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Abstract: Considering that ligands of metabotropic glutamate and GABA receptors may exert 
beneficial effects on schizophrenia, we assessed the actions of the first mGlu4-selective orthosteric 
agonist, LSP4-2022, in several tests reflecting positive, negative, and cognitive symptoms of schizophrenia. 
Moreover, we investigated the possible involvement of GABAB receptors in LSP4-2022-induced 
actions. Hyperactivity induced by MK-801 or amphetamine and DOI-induced head twitches in mice 
were used as the models of positive symptoms. The social interaction test, modified forced swim test 
(FST), and novel object recognition (NOR) test were used as the models of negative and cognitive symptoms of 
schizophrenia. LSP4-2022 inhibited hyperactivity (in a dose-dependent manner, 0.5-2 mg/kg) induced by MK-801 or 
amphetamine and DOI-induced head twitches. In mGlu4 receptor knockout mice, LSP4-2022 was not effective. However, 
it reversed MK-801-induced impairment in the social interaction test and the MK-801-induced increase of immobility in 
the modified FST. In the NOR test, LSP4-2022 was active at a dose of 2  mg/kg. GABAB receptor antagonist, CGP55845 
(10 mg/kg), reversed LSP4-2022-induced effects in hyperactivity and head twitch tests. At the same time, the 
simultaneous administration of subeffective doses of LSP4-2022 (0.1 mg/kg) and a positive allosteric modulator of 
GABAB receptor PAM, GS39783 (0.1 mg/kg), induced clear antipsychotic-like effects in those two tests. Such an 
interaction between mGlu4 and GABAB receptors was not observed in the social interaction and NOR tests. Therefore, we 
suggest that the activation of the mGlu4 receptor is a promising approach facilitating the discovery of novel antipsychotic 
drugs, and that the interplay between mGlu4 and GABAB receptors may become the basis for a novel therapy for 
schizophrenic patients with predomination of positive symptoms. 
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INTRODUCTION 

 A number of our previous studies focused on the role of 
the glutamatergic system in the pathophysiology and 
treatment of severe mental disorders. In particular, we 
concentrated on the role of metabotropic receptors that are 
linked with G-proteins and mediate the slow synaptic current 
[1]. In recent years, we have become particularly interested 
in metabotropic receptors for the two main amino acids in 
the brain, namely, glutamate and GABA. There are eight 
types of metabotropic glutamate receptors (mGlu) divided 
into three groups according to sequence homology, 
pharmacology, and the second messenger system they 
activate (mGlu1/5, mGlu2/3, and mGlu4/7/8, respectively) [2], 
and one type of the metabotropic receptor for GABA, 
GABAB, that is divided into two subtypes, GABAB1 and 
GABAB2 [3-6]. The GABAB receptor and mGlu receptors 
belong to the same receptor family, which is the third family 
of G-proteins coupled receptors (GPRCs) [1]. Metabotropic 
receptor ligands for glutamate and GABA have recently been  
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considered as putative candidates for novel psychotropic 
drugs. The mechanism of their action consists in the ability 
to regulate the release of glutamate and/or GABA [7]. This 
ability seems to be important because numerous disorders of 
the central nervous system result from imbalance between 
inhibitory and excitatory neurotransmission in the brain. 
Therefore, the use of metabotropic receptor ligands may 
restore brain homeostasis. Among all mGlu receptors, the 
third group seems to be particularly interesting because it is 
the largest and the least investigated group. It consists of 
mGlu4, mGlu6, mGlu7, and mGlu8 receptors, with the 
distribution of the mGlu6 receptor being limited only to the 
retina. Those receptors have been proposed as one of the 
most important factors involved in the regulation of 
glutamate release [2, 8-10] because of their expression in the 
near fusion of synaptic vesicles. They are negatively linked 
to adenylyl cyclase activity, and their activation inhibits 
glutamate release [2, 8, 11]. The first report concerning the 
antipsychotic-like activity of the nonselective agonist of 
mGlu4/7/8 receptors, ACPT-1 [12], was published in 2008 
[13]. The report concerned the activity of this ligand in 
animal models of positive symptoms of schizophrenia. In 
vitro, ACPT-I was characterized as a nonselective agonist of 
mGlu4 and mGlu8 receptors, activating both subtypes to 
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almost the same extent [EC50=6.5 and EC50=10.1, 
respectively]. Subsequently, more selective compounds were 
synthesized, such as LSP1-2111, which better differentiated 
between mGlu4 and mGlu7/8 receptors because of its 30-fold 
higher selectivity towards the mGlu4 receptor subtype 
compared with mGlu7 and mGlu8 receptor [14]. The 
compound was active in various animal models of 
schizophrenia, including the models of positive, negative, 
and cognitive symptoms [15, 16]. The use of selective 
positive allosteric modulators (PAMs) of the mGlu4 receptor, 
Lu AF21934 and Lu AF32615, confirmed the theory of 
targeting the mGlu4 receptor as the novel strategy to search 
for antipsychotic drugs [17]. We showed that both of these 
PAMs reversed deficits (in a dose-dependent manner) in 
preclinical models mimicking positive, negative, and 
cognitive symptoms of schizophrenia [17]. Simultaneously, 
the involvement of the mGlu7 receptor subtype was excluded 
as a potential antipsychotic target [15]. 

 The GABAB receptor is thought to regulate the release of 
glutamate in the same way as mGlu4 and mGlu7 receptor. 
Previously, we showed that positive allosteric modulators of 
the GABAB receptor, such as GS39783 and CGP7930, were 
active in the animal models of schizophrenia [18, 19]. 
Therefore, it is possible that the mGlu4 and GABAB 
receptors may act concomitantly regulating the release of 
glutamate and thus exerting antipsychotic action. 

 In the present study, we used the most recent compound 
selectively activating mGlu4 receptor, LSP4-2022. We 
investigated the activity of the compound in various  
animal models including hyperactivity, 2.5-dimethoxy-4-
iodoamphetamine (DOI)-induced head twitches, modified 
forced swim test (FST), social interaction test, and novel 
object recognition (NOR) test. In the second part of the 
study, we used a selective PAM of the GABAB receptor, 
GS39783, and the antagonist CGP55845 to investigate the 
involvement of the GABAB receptor in LSP4-2022-induced 
antipsychotic-like action. The chemical structures of 
glutamatergic or GABAergic tool compounds used in this 
study are shown in Fig. 1. 

MATERIALS AND METHODS 

Animals and Housing 

 Male Albino Swiss mice (20-25 g) were used to assess 
MK-801- and amphetamine-induced hyperlocomotion and 

DOI-induced head twitches. mGlu4 knockout mice were also 
used in behavioral assays. mGlu4 knockout and wild-type 
C57Bl/6J mice were bred at our Institute. The genotypes of 
newborn mice were analyzed by polymerase chain reaction, 
according to [20]. Male Wistar rats (250-300 g) were used in 
the social interaction and NOR tests. The animals were kept 
under a 12:12 light-dark cycle at a room temperature of 19 to 
21°C, with free access to food and water. Each experimental 
group consisted of 8 to 10 animals, and the animals were 
used only once in each test. All the compounds were used at 
a volume of 10 ml/kg when given to mice and 1 ml/kg when 
injected to rats. All behavioral measurements were done by 
an observer blinded to the treatment. All procedures were 
conducted according to the guidelines of the National 
Institutes of Health Animal Care and Use Committee and 
were approved by the Ethics Committee of the Institute of 
Pharmacology, Polish Academy of Sciences in Kraków, 
Poland. 

Drugs 

 The following drugs were used: LSP4-2022 (mGlu4 
receptor agonist) synthesized at the laboratory of Université 
Paris Descartes, Paris, France, and characterized using H-1, 
C-13, and P-31 nuclear magnetic resonance spectroscopy 
and high-performance liquid chromatography–mass 
spectrometry. The compound was dissolved in saline and 
administered as an intraperitoneal (IP) injection 45 minutes 
before the tests. The administration schedule for LSP4-2022 
was planned according to our previous studies on its 
precursor drug, LSP1-2111 [15, 16]. MK-801 (0.35 mg/kg; 
Sigma-Aldrich, St. Louis, USA) or amphetamine (3 mg/kg; 
Sigma-Aldrich) was dissolved in NaCl (0.9%), and the doses 
were selected consistently with our previous studies [13, 15, 
16] and those of other authors [21, 22]. GS39783 (Tocris 
Bioscience, Bristol, United Kingdom) was dissolved in a 
small amount of ethanol and then titrated with Tween 2% to 
an appropriate volume. CGP55845 (Tocris Bioscience, 
Bristol, United Kingdom) was dissolved in 0.9% saline. Both 
drugs were administered according to our previous studies 
and those by other authors [18, 23, 24]. 

Locomotor Activity 

 The locomotor activity was recorded individually for 
each animal in OPTO-M3 locomotor activity cages 
(Columbus Instrument) linked online to a compatible PC. 

 

Fig. (1). The chemical structure of glutamatergic and GABAergic tool compounds used in the present study (mGlu4 receptor agonist, LSP4-
2022, GABAB receptor PAM GS39783, and GABAB antagonist CGP55845). 
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Each cage (13cm×23cm×15cm) was surrounded with an 
array of photocell beams. Interruptions of these photobeams 
resulted in horizontal activity defined as ambulation scores. 
Mice were placed separately into activity cages for an 
acclimatization period of 30 minutes, following which they 
were injected with LSP4-2022, CGP55845, GS39783, and 
their combinations (time of administration and doses were 
similar as described below for MK-801-induced hyperactivity). 
Following this, the ambulation scores were measured for 60 
minutes. 

MK-801-induced Hyperactivity 

 The locomotor activity was recorded for each animal in 
locomotor activity cages [25, 26], with small modifications 
used in our previous studies [13, 15, 16]. Mice were placed 
separately into actometers for an acclimatization period of 30 
minutes, following which they were administered four doses 
of LSP4-2022, namely, 0.1, 0.5, 1, and 2 mg/kg, 45 minutes 
before MK-801 or amphetamine administration. Afterwards, 
the most active dose of the compound (2 mg/kg) was 
administered together with CGP55845 (10 mg/kg IP; 30 
minutes before MK-801). The subeffective dose of the 
compound (0.1 mg/kg) was administered together with 
GS39783 (0.1 mg/kg IP; 30 minutes before MK-801), or 
vehicle and placed again in the same cages. After a specified 
time period, all mice received an IP injection of MK-801 at a 
dose of 0.35 mg/kg and were once again placed in the same 
cage. Following this, the ambulation scores were counted for 
60 minutes. All groups were compared with the MK-801 
control group. The experiment also included a control group 
not treated with MK-801. 

Head Twitch Test 

 The experiment was performed according to Pałucha-
Poniewiera et al. [13] and Wieronska et al. [15, 16]. In order 
to habituate mice to the experimental environment, each 
animal was transferred to a glass cage of 12 cm in diameter 
and 20 cm in height, lined with sawdust, 30 minutes before 
the treatment. The head twitches of mice were induced by 
DOI (2.5 mg/kg IP). Immediately after the treatment, the 
number of head twitches was counted during a 20-minute 
session. LSP4-2022 was injected in four doses (0.1, 0.5, 1, 
and 2 mg/kg), and then the most active dose (2 mg/kg) was 
administered together with CGP55845, and the subeffective 
dose with GS39783. 

 mGluR4 knockout mice and their wild-type littermates 
were used to confirm the specificity of the ligand. The most 
active dose of LSP4-2022 (2 mg/kg) was administered both 
to knockout and wild-type mice. 

Modified Forced Swim Test 

 The experiment was performed according to the method 
described by Noda et al. [27, 28] and Langen et al. [29]. On 
day 1, each mouse was placed in a transparent glass cylinder 
(20 cm high, 8 cm in diameter), which contained water at a 
temperature of 22°C to 23°C and a depth of 15 cm, and was 
forced to swim for 180 seconds. The immobility time was 
calculated as follows: 180 (s) − swimming time (s) = 
immobility time (s) (T1). Mice were matched according to 

the results of immobility time in the first measurement of 
immobility and were divided into various treatment groups. 

 On day 2, drug treatment was started. Saline or MK-801 
(0.4 mg/kg IP) was administered once a day for 13 days. 
After a one-day break (no MK-801 administration), each 
mouse (under the condition of MK-801 free) was placed in 
water again for 180 seconds, and the immobility time was 
calculated (the second measurement of immobility, T2). 
LSP4-2022 was administered 45 minutes before the second 
measurement of immobility. Control animals received the 
vehicle only, and the same procedure was performed. 

 The effects of drugs on the spontaneous activity were 
also examined: mice chronically treated with MK-801 
received the tested drug and the spontaneous activity of each 
mouse was measured for 5 minutes using behavioral analysis 
systems. 

MK-801-induced Deficits in Social Interaction Test in 
Rats 

 The social interaction test was performed according to 
the method described by Satow et al. [22], using a circle 
made of wood, 90 cm in diameter, and divided into 10×10 
cm squares by faint yellow lines. Each social interaction test 
involving two rats was conducted during the light phase of 
the light/dark cycle. The body weights of the paired rats 
were matched within 20 g of variance. All rats were placed 
in an experimental room and the study was conducted 3.5 
hours after the subcutaneous administration of MK-801 at a 
dose of 0.1 mg/kg subcutaneously (SC). LSP4-2022 was 
administered in three doses: 0.5, 1, and 2 mg/kg. Then, the 
subeffective dose of the compound (0.1 mg/kg) was 
administered together with GS39783 (0.1 mg/kg). 

 The test box was wiped clean between each trial. Social 
interaction between two rats was determined as the total time 
spent participating in social behavior such as sniffing, genital 
investigation, and chasing and fighting each other. The total 
number of social episodes was also measured. In addition, 
control experiments in animals not receiving MK-801 were 
also conducted to establish if the drugs had any influence on 
social behavior when given alone. 

Novel Object Recognition 

 The method was adapted from Horiguchi et al. [30, 31] 
and Dere et al. [32]. The animals were trained and tested in a 
black wooden circular open field (100 cm in diameter, 35 cm 
high) with the floor divided into 20-cm square sections. The 
open field was in a dark room illuminated only by a 25-W 
bulb. On the first day (adaptation), the animals were allowed 
to explore the open field for 10 minutes. On the next day 
(training, T1), the animals were administered the tested 
drugs, placed in the apparatus, and allowed to explore two 
identical objects (cylinder-shaped objects with walls painted 
white, 7 cm in diameter, 11 cm high) for the time required to 
complete 15 seconds of exploration of either object. For the 
retention trial (T2) conducted 1 hour later, one of the objects 
presented in T1 was replaced with a novel object (a prism-
shaped object with walls painted black, 5 cm wide, 14 cm 
high). The rats were returned to the open field for 5 minutes, 
and the duration of exploration of each object (eg, sitting in 
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close proximity to the objects, sniffing or touching them) 
was measured separately by a trained observer. All drugs 
were administered before the training (T1) session. MK-801 
(0.1 mg/kg, SC) was given 30 minutes before the session. 
LSP4-2022 was injected at the doses of 0.5, 1, and 2 mg/kg. 
Subsequently, a subeffective dose (0.5 mg/kg) was 
administered together with GS39783. All injections were 
given at a volume of 1 ml/kg of the body weight. The 
treatment groups included eight animals. 

Statistical Analysis 

 Data were presented as means ± standard error of the 
mean. The statistical analysis of the data was performed 
using the Statistically 10 package (StatSoft Inc., OK, USA). 
One-way ANOVA followed by the Newman–Keuls post-hoc 
comparison was performed. A P value of less than 0.05 was 
considered statistically significant. 

RESULTS 
The Effects of LSP4-2022 on MK-801- and Amphetamine-
induced Hyperactivity in Mice 
 LSP4-2022 was administered at the doses of 0.1, 0.5, 1, 
and 2 mg/kg. One-way ANOVA followed by the Newman–
Keuls multiple comparison test revealed a significant effect 
at the doses of 0.5, 1, and 2 mg/kg [F(4.51)=9, P<0.001] for 
MK-801-induced hyperactivity and at a dose of 0.5 mg/kg 
[F(3.43)=3.57, P<0.05] for amphetamine-induced hyperactivity 
(2A, B). 

The Effects of the Combined Administration of 
CGP55845 and LSP4-2022 on MK-801-induced Hyper- 
activity in Mice 
 LSP4-2022 administered at a dose of 2 mg/kg reversed 
MK-801-induced hyperactivity (P<0.001). CGP55845, a 

 

 

Fig. (2). Effects on MK-801- and amphetamine-induced hyperactivity (A and B, respectively). LSP4-2022 was administered 45 minutes 
before the administration of MK-801 or amphetamine, after 30 minutes of habituation to activity cages. Data are presented as means ± SEM. 
Doses in mg/kg are indicated in parentheses. #P<0.001 versus control, *P<0.05, **P<0.01, and ***P<0.001 versus MK-801- or 
amphetamine-treated group. 
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GABAB receptor antagonist, administered at a dose of 10 
mg/kg IP did not have any effect on its own. The 
administration of CGP55845 with LSP4-2022 resulted in the 
inhibition of LSP4-2022-induced effect in the hyperactivity 
test. The one-way ANOVA main effects revealed a 
significant effect of the LSP4-2022–CGP55845 interaction 
[F(4.41)=11.93, P<0.001] (Fig. 3A). 

The Effects of the Combined Administration of 
Subeffective Doses of GS39783 and LSP4-2022 on MK-
801-induced Hyperactivity in Mice 

 LSP4-2022 was administered at a dose of 0.1 mg/kg, and 
GS39783 (GABAB receptor PAM) —at a dose of 0.1 mg/kg. 
None of the compounds showed any effect when 
administered separately. The simultaneous administration of 
the subeffective doses of the GABAB receptor PAM and 
mGlu4 receptor agonist induced reversal of hyperactivity. 
The one-way ANOVA main effects revealed a significant 
effect of the GS39783–LSP4-2022 interaction [F(4.42)=6.7, 
P<0.002]. The post-hoc Newman–Keuls analysis revealed a 

significant effect of the GS39783–LSP4-2022 interaction 
when compared with MK-801-treated animals, P<0.05  
(Fig. 3B). 

Control Experiments: The Effects of LSP4-2022, 
CGP55845, and GS39783 on Locomotor Activity in Mice 
Habituated to Activity Meters 

 The two-way ANOVA revealed that LSP4-2022, 
CGP55845 (10 mg/kg, 30 minutes before the test), and 
GS39783 (0.1 mg/kg, 30 minutes before the test) did not 
change the locomotor activity of mice adapted to activity 
meters for 30 minutes. No significant effect of the 
simultaneous administration of LSP4-2022 with CGP55845 
or of LSP4-2022 (1 mg/kg) with GS39783 was observed 
(Fig. 3C, D). 

The Effects of LSP4-2022 on DOI-induced Head 
Twitches in Mice 

 LSP4-2022 was administered in four doses: 0.1, 0.5, 1, 
and 2 mg/kg. One-way ANOVA followed by the Newman–

 

Fig. (3). Effects on MK-801-induced hyperactivity in mice habituated to activity cages. The simultaneous administration of LSP4-2022 with 
GABAB receptor antagonist, CGP55845 (A), and of the subeffective doses of LSP4-2022 and GABAB positive modulator, GS39783 (B). 
Control experiments with the combined administration of LSP4-2022 with CGP55845 (C) and GS39783 (D) on the locomotor activity in 
mice habituated to activity cages and not given MK-801. Data are presented as means ± SEM. Doses in mg/kg are indicated in parentheses. 
#P<0.01 versus control group, *P<0.05 and **P<0.01 versus MK-801-treated group and @P<0.01 versus LSP4-2022-treated group. 
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Keuls comparison revealed a statistically significant effect of 
the 0.5-2 mg/kg dose [F(4.44)=7.29, P<0.01] (Fig. 4A). At the 
same time, the experiments performed on knockout mice 
revealed that the action of the compound was specific 
because it had no effect in mGlu4 receptor knockout animals 
P<0.3 (Fig. 4B). 

The Effects of the Combined Administration of 
CGP55845 and LSP4-2022 on DOI-induced Head 
Twitches in Mice 

 LSP4-2022 administered at a dose of 2 mg/kg 
significantly inhibited the number of DOI-induced head 
twitches (P<0.01). CGP55845 administered at a dose of 10 
mg/kg did not have any effect on its own. The simultaneous 
administration of LSP4-2022 and CGP55845 resulted in the 
inhibition of LSP4-2022-induced effect [F(3.22)=15.21, 
P<0.001]. The post-hoc Newman–Keuls analysis revealed a 
significant effect of the LSP4-2022–CGP55845 interaction 
when compared with the LSP4-2022-treated group, P<0.001 
(Fig. 5A). 

The Effect of the Combined Administration of GS 39783 
and a Subeffective Dose of LSP4-2022 on DOI-induced 
Head Twitches in Mice 

 LSP4-2022 was administered at a dose of 0.1 mg/kg, and 
GS39783 at a dose of 0.1 mg/kg. None of the drugs showed 
any effects when administered on its own. The simultaneous 
administration of subeffective doses of GABAB and mGlu4 
receptor PAM induced a clear reduction in the number of 
DOI-induced head twitches. The one-way ANOVA main 
effects revealed a significant effect of the LSP4-2022–
GS39783 interaction [F(3.29)=8.83, P<0.001]. The post-hoc 
Newman–Keuls analysis revealed a significant effect of the 
LSP4-2022–GS39783 interaction when compared with DOI-
treated animals, P<0.001 (Fig. 5B). 

The Effect of LSP4-2022 in the Modified Forced Swim 
Test 

 MK-801 administered chronically (14 days) at a dose of 
0.4 mg/kg induced an increase in the immobility time of 

 

Fig. (4). Effects on DOI-induced head twitches. The dose-dependent studies of LSP4-2022 (A) and the use of mGluR4 knockout mice to 
evaluate the specificity of the compound (B) are presented. Data are presented as means ± SEM. Doses in mg/kg are indicated in parentheses. 
*P<0.05 versus DOI-treated group. 
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about 300% of the control level. LSP4-2022 reversed this 
MK-801-induced prolongation in the immobility time at all 
tested doses, that is, 0.5, 1, and 2 mg/kg. The one-way 
ANOVA revealed a statistical effect of LSP4-2022 with 
F(4.45)=3.68, P<0.05 (Fig. 6A). 

 The chronic administration of MK-801 did not induce 
any changes in spontaneous locomotor activity when 
measured for 5 minutes. However, the simultaneous 
administration of LSP4-2022 at a dose of 0.5 mg/kg 45 
minutes before the measurement of the locomotor activity 
significantly increased the number of ambulation scores 
[F(4.44)=5.104, P<0.01] (Fig. 6B). 

The Effect of LSP4-2022 in the Social Interaction Test in 
Rats 

 MK-801 induced a typical decrease both in the number 
(Fig. 7A) and duration (Fig. 7B) of social episodes measured 

during the 8-minute test. LSP4-2022 was administered at 
three doses: 0.5, 1, and 2 mg/kg. The one-way ANOVA 
followed by the Newman–Keuls comparison revealed that all 
three doses attenuated the MK-801-induced deficits in both 
parameters, that is, the time of interaction [F(4.20)=15.81] and 
the number of episodes [F(4.20)=12.65]. The compound did 
not have any own effects at the highest investigated dose 
(Fig. 7). 

The Effect of the Combined Administration of GS39783 
and LSP4-2022 in the Social Interaction Test in Rats 

 LSP4-2022 was given at a subeffective dose of 0.1 
mg/kg, 45 minutes before the test. GS39783 was administered 
at a subeffective dose of 0.1 mg/kg. The simultaneous 
administration of LSP4-2022 and GS39783 did not alter the 
effects induced by MK-801, which produced significant changes 
in behavior when administered on its own (Fig. 8A, B, left 

 

 

Fig. (5). Effects on DOI-induced head twitches. The simultaneous administration of LSP4-2022 with GABAB receptor antagonist, CGP55845 
(A), and of the subeffective doses of LSP4-2022 and GABAB positive modulator, GS39783 (B). Data are presented as means ± SEM. Doses 
in mg/kg are indicated in parentheses. **P<0.01 and ***P<0.001 versus DOI-treated group and #P<0.01 vs LSP4-2022 group. 
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part of the graph). Neither LSP4-2022 nor GS39783 alone or 
in combination induced changes in behavior (Fig. 8A, B, 
right part of the graph). 

 The one-way ANOVA revealed no changes between the 
particular groups not injected with MK-801. 

The Effect of LSP4-2022 in the Novel Object Recognition 
Test in Rats 

 LSP4-2022 was administered at three doses: 0.5, 1, and 2 
mg/kg. The one-way ANOVA followed by Newman–Keuls 
comparison revealed that only the effect of the higher dose 
(2 mg/kg) was statistically significant [F(3.36)=7.09, P<0.001] 
(Fig. 9A). 

The Effect of the Combined Administration of GS39783 
and LSP4-2022 in the Novel Object Recognition Test in 
Rats 

 LSP4-2022 was administered at a subeffective dose of 
0.5 mg/kg, 45 minutes before the test. GS39783 was given at 
a dose of 0.1 mg/kg, 30 minutes before the test, and did not 
show any effect. GS39783, when administered with LSP4-

2022, showed no effect on the behavior of MK-801-treated 
animals in the NOR test (Fig. 8B). Neither LSP4-2022 nor 
GS39783 alone or in combination induced changes in 
behavior (Fig. 9B, right part of the graph). 

DISCUSSION 

 The present study expands on our recent reports showing 
that the novel compounds stimulating mGlu4 receptor, both 
orthosteric agonists and PAMs, exhibit antipsychotic-like 
activity in animal models, widely used to study antipsychotic-
like activity of drugs [15-17, 33]. Herein, we describe the 
activity of the agonist of group III mGlu receptors, LSP4-
2022 [34]. LSP4-2022 is the successor of the former 
compound, LSP1-2111, preferential mGlu4 receptor agonist, 
whose activity was described in our previous studies [15, 16, 
35]. The in vitro potency of LSP4-2022 to mGlu4 receptor is 
higher than that of LSP1-2111 or any other known mGlu4 
agonist or PAM (EC50=0.11 ±0.02 µM). Simultaneously, the 
affinity of LSP4-2022 to mGlu7 receptor remains significant, 
although it is weaker than that to mGlu4 receptor (EC50=11.6 
±1.9 µM) [34]. Our study conducted in 2012 revealed that 
the activation of mGlu7 receptor did not induce any 

 

Fig. (6). Effect on modified forced swim test (A) and spontaneous locomotor activity (B) in mice chronically treated with MK-801 (13 days; 
0.4 mg/kg IP). Data are presented as means ± SEM. Doses in mg/kg are indicated in parentheses. #P<0.05 versus controls, *P<0.05 versus 
MK-801-treated group. 
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antipsychotic-like effect in rodents [15]. Therefore, on the 
basis of our previous results, we assumed that the stimulation 
of mGlu4 receptor, and not mGlu7 receptor, is responsible for 
the observed antipsychotic-like effect. Additionally, LSP4-
2022 has been tested against 34 GPCRs including GABAB 
receptor in the laboratory of J.P Pin at the Institute for 
Functional Genomics in Montpellier, France, and showed to 
have no effects on these targets. The paper is currently being 
prepared with Abderazack Belhocine as the first author 
(personal communication). A study by Cajina et al. concerning 
LSP1-2111, a close analog of LSP4-2022, provides an indirect 
evidence for LSP4-2022 selectivity [36]. The drug was tested 
in a broad binding screen against 70 GPCRs, ion channels, 
and enzymes as well as a functional screen toward 56 
GPCRs and demonstrated a highly selective cross-reactivity 
profile for LSP1-2111. 

 In the present study, we performed standard behavioral 
procedures to evaluate the antipsychotic-like activity of 
LSP4-2022, namely, hyperactivity, DOI-induced head twitches, 
modified FST, social interaction test, and NOR test. We used 

mGluR4 knockout animals (mGluR4-/-) to confirm the 
specific mGluR4-dependent action of the compound. 
Hyperactivity and DOI-induced head twitches are widely 
used animal models reflecting the positive symptoms of 
schizophrenia, while the modified FST and social interaction 
test are popular animal models of negative symptoms of 
schizophrenia. The modified FST was introduced by Noda 
[27-29]. Repeated MK-801 treatment (13 days, 0.4 mg/kg) 
significantly increased immobility in the modified FST, 
without affecting locomotor activity. Mice were forced to 
swim twice for 3 minutes, during which the immobility time 
was measured. After the first trial (T1), the chronic 
administration of MK-801 was started and continued for  
13 days, and then the second trial (T2) was performed. The 
increase in immobility was counted as the difference 
between T2 and T1. The test is considered as a model of 
depression-like negative symptoms of schizophrenia. The 
social interaction test was used in our previous studies and 
was adapted from Satow et al. [16, 17, 22]. Social withdrawal 
is one of the most common negative symptoms observed in 
schizophrenia patients; therefore, the social interaction test 

     A 

 

Fig. (7). Effects on MK-801-induced deficits in social interaction. The time of social interaction (A) and the number of episodes of social 
contacts (B) were measured. The dose-dependent studies of LSP4-2022 were performed. The graphs also include the control experiments 
with the most active dose administered to rats not treated with MK-801. Data are presented as means ± SEM. Doses in mg/kg are indicated in 
parentheses. #P<0.01 versus controls, *P<0.05 and **P<0.01 versus MK-801-treated group. 
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has a significant face and construct validity. Atypical 
antipsychotic drugs reverse MK-801-induce behavioral 
changes both in the modified FST and social interaction test. 

 For cognitive symptoms, we used the NOR test, which is 
a well-validated model of recognition memory. It is widely 
used in studies that explore cognitive impairment in rodent 
models of schizophrenia. It is relevant to short-term visual 
memory, and MK-801-induced deficits are selectively 
reversed by the administration of novel generations of 
antipsychotics [30, 37-40]. 

 In all our experiments in the present study, the orthosteric 
agonist of mGlu4 receptor, LSP4-2022, induced a clear 
antipsychotic-like effect in a dose-dependent manner, 
reversing MK-801-induced disturbances. The action of the 
compound was observed at relatively small doses, from 0.5 
mg/kg to 2 mg/kg. The lower and higher doses were 
relatively less effective in all tests, with the exception of the 
NOR test, in which only the highest dose (2 mg/kg) reversed 
the MK-80-induced effect. The drug did not induce any 
behavioral activity when given to animals not treated with 
MK-801. Only in the locomotor activity test performed as a 
control experiment for the modified FST, the administration 
of the lowest dose of LSP4-2022 (0.5 mg/kg) increased the 
spontaneous locomotor activity of mice chronically treated 

with MK-801 (Fig. 5B). Such an increase in the immobility 
time was not observed in mice treated with the doses of 1 
and 2 mg/kg. Additionally, using mGluR4 knockout mice, we 
confirmed the specificity of the ligand because it was 
inactive at a dose of 2 mg/kg in the DOI-induced head 
twitches test. 

 In the second part of the study, we investigated the 
possible involvement of GABAB receptor in the action of 
LSP4-2022. The GABAergic system plays an important role 
in the development of schizophrenia because according to 
the GABAergic theory of psychosis, the deficit in GABA 
synthesis was observed in postmortem studies of schizophrenic 
patients [41]. Our previous publications showed that GABAB 
receptor agonists/PAMs were effective in the animal models 
of positive symptoms [18] as well as in those of negative and 
cognitive symptoms [19]. We also showed that the concomitant 
stimulation of GABAB and mGlu5 receptors with subeffective 
doses of selective PAMs of those receptors (GS39783 and 
CDPPB, respectively) induced clear antipsychotic-like 
effects in the animal models of schizophrenia [19]. This 
interplay between mGlu5 and GABAB receptors was evident 
in the models of negative and cognitive symptoms, but not in 
the model of positive symptoms of schizophrenia, such as 
the DOI-induced head twitches [19]. 

 

Fig. (8). Effects on MK-801-induced deficits in social interaction. The number of episodes of social contacts (A) and the time of social 
interaction (B) were measured. The effect of the combined administration of LSP4-2022 and GABAB receptor positive modulator, GS39783, 
was measured. The graphs also include the control experiments with the same treatment group (excluding MK-801 administration). Data are 
presented as means ± SEM. Doses in mg/kg are indicated in parentheses. #P<0.01 versus controls. 
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 In the present set of experiments, we used selective 
GABAB receptor antagonist, CGP55845, to block the action 
of the effective doses of LSP4-2022. On the other hand, the 
subeffective dose of LSP4-2022 was administered with the 
subeffective dose of GS39783. The effect of LSP4-2022 was 
abolished by the administration of GABAB receptor 
antagonist only in hyperactivity and DOI-induced head 
twitches tests, and, simultaneously, the administration of 
subeffective doses of LSP4-2022 and GABAB PAM 
GS39783 induced clear antipsychotic-like effects in these 
tests. The interplay between mGlu4 and GABAB receptors 
was not observed in the models of negative and cognitive 
symptoms of schizophrenia, contrary to our previous results 
observed for the interaction between mGlu5 and GABAB 
receptors [19]. At the moment, we cannot fully explain the 
mechanisms that underlie the reported interactions because 
further studies are needed to elucidate these issues. One of 
the possibility is that mGlu4 and GABAB receptors are not 
expressed by the same neurons in the brain regions 

responsible for the performance of the social interaction and 
NOR tests (such as the piriform cortex). In contrast, they can 
be coexpressed in the V layer of the prefrontal cortex, where 
both GABAB and mGlu4 receptor stimulators attenuated a 
DOI-induced increase in the frequency of spontaneous 
EPSCs [17, 18], and their effect was considered as primarily 
presynaptic. As the effect of DOI occurs via the induction of 
glutamate release caused by activation of 5-HT2A receptors 
placed postsynaptically on pyramidal neurons [43], the 
concomitant stimulation of presynaptic GABAB and mGlu4 
receptors expressed on the presynaptic site of the same 
neuron may counteract the effect of DOI. 

 We are aware that in studies with simultaneous 
administration of up to 3 compounds, the lack of drug–drug 
interactions should be confirmed. Unfortunately, we did not 
have any drug exposure studies for either LSP4-2022 or 
GS39783. However, except LSP4-2022, which is a new 
compound (the close analog of LSP1-2111, described in the 
work of Cajina et al. [36]), all the other compounds have 

 

 

Fig. (9). Effects on MK-801-induced deficits in NOR. The dose-dependent study of LSP4-2022 (A) and the combined administration of 
LSP4-2022 with CGP55845 (B) or GS39783 (C). The graphs also include control experiments with the same treatment group. Data are 
presented as means ± SEM. Doses in mg/kg are indicated in parentheses. #P<0.01 versus controls, ***P<0.001 versus MK-801-treated 
group. 
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been widely used in animal studies. A variety of controls that 
were performed in our studies minimized the risk of 
unwanted effects and possible drug–drug interactions. In 
each paradigm, there were 4 groups of MK-801-treated 
animals: vehicle-receiving (solvent given in the same time as 
tested compound), tested drug 1, tested drug 2, and tested 
drugs 1+2. Additionally, the same investigation scheme was 
performed for animals not receiving MK-801. According to 
our knowledge, experience, and practice, as well as a vast 
number of studies by other authors, such an experimental 
design is sufficient to consider the results as reliable.  

 Among the currently used antipsychotics, there are no 
drugs with significant affinity to glutamatergic or GABAergic 
receptors. Various preclinical studies have indicated that 
activation of amino acidergic receptors can induce strong 
antipsychotic-like effects in the models of positive, negative, 
and cognitive symptoms. So far, the clinical trials were 
performed with mGlu2/3 receptors modulators. Unfortunately, 
the studies with LY2140023 were not conclusive because the 
positive control, olanzapine, did not show any effects [44]. 
However, there are some studies demonstrating positive 
results [45, 46]. The major benefit of using glutamatergic 
agents is their unique tolerability profile characterized by a 
low incidence of some adverse events such as extrapyramidal 
symptoms or weight gain that have been reported for the 
currently used dopaminergic antipsychotic drugs [44-47]. 

 The GABAergic agents are widely used in clinical 
practice. The best known agents are benzodiazepines, common 
anxiolytic drugs [48]. The GABAB receptor agonist, baclofen, 
have been used in clinical practice for several decades now 
[49]. No trials have been performed with GABAB receptor 
positive modulators in humans. Only one compound, 
ADX71441, a novel orally active GABAB PAM, was on 
track for Phase 1 clinical testing in the first half of 2013 (Addex 
information). However, the available data concerning the 
efficacy of GABAergic drugs in schizophrenic patients are 
limited, and more research is needed in this field. 

 As the most effective and safe neuroleptics are 
characterized by multidirectional action, activating different 
classes of receptors, mainly dopaminergic, serotonergic, 
histaminergic, and muscarinic, we assume that the activation 
of one type of receptors may not be sufficient to induce 
antipsychotic-like effect. On the other hand, the use of lower 
doses of the compounds may reduce the risk of adverse 
effects that are often associated with higher doses. In a series 
of our previous experiments, we suggested that the 
interaction between mGlu4 and 5-HT1A receptors may be a 
good antipsychotic target [16, 33]. In the present study, we 
showed that the therapy based on the interaction between 
mGlu4 and GABAB receptors may prove beneficial for 
patients with a predominance of positive symptoms. 
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