Emerging
IS\;I}(n;(;;l)hrema evidence implicates melatonin MT2 receptors in the regulation of the sleep-wake cycle, circadian rhythms and

cortical inhibition, both altered in SCZ. Here, we investigated the neuropharmacological effects of the selective
MT2 partial agonist UCM924 in the MK-801 model of SCZ-like dysfunctions in male mice. UCM924 (10 mg/kg,
intraperitoneally) was selected as a dose not affecting basal locomotion. Acute administration of MK-801 (0.3
mg/kg) induced hyperlocomotion, social interaction abnormalities, and impaired spatial working memory.
UCM924 normalized MK-801-induced hyperactivity and social deficits but did not improve cognitive perfor-
mance. Immunofluorescence analysis revealed that UCM924 increased c-Fos activation in parvalbumin-positive
interneurons of the prefrontal cortex, with no effect on tyrosine hydroxylase-positive neurons in the ventral
tegmental area. Local field potential recordings showed that UCM924 alone reduced gamma-band power (12-90
Hz) in both regions, whereas MK-801 markedly enhanced it. Co-administration of MK-801 and UCM924 resulted
in MK-801-dominant oscillatory patterns, suggesting limited efficacy of MT2 activation in restoring network
synchronization. These findings indicate that MT2 receptor stimulation selectively enhances prefrontal inhibitory
tone and ameliorates behavioral abnormalities related to positive-like and negative-like symptoms, without
normalizing cognitive and electrophysiological deficits. Overall, MT2 receptor-selective drugs may represent
promising candidates for targeting specific symptom domains in SCZ through mechanisms distinct from current
antipsychotics.
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1. Introduction delusions, thought disorders, hyperactivity, and stereotypies; (ii) nega-

tive symptoms, such as social withdrawal, anhedonia, alogia, and avo-

Schizophrenia (SCZ) is a severe, chronic and heterogeneous psychi-
atric disorder characterized by profound impairments in social, occu-
pational, and individual functioning, leading to markedly reduced
quality of life. The clinical presentation of SCZ encompasses three major
symptom domains: (i) positive symptoms, including hallucinations,

lition; and (iii) cognitive impairments affecting attention, memory, and
executive function [1,2]. Currently available antipsychotic drugs pro-
vide only partial symptom relief. First-generation antipsychotics or D2
antagonists primarily ameliorate positive symptoms, while second-
generation or 5-HT2A antagonist antipsychotics also exert modest
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effects on negative symptoms. However, both drug classes are associated
with substantial adverse effects, and approximately 30% of patients
remains treatment-resistant [3,4]. Consequently, there is an urgent need
for novel therapeutic strategies targeting alternative neurobiological
mechanisms implicated in SCZ. A very recent example in this direction is
the approval by FDA of a new antipsychotic combination consisting of
the selective M1/M4 muscarinic receptor agonist xanomeline, which
expresses consistent antipsychotic and pro-cognitive properties, and
trospium, a peripherally restricted muscarinic antagonist which is able
to mitigate peripheral cholinergic side effects (nausea, constipation, and
dry mouth) [5,6]. However, the Phase 3 ARISE trial, designed to eval-
uate this combination as an adjunctive therapy to atypical antipsy-
chotics, did not achieve its primary endpoint indicating that it may have
limited effectiveness when used alongside existing antipsychotic treat-
ments [5,6].

Nevertheless, this strategy represents a significant mechanistic shift
away from traditional dopamine and/or serotonin receptor antagonism
and underscores the ongoing search for therapies with improved efficacy
and safety, particularly for addressing negative and cognitive symptoms.
Based on the hypothesis that hypofunction of NMDA-type glutamate
receptors plays a crucial role in the pathophysiology of SCZ [7,8], non-
competitive NMDA receptor antagonists such as MK-801 (dizocilpine)
reliably induce SCZ-like behavioral, cognitive, and neurochemical ab-
normalities in rodents [9,10], making this model a widely used pre-
clinical tool for evaluating candidate antipsychotic compounds.

Increasing attention has been directed toward the role of circadian
rhythms dysfunctions in SCZ. Indeed, disruptions in circadian rhythms
are a well-documented feature of the disorder and are associated with
sleep disturbances, cognitive deficits, and mood dysregulation [11-14].
Dysfunctions in the melatonin (MLT) system may contribute to these
abnormalities, being MLT one of the key endogenous regulators of
circadian rhythms. Indeed, patients with SCZ display reduced circu-
lating MLT levels and abnormal secretion patterns, including phase
advances in plasma MLT rhythms [15-18]. Reduced MLT concentrations
have been linked to both cognitive deficits and circadian misalignment
[17]. MLT exerts its effects primarily through two G protein-coupled
receptors, MT1 and MT2 [15,19]. Over the past decade it has been
shown that the MT1 and MT2 receptors subserve distinct functional
roles in part due to receptor-specific signaling cascades and regional
expression patterns [15,20]. Importantly, pharmacological in-
vestigations indicate that selective activation of MT1 or MT2 receptors
can yield more targeted therapeutic effects compared to non-selective
stimulation by endogenous MLT or non-selective MLT receptors ago-
nists such as ramelteon and tasimelteon [15,20-25]. These findings
support the potential advantages of receptor subtype-selective ligands in
the development of MLT-based interventions for neuropsychiatric dis-
orders. Andrabi et al. [26] showed that MLT exerts neuroprotective ef-
fects against MK-801-induced SCZ-like symptoms in mice by improving
cognitive and motor performance, reducing oxidative stress, and
normalizing neurochemical, molecular, and histopathological alter-
ations in the prefrontal cortex. However, no attempt was made to un-
derstand whether these effects were MT1 and/or MT2 receptors
mediated. Interestingly, Wang et al. [27] showed that MLT reverses MK-
801-induced disruptions in sleep timing and intracellular signaling
through activation of MT2 and not MT1 receptors. Moreover, in a pilot
study conducted in the Iranian population, the variant rs10830963(C/G)
of the MT2 receptor gene MTN1B was associated with increased risk of
developing SCZ [28]. Therefore, in the present study, we have investi-
gated the effects of the selective activation of MT2 receptors by the
partial agonist UCM924 [29] in the MK-801 preclinical model of SCZ in
which we have evaluated behavioral outcomes relevant to positive,
negative (social interaction) and cognitive symptom domains, as well as
we have explored potential underlying neurobiological mechanisms.
Our aim was to assess the potential of MT2 receptor modulation as a
novel target for the therapeutics of SCZ.
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2. Material and methods
2.1. Experimental design

Eight-week-old C57BL/6 male mice were randomly assigned to a
total of five cohorts. The first cohort (Fig. 1-A) (n = 33) was employed to
determine a suitable UCM924 dose that does not affect spontaneous
locomotor activity given its sleep-promoting properties [23]. Mice were
randomly divided into three experimental groups with n = 11 mice per
group as follows: vehicle (0.9% NaCl), UCM924 10 mg/kg and UCM924
20 mg/kg injected intraperitoneally (i.p.). Locomotor activity was
assessed using the Open Field Test (OFT). Based on these results of this
preliminary study, the 10 mg/kg dose of UCM924 was selected for
subsequent experiments.

Three cohorts were each divided into four experimental groups with
n = 9-17 mice per group. All animals received two consecutive i.p. in-
jections 10 min apart, and behavioral testing began 10 min after the
second injection. This experimental design was designed to assess the
therapeutic efficacy of UCM924 against MK-801-induced SCZ-like
symptoms. The first group (vehicle + vehicle) received saline followed
by 70% dimethyl sulfoxide (DMSO) and 30% saline. The second group
(MK-801 + vehicle) received 0.3 mg/kg MK-801 followed by 70%
DMSO and 30% saline. The third group (UCM924 + vehicle) received
saline followed by 10 mg/kg UCM924, and the fourth group (MK-801 +
UCM924) received 0.3 mg/kg MK-801 followed by 10 mg/kg UCM924.

Each cohort was assigned to specific experimental procedures. The
second cohort (Fig. 1-B) (n = 42) was tested in the direct sociability test
and the T-maze test, with a 10-day interval between the two tests. The
third cohort (Fig. 1-C) (n = 50) performed the cage activity test, and the
OFT after 10 days. 60 min after the end of the OFT each mouse was
perfused, and the brain was collected to perform immunofluorescence
reactions. The fourth cohort (Fig. 1-D) (n = 18) underwent local field
potential (LFP) recordings.

The fifth cohort (Fig. 1-E) (n = 16) was divided into two experi-
mental groups and performed the OFT and the T-maze test, with a 10-
day interval between the two. All animals received two consecutive i.
p. injections 10 min apart, and behavioral testing began 10 min after the
second injection. The first group (vehicle + MK-801) received 70%
DMSO and 30% saline followed by 0.3 mg/kg MK-801. The second
group (4-P-PDOT + MK-801) received 10 mg/kg N-(1,2,3,4-tetrahydro-
4-phenyl-2-naphthalenyl)-propanamide (4-P-PDOT) followed by 0.3
mg/kg MK-801.

2.2. Drugs

All solutions were freshly prepared on the day of testing and were
administered i.p. in a volume of 0.1 ml. N-{2-([3-bromophenyl]-4-flu-
orophenylamino)ethyl}acetamide (UCM924) (Delmar Chemicals, Inc.,
Montreal, Canada) was dissolved in 70% DMSO (Merck, Darmstadt,
Germany) and 30% saline (0.9% NacCl). Doses of UCM924 were selected
based on our previous experiments [22,30]. MK-801 (Cayman Chemical,
Ann Arbor, MI, USA) was dissolved in saline. The dose of MK-801 (0-3
mg/Kg) was selected according to Wu et al. [31]. 4-P-PDOT (Cayman
Chemical, Ann Arbor, MI, USA) was dissolved in 70% DMSO and 30%
saline. The dose of 4-P-PDOT was selected based on our previous ex-
periments [32,33].

2.3. Animals

Independent groups of naive C57BL/6 male mice (2-4 months old,
about 23 g body weight) from breeding colonies of the Department of
Pharmaceutical and Pharmacological Sciences (University of Padua,
Padua, Italy) were used. Animals were housed in Makrolon® cages (45
x 25 x 15 c¢m), 2 to 5 mice per cage, under standard conditions (21 +
1 °C; 50-55% relative humidity; 12-h/12-h light/dark cycle, lights on at
7 am and off at 7 pm) with free access to food and water.
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Fig. 1. Experimental design. Schematic representation of the four experimental cohorts (A-E), color-coded, each subjected to distinct procedures. Created in Bio-

Render, https://BioRender.com/sws81u7.
2.4. Behavioral tests

Behavioral testing was performed between 10 am and 3 pm under
standard room lighting conditions (350 1x). An interval of at least 10
days was left between tests for recovery. The behavior was recorded
using an LCD camera, and activity was automatically tracked using ANY-
maze software (Stoelting Europe, Dublin, Ireland). Data were analyzed
by experimenters blind to treatment conditions.

2.4.1. Open field test

OFT is a procedure designed to assess spontaneous exploration and
locomotor activity in rodents [34]. Mice were individually placed in a
square arena (Ugo Basile ®) 40 x 40 cm, with 30 cm high Perspex walls
and metal base, and allowed to explore for 20 min. The total distance
traveled was measured.

2.4.2. Direct sociability test

The Direct Sociability Test was performed in a home cage with ad
libitum access to food and water. The tested animal was placed in the
cage and allowed to adapt for 20 min. Afterwards, an unfamiliar sex-,
age- and strain-matched conspecific was introduced. The two mice were
allowed to freely interact for 10 min, during which social interaction
time was manually scored [35].

2.4.3. T-magze test

The T-maze test was performed in a Perspex apparatus (Ugo Basile ®)
with a 35 cm long stem and two 30 cm long arms that are 5 cm wide and
15 cm tall according to Deacon et al [36] with slight modifications.
Animals were placed in the apparatus and left free to explore for
10mmunofluorescence analysis of PV+/c-Fo-min. Each arm was named
with a letter A, B or C. A correct alternation was defined as entries into
all three arms consecutively without repetitions (ABC/CBA, BAC/CAB,
ACB/BCA). The total number of alternances was defined as the total
number of arm entries. The percentage of correct alternances was
determined by the ratio of correct alternances to the total, expressed as a

percentage.

2.4.4. Home cage activity test

Locomotor activity was recorded in a familiar environment (home
cage). After a 20-min adaptation period, activity was recorded for 10-
min. Total distance traveled and average speed were quantified.

2.5. Local field potentials (LFP)

To record LFP in the pre-frontal cortex (PFC) and ventral tegmental
area (VTA) at the different experimental conditions, mice were first
implanted with deep electrodes. Mice were anesthetized by an i.p. in-
jection of ketamine-xylazine (80 mg/kg and 5 mg/kg, respectively) and
placed on a stereotaxic frame. Electrodes of tungsten wires (& 75 pm,
cod. 791100, AM Systems, Washington, USA) were implanted in the
right PFC (AP = +1.5 mm, ML = 0.4 mm from Bregma and DV = —2.5
mm from the brain surface) and right VTA (AP = —3.2 mm, ML = 0.5
mm from Bregma and DV = —4.3 mm from the brain surface), with the
reference electrode over the left parietal cortex. Extracellular field po-
tentials were recorded in awake, freely moving mice, starting 10 min
after the last injection. At the end of the recording session, mice were
sacrificed to verify the location of the electrodes by Cresyl Violet (Merck,
Darmstadt, Germany) staining. A customized Python script was used for
offline power spectrum analysis, for which three epochs of 2 s were
averaged. LFP epochs were visually examined for artifacts, and 2-second
segments were computed using fast Fourier transforms by using a
customized Python Script for power spectral analysis. Mean power
spectra (4-5 mice/group) of PFC and VTA were compared among groups
and divided into frequency bands for statistical analysis. Relative power
was calculated by dividing the absolute amplitude within the specified
frequency ranges by the total amplitude. The following frequency bands
were used: delta (0.5-4 Hz), theta (4-12 Hz), beta (12-20 Hz), low-
gamma (20-50 Hz), and high-gamma (50-90 Hz).
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2.6. Perfusion and tissue collection

Mice were perfused transcardially with 0.9% saline followed by 4%
paraformaldehyde (PFA, Merck, Darmstadt, Germany) in phosphate-
buffered saline (PBS, Merck, Darmstadt, Germany). Brains were post-
fixed in 4% PFA for 3 h, cryoprotected in 30% sucrose in PBS, frozen,
and stored at —20 °C.

2.7. Immunohistochemistry

c-Fos activation in parvalbumin-positive (PV+) interneurons was
analyzed in the prefrontal cortex (PFC; Bregma + 1.70 mm). Free-
floating coronal brain sections (30 pm thick) were washed in PBS and
subjected to antigen retrieval by incubation in citrate buffer at 95 °C.
Sections were blocked for 1 h at room temperature in a solution con-
taining 4% normal donkey serum and 0.3% Triton X-100 in PBS. Pri-
mary antibodies (rabbit anti-c-Fos, 1:1000, Synaptic Systems, Gottingen,
Germany; mouse anti-PV, 1:1000, Abcam, Cambridge, UK) were
applied, and sections were incubated for two overnights at 4 °C. After
PBS washes, Alexa Fluor-conjugated secondary antibodies were applied
(donkey anti-rabbit Cy5, 1:400, Abcam, Cambrige, UK; donkey anti-
mouse AF555, 1:400, Jackson ImmunoResearch, West Grove, PA,
USA) for 2 h at room temperature. Nuclei were counterstained with
DAPI (1:5000, Invitrogen, Massachusetts, USA), and sections were
mounted using antifade mounting medium (Dako; Merck, Darmstadst,
Germany).

c-Fos activation in tyrosine hydroxylase-expressing (TH-+) neurons
was analyzed in the ventral tegmental area (VTA; Bregma — 3.16 mm).
Sections were processed similarly to those described above for PV+
staining. After PBS washes and antigen retrieval (citrate buffer, 95 °C),
sections were blocked for 1 h in 3% normal goat serum, 0.5% bovine
serum albumin, and 1% Triton X-100 in PBS. Primary antibodies (rabbit
anti-c-Fos, 1:1000, Synaptic Systems, Gottingen, Germany; mouse anti-
TH, 1:1000, GeneTex, San Antonio, TX, USA) were applied and incu-
bated for two overnights at 4 °C. After PBS washes, appropriate sec-
ondary antibodies (goat anti-rabbit CF594, 1:400, Sigma-Aldrich,
Darmstadt, Germany; goat anti-mouse AF488, 1:400, Jackson Immu-
noResearch, West Grove, PA, USA) were applied for 2 h at room tem-
perature. Nuclei were counterstained with DAPI (1:5000, Invitrogen,
Massachusetts, USA), and sections were mounted with antifade medium
(Dako; Merck, Darmstadt, Germany).

Images were acquired using a confocal laser scanning microscope
(Zeiss LSM800).

2.8. Images analysis

Images (z-stack projections) were analyzed using QuPath v0.5.1. For
each experimental condition, 2 sections per animal were analyzed.
Marker-positive neurons (PV+ or TH+) were identified using the cell
detection tool in QuPath. For each detected PV+ or TH+ cell, the mean
fluorescence intensity in the c-Fos channel was extracted. To assess c-Fos
activation, z-scores were calculated from the c-Fos intensity distribution
within each image. PV+ cells were classified as c-Fos positive if their z-
score was greater than 0, and negative otherwise. TH+ cells were
considered c-Fos positive when their z-score exceeded 1, and negative
when below this threshold. All quantifications were performed blind to
experimental conditions.

2.9. Statistical analysis

Data were expressed as mean + standard error of the mean (SEM).
Statistical analyses were performed using GraphPad Prism 8.2.1. Data
distribution was analyzed using the Shapiro-Wilk test. When data were
normally distributed, Student’s t-test or one-way or two-way analysis of
variance (ANOVA) test followed by Bonferroni’s multiple comparisons
test was used. When data were non-normally distributed, Mann-Whitney
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test or Kruskal-Wallis test followed by Dunn’s multiple correction was
used. A P value of <0.05 was considered significant.

3. Results
3.1. UCM924 dose-finding study

We first performed a dose-response curve with UCM924 to find a
dose of UCM924 that does not affect spontaneous locomotor activity
given the known hypnotic/sedative properties of MT2 partial agonists
[37] that may confound the effects of the drug on SCZ-like symptoms
such as hyperactivity. Therefore, the 10 and 20 mg/kg doses of UCM924
were assessed in the OFT. The distance traveled during the 20-min
session was significantly affected by UCM924 treatment (Fig. 2; one-
way ANOVA, F(2,30) = 10.61, P = 0.0003). UCM924 at a dose of 10
mg/kg did not alter the total distance traveled relative to vehicle con-
trols whereas UCM924 at a dose of 20 mg/kg significantly reduced the
total distance traveled compared to both vehicle (P = 0.0002) and
UCM924 10 mg/Kg (P = 0.0301) treated animals. Based on these find-
ings, 10 mg/kg was selected for subsequent experiments.

3.2. Open field test

This task was used to assess the effects of UCM924 on MK-801-
induced hyperlocomotion, a well-validated correlate of positive-like
symptoms in rodent models of SCZ. In the OFT, the total distance trav-
eled was significantly influenced by MK-801 pre-treatment and UCM924
treatment (Fig. 3-B; two-way ANOVA; UCM924 treatment: F(1,46) =
6.236, P = 0.0159; MK-801 pre-treatment: F(1,46) = 21.68, P < 0.0001,
interaction: F(1,46) = 4.115, P = 0.0483). Animals treated with MK-801
traveled a longer distance compared to the control group (MK-801 +
vehicle vs vehicle + vehicle: P = 0.0002). UCM924 significantly atten-
uated this hyperlocomotion (MK-801 + UCM924 vs MK-801 + vehicle:
P = 0.0148), reducing the activity in MK-801-treated mice to control
levels (MK-801 4+ UCM924 vs vehicle + vehicle: P = 0.8075).
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Fig. 2. Dose related effect of UCM924 on locomotor activity. Total distance
traveled during the 20-min OFT. Data are presented as mean + SEM (n = 11-12
mice per group). * p < 0.05, *** p < 0.001; one-way ANOVA followed by
Bonferroni post-hoc comparisons.
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Fig. 3. Behavioral assessment of MK-801-induced deficits and their reversal by UCM924. (A) Representative track plot for each experimental group of the path
followed during the OFT. (B) Total distance traveled during the OFT. (C) Total distance traveled, and (D) average speed during the 10 min home cage activity
evaluation. (E) Time of interaction during the direct sociability test. (F) Schematic representation of the T-maze test. (G) Number of total alternances, and (H)
percentage of correct alternances made during the T-maze test. Data are presented as mean + SEM (n = 10-14 mice per group). * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001; two-way ANOVA followed by Bonferroni post-hoc comparisons. Part of this figure was created in BioRender, https://BioRender.

com/t69bxqy.
3.3. Home cage activity test

We tested the effects of UCM924 on MK-801-induced effect on lo-
comotor activity also in the home cage, a minimally stressful environ-
ment, to validate whether changes in locomotion reflect true behavioral
modulation rather than novelty-induced responses. Both the distance
traveled (Fig. 3-C; two-way ANOVA; UCM924 treatment: F(1,46) =
10.38, P = 0.0019; MK-801 pre-treatment: F(1,46) = 6.849, P = 0.0120,
interaction: F(1,46) = 2.686, P = 0.1080) and the average speed (Fig. 3-
D; two-way ANOVA; UCM924 treatment: F(1,45) = 9.405, P = 0.0037;
MK-801 pre-treatment: F(1,45) = 6.051, P = 0.0178, interaction: F

(1,46) = 2.192, P = 0.1457) during the 10-min test were significantly
influenced by pre-treatment with MK-801 and UCM924 treatment, with
no interaction pre-treatment x treatment. Animals treated with MK-801
showed increased locomotor activity, traveling a longer distance and
moving at a higher average speed compared to vehicles, regardless of
UCM924 treatment. Treatment with UCM924 reduced both the total
distance traveled and the average speed, regardless of MK-801 pre-
treatment.
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3.4. Direct sociability test

We underwent the direct sociability test to probe social interaction
deficits that are hallmark features of SCZ. In this task, a significant effect
of MK-801 pre-treatment and UCM924 treatment and an interaction
between the two factors were observed (Fig. 3-E; two-way ANOVA;
UCM924 treatment: F(1,38) = 1.338, P = 0.2546; MK-801 pre-treat-
ment: F(1,38) = 7.008, P = 0.0117, interaction: F(1,38) = 7.319, P =
0.0102). MK-801 treated animals spent significantly more time inter-
acting with the unfamiliar conspecific compared to vehicle animals (MK-
801 + vehicle vs vehicle + vehicle: P = 0.0398). Treatment with
UCM924 reduced the interaction time in MK-801 treated animals (MK-
801 + vehicle vs MK-801 + UCM924: P = 0.0024), bringing it back to
control levels (MK-801 + UCM924 vs vehicle + vehicle: P > 0.9999). In
animals treated with UCM924 alone, no increase in interaction time was
observed compared to control animals (vehicle + UCM924 vs vehicle +
vehicle: P > 0.9999).

3.5. T-magze test

The T-maze spontaneous alternation task assesses spatial working
memory, a cognitive domain frequently impaired in SCZ and sensitive to
NMDA receptor dysfunction. In this test, a significant effect of pre-
treatment and treatment and an interaction between the two factors
was observed on the total number of alternances (Fig. 3-G; two-way
ANOVA; UCM924 treatment: F(1,36) = 4.115, P = 0.0499; MK-801
pre-treatment: F(1,36) = 17.41, P = 0.0002, interaction: F(1,36) =
4.115, P = 0.0499). MK-801 treated animals performed a significantly
higher number of correct alternances compared to control animals (MK-
801 + vehicle vs vehicle + vehicle: P = 0.0275). Treatment with
UCM924 in MK-801-treated animals reduced the number of alternances
back to control levels (MK-801 + vehicle vs MK-801 + UCM924: P =
0.0006). In animals treated with UCM924 alone, the number of alter-
nances did not differ significantly from the control group and was
significantly lower compared to MK-801-treated animals (MK-801 +
vehicle vs vehicle + UCM924: P = 0.0006).

A significant effect of pre-treatment but not of treatment and no
interaction were found on the percentage of correct alternances (Fig. 3-
H; two-way ANOVA; UCM924 treatment: F(1,36) = 0.1754, P = 0.6778;
MK-801 pre-treatment: F(1,36) = 19.58, P < 0.0001, interaction: F
(1,36) = 0.1732, P = 0.6797). MK-801-treated animals showed a sig-
nificant reduction in the percentage of correct alternances compared to
control animals, regardless of the UCM924 treatment.

3.6. MT2 receptor blockade does not modify MK-801-induced behavioral
alterations

To determine whether endogenous MT2 receptor signaling contrib-
utes to the expression of MK-801-induced SCZ-like behaviors, we
pharmacologically blocked MT2 receptors using the selective antagonist
4-P-PDOT [38] prior to behavioral testing. Pre-treatment with 4-P-PDOT
did not modify MK-801-induced hyperlocomotion in the Open Field
Test, as no differences were observed in the total distance traveled be-
tween MK-801-treated mice receiving 4-P-PDOT and those receiving
vehicle (Fig. 4-B; Student’s t-test: t = 0.1986, df = 14, P = 0.8454).
Similarly, MT2 receptor blockade did not affect MK-801-induced al-
terations in spatial working memory in the T-maze task. No differences
were detected between treatment groups in either the total number of
alternations (Fig. 4-C; Mann-Whitney test: U = 22.50, P = 0.3420) or
the percentage of correct alternations (Fig. 4-D; Mann-Whitney test: U
= 22.50, P = 0.3346). To note, administration of 10 mg/kg 4-P-PDOT
alone did not affect locomotor activity or T-maze performance
compared with vehicle-treated controls (data not shown).
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Fig. 4. Effect of the MT2 receptor blockade with 4-P-PDOT on MK-801 induced
SCZ-like symptoms (A) Representative track plot for each experimental group of
the path followed during the OFT. (B) Total distance traveled during the OFT.
(C) Number of total alternances, and (D) percentage of correct alternances
made during the T-maze test. Data are presented as mean + SEM (B) and me-
dian with min to max (C, D) (n = 8 mice per group).

3.7. Immunohistochemistry

Immunohistochemical analysis and also electrophysiological mea-
sures were conducted in the PFC and VTA because they are key nodes in
the mesocorticolimbic circuitry, whose dysregulation represents a cen-
tral pathophysiological feature of SCZ [39]. Treatment with UCM924
increases the percentage of PV+/c-Fos+ interneurons in the PFC
regardless of the pre-treatment with MK-801 (Fig. 5-D; two-way
ANOVA; UCM924 treatment: F(1,17) = 11.53, P = 0.0034; MK-801
pre-treatment: F(1,17) = 0.5643, P = 0.4628, interaction: F(1,17) =
2.505, P = 0.1319). No difference between treatment groups was seen in
the percentage of TH+/c-Fos+ neurons in the VTA (Fig. 5-F; two-way
ANOVA; UCM924 treatment: F(1,17) = 1.395, P = 0.2538; MK-801
pre-treatment: F(1,17) = 5.243, P = 0.0351, interaction: F(1,17) =
1.377, P = 0.2568).

3.8. Local field potentials

Power spectral analysis of the PFC revealed that, compared with the
control group (vehicle + vehicle), mice treated with MK-801 (MK-801 +
vehicle) exhibited a significant increase in gamma band power (Fig. 6-F;
mean rank difference = —87.23 and —62.93; Kruskal-Wallis test, Dunn’s
multiple correction <0.001, respectively). A similar effect was observed
in the VTA, where high-gamma power was enhanced (Fig. 6-H; mean
rank difference = —64.58; Kruskal-Wallis test, Dunn’s multiple correc-
tion <0.001). In contrast, mice receiving UCM924 alone (vehicle +
UCM924) showed a marked reduction in power across the entire 12-90
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Hz range in both regions (Fig. 6-F,H; PFC: mean rank difference = 25.0,
62.42 and 114.9; VTA: mean rank difference = 30.69, 77.2 and 102;
Kruskal-Wallis test, Dunn’s multiple correction < 0.001). When MK-801
and UCM924 were co-administered (MK-801 + UCM924), spectral
power increased across the full gamma range in both the PFC (Fig. 6-F;
mean rank difference = —80.25 and —49.02) and VTA (Fig. 6-H; mean
rank difference = —92.5 and —94.96; Kruskal-Wallis test, Dunn’s mul-
tiple correction < 0.01), indicating a dominant effect of MK-801. By
contrast, low-frequency bands (delta, 0.5-4 Hz; theta, 4-12 Hz) were not
significantly affected under any treatment condition in either brain re-
gion (Fig. 6-E,G; Kruskal-Wallis test, P > 0.05).

4. Discussion

In this study we investigated the neuropharmacological effects of
selective MT2 receptor activation by the partial agonist UCM924 in the
MK-801 model of SCZ-like dysfunctions. We found that UCM924
normalized MK-801-induced hyperactivity and social deficits but failed
to ameliorate cognitive impairments in spatial memory. These behav-
ioral effects occurred at a dose not affecting basal locomotor activity but
also known not to induce sleep [23]. At the cellular level, UCM924
increased the activation of PV+ interneurons in the PFC but had no ef-
fect on TH+ dopaminergic neurons in the VTA. This selective activation
pattern is particularly relevant for understanding the circuit-level effects
of UCM924. The lack of PV+ activation in the VTA, contrasted with the

marked increase in the PFC, indicates that MT2 receptor-mediated
modulation primarily occurs within cortical inhibitory networks rather
than at the level of midbrain dopaminergic neurons. This regional
specificity is consistent with MT2 receptor distribution reported by
Lacoste et al. [40], who demonstrated receptor expression in GABAergic
PV+ regions such as the reticular thalamic nucleus but not in the VTA. In
parallel with behavioral and immunohistochemical data, LFP recordings
in the VTA and PFC, revealed that MK-801 produced robust increases in
gamma-band activity in both the PFC and VTA, consistent with aberrant
network synchronization typically associated with NMDAR hypo-
function. In contrast, UCM924 reduced the power across the 12-90 Hz
range in both regions. Of interest, when MK-801 and UCM924 were co-
administered, the effect of MK-801 was predominant. Taken together,
these findings indicate that MT2 receptor activation selectively engages
PFC interneurons and modulates cortical and mesolimbic oscillatory
activity, but its capacity to counteract NMDAR antagonist-induced
network dysfunction is limited to certain behavioral domains. Finally,
we found that blockade of MT2 receptors with the selective MT2
antagonist 4-P-PDOT did not influence MK-801-evoked SCZ-like be-
haviors, suggesting that MK-801 does not exert its effects through MT2
receptor signaling. Moreover, the absence of any effect of 4-P-PDOT
administered alone indicates a lack of tonic melatonergic (MT2-medi-
ated) signaling at the time of testing. The administration of MK-801
resulted in increased neural oscillation power in the gamma fre-
quencies especially in the PFC, further confirming the results by Cui et al.
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[41] at the same dosage (0.3 mg/kg). In rodents, pharmacological
modulation of NMDA receptors has been directly implicated in the
regulation of gamma-band oscillations, a key neural rhythm associated
with sensory processing and cognitive function. Administration of
NMDA receptor antagonists, such as MK-801 or ketamine, leads to
aberrant increases in gamma power and desynchronization, which
parallel the behavioral disturbances observed in these models [42],
including hyperlocomotion and cognitive deficits [43,44]. Importantly,
these alterations in neural oscillations are considered to reflect disrupted
excitation-inhibition balance within cortical microcircuits [45], partic-
ularly involving PV+ GABAergic interneurons that are critically
dependent on NMDA receptor signaling for proper function [46].
Similar abnormalities in gamma-band activity have been consis-
tently reported in patients with SCZ, both at rest and during engagement
in cognitive tasks such as working memory or attention paradigms [47].
This translational convergence supports the view that disrupted gamma
oscillations represent a mechanistic link between NMDAR hypofunction
and cortical network desynchronization underlying SCZ symptom-
atology. While UCM924 alone reduced gamma power, it did not prevent
MK-801-induced abnormalities in either PFC or VTA, suggesting that
MT2 receptor-mediated effects are circuit- and function-specific. The
decrease of gamma-band observed with UCM924 alone, supports the
notion that MT2 agonism has mostly hypnotic and analgesic effects with
increased delta-band activity (characteristic of deep sleep and analgesia)
[30,48], more than pro-cognitive effects or effects on attention and
working memory (underlined by gamma activity). Moreover, the fact
that UCM924 normalized hyperactivity and social behavior along with
the fact that selectively increase activation of PV+ in the PFC, implies
that MT2-driven activation of PFC interneurons may suffice to restore
local inhibitory tone and ameliorate positive-like symptoms, whereas
the re-establishment of large-scale oscillatory coherence is likely
required for cognitive processes. This interpretation aligns with the
notion that distinct SCZ symptom domains depend on partially over-
lapping neural substrate [49-51]. Notably, in previous work, we
demonstrated that MK-801 disrupts sleep regulation by prolonging
circadian period length and delaying non-rapid eye movement (NREM)
sleep onset, effects fully reversed by MLT through MT2 receptors [27].
MLT dysregulation has long been associated with SCZ, with evidence
of reduced nocturnal secretion and circadian misalignment that may
contribute to sleep and cognitive disturbances [18,52-55]. Beyond its
role in circadian and sleep regulation, MLT also exerts antioxidant and
neuroprotective actions that may counteract oxidative stress and
dopaminergic dysregulation, two mechanisms strongly implicated in the
pathophysiology of SCZ [56-61]. However, the limited therapeutic ef-
ficacy of MLT likely reflects its short half-life and the differential dis-
tribution and sometimes opposing effects mediated by MT1 and MT2
receptors. From a drug development perspective, receptor selectivity
appears crucial. While non-selective melatonergic ligands (e.g., ramel-
teon, tasimelteon) activate both MT1 and MT2 receptors, selective ap-
proaches may allow for more precise therapeutic outcomes [15,20,22].
MT2 receptors, in particular, have been linked to the regulation of
anxiety, nociception, and NREM sleep [30,48,62], while MT1 receptors
more strongly influence mood regulation, REM sleep, and neurodegen-
erative processes [21,24,25,63,64]. In keeping, the fact that not all MK-
801-induced symptom domains were rescued by MT2 receptor activa-
tion could suggest that MT1 receptors may also play a complementary or
distinct role, particularly in cognitive regulation, and this aspect re-
mains to be clarified. Another interesting finding of our study is that 4-P-
PDOT was not affecting the response to MK-801 administration, con-
firming that the mechanism of MK-801 is independent from MT2 re-
ceptors. Moreover, 4-P-PDOT alone has no effects on the observed
behavior suggesting that it is a pure neutral antagonist and that there is
an absence of tonic MLT MT2 receptor activity and low endogenous
level of MLT under typical daytime testing conditions. This observation
recapitulates data observed in MT2 receptors knockout animals, in
which, during the day, we did not observe significant changes in
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locomotor behavior [62]. In contrast, selective pharmacological acti-
vation of MT2 receptors with the exogenous agonist UCM924 produces a
high amplitude, supraphysiological engagement of MT2 signaling, in-
dependent of endogenous MLT levels. MT2 receptors are Gi/o-coupled
[19] and, when activated, can reduce presynaptic glutamate release and
stabilize excitatory/inhibitory balance. Consistent with this mechanism,
we have observed activation of PV+ interneurons, a cell population
critically involved in regulating cortical network synchrony. These
processes are directly relevant to the circuits affected by MK-801, which
induces SCZ-like alterations by producing excessive cortical and
subcortical excitatory drive via NMDA-receptor blockade. To date, there
is essentially no robust evidence in humans supporting a role for MT2
receptors in the pathophysiology of SCZ. The only preliminary indica-
tion comes from a pilot study in an Iranian cohort reporting that the
MTNR1B gene variant rs10830963 (C/G) may be associated with
increased SCZ risk [28]. Given also the lack of effects of 4-P-PDOT on
MK-801-induced symptoms, we can hypothesize that MT2 receptors are
not probably involved in the pathophysiology of SCZ, but when phar-
macologically activated, they can exert a “compensatory” or “protec-
tive” influence on the abnormal circuitry engaged by NMDA receptor
blockade at the bases of SCZ-like symptoms.

Some limitations of the present work should be acknowledged. First,
we examined only acute administration and thus whether chronic MT2
receptors activation produces sustained efficacy or tolerance remains
unknown. Second, while we observed enhanced PV+ interneuron acti-
vation, the intracellular signaling cascades linking MT2 receptor acti-
vation to interneuron recruitment remain to be elucidated, for example
through scRNA-seq or pathway-specific pharmacological tools. Third,
all our experiments were exclusively conducted in male mice. Although
the prevalence of SCZ is comparable between sexes, clinical expression
differs markedly between males and females. For instance, men more
frequently show an earlier age of onset [65,66]. Men also more often
exhibit prominent negative symptoms and cognitive deficits, while
women tend to have better premorbid social functioning, a later onset
(often in the late twenties or with a second incidence peak after age 40),
and a generally more favorable course [66-68]. Beyond clinical
phenotype, circadian and MLT-related physiology also shows sex dif-
ferences which could be relevant for melatonergic modulation. In
humans, women exhibit a shorter intrinsic circadian period and show
earlier timing of core-body temperature nadirs, as well as higher
nocturnal MLT amplitude and an advanced phase of MLT secretion,
compared with men [69-71]. Across species, evidence indicates that
MLT signaling is sexually dimorphic, affecting both behavior, circadian
regulation and response to exogenous MLT. For example, in rats, chronic
MLT administration produces sex-dependent behavioral effects, with
males and females responding differently in paradigms such as the
forced swim and open-field tests [72]. In humans, physiological MLT
rhythms also differ between sexes, with distinct phase-angle relation-
ships and nocturnal MLT amplitudes, suggesting intrinsic sex differences
in MLT production and circadian regulation [70]. Complementing these
findings, work in avian models shows that MLT receptor activity in the
forebrain is influenced by both sex and environmental context,
demonstrating that MLT receptor signaling itself can be sexually
differentiated [73]. However, the effects of sex on the melatonergic
system and the response to melatonergic drugs remain poorly explored.
Nevertheless, given the available evidence, it is likely that sex-
dependent differences in both SCZ and MLT/circadian biology could
influence the therapeutic response to MT2 receptor activation. Future
studies including female animals are therefore warranted to determine
whether our findings generalize across sexes or reveal sex-specific
dynamics.

Overall, the present findings suggest that MT2 receptor activation
may represent a novel therapeutic avenue in SCZ, distinct from con-
ventional dopamine- or glutamate-targeting strategies. Our results
support the hypothesis that MT2 selective agonists can engage PFC
inhibitory circuits and modulate cortical oscillatory dynamics, offering a
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mechanistic rationale for further exploration of MT2-selective drugs as
potential therapeutic candidates. By restoring excitation-inhibition
balance at the circuit level, MT2-targeted interventions may influence
social and negative symptoms, which often remain refractory to current
antipsychotics. The impact on cognitive dysfunction, however, remains
uncertain and warrants additional investigation. In addition to circuit-
level effects, MT2 receptors regulate circadian and sleep processes
[15], which are consistently disrupted in SCZ and closely linked to
symptom severity, cognitive deficits, and functional outcomes [74,75].
This dual action suggests that MT2 agonists could provide multimodal
benefits, simultaneously supporting network dynamics and sleep/wake
architecture, an advantage not typically offered by conventional thera-
pies. For example, recently approved compounds such as xanomeline/
trospium chloride have shown negative effects on sleep architecture in
preclinical models, including reduced NREM sleep quality and quantity
[76], highlighting the need for strategies that preserve or enhance sleep
integrity. Although additional work is required, MT2 agonists may also
have potential as adjunctive therapies, complementing existing anti-
psychotic regimens by targeting complementary mechanisms,
improving sleep quality, and potentially enhancing efficacy without
worsening side-effect profiles. Taken together, these results provide a
rationale for further preclinical and clinical evaluation of MT2-selective
agonists, both as stand-alone and combination therapies. Future studies
should carefully investigate optimal dosing and circadian timing, as well
as possible synergistic interactions with standard treatments to fully
assess the multimodal therapeutic potential of MT2-targeted in-
terventions in SCZ.
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