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Background: The presence of depressive and anxiety symptoms in patients with schizo-
phrenia may have an important impact on treatment and compliance. Hence, interventions
addressing such comorbidity in schizophrenia should be explored. One target may be
a serotonergic 5-HTg receptor (5-HTgR) since its ligands displayed antidepressant- and
anxiolytic-like activities in preclinical experiments.

Methods: Acute and chronic (21 days) administration of haloperidol or risperidone in
combination with a selective 5-HTgR agonist (WAY-181187) or antagonist (SB-742457) to
rats was performed for detecting antidepressant- and anxiolytic-like behaviors. In addition,
the level of brain-derived neurotrophic factor (BDNF) protein and its gene expression in
hippocampus and prefrontal cortex were determined.

Results: Both single and chronic administration of WAY-181187 with haloperidol produced
antidepressant- and anxiolytic-like activities. SB-742457 did not provide full benefits in terms
of improvement of haloperidol-induced adverse mood effects. However, the administration of
SB-742457 with risperidone triggered its anxiolytic-like activity. Both 5-HT¢R ligands evoked
no changes in haloperidol-induced effects on BDNF level. WAY-181187 induced repression of
the BDNF gene while SB-742457 increased its expression in both structures. 5-HT¢R ligands,
when combined with risperidone, did not change BDNF protein level and increased gene
expression in the hippocampus, while they elevated BDNF level and potentiated gene expres-
sion in the prefrontal cortex.

Conclusion: The combined administration of WAY-181187 and haloperidol provided the
greatest benefits, which were manifested by antidepressant-like effects and suppression of the
anxiogenic-like properties. The combined administration of risperidone with both agonist
and antagonist resulted only in an anxiolytic-like effect. It seems that the anxiolytic-like
effects induced by haloperidol or risperidone with the addition of 5-HT¢R ligands are task-
specific. The data on BDNF protein and gene expression did not fully correspond with the
behavioral outcomes, and thus it appears that other factors/mechanisms are involved in the
observed antidepressant- and/or anxiolytic-like effects.
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Introduction

Antipsychotic drugs (APDs) are a class of medications used in the treatment of
psychosis, principally in schizophrenia as well as a range of other psychotic
disorders. Currently, there are two classes of APDs: the first-generation APDs
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(typical APDs) and the second-generation APDs (atypical
APDs). Typical APDs are effective mainly against the
positive symptoms of schizophrenia and fail to manage
the negative or cognitive symptoms, while atypical APDs
show broader efficacy in managing mood and negative
symptoms.' The latter ones are the mainstay in the treat-
ment of bipolar disorder, in which they are used in combi-
nation with mood stabilizers.> APDs, especially the
atypical group, are also used in the treatment of anxiety-
related conditions including obsessive—compulsive disor-
der, panic disorder, or post-traumatic stress disorder.’*
Several clinical reports have shown the beneficial effects
of including atypical APDs in the ongoing treatment with
antidepressant drugs or anxiolytics for better alleviation of
mood impairments, particularly in the case of treatment-
resistant depression® or anxiety disorders,®’ respectively.
According to the National Health Service Data
Dictionary, adjunctive therapy is administered along with
the main treatment to maximize its effectiveness. It is
particularly applied in cases where the main disease, eg,
schizophrenia, is accompanied by additional symptoms
such as depressive ones or different types of anxiety.
Depressive symptoms are seen in 50% of psychotic
patients,® while anxiogenic symptoms are observed in up
to 65% of patients with schizophrenia.” ' The presence of
depression and anxiety disorders in patients with schizo-
phrenia is gaining increasing interest because they have an
important impact on the treatment and outcome in this
group as well as their quality of life. APDs do not exhibit
a strong antidepressant/anxiolytic effect, and the class of
typical APDs that are still used by patients with schizo-
phrenia may even worsen their symptoms of depression
and/or anxiety. Hence, interventions addressing the comor-
bidity in schizophrenia should be supported and novel
should be
explored. Accordingly, there is a constant search for med-

ways of combating comorbid disorders
icinal substances that could broaden the spectrum of the
central activity of APDs, especially against the depressive
and anxiety symptoms observed in patients with
schizophrenia.

One target for such substances may be the serotonergic
5-HTg receptor (5-HT¢R). 5-HT¢R is almost exclusively
expressed in the cortical and limbic areas of the central
nervous system (CNS), ie, regions associated with mood
regulation, whereas outside CNS the density of this receptor
seems to be negligible.'>'* Preclinical studies suggest the
role of 5-HT¢R in depression and anxiety. Both agonists and

antagonists showed antidepressant-like activity in forced

swim test (FST) and tail suspension test (TST) in rats and
mice."*"” Transgenic 5-HT¢R knockout mice showed
increased anxiety behaviors and the administration of spe-
cific antisense oligonucleotides induced anxiogenic-like
effects in the elevated plus maze (EPM) and social interac-
tion tests in rats.”>*' Similarly, both activation and blockade
of 5-HT4R produced anxiolytic-like activity in animal mod-
els of anxiety. For example, WAY-181187, the agonist of
5-HTgR, was active in the schedule-induced polydipsia test
in rats,22 and SB-399885, the antagonist of 5-HT¢R, showed
antianxiety-like effects in four-plate test in mice and EPM
and Vogel conflict drinking tests in rats.'>* In the case of
schizophrenia, the role of 5-HT¢R is poorly defined.
Postmortem evidence demonstrates the reduced expression
of 5-HTgR in the hippocampus of patients with
schizophrenia.?* Some APDs partially bind to 5-HTeR,
and the receptor has been shown to be downregulated by
prolonged administration of clozapine in rats.”> However, it
is still unclear whether the observed reduction was due to
schizophrenia itself or the repeated treatment with APD.

A large body of evidence indicates that the agonists
and antagonists of 5-HT¢R can evoke identical responses
in a number of behavioral paradigms. For instance, it has
been demonstrated that both 5-HT4R agonists and antago-

26.27 a5 well

nists effectively improve cognitive dysfunction
as possess antidepressant and anxiolytic properties.?®
However, it is uncertain whether the agonists or antago-
nists of this receptor can best serve potential indications,
such as depression and/or anxiety, and memory impair-
ments. This uncertainty arises from the observation that
both the agonists and antagonists of 5-HT¢R showed
equivalent pharmacological potency and efficacy in animal
models. Nonetheless, it should be noted that most of the
presented results concerned the effects of 5-HT4R ligands
after acute administration. Thus, on the basis of preclinical
studies, it can be concluded that 5-HT¢R ligands (both
agonists and antagonists) may serve as an adjunct treat-
ment for extending the therapeutic spectrum of APDs.
Considering the above-described issues, we decided
to examine the combination of APD with an agonist and
antagonist of 5-HT¢R in order to establish whether the
5-HTeR ligands and which one of them would serve
better in improving the action of neuroleptics toward
mood regulation. Hence, the study aimed to test the
acute and chronic (after 21 days of administration)
effects of the chosen APDs—haloperidol and risperi-
done—administered separately or in combination with
a selective 5-HTgR agonist (WAY-181187) or antagonist
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(SB-742457) in rat models widely used for screening
potential antidepressant (FST) and anxiolytic (EPM and
Vogel conflict drinking tests) activities. There are few, if
any, animal models sufficiently validated to discriminate
among the various subtypes of anxiety disorders. The
EPM is postulated to induce unconditioned fear due to
heights and open spaces, which seems to be consistent
with panic anxiety.” Operant conflict procedures are
pharmacologically isomorphic with the human state of
generalized anxiety.’® Among these conditioned proce-
dures, the Vogel conflict drinking test is of rather broad
significance to clinical anxiety.>' Haloperidol and risper-
idone were selected for the study because they differ in
their receptor profiles (D, preferential with no affinity to
5-HT¢R (K;>5000 nM) vs 5-HT,4/D, preferential with
low affinity to 5-HT¢R (K;=420 nM))*? and represent
two different classes of APDs (typical vs atypical),
which is reflected in their different effects observed in
patients with schizophrenia in the clinic, including pro-
depressive activity vs limited effects on mood
parameters.

As was reported previously, both WAY-181187 and
SB-742457 were effective in different models that are
commonly used for studying antidepressant- and anxio-
lytic-like activities after single administration.'®-*%%
So far, infrequent or no data have been published
demonstrating the effects of the agonists/antagonists
of 5-HTgR after prolonged administration. Therefore,
the results presented in this paper may contribute to
broadening the knowledge on the central selective
action of both 5-HT¢R ligands.

Neurotrophins, particularly brain-derived neuro-
trophic factor (BDNF), take part in a wide variety of
neural processes via their effects on synaptic plasticity
and neuronal growth and differentiation. BDNF is also
implicated in several psychiatric disorders, notably

4
and 34,35

depression schizophrenia. Therefore, we
decided to investigate the involvement of hippocampal
and cortical BDNF in the antidepressant- and anxiolytic-
like effects of the studied substances and their combina-
tions after the 21-day administration. To the best of our
knowledge, this study is the first to conduct comparative
experiments after acute and repeated administration of
the chosen drug combinations to analyze their potential

antidepressant and anxiolytic effects.

Materials and Methods

Subjects

Male Wistar rats, weighing 205-225 g (N=691), were

obtained from the accredited animal facility at
(Krakow,

Poland). Upon arrival, the animals were housed in groups

Jagiellonian University Medical College
of four for a 6-day period in polycarbonate Makrolon type
III cages (dimensions 26.5%15%42 c¢m) in an environmen-
tally controlled room (ambient temperature 22+2°C; rela-
tive humidity 50-60%; air changes 15-20 times/h; light:
dark cycle 12 h:12 h, lights on at 7:00). The following
environmental enrichment materials were used: wooden
blocks, paper tubs, paper stripes. Standard laboratory
food (LSM-B) and filtered water were freely available to
the rats. The animal cages were housed in a random order
on the shelves. During the 6-day adaptation period, the
animals were looked after by a person who did not parti-
cipate in the experiments. The rats were randomly allo-
cated into treatment groups by another investigator. All
measurements have been done in a random order with the
investigator blinded to the treatment received by rats.

On the day before the experiments, the equipment produ-
cing “white noise” was turned on for 30 min, and the rats
were weighed to the nearest 1 g. Experimental groups (vehi-
cle-treated groups (2-3) and haloperidol-, risperidone-,
WAY-181187-, SB-742457-, haloperidol+WAY-181187-, ris-
peridonetWAY-181187-, haloperidol+SB-742457-, risperi-
done+SB-742457-treated groups) consisted of 6-10
randomly selected animals, depending on the type of experi-
ment. In acute experiments N=7-8 animals per each treat-
ment group were used except for the open field test (OFT),
hot plate and free-drinking tests where N=6. In chronic
experiments N=9-10 rats per each treatment group were
used except for OFT where N=6 (the detailed information
is included in Supplementary Materials Tables S1-S11). All

the experiments were performed between 9:00 and 14:00 on
separate groups of animals by two observers unaware of the
treatment applied. The animals were used only once.
Immediately after each experiment, animals were sacrificed
by decapitation by trained staff (when brain tissues were
collected) or carbon dioxide (after acute behavioral tests).
All the experimental procedures were carried out in a strict
accordance with EU Directive 2010/63/EU and accordingly
to Polish legal regulations ((Dz.U. 2015 pos. 266) were
approved by the II Local Ethics Commission at the Institute
of Pharmacology PAS in Krakéw (Approval No. 107/2016).
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Moreover, in the studies, the 3R rule was applied in accor-
dance with the relevant international and Polish regulations.
In the event of a significant deterioration of animal health, we
used early and humane endings of experimental procedures.
Humane termination occurred when the animal had at least
two symptoms such as convulsions, respiratory disturbance,
movement disorder, immobility, lack of water and/or food
intake, muscle relaxation, lack of touch response.

Drugs and Treatment

The following drugs were used in the study: haloperidol
(TargetMol, Boston, MA, USA), risperidone (TargetMol),
WAY-181187 (oxalate; Tocris Bioscience, Bristol, UK), and
SB-742457 (TargetMol). APDs (haloperidol 0.5 mg/kg and
risperidone 0.2 mg/kg) were administered to rats at doses
equivalent to the standard ones prescribed for patients with
schizophrenia. The equivalent doses were calculated based
on the body surface area as described previously by Nair
et al.’® Selective 5-HT4R ligands were chosen due to their
similar affinity to 5-HT¢R (WAY-181187 K=2.2 nM** and
SB-742457 K;=9.6 nM37), and for comparison reason, these
ligands were administered at a dose of 3 mg/kg; ie, a dose at
which acute procognitive action for both compounds was
observed in our earlier studies.®® The compounds were
suspended in a 1% solution of Tween 80 (Sigma Aldrich,
UK) before administration and were injected intraperitone-
ally (ip) in a volume of 2 mL/kg. In the case of acute
treatment, haloperidol, risperidone, WAY-181187, and SB-
742457 were administered to the rats 60 min before the
tests, whereas in the 21-day scheme of treatment, the com-
pounds were administered once a day between 10:00 and
11:00 during 21 consecutive days, with the last injection 24
h before the tests. The control rats were injected with the
vehicle according to the same schedule.

Behavioral Studies

Forced Swim Test

This test was performed as described by Porsolt et al®’
with the modifications proposed by Detke et al.** On the
first day of the experiment, each animal was gently
placed in Plexiglas cylinders (40-cm high, 18-cm in
diameter) containing 30 cm of water, at a temperature
of 23-25°C, for 15 min. On removal from water, the rat
was placed for 30 min in a Plexiglas box under a 60-W
bulb to dry. On the following day (24 h later), the rat
was placed again in the cylinder and the total duration of
immobility, swimming, and climbing was recorded dur-
ing the 5-min test period. The swimming behavior

entailed active swimming motions, eg, horizontal move-
ment around the cylinder. The climbing activity included
upward-directed movements of the forepaws of the rat
along the side of the swim chamber. The immobility was
assigned when the rat showed no additional activity
other than that necessary to keep its head above the

water. Fresh water was used for each animal.

Open Field Test

This test was performed in a dark room using Motor
Monitor System (Campden Instruments, Ltd., UK) consist-
ing of two Smart Frame Open Field stations (dimensions
40x40x38 cm) with 16x16 beams, located in sound-attenu-
ating chambers and connected to PC software by control
chassis. Each vehicle- or drug-injected animal was gently
placed in the center of the station. The total distance cov-
ered by the animal in 5 min was recorded by the automated
Motor Monitor System.

Elevated Plus-Maze Test

This test was performed as described by Pellow and File.*!
The plus-maze apparatus (Campden Instruments Ltd.,
UK), an automated device used for this experiment, was
made of durable, high-density, non-porous black plastic,
elevated to a height of 50 cm. It consisted of two open
arms (50%10 cm) and two closed arms (50x10 c¢cm, and 30-
cm high walls), arranged in such a way that the two arms
of each type were opposite to each other. The floor of the
plus-maze was made of an infrared transparent material,
and thus were no visible sensors. The apparatus was con-
nected to PC software by control chassis. The experiment
was conducted in a dark room, with only the center of the
maze illuminated with a low-intensity light (30 1x mea-
sured at the maze level). During the experiment, each rat
was gently placed in the center of the plus-maze, facing
one of the closed arms, immediately after 5-min adaptation
in a plastic black box (dimensions 60x60x35 cm), to
increase its overall activity in the EPM. During a 5-min
test period, the number of entries of the rat into the closed
and open arms and the time it spent in either type of arms
were measured by an automated Motor Monitor System.
The device counted an effective arm-entry when the four
paws of the rat were into any arm. The maze was thor-
oughly cleaned after each trial. The number of open-arm
entries of the rat, the total time spent by the rat in the open
arms, and the percentages of these parameters were used

as indications of anxiolytic-like activity.
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Exploratory Activity Measured in the EPM

To assess the influence of the tested compound on the
general exploratory activity of rats and control possible
changes within, the total number of entries (into open and
closed arms) and the total distance covered by the rats
during a 5-min test period (ie, the time equal to the
observation period in the EPM test) were measured. The
experiment was performed using the EPM apparatus
described above.

Vogel Conflict Drinking Test

This test was performed as described by Vogel et al*?
using Anxiety Monitoring System “Vogel test” (TSE
Systems). The apparatus consisted of a polycarbonate
cage (dimensions 26.5x15x42 cm), equipped with a grid
floor made of stainless steel bars and a drinking bottle
containing tap water. The two experimental chambers
were connected to PC software by control chassis and
a device that generates electric shocks. In the “condi-
tional” model, an electric shock was applied as
a noxious stimulus. The testing procedure consisted of
a 2-day habituation/adaptation and the exact test. On the
first day of the experiment, the rats were adapted to the
test chamber for 10-min (adaptation period), during
which they had free access to the drinking bottle, fol-
lowed by a 24-h water deprivation period. Afterward, the
rats were allowed free access to water for 30-min (free-
drinking session) in their home cages. This protocol of
a 24-h deprivation and adaptation period was repeated on
the second day. On the third day, the animals were placed
again in the test chamber 60 min after the administration
of the vehicle or the tested compounds and were allowed
free access to the drinking bottle for 5 min. Recording of
data started immediately after the first lick, and after
every 20 licks, the rats were punished with an electric
shock (0.5 mA, lasting 1 s). The impulses were released
via the spout of the drinking bottle. The number of
shocks received by an animal during the 5-min experi-
mental session was recorded automatically and used as an

indication of the anti-conflict activity.

Hot Plate and Free-Drinking Tests

To exclude the possibility of drug-induced changes in shock
sensitivity or an increasing influence on thirst drive which
can lead to false-positive results in the Vogel conflict drink-
ing test, stimulus threshold and water consumption during
the free-drinking session were determined for separate
groups of rats. In both studies, the rats were manipulated

similarly to the Vogel conflict drinking test, including two
24-h water deprivation periods separated by 10-min adapta-
tion session in experimental cages and 30-min of water
availability in their home cages. In the free-drinking test,
each animal was allowed to drink freely from the drinking
bottle and the amount of water (g) consumed during 5 min
was recorded. The pain threshold was evaluated in rats using
the hot plate test.*® The plate (Commat Ltd, Turkey) was
enclosed in a transparent Plexiglass cylinder (35-cm high) to
keep the animal on the heated surface of the plate. The
latency to pain reaction (licking of a hind paw or jumping)
was measured when the rat was placed on the hot plate (52.5
+0.5°C, 19-cm diameter). The rat was removed from the
plate immediately upon a visible pain reaction or if no
response was observed within 30 s.

Ex-vivo Biochemical Studies

Tissue Collection

Animals in all treatment groups were sacrificed by rapid
decapitation immediately after the behavioral tests. For protein
analysis and quantitative reverse transcription-polymerase
chain reaction (RT-qPCR), the brains of rats were rapidly
removed and the hippocampus and prefrontal cortex were
dissected out on an ice-cold glass plate. The tissues were frozen
in dry ice and stored at —80°C until required.

Western Blot Analysis

The hippocampus and prefrontal cortex samples were
homogenized in T-PER mammalian protein extraction
reagent (Thermo Fisher Scientific, Waltham, MA,
USA) with protease (Merck Millipore, Burlington, MA,
USA) and phosphatase inhibitors (Cayman Chemical,
Ann Arbor, MI, USA). The concentration of proteins
was determined using the Bradford assay. The aliquots
(40 pg) were solubilized in Laemmli buffer with 2%
2-mercaptoethanol and were subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.
Anti-BDNF (15kDa, 1:500 dilution) and anti-B-actin
(1:1000 dilution) (Thermo Fisher Scientific) were used
as primary antibodies, while anti rabbit IgG (horse rad-
ish peroxidase) (1:2000 dilution;
Scientific) was

Thermo Fisher
used as the secondary antibody.
Proteins were detected using Clarity Western ECL
CA, USA).

Chemi Doc Camera with Image Lab 5.2.1 software

Luminol Substrate (Bio-Rad, Hercules,

(Bio-Rad) was used to quantify the integrated optical
density of the bands.
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Quantitative Real-Time PCR

RNA was extracted from tissues using RNA Isolation kit
(Thermo Fisher Scientific). After evolution of quantity and
quality, its concentration was normalized to 15 ng/pL.
Reverse transcription was performed with High-Capacity
Reverse Transcription Kit (Life Technologies, Grand
Island, NY, USA). A qPCR 96-well reaction plate was
used for the process with TagMan (Life Technologies) pri-
mers and probes for BDNF (Rn02531967 sl), according to
the manufacturer’s protocol, on Applied Biosystems® 7500
Fast Real-Time PCR Instrument (Applied Biosystems,
Foster City, CA, USA). Gapdh (Rn01775763 gl) and Tbp
(Rn01455646_m1) were selected as endogenous control
genes based on the pilot experiment. Relative expression
was calculated using the AACq method.

Statistical Analysis

All the data are presented as mean+standard error of mean
(SEM). The statistical significance of the results was eval-
uated by a two-way analysis of variance, followed by

Bonferroni’s comparison test. A p-value of <0.05 was
considered significant.

Results

Behavioral Studies

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After Single
Administration in Modified FST in Rats

WAY-181187 significantly decreased the immobility time
(p<0.01) and increased the climbing time (p<0.001) of rats,
while no significant influence of SB-742457 was noted on
the parameters measured during FST. Haloperidol signifi-
cantly increased the immobility time (p<0.05) but had no
significant influence on the climbing time of rats.
Risperidone did not modify the immobility time or climbing
time of rats in FST in comparison to the vehicle-treated
group. The combined treatment with haloperidol and
WAY-181187 significantly shortened the immobility time
of rats in comparison to the haloperidol-treated group
(p<0.05), while SB-742457 had no impact on the pro-
depressive effect of haloperidol in rats in FST. Neither
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WAY-181187 nor SB-742457 influenced the effect of risper-
idone in rats in the test (Figure 1, Supplementary Table S1).

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After Single
Administration on Spontaneous Locomotor Activity
in OFT in Rats

After the single administration of WAY-181187 as well as
SB-742457, no significant effects were observed on the para-
meters measured in the OFT in rats in comparison to the
respective vehicle group. Similarly, when administered alone,
haloperidol and risperidone did not significantly change the
locomotor activity of rats in the test. The co-administration of
haloperidol with WAY-181187 caused a significant decrease
in the total distance covered by rats during the test in com-
parison to both vehicle-treated (p<0.0001) and haloperidol-
treated groups (p<0.0001). The addition of SB-742457 to
haloperidol also resulted in a significant reduction in the
total distance covered by rats, when compared to the control
group (p<0.01). On the other hand, after the combined admin-
istration of risperidone and WAY-181187 or SB-742457, no
significant effects were observed on the parameter measured
in OFT in rats in comparison to the respective vehicle as well
as risperidone group (Table 1, Supplementary Table S3).

Table | Effects of Acute Administration of Haloperidol,
Risperidone, WAY-181187, and SB-742457, Alone and in
Combinations, on the Locomotor Activity of Rats (OFT)

Treatment (mg/kg) Total Distance Moved (cm)/5 Min
Vehicle 2003.0+67.4
HALO (0.5) 1539.6+258.8
WAY-181187 (3.0) 2046.7+135.2
HALO (0.5) + WAY (3.0) 354.6£105.9%P
Vehicle 2003.0+67.4
RISP (0.2) 1720.6+59.8
WAY-181187 (3.0) 2046.7+135.2
RISP (0.2) + WAY (3.0) 1970.8+34.7
Vehicle 2003.0+67.4
HALO (0.5) 1539.61258.8
SB-742457 (3.0) 1997.7£176.6
HALO (0.5) + SB (3.0) 1201.7£230.5 °
Vehicle 2003.0+67.4
RISP (0.2) 1720.6+59.8
SB-742457 (3.0) 1997.7£176.6
RISP (0.2) + SB (3.0) 1888.3+131.8

Notes: Data are presented as the mean + SEM; ®p<0.01, 9p<0.0001 vs respective
control group; ®p<0.0001 vs respective APD-treated group (two-way ANOVA is
followed by the Bonferroni’s post hoc test).

Abbreviations: HALO, haloperidol; RISP, risperidone; WAY, WAY-181 187; SB, SB-
742457.

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After 21-Day
Administration in Modified FST in Rats

After repeated administration, neither WAY-181187 nor
SB-742457 changed the behavior of rats in FST.
Haloperidol increased the immobility time (p<0.05) and
shortened the climbing time (p<0.05) in a statistically
significant manner, while risperidone had no influence
on the recorded parameters. The addition of WAY-
181187 to haloperidol resulted in a significant shortening
of the immobility time in comparison to both control
(p<0.05) and haloperidol-treated groups (p<0.0001) as
well as an increase in the climbing time in comparison
to haloperidol-treated group (p<0.05). SB-742457 did not
change the effect of haloperidol on the immobility time,
but significantly increased the climbing time in compar-
ison to the haloperidol-treated group (p<0.05). Neither
the 5-HTgR agonist nor the antagonist influenced the
effect of risperidone in rats in FST (Figure 2,
Supplementary Table S2).

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After 21-Day
Administration on Spontaneous Locomotor Activity
in OFT in Rats

None of the tested compounds, when administered alone
and chronically, changed the locomotor activity of rats
in OFT. Similar to the observation with the addition of
SB-742457 to haloperidol (p<0.05) and risperidone
(p<0.05), WAY-181187 administered with haloperidol
significantly increased the total distance covered by
rats in OFT in comparison to the control group
(p<0.05). In contrast, the combined administration of
risperidone and WAY-181187 did not influence the loco-
motor activity of animals (Table 2, Supplementary
Table S3).

Influence of WAY-181187 or SB-742457 on the

Effects of Haloperidol and Risperidone on Rats’

Behavior After Acute Administration in the EPM Test
When administered alone, WAY-181187 and SB-742457
had no effect on the parameters recorded in the EPM test.
Haloperidol significantly shortened the time spent by rats
in the open arms (p<0.001), decreased the percentage of
time spent in the open arms (p<0.01), and reduced the
number and percentage of open-arm entries (p<0.0001
and p<0.5, respectively). On the other hand, risperidone
did not change the values of parameters measured in the
EPM test, except in combination with SB-742457 where
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Figure 2 Effects of 21-day administration of haloperidol, risperidone, WAY-181 187, and SB-742457, alone and in combinations, on immobility time (A) and climbing time (B)

of rats in FST.

Notes: Data are presented as the mean + SEM; *p<0.05, **p<0.01 vs respective control group, ~p<0.05, MA4p<0.0001 vs respective APD-treated group (two-way ANOVA

is followed by the Bonferroni’s post hoc test).
Abbreviations: HALO, haloperidol; RISP, risperidone.

the drug significantly decreased the number of entries into
the open arms (p<0.01) in comparison to the control
group. WAY-181187 had no significant impact on the
effects of haloperidol in the EPM test, while the addition
of SB-742457 resulted in an increase in all the recorded
parameters; however, a statistically significant difference
in means was noted only in the percentage of time spent in
the open arms in comparison to the haloperidol-treated
group (p<0.01). WAY-181187 or SB-742457 did not sig-
nificantly change the effects of risperidone; however, both
these 5-HT¢R ligands caused a reduction in all the mea-
sured parameters in comparison to the risperidone-treated
group, which revealed the significant anxiogenic effects of
these combinations compared to the vehicle: co-adminis-
tration of risperidone and WAY-181187 significantly
decreased the number of entries into the open arms
(p<0.05), while the addition of SB-742457 resulted in
a significant reduction in time spent by rats in the open
arms (p<0.05), the percentage of time spent in the open
arms (p<0.05) and the number of entries into the open
arms (p<0.0001) (Figure 3, Supplementary Table S4).

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After Single
Administration on Exploratory Activity of Rats
Measured in EPM

No significant effects on exploratory activity of rats were
observed when WAY-181187 or risperidone was adminis-
tered alone. SB-742457 administered alone significantly
increased the total distance covered by rats in the EPM
(p<0.05). Haloperidol significantly decreased the explora-
tory activity of the animals in comparison to the control
group (p<0.0001). Similarly, risperidone significantly
decreased the exploratory activity of rats, but only when
it was administered in combination with SB-742457
(p<0.01). The addition of WAY-181187 or SB-742457 to
haloperidol resulted in a significant reduction in the
exploratory activity of rats in comparison to the control
(p<0.0001). Combined administration of SB-742457 and
risperidone significantly decreased both parameters related
to the exploratory activity of rats (p<0.01), whereas in the
case of combination of WAY-181187 and risperidone no
significant changes in the exploratory behavior of rats
were noticed (Table 3, Supplementary Table S5).
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Table 2 Effects of 21-Day Administration of Haloperidol,
Risperidone, WAY-181187, and SB-742457, Alone and in
Combinations, on the Locomotor Activity of Rats in OFT

Treatment (mg/kg) Total Distance Moved (cm)/5 Min
Vehicle 2379.1£102.5
HALO (0.5) 2451.7£219.0
WAY-181187 (3.0) 2549.3+147.2
HALO (0.5) + WAY (3.0) 3044.2+101.6*
Vehicle 2379.1£102.5
RISP (0.2) 2359.0+170.8
WAY-181187 (3.0) 2549.3+147.2
RISP (0.2) + WAY (3.0) 2394.2+264.1
Vehicle 2369.6+146.0
HALO (0.5) 2451.7£219.0
SB-742457 (3.0) 2986.8+183.3
HALO (0.5) + SB (3.0) 3179.8+131.6*
Vehicle 2369.6+146.0
RISP (0.2) 2359.0+170.8
SB-742457 (3.0) 2986.8+183.3
RISP (0.2) + SB (3.0) 3159.3£141.2°4

Notes: Data are presented as the mean + SEM; ®p<0.05 vs respective control
group; Ap<0.05 vs respective APD-treated group (two-way ANOVA is followed by
the Bonferroni’s post hoc test).

Abbreviations: HALO, haloperidol; RISP, risperidone; WAY, WAY-181 187; SB, SB-
742457.

Influence of WAXY-181187 or SB-742457 on the Effects
of Haloperidol and Risperidone on Rats’ Behavior After
21-Day Administration in the EPM Test

As shown in Figure 4, the 21-day administration of both
WAY-181187 and SB-742457 did not influence the beha-
vior of rats in the EPM test. Similarly, haloperidol given
alone did not significantly change the recorded parameters.
Risperidone caused a remarkable decrease only in the
percentage of time spent in the open arms in comparison
to the control group (p<0.05). The addition of WAY-
181187 to haloperidol or risperidone had no significant
effect on the activity of these APDs; however, an insignif-
icant increase was noted in all the measured values in
comparison to the respective APD-treated groups. The
addition of SB-742457 to haloperidol caused a significant
increase in the time (p<0.001) and percentage of time
(p<0.001) spent by the rats in the open arms as well as
in the number of entries of rats into the open arms
(p<0.05), while an insignificant increase was observed in
the percentage of entries of rats into the open arms.
Similarly, co-administration of SB-742457 with risperi-
done led to a significant increase the time (p<0.01) and
percentage of time (p<0.01) spent by the rats in the open
arms as well as in the percentage of entries of rats into the
open arms (p<0.01), but an insignificant increase was

observed in the number of entries of the animals into the
open arms (Figure 4, Supplementary Table S6).

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After 21-Day

Administration on Exploratory Activity of Rats
Measured in EPM

After repeated, 21-day administration, only haloperidol
given alone significantly shortened the total distance cov-
ered by the rats measured during the EPM test (p<0.05).
Other tested compounds, administered either separately or
in combinations, did not change the exploratory activity of
rats in EPM (Table 4, Supplementary Table S7).

Influence of WAY-181187 or SB-742457 on the Effects
of Haloperidol and Risperidone After Single
Administration in Vogel Conflict Drinking Test in Rats
When administered acutely and separately, WAY-181187,
SB-742457, haloperidol, and risperidone had no significant
effects on the number of shocks and licks recorded in the
Vogel test. However, combined administration of WAY-
181187, but not SB-742457, with risperidone caused
a significant increase in the number of shocks accepted
by the rats (p<0.001 versus vehicle- and risperidone-trea-
ted groups) as well as the number of licks in comparison to
both control (p<0.001) and risperidone-treated (p<<0.0001)
groups. The addition of SB-742457 to haloperidol or ris-
peridone did not influence the effects of APD (Figure 5,
Supplementary Table S8).

The concomitant administration of haloperidol and
WAY-181187, which was found to be effective in the
Vogel conflict drinking test, had no significant effect on
the pain reaction time of rats in the hot plate test and did
not change the amount of water consumed by deprived rats
during the 5-min experimental session (Supplementary
Table S10).

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone After 21-Day
Administration in Vogel Conflict Drinking Test in
Rats

As shown in Figure 6, a significant increase was observed
in the number of licks after repeated co-administration of
haloperidol and WAY-181187 when compared to the halo-
peridol-treated group (p<0.05). In other cases, the admi-
nistered treatment did not significantly change the
parameters recorded in the Vogel conflict drinking test
(Figure 6, Supplementary Table S9).
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Figure 3 Effects of acute administration of haloperidol, risperidone, WAY-181187, and SB-742457, alone and in combinations, on the time (A) and percentage of time (B)
spent in the open arms, entries (C) and percentage of entries (D) into the open arms in the EPM test in rats.
Notes: Data are presented as the mean + SEM; *p<0.05, *p<0.01, ***p<0.001, ****p<0.0001 vs respective control group (two-way ANOVA is followed by the Bonferroni’s

post hoc test).
Abbreviations: HALO, haloperidol; RISP, risperidone.

Ex-vivo Biochemical Studies

Influence of WAY-181187 or SB-742457 on the
Effects of Haloperidol and Risperidone on BDNF
Protein Level and BDNF Gene Expression in the
Hippocampus and Prefrontal Cortex of Rats After
21-Day Administration

As shown in Figure 7, a significant increase in the level of
BDNF protein compared to the control group was
observed in the hippocampus of rats subjected to chronic
administration of WAY-181187 (p<0.01). However, no
significant changes in hippocampal BDNF gene expression
the of the
5-HTgR agonist. Haloperidol, when given alone, had no
effect on the level of BDNF protein, but caused
a significant increase in BDNF gene expression in the

were observed after administration

hippocampus of rats (p<0.0001). Co-administration of
haloperidol and WAY-181187 did not significantly affect

the level of BDNF protein in the rat hippocampus, but
significantly repressed the BDNF gene in comparison to
both (p<0.0001)
(p<0.0001) groups. The administration of risperidone sig-
nificantly increased the level of BDNF protein (p<0.05)
but decreased the BDNF gene expression (p<0.0001) in
the hippocampus of rats in comparison to the control

control and  haloperidol-treated

group. The combined administration of risperidone and
WAY-181187 did not change the hippocampal level of
BDNF protein as compared to the control group and
caused significant repression of the BDNF gene in com-
parison to both control (p<0.0001) and risperidone-treated
(p<0.0001) groups (Figure 7, Supplementary Table S11).

SB-742457 administered alone significantly increased
the hippocampal level of BDNF protein (p<0.001) as well
as the BDNF gene expression (p<0.0001). A significant
increase in the level of BDNF protein was noted after
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Table 3 Effects of Acute Administration of Haloperidol,
Risperidone, WAY-181187, and SB-742457, Alone and in
Combinations, on the Total Exploration of Rats in the EPM Test

Treatment (mg/kg) Total Entries | Total Distance (cm)
Vehicle 30.242.7 4272.62233.0
HALO (0.5) 6.0x1.6° 1309.2%181.2¢
WAY.181187 (3.0) 34.5£22 4467.5%139.4
HALO (0.5) + WAY (3.0) 6.9+2.6° 1406.0+362.2¢
Vehicle 30.242.7 4272.62233.0
RISP (0.2) 28.9+3.4 3865,6+201.8
WAY.181187 (3.0) 34.5£22 4467.5%139.4
RISP (0.2) + WAY (3.0) 20.7+3.7 4627.7+304.8
Vehicle 323426 4303.3+207.7
HALO (0.5) 6.0+1.6° 1309.2+181.2¢
SB-742457 (3.0) 41.7£2.0 5324.4+162.1°
HALO (0.5) + SB (3.0) 11.943.2¢ 2114.6+297.3¢
Vehicle 38.4+3.4 4791.5156.5
RISP (0.2) 28.9+3.4 3865,6+201.8°
SB-742457 (3.0) 41.7£2.0 5324,4+162.1
RISP (0.2) + SB (3.0) 22.143.0° 3869.4+271.2°

Notes: Data are presented as the mean * SEM; *p<0.05, ®p<0.01, 9p<0.01 vs
respective control group (two-way ANOVA is followed by the Bonferroni’s post
hoc test).

Abbreviations: HALO, haloperidol; RISP, risperidone; WAY, WAY-181 187; SB, SB-
742457.

concomitant administration of SB-742457 and haloperidol
compared to control (p<0.05). Similarly, addition of the
5-HT¢R antagonist to risperidone resulted in a slight
increase in the level of BDNF protein in comparison to
the group treated with APD alone but the effect was not
statistically significant (Figure 7A). The addition of SB-
742457 to haloperidol caused a significant increase in
hippocampal BDNF gene expression in comparison to
both (p<0.0001)
(p<0.0001) groups. In contrast, significant repression of

control and  haloperidol-treated
BDNF gene was noted in the hippocampus of rats that
received the 5-HT¢R antagonist and risperidone compared
to the control group (p<0.0001), and the effect was sig-
nificantly weaker when compared to the risperidone-trea-
ted group (p<0.0001) (Figure 7B).

Both WAY-181187 and SB-742457 significantly ele-
vated the level of BDNF protein (p<0.001 and p<0.01,
BDNF  gene
(p<0.0001 and p<0.01, respectively) in the prefrontal cor-

respectively) as well as expression
tex of rats in comparison to the respective control groups

(Figure 8, Supplementary Table S11). A similar effect was

observed after haloperidol administration (p<0.01 and
p<0.0001, for BDNF protein and BDNF gene, respec-

tively), while risperidone administration did not cause

any change in the level of BDNF protein or BDNF' gene
expression. The addition of WAY-181187 to haloperidol
resulted in significant repression of BDNF gene (p<0.0001
vs haloperidol-treated group), whereas the gene was sig-
nificantly activated after combined administration of the
5-HTeR agonist and risperidone (p<0.0001 vs risperidone-
treated group). The addition of WAY-181187 to haloper-
idol did not significantly affect the level of BDNF protein
in the rat prefrontal cortex in comparison to haloperidol-

group,
5-HT¢R agonist with risperidone increased the level of

treated while  co-administration of  the
BDNF protein (p<0.01 vs vehicle- and risperidone-treated
groups). SB-742457 co-administered with haloperidol did
not influence its effects on BDNF protein level and gene
expression. On the other hand, a significant increase in the
level of BDNF protein (p<0.001) and BDNF gene expres-
sion (p<0.001) was observed after the concomitant admin-
istration of SB-742457 and risperidone in comparison to

risperidone-treated group (Figure 8B).

Discussion

In the present study, haloperidol administered both acutely
and repeatedly caused depressive-like symptoms in FST in
rats as well as an anxiogenic-like effect in EPM. No
significant impact was observed in the Vogel conflict
drinking test. The addition of WAY-181187 to haloperidol
alleviated the prodepressive-like activity of the APD after
single administration and induced an antidepressant-like
effect after repeated administration in FST. Furthermore,
chronic administration of 5-HTgR agonist with haloperidol
resulted in a clear, although insignificant, mitigation of the
anxiogenic-like effect of the APD in EPM and in the Vogel
test. No significant influence of SB-742457 on prodepres-
sive-like properties of haloperidol was noted in FST after
21-day
5-HT¢R antagonist attenuated the anxiogenic-like effect
of this APD in the EPM test after both single and chronic
administration, and in the Vogel conflict drinking test after

single or administration. However, the

repeated administration. In contrary to haloperidol, the
atypical APD, risperidone, did not affect the behavior of
animals in FST and did not show any significant effects in
the EPM test as well as in the Vogel conflict drinking test.
The addition of WAY-181187 or SB-742457 to risperidone
in both single and multiple administration did not influ-
ence the effect of APD administered alone in FST.
Similarly, the addition of WAY-181187 to risperidone,
after both acute and chronic administration, produced no
anxiolytic-like effect in the EPM test but resulted in
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Figure 4 Effects of 21-day administration of haloperidol, risperidone, WAY-181187, and SB-742457, alone and in combinations, on time (A) and percentage of time (B)
spent in the open arms, entries (C) and percentage of entries (D) in the EPM test in rats.
Notes: Data are presented as the mean + SEM; *p<0.05, **p<0.01 vs respective control group, p<0.05, Ap<0.01, Ap<0.001 vs respective APD-treated group (two-way

ANOVA is followed by the Bonferroni’s post hoc test).
Abbreviations: HALO, haloperidol; RISP, risperidone.

a statistically significant antianxiety-like activity in the
Vogel conflict drinking paradigm. In contrast, a specific
anxiolytic-like effect was observed after repeated admin-
istration of SB-742457 with risperidone in the EPM test,
the Vogel drinking the
5-HTgR antagonist did not affect the activity of the APD,
either after single or multiple doses. The tested com-

while in conflict test

pounds, administered both alone and in combinations,
differently modulated the levels of BDNF protein and the
expression of BDNF gene in the hippocampus and pre-
frontal cortex of rats, but these changes were not corre-
lated with the effects observed in the behavioral studies
(summary in Table 5).

Considering the depressive-like effect of acutely admi-
nistered haloperidol in FST, it should be noted that
a decline in the locomotor activity of animals was
observed simultanecously during OFT. This sedative

influence of the APD may, at least in part, account for its
prodepressive-like activity in FST, although the effect was
not statistically significant. The unfavorable impact of
haloperidol on the animals’ behavior in FST was also
seen after its repeated administration; however, the effect
was not accompanied by a reduction in motility as
observed in OFT, which indicates the specificity of the
prodepressive action of haloperidol. These findings agree
with the results reported in scientific literature and confirm
the prodepressive potential of haloperidol. Such effect
associated with haloperidol was found after its single

> and gerbils*® as

administration in FST in rats,** mice,*
well as in TST in mice.*’ Similarly, after repeated admin-
istration, the unfavorable effect of haloperidol on mouse
behavior was observed in FST and TST,*® and depressive
behaviors were also induced in the model of chronic

unpredictable mild stress in rats.** For the reliability of
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Table 4 Effects of 21-Day Administration of Haloperidol,
Risperidone, WAY-181187, and SB-742457, Alone and in
Combinations, on the Total Exploration of Rats in the EPM Test

Treatment (mg/kg) Total Entries | Total Distance (cm)
Vehicle 34.4+2.5 4647.0£141.9
HALO (0.5) 29.3£3.9 3934.6+255.2*
WAY-181187 (3.0) 36.9+3.0 4721.9%£135.5
HALO (0.5) + WAY (3.0) 29.1£3.6 4324.1£152.9
Vehicle 33.7£3.0 4536.6x172.0
RISP (0.2) 38.1+4.9 4470.0£192.0
WAY-181187 (3.0) 36.9+3.0 4721.9%£135.5
RISP (0.2) + WAY (3.0) 31.8+2.6 4302.2+132.1
Vehicle 34.4+25 4647.0+141.9
HALO (0.5) 29.3£3.9 3934.6+255.2*
SB-742457 (3.0) 33.7+£32 4450.8+180.6
HALO (0.5) + SB (3.0) 35.6+3.9 4570.2+195.2
Vehicle 33.243.1 4308.9+177.9
RISP (0.2) 38.1+4.9 4470.0£192.0
SB-742457 (3.0) 33.7+£3.2 4450.8+180.6
RISP (0.2) + SB (3.0) 37.3+33 4232.6+417.7

Notes: Data are presented as the mean + SEM; ®p<0.05 vs respective control
group (two-way ANOVA is followed by the Bonferroni’s post hoc test).
Abbreviations: HALO, haloperidol; RISP, risperidone; WAY, WAY-181 187; SB, SB-
742457.

cited data, it should be mentioned that there exist studies
showing the lack of influence of acute-administered halo-
peridol on the behaviors observed in FST in mice and
rats.> %!

In line with the aim of the study, further experiments
were carried out to determine whether the addition of
a selective 5-HTgR agonist or antagonist to haloperidol
would change its adverse effect in FST. A single adminis-
tration of WAY-181187 with haloperidol alleviated its pro-
reduced the
immobility time and increased the climbing time in FST,

depressive activity and significantly
compared to APD-alone administration. The antidepres-
sant-like effect of the combined administration observed
in FST was accompanied by a significant decrease in the
general locomotor activity of rats measured in OFT, which
suggests that despite the high sedative potential of such
combination, its antidepressant-like effect is specific.
Sedation is clinically viewed as an adverse effect asso-
ciated with the pharmacotherapy of psychiatric disorders.
Thus, it should be taken into account that despite its
antidepressant-like potential, such a combination may
lead to the occurrence of an undesirable sedative effect.
Contrary to a selective 5-HT¢R agonist, SB-742457, when
administered acutely, did not affect the prodepressive

effect of once-administered haloperidol, and no changes

in locomotor activity were observed after its administra-
tion in combination with haloperidol.

In the experiments performed after repeated adminis-
tration of haloperidol and WAY-181187, an entire antide-
pressant-like effect on both parameters measured in FST
could be seen. In our study, combined administration of
the 5-HT¢R agonist and haloperidol evoked a weak, but
still significant, increase in the motility of rats in OFT.
This observation can indicate the lack of specificity of the
antidepressant-like effect observed in FST. However, com-
paring the numerical values of parameters related to the
motor-stimulating effect of the haloperidol/WAY-181187
or haloperidol/SB-742457 combination, it can be con-
cluded that the effects are very similar, while in the case
of repeated combined administration of haloperidol and
SB-742457 no antidepressant-like activity in FST was
observed and the increase in climbing time was not as
pronounced as noted with the combined administration of
haloperidol and WAY-181187.

In the present study, both acute and repeated adminis-
tration of haloperidol caused anxiogenic effects in EPM;
however, a significant effect was noted only after single
administration when the decrease in the exploratory activ-
ity of rats was greater than after chronic injection. Hence,
it may be concluded that the anxiogenic effect of haloper-
idol measured in EPM was the result of its sedative action.
In the Vogel conflict drinking test, haloperidol did not
significantly change the measured parameters after both
single and repeated administration. However, depending
on the dosing regimen used, the trend of action was
observed to differ. A single dose of haloperidol caused
an insignificant increase in the number of licks and the
number of shocks accepted by the animals, whereas after
repeated administration a slight decrease in the measured
parameters was noted, which rather suggests a certain
anxiogenic potential of the APD. Literature data from
preclinical studies on haloperidol are ambiguous, and the
researchers have reported that both single and repeated
administration of haloperidol had no effect in EPM,> or
that no anxiolytic activity was observed in this test after
a single-dose administration.*> Both the above-cited stu-
dies demonstrated that haloperidol caused a significant
decrease in the locomotor activity of mice. On the other
hand, the APD administered repeatedly caused anxio-
genic-like activity in the EPM test and OFT in rats.>® In
the experiments conducted by Siemigtkowski et al, acute
administration of haloperidol did not result in anticonflict
activity in the Vogel test or showed an anxiogenic-like
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Figure 5 Effects of acute administration of haloperidol, risperidone, WAY-181187, and SB-742457, alone and in combinations, on number of shocks accepted (A) and

number of licks (B) in Vogel conflict drinking test in rats.

Notes: Data are presented as the mean + SEM; **p<0.001 vs control group, Ap<0.05, A*p<0.0001 vs respective APD-treated group (two-way ANOVA is followed by

the Bonferroni’s post hoc test).
Abbreviations: HALO, haloperidol; RISP, risperidone.
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Figure 6 Effects of 21-day administration of haloperidol, risperidone, WAY-181187, and SB-742457, alone and in combinations, on number of shocks acceped (A) and

number of licks (B) in Vogel conflict drinking test in rats.

Notes: Data are presented as the mean + SEM; Ap<0.05 vs respective APD-treated group (two-way ANOVA is followed by the Bonferroni’s post hoc test).

Abbreviations: HALO, haloperidol; RISP, risperidone.
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Figure 7 Effects of 21-day administration of haloperidol, risperidone, WAY-181187, and SB-742457, alone and in combinations, on the relative level of BDNF protein (A)

and relative normalized expression of BDNF gene (B) in the hippocampus of rats.

Notes: Data are presented as the mean + SEM; *p<0.05, *¥p<0.01, **¥p<0.001, ***p<0.0001 vs respective control group, ~*p<0.0001 vs respective APD-treated group

(two-way ANOVA is followed by the Bonferroni’s post hoc test).
Abbreviations: HALO, haloperidol; RISP, risperidone.

effect in OFT** and the ultrasonic vocalization test™ in
rats. The findings of our study correspond well with the
piece of data, indicating the potential proanxiety effect of
haloperidol.

The addition of WAY-181187 to haloperidol, after
a single administration, did not change the adverse effect
of this APD on both anxiety behavior and exploratory
activity of rats in EPM. On the other hand, repeated
combined injections of both substances resulted in
a clear, although insignificant, mitigation of the anxiogenic
effect of haloperidol. It seems that the beneficial effect
observed with the addition of WAY-181187 to haloperidol
after repeated administration may rather be related to the
reversal of the APD’s sedative action. Similar effects of
combined administration were recorded in the Vogel test.
The acute combined administration of APD and WAY-
181187 did not change the measured parameters, whereas
chronic combined administration led to a significant
increase in the number of licks and an insignificant
increase in the number of accepted shocks as compared
to the haloperidol-alone administration.

The addition of the 5-HT4R antagonist to haloperidol
attenuated its anxiogenic effect in EPM after both single
and chronic administration. Although the anxiogenic
action was maintained after acute combined treatment,
a several-fold increase in all the measured parameters
was noted in comparison to the group receiving haloper-
idol alone, along with a reduction in the sedative effect.
Repeated combined administration of haloperidol and
SB-742457 was followed by a significant anxiolytic activ-
ity manifested by an increase in all the measured para-
meters while no influence on exploratory activity was
noted in EPM. In the Vogel test, no effect of acute or
chronic combined administration of haloperidol and SB-
742457 was observed. These results indicate that haloper-
idol in combination with the 5-HT¢R antagonist can pro-
duce a more pronounced task-specific anxiolytic-like
action, especially after repeated administration, since
their effects were observed only in the case of “uncondi-
tional” anxiety-like paradigm (EPM).

The obtained results suggest that both single and chronic
addition of the 5-HT¢R agonist to haloperidol allowed for the
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Figure 8 Effects of 21-day administration of haloperidol, risperidone, WAY-181187, and SB-742457, alone and in combinations, on the relative level of BDNF protein (A)

and relative normalized expression of BDNF gene (B) in the prefrontal cortex of rats.

Notes: Data are presented as the mean * SEM; *p<0.05, **p<0.01, **¥p<0.001, ***p<0.0001 vs respective control group, Mp<0.01, MAp<0.001, AMA"p<0.0001 vs
respective APD-treated group (two-way ANOVA is followed by the Bonferroni’s post hoc test).

Abbreviations: HALO, haloperidol; RISP, risperidone.

elimination of its prodepressive and anxiogenic effects and
even resulted in beneficial antidepressant- and anxiolytic-like
activities. In contrast, the addition of the 5-HT¢R antagonist
did not provide full benefits in terms of improvement of
adverse mood effects induced by haloperidol. It seems that
the desirable, anxiolytic-like effects observed with the addi-
tion of 5-HT¢R ligands to haloperidol may be task-specific.
The anxiolytic-like effect of WAY-181187 combined with
this APD was visible in the anxiety “conditional” model
(Vogel conflict drinking test), whereas SB-742457 showed
such activity in combination with the APD in the “uncondi-
tional” assay (EPM test). It should be noted that the differ-
ences observed in the behavioral effects produced by the
agonist and antagonist of 5-HT¢<R may also depend on the
action of the single dose of these compounds. WAY-181187
administered at an acute dose of 3 mg/kg produced an anti-
depressant-like effect, whereas the same dose of SB-72457
was inactive. However, after repeated administration, the

dose of 3 mg/kg of both substances was found to be ineffec-
tive in FST. Similarly, in anxiety models, both WAY-181187
and SB-742457 used at a dose of 3 mg/kg did not show
significant anxiolytic-like properties in acute and chronic
experiments. Based on the numerical values, the effect of
SB-742457 seemed to be more pronounced than that of
WAY-181187, especially in EPM after a single dose; how-
ever, it may have been due to an increase in the exploratory
activity. In the clinic prodepressive effect of haloperidol was
observed.”®>® Because haloperidol has no affinity for
5-HT¢R, then an addition of an agent with such an ability
may cause potential antidepressant activity of haloperidol.
The lack of literature data on the effect of combined admin-
istration of haloperidol with 5-HT¢R ligands does not allow
drawing more precise conclusions.

In the present study, risperidone administered both once
and repeatedly did not affect the behavior of animals in FST.
These results differ from those of the preclinical studies
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no effect.

APD-treated group; 1/|, a tendency of antidepressant/prodepressive, anxiolytic/anxiogenic, activating/sedative action, respectively, “-*,

Abbreviations: HALO, haloperidol; RISP, risperidone.

reported in the literature, in which the APD administered
once at doses of 0.25-0.3 mg/kg demonstrated potential
antidepressant activity” and reversed the prodepressant
effect caused by repeated administration of ketamine in rat
FST.®° The reason for the lack of antidepressant activity of
risperidone in the present study may be the use of too low
dose of risperidone (ie, 0.2 mg/kg). In addition to the direct
antidepressant-like effect of risperidone observed in animal
tests, the results of preclinical studies also suggested the
synergistic effect of risperidone and antidepressants.
Risperidone used in inactive doses (0.05-0.1 mg/kg) induced
and/or enhanced the antidepressant-like activity of selected
antidepressants in mice and rats in FST.°""® For depressive
symptoms, a 5-HT¢R agonist or antagonist could be consid-
ered as an add-on treatment to be used in combination with
APD, in this case risperidone. However, the addition of
WAY-181187 or SB-742457 to risperidone in both single
and multiple administrations did not influence the effect of
APD administered alone in FST.

Single administration of risperidone did not lead to an
anxiolytic-like effect in EPM. In contrast, repeated admin-
istration of risperidone resulted in an anxiogenic-like ten-
dency at the applied dose, which was expressed by
a reduction in all the EPM parameters measured. The
observed effect, although not significant, can be consid-
ered specific as it was not accompanied by any changes in
the exploratory activity of animals. Similarly, acute and
chronic administration of risperidone had no effect in the
Vogel conflict drinking test. These results are inconsistent
with the literature data, which show that risperidone admi-
nistered once caused an anxiolytic-like effect in EPM and
Vogel conflict tests in rats®® and enhanced the anxiolytic-
like effect of antidepressants in rats in EPM.®*®” The
discrepancy between the results of our research and those
from the literature may be related to the differences in the
doses of APD, rat strains and experimental conditions.

Addition of WAY-181187 to risperidone, after both
acute and chronic administration, produced no anxiolytic-
like effect in the EPM test. This combination also showed
no effect on the exploratory activity measured in EPM.
A positive effect was observed only in the Vogel test, in
which single combined administration of WAY-181187
and risperidone resulted in a statistically significant
increase in the number of licks and the number of shocks
accepted by the animals. At the same time, this combina-
tion did not significantly change the pain threshold and the
amount of water taken by rats, which suggests the speci-
ficity of the observed anxiolytic activity. However, the
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anxiolytic-like effect was not maintained after repeated
combined administration.

In the EPM test, the addition of SB-742457 to risper-
idone, after acute administration, did not influence the
effects of the APD administered alone in terms of anxio-
lytic-like effect and motor activity. In contrast, a specific
anxiolytic-like effect was observed after repeated admin-
istration of both substances. Risperidone and SB-742457
significantly extended the time and increased the percen-
tage of time spent in the open arms and the percentage of
entries into these arms. Simultaneous administration of
both substances was not accompanied by any changes in
the motor activity of animals in EPM. In the Vogel test, the
addition of 5-HTgR antagonist to risperidone, either in
single or multiple doses, did not affect the activity of the
APD administered alone. It is worth noting that the addi-
tion of WAY-181187 to risperidone produced greater ben-
efits in the anxiety “conditional” model, while the addition
of SB-742457 produced greater benefits in the test based
on unconditional anxiety reaction.

The combination of SB-742457 and risperidone was
tested in healthy volunteers when a 5-HT¢R antagonist was
under development as a possible add-on treatment with an
atypical APD for the cognitive symptoms in Alzheimer’s
disease and schizophrenia. SB-742457 given at a dose of
50 mg for 8 days and risperidone 2 mg administered once
did not produce any clinically relevant pharmacokinetic
interaction.”® Moreover, such combination did not signifi-
cantly affect the functions of CNS compared to risperidone
administered alone which decreased the behavioral and cog-
nitive performance, increased the theta band power of the
electroencephalogram (EEG) spectra, decreased saccadic
peak velocity, and increased prolactin concentrations.*® !

The only significant interaction observed by Liem-
Moolenaar et al was an increase in the EEG alpha and beta
bands, which suggest mild arousal by SB-742457 especially
in the presence of risperidone.®® This finding could be con-
sidered as an indication of the modulation of dopaminergic
hypofunctionality by 5-HTg¢R antagonism.

The involvement of BDNF in the development of the
CNS, the activity of dopaminergic neurons, synapses, and
the neurogenesis process suggest its role in the etiology of
schizophrenia.”” The results from both clinical and precli-
nical studies on the effects of APDs on BDNF are not
conclusive yet and require further clarification.>> The post-
mortem observations of BDNF concentration in the pre-
frontal cortex of patients with schizophrenia were contrary

and showed an increase and a decrease in the level of

BDNF protein, while most of the studies revealed
a decrease in the levels of this neurotrophin in peripheral
blood serum of people diagnosed with schizophrenia.”?
BDNF and its signaling partners are also integral to both
the pathophysiology of depression/anxiety and the effects
(both antidepressant and anxiolytic) of antidepressant
drugs. Decreased BDNF-TrkB signaling in the prefrontal
cortex, CA3 region, and dentate gyrus of the hippocampus
as well as increased signaling in the ventral tegmental
area—nucleus accumbens pathway plays a role in the
pathophysiology of diseases.”> ’> Furthermore, reports
have suggested the antidepressant-like effects for BDNF
in the animal models of depression.”®”’ Likewise,
mechanistic studies in adult animals have demonstrated
a link between anxiety and BDNF and proved that mutant
rodents with reduced BDNF signaling displayed increased
anxiety behaviors.”®’” BDNF is closely linked with the
serotonergic system of the brain, and along with serotonin
it acts as the main factor in the mechanisms of neurogen-
esis and neuroplasticity. On the one hand, BDNF stimu-
lates the growth of serotonin neurons and affects the
expression of key genes of the serotonergic system,
while on the other hand, serotonin is implicated in the
regulation of BDNF, and for example, was shown to
increase the BDNF gene expression and BDNF protein
levels in embryonic raphe cell cultures.®

In the light of these considerations, we decided to
investigate the involvement of hippocampal and cortical
BDNF in the behavioral effects of the tested treatment. In
the present study, haloperidol administered alone increased
the level of BDNF protein and BDNF gene expression in
both the studied structures, although its effect was more
pronounced in the prefrontal cortex, while risperidone
administered alone increased the protein level of BDNF
and suppressed its gene expression in the hippocampus
with no effect on these parameters in the prefrontal cortex.
Both 5-HTgR ligands did not influence the haloperidol-
induced effects on BDNF level in the hippocampus and
prefrontal cortex, whereas their influence on BDNF gene
expression significantly differed; WAY-181187 decreased
the gene expression in both structures, while SB-742457
increased the expression in the hippocampus but not in the
prefrontal cortex. In the case of combined administration
with risperidone, the action of 5-HT¢R ligands was simi-
lar; they elevated the level of BDNF protein in the pre-
frontal cortex without producing any influence on this
in the and alleviated the

parameter hippocampus
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repression of the BDNF' gene induced by risperidone in
both brain structures.

These biochemical data differ to some extent from the
observed behavioral outcomes; hence, it seems unlikely that
the behavioral antidepressant- and/or anxiolytic-like activ-
noted with the
5-HTgR ligands with haloperidol or risperidone develop

ities combined administration of
solely as a consequence of changes in BDNF signaling.
The other neurotrophins, such as nerve growth factor or
neurotrophin-3 (NT-3), were also shown to play a role in
the pathophysiology and treatment of psychiatric disorders.”’
For example, Agostinho et al demonstrated that treatment
with fluoxetine (selective serotonin reuptake inhibitor) and
olanzapine (APD) alone and in combination did not alter the
levels of BDNF protein in the prefrontal cortex, hippocam-
pus and amygdala of rats, but administration of both drugs
increased the levels of NT-3 protein in all these brain struc-
tures. The authors postulated that NT-3 may be involved in
the  therapeutic  action of  olanzapine/fluoxetine
combination.®’ A similar situation may arise in the case of
the combined administration of 5-HT¢R ligands and APDs.
Furthermore, it is commonly accepted that abnormalities in
the central serotonergic, noradrenergic, and dopaminergic
neurotransmission play a significant role in the pathome-
chanism of mood disorders. Neurochemical research demon-
strated that haloperidol did not significantly change the level
of monoamines whereas risperidone did not produce appre-
ciable changes in the level of serotonin in the prefrontal
cortex,*? although, in the other study, it increased the levels
of serotonin, dopamine, and norepinephrine in the medial
prefrontal cortex of rats.*** It has been established that the
antidepressant-like activity of 5-HT¢R ligands observed in
FST depends on the enhancement of central noradrenergic,
83.86 GABA/glutamatergic

neurotransmissions,”> while their anxiolytic-like activity is

dopaminergic, and
rather due to a functional interaction between 5-HTR and
the GABAergic system.””> Since there are no data on the
effects of the combined administration of the tested
5-HTgR ligands with haloperidol or risperidone on the levels
of catecholamines and neurotrophins or interaction with the
GABA/glutamatergic system, further discussion of these
mechanisms would remain speculative.

This study has few limitations. First of all, the present
research is basic and the tests used are screening, which
aimed to preliminarily assess whether the combined adminis-
tration of selective 5-HTgR agonist/antagonist with chosen
neuroleptics would improve their effectiveness in the treat-
ment of depressive and anxiety symptoms. Second, the

antidepressant- and/or anxiolytic-like effects observed in
FST and EPM test, respectively, should be confirmed in trans-
lational models of depression and/or anxiety in which the
locomotor activity does not affect the interpretation of results.
Third, it is not clear if the obtained results are universal and
may be extrapolated to other APDs, especially those with
a higher affinity to 5-HT4R (like clozapine or olanzapine).
Fourth, no correlation was found between the effects of beha-
vioral studies and BDNF level and/or BDNF gene expression.
Thus, further research should be warranted to analyze the
impact of the tested compounds and their combination on
other neurotrophins implicated in the pathomechanism of
mood disorders. Although the mechanism underlying the
observed behavioral effects has not been fully elucidated, it
should be emphasized that the influence of repeated adminis-
tration (21 days) of selective 5-HT¢R agonist and antagonist
on the level of BDNF protein and expression of BDNF gene
has been demonstrated for the first time.

In the present study, only administration of the
5-HT¢R agonist combined with haloperidol produced
a significant antidepressant-like activity, while administration
of both 5-HT¢R agonist and antagonist in combination with
haloperidol and/or risperidone produced anxiolytic-like effect.
Their anxiolytic activity varied depending on the models used.
The 5-HT¢R agonist was active in the “conditional” model of
anxiety that may be used as a predictor for identifying effective
drugs or their combination for managing generalized anxiety
disorders and acute anxiety states.>' On the other hand, the
5-HTeR antagonist was active in the “unconditional” assay,
a procedure based on the rodents’ natural aversion to heights
and open spaces, and such model is considered to reflect
phobic anxiety states.”” The observed anxiolytic-like activity
was more complete and expressive when an antagonist was
administered together with risperidone. Such action of risper-
idone showed a positive effect on the level of BDNF and its
gene expression in the prefrontal cortex and a weaker effect in
the hippocampus, and these changes, at least in part, may be
responsible for its anxiolytic effect. Although the same bio-
chemical effect was noted for risperidone with WAY-181187,
no positive behavioral action was observed.

Anxiety symptoms are very common in patients with
schizophrenia. The use of first-generation APDs alone is not
recommended for the treatment of generalized anxiety and
obsessive—compulsive disorders as well as for alleviating
social phobia and panic attacks, ie, anxiety disorders, which
most often accompany schizophrenia.'®"" In such cases, add-
on treatment with a 5-HT¢R agonist could be recommended.
The clinical efficacy of risperidone has been demonstrated in
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the case of anxiety symptoms associated with schizophrenia,®”

bipolar disorder,

8 and post-traumatic stress disorder,* but

some other data show that the therapeutic action of this APD
is not sufficient enough to relieve anxiety and depressive

symptoms.”® Moreover, in treatment with risperidone, the

addition of a 5-HT¢R antagonist would be more efficacious

since these substances do not evoke pharmacokinetic

interactions.®®

Conclusions
In conclusion, it should be noted that the greatest benefits

were obtained after the combined administration of WAY-
181187 and haloperidol. The 5-HTgR agonist not only
contributed to the suppression of the depressive-like
effects of APDs but also led to the disclosure of antide-
pressant-like effects in FST. Moreover, WAY-181187 wea-
kened the anxiogenic properties of haloperidol. In the case

of risperidone, the desired effect of the combined admin-

istration with both an agonist and an antagonist was noted

only with regard to the anxiolytic-like activity. It seems

that the anxiolytic-like effects observed with the addition

of 5-HT¢R ligands to haloperidol and risperidone are task-

specific. Based on the behavioral and biochemical findings
obtained, it is difficult to say whether the addition of
a selective 5-HT4R agonist or antagonist will serve better
in the treatment with APD. The effect of these ligands may
depend on the clinical condition of the patient and the

profile of APD used; therefore, further research is needed.
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