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The novel peptide LCGM-10
attenuates metabotropic
glutamate receptor 5 activity and
demonstrates behavioral effects
in animal models

Anton V. Malyshev*™, Vsevolod V. Pavshintcev?, Nikita A. Mitkin?,
luliia A. Sukhanova?, Vasilina R. Gedzun?, Alexander S. Zlobin?,
Igor |. Doronin?, Gennady A. Babkin' and Tomi K. Sawyer?

!Lactocore Inc., Newton, MA, United States, 2Maestro Therapeutics, Southborough, MA, United States

We employed a structural bioinformatics approach to develop novel peptides
with predicted affinity to the binding site for negative allosteric modulators
(NAMs) of metabotropic glutamate receptor 5 (mGIUR5). Primary screening in
zebrafish (Danio rerio) revealed a stimulatory effect of two peptides, LCGM-10
and LCGM-15. Target validation studies using calcium ion flux imaging and a
luciferase reporter assay confirmed mGIuR5 as the target. LCGM-10 showed
greater potency than LCGM-15; it was comparable to that of the mGluR5 NAM
2-methyl-6-(phenylethynyl) pyridine (MPEP). Rodent behavioral screening in the
open field and elevated plus maze revealed increased locomotor activity in both
tests after acute LCGM-10 treatment, supported by further analysis of home
cage spontaneous locomotor activity (SLA). The stimulating effect of a single
LCGM-10 administration on SLA was evident up to 60 min after administration
and was not accompanied by hypokinetic rebound observed for caffeine.
According to our results, LCGM-10 has therapeutic potential to treat hypo-
and dyskinesias of various etiologies. Further investigation of LCGM-10 effects
in the delay discounting model of impulsive choice in rats revealed reduced
trait impulsivity after single and chronic administrations, suggesting potential
implication for attention deficit hyperactivity disorder, obsessive compulsive
disorder, and addictions.

KEYWORDS

group | metabotropic glutamate receptor, molecular docking, peptide drugs, novel
treatment, drug screening, stimulant action

1 Introduction

The development of novel treatments normalizing metabotropic glutamate receptor 5
(mGluR5) function in the central nervous system (CNS) is of great importance. mGluR5 is
expressed at high levels in several brain regions (Brain tissue expression of GRMS5, n.d.) and
is involved in a multitude of brain-related illnesses (Su et al., 2022) including fragile X
syndrome (FXS) (Bear et al., 2004; Brasi¢ et al., 2022), depression (Pilc et al., 2008; Esterlis
et al., 2022), Parkinson’s disease (Pisani et al., 2003; Azam et al., 2022), Alzheimer’s disease
(Sokol et al., 2011), attention deficit hyperactivity disorder (ADHD) (Elia et al., 2010), and
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addictions (Niedzielska-Andres et al., 2021). Because direct-acting
agonists produce substantial adverse effects and eventually lead to
profound receptor desensitization, the development of allosteric
modulators has been at the forefront of G protein-coupled receptor
(GPCR) drug development (Marino and Conn, 2006; Kampen et al.,
2022). Negative allosteric modulators (NAM:s) and positive allosteric
modulators (PAMs) will only modulate receptor activity in the
presence of the endogenous agonist, which is not possible with
orthosteric ligands and enables more specific control of the tissue
response (Wood et al., 2011; Stansley and Conn, 2019). The
non-competitive mechanism of action of NAMs makes them relatively
unaffected by high concentrations of glutamate that may be present in
disease states (e.g., stroke, epilepsy, neuropathic pain, etc.) (Pin and
Archer, 2002).

The development of new drugs with an allosteric mode of action
has been greatly enhanced by advances in X-ray crystallography and
cryo-electron microscopy, which have provided databases of high-
resolution GPCR structures in complex with ligands and intracellular
effectors for the docking studies (Congreve et al., 2020). Here
we employed computational modeling to search for peptides that
interact with the NAM site of mGluR5. We focused on peptides as
potential therapeutics because of their safety and tolerability profiles,
which are superior to those of other small molecules (Lau and Dunn,
2018; Malyshev et al., 2021; Mitkin et al., 2022). We identified four
novel, previously undescribed peptides with predicted affinity to the
mGluR5 NAM site based on in silico docking studies and revealed
that two of them, LCGM-10 and LCGM-15, have a potential
stimulating effect in zebrafish. mGluR5 modulation by LCGM-10 in
a wide range of concentrations was supported by calcium ion flux
imaging and a luciferase assay, using known mGIuR5 agonists and
antagonists. Several mGluR5 NAM:s have been investigated for the
treatment of drug addiction (Gass et al., 2009), FXS (Bear et al,,
2004), Parkinson’s disease L-dopa-induced dyskinesia (Dekundy
et al., 2006; Johnston et al., 2010; Grégoire et al.,, 2011), and
depression (Palucha and Pilc, 2007), showing promising results in
animal models. Several mGIuR5 non-competitive antagonists have
been tested for potential efficacy in clinical trials, including
mavoglurant (FXS, cocaine use disorder, L-dopa induced
dyskinesias, obsessive compulsive disorder [OCD], and Huntington’s
disease), basimglurant (major depressive disorder), GET 73 (alcohol
use disorder), and ADX10059 (gastroesophageal reflux disease,
dental anxiety, and migraine) (Clinical Trials Register, n.d;
ClinicalTrials.gov, n.d.). The efficacy of mGluR5 antagonists has
been reported in trials with patients with gastroesophageal reflux;
however, data from patients with Parkinson’s disease or FXS have not
been as robust as hoped (Witkin et al., 2022). Fenobam was approved
for use as an anxiolytic prior to its recognition as a mGluR5 NAM
(Porter et al., 2005).

In this study, in vivo behavioral characterization of the LCGM-10
and LCGM-15 peptides revealed hyperlocomotion in intact animals
in the standard behavioral paradigms of open field (OF) and elevated
plus maze (EPM), as well as in the home cage conditions. Additionally,
in the delay discounting model of impulsivity, we found that single
and chronic LCGM-10 treatment potently reduced impulsivity in rats.
Our results suggest the need for additional studies of LCGM-10 as a
potential treatment for hypo-and dyskinesias as well as for ADHD,
OCD, and pathological conditions associated with impulsive behavior
(drug addiction and gambling).
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2 Materials and methods

2.1 Animals

Wildtype D. rerio (128 fish, shortfin phenotype, 6-8 months of
age, male to female ratio 50: 50) were kept in a ZebTEC recirculating
system (Tecniplast S.p.a, Buguggiate, Italy), and housed under a
14/10-h photoperiod (lights on at 08: 00 and off at 22: 00). The system
parameters were maintained automatically with water set at 28°C, pH
6.8-7.5,550-700 mOsm/L, and constant aeration. Feeding was carried
out twice a day with special food for fish (Special Diet Services,
Scientific Fish Food, SDS 300-400). In total, 30 male Sprague Dawley
rats were used in the behavioral screening study, and 53 male Wistar
rats in the locomotion study (N=23) and the delay discounting test
(N=30). The animals were housed under constant environmental
conditions (12-h photoperiod at 22 +2°C) with ad libitum access to
food and water. All animal experiments were conducted in accordance
with the European Directive 2010/63/EU of the European Parliament
(Council of 22 September 2010 on the protection of animals used for
scientific purposes) and were approved by the local Bioethics
Commissions. All manipulations with animals were carried out at the
end of the 14-day adaptation period.

2.2 Drug treatment and behavioral
screening in Danio rerio

LCGM peptides (supplied by Lactocore Inc., synthesized by
Peptide 2.0 Inc. [Herndon, VA, United States], 98% purity) were
administered at a dose of 1 mg/kg (intraperitoneal, prepared in saline
on the day of the experiment). The peptides had the following amino
acid composition: LCGM-2 (AGAS=AlaGlyAlaSer), LCGM-5
(DSGH = AspSerGlyHis), LCGM-10 (KEDV =LysGluAspVal), and
LCGM-15 peptide (RAHE = ArgAlaHisGlu). The control groups were
treated in parallel with vehicle alone (saline). For drug injection, the
fish were anesthetized briefly by placing them in 10°C water. The
vehicle controls were tested in parallel (four control groups in total,
one for each peptide-treated group).

Behavioral testing was initiated 10min after drug injection,
starting with the novel tank test (NTT) and followed immediately
thereafter by the light-dark box (LDB) test. The NTT was adapted
from (Maximino et al., 2013) with the behavior video-recorded and
the data processed using EthoVision XT14 (Noldus, Netherlands). The
distance traveled; speed; the number of visits to the bottom, middle,
and top thirds of the aquarium; and the times spent in each of these
zones during the initial 5min in the tank were recorded. A decreased
time spent at the surface of the NTT apparatus reflects a reduction in
exploratory behavior or increased hiding motivation (Sackerman
et al.,, 2010). The behavior in the LDB test, adapted from (Maximino
et al,, 2011), was video recorded and processed using EthoVision
XT14 (Noldus). The fish were added to the center zone of a three-zone
aquarium and allowed to adapt for 1-2min before removal of the
septa separating the center from the flanking zones. The time spent
and the number of visits to the light and dark flanking zones and the
latency to enter the lit zone were recorded during a 5-min session.
Stress of fish is associated with increased time spent in the dark
compartment (scototaxis) (Maximino et al., 2011). All behavioral
testing was done in the light phase using 500 lux illumination. The
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experiment was performed by the Institute of Mitoengineering of
MSU on a contract basis.

For statistical evaluation, experimental raw data were converted
into Z-scores as followed: (1) for each control group mean (p) and
standard deviation (o) were calculated; (2) Z-score for each fish from
the pept)icdf—treated group was found with formula:

z=——"— where x is the observed value in the peptide-treated
group, p and o are values of the corresponding control group.

2.3 Drug treatment and behavioral
characterization in rats

We administered LCGM peptides intranasally. Peptides were
dissolved in saline at a concentration appropriate for the dosage. For
administration, the rat was held in a horizontal position, with its head
slightly tilted back. Then, using an automatic laboratory pipette, no
more than 10 pL of the peptide solution was carefully introduced into
each nostril of the rat. After visually confirming that the entire volume
of liquid entered the animal’s nose, the rats were returned to their
home cage. The total volume administered did not exceed 20 pL per
rat and was calculated based on the animal’s weight. This route of
administration has several advantages for short peptides, such as rapid
systemic drug absorption and the potential to bypass the blood-brain
barrier more effectively and access the central nervous system (Pires
etal,, 2009; Lochhead and Thorne, 2012). For patients, this method is
relatively noninvasive and limits the side effects associated with
peripheral administration of substances (Meredith et al., 2015).

Sprague Dawley rats received LCGM-10 or LCGM-15 (1 and
10 mg/kg intranasally in saline) 30 min before testing. The open field
(OF) test was used to assess locomotion in a 5-min trial. The round
gray polyvinyl chloride OF arena was 97 cm in diameter with 42 cm
wall height, and illuminated with bright light at 5001x (RPC Open
Science Ltd). A rat was gently placed in the arena’s center, and the
behavior was recorded with a video camera for subsequent analysis by
the EthoVision XT videotracking system (Noldus, Netherlands).
Measured behavioral parameters were the total distance (cm), the
average speed (cm/s), the time spent in the center (s), the number of
entries to the center, and the distance traveled in the center (cm). The
number of rears and defecation acts were manually counted by
the experimenter.

The elevated plus maze (EPM) test was used to assess anxiolytic-
like drug activity in a 5-min trial. The maze consisted of two closed
and two open arms opposite each other, 30 cm long. The closed arms
side height was 15 cm. The entire setup was elevated 70 cm above the
floor. The open arms were brightly illuminated at 4001x, while the
closed arms had 30-401x (RPC Open Science Ltd). A rat was placed
in the maze’s center facing an open arm. The behavior was recorded
for analysis with EthoVision XT videotracking system (Noldus,
Netherlands), and included the total distance (cm), and the average
speed (cm/s). The distance traveled (cm), the time spent (s), and the
number of entries were separately calculated for the central sector,
open and closed arms.

The interval between sequential behavioral tests was 2-3 days with
the sequence OF and EPM. All the testing and data analyses were
performed by research personnel blind to treatment. The experiment
was performed by the Institute of Mitoengineering of MSU on a
contract basis.
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2.4 Drug treatment and spontaneous
locomotor activity assessment in home
cage conditions in rats

Spontaneous locomotor activity (SLA) was measured using the
Activiscop setup (NewBehavior Inc., Switzerland) (Madani et al.,
2003). The animals were kept in home cages with free access to food
and water. Motor activity was recorded using an infrared sensor
located above each cage. The experiment lasted 2 days: On the first
day, baseline activity was recorded, and then Wistar rats received
LCGM-10 (5mg/kg in saline, intranasal) and caffeine (30 mg/kg in
saline, intraperitoneal) and were recorded for another 24h. The
days were divided into day 1 (12: 00-18: 59), night (19: 00-06: 59),
and day 2 (07: 00-11: 59). The results are presented as the number
of behavioral acts per minute (arbitrary units [a.u.]) for each
animal. The experiment was performed by the Serbsky National
Medical Research Center for Psychiatry and Narcology on a
contract basis.

2.5 Drug treatment and delay discounting
test in rats

The delay discounting test was performed as described previously
(Pavlova et al., 2020). Briefly, Wistar rats were first trained to press the
two pedals to obtain food: standard food granules weighing 45mg
from BioServ (United States). Throughout the training, rats were
maintained at 85% of their free feeding body weight to create food
motivation. Training continued until the rats displayed an equal
probability of pressing the two pedals. The animals were then
presented with the opportunity to select either the low-value
immediate reinforcement or the valuable but delayed food
reinforcement. During the experiments, the rats performed 25 trials
to reach a stability criterion—preference for one pedal or the other—
for 10days. In each experiment the number of presses on the pedal
yielding the low-value immediate reinforcement (k1) was determined,
along with the number of presses on the pedal leading to delivery of
the more valuable but delayed reinforcement (k2). The percent choice
of the large/delayed lever (impulsivity coefficient) was calculated as %
choice=k2/(kl +k2). The rats were assigned to the high impulsivity
(HI) group if they chose a low-value reinforcement in at least 60% of
trials, and to the self-controlling (low-impulsive) group if they were
able to choose a more valuable reinforcement in more than 60% of
trials. At this stage, 30 HI animals were selected and three groups of
10 rats each were formed. The HI rats first received a single dose of
LCGM-10 (1 and 10 mg/kg in saline, intranasal) 30 min before testing.
Four days later, the rats received chronic (7-day) administration of
LCGM-10 at the doses indicated above, with impulsivity tested the day
after the last administration (Table 1). The experiment was performed
by the Institute of Higher Nervous Activity and Neurophysiology on
a contract basis.

2.6 Calcium flux imaging
mGluR5 activation leads to Ca** influx that could be blocked by

adding a specific antagonists or NAMs (Kettunen et al., 2002; Beggiato
etal., 2018). Elevation of intracellular Ca** levels via the phospholipase

frontiersin.org


https://doi.org/10.3389/fnbeh.2024.1333258
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org

Malyshev et al.

TABLE 1 Schedule of the delay discounting experiments.

Treatment Acute saline

10.3389/fnbeh.2024.1333258

Acute LCGM-10/saline

Time interval 1month 30 min

30min 7 days -

Delay discounting Training Test -

Test - -

C pathway is typical for all Gq-coupled GPCRs (Liu et al., 2008) and
can be detected using a penetrating Ca** indicator.

The CHO cell line stably expressing human mGIuR5 was
generated using T-Rex System (Thermo Fisher Scientific Inc.,
United States) according to the manufacturer’s instructions. Briefly,
complementary DNA (cDNA) encoding human mGIluR5 was
subcloned into the pcDNA4/TO inducible expression vector, which
was transfected into CHO cells carrying the pcDNA6/TR regulatory
vector that expresses the tetracycline repressor. After 2weeks of
selection using 5 pg/mL blasticidin (Thermo Fisher Scientific Inc.) and
250 pg/mL zeocin (Thermo Fisher Scientific Inc.), pools of cells were
screened for the expression of mGluR5 in the agonist-induced Ca*
uptake assay. Positive cells were expanded and used. mGluR5
expression was induced by adding up to 1pg/mL of tetracycline
(Thermo Fisher Scientific Inc.) 16 h before testing.

Fluorescent assays were performed using NOVOstar (BMG
LABTECH, Germany). CHO-mGluRS5 cells were seeded into black-
walled, clear-bottomed 96-well plates at a density of 75,000 cells per
well (complete media without antibiotics and containing 1 pg/mL of
tetracycline to induce receptor expression) and were cultured
overnight at 37°C. The cells were then loaded with the cytoplasmic
calcium indicator Fluo-4 AM using the Fluo-4 Direct™ Calcium
Assay Kits (Thermo Fisher Scientific Inc.) and incubated in the dark
at 37°C for 60 min, and then at 25°C for 60 min. The buffer alone
(control) or the buffer containing different concentrations of
LCGM-10 (0.02, 2, 20, and 200 uM), LCGM-15 (0.02, 2, 20, and
200 uM), or 2-methyl-6-(phenylethynyl) pyridine ((MPEP] 0.1, 1, 10,
and 100 pM; Sigma-Aldrich, United States) were added to the cells
(in six replicate wells). The LCGM doses 2 and 20pM are
physiologically relevant. After incubation at 37°C for 3 min, changes
in cell fluorescence (lex=485nM, lem=520nM) were monitored
before and after the addition of the mGIuR5 agonist (1 mM GluNa;
Sigma-Aldrich). The measurements were performed at pH 7.4
and 37°C.

2.7 Luciferase reporter assay

All
transcription. Sensitive and easy-to-use high-throughput assays that

GPCR signaling pathways eventually induce gene
can accurately detect gene expression activity of a GPCR and validate
accurate pharmacology while offering flexibility are based on gene
promoter and/or transcription factor response to a GPCR. Ultimately,
a chemiluminescent signal is produced by the promoter-driven
reporter expression that is directly proportional to activation or
inhibition of a specific GPCR in the cells (Unal, 2019).

The detailed description of the method was published previously
(Kroeze et al., 2015). Briefly, the HEK293 cell line was transfected with
three types of plasmids using polyethylenimine (PEL, 408727, Sigma-
Aldrich, United States) 24h prior to agonist application. Plasmid 1
encodes the GRM5-tTA fusion protein. The linker between mGluR5
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and tTA is sensitive to TEV protease.! In case of testing the activity of
LCGM-10 peptide toward mGluR1 and mGluR4, we applied the
plasmids encoding GRM1-tTA” and GRM4-tTA® fusion proteins,
respectively. Plasmid 2 encodes fB-arrestin2-TEV protease fusion
protein.” Plasmid 3 encodes the luciferase tTA reporter.” Transfected
cells were treated with agonist/antagonist and incubated overnight
(16h). Antagonists were introduced 10min prior to agonists. The
following ~ substances  were  used:  o-amino-2-chloro-5-
hydroxybenzeneacetic acid, (RS)-2-chloro-5-hydroxyphenylglycine
([CHPG], an orthosteric selective mGluR5 receptor agonist; HB0033,
HelloBio, United States) at a dose of 1 mM according to the literature
(Loane et al., 2009; Chen et al., 2012). A selective mGluR5 NAM
6-methyl-2-(phenylazo)-3-pyridinol (SIB 1757, Sigma-Aldrich,
United States) at a dose of 10 pM according to the literature (Liu et al.,
2014), L-(+)-2-amino-4-phosphonobutryic acid ([L-AP4], an
orthosteric agonist of Group III mGluRs; HB0370, HelloBio,
United States) for mGluR4 activation at a dose of 1 pM according to the
literature (Mathiesen et al., 2003), (S)-3,5-dihydroxyphenylglycine
([DHPG], an orthosteric agonist of Group I mGluRs; HB0045,
HelloBio, United States) for mGluR1 activation at a dose of 10 pM
(Fukuda et al., 2009), (—=)-PHCCC (a PAM of mGluR4 and a NAM of
mGluR1; SML1432, Sigma Aldrich, USA) at a dose of 40 uM (Maj et al.,
2003), and LCGM peptides at doses of 20 and 200 pM according to the
results obtained from the Ca®* imaging assay. The luciferase test was
performed using Promega™ Luciferase Assay Systems Kit (PR-E1500,

Promega, United States) according to the manufacturer’s protocol.

2.8 Computational studies

We used a computer-generated random tetrapeptide library and
experimentally derived peptides from Bos taurus milk hydrolysates
(supplied by Lactocore Inc.), as described previously (Malyshev et al.,
2021) as a source of tetrapeptides. For the discovery of peptidic hits,
we utilized the proprietary Peptimize algorithm (Lactocore, Inc.), based
on the Peptogrid algorithm (Zalevsky et al., 2019; Malyshev et al., 2021).
It is used to post-process a docking run, and as its inputs, we used
docking results of all tetrapeptides constructed from 19 amino acids (all
canonical residues excluding cysteine). This dataset consisted of 130,321
peptides in total for computer-generated peptides. Additionally,
we tested a set of peptides from the hydrolysate: 274 peptides and 5,480
poses in total. We performed docking with AutoDock Vinav. 1.1 (Trott
and Olson, 2009) at the NAM site of the 5CGC mGluR5 model
(Christopher et al., 2015). We centered the box at the center of masses

https://www.addgene.org/66390/
https://www.addgene.org/66387/
https://www.addgene.org/66389/
https://www.addgene.org/107245/
https://www.addgene.org/64127/
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of the atoms of the NAM site present in the model, with a size of 35A
in all directions. We set the exhaustiveness parameter was set to 64. The
rationale of the docking exclusively to NAM site of mGIuR5 is
conditioned by the evidence that it provides binding of highly selective
allosteric antagonists possessing no affinity for other subtypes of
metabotropic glutamate receptors (Christopher et al., 2015).

Due to the narrowness of the binding pocket, peptides with large
side groups sterically were not able to fit in it and grouped on the edge
of the docking site. We excluded these peptides from further
calculations to prevent distortion of the Peptimize probability model.
We used 0.92 as a threshold to cut off a sufficient number of the best
findings with a good score for the generated set of the peptides. This
gave us 20 findings in total that we used for subsequent expert analysis.
We also filtered the peptides that originated from B. taurus milk
hydrolysates. The final ranking had a threshold of 0.74, which
provided five peptides for expert analysis. This analysis was focused
on finding novel, previously undescribed peptides with patent purity.

2.9 Statistical analyses

Statistical analyses were performed using GraphPad Prism 9.5
(GraphPad Software, United States). The in vitro luciferase reporter
assay was performed in three biological replicates and analyzed with
two-way analysis of variance with the post hoc Bonferroni multiple
comparison test. Ca®* imaging studies were analyzed with one-way
analysis of variance, followed by pairwise comparisons using false
discovery rate (FDR) correction. In vivo screening experiments in
D. rerio were analyzed by two-way analysis of variance; pairwise
comparisons were carried out for each treatment group. The FDR
method using two-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli was then applied, with a significance threshold
of ¢=0.05. Behavioral studies in rats (the OF, EPM, SLA, and delay
discounting tests) were analyzed using a parametric test (one-or
two-way analysis of variance with the post hoc Holm-Sidék test) or a
non-parametric test (Kruskal-Wallis test with the post hoc Dunn’s test)
after diagnostics for residuals (Spearman’s rank correlation test for
heteroscedasticity and normality tests). Differences between groups
were considered significant at p <0.05.

3 Results
3.1 Docking to the NAM site of mGLluR5

We used the proprietary Peptimize engine to obtain a ranked list
of tetrapeptide hits against the transmembrane NAM site of mGluR5,
also referred to as a MPEP site, similarly to what was done previously
(Malyshev et al., 2021). This site is highly selective, it ensures binding
of mGluR5 noncompetitive antagonists (MPEP, MTEP, SIB-1757, and
their analogs) which do not affect other mGluRs, except of a few
exclusions. In some instances, it is reported that MPEP and SIB-1893
are able to act as PAMs of mGluR4 (Mathiesen et al., 2003; Dalton
etal, 2017). The effect is not observed in the case of more potent and
specific MTEP and SIB-1757. From the overall set of possible
tetrapeptides without cysteine, we selected the peptides AGAS,
DSGH, and RAHE (hereafter LCGM-2, LCGM-5, and LCGM-15,
respectively) for further validation. We chose them because they were
ranked in the top 20 list and had significantly different compositions
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and hence physicochemical properties. In manual selection,
we considered interactions with residues of the binding site, chemical
diversity, and energy contributions to the binding energy that are not
part of the scoring function (primarily ligand strain and binding site
desolvation). We also added the best-ranked milk hydrolysate peptide
LCGM-10 to the short list.

3.2 Behavioral screening of LCGM peptides
in Danio rerio

We carried out the two most common tests to evaluate the fish
response to the stressful conditions of novelty (NTT) and bright light
(LDB). Figure 1 represents the summary data of the effects of the
LCGM peptides on the NTT and LDB results relative to each group
control, expressed as z-scores. The Supporting Information contains
the examples of motor tracks (Supplementary Figures S1, S2), and
primary data (Supplementary Figures S3, S4), and Table 2 provides the
results of the two-way ANOVA. Statistical analysis revealed a
significant effect for Treatment (F, ,,,=7.8, p=0.005) and Treatment
x Group interaction (Fj ;,,=4.4, p=0.05) on the distance traveled by
the fish, but not the time spent on the bottom in the NTT. LCGM-10
and LCGM-15 had a stimulating effect. Both peptides delivered
intraperitoneally at 1mg/kg significantly increased the distance
traveled by the fish (¢=0.004 for LCGM-10, and g=0.005 for
LCGM15; Figure 1A), with no major changes in the bottom-dwelling
time (Figure 1B). In the LDB test, a significant Treatment effect was
found for the number of transitions (F, 1,,=6.3, p=0.013) and the
time spent in the light (F, 1,,=7.4, p=0.007) by the fish. We observed
an increase in the number of transitions to the light (g=0.018;
Figure 1C) as well as the time spent in the light compartment
(g=0.022; Figure 1D) after treatment with LCGM-10, suggesting
potential anxiolytic-like activity that we have described previously for
diazepam (Malyshev et al., 2021). LCGM-2 and LCGM-5 had no
effect on the behavior of the fish in either test.

3.3 Calcium flux imaging of LCGM peptides

Figure 2 shows the effects of the LCGM peptides and selective
non-competitive mGIuR5 antagonist MPEP at peak activation in a
CHO cell line stably expressing human mGluR5. There was a
significatnt Treatment effect with F; ¢,=2.8 (p=0.003), and GluNa
resulted in an enhanced fluorescence peak intensity compared to
non-activated cells (q=0.001). MPEP effectively blocked GluNa-
evoked calcium oscillations in cells at all tested doses (0.1 pM with
q=0.001, 1 and 10 pM with g =0.004, 100 uM with g=0.03). We found
a potent reduction in calcium influx after the application of LCGM-10
at all tested doses (0.02, 2uM with q=0.04, 20 pM with q=0.02, and
200 uM with g=0.007) and LCGM-15 at doses of 2pM (g=0.04) and
20puM (¢q=0.004), confirming the potential of LCGM peptides as
mGluR5 NAMs.

3.4 Luciferase reporter assay of the LCGM
peptides

We detected the luciferase signal after 16h of incubation with
LCGM-10 and LCGM-15 (20 and 200 pM) alone, or in combination
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FIGURE 1
threshold of 0.05. For statistics, see Table 2.

The results of the screening experiment in D. rerio. The peptides LCGM-2, LCGM-5, LCGM-10, and LCGM-15 were tested for in vivo activity in zebrafish
(N =16 in each group) after a single intraperitoneal injection of 1 mg/kg. The bar plots show the effects (z-scores) of the tested peptides in the (A,B)
NTT and (C,D) LDB test. (A) Fish locomotor activity was significantly increased after acute LCGM-10 and LCGM-15 administration, but there was no
effect from LCGM-2 and LCGM-5 administration. (B) The preference of the fish for the tank’s bottom remained unaffected by all of the peptides.

(C) The number of light-dark transitions and (E) the time spent in the light increased significantly in the fish treated with LCGM-10, but not LCGM-2,
LCGM-5, and LCGM-15. The results are presented as the mean and 95% confidence interval. *q < 0.05 and **q < 0.01 versus the corresponding control
group (not shown); two-way analysis of variance followed by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, at a g
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with a mGluR5 agonist CHPG (1mM) or CHPG + a mGluR5
antagonist SIB 1757 (10 pM) (Figure 3). Two-way ANOVA revealed a
significant effect for Treatment (F, ,,=61.7, p<0.001), Group
(F, 20=6.41,p=0.002), and Treatment x Group interaction (F, ,,=7.34,
p<0.001). Transfected control cells luminescence was enhanced in the
presence of CHPG (p <0.0001) and depleted when SIB1757 was added
(p<0.0001), supporting mGluR5-dependent signal transduction.
LCGM-10 and LCGM-15 reduced the level of CHPG-induced
mGluR5 activation compared with the activated control (LCGM-10
at 20 and 200 pM with p<0.0001, and LCGM-15 with p=0.05 and
0.0012 at 20 and 200 uM respectively). In the presence of SIB 1757, the
signal was indistinguishably low in all peptide-treated groups and
transfected contol. Luminescence signal depression was more evident
with LCGM-10 treatments, with no difference from non-activated
peptide-treated controls (p>0.79 for 20 and 200 uM), when LCGM-15
application still caused a significant signal enhancement in the
presence of CHPG (with p<0.001 at 20 uM, and p=0.03 at 200 pM).

Frontiers in Behavioral Neuroscience

Even high doses of LCGM-10 and LCGM-15 did not influence
mGluR5 activity in the absence of CHPG.

To exclude off-target activity toward mGluR4, we tested the ability
of LCGM-10 peptide to affect the basal activity of mGluR4 and to
influence the receptor’s response to a specific agonist L-AP4.
Additionally, we checked the activity of LCGM-10 toward mGluR1
which belongs to the same Group I of metabotropic glutamate
receptors, utilizing the identical intracellular signaling pathway.
LCGM-10 performed no action on both mGluR4 and mGluR1
(Supplementary Figure S5) suggesting the selectivity for mGluR5 over
the most relevant mGluR subtypes.

3.5 Behavioral analyses of LCGM-10

Analysis of the behavioral data revealed a significant Treatment
effect on distance traveled in the OF (F, ,,=7.8, p=0.002) and the
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EPM (F, »,=9.9, p<0.001) tests. Track visualizations are presented in
the Supplementary (Supplementary Figure S6 for the OF
Supplementary Figure S7 for the EPM). Rats treated intranasally with

TABLE 2 The results of the statistical analysis of D. rerio behavior in the
NTT and LDB test.

Two-way analysis F (DFn, DFd) p
of variance

NTT, distance traveled

Interaction F; =44 0.005*
Treatment Fi =78 0.005*
Group F; 00=24 0.062
NTT, bottom-dwelling time

Interaction F;1,,=0.7 0.538
Treatment Fi124=2.6 0.103
Group F; 1,,=6.3 0.001*
LDB test, number of transitions

Interaction F; =13 0.260
Treatment F, 1,4=6.3 0.013*
Group F; =13 0.250
LDB test, time in the light

Interaction F;10=13 0.251
Treatment F1y=74 0.007*
Group F; 15,=0.5 0.665

We carried out two-way analysis of variance with the independent variables (factors)
treatment (control or peptide) and group (LCGM-2, LCGM-5, LCGM-10, or LCGM-15).
*

'p<0.05.

10.3389/fnbeh.2024.1333258

1 and 10 mg/kg LCGM-10 showed increased locomotor activity in
both OF (p=0.002 and 0.006 respectively) and EPM tests (p <0.001
and p=0.01 respectively) (Figure 4). In the OF, the difference was
found in the distance traveled near the walls (F, ,,=0.79, p=0.002;
Supplementary Table S1), but not in the center of the arena (F, ,,=0.07,
p=0.93; Supplementary Table S1) after the peptide treatment.
LCGM-10 at both doses did not affect thigmotaxis in the OF: The time
spent in the center of the arena (F, ,;=0.5, p=0.61) and the number
of center entries (F, ,,=0.8, p=0.46) did not differ from the control
rats. In the EPM, alongside the increased distance traveled,
we observed an increase in the number of open arm entries (H, ,,=9.9,
p=0.007; at 0.1mg/kg with p=0.004). The lack of an effect of
LCGM-10 on the time spent in the open arms (F, ,=2.8, p=0.07) in
the EPM and on the time spent and distance traveled in the center of
the OF test, suggests that the peptide has a locomotor rather than
anxiolytic-like effect.

3.6 The effect of LCGM-10 on SLA

We measured home cage activity 24 h before (baseline) and after
(treatment) drug administration. We divided the 24-h period into day
1 (12:00-18:59), night (19:00-06:59), and day 2 (07:00-11:59).
Baseline activity in rats was similar between the groups (not shown).
There was enhanced SLA in rats on day 1 after injection of 30 mg/kg
caffeine (F, ,=18.7, p<0.001; p <0.001 vs. control group) followed by
hypokinesia on day 2 (F, 5 =7.6, p=0.003; p=0.002 vs. control group)
(Figures 5A,D). There were no differences between the groups during
the night (F,, ,=0.6, p=0.56) (Figure 5C). LCGM-10 (5mg/kg) did
not cause an overall shift in diurnal activity in rats. We performed a
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FIGURE 2
Effects of LCGM-10 and LCGM-15 on intracellular Ca®* levels in CHO-mGIluR5 cells at peak activation (maximum fluorescence amplitude). Basal
fluorescence [cont, before activation (N = 5)] is shown as a white bar. The mGluR5 agonist GluNa (1 mM) enhanced Ca?* influx (activated cont, gray bar,
N =7). There was a significant effect on intracellular Ca®* levels with 0.02-200 pM LCGM-10 (N = 6 each), 2 and 20 pM LCGM-15 (N = 6 each), and
0.1-100 pM of the mGIuR5 antagonist MPEP (N = 6 each) (Fis 64 = 2.8, p = 0.003; one-way analysis of variance followed by the two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli, at a q threshold of 0.05). *q < 0.05 versus activated cont. The data are presented as the mean + standard
deviation.

Frontiers in Behavioral Neuroscience

07

frontiersin.org


https://doi.org/10.3389/fnbeh.2024.1333258
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org

Malyshev et al.

10.3389/fnbeh.2024.1333258

O vehicle m ]

CHPG 1 mM A

CHPG 1 mM +
SIB 1757 10uM

FIGURE 3

>0.99 0.79 <0.001 0.03
1.5%108+ 1 1 1 1
[22]
z 0.008 <0.001
3 — * r
§ 1x108 b
(%] *kkk
2
g *kk*k *kk*k
E 5><1O7— * kKK oo
=
E *kkk *kkk
(0]
: o
O [ mlﬂ [ [
> Q &)
s@ N N
N O® D C9® $
& C\\"o NN N
O > v

The mGluR5-luciferase reporter assay results. HEK293 cells transfected with genetic reporter systems were treated with CHPG (1 mM) or CHPG (1 mM)
+ SIB 1757 (10 uM). LCGM-10 and LCGM-15 were co-administered at a dose of 20 and 200 pM. Introduction of the mGluR5 agonist CHPG induced a
luciferase signal, corresponding to mGIuRS5 activation. The mGIluR5 antagonist SIB 1757 inhibited mGluR5 activity. Both LCGM-10 and LCGM-15
reduced the level of CHPG-induced mGILuR5 activation (Treatment [F, o = 61.7, p < 0.001]; Group [F4 2 = 641, p = 0.002]; Interaction [F, » = 7.34, p <
0.001]; two-way analysis of variance with the post hoc Bonferroni multiple comparison test). The data are presented as the mean + standard deviation
for three biological replicates (N = 3 each group). *p < 0.05, **p < 0.01, and ****p < 0.0001 versus the transfected control + CHPG 1 mM group. The
p-values represent the influence of the mGIUR5 agonist/antagonist treatment within the groups.

thorough analysis of day 1 to determine whether the peptide caused a
short-term locomotor effect. Figure 5B shows SLA during the first
1.5h after treatment, averaged for every 30min with significant
Treatment (F, 5=12.4, p<0.001), Time effects (F,gs6 3700=92.2,
p<0.001), and their Interaction (Fy 5,=6.3, p<0.001). After intranasal
administration of LCGM-10, the rats maintained greater locomotor
activity compared with the vehicle-treated control group for a
relatively short period of time: the total 30-min locomotor activity was
higher in the LCGM-10 group at 60 min (p=0.04) but not at 90 min
(p=0.20).

3.7 The effects of LCGM-10 in the delay
discounting test

Investigation of acute and chronic LCGM-10 administration on
trait impulsivity of highly impulsive rats revealed reduced delay
aversion in the delay discounting test with Group (F, =82,
p<0.001), Treatment (F, g1, 7954 = 7.8, p=0.002), and Interaction effects
(Fy 95=5.3, p<0.001). We trained male Wistar rats to press levers to
receive either an immediate small food reward or a delayed larger
reward. We considered rats with >60% preference for an immediate
reward to be impulsive and we divided them into three groups treated
with saline (control) or LCGM-10 at a dose of 1 or 10 mg/kg. Baseline
selection of a large/delayed reward after intranasal saline
administration did not differ between the groups (Figure 6). We found
that acute and chronic intranasal administration of LCGM-10 at a
higher dose increased the proportion of large/delayed lever presses
(p=0.02 and p<0.001 for acute and chronic treatment respectively),
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which suggests decreased reward choice impulsivity after treatment
with this peptide.

4 Discussion

In the current study we describe the discovery of LCGM-10
peptide, a potential mGluR5 NAM drug. LCGM-10 was among the
top-ranked peptides according to the docking studies. In vivo
behavioral screening in D. rerio revealed stimulating activity of
LCGM-10, which were further supported in the behavioral test in rats.
In depth analysis of locomotor effects of LCGM-10 revealed moderate
enhancement of SLA in rats evident up to a 60min after
administration. We also found that LCGM-10 acute and chronic
administration potently decreases impulsive choice in rats in the delay
discounting test. LCGM-10 acted as NAMs in functional assays,
reducing calcium ion flux in CHO-mGIuR5 cells activated with GluNa
and suppressing luciferase signal when co-administered with mGIuR5
agonist CHPG. These results suggest a potential implications of
mGIluR5 NAM LCGM-10 for the treatment of movement disorders,
ADHD, OCD, and pathological conditions associated with impulsive
behavior (drug addiction and gambling).

We evaluated the in vivo activity of the top-ranked peptides from
the docking investigation in zebrafish. D. rerio is a valuable screening
tool for pharmacological studies as they respond to psychoactive
compounds of various classes, such as the GABAA PAM diazepam;
the 5-HT,, receptor agonist buspirone; the serotonin-norepinephrine
reuptake inhibitor desipramine; and the selective serotonin reuptake
inhibitors fluoxetine, caffeine, and ethanol (Maximino et al., 2013,
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FIGURE 4
The effects of LCGM-10 administration on the behavior of Sprague Dawley rats in the OF and EPM tests. LCGM-10 was administered intranasally at 0.1
and 1 mg/kg 30 min prior to the test. (A—C) In the OF test, LCGM-10 at both doses significantly increased the distance traveled ([F, ,; = 7.8, p = 0.002];
analysis of variance, with the post hoc Holm-Sidak test) without affecting the time spent in the center ([F, ,; = 0.5, p = 0.61]; analysis of variance) and
the number of center entries ([F, ,; = 0.8, p = 0.46]; analysis of variance). (D—F) In the EPM, LCGM-10 significantly increased locomotion at both doses
(IF5 27 = 9.9, p < 0.001]; analysis of variance, with the post hoc Holm-Sidak test). LCGM-10 increased the number of transitions to the open arm
significantly at 0.1 mg/kg and numerically at 1 mg/kg ([H., »; = 9.9, p = 0.007]; Kruskal-Wallis test, with the post hoc Dunn's test), without an overall
effect on the time spent in the open arms ([F,, ,; = 2.8, p = 0.07]; analysis of variance). N = 10 in each group. *p < 0.05, **p < 0.01, and ***p < 0.0001
versus the control group. The results are presented with box and whisker plot.

2014; Cueto-Escobedo et al., 2022). Our previous screening study of
peptides with anxiolytic-like and antidepressant-like properties
showed a specific activity profile in zebrafish, similar to what has
been observed after diazepam treatment (Malyshev et al., 2021).
Herein, we found the stimulatory effects for two peptides, LCGM-10
and LCGM-15. A previous report indicated a similar effect of
low-dose caffeine (10mg/kg) and bupropion (30mg/kg) on
locomotion; these drugs have known motor-stimulating effects
(Maximino et al., 2014). Based on these results, we chose LCGM-10
and LCGM-15 for further investigation of biological activity and
target validation.

Target validation experiments suggested that LCGM-10 has
greater efficacy than LCGM-15. LCGM-10 behaved as an mGluR5
NAM in vitro as evidenced by its ability to diminish the stimulating
effect of GluNa expressed as the maximum fluorescence amplitude in

Frontiers in Behavioral Neuroscience

the calcium imaging assay. We observed a significant reduction of
calcium influx starting from 0.02pM up to 200pM LCGM-10. A
similar magnitude of suppression was registered after mGluR5
antagonist MPEP treatment at a dose range of 0.1-10 pM. We next
evaluated the modulating effect of LCGM-10 on mGluRS5 activity by
performing a luciferase reporter gene assay. This finding indicates that
both peptides could act as mGluR5 NAMs. LCGM-10 suppressed
mGluR5 activity more potently: the luminescence signal did not differ
from the peptide-treated non-activated group at either tested
LCGM-10 dose in the presence of CHPG, while the signal was higher
after treatment with both doses of LCGM-15 compared to
non-activated peptide-treated cells. Additionally, LCGM-10 specificity
over the other subtypes of metabotropic glutamate receptors was
supported by the absence of the activity toward the most structurally
close mGluR1 and mGluR4.
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FIGURE 5
Home cage cumulative SLA in male Wistar rats. Twenty-four-hour recording (day 1 [12:00-18:59], night [19:00-06:59], and day 2 [07:00-11:59]) after
treatment with LCGM-10 (5 mg/kg, intranasal) and caffeine (30 mg/kg, intraperitoneal). (A) There was significant induction of SLA on day 1 in caffeine-
treated group compared with the vehicle-treated control group (IF » = 18.7, p < 0.001]; one-way analysis of variance with the post hoc Holm-Sidak
multiple comparison test). (B) Day 1 average cumulative SLA after LCGM-10 and caffeine treatment over 30-min intervals. In the short term, there was
an increase in SLA in the LCGM-10 group up to 60 min, while caffeine-induced hyperlocomotion was evident up to 90 min (Treatment [F, ,0 = 124, p <
0.001]; Time [Fa0s6, 3700 = 92.2, p < 0.001], Interaction [Fs 54 = 6.3, p < 0.001]; two-way repeated measures analysis of variance with the post hoc Holm-
Sidak multiple comparisons test). (C) There were no effects of treatment on the nighttime activity in the rats (IF, ,0 = 0.6, p = 0.56]; one-way analysis of
variance). (D) There was a significant reduction in SLA in the caffeine-treated group compared with the vehicle-treated control group on day 2 ([F; » =
7.6, p = 0.003]; one-way analysis of variance with the post hoc Holm-Sidak multiple comparison test). N = 7-8 in each group. **p < 0.01 and ***p <
0.001 versus the control group. The bar plots show the mean + standard deviation.

Therefore, we evaluated the potential of LCGM-10 as a therapeutic
in male rats submitted to the OF and EPM. Notably, the stimulatory
effect of the LCGM peptides in zebrafish was also evident in rodent
OF and EPM behavioral tests, which suggests evolutionary
conservation of the behaviorally relevant target of LCGM-10 across
most vertebrates. The importance of mGluR5 for modulating motor
behavior has been reported in pharmacological (Mcgeehan et al.,
2004; Guimaraes et al., 2015) as well as knockout (Gray et al., 2009;
Jew et al.,, 2013; Ribeiro et al., 2014) studies in rodents, with solid
agreement that mGluR5 blockade produces hyperkinesia. The effect
of mGluR5 blockade probably depends on the brain region and might
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involve the cross-interaction of different neural substrates (Jew et al.,
2013; Guimaraes et al., 2015). Interestingly, the stimulatory effect on
locomotion has been described for the mGluR5 antagonist MPEP,
when it was applied directly to olfactory bulbs, the dorsolateral
striatum, and the dorsal hippocampus, but not primary motor area
and ventral striatum, suggesting an intricate interplay between neural
circuits involved in mGluR5-mediated motor behavior regulation
(Guimaraes et al., 2015).

To begin exploring the potential of LCGM-10 as a CNS stimulant,
we studied SLA in rats. A previous report indicated that 25 mg/kg
caffeine increased SLA up to 3h in mice (Kobayashi et al., 2020), but
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FIGURE 6

Percent choice of the large/delayed lever in the delay discounting test in male Wistar rats. Hl rats received a single dose (acute administration) or
chronic doses (7-day administration) of LCGM-10 at 1 and 10 mg/kg. Acute and chronic administration of 10 mg/kg LCGM-10 was sufficient to
promote choosing the large/delayed lever (Group [F, ¢ = 8.2, p < 0.001], Treatment [Fi g1 7984 = 7.8, p = 0.002], Interaction [F4 o5 = 5.3, p < 0.001]; two-
way repeated measured analysis of variance with the post hoc Holm-Sidak multiple comparison test). Control groups N = 16 each, peptide-treated
groups (acute) N = 17-20, peptide-treated groups (chronic) N = 23-25. The results are presented with a box and whisker plot.
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no studies had investigated long-term effects of single caffeine
administration. We found that the locomotor stimulatory effect of
LCGM-10 returns to control levels relatively shortly, while caffeine-
induced activation is followed by a locomotor depression. Considering
the profile of action of the novel peptide, we believe that LCGM-10
might substantially aid in the treatment of hypo-and bradykinesias of
various etiologies.

Previous studies have reported that mGluR5 PAMs but not NAMs
decrease pharmacologically evoked state impulsivity and preexisting
trait impulsivity efficaciously (Isherwood et al., 2015). Two other
reports found no effects of mGluR5 antagonists on impulsivity,
whereas an mGlIuR1 antagonist potently mediated the impulsive
choice of rats (Sukhotina et al., 2008; Yates et al., 2017). Differences in
the methodologies might explain the discrepant results regarding the
effects of mGluR modulators in the current work compared with other
reports. Same contradictions were previously found for stimulant
drugs d-amphetamine and methylphenidate in the delay discounting
test, which mostly depend on procedure modifications (Dalley and
Roiser, 2012). At the same time, stimulants have been approved by the
Food and Drug Administration (FDA) to reduce the core symptoms
of ADHD, namely inattention, hyperactivity, and impulsivity.

Delay discounting tasks are also used to assess impulsive behavior
in human studies, giving an insight into causal mechanism of
addictions such as substance abuse and gambling (Reynolds, 2006; de
Wit, 2009; Hodgins and Holub, 2015), and ADHD (Barkley et al.,
2001; Scheres et al., 2008; Shiels et al., 2009). Impulsivity in the human
and rodent delay discounting task derives form the similar neural
substrates: lower D2/3 receptor availability in ventral striatum of rats
and pathological gamblers, individuals with methamphetamine
dependence, and alcohol use disorder (Voon and Dalley, 2015).
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Lesions of the medial orbitofrontal cortex (OFC) increased delay
discounting in rats (Mar et al., 2011), and similarly, stroke-induced
lesions of the medial OFC increased delay discounting in humans
(Sellitto et al., 2010). Translational potential of rodent delay
discounting test is also supported by the studies of currently marketed
medications. For instance, methylphenidate, a stimulant approved by
the FDA and the first-choice drug treatment for ADHD, reduced
discounting of delayed rewards in both human (Shiels et al., 2009) and
animal models (Wooters and Bardo, 2011). The results obtained for
LCGM-10, and the published data suggests promising translational
potential of the peptide for the treatment of conditions associated with
maladaptive impulsivity. At the same time, to obtain more solid
evidence of therapeutic potential for certain disorders, future studies
in more specific animal models are required.

Although the main systems regulating impulsive behavior are the
5-HT and DA circuitry (Winstanley et al, 2006; Pattij and
Vanderschuren, 2008; Dalley and Roiser, 2012), glutamate also plays
an important role in this process. Metabotropic glutamate receptors
modulate impulsivity in animal models (Pattij and Vanderschuren,
2008). Moreover, mGlIuR5 functionally interacts with N-methyl-D-
aspartate (NMDA) receptors, and their activity can modulate synaptic
plasticity (Simonyi et al., 2005) and thus affect impulsive control. In
addition to the effects on glutamate and GABA function, NMDA
receptor antagonists and mGluR modulators may interact at the level
of the mesolimbic and mesocortical dopamine systems (Isherwood
et al., 2015). Recent studies have also found increased impulsivity,
risky decision-making, and reward-system dysfunction in patients
with OCD, features that are usually linked to the development of
substance and behavioral addictions (Balogh et al., 2013; Benatti et al.,
2014; Grant and Chamberlain, 2014; Grassi et al., 2015).
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To sum up, the development of new medications for disorders
with an excessive impulsivity as a major component is of high interest
for both academy and industry. Addictions, including substance use
disorder and gambling, faces the unmet need for novel medicines
(Rash et al.,, 2016). In case of ADHD there is also a need for new
medications with novel mechanisms of action since currently
approved drugs show a non-response or lack efficacy in a significant
number of patients (Mechler et al., 2022). Routinely used stimulant
methylphenidate is efficient in up to 70% of cases (Bodey, 2011), and
the effect sizes of the most frequently prescribed non-stimulants
atomoxetine, clonidine and guanfacine are generally in the medium
range not exceeding 60% and smaller than those of stimulants
(Cortese et al., 2018). Concluding, the discussed disorders remain a
promising niche that demands the development of a novel
drug candidates.

5 Conclusion

In summary, LCGM-10 acts as an mGluR5 NAM and produces
effects like those of stimulants. The enhanced locomotor activity
produced by LCGM-10 suggests the peptide could be used to treat
hypo-and bradykinesias, which are observed in patients with
Parkinson’s disease and other diseases affecting the basal ganglia, and
are also adverse effects of antipsychotic and antidepressant
medications. The reduction in trait impulsivity by LCGM-10 suggests
the peptide could be used to treat ADHD, OCD, and some maladaptive
behaviors associated with increased impulsivity. Additional
characterization of LCGM-10 will be necessary to ascertain its target
as well as its cellular mechanism of action and therapeutic potential.

Alongside further mechanistic studies, the future direction of our
work will include more deeply understanding the structure-activity
relationships of LCGM-10. We will also conduct pharmacokinetics
and absorption, distribution, metabolism, and excretion studies to
determine its degradation profile, and optimize it through chemical
modifications for metabolic and related drug-like properties.

Data availability statement

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

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
The animal study was approved by Institute of Mitoengineering of
MSU and Institute of Higher Nervous Activity and Neurophysiology

References

Azam, S., Jakaria, M., Kim, J., Ahn, J,, Kim, L.-S., and Choi, D.-K. (2022). Group
I mGluRs in therapy and diagnosis of Parkinson’s disease: focus on mGluRS5 subtype.
Biomed 10:864. doi: 10.3390/biomedicines10040864

Frontiers in Behavioral Neuroscience

12

10.3389/fnbeh.2024.1333258

local Bioethics Commissions. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

AM: Conceptualization, Data curation, Project administration,
Supervision, Writing - review & editing. VP: Conceptualization, Data
curation, Investigation, Methodology, Supervision, Writing - original
draft. NM: Conceptualization, Data curation, Investigation,
Methodology, Supervision, Writing — original draft. IS: Data curation,
Formal analysis, Visualization, Writing - original draft, Writing -
review & editing. VG: Formal analysis, Investigation, Methodology,
Writing - original draft. AZ: Data curation, Investigation, Software,
Writing - original draft. ID: Conceptualization, Project administration,
Resources, Supervision, Writing — review & editing. GB: Funding
acquisition, Project administration, Resources, Writing — review &
editing. TS: Conceptualization, Writing - review & editing.

Funding

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

Conflict of interest

AM, IS, VP, ID, NM, VG, and GB are employed by Lactocore Inc.
TS is a founder of Maestro Therapeutics and a consultant for
Lactocore Inc.

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

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.2024.1333258/
full#supplementary-material

Balogh, K. N., Mayes, L. C., and Potenza, M. N. (2013). Risk-taking and decision-
making in youth: relationships to addiction vulnerability. J. Behav. Addict. 2, 1-9. doi:
10.1556/]BA.2.2013.1.1

frontiersin.org


https://doi.org/10.3389/fnbeh.2024.1333258
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnbeh.2024.1333258/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2024.1333258/full#supplementary-material
https://doi.org/10.3390/biomedicines10040864
https://doi.org/10.1556/JBA.2.2013.1.1

Malyshev et al.

Barkley, R. A., Edwards, G., Laneri, M., Fletcher, K., and Metevia, L. (2001). Executive
functioning, temporal discounting, and sense of time in adolescents with attention
deficit hyperactivity disorder (ADHD) and oppositional defiant disorder (ODD). J.
Abnorm. Child Psychol. 29, 541-556. doi: 10.1023/a:1012233310098

Bear, M. E, Huber, K. M., and Warren, S. T. (2004). The mGluR theory of fragile X
mental retardation. Trends Neurosci. 27, 370-377. doi: 10.1016/j.tins.2004.04.009

Beggiato, S., Borelli, A. C., Tomasini, M. C., Castelli, M. P, Pintori, N., Cacciaglia, R.,
etal. (2018). In vitro functional characterization of GET73 as possible negative allosteric
modulator of metabotropic glutamate receptor 5. Front. Pharmacol. 9:327. doi: 10.3389/
fphar.2018.00327

Benatti, B., Dell'Osso, B., Arici, C., Hollander, E., and Altamura, A. C. (2014).
Characterizing impulsivity profile in patients with obsessive-compulsive disorder. Int. .
Psychiatry Clin. Pract. 18, 156-160. doi: 10.3109/13651501.2013.855792

Bodey, C. (2011). Effectiveness and tolerability of methylphenidate in children and
adolescents with attention deficit hyperactivity disorder. Clin. Med. Insights: Therapeutics
3, CMT.S6615-CMT.S$6363. doi: 10.4137/CMT.S6615

Brain tissue expression of GRM5. Summary - the human protein atlas (n.d.). Available
at: https://www.proteinatlas.org/ENSG00000168959-GRM5/brain (Accessed February
22,2023).

Brasi¢, J. R., Goodman, J. A., Nandi, A., Russell, D. S., Jennings, D., Barret, O., et al.
(2022). Fragile X mental retardation protein and cerebral expression of metabotropic
glutamate receptor subtype 5 in men with fragile X syndrome: a pilot study. Brain Sci.
12:314. doi: 10.3390/brainscil2030314

Chen, T., Zhang, L., Qu, Y., Huo, K,, Jiang, X., and Fei, Z. (2012). The selective mGluR5
agonist CHPG protects against traumatic brain injury in vitro and in vivo via ERK and
Akt pathway. Int. J. Mol. Med. 29, 630-636. doi: 10.3892/ijmm.2011.870

Christopher, J. A., Aves, S. ], Bennett, K. A., Doré, A. S., Errey, J. C., Jazayeri, A., et al.
(2015). Fragment and structure-based drug discovery for a class C GPCR: discovery of
the mGlu5 negative allosteric modulator HTL14242 (3-Chloro-5-[6-(5-fluoropyridin-2-
yl)pyrimidin-4-yl]benzonitrile). J. Med. Chem. 58, 6653-6664. doi: 10.1021/acs.
jmedchem.5b00892

Clinical Trials Register (n.d.). Available at: https://www.clinicaltrialsregister.eu/ctr-
search/search (Accessed March 6, 2023).

ClinicalTrials.gov (n.d.). Available at: https://clinicaltrials.gov/ct2/home (Accessed
March 6, 2023).

Congreve, M., de Graaf, C., Swain, N. A,, and Tate, C. G. (2020). Impact of GPCR
structures on drug discovery. Cell 181, 81-91. doi: 10.1016/j.cell.2020.03.003

Cortese, S., Adamo, N., Del Giovane, C., Mohr-Jensen, C., Hayes, A. J., Carucci, S.,
et al. (2018). Comparative efficacy and tolerability of medications for attention-deficit
hyperactivity disorder in children, adolescents, and adults: a systematic review and
network meta-analysis. Lancet Psychiatry 5, 727-738. doi: 10.1016/
$2215-0366(18)30269-4

Cueto-Escobedo, J., German-Ponciano, L. J., Guillén-Ruiz, G., Soria-Fregozo, C., and
Herrera-Huerta, E. V. (2022). Zebrafish as a useful tool in the research of natural
products with potential anxiolytic effects. Front. Behav. Neurosci. 15:795285. doi:
10.3389/fnbeh.2021.795285

Dalley, J. W,, and Roiser, J. P. (2012). Dopamine, serotonin and impulsivity.
Neuroscience 215, 42-58. doi: 10.1016/j.neuroscience.2012.03.065

Dalton, J. A. R,, Pin, J.-P, and Giraldo, J. (2017). Analysis of positive and negative
allosteric modulation in metabotropic glutamate receptors 4 and 5 with a dual ligand.
Sci. Rep. 7:4944. doi: 10.1038/541598-017-05095-5

de Wit, H. (2009). Impulsivity as a determinant and consequence of drug use: a review
of underlying processes. Addict. Biol. 14, 22-31. doi: 10.1111/j.1369-1600.2008.00129.x

Dekundy, A., Pietraszek, M., Schaefer, D., Cenci, M. A., and Danysz, W. (2006). Effects
of group I metabotropic glutamate receptors blockade in experimental models of
Parkinson’s disease. Brain Res. Bull. 69, 318-326. doi: 10.1016/j.brainresbull.2005.12.009

Elia, J., Gai, X,, Xie, H. M., Perin, J. C., Geiger, E., Glessner, J. T, et al. (2010). Rare
structural variants found in attention-deficit hyperactivity disorder are preferentially
associated with neurodevelopmental genes. Mol. Psychiatry 15, 637-646. doi: 10.1038/
mp.2009.57

Esterlis, I, DeBonee, S., Cool, R., Holmes, S., Baldassari, S. R., Maruff, P, et al. (2022).
Differential role of mGluR5 in cognitive processes in posttraumatic stress disorder and
major depression. Chronic Stress (Thousand Oaks) 6:24705470221105804. doi:
10.1177/24705470221105804

Fukuda, J., Suzuki, G., Kimura, T., Nagatomi, Y., Ito, S., Kawamoto, H., et al. (2009).
Identification of a novel transmembrane domain involved in the negative modulation
of mGluR1 using a newly discovered allosteric mGluR1 antagonist, 3-cyclohexyl-5-
fluoro-6-methyl-7-(2-morpholin-4-ylethoxy)-4H-chromen-4-one. Neuropharmacology
57, 438-445. doi: 10.1016/j.neuropharm.2009.06.017

Gass, J. T., Osborne, M. P. H., Watson, N. L., Brown, J. L., and Olive, M. E. (2009).
mGlIuR5 antagonism attenuates methamphetamine reinforcement and prevents
reinstatement of methamphetamine-seeking behavior in rats. Neuropsychopharmacology
34, 820-833. doi: 10.1038/npp.2008.140

Grant, J. E., and Chamberlain, S. R. (2014). Impulsive action and impulsive choice
across substance and behavioral addictions: cause or consequence? Addict. Behav. 39,
1632-1639. doi: 10.1016/j.addbeh.2014.04.022

Frontiers in Behavioral Neuroscience

13

10.3389/fnbeh.2024.1333258

Grassi, G., Pallanti, S., Righi, L., Figee, M., Mantione, M., Denys, D., et al. (2015).
Think twice: impulsivity and decision making in obsessive-compulsive disorder. J.
Behav. Addict. 4, 263-272. doi: 10.1556/2006.4.2015.039

Gray, L., van den Buuse, M., Scarr, E., Dean, B., and Hannan, A. J. (2009). Clozapine
reverses schizophrenia-related behaviours in the metabotropic glutamate receptor 5
knockout mouse: association with N-methyl-D-aspartic acid receptor up-regulation. Int.
J. Neuropsychopharmacol. 12, 45-60. doi: 10.1017/S1461145708009085

Grégoire, L., Morin, N., Ouattara, B., Gasparini, E, Bilbe, G., Johns, D, et al. (2011).
The acute antiparkinsonian and antidyskinetic effect of AFQ056, a novel metabotropic
glutamate receptor type 5 antagonist, in L-Dopa-treated parkinsonian monkeys.
Parkinsonism Relat. Disord. 17, 270-276. doi: 10.1016/j.parkreldis.2011.01.008

Guimaraes, I. M., Carvalho, T. G., Ferguson, S. S., Pereira, G. S., and Ribeiro, E M.
(2015). The metabotropic glutamate receptor 5 role on motor behavior involves specific
neural substrates. Mol. Brain 8:24. doi: 10.1186/s13041-015-0113-2

Hodgins, D. C., and Holub, A. (2015). Components of impulsivity in gambling
disorder. Int. ]. Ment. Health Addict. 13, 699-711. doi: 10.1007/s11469-015-9572-z

Isherwood, S. N., Pekcec, A., Nicholson, J. R., Robbins, T. W., and Dalley, J. W. (2015).
Dissociable effects of mGluR5 allosteric modulation on distinct forms of impulsivity in
rats: interaction with NMDA receptor antagonism. Psychopharmacology 232, 3327-3344.
doi: 10.1007/500213-015-3984-0

Jew, C. P, Wu, C.-S,, Sun, H., Zhu, J., Huang, J.-Y,, Yu, D,, et al. (2013). mGluR5
ablation in cortical glutamatergic neurons increases novelty-induced locomotion. PLoS
One 8:€70415. doi: 10.1371/journal.pone.0070415

Johnston, T. H., Fox, S. H., McIldowie, M. J., Piggott, M. J., and Brotchie, J. M. (2010).
Reduction of L-DOPA-induced dyskinesia by the selective metabotropic glutamate
receptor 5 antagonist 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl] pyridine in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-lesioned macaque model of Parkinson’ disease. J.
Pharmacol. Exp. Ther. 333, 865-873. doi: 10.1124/jpet.110.166629

Kampen, S., Rodriguez, D., Jorgensen, M., Kruszyk-Kujawa, M., Huang, X,
Collins, M, et al. (2022). Structure-based discovery of negative allosteric modulators of
the metabotropic glutamate receptor 5. ACS Chem. Biol. 17, 2744-2752. doi: 10.1021/
acschembio.2c00234

Kettunen, P, Demas, J., Lohmann, C., Kasthuri, N., Gong, Y., Wong, R. O. L., et al.
(2002). Imaging calcium dynamics in the nervous system by means of ballistic delivery
of indicators. J. Neurosci. Methods 119, 37-43. doi: 10.1016/s0165-0270(02)00154-1

Kobayashi, K., Shimizu, N., Matsushita, S., and Murata, T. (2020). The assessment of
mouse spontaneous locomotor activity using motion picture. J. Pharm. Sci. 143, 83-88.
doi: 10.1016/j.jphs.2020.02.003

Kroeze, W. K., Sassano, M. E, Huang, X.-P, Lansu, K., McCorvy, J. D., Giguere, P. M.,
et al. (2015). PRESTO-TANGO: an open-source resource for interrogation of the
druggable human GPCR-ome. Nat. Struct. Mol. Biol. 22, 362-369. doi: 10.1038/
nsmb.3014

Lauy, J. L., and Dunn, M. K. (2018). Therapeutic peptides: historical perspectives,
current development trends, and future directions. Bioorg. Med. Chem. 26, 2700-2707.
doi: 10.1016/j.bmc.2017.06.052

Liu, K., Titus, S., Southall, N., Zhu, P, Inglese, J., Austin, C. P, et al. (2008).
Comparison on functional assays for Gq-coupled GPCRs by measuring inositol
Monophospate-1 and intracellular calcium in 1536-well plate format. Curr. Chem.
Genom. 1,70-78. doi: 10.2174/1875397300801010070

Liu, G., Yu, ], Ding, J., Xie, C., Sun, L., Rudenko, I, et al. (2014). Aldehyde
dehydrogenase 1 defines and protects a nigrostriatal dopaminergic neuron
subpopulation. J. Clin. Invest. 124, 3032-3046. doi: 10.1172/JCI72176

Loane, D. ], Stoica, B. A., Pajoohesh-Ganji, A., Byrnes, K. R., and Faden, A. 1. (2009).
Activation of metabotropic glutamate receptor 5 modulates microglial reactivity and
neurotoxicity by inhibiting NADPH oxidase. J. Biol. Chem. 284, 15629-15639. doi:
10.1074/jbc.M806139200

Lochhead, J. J., and Thorne, R. G. (2012). Intranasal delivery of biologics to the central
nervous system. Adv. Drug Deliv. Rev. 64, 614-628. doi: 10.1016/j.addr.2011.11.002

Madani, R., Kozlov, S., Akhmedov, A., Cinelli, P, Kinter, J., Lipp, H.-P, et al. (2003).
Impaired explorative behavior and neophobia in genetically modified mice lacking or
overexpressing the extracellular serine protease inhibitor neuroserpin. Mol. Cell.
Neurosci. 23, 473-494. doi: 10.1016/S1044-7431(03)00077-0

Maj, M., Bruno, V., Dragic, Z., Yamamoto, R., Battaglia, G., Inderbitzin, W,, et al.
(2003). (—)-PHCCC, a positive allosteric modulator of mGluR4: characterization,
mechanism of action, and neuroprotection. Neuropharmacology 45, 895-906. doi:
10.1016/S0028-3908(03)00271-5

Malyshev, A. V., Sukhanova, I. A., Zlobin, A. S., Gedzun, V. R, Pavshintsev, V. V.,
Vasileva, E. V., et al. (2021). In silico screening and behavioral validation of a novel
peptide, LCGA-17, with anxiolytic-like properties. Front. Neurosci. 15:705590. doi:
10.3389/fnins.2021.705590

Mar, A. C., Walker, A. L., Theobald, D. E., Eagle, D. M., and Robbins, T. W. (2011).
Dissociable effects of lesions to orbitofrontal cortex subregions on impulsive choice in
the rat. J. Neurosci. 31, 6398-6404. doi: 10.1523/J]NEUROSCI.6620-10.2011

Marino, M., and Conn, P. (2006). Glutamate-based therapeutic approaches: allosteric
modulators of metabotropic glutamate receptors. Curr. Opin. Pharmacol. 6, 98-102. doi:
10.1016/j.coph.2005.09.006

frontiersin.org


https://doi.org/10.3389/fnbeh.2024.1333258
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1023/a:1012233310098
https://doi.org/10.1016/j.tins.2004.04.009
https://doi.org/10.3389/fphar.2018.00327
https://doi.org/10.3389/fphar.2018.00327
https://doi.org/10.3109/13651501.2013.855792
https://doi.org/10.4137/CMT.S6615
https://www.proteinatlas.org/ENSG00000168959-GRM5/brain
https://doi.org/10.3390/brainsci12030314
https://doi.org/10.3892/ijmm.2011.870
https://doi.org/10.1021/acs.jmedchem.5b00892
https://doi.org/10.1021/acs.jmedchem.5b00892
https://www.clinicaltrialsregister.eu/ctr-search/search
https://www.clinicaltrialsregister.eu/ctr-search/search
https://clinicaltrials.gov/ct2/home
https://doi.org/10.1016/j.cell.2020.03.003
https://doi.org/10.1016/S2215-0366(18)30269-4
https://doi.org/10.1016/S2215-0366(18)30269-4
https://doi.org/10.3389/fnbeh.2021.795285
https://doi.org/10.1016/j.neuroscience.2012.03.065
https://doi.org/10.1038/s41598-017-05095-5
https://doi.org/10.1111/j.1369-1600.2008.00129.x
https://doi.org/10.1016/j.brainresbull.2005.12.009
https://doi.org/10.1038/mp.2009.57
https://doi.org/10.1038/mp.2009.57
https://doi.org/10.1177/24705470221105804
https://doi.org/10.1016/j.neuropharm.2009.06.017
https://doi.org/10.1038/npp.2008.140
https://doi.org/10.1016/j.addbeh.2014.04.022
https://doi.org/10.1556/2006.4.2015.039
https://doi.org/10.1017/S1461145708009085
https://doi.org/10.1016/j.parkreldis.2011.01.008
https://doi.org/10.1186/s13041-015-0113-2
https://doi.org/10.1007/s11469-015-9572-z
https://doi.org/10.1007/s00213-015-3984-0
https://doi.org/10.1371/journal.pone.0070415
https://doi.org/10.1124/jpet.110.166629
https://doi.org/10.1021/acschembio.2c00234
https://doi.org/10.1021/acschembio.2c00234
https://doi.org/10.1016/s0165-0270(02)00154-1
https://doi.org/10.1016/j.jphs.2020.02.003
https://doi.org/10.1038/nsmb.3014
https://doi.org/10.1038/nsmb.3014
https://doi.org/10.1016/j.bmc.2017.06.052
https://doi.org/10.2174/1875397300801010070
https://doi.org/10.1172/JCI72176
https://doi.org/10.1074/jbc.M806139200
https://doi.org/10.1016/j.addr.2011.11.002
https://doi.org/10.1016/S1044-7431(03)00077-0
https://doi.org/10.1016/S0028-3908(03)00271-5
https://doi.org/10.3389/fnins.2021.705590
https://doi.org/10.1523/JNEUROSCI.6620-10.2011
https://doi.org/10.1016/j.coph.2005.09.006

Malyshev et al.

Mathiesen, J. M., Svendsen, N., Brauner-Osborne, H., Thomsen, C., and Ramirez, M. T.
(2003). Positive allosteric modulation of the human metabotropic glutamate receptor 4
(hmGluR4) by SIB-1893 and MPEP. Br. J. Pharmacol. 138, 1026-1030. doi: 10.1038/
5j.bjp.0705159

Maximino, C., Da Silva, A. W. B., Araujo, J., Lima, M. G., Miranda, V., Puty, B., et al.
(2014). Fingerprinting of psychoactive drugs in zebrafish anxiety-like behaviors. PLoS
One 9:¢103943. doi: 10.1371/journal.pone.0103943

Maximino, C., da Silva, A. W. B., Gouveia, A., and Herculano, A. M. (2011).
Pharmacological analysis of zebrafish (Danio rerio) scototaxis. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 35, 624-631. doi: 10.1016/j.pnpbp.2011.01.006

Maximino, C., Puty, B., Benzecry, R., Aral'ljo, J., Lima, M. G., Batista, D. J. O., et al.
(2013). Role of serotonin in zebrafish (Danio rerio) anxiety: relationship with serotonin
levels and effect of buspirone, WAY 100635, SB 224289, fluoxetine and Para-
chlorophenylalanine (pCPA) in two behavioral models. Neuropharmacology 71, 83-97.
doi: 10.1016/j.neuropharm.2013.03.006

Mcgeehan, A. ], Janak, P. H., and Olive, M. E. (2004). Effect of the mGluR5 antagonist
6-methyl-2-(phenylethynyl)pyridine (MPEP) on the acute locomotor stimulant
properties of cocaine, D-amphetamine, and the dopamine reuptake inhibitor
GBRI12909 in mice. Psychopharmacology (Berl) 174, 266-273. doi: 10.1007/
500213-003-1733-2

Mechler, K., Banaschewski, T., Hohmann, S., and Hége, A. (2022). Evidence-based
pharmacological treatment options for ADHD in children and adolescents. Pharmacol.
Ther. 230:107940. doi: 10.1016/j.pharmthera.2021.107940

Meredith, M. E., Salameh, T. S., and Banks, W. A. (2015). Intranasal delivery of
proteins and peptides in the treatment of neurodegenerative diseases. AAPS J. 17,
780-787. doi: 10.1208/s12248-015-9719-7

Mitkin, N. A., Pavshintcev, V. V., Sukhanova, I. A., Doronin, I. I, Babkin, G. A.,
Sadagurski, M., et al. (2022). The novel peptide chm-273s has therapeutic potential for
metabolic disorders: evidence from in vitro studies and high-sucrose diet and high-fat
diet rodent models. Pharmaceutics 14:2088. doi: 10.3390/pharmaceutics14102088

Niedzielska-Andres, E., Pomierny-Chamioto, L., Andres, M., Walczak, M.,
Knackstedt, L. A., Filip, M., et al. (2021). Cocaine use disorder: a look at metabotropic
glutamate receptors and glutamate transporters. Pharmacol. Ther. 221:107797. doi:
10.1016/j.pharmthera.2020.107797

Palucha, A., and Pilc, A. (2007). Metabotropic glutamate receptor ligands as possible
anxiolytic and antidepressant drugs. Pharmacol. Ther. 115, 116-147. doi: 10.1016/j.
pharmthera.2007.04.007

Pattij, T., and Vanderschuren, L. (2008). The neuropharmacology of impulsive
behaviour. Trends Pharmacol. Sci. 29, 192-199. doi: 10.1016/j.tips.2008.01.002

Pavlova, I. V., Zaichenko, M. L., Merzhanova, G. K., and Grigoryan, G. A. (2020).
Conditioned reflex reactions in high-impulsivity rats are weaker than those in low-
impulsivity animals. Neurosci. Behav. Phys. 50, 567-574. doi: 10.1007/
511055-020-00937-8

Pilc, A., Chaki, S., Nowak, G., and Witkin, J. M. (2008). Mood disorders: regulation
by metabotropic glutamate receptors. Biochem. Pharmacol. 75,997-1006. doi: 10.1016/j.
bcp.2007.09.021

Pin, J.-P,, and Archer, E. (2002). The metabotropic glutamate receptors: structure,
activation mechanism and pharmacology. Curr. Drug Targets CNS Neurol. Disord. 1,
297-317. doi: 10.2174/1568007023339328

Pires, A., Fortuna, A., Alves, G., and Falcido, A. (2009). Intranasal drug delivery: how,
why and what for? J. Pharm. Pharm. Sci. 12, 288-311. doi: 10.18433/J3NC79

Pisani, A., Bonsi, P,, Centonze, D., Gubellini, P, Bernardi, G., and Calabresi, P. (2003).
Targeting striatal cholinergic interneurons in Parkinson’s disease: focus on metabotropic
glutamate receptors. Neuropharmacology 45, 45-56. doi: 10.1016/S0028-3908(03)00137-0

Porter, R. H. P, Jaeschke, G., Spooren, W., Ballard, T. M., Biittelmann, B.,
Kolczewski, S., et al. (2005). Fenobam: a clinically validated nonbenzodiazepine
anxiolytic is a potent, selective, and noncompetitive mGlu5 receptor antagonist with
inverse agonist activity. J. Pharmacol. Exp. Ther. 315, 711-721. doi: 10.1124/
jpet.105.089839

Rash, C. J., Weinstock, J., and Patten, R. V. (2016). A review of gambling disorder and
substance use disorders. SAR 7, 3-13. doi: 10.2147/SAR.S83460

Reynolds, B. (2006). A review of delay-discounting research with humans: relations
to drug use and gambling. Behav. Pharmacol. 17, 651-667. doi: 10.1097/
FBP.0b013e3280115f99

Frontiers in Behavioral Neuroscience

14

10.3389/fnbeh.2024.1333258

Ribeiro, E M., Devries, R. A., Hamilton, A., Guimaraes, I. M., Cregan, S. P, Pires, R. G.
W,, et al. (2014). Metabotropic glutamate receptor 5 knockout promotes motor and
biochemical alterations in a mouse model of Huntington’s disease. Hum. Mol. Genet. 23,
2030-2042. doi: 10.1093/hmg/ddt598

Sackerman, J., Donegan, J. J., Cunningham, C. S., Nguyen, N. N., Lawless, K., Long, A.,
et al. (2010). Zebrafish behavior in novel environments: effects of acute exposure to
anxiolytic compounds and choice of Danio rerio line. Int. . Comp. Psychol. 23, 43-61.
doi: 10.46867/1JCP.2010.23.01.06

Scheres, A., Lee, A., and Sumiya, M. (2008). Temporal reward discounting and
ADHD: task and symptom specific effects. J. Neural Transm. 115, 221-226. doi: 10.1007/
500702-007-0813-6

Sellitto, M., Ciaramelli, E., and di Pellegrino, G. (2010). Myopic discounting of future
rewards after medial orbitofrontal damage in humans. J. Neurosci. 30, 16429-16436. doi:
10.1523/JNEUROSCI.2516-10.2010

Shiels, K., Hawk, L. W. Jr., Reynolds, B., Mazzullo, R. J., Rhodes, J. D., Pelham, W. E.
Jr., et al. (2009). Effects of methylphenidate on discounting of delayed rewards in
attention deficit/hyperactivity disorder. Exp. Clin. Psychopharmacol. 17, 291-301. doi:
10.1037/a0017259

Simonyi, A., Schachtman, T. R., and Christoffersen, G. R. J. (2005). The role of
metabotropic glutamate receptor 5 in learning and memory processes. Drug News
Perspect. 18, 353-361. doi: 10.1358/dnp.2005.18.6.927927

Sokol, D. K., Maloney, B., Long, . M., Ray, B., and Lahiri, D. K. (2011). Autism,
Alzheimer disease, and fragile X: APP, FMRP, and mGluR5 are molecular links.
Neurology 76, 1344-1352. doi: 10.1212/WNL.0b013e3182166dc7

Stansley, B. J., and Conn, P. J. (2019). Neuropharmacological insight from allosteric
modulation of mGlu receptors. TIPS 40, 240-252. doi: 10.1016/j.tips.2019.02.006

Su, L.-D., Wang, N., Han, J., and Shen, Y. (2022). Group 1 metabotropic glutamate
receptors in neurological and psychiatric diseases: mechanisms and prospective.
Neuroscientist 28, 453-468. doi: 10.1177/10738584211021018

Sukhotina, I. A., Dravolina, O. A., Novitskaya, Y., Zvartau, E. E., Danysz, W., and
Bespalov, A. Y. (2008). Effects of mGlul receptor blockade on working memory, time
estimation, and impulsivity in rats. Psychopharmacology 196, 211-220. doi: 10.1007/
500213-007-0953-2

Trott, O., and Olson, A. J. (2009). AutoDock Vina: improving the speed and accuracy
of docking with a new scoring function, efficient optimization, and multithreading. J.
Comp. Chem. 31, 455-461. doi: 10.1002/jcc.21334

Unal, H. (2019). Luciferase reporter assay for unlocking ligand-mediated signaling of
GPCRs. Methods Cell Biol. 149, 19-30. doi: 10.1016/bs.mcb.2018.08.001

Voon, V., and Dalley, J. W. (2015). “Translatable and Back-translatable measurement
of impulsivity and compulsivity: convergent and divergent processes” in Translational
Neuropsychopharmacology. Current topics in behavioral neurosciences. eds. T. W. Robbins
and B. J. Sahakian, vol. 28 (Cham: Springer)

Winstanley, C. A., Eagle, D. M., and Robbins, T. W. (2006). Behavioral models of
impulsivity in relation to ADHD: translation between clinical and preclinical studies.
Clin. Psychol. Rev. 26, 379-395. doi: 10.1016/j.cpr.2006.01.001

Witkin, J. M., Pandey, K. P, and Smith, J. L. (2022). Clinical investigations of
compounds targeting metabotropic glutamate receptors. Pharmacol. Biochem. Behayv.
219:173446. doi: 10.1016/j.pbb.2022.173446

Wood, M. R., Hopkins, C. R., Brogan, J. T., Conn, P. ], and Lindsley, C. W. (2011).
“Molecular switches” on mGluR allosteric ligands that modulate modes of pharmacology.
Biochemist 50, 2403-2410. doi: 10.1021/bi200129s

Wooters, T. E., and Bardo, M. T. (2011). Methylphenidate and fluphenazine, but not
amphetamine, differentially affect impulsive choice in spontaneously hypertensive,
Wistar-Kyoto and Sprague-Dawley rats. Brain Res. 1396, 45-53. doi: 10.1016/j.
brainres.2011.04.040

Yates, J. R., Rogers, K. K., Gunkel, B. T,, Prior, N. A., Hughes, M. N,, Sharpe, S. M.,
et al. (2017). Effects of group I metabotropic glutamate receptor antagonists on
sensitivity to reinforcer magnitude and delayed reinforcement in a delay-discounting
task in rats: contribution of delay presentation order. Behav. Brain Res. 322, 29-33. doi:
10.1016/j.bbr.2017.01.015

Zalevsky, A., Zlobin, A., Gedzun, V., Reshetnikov, R., Lovat, M., Malyshev, A., et al.
(2019). PeptoGrid—rescoring function for AutoDock Vina to identify new bioactive
molecules from short peptide libraries. Molecules 24:277. doi: 10.3390/
molecules24020277

frontiersin.org


https://doi.org/10.3389/fnbeh.2024.1333258
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/sj.bjp.0705159
https://doi.org/10.1038/sj.bjp.0705159
https://doi.org/10.1371/journal.pone.0103943
https://doi.org/10.1016/j.pnpbp.2011.01.006
https://doi.org/10.1016/j.neuropharm.2013.03.006
https://doi.org/10.1007/s00213-003-1733-2
https://doi.org/10.1007/s00213-003-1733-2
https://doi.org/10.1016/j.pharmthera.2021.107940
https://doi.org/10.1208/s12248-015-9719-7
https://doi.org/10.3390/pharmaceutics14102088
https://doi.org/10.1016/j.pharmthera.2020.107797
https://doi.org/10.1016/j.pharmthera.2007.04.007
https://doi.org/10.1016/j.pharmthera.2007.04.007
https://doi.org/10.1016/j.tips.2008.01.002
https://doi.org/10.1007/s11055-020-00937-8
https://doi.org/10.1007/s11055-020-00937-8
https://doi.org/10.1016/j.bcp.2007.09.021
https://doi.org/10.1016/j.bcp.2007.09.021
https://doi.org/10.2174/1568007023339328
https://doi.org/10.18433/J3NC79
https://doi.org/10.1016/S0028-3908(03)00137-0
https://doi.org/10.1124/jpet.105.089839
https://doi.org/10.1124/jpet.105.089839
https://doi.org/10.2147/SAR.S83460
https://doi.org/10.1097/FBP.0b013e3280115f99
https://doi.org/10.1097/FBP.0b013e3280115f99
https://doi.org/10.1093/hmg/ddt598
https://doi.org/10.46867/IJCP.2010.23.01.06
https://doi.org/10.1007/s00702-007-0813-6
https://doi.org/10.1007/s00702-007-0813-6
https://doi.org/10.1523/JNEUROSCI.2516-10.2010
https://doi.org/10.1037/a0017259
https://doi.org/10.1358/dnp.2005.18.6.927927
https://doi.org/10.1212/WNL.0b013e3182166dc7
https://doi.org/10.1016/j.tips.2019.02.006
https://doi.org/10.1177/10738584211021018
https://doi.org/10.1007/s00213-007-0953-2
https://doi.org/10.1007/s00213-007-0953-2
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1016/bs.mcb.2018.08.001
https://doi.org/10.1016/j.cpr.2006.01.001
https://doi.org/10.1016/j.pbb.2022.173446
https://doi.org/10.1021/bi200129s
https://doi.org/10.1016/j.brainres.2011.04.040
https://doi.org/10.1016/j.brainres.2011.04.040
https://doi.org/10.1016/j.bbr.2017.01.015
https://doi.org/10.3390/molecules24020277
https://doi.org/10.3390/molecules24020277

	The novel peptide LCGM-10 attenuates metabotropic glutamate receptor 5 activity and demonstrates behavioral effects in animal models
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Drug treatment and behavioral screening in Danio rerio
	2.3 Drug treatment and behavioral characterization in rats
	2.4 Drug treatment and spontaneous locomotor activity assessment in home cage conditions in rats
	2.5 Drug treatment and delay discounting test in rats
	2.6 Calcium flux imaging
	2.7 Luciferase reporter assay
	2.8 Computational studies
	2.9 Statistical analyses

	3 Results
	3.1 Docking to the NAM site of mGluR5
	3.2 Behavioral screening of LCGM peptides in Danio rerio
	3.3 Calcium flux imaging of LCGM peptides
	3.4 Luciferase reporter assay of the LCGM peptides
	3.5 Behavioral analyses of LCGM-10
	3.6 The effect of LCGM-10 on SLA
	3.7 The effects of LCGM-10 in the delay discounting test

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

