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Abstract
Therapy of depression is difficult and still insufficient despite the presence of many antidepressants on the market. Therefore,
there is a constant need to search for new, safer, and more effective drugs that could be used in the treatment of depression.
Among many methods, chemical modification is an important strategy for new drug development. This study evaluates
antidepressant-like effects and possible mechanism of action of two new arylpiperazine derivatives with isonicotinic and
picolinic nuclei, compounds 4p N-(3-(4-(piperonyl)piperazin-1-yl)propyl) isonicotinamide and 3o N-(2-(4-(pyrimidin-2-
yl)piperazin-1-yl)ethyl) picolinamide. The forced swim test (FST) and tail suspension test (TST), as two predictive tests for
antidepressant effect in mice, were used. The possible involvement of serotonergic system in the effects of the new com-
pounds in the FST through pharmacological antagonists/modulators of serotonergic transmission was also investigated.
Compounds 4p and 3o were shown to possess antidepressant activity in both tests, FST and TST. The antidepressant-like
effects of the new compounds in the FST were prevented by pretreatment of mice with pCPA (serotonin depletor),
(−)pindolol (mixed 5-HT1A/1B and β-adrenergic antagonist), and WAY 100635 (selective 5-HT1A antagonist).
Additionally, in drug interaction studies, the 5-HT2A/2C antagonist, ketanserin, and the classic antidepressant, imipramine,
potentiated antidepressant-like effect of both new compounds. The obtained results demonstrate that the new compounds
4p and 3o produce an antidepressant-like effect in mice which seems to be mediated by interaction with the serotonin 5-
HT1A receptors and in the case of 4p, also with the 5-HT2C receptors.
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Introduction

Depression hinders emotionally and physically the everyday
lives of the afflicted persons and thus is a vast public health
problem leading to heavy socioeconomic burden. According
to the World Health Organization (WHO), it will be the sec-
ond most prevalent cause of illness-induced disability by the
year 2020 (Manji et al. 2001; Nestler et al. 2002). The disease
is characterized by a number of various symptoms. These
include depressed mood, lack of interest, and recurrent
thoughts of death and suicide (Aldous and Mann 1963;
Nestler et al. 2002). It can also exacerbate or initiate other
health problems, such as cardiovascular (Musselman et al.
1998; Fava and Kendler 2000; Neu 2009) and endocrine dis-
orders (Peyrot 2003), as well as cancer (Lazure et al. 2009).

There are many drugs that are potent antidepressants.
Treating depression, however, is difficult because of drug
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resistance, or drugs being poorly tolerated by patients due to
many collateral undesirable side effects. The extent of these,
in some cases, leads to the arrest of therapy and the worsening
of morbidity. Additionally, a long latency (usually several
weeks) is required for improvement of depressive symptoms.
Such effect complicates the treatment due to the possibility of
suicide, especially during the first period of therapy (Nemeroff
and Owens 2002; Montgomery 2006; Loubinoux et al. 2012).
Therefore, there is a constant need to search for new, safer, and
more effective antidepressants (Montgomery 2006;
Kędzierska and Wach 2016).

Serotonin (5-hydroxytryptamine, 5-HT) plays a key role in
the pathophysiology of depression, and different groups of
serotonin receptors are targets for antidepressant drugs
(Petit-Demouliere et al. 2005; Adell et al. 2005; Brüning
et al. 2011; Yohn et al. 2017). These receptors are divided into
seven groups, of which only the 5-HT3 receptor belongs to the
group of ionotropic receptors, as the others are all G protein–
coupled receptors (GPCR). Serotonin receptors modulate the
release of other neurotransmitters, such as glutamate, γ-
aminobutyric acid (GABA), dopamine, noradrenaline, or ace-
tylcholine (Hoyer et al. 1994; Chilmończyk et al. 2015). For
the treatment of depression, the 5-HT1A and the 5-HT2C re-
ceptors are particularly important. The 5-HT1A receptors are
present in the frontal cortex, hippocampus, amygdala, and
raphe nuclei, and their distribution is similar in rodent and
human brains. These receptors function both as presynaptic
somatodendritic autoreceptors and as postsynaptic
heteroreceptors. Of note, these two types act oppositely
(Artigas 2013; Celada et al. 2013; Yohn et al. 2017). The 5-
HT2 receptors are alsowidely distributed throughout the brain,
in a pattern that suggests that their activation may be implicat-
ed in the regulation of mood disorders (Celada et al. 2004).
Many ligands of serotonin 5-HT1A receptors produce benefi-
cial effects in animal models of depression and anxiety
(Kostowski et al. 1992; Schreiber and De Vry 1993; Singh
and Lucki 1993; Deakin 1993; De Vry 1995; Redrobe et al.
1996), and some are already approved as drugs. For example,
vilazodone and vortioxetine are marketed as antidepressants,
while buspirone has found to be clinically effective in the
treatment of either disorder (Taylor 1988; Faludi 1994;
Marangell 2000; Appelberg et al. 2001; Mork et al. 2012;
Artigas 2013; McIntyre 2017). Drugs acting at the 5-HT1A

receptors offer a better safety profile because these recep-
tors modulate rather than mediate neurotransmission in
brain regions involved in development of anxiety and de-
pression (Artigas 2013; Nautiyal and Hen 2017). They do
not cause sedation, memory disturbances, or negative in-
teractions with alcohol and do not have addictive potential
(Taylor 1988; Faludi 1994). Therefore, it seems that the
search for activity among the ligands of these receptors
gives a good chance of obtaining effective drugs in the
treatment of depression and anxiety.

In accordance with the aforementioned results and in aiming
to develop novel pharmacological tools that could improve our
knowledge of the signal transduction mechanism and lead cre-
ating compounds with high affinity and selectivity, a novel
class of arylpiperazine derivatives containing isonicotinic
(Fiorino et al. 2016) and picolinic nuclei (Fiorino et al. 2017)
was designed and synthesized. All the new compounds were
tested in vitro for their affinity, primarily for serotonin 5-HT1A,
5-HT2A, and 5-HT2C receptors. However, in view of the poten-
tial multireceptor profile of the derivatives, their ability to bind
to α1 and α2 adrenoceptors, as well as to dopaminergic recep-
tors (D1 and D2), was also examined. Subsequently, substances
with the highest affinity and selectivity for 5-HT1A receptors
were tested in vivo. Hence, we utilized a battery of preliminary
behavioral tests to investigate the possible impact of new com-
pounds on the central nervous system (Fiorino et al. 2016,
2017) . On th is bas i s , we chose compounds 4p
N-(3-(4-(piperonyl)piperazin-1-yl)propyl) isonicotinamide
(Fiorino et al. 2016) and 3o N-(2-(4-(pyrimidin-2-
yl)piperazin-1-yl)ethyl) picolinamide (Fiorino et al. 2017)
(Scheme 1) as the most promising agents for further pharma-
cological studies in vivo.

In such studies, compound 4p showed high affinity for
serotonin 5-HT1A receptors with Ki = 0.0113 nM, but less af-
finity for 5-HT2C subtypes: Ki = 2.19 nM. In the behavioral
studies performed up to now, it demonstrated the characteris-
tics of presynaptic 5-HT1A receptor agonist; however, it was
found to not act as an agonist or antagonist of postsynaptic
receptors (Fiorino et al. 2016). Instead, compound 3o was
characterized by having high affinity and selectivity for 5-
HT1A serotonin receptors, with Ki = 0.046 nM. Moreover,
it displayed the features of a postsynaptic partial agonist
and presynaptic 5-HT1A receptor antagonist (Fiorino et al.
2017). The interesting affinity and selectivity profiles
showed by piperonyl (4p) and 2-pyrimidinyl (3o) moieties
are in line with those described in literature. In particular, it
was already reported that the pyrimidinyl group, originally
present in buspirone and later employed in many 2-
pyrimidinylpiperazine analogues, produces a greater affinity
for 5-HT1A receptors even if the plane of the 2-pyrimidinyl
ring is parallel to that of piperazine due to delocalization of the
sp2/sp3 nitrogen into the aromatic system, hence producing
only two low-energy conformations which are essentially
isoenergetic (Fiorino et al. 2017).

Furthermore, both compounds produced an antidepressant-
like effect in the forced swim test (FST) and anxiolytic activity
in the elevated plus-maze (EPM) test in mice (Fiorino et al.
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Scheme 1 Chemical structures of compounds 4p and 3o
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2016, 2017). To confirm this antidepressant-like action, in the
current study we conducted an additional predictive testing for
antidepressants, the tail suspension test (TST). Based on liter-
ature reports concerning the involvement of 5-HT1A and 5-
HT2C receptors in the pathomechanism of depression, we,
thus, investigated the possible mechanism of action of the
new derivatives for their antidepressant-like activity. The ex-
periments were designed specifically to assess the putative
engagement of the serotonergic neurotransmitter system. For
this purpose, we used the FST, which is a behavioral paradigm
that predicts the efficacy of various class antidepressants
(Porsolt et al. 1977a, b; Borsini and Meli 1988; Millan et al.
2001; Willner and Mitchell 2002). In this context, we investi-
gated the possible involvement of this system in the anti-
immobility effect of the new compounds in the FST through
pharmacological antagonists/modulators of serotonergic
transmission. Firstly, we used p-chlorophenylalanine (pCPA,
serotonin depletor) to ascertain if the antidepressant-like ef-
fects of the compounds occur after the inhibition of serotonin
synthesis, and then, we analyzed the participation of 5-HT1A,
5-HT1B, and 5-HT2A/2C receptors in the observed effects of
these compounds. Hence, in conducting the FST, we blocked
the action of tested compounds using the following antago-
nists: the mixed 5-HT1A/1B and β-adrenergic antagonist
(−)pindolol (Lejeune and Millan 2000) and the selective 5-
HT1A antagonist WAY 100635 (Forster et al. 1995).
Additionally, drug interaction studies were performed with
the 5-HT2A/2C antagonist ketanserin (Kleven et al. 1997) and
imipramine, a classic antidepressant (Glowinski and Axelrod
1964; Corrodi and Fuxe 1968). Doses and administration
schedules of the tested substances and tool agents used here
were selected on the basis of our previous results (Fiorino
et al. 2016, 2017), as well as on the basis of literature data,
and were reported not to increase locomotor activity (Redrobe
and Bourin 1999; Zomkowski et al. 2004; Yalcin et al. 2005;
Kaster et al. 2005; Guilloux et al. 2006).

Materials and methods

Experimental animals

The studies were conducted on 6-week-oldmale Albino Swiss
mice (18–24 g). The mice were housed in cages, 38 × 18.5 ×
13 cm, five individuals per cage. The bedding was corncob
granules and it was changed once a week. The ambient tem-
perature was 22 ± 1 °C, and the relative humidity was 50–
60%. The mice were maintained on a 12-h light-dark cycle
(lights on at 6 a.m.). Tapwater and food pellets (LSMAgropol
S.J., Motycz, Poland) were available ad libitum except for the
short time when the mice were removed from their cages for
testing. All experiments were carried out between 9:00 and
16:00. The study was performed under experimental protocols

approved by the Local Ethics Committee (License No. 35/
2017). Housing and experimental procedures were conducted
in accordance with the European Union Directive of 22
September 2010 (2010/63/EU) and Polish legislation
concerning animal experimentation. All efforts were made to
minimize animal suffering as well as the number of animals
used in the study.

Drug administration

After arrival from the breeding facility, the mice were allowed
to acclimatize to the experimental room for at least 1 h before
testing. After this time, the compounds were administered.
The volume of all administrated solutions/suspension was
10 ml/kg. Animals were weighed immediately before injec-
tion. Each study group consisted of eight to ten individuals
(eight in groups receiving antagonists/modulators of the sero-
tonergic system and ten in other groups). The control groups
received respective vehicles at respective time points before
testing. It was one injection of tylose in the TST and two
injections (tylose and physiological saline) in all other studies
with co-administration of drugs. Between the injections, mice
were provided with stable living conditions and unrestricted
access to food and water.

The new arylpiperazine derivatives 4p and 3owere synthe-
sized in the Department of Pharmacy of Federico II University
in Naples, Italy, and the synthesis was described earlier
(Fiorino et al. 2016, 2017). For behavioral studies, they were
dissolved in DMSO (at final concentration of 0.1%) and then
diluted by aqueous solution of 0.5% methylcellulose (tylose)
and injected intraperitoneally (i.p.) 60 min before the tests.

To establish the involvement of the serotonin-mediated
mechanism in the anti-immobility effect of tested compounds
(4p 30 mg/kg i.p., 3o 15 mg/kg i.p.) in the FST, the animals
were pretreated with p-chlorophenylalanine methyl ester hy-
drochloride (pCPA, an inhibitor of serotonin synthesis) dis-
solved in saline, at a dose of 100 mg/kg once a day, for four
consecutive days (Wang et al. 2008; Girish et al. 2012). After
the last pCPA injection, the experimental mice were treated
with the test compounds and tested in the FST 60 min later.

In another set of experiments, to investigate the involvement
of particular subtypes of serotonin receptors in the
antidepressant-like effect of the new compounds in the FST,
the mice were pretreated with either a mixed 5-HT1A/1B and β-
adrenergic antagonist (−)pindolol at dose 10 mg/kg i.p., or the
selective 5-HT1A antagonist WAY 100635, 0.1 mg/kg subcuta-
neously (s.c.) each of them 15 min before the tested compounds
(Savegnago et al. 2007; Wang et al. 2008; Jesse et al. 2010).
Furthermore, ketanserin, a 5-HT2A/2C antagonist, at a dose of
1 mg/kg was given i.p. 15 min before tested compounds
(Brüning et al. 2011), and imipramine at the threshold dose of
15 mg/kg, diluted in physiological saline, was concomitantly
administered with the new derivatives, 60 min before the test
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(Poleszak et al. 2014). All of the tool substances used were
purchased from Sigma-Aldrich company, and the used doses
and pretreatment times were selected from the mentioned refer-
ential literature and from previous experiments conducted within
our laboratory (Fiorino et al. 2016, 2017).

Behavioral tests

Forced swim test (Porsolt’s test)

The study was carried out using the test proposed by Porsolt
et al. (1977a, b). The method is based on the observation of an
animal forced to swim in a situation without possibility of
escape. After the initial period of vigorous movements, the
animals give up further attempts, which reflects a human sense
of hopelessness (Porsolt et al. 1977a, b; Kędzierska and Wach
2016). The test involved putting the mouse into a beaker (di-
ameter 10 cm, height 25 cm) filled with water at 23–25 °C for
a period of 6 min. The time of immobility was then recorded
in the last 4 min of the test session (between the second and
sixth minutes), in real time, by a blinded observer using the
summing stoppers. Immobility was assumed when the animal
floated passively, performing only movements necessary to
keep its head above water (a semi-horizontal position).

Tail suspension test

The procedure was carried out according to the method of
Steru et al. (1985). The mice were suspended 50 cm above
the floor by adhesive tape placed approximately 1 cm from the
tip of the tail for 6 min. The total duration of immobility was
then recorded by a blinded observer in real time, between the
second and sixth minute (as in the FST) using the summing
stoppers. Mice were judged to be immobile when they hung
passively, making only the small movements necessary to
breathe (Steru et al. 1985; Poleszak et al. 2016).

Locomotor activity test

The spontaneous motility of mice was measured using a pho-
tocell apparatus (Multiserv, Lublin, Poland). The apparatus
consisted of round cages (diameter 25 cm) made of plastic
(PP, PVC) with the measuring element being made of infrared
motion sensors. The results were presented on an LCD dis-
play. Motility was interpreted as the number of light beams
crossed by the freely moving mouse. The animals were placed
in the cage individually, 50 min after the administration of the
tested compounds, for a period of 10 min for acclimatization.
After this time, their activity was noted after 2 and 6 min
(corresponded to the observation period in the FST and
TST) and after 10 min to observe the dynamics of changes.

Statistical analysis

The data obtained from the experiments were subjected to
statistical evaluation. One-way analysis of variance
(ANOVA) was used, with Bonferroni’s test applied as a post
hoc test. The results are presented as the means ± SEM (stan-
dard error of the mean); p < 0.05 was considered statistically
significant. All analyses were performed using the Prism soft-
ware ver. 5.0 (GraphPad Software, San Diego, CA, USA).

Results

The effect of new compounds 4p and 3o (15
and 30 mg/kg) on the duration of mouse immobility
in the tail suspension test

Statistical analysis of the results obtained in the TST revealed
that compounds 4p and 3o at doses of 15 and 30 mg/kg
exerted a statistically significant antidepressant effect: 4p at
p < 0.001 and p < 0.05 and 3o at p < 0.01 and p < 0.05, respec-
tively. This manifested in the reduction of total immobility
time, in comparison with the control group (Fig. 1; ANOVA:
F(4,30) = 5.293; p < 0.01; Bonferroni’s test).

Effect of pretreatment with pCPA
on the antidepressant-like effect of new compounds
4p and 3o (15 and 30 mg/kg) in the forced swim test
and on mice locomotor activity

Statistical analysis of the results showed that the inhibitor of
serotonin synthesis, pCPA alone (100 mg/kg, once a day, for
four consecutive days), did not modify the immobility time,
while pretreatment of mice with pCPA significantly prevented
the reduction of immobility elicited by both new compounds
4p and 3o, p < 0.01 vs. respective compound (Fig. 2a;
ANOVA: F(5,46) = 9461; p < 0.0001).

Figure 2b shows that the administration of the substances at
the same doses did not change the spontaneous locomotor

Fig. 1 The effect of new compounds 4p and 3o (15 and 30 mg/kg) on the
duration of immobility in the tail suspension test (TST) in mice. The
tested compounds 4p and 3o were injected i.p. 60 min before the test.
Data are expressed as mean ± SEM values. *p < 0.05; **p < 0.01;
***p < 0.001 vs. control vehicle-treated group (Bonferroni’s test; n = 10)
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activity in mice, neither after 2 min (ANOVA: F(5,41) =
0.7980; p = 0.5575) nor after 6 min (ANOVA: F(5,38) =
2.192; p = 0.0753) nor after 10 min (ANOVA: F(5,41) =
0.7235; p = 0.6096; Bonferroni’s test).

The role of serotonin receptors
in the antidepressant-like effect of new compounds
4p and 3o (15 and 30 mg/kg) in the forced swim test
and on mice locomotor activity

The results in Fig. 3a show that pindolol alone (a mixed 5-
HT1A/1B and β-adrenergic antagonist, 10 mg/kg i.p.) did not
modify the immobility time, while pretreatment of mice with
pindolol significantly prevented the reduction of immobility
elicited by both new compounds 4p and 3o (p < 0.01 and
p < 0.05) vs. respective compound (ANOVA: F(5,40) =
9.261; p < 0.0001).

Figure 3b reveals that the administration of the substances
at the same doses did not change the spontaneous locomotor
activity in mice, neither after 2 min (ANOVA: F(5,43) =
0.5841; p = 0.7120) nor after 6 min (ANOVA: F(5,40) =
3.380; p < 0.05) nor after 10 min (ANOVA: F(5,42) = 1.491;
p = 0.2134; Bonferroni’s test).

The results in Fig. 4a show that WAY 100635 alone (the
selective 5-HT1A receptor antagonist, 0.1 mg/kg s.c.) did not
modify the immobility time, while pretreatment of mice with

Fig. 3 Effect of pretreatment with pindolol (10 mg/kg i.p.) on the
antidepressant-like effect of new compounds 4p and 3o (15 and 30mg/kg)
in the forced swim test (FST) (a) and on locomotor activity of mice (b).
Mice were pretreated by pindolol, the mixed 5-HT1A/5-HT1B and β-
adrenergic antagonist, 10 mg/kg i.p., 15 min before administration of the
tested compounds 4p and 3o. Data are expressed as mean ± SEM values
of immobility time in the FST and the mobility count of mice after 2, 6,
and 10 min in the locomotor activity test. ***p < 0.001 vs. control
vehicle-treated group, #p < 0.05, ##p < 0.01 vs. respective compound
(Bonferroni’s test; n = 8 for pindolol group, n = 10 for other groups)

Fig. 4 Effect of pretreatment with WAY 100635 (0.1 mg/kg s.c.) on the
antidepressant-like effect of new compounds 4p and 3o (15 and 30mg/kg)
in the forced swim test (FST) (a) and on locomotor activity of mice (b).
Mice were pretreated by WAY 100635, the selective 5-HT1A receptor
antagonist, 0.1 mg/kg s.c., 15 min before administration of the tested
compounds 4p and 3o. Data are expressed as mean ± SEM values of
immobility time in the FST and the mobility count of mice after 2, 6,
and 10 min in the locomotor activity test. **p < 0.01, ***p < 0.001 vs.
control vehicle-treated group, ##p < 0.01 vs. respective compound
(Bonferroni’s test; n = 8 for WAY 100635 group, n = 10 for other groups)

Fig. 2 Effect of pretreatment with pCPA on the antidepressant-like effect
of new compounds 4p and 3o (15 and 30 mg/kg) in the forced swim test
(FST) (a) and on locomotor activity of mice (b). Mice were pretreated by
pCPA, 5-HT synthesis inhibitor, 100 mg/kg i.p. for 4 consecutive days
before administration of the tested compounds 4p and 3o, injected i.p.
60 min before the test. Data are expressed as mean ± SEM values of
immobility time in the FST and the mobility count of mice after 2, 6,
and 10 min in the locomotor activity test. ***p < 0.001 vs. control
vehicle-treated group, ##p < 0.01 vs. respective compound (Bonferroni’s
test; n = 8 for pCPA group, n = 10 for other groups)
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WAY 100635 significantly prevented the reduction of immo-
bility elicited by both new compounds 4p and 3o (p < 0.01) vs.
respective compound (ANOVA: F(5,44) = 10.30; p < 0.0001).

Figure 4b indicates that the administration of the substances at
the same doses did not change the spontaneous locomotor activ-
ity in mice, neither after 2 min (ANOVA: F(5,40) = 0.7134; p=
0.6170) nor after 6 min (ANOVA: F(5,41) = 1.081; p = 0.3850)
nor after 10 min (ANOVA: F(5,42) = 0.5608; p = 0.7294;
Bonferroni’s test)

Effect of combined administration of ketanserin
(1 mg/kg i.p.) and tested compounds 4p and 3o (15
and 30 mg/kg) in the forced swim test and on mice
locomotor activity

The results in Fig. 5a show that both ketanserin (1 mg/kg)
alone and tested compounds 4p and 3o, administered at inef-
fective doses of 7.5 and 3.75 mg/kg alone, respectively, had
no effect on the immobility time in the FST. However, simul-
taneous administration of ketanserin and the tested com-
pounds 4p and 3o at the abovementioned doses resulted in a
statistically significant reduction of the immobility time as
compared with that of the ketanserin group (p < 0.05), but
not as compared with that of the control group (ANOVA:
F(5,32) = 2.299; p = 0.0681; Bonferroni’s test).

Figure 5b reveals that the administration of the substances at
the same doses did not change the spontaneous locomotor activ-
ity in mice, neither after 2 min (ANOVA: F(5,29) = 0.9901; p=
0.4408) nor after 6 min (ANOVA: F(5,27) = 0.9441; p =
0.4688), but concomitant administration of ketanserin and tested
compound 3o resulted in a statistically significant reduction of
motility count after 10 min (ANOVA: F(5,30) = 2.482; p =
0.0538; Bonferroni’s test). Of note, there is a general visible trend
to decrease locomotor activity after administration of ketanserin
alone, and also concomitantly with tested compounds.

Effect of combined administration of imipramine
(15 mg/kg i.p.) and tested compounds 4p and 3o (15
and 30 mg/kg) in the forced swim test and on mice
locomotor activity

The results in Fig. 6a demonstrate that both imipramine (IMI,
15 mg/kg) and tested compounds 4p and 3o, administered
alone at ineffective doses of 7.5 and 3.75 mg/kg, respectively,
had no effect on the immobility time in the FST. However,
simultaneous administration of IMI and tested compounds 4p
and 3o at the abovementioned doses resulted in a statistically
significant reduction of the immobility time as compared with
that of the IMI group (p < 0.05), as well as with that of the
control group (p < 0.01 and p < 0.05) and also vs. respective

Fig. 6 Effect of combined administration of imipramine (IMI, 15 mg/kg
i.p.) and tested compounds 4p and 3o (7.5 and 3.75 mg/kg) in the forced
swim test (FST) (a) and on locomotor activity of mice (b). Mice were
treated with imipramine 1 mg/kg i.p. concomitantly with the tested com-
pounds 4p and 3o. Data are expressed as mean ± SEM values of immo-
bility time in the FSTand the mobility count ofmice after 2, 6, and 10min
in the locomotor activity test. *p < 0.05, **p < 0.01 vs. control vehicle-
treated group, ^p < 0.05 vs. IMI 15 mg/kg, #p < 0.05 vs. respective com-
pound (Bonferroni’s test; n = 8 for IMI group, n = 10 for other groups)

Fig. 5 Effect of combined administration of ketanserin (1 mg/kg i.p.) and
tested compounds 4p and 3o (7.5 and 3.75 mg/kg) in the forced swim test
(FST) (a) and on locomotor activity of mice (b). Mice were pretreated by
ketanserin 1 mg/kg i.p. 15 min before administration of the tested com-
pounds 4p and 3o. Data are expressed as mean ± SEM values of immo-
bility time in the FSTand the mobility count ofmice after 2, 6, and 10min
in the locomotor activity test. *p < 0.01 vs. control vehicle-treated
group, ^p < 0.05 vs. ketanserin group (Bonferroni’s test; n = 8 for
ketanserin group, n = 10 for other groups)
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compound (p < 0.05; ANOVA: F(5,34) = 4.613; p < 0.001;
Bonferroni’s test).

Figure 6b shows that the administration of the substances at
the same doses did not change the spontaneous locomotor
activity in mice, neither after 2 min (ANOVA: F(5,34) =
0.3038; p = 0.9072) nor after 6 min (ANOVA: F(5,39) =
0.7998; p = 0.5566) nor after 10 min (ANOVA: F(5,40) =
0.5620; p = 0.7284; Bonferroni’s test).

Discussion

Preclinical and clinical findings suggest the involvement of the
serotonergic system in the neurobiology of depression, as well as
in the action of many antidepressants (Hensler 2002; Yohn et al.
2017). Herein, alterations in mood and emotion are mainly asso-
ciated with the 5-HT1A and 5-TH2A/2C receptors, with the 5-
HT1A receptors being known to function as presynaptic
autoreceptors and postsynaptic heteroreceptors (Yohn et al.
2017); the first-type receptors are located somatodendrically on
the serotonin neurons in the raphe nuclei area, while the second-
type receptors are found postsynaptically to serotonin axon ter-
minals in the corticolimbic structures (Celada et al. 2013; Yohn
et al. 2017). In depressed patients, in postmortem research,
a reduced number and sensitivity of postsynaptic 5-HT1A recep-
tors and hyperfunction of the 5-HT1A autoreceptors, as well as
increased density of 5-HT2A/2C receptors, have been observed
(Barnes and Sharp 1999; Savitz et al. 2009; McAllister-
Williams et al. 2014). Newer imaging techniques also confirmed
these observations (Sargent et al. 2000). Autoreceptors inhibit the
activity of the system, causing suppression of endogenous 5-HT
secretion into the synaptic cleft by negative feedback. By this
mechanism, 5-HT1A receptors control the general tone of seroto-
nin activity (Chilmończyk et al. 2015). The limited clinical effi-
cacy of selective serotonin reuptake inhibitors (SSRIs) and their
delayed action are partly due to this negative feedback mecha-
nism (Celada et al. 2013). Upon chronic treatment with SSRI, 5-
HT1A autoreceptors succumb to downregulation, leading to the
recovery of serotonergic activity and enhanced 5-HT release
(Blier and de Montigny 1994; Artigas et al. 1996; Stahl 1998).

Stimulation of postsynaptic 5-HT1A heteroreceptors in
corticolimbic structures induces an increase in the activity of
the monoamine system and, as a result, produces an antide-
pressant effect. In addition, these receptors have a modulatory
action on other neurons (e.g., glutamatergic) in various brain
regions, which can also contribute to this outcome (Artigas
2015). Research has shown that mice lacking 5-HT1A

heteroreceptors do not respond to SSRI-based treatment. In
contrast, chronic SSRI treatment tonically stimulates hippo-
campal 5-HT1A receptors, indicating their substantial role in
mediating the behavioral response to antidepressants
(Santarelli et al. 2003; Artigas 2015; Chilmończyk et al.
2015; Yohn et al. 2017).

Such distribution and function of pre- and postsynaptic
receptors suggest that the blockade of 5-HT1A autoreceptors
can increase serotonergic transmission by protecting against
the self-inhibitory action of 5-HT without affecting the post-
synaptic hippocampal 5-HT1A receptors that contribute to the
antidepressant-like effect (Kinney et al. 2000; Ohno 2010).
Hence, supporting the actions of heteroreceptors should en-
sure better antidepressant effects. That is why it is suggested
that in searching for new compounds useful in the treatment of
mental illness targeting 5-HT1A receptors, focus should be
placed on specific modulation of either autoreceptors or
heteroreceptors (but not both).

The compounds presented in this study are selective ligands
with high affinity to 5-HT1A receptors: 4pwithKi = 0.0113 nM
and 3o with Ki = 0.046 nM (Fiorino et al. 2016, 2017).
Additionally, compound 4p exhibits high affinity toward sero-
tonin 5-HT2C receptors (with Ki = 2.19 nM). In previous work,
both compounds have demonstrated significant antidepressant-
like activity reducing immobility time in the FST (Fiorino et al.
2016, 2017). To confirm the observed effects, in this study, we
performed experiments using another test (TST) to predict the
antidepressant activity. TST is considered to be more sensitive
to serotonergic drugs such as SSRI (Lucki et al. 2001). In line
with our earlier findings (Fiorino et al. 2016, 2017), the new
compounds, at the same doses as in FST, i.e., 15 and 30 mg/kg,
exerted significant antidepressant-like activity in the TST (Fig.
1), amplifying the assumption that these compounds might play
a role in the modulation of depression. Such results prompted
us to study the mechanisms engaged in the observed effects.
Based on the in vitro study, we suspected that the
antidepressant-like effect of the new compounds may involve
the 5-HT receptors, especially 5-HT1A, and in the case of 4p,
also 5-HT2C.

For further study, we chose to employ FST. This is a sim-
ple, fast, widely used, very reliable tool for studying depres-
sion and the mechanisms underlying the action of agents with
antidepressant potency (Borsini 1995; Petit-Demouliere et al.
2005; Cryan and Slattery 2007). In this test, rodents are sub-
jected to an unavoidable and inescapable situation. In such
situations, after the time of vigorous attempts to escape, they
abandon any activity, expressing a behavioral despair which is
thought to reflect human depression (Dixon 1998). Via such
testing, compounds that intensify active behavior and decrease
immobility are evaluated as antidepressants. Indeed, a signif-
icant correlation exists between clinical potency and the effec-
tiveness of the drugs in this test (Porsolt et al. 1977a, b; Steru
et al. 1985; Dixon 1998; Cryan et al. 2005; Petit-Demouliere
et al. 2005).

Motor impairment is known to influence animals’ behavior
in the FST and TST. However, in the performed studies, the
doses of tested compounds effective in the FST and TST did
not modify the motility of mice, as this was measured in the
locomotor activity cages during the time equal to the
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observational period in these tests (i.e., in a 6-min period
(Fiorino et al. 2016, 2017)). Therefore, presumably, the
antidepressant-like action produced by the new derivatives in
these tests was not masked by other general pharmacological
activities and is not a result of unspecific actions. The shortening
of immobility time induced by antidepressant drugs in FST and
TST, therefore, depends on the enhancement of the central 5-HT
and catecholaminergic transmission (Porsolt et al. 1977a, b;
Borsini and Meli 1988; Borsini 1995). In fact, most of antide-
pressant drugs in current clinical use are known to promote an
increase in 5-HT availability. This directly affects serotonin turn-
over in the brain by inhibiting serotonin reuptake and also
interacting with the 5-HT1A and 5-HT2 receptors (Wong and
Licinio 2001; Millan 2004).

In the present study, antidepressant-like action is exerted
by both the compounds: 3o, which behaves as a presynap-
tic 5-HT1A receptor antagonist and a postsynaptic 5-HT1A

receptor partial agonist, and compound 4p, which acts as
presynaptic 5-HT1A receptor agonist. In the case of 3o,
blockade of 5-HT1A autoreceptors and stimulation of 5-
HT1A heteroreceptors can result in antidepressant-like ac-
tivity, while in the case of 4p, the antidepressant effect may
result not only from the interaction with 5-HT1A, but also
from that with 5-HT2C receptors.

In order to confirm or exclude the contribution of the seroto-
nergic system in the antidepressant-like activity of the tested
compounds, we conducted an experiment utilizing pCPA. Data
already reported in literature have shown that the administration
of pCPA (an inhibitor of serotonin synthesis that blocks trypto-
phan hydroxylase) for four consecutive days depletes the endog-
enous stores of 5-HT by about 60% in mice, without having
influence on noradrenaline and dopamine levels (Redrobe and
Bourin 1998). pCPA was also reported to block the
antidepressant-like effect of selective 5-HT reuptake inhibitors
(SSRIs such as fluoxetine and citalopram) in the TST and FST,
but not of noradrenaline reuptake inhibitors (NRIs such as
reboxetine) or tricyclic antidepressants (such as desipramine)
(Page et al. 1999; O’Leary et al. 2007). This is consistent with
the hypothesis that SSRI compounds elicit their acute be-
havioral effects by increasing extracellular 5-HT
(Bymaster et al. 2002). In our experiments, in accordance
with other reports (Kaster et al. 2005; Wang et al. 2008),
pCPA alone did not affect the immobility time of mice in
the FST, but the pCPA-induced reduction in brain 5-HT
prevented the antidepressant-like effect of the tested com-
pounds, indicating the important role played by this mono-
amine in their effects in the FST.

To analyze further the mechanism of action of the new
compounds in the FST, we attempted to block the observed
effects with antagonists of different serotonin receptor sub-
types which had no effect in the FST per se. Taking into
account the affinity studies of new compounds, we primarily
wanted to assess the contribution of 5-HT1A receptors. We

observed that (−)pindolol, being inactive at this dose in
the FST, as reported by Wang et al. (2008), fully blocked the
antidepressant-like action of both tested compounds.
Similarly, WAY 100635 administered alone had no effect in
the FST, as previously shown (Kaster et al. 2005; Wang et al.
2008), and reversed the effects of both compounds.
(−)Pindolol is an unspecific serotonergic antagonist which
binds to 5-HT1A, 5-HT1B, and β-adrenergic receptors
(Lejeune and Millan 2000), while WAY 100635 is a specific
5-HT1A receptor antagonist with 100 times greater affinity to
their sites than for other serotonergic antagonists, and which
also has affinity for dopaminergic and noradrenergic sites (for
review, see Forster et al. 1995). The results obtained from
studies with these antagonists clearly demonstrate the partici-
pation of the serotonergic system, particularly the serotonin 5-
HT1A receptor subtype, in the antidepressant-like action of the
tested compounds. The findings are also in accordance with
radioligand in vitro binding assays (Fiorino et al. 2016, 2017).
This indicates, therefore, that the new compounds are selec-
tive ligands of the 5-HT1A receptors. Additional confirmation
of our results is the studies of other researchers, who indicate
the contribution of serotonin 5-HT1A receptors in the
antidepressant-like effects of new derivatives from the
arylpiperazine group (Zajdel et al. 2007; Partyka et al. 2015;
Zagórska et al. 2015).

In contrast, in vitro studies have demonstrated that the
new compound 4p also possesses affinity toward the 5-
HT2C receptors which are widely distributed in the brain
regions connected with regulation of mood (Celada et al.
2004). In fact, in suicide victims, an altered level of the m-
RNA encoding 5-HT2C receptors has been reported in the
prefrontal cortex (Gurevich et al. 2002). Moreover, desen-
sitization of these receptors has been reported following
chronic SSRI treatment. In addition, preclinical data sug-
gest that the blockage of 5-HT2C can enhance the antide-
pressant effects of SSRI (Redrobe and Bourin 1997, 1998;
Cremers et al. 2004). Therefore, in the present study, an
additional experiment was conducted to explore the possi-
ble participation of these receptors in the effects of the
tested compounds in the FST.

We found that administration of ketanserin at an ineffective
dose of 1 mg/kg 15 min prior to tested compound 3o (used
also at an ineffective dose, 3.75 mg/kg) did not produce sta-
tistically significant effects in the FST, whereas in the case of
co-administration of 4p compound (7.5 mg/kg) with
ketanserin, a certain decrease in immobility time was ob-
served. Still, we cannot exclude that these results may be
slightly affected by impaired locomotor activity after co-
administration of ketanserin with the new compounds (Fig.
5b). Yet, with these results, after using serotonergic tool sub-
stances, we can confirm the participation of 5-HT1A receptors
in the antidepressant-like effect of both compounds, but can-
not exclude the involvement of 5-HT2C receptors in the effects
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of 4p, but not of the 3o compound. The aforementioned result
is in line with our in vitro studies. Moreover, considering that
pCPA is suggested to act presynaptically (Luscombe et al.
1993), the observed antidepressant-like effect of compound
3o may be mediated, at least in part, by the presynaptic part
of the 5-HT system. This notion is basically compatible with
our previous observations that this compound behaved as a
presynaptic 5-HT1A receptor antagonist (Fiorino et al. 2017).
Acting at this site, it can inhibit negative feedback on seroto-
nergic neurons, hence increasing 5-HT release, which plays a
role in reducing immobility. Since pCPA does not abrogate
the anti-immobility effect of 8-OH-DPAT (a 5-HT1A recep-
tor agonist) in the FST, the antidepressant activity of this
compound is attributed to postsynaptic 5-HT1A receptor
activation (Wieland and Lucki 1990; Luscombe et al.
1993; Kitamura and Nagatani 1996). In the case of the 3o
compound, however, stimulation of postsynaptic receptors
seems to be insufficient to produce antidepressant-like ef-
fects. Based on the results of our experiments, we can
speculate that the antidepressant-like activity of 3o is relat-
ed both to pre- and postsynaptic sites of the serotonergic
synapse.

In contrast, compound 4p was shown to behave as a pre-
synaptic 5-HT1A agonist in the earlier studies (Fiorino et al.
2016), wherein pCPA, acting presynaptically by blocking syn-
thesis of 5-HT, reversed the antidepressant-like effect of 4p. It
is difficult to explain these results. As the effect of 4p was
potentiated by ketanserin, this suggests that 5-HT2A/2C recep-
tors are involved in its antidepressant-like activity. In numer-
ous rodent tests, 5-HT2C receptor antagonists have been
shown to display strong, rapid, and sustained anxiolytic/
antidepressant effects (Di Giovanni et al. 2002; Harada et al.
2006; Jensen et al. 2010). Agomelatine is one of these, and
this compound has been recognized to be a 5-HT2C receptor
antagonist and a melatonin MT1 and MT2 receptor agonist
(Millan et al. 2011). Of note, most of the third-generation
antipsychotics with antidepressant-like properties are blockers
of these receptors (Van Oekelen et al. 2003; Reynolds 2011).
In addition, it was shown that prior administration of
ketanserin potentiated the effects of subactive doses of imip-
ramine (Redrobe and Bourin 1997), which is a conventional
antidepressant that has been available on the market for years
for the treatment of major depression (Amsterdam et al. 1986;
Nielsen et al. 1993). Imipramine is known to be a non-
selective monoamine reuptake inhibitor (Glowinski and
Axelrod 1964; Corrodi and Fuxe 1968). In our studies, the
tested compounds injected at ineffective doses were able to
potentiate the antidepressant action of imipramine (at a
subeffective dose of 15 mg/kg) in FST by decreasing immo-
bility time. This effect was not the result of increased motor
activity, so it seems to be specific (Fig. 6a, b). Thus, we
cannot exclude other presynaptic mechanisms involved in
facilitation of serotonergic neurotransmission by 4p and

3o. Therefore, it is reasonable to speculate that the tested
compounds can act on other non-investigated targets, such
as the serotonin transport.

In order to exclude false positive results, we assessed
the locomotor activity of the animals in an analogous
schedule to the presented experiments. Such work showed
that neither new compounds 4p and 3o alone (Fiorino et al.
2016, 2017) nor in combination with the serotonergic tool
substances changed the locomotor activity of mice in this
test (see Figs. 2B, 3B, 4B, and 6B). One exception is the
concomitant treatment of 3o with ketanserin, wherein a
significant decrease in locomotor activity was observed
(Fig. 5b). Still, we hold that the results obtained in
the FST can be considered genuine.

Additionally, our previous in vitro studies proved that both
tested compounds had no affinity toward other receptors be-
yond the serotonin ones (Fiorino et al. 2016, 2017). This could
represent a possible advantage in respect to other antidepres-
sants, since interactions with few neurotransmitter systems are
responsible for their side effects (Stahl 1998). However, fur-
ther studies are needed to confirm this assumption.

Conclusion

This study demonstrates that the new arylpiperazine deriva-
tives, compounds 4p (N-(3-(4-(piperonyl)piperazin-1-
yl)propyl) isonicotinamide and 3o N-(2-(4-(pyrimidin-2-
yl)piperazin-1-yl)ethyl) picolinamide , produce an
antidepressant-like effect in FST and TST—two classical an-
imal tests predictive of antidepressant properties. The action
of tested compounds appears to be mediated at least in part by
an interaction with the serotonin 5-HT1A receptors and in the
case of 4p, also the 5-HT2C receptors.
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