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Abstract

In the present paper, we describe affinities to 5-HT1A and 5-HT2A receptors of several new 1,2,4-trisubstituted piperazine
derivatives. The affinities were compared with those described earlier for 1,4-disubstituted piperazines and the influence of the
third (methyl) substituent on the affinity to both receptors is discussed. The difference between two- and three-substituted
derivatives was rationalised in terms of molecular modelling of the respective ligand–receptor complexes. Additionally, the
functional activity of some 1,2,4-trisubstituted piperazines for 5-HT1A receptor was examined in behavioural and biochemical
models. The obtained results have shown that some trisubstituted compounds exhibited a higher affinity to 5-HT2A receptors than
their respective disubstituted analogues (with the affinity to 5-HT1A receptors remaining the same or somewhat improving). The
molecular dynamics simulations suggested that the presence of the third substituent in the piperazine ring of those compounds
may induce stabilising effect on the ligand–receptor complexes. The results of the in vivo studies have shown that some of the
examined trisubstituted piperazines (10–13, 16, 17) exhibited properties of postsynaptic 5-HT1A partial agonists. Moreover,
compounds 13 and 16 exhibited features of 5-HT1A presynaptic agonists in in vitro test, and compound 16 also in in vivo tests.
© 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) receptors of
the 1A sub-population (5-HT1A receptor) have recently
attracted a considerable attention. It is assumed that
anxiolytic and antidepressive drugs such as buspirone
(1), tandospirone (2), gepirone (3), ipsapirone (4),
flesinoxan (5) or binospirone (6) (Fig. 1)—determined
as 5-HT1A receptor partial agonists—exert their phar-
macological activity through serotonin 5-HT1A recep-
tors, where they act as partial agonists [1–3]. Therefore,
ligands of the 5-HT1A receptor may be considered to be

potential anxiolytic and/or antidepressive drugs. The
pharmacological data do not allow to estimate the
relative contribution of pre- and postsynaptic 5-HT1A

receptors to their therapeutic action [4]. It has also been
suggested that 5-HT1A receptor antagonists may have a
beneficial effect in anxiety and depression, as demon-
strated by a large number of new substances with
5-HT1A antagonistic activity as potential anxiolytics/an-
tidepressants reported in Drug Status Update [5].

Most recently, there has been some interest in com-
pounds that act both at 5-HT1A and 5-HT2 receptors as
potential therapeutic agents. Compounds with dual ac-
tivity at these receptor systems were predicted to be
more efficacious than those acting at either subtype
alone. Such was the case with arylpiperazine
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derivatives—flibanserin (7) (BIMT-17, Behringer Ingel-
heim Corp.) and adatanserin (8) (WY-50324, Wyeth
Ayerst International Inc., Fig. 1)—5-HT1A agonists
with 5-HT2 antagonistic activity, which showed a ro-
bust activity in preclinical models of depression and
anxiety [6–8].

In the present paper, we describe the binding profile
on 5-HT1A and 5-HT2A receptors of several new [9]
1,2,4-trisubstituted piperazine derivatives (Table 1). The
affinities were compared with those obtained for 1,4-
disubstituted piperazines [10,11] and the influence of
the third (methyl) substituent on the affinity to both of
the receptors was discussed. The difference between
two- and three-substituent derivatives was rationalised
in terms of molecular dynamics modelling of the respec-
tive ligand–receptor complexes. Furthermore, the in-

trinsic activity of some 1,2,4-trisubstituted piperazines
for 5-HT1A receptor was examined in behavioural and
biochemical models.

2. Experimental

2.1. Binding studies

The affinity of the compounds for central 5-HT1A

and 5-HT2A receptors in vitro was assessed on the basis
of their ability to displace [3H]-8-OH-DPAT and
[3H]ketanserin, respectively. Radioligand binding stu-
dies were performed in the rat brain using the following
structures: hippocampus (5-HT1A) and cortex (5-HT2A)
according to the published procedures [12,13].

Fig. 1. Chemical structures of buspirone (1), tandospirone (2), gepirone (3), ipsapirone (4), flesinoxan (5), binospirone (6), flibanserin (7) and
adatanserin (8). P. 41.
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Table 1
5-HT1A and 5-HT2A receptors affinities (Ki�SEM [nM]) of compounds 1, 3, 9–22

*Reference compounds; �, ref. [11]; � �, ref. [10]; �, ref. [66]; �, ref. [67]; �, ref. [68].

Buspirone and ritanserin were employed as reference
compounds. Radioligands used were [3H]-8OH-DPAT
(190 Ci/mmol, Amersham) and [3H]ketanserin (60 Ci/
mmol, NEN Chemicals) for 5-HT1A and 5-HT2A, re-
spectively. K i values were determined from three
competition binding experiments in which several drug
concentrations run in triplicates were used.

2.2. In �i�o experiments

The activity of the compounds was evaluated on
male Wistar rats (250–280 g) or on male Albino–Swiss

mice (26–29 g). The animals were kept at a room
temperature of 21�1 °C on a natural day–night cycle;
they were housed in plastic boxes (55×35×20 cm) in
the groups of eight (rats) or 30 (mice) animals, with free
access to food (Bacutil pellets) and tap water through-
out the experiment. Experimental and control groups
consisted of six to eight animals each. The tested com-
pounds were administered as suspensions in a 1%
aqueous solution of Tween 80, 8-OH-DPAT, reserpine
and (S)-WAY 100135 as solutions in physiological
saline. Tested compounds were administered intraperi-
toneally (i.p.), and 8-OH-DPAT, reserpine and (S)-
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WAY 100135 subcutaneously (s.c.) in a volume of four
(rat) and ten (mouse) ml/kg. The control groups of
animals received the same amounts of the solvent.
Newman–Keuels test was used for the statistical evalua-
tion. 8-Hydroxy-2-(di-n-propylamino)tetralin hydro-
bromide (8-OH-DPAT·HBr) was purchased from RBI,
(S)-N-tert-butyl-3-[4-(2-methoxyphenyl)piperazin-1-yl-
2-phenylpropanamide ((S)-WAY-100135) was synthe-
sised by Dr. J. Boksa, Institute of Pharmacology, Polish
Academy of Sciences, and reserpine in ampoules was
purchased from Ciba–Geigy.

2.3. Lower lip retraction (LLR) in rats

The LLR was conducted according to the method
described by Berendsen et al. [14]. The animals were
individually placed in cages, having been scored three
times at 15, 30 and 45 min (each observation time—45
s) after administration of tested compounds or 8-OH-
DPAT as follows: 0= lower incisors invisible, 0.5—
partly visible, 1—clearly visible. The summed up,
maximum score was up to 3 for each rat. In a separate
experiment, the effect of tested compounds or (S)-
WAY-100135 on 8-OH-DPAT (1 mg/kg)-induced LLR
was tested. The tested compounds were administered 45
min before 8-OH-DPAT. The observation session
started 15 min after the injection of 8-OH-DPAT and
were repeated at 30 and 45 min.

2.4. Beha�ioural syndrome in reserpinised rats

Reserpine (1 mg/kg) was administered 18 h before
tests. The animals were individually placed in cages 5
min before injection of tested compounds or 8-OH-
DPAT. Observation sessions, lasting 45 s each, began 3
min after drug administration and were repeated every
3 min over the period of 15 min. Flat body posture and
reciprocal forepaw treading were scored using a ranked
intensity scale: 0=absent, 1=equivocal, 2=present,
3= intense, according to Tricklebank et al. [15]. The
maximum score, summed up over five observation pe-
riods, amounted to 15 for each symptom per animal. In
a separate experiment, the effect of tested compounds
or (S)-WAY 100135 on the 8-OH-DPAT (5 mg/kg)-in-
duced behavioural syndrome was tested. The tested
compounds were administered 45 min before 8-OH-
DPAT and animals were scored 3, 6, 9, 12, and 15 min
after the injection of 8-OH-DPAT.

2.5. Body temperature in mice

The rectal body temperature of mice (2.5 cm deep,
Ellab thermometer, Denmark) was recorded at 30, 60,
90 and 120 min after the injection of a tested com-
pounds or 8-OH-DPAT.

In a separate experiment, the effect of compounds 10,

12, 17 or (S)-WAY-100135 on 8-OH-DPAT (5 mg/kg)-
induced hypothermia was tested. The compounds were
administered 45 min before 8-OH-DPAT. The observa-
tion sessions started 15 min after the injection of 8-OH-
DPAT and were repeated at 30, 45 and 60 min.

In another experiment, the effect of (S)-WAY 100135
(10 mg/kg) on the hypothermia induced by compounds
9, 10, 11, 13 and 16 was investigated. (S)-WAY 100135
was administered 30 min before the tested compounds.
The rectal body temperature was measured 30 min after
their injection.

The results were expressed as a change in the body
temperature (�t) with respect to the basal body tempe-
rature, as measured at the beginning of the experiments
(the mean value out of two measurements).

2.6. Biochemical estimations

5-HT and 5-HIAA contents in the frozen tissue
samples were measured by HPLC–EC according to the
procedure described elsewhere [16,17]. Male Wistar rats
(230–270 g) were housed under artificial light/dark
conditions (the light on from 07:00–19:00 h) and fed on
a standard granulated died (Bacutil) with free access to
tap water; the ambient temperature was 22 °C. In the
biochemical study compounds 13 and 16 were injected
intraperitoneally (i.p.) in a single dose of 30 mg/kg in
the form of 1% suspension in Tween 80 (1 ml per rat)
and 8-OH DPAT was administered i.p. in dose 5 mg/kg
in 1% Tween 80 (300 �l per rat). The rats were killed by
decapitation for biochemical assays 60 min after an i.p.
injection of compounds: 13 and 16 and 30 min after an
i.p. injection of 8-OH DPAT. The brains were dissected
into two regions (hippocampus and striatum) on an
ice-plate and stored under solid CO2. The tissue sam-
ples were weighed and homogenised (1:10 wet wt./vol)
in ice cold 0.1 M trichloracetic acid containing 0.05
mM ascorbic acid. After centrifugation (4000 rpm,
4 °C, 20 min), supernatants were filtered off through
durapore Millex-HV 0.22 �m membranes (Millipore).
5-HT and 5-HIAA levels were determined by HPLC
with electrochemical detection. A Waters™ 616 liquid
chromatograph with Waters 464 electrochemical detec-
tor was equipped with Waters Spherisorb 10×4.6 mm
guard cartridge and 5 �m Waters Spherisorb ODS2
250×4.6 mm column. The mobile phase consisted of
31.2 g NaH2PO4, 0.32 g heptanesulfonic acid, 0.6 g
EDTA, 130 ml CH3CN, water up to 2 l adjusted to pH
2.88 with 3 M H3PO4. The flow rate was maintained at
1 ml/min. The applied voltage was set at 0.60 V versus
Ag/AgCl electrode. The compounds were quantified by
peak height comparison with standard run on day of
analysis, with a sensitivity of 3–100 pg.

The statistical significance was calculated using t-test
(STATISTICA, StatSoft).

Results are means with SEM of data obtained from
five animals per group.
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2.7. Molecular modelling

2.7.1. Ligands preparation
The starting structures of 13 and 15 were prepared

based on the crystal structure of 4,4-dimethyl-1-{4-[4-2-
quinolinyl) - 1 - piperazinyl]butyl} - 2,6 - piperidinedione
[10]. The methyl group was attached to the piperazine
ring using AMBER 5.0 [21] and MIDASPLUS software
[18]. The nitrogen atom of piperazine ring bound to the
n-butyl moiety was considered as protonated in both
cases. After an initial energy minimisation the res-
trained electrostatic potential fitted charges (RESPs)
[19] were calculated using an RHF/6-31G* basis set,
using GAUSSIAN94 program [20]. The RESP charges
were used in a further geometry optimisation, until
convergence with a 0.002 kcal/mol A� energy gradient
difference between successive steps. The next step was
an iterative procedure, where a new set of RESP
charges was generated and used in the subsequent
energy minimisation. Afterwards, the set of conformers
for each ligand was generated by the Molecular Dy-

namics (MD) 750 ps simulation: after an initial equi-
librium period at 0.1 K, the MD simulations with
velocity scaling were performed at 310 K, with the
step-length 0.001 ps. Potentially bioactive conformers,
i.e. such conformers that fitted the biophore models for
5-HT1A and 5-HT2A (Fig. 2) [22] were selected, in a
manner described in detail elsewhere [22,23]: each con-
former with a deviation within 1.15 A� in atomic dis-
tance between the selected atoms corresponding to the
biophore model was energy minimised and the lowest-
energy conformers were selected afterwards.

In the present work all molecular mechanic energy
minimisations and MD simulations were performed by
AMBER 5.0 [21] with the AMBER all-atom force field. In
order to include the solvent effects a distance-depen-
dent dielectric function (�=4r, where r is the inter-
atomic distance) without explicit molecules of a solvent
was used in the calculations [24,25].

2.7.2. Receptor modelling
The 3-D 5-HT1A receptor model was constructed

from the aminoacid sequence of the human 5-HT1A

receptor [26]. An initial model of the transmembrane
helical (TMH) bundle was constructed by analogy to
the previous 5-HT1A receptor model [27]. Minor
changes in tilting and the axial rotations of some
TMHs are further described elsewhere [22]. Because the
receptor construction was performed before the crystal
structure of rhodopsin was published [28], the TMHs
were organised according to the projection map of
visual rhodopsin [29,30] using the TMHs arrangement
of G protein-coupled receptors proposed by Baldwin
[31,32], see Fig. 3. Loops end termini were energy-mi-
nimised and then connected to the TMHs. The N-ter-
minus was directly copied from the previous 5-HT1A

receptor model [27], energy-minimised and then con-
nected to the TMH1. Initial structures of the remaining
extramembranous segments, except for ICL3, were con-
structed by searching for loop segments in the
Brookhaven PDB-database. The criteria used for the
selection of these fragments were: the maximal sequence
similarity and the lowest energy. The intracellular loop
(ICL3) consists of 133 amino acids, far too many to
apply the sequence homology described above. Thus,
the structure of this fragment was generated by using
the Predict–Protein server (http://www.embl.
columbia.edu/pp/submit–adv.html). The conformation
of �-helix was predicted for residues 4–11 and 93–111,
while the �-sheet structure was predicted for residues
37–44 and 61–73. For the remaining part of the se-
quence, predicted in a random conformation, the same
strategy as for the other loops was applied, with the
same criteria used. The PDB identification codes for the
sequence fragments used as initial structure of ex-
tramembranous domains and the further details are
shown elsewhere [22,23].

Fig. 2. Biophore models for 5-HT1A (a) and 5-HT2A (b) receptors.
The biophore elements (N1, N2, N3, O, CENT) are marked on the
buspirone molecular structure. P. 42.

http://www.embl.columbia.edu/pp/submit_adv.html
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Fig. 3. Superimposed seven TMH bundle of 5-HT1A receptor model (blue) and rhodopsin (red) crystal structure, viewed from the extracellular
side. P. 43.

The structure of receptor model was afterwards
energy-refined in the course of 25 ps MD simulation of
the loops and termini, first while keeping the helices at
a fixed position, then by energy minimisation of the
entire receptor model. A disulfide bridge between con-
served cysteine residues C3.25(C109) and C187 in
ECL2, known to form an important structural con-
straint in many GPCRs [25], was present during all
simulations.

By analogy, the 5-HT2A receptor model was con-
structed from the sequence of the human 5-HT2A recep-
tor [33], with the similar conditions as the 5-HT1A.
TMHs and the intra- and extracellular loops (ICLS and
ECLs) except for ICL3 and ECL2 of the 5-HT1A recep-
tor, were used as a template in constructing of 5-HT2A

receptor. The ICL3, ECL2 and the termini were con-
structed by the sequence homology and added after-
wards. The entire model was finally energy minimised.

Such receptor models were used afterwards as star-
ting structures for the 30 ps MD simulation, while the
temperature were increased from 0 to 300 K, 50 K per
each 5 ps of simulation. The further 140 ps of MD
simulation was performed while keeping the tempera-
ture at 300 K.

To preserve the helical conformations of TMHs the
constraints forces of the 5 kcal/mol A� 2 were used [34],
applied between the backbone oxygen atom of residue
n and the backbone nitrogen atom of residues n+4,
excluding prolines. Initial simulations indicated that
such interhelical constraint forces were important to
produce rigid body helical movements as observed in
experimental studies [35,36]. A similar strategy to con-
straining helices, together with distance-dependent
dielectric function and dielectric constant �=4r, has
also been used previously during MD simulations of G
protein-coupled receptors [37,38].

The 30 coordinate sets saved between 140 and 170 ps
were used to calculate the average structures of receptor
models, which finally were energy-refined.

2.7.3. Ligand–receptor interactions
In order to start the docking procedure, potentially

bioactive conformers of 13 and 15 were docked into a
central cavity of 5-HT1A and 5-HT2A receptor models,
using the data obtained from site-directed mutagenesis
experiments [26,39–54] as a guide. Each conformer was
docked in two different positions, in which the proto-
nated amino group of the piperazine ring were placed
close to the conserved aspartic acid (Asp116 in 5-HT1A

or Asp155 in 5-HT2A, respectively) in TMH3. Four
ligand–receptor complexes were energy minimised af-
terwards and such complexes (two per receptor, invol-
ving one conformer of ligand docked in two different
positions) that create the best ligand–receptor fit were
selected for further calculations.

The selected ligand–receptor complexes were used as
initial structures for short (30 ps) molecular dynamics
simulation. In parallel, such simulations were per-
formed for the ligand-unbound receptor structures. The
coordinate sets obtained after those 30 ps of MD
simulation were saved and used as initial structures for
further 140 ps MD simulation at constant temperature
and using constraint forces to preserve a TMH helical
conformation, as for the isolated receptor described
above. The 30 coordinate sets saved between 140 and
170 ps were used to calculate the average structures of
ligand–receptor complexes, which were energy-mi-
nimised afterwards. At last, two positions of ligands
were compared and the complex (one per ligand) crea-
ting better ligand–receptor fit was selected for further
investigations.
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3. Results and discussion

The receptor affinities of the investigated compounds
9–17 (hydrochlorides) were determined in competition-
experiments using 8-hydroxy-2-di-n-propylaminotetra-
line ([3H]-8-OH-DPAT) for 5-HT1A and [3H]ketanserin
for 5-HT2A receptors (Table 1).

It appeared that 6 out of 9 new 1,2,4-trisubstituted
piperazines exhibited a significant affinity (Ki�100
nM) to 5-HT1A receptors. Compounds 12 and 16 pos-
sessed the highest (Ki=15�3 and 13�1 nM, respec-
tively) and compound 14 the lowest (Ki=493�52 nM)
affinity. Only compounds 9, 12 and 13 exhibited a
relatively high affinity to 5-HT2A receptors (Ki=18�8,
64�26 and 32�3 nM, respectively). The affinity of
the other compounds to 5-HT2A receptors was low or
very low. Compound 12 possessed a high affinity to
both of the receptors. It should be noted that trisubsti-
tuted piperazine-quinoline derivatives (compounds 9,
10, 11, 12, 13) exhibited a much higher affinity to
5-HT2A receptors than the respective disubstituted com-
pounds (18, 19, 20, mesmar (21), kaspar (22) [10,11]. At
the same time the affinity of the respective (trisubsti-
tuted against disubstituted piperazine-quinolines) com-
pounds to 5-HT1A receptors almost does not change.
On the other hand, trisubstituted piperazine-pyrimidine
derivatives (compounds 14 and 15) possessed a much
lower affinity to both of the receptors than their disub-
stituted analogues (compounds 1 and 3). The results
thus show that the presence of the third substituent
(methyl group) in the piperazine ring is beneficial in the
series of quinoline derivatives (compounds 9, 10, 11, 12,
13 and 16), but not in the series of pyrimidine deriva-
tives 14, 15 and 17. Trisubstituted piperazine-quinolines
exhibited affinity to 5-HT1A and 5-HT2A receptors
much higher than their pyrimidine analogues (com-
pounds 12, 13 and 16 against compounds 14, 15 and 17,
respectively). Such a difference in the affinities of quin-
oline and pyrimidine derivatives could be explained in
terms of unique 3-D structures formed by the respective
ligand–receptor complexes. For this reason four com-
plexes were examined, i.e. two of the pyrimidine deriva-
tive 15-5-HT1A/2A and another two of the quinoline
derivative 13-5-HT1A/2A (Fig. 4: 13-5-HT1A, 15-5-HT1A

and Fig. 5: 13-5-HT2A, 15-5-HT2A).

3.1. Modelling of the ligand–receptor interactions

In the present study some aspects of ligand–receptor
interactions such as the ligand position inside the recep-
tor cavity, receptor 3-D structure modification upon the
ligand binding (translation of helices, conformational
changes of intracellular loops or movements of certain
sequence motifs), and identification of amino acids
important for ligand binding were examined. The calcu-
lations were initially based on the available site-directed

mutagenesis data identifying amino acids, TMHs and
loops crucial for ligand binding and receptor activation
[26,39–52]. These data, obtained for selected GPCRs,
were used as a guide for ligand docking. These results
allowed for reduce significantly the number of potential
sites of ligand docking. These data allowed for a more
rationalised docking procedure that should lead to find
the most realistic binding site. However, it is recom-
mended to further test the ligand binding modes by
site-directed mutagenesis studies, which may verify the
validity of the present methodology and obtained
models.

A qualitative comparison between obtained models
of ligand-unbound serotonin receptors and the crystal-
lographic structure of rhodopsin, Fig. 3, suggests the
usefulness and validity of the present receptor models,
although the helical bundles of these receptors were
constructed using the projection map of rhodopsin as a
guide and not its crystal structure. It happened, because
the present results were obtained before the crystal
structure of visual rhodopsin was published [28]. De-
spite that, the overall helical packing and the orienta-
tion of the helices relative to each other of obtained
ligand-unbound 5-HT1A and 5-HT2A receptor models
were found in very good accordance with rhodopsin
X-ray structure, as shown in Fig. 3. In both serotonin
receptor models, the orientations of particular amino
acid residues, which are highly conserved among the
family A of GPCRs, were found at positions similar to
those of the rhodopsin structure. However, the confor-
mation of both receptors binding the compound (13)
differed significantly from the crystal structure of
rhodopsin. The helical rigid body movements, together
with rotational changes and different tilting of the
particular helices contributed mainly to these alte-
rations. Also, orientations of many highly conserved
amino acid residues changed upon the ligand binding.
More details are described elsewhere [22,23,25]. It is
known that crystal structure of rhodopsin correspond
to rhodopsin in its inactive state [28]. Therefore, ob-
served differences between ligand–receptor complex
and X-ray structure of rhodopsin seem to reflect the
receptor activation induced by the binding of the
ligand.

3.2. 5-HT1A receptor

In 13-5-HT1A and 15-5-HT1A complexes after mole-
culara dynamics (MD) simulations close contactsbetween
the ligands and certain receptor amino acid residues
were observed. Such close contacts may be interpreted
as ligand–receptor interactions and concerned all moi-
eties (i.e. aromatic, methylated piperazine, n-butyl, and
imide) of both investigated analogues. The most impor-
tant ligand–receptor contacts can be described as fol-
lows: compound 13 interacted with amino acid residues
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in TMH1 (Leu46 being the only contact found), TMH2
(Val89 and Met92), TMH3 (Cys109, Phe112, Asp116,
Cys120, and Ser123), TMH4 (Gly174 and Trp175),
TMH5 (Thr196, Ile197, and Thr200), TMH6 (Trp358,
Phe361, and Ala365), and TMH7 (Ile385, Tyr390,
Ser393); compound 15 interacted with residues in
TMH2 (Leu88, Val89, and Met92), TMH3 (Phe112,
Asp116, Val117, Cys120), TMH5 (Ile197 and Tyr198),
TMH6 (Trp358, Phe361, Phe362, Leu366), and TMH7
(Asn386, Tyr390, Ser393) (Table 2, Fig. 4).

During MD simulation ligand-induced changes of
the receptor 3-D structure were observed. The rigid
body movements of TMH 2, 3, 6, and 7, associated
with the rearrangement of the receptor interhelical hy-
drogen bonding network were observed in the 13-recep-
tor complex as compared with the free receptor
structure (the strongest displacement was found for
TMH3 and 6). Compound 15 caused the movements of
TMHs 3, 6, and 7, however, these movements were
weaker than those induced by compound (13). During

Fig. 4. Stereo view of average, energy-minimised 13-5-HT1A (a) and 15-5-HT1A (b) complexes. View along the plane of membrane, perpendicularly
to the long axis of the receptor. The ligand is coloured blue. The methyl group of the ligand, substituted in piperazine ring, is marked by the
triangle. Seven TMHs of receptors are specified by colours: TMH1—dark blue, TMH2—orange, TMH3—cyan, TMH4—black, TMH5—green,
TMH6—yellow and TMH7-red. The N-terminus and ECLs are at the top of the panel, while ICLs and the C-terminus are at the bottom of the
panel (below the TMHs). P. 44
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Fig. 5. Structures of average, energy-minimised 13-5-HT2A (a) and 15-5-HT2A (b) complexes. Ligands and TMHs of the receptor are coloured and
viewed as in Fig. 4. P. 45.

these displacements some differences in tilting were
observed for TMH6, while tilting of TMH3 became
practically unchanged. While interacting with (13),
TMHs 4 and 5 changed its rotational orientation, and
tilting of TMHs 2, 5 and 7 was slightly altered, as well.
These conformational changes of the receptor structure
induced by 13 are illustrated in Fig. 6. Rigid body
movements of TMHs have been observed previously in
the process of rhodopsin photoactivation [43]. Helical
rigid body movement has also been suggested in the
activation mechanism of the muscarinic M2 receptor
[36]. Results of experiments performed on the �2-
adrenoreceptor have also suggested that agonist in-
duced conformational changes and displacements of

TMHs: 3 and 6 are crucial for receptor activation [47].
It should be noted that quinoline derivative 13 in-

duced (to higher extent than pyrimidine derivative 15)
such conformational changes in second and third intra-
cellular loops (the approaching of the loops) that might
be important for a G-protein binding [51]. Compound
13 also induced the repositioning of the highly con-
served in G-protein coupled receptors D–R–Y amino
acid sequence motif in TMH3 which was suggested as a
crucial for a receptor activation [48,51].

Taken together, the above MD simulation data
showed that the conformations and positions of com-
pounds 13 and 15 inside the 5-HT1A receptor were
significantly different. They also showed that
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compound 13 induced greater conformational changes
in the receptor, particularly in the regions suggested by
site-directed mutagenesis data as important for ligand
binding and receptor activation. Thus, the above theo-
retical results suggest that compound 13 should exhibit
a higher affinity to the receptor than compound 15.
They also suggest that compound 13 (5-HT1A receptor

Fig. 6. Stereo view of average, energy-minimised 5-HT1A free receptor
(upper panel) and the 13-5-HT1A complex (lower panel). View from
the extracellular side of the membrane, perpendicularly to the long
axis of the receptor. TMHs are represented as ribbons and numbered.
Positions of TMHs: 1 and 2 have been kept the same, to show the
conformational changes and displacements of the other TMHs upon
the ligand binding. P. 46.

Table 2
Residues lying within 20% increased van der Waals radii around
compounds 15 and 13 in their respective ligand-5-HT1A and ligand-5-
HT2A receptor complexes

Aromatic ImideLigand a n-ButylPiperazine
moietyring moietymoiety

5-HT1A

Leu46(1)Gly174(4) Ile113(3) Asp116(3)13
His193(5) Asp116(3) Val117(3) Val89(2)

Cys120(3)Val117(3)Gly194(5) Met92(2)
Phe361(6)Thr196(5) Asn386(7)

Ile197(5) Ala365(6) Gly389(7)
Tyr390(7)Ile385(7)Ala365(6)

Pro369(6) Ser393(7)
Ala186(E2)Ile385(7)
Cys187(E2)

Ile113(3) Trp358(6)15 Val85(2)Val117(3)
Cys120(3) Leu88(2)Phe361(6)Thr188(E2)
Phe362(6)Ile197(5) Gly389(7) Val89(2)

Leu366(6) Ala365(6) Met92(2)
Pro369(6) Ile385(7) Phe112(3)
Leu381(7) Asp116(3) Asp116(3)

Thr188(E2), Asn386(7)
Gly389(7)
Tyr390(7)
Ser393(7)

5-HT2A

Leu123(2) Ala359 (7)13 Phe243(5) Ile163(3)
Asp155(3) Val363(7) Cys336(6) Phe243(5)
Val156(3) Phe364(7) Glu339(6) Trp335(6)
Phe158(3) Asp155(3) Ile340(6) Cys336(6)
Ser159(3) Ile343(6) Ser371(7)
Ser162(3) Val374(7)
Phe364(7)
Ile367(7)
Gly368(7)
Ser371(7)
Val47(NT) Trp76(1) Thr81(1) Gly124(2)15

Leu126(2)Val84(1)Ser77(1)Asp48(NT)
Leu123(2)Leu80(1) Val127(2)Ser49(NT)

Val130(2)Asn54(NT) Thr81(1) Ser371(7)
Leu360(7) Val84(1) Ser131(2)

Val150(3)Leu361(7) Asp155(3)
Ile367(7) Trp151(3)Phe364(7)

Leu154(3)Gly368(7)
Asp155(3)
Phe158(3)

Results of molecular modelling simulations.
a Four fragments of the ligand, i.e. aromatic moiety, piperazine

ring, butyl moiety and imide moiety, are treated separately due to a
better description of the binding site topography. Location of a
residue in the TMH domain (X), ECL (EX) or N-terminus (NT) is
given in brackets.

functional partial agonist) could induce such conforma-
tional changes in the receptor structure that could lead
to trigger G-protein coupling and the receptor
activation.

3.3. 5-HT2A receptor

In ligand-5-HT2A receptor complex the compound 13
interacted with amino acid residues in TMH2 (Leu123
being the only contact found), TMH3 (Asp155, Phe158,
Ser159, Ser162), TMH5 (Phe243), TMH6 (Trp335,
Cys336, Glu339), and TMH7 (Phe364, Gly368, Ser371,
Val374). The compound 15 interacted with residues in
TMH1 (Trp76, Ser77, Thr81, Val84), TMH2 (Leu123,
Leu126, Val130, Ser131), TMH3 (Val150, Trp151,
Asp155, Phe158), TMH7 (Leu361, Ile367, Ser371), and
N-terminal (Val47, Asp48, Ser49, Asn54) (Table 2, Fig.
5). It should be noted that significant structural diffe-
rences between 15-5-HT2A and 13-5-HT2A complexes
were observed. Compound 13 induced a strong dis-
placement of the TMHs 2, 3, 6, and 7 (Fig. 7), while
compound 15 hardly caused any displacements of
TMHs. Additionally, compound 15 (but not 13) exhi-
bited interactions with those receptor domains (TMH1,
N-terminal), that were suggested by site-directed muta-
genesis to be unimportant for a ligand binding
[42,43,51].

The present modelling results therefore suggest, that
the combination of quinoline aromatic moiety and
methylated piperazine ring (compound 13) improved
the ligand–receptor adjustment as compared with the
combination of pyrimidine aromatic moiety and methy-
lated piperazine ring (compound 15), the result being
consistent with the affinity data.
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Fig. 7. Structures of average, energy-minimised TMH bundle of
5-HT2A free receptor (a) and the 13-5-HT2A complex (b), viewed as in
Fig. 6. Positions of TMHs: 1 and 2 have been kept the same, to show
the conformational changes and displacements of the remaining part
of TMH bundle upon the ligand binding. P. 47.

The present results were also compared with those
obtained for buspirone (1) and kaspar (22) [22,27]. This
comparison suggested that the combination of quino-
line (but not pyrimidine) aromatic moiety and methy-
lated piperazine ring should improve the ligand–
receptors adjustment as compared with the non-
methylated piperazine ring, probably due to different
positions adopted by the methylated pyrimidinyl and
quinolinyl derivatives. Methylation of compounds
possessing an aromatic pyrimidinyl ring induces strong,
improper constraints into the structural/dynamical
complementarity between the ligand and the receptor,
altering the ligand position in the central cavity of the
receptor. This leads to an improper structure of the
ligand–receptor complex that may lower the ligand
affinity for the receptor. Methylation of a compound
possessing quinolinyl moiety seems to enhance the
structural/dynamical complementarity between the li-
gand and the receptor by altering the ligand position. It
is worth to notice, that the replacement of the pyri-
midine ring by the quinolinyl moiety while piperazine is
not methylated (1�22) caused a significant decrease
(one order of magnitude, approximately) in affinity for
the 5-HT2A receptor, while the same replacement in
case of methylated analogues (15�13) induces better
structural ligand–receptor adjustment consistent with
highly increased affinity of the ligand.

3.4. Intrinsic acti�ity

In order to determine postsynaptic 5-HT1A receptor
agonistic effects of the tested compounds (9–13, 16,
17), their ability to induce lower lip retraction (LLR) in
rats and a behavioural syndrome (flat body posture—
FBP; and forepaw treading—FT) in reserpinised rats
were tested (Tables 3 and 4). The 8-hydroxy-(di-n-
propylamino)tetralin (8-OH-DPAT)-induced LLR and
behavioural syndrome in rats depend on the stimula-
tion of postsynaptic 5-HT1A receptors [14,15,55]. More-
over, evidence has been presented that those symptoms
are sensitive to 5-HT1A receptor antagonists [15,56,57].
Therefore, the ability of the tested compounds to inhi-
bit 8-OH-DPAT-induced LLR, FBP and FT was taken
as a measure of 5-HT1A receptor (postsynaptic) antago-
nistic activity (Tables 3 and 4). On the other hand, the
8-OH-DPAT-induced hypothermia in mice is believed
to be connected to the activation of presynaptic 5-HT1A

receptors [58,59] and is abolished by the known 5-HT1A

antagonists [56,59]. Thus, hypothermia in mice pro-
duced by the investigated compounds (and reduced by
(S)-WAY 100135, a known 5-HT1A receptor antago-
nist) was regarded as a measure of presynaptic 5-HT1A

agonistic activity (Tables 5 and 6). Similarly, the ability
of the compounds to reverse 8-OH-DPAT-induced hy-
pothermia was taken as a measure of presynaptic an-
tagonistc activity (Table 7).

Table 3
The induction of LLR (A) by compounds 9–13, 16, 17 and their
influence on the 8-OH-DPAT (1 mg/kg)-induced LLR (B) in rats

Dose (mg/kg)Compound LLR score (mean�SEM)

B bA a

2.5 0 2.4�0.4(S)-WAY
100135

05 1.8�0.2c
10 0 0.6�0.2c

9 0.3�0.110 2.3�0.2
20 0.6�0.2 2.2�0.2
510 2.4�0.20.1�0.0

2.8�0.10.5�0.210
20 1.6�0.3c0.5�0.3

0.3�0.2 1.7�0.211 5
0.3�0.2 1.3�0.1c10

1.2�0.2c0.8�0.1*20
0.7�0.2 2.3�0.312 10

20 1.4�0.2* 1.3�0.4c
2.4�0.20.3�0.213 5

10 0.2�0.1 2.5�0.2
2.0�0.3* NT20

1016 0.0�0.0 2.3�0.2
20 0.6�0.1 2.2�0.2

0.6�0.25 2.2�0.217
2.0�0.21.1�0.3*10

20 2.1�0.2* NT

*, P�0.01 versus vehicle; c , P�0.01 versus 8-OH-DPAT; NT-not
tested.

a The respective score for vehicle treated groups was 0.1�0.1.
b The respective score for 8-OH-DPAT treated groups (except for

(S)-WAY 100135 where it was—3.0�0.0*) was 2.8�0.1*.
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Table 4
The induction of serotonin syndrome by compounds 9–12, 16 and 17 (A) and their effect on the 8-OH-DPAT (5 mg/kg)-induced syndrome (B)
in reserpinised rats

Mean�SEMCompound Dose (mg/kg)

A B

Flat body posture Forepaw treading Flat body posture Forepaw treading

0 0Vehicle 15.0�0** 13.2�0.9**
(S)-WAY 100135 2.5 0 0 12.5�0.7 6.8�0.7

5 0 0 9.0�1.0c c 5.5�0.6c c
0 010 9.7�1.0c c 1.0�0.3c c

Vehicle 0 0 14.8�0.2** 13.0�0.6**
1.7�0.4 010 11.8�0.6c9 10.5�0.8c

20 1.5�1.3 0 12.3�0.7c 9.3�1.1c c
Vehicle 0 0 14.8�0.2** 13.3�0.4**

0 010 12.0�0.910 9.2�0.7c
8.5�1.2* 2.8�0.6 9.2�0.1c20 6.8�0.7c
0 0 14.8�0.2**Vehicle 13.3�0.4**

1011 3.8�1.1* 0.2�0.2 10.8�0.9c 8.7�1.0c c
20 12.8�0.3** 7.2�0.7** 8.3�1.6c c 9.0�0.7c c

0 0 13.8�0.9**Vehicle 13.6�0.5**
12 010 0.6�0.4 9.4�1.4c c 9.4�0.3c c

10.8�0.6* 1.5�0.620 10.8�0.8c 6.8�0.6c c
Vehicle 0 0 12.7�0.7** 13.2�0.8**

513 0 0 13.2�0.6 12.7�0.7
1.3�0.6 010 12.2�0.6 10.7�0.5c
3.8�0.7 0 9.5�0.8c20 7.7�0.8c
0 0 13.3�0.4**Vehicle 12.2�1.3**

1016 1.7�0.7 0 8.7�1.0c c 7.5�0.5c c
20 6.8�0.6* 0 7.8�0.5c c 4.3�0.8c c

0 0 12.2�0.6**Vehicle 13.2�0.8**
0 017 12.1�0.75 11.2�0.9
1.3�0.6 010 10.1�1.1 9.0�1.5
3.3�1.020 0 11.2�0.8 6.8�1.5c

*, P�0.05; **, P�0.01 versus vehicle; c , P�0.05; c c , P�0.01 versus 8-OH-DPAT.

In behavioural experiments, compounds 10–13, 16
and 17 (with a differentiated imide fragment) behaved
like postsynaptic partial agonists, although their func-
tional profile in used models was not identical. Com-
pounds 11, 12, 13 and 17 given alone at doses of 10–20
mg/kg evoked LLR in rats. Moreover, compounds 10,
11, 12 and 16 induced some symptoms of behavioural
syndrome in reserpine pretreated rats. On the other
hand, compounds 10, 11 and 12 partly inhibited LLR
induced by 8-OH-DPAT and, like 13, 16 and 17, they
reduced behavioural syndrome evoked by that 5-HT1A

agonist. The functional activity of compounds 11, 13
and 17 in used models resembles the activity profile
described for 5-HT1A partial agonists; the behavioural
profile of compounds 13 and 17 seems to be approxi-
mate to that of ipsapirone, which given alone induced
LLR, but not a behavioural syndrome, and inhibited
8-OH-DPAT-induced FBP and FT [55,60–62]. It
should, however, be noted that the behavioural effects
evoked by these compounds appeared in doses higher
than those observed for buspirone or its analogues.
Unexpectedly, compound 9 with the same volume of

imide fragment as compound 13 was practically inac-
tive in those behavioural tests.

Out of the compounds tested in vivo, compounds 9,
10, 11, 13 and 16 decreased mice body temperature
(Table 5). However, hypothermia induced by com-
pounds 9, 10, 11 and 13 (in contrast to compound 16)
was not abolished by (S)-WAY 100135; moreover, a
decrease of mice body temperature induced by com-
pounds 10 and 13 was enhanced by (S)-WAY 100135
(Table 6). Compounds 10 (in lower dose), 12 and
17—like (S)-WAY 100135—did not change the body
temperature in mice; in contrast to (S)-WAY 100135
and 17, compounds 10 and 12 did not abolish the
hypothermia induced by 8-OH-DPAT (Table 7). There-
fore, it seems that 5-HT1A presynaptic activity of the
compounds 9, 10, 11, 12 and 13 (but not 16 and 17) is
negligible in that experimental paradigm.

3.5. Biochemistry

It is known that systemic administration of the selec-
tive 5-HT1A receptor agonist 8-OH-DPAT dose-depen-
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Table 5
The effect of compounds 9–12, 16, 17 on the body temperature in mice

Dose (mg/kg)Compound �t�SEM (şC) a

30 min 60 min 90 min 120 min

Vehicle −0.2�0.1 −0.2�0.1 −0.3�0.1 −0.2�0.1
(S)-WAY 100135 5 −0.1�0.2 −0.3�0.2 −0.2�0.1 −0.1�0.1

−0.3�0.2 −0.2�0.110 −0.1�0.1 −0.2�0.1
Vehicle 0.1�0.1 −0.1�0.2 −0.3�0.1 −0.3�0.1

109 −0.9�0.1** −0.4�0.4 −0.5�0.1 −0.3�0.1
−2.4�0.1** −0.6�0.120 −0.6�0.1 −0.5�0.1

0.1�0.1 −0.1�0.2Vehicle −0.3�0.1 −0.3�0.1
−0.2�0.2 −0.2�0.110 −0.1�0.110 −0.1�0.2

20 −0.9�0.3* −0.1�0.1 −0.1�0.2* −0.1�0.2
−0.2�0.1 −0.1�0.1Vehicle −0.3�0.1 −0.3�0.1
−1.4�0.4* −0.8�0.2*10 −0.8�0.211 −0.4�0.2

20 −2.4�0.4** −1.7�0.3** −1.1�0.2* −0.8�0.2
Vehicle −0.2�0.1 −0.1�0.2 −0.2�0.2 −0.1�0.1

−0.3�0.2 −0.1�0.210 0.2�0.112 0.3�0.2
20 −0.2�0.1 0.2�0.1 0.5�0.2* 0.6�0.2*

Vehicle 0.3�0.1 0.0�0.1 0.1�0.1 0.1�0.1
−0.1�0.1 −0.4�0.15 −0.1�0.113 0.0�0.1
−0.7�0.110 −0.5�0.1 0.0�0.2 0.4�0.2
−1.2�0.3** −0.1�0.120 −0.1�0.2 0.0�0.1

0.2�0.1 −0.1�0.1Vehicle −0.2�0.1 −0.1�0.2
−0.1�0.3 0.1�0.110 0.2�0.216 0.2�0.2

20 −0.7�0.2* −0.3�0.2 0.1�0.2 0.4�0.3
0.0�0.1 0.1�0.2 −0.2�0.2Vehicle −0.2�0.1

517 0.2�0.2 0.1�0.2 0.2�0.2 0.1�0.2
−0.4�0.1 −0.2�0.2 0.2�0.2 0.3�0.210
−0.1�0.2 −0.1�0.1 −0.5�0.220 −0.2�0.2

*, P�0.05; **, P�0.01 versus respective vehicle group.
a Absolute mean initial body temperatures were within a range of 36.4�0.3 °C.

dently reduced 5-HT release in striatal and hippocam-
pal dialysates [63]. It was also shown that 5-HT1A

receptor agonists decreased the 5-HT turnover in the
rat hippocampus [64], cortex, hypothalamus and stria-
tum [16,17]. Therefore, we examined the influence of
some compounds on the 5-HT turnover in hippocam-
pus and striatum. 5-HT and 5-hydroxyindoleacetic acid
(5-HIAA) contents in the frozen tissue samples were
measured by HPLC–EC according to the procedure
described elsewhere [16,17].

The influence of compounds 16 (active in the presy-
naptic activity in vivo test) and 13 (inducing hypother-
mia not reversed by (S)-WAY 100135) on the brain
serotonin turnover (as measured by 5-HIAA–5-HT
ratio) was examined in the rat tissue homogenates.
Compounds 13 and 16 reduced 5-HT turnover in stria-
tum and hippocampus (Fig. 8), exhibiting thus proper-
ties of the 5-HT1A presynaptic agonists in this model. In
agreement with the known data [17,65], a systemic
administration of 8-OH-DPAT resulted in the reduc-
tion of the serotonin turnover in striatum and
hippocampus (Fig. 8).

Table 6
Influence of (S)-WAY 100135 (10 mg/kg) on the hypothermia in-
duced by compounds 9–11, 13 and 16

Compound (dose mg/kg) �t�SEM ( °C) a

Vehicle+vehicle −0.2�0.1
−1.0�0.1*Vehicle+9 (10)

(S)-WAY 100135+9 (10) −0.7�0.2**
Vehicle+vehicle 0.1�0.1
Vehicle+10 (20) −1.2�0.4*
(S)-WAY 100135+10 (20) −1.8�0.2**
Vehicle+vehicle −0.3�0.1
Vehicle+11 (10) −1.4�0.1**
(S)-WAY 100135+11 (10) −1.7�0.2**

0.0�0.1Vehicle+vehicle
Vehicle+13 (20) −0.8�0.1**
(S)-WAY 100135+13 (20) −1.4�0.3**

0.1�0.1Vehicle+vehicle
−0.6�0.1*Vehicle+16 (20)

(S)-WAY 100135+16 (20) −0.3�0.2

*, P�0.05; **, P�0.01 versus vehicle+vehicle.
a Absolute mean initial body temperatures were within a range of

36.54�0.4 °C.
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Table 7
The influence of compounds 10, 12 and 17 on the 8-OH-DPAT (5 mg/kg)-induced hypothermia in mice

Compound (dose, mg/kg) �t�SEM (şC) a

30 min 45 min 60 min15 min

0.2�0.2Vehicle+vehicle 0.1�0.10.3�0.1 0.1�0.1
−1.6�0.2*Vehicle+8-OH-DPAT −1.1�0.2*−1.3�0.3* −1.0�0.3*
−0.6�0.5 −0.7�0.4−0.2�0.2** −0.9�0.3(S)-WAY 100135 (5)+8-OH-DPAT

(S)-WAY100135(10)+8-OH-DPAT 0.2�0.2** 0.0�0.2** 0.3�0.2** 0.1�0.2**
−0.2�0.1 −0.2�0.10.2�0.1 −0.2�0.1Vehicle+vehicle
−1.6�0.2* −1.3�0.2*Vehicle+8-OH-DPAT −0.9�0.2*−1.6�0.3*
−1.4�0.2* −1.1�0.2*−1.8�0.2* 0.8�0.2*10 (10)+8-OH-DPAT

0.1�0.1Vehicle+vehicle 0.1�0.1 −0.2�0.1 −0.2�0.1
−1.4�0.2* −1.1�0.3*−1.1�0.2* −0.8�0.3Vehicle+8-OH-DPAT

−1.1�0.3*12 (20)+8-OH-DPAT −1.2�0.2* −0.8�0.2 −0.4�0.2
0.1�0.1Vehicle+vehicle 0.0�0.1 0.1�0.1 0.1�0.1

−0.9�0.1* −0.7�0.2*−1.0�0.2* −0.5�0.2*Vehicle+8-OH-DPAT
0.3�0.2**17 (10)+8-OH-DPAT 0.2�0.2** −0.1�0.3 0.0�0.2

*, P�0.05 versus vehicle+vehicle; **, P�0.01 versus vehicle+8-OH-DPAT.
a Absolute mean initial body temperatures were within a range of 36.6�0.4 °C.

4. Conclusions

Summing up, our results indicate that trisubstituted
piperazine-quinolines (but not piperazine-pyrimidines)
exhibited a higher affinity to 5-HT2A receptors (with the
retention of affinity to 5-HT1A receptors) than their
respective disubstitutedanalogues. Trisubstituted pipera-
zine-quinolines also exhibited a much higher affinity
both to 5-HT1A and 5-HT2A receptors than their pyrimi-
dine analogues. This result may be rationalised by
molecular modelling of the respective ligand–receptor
complexes. The molecular simulations suggest that the
presence of the methyl group in the piperazine ring of
pyrimidine derivatives (e.g. 14, 15) induces strong, im-
proper perturbations in the ligand–receptor complexes
giving rise to unfavourable interactions and, in conse-
quence, should lead to worse affinities towards 5-HT1A

as well as 5-HT2A receptors (as compared with un-
methylated compounds—buspirone (1) and gepirone
(3), respectively). On the other hand, the presence of
the methyl group in quinoline derivatives (c.f. 9, 10, 11,
12, 13) induces stabilising ligand–receptor interactions
with respect to unmethylated compounds (c.f. 18, 19,
20, mesmar (21), kaspar (22)). Closer intermolecular
contacts in the ligand–receptor complexes are probably
related to the nature of interactions (steric, electronic,
hydrophobic, etc.) underlying experimentally observed
better affinities to both of the receptors. For both
receptors, the results of the molecular modelling
showed that the position occupied by pyrimidine
derivatives was different from that of quinolines in the
putative binding site. It was also found that the trans-
membrane helical domains of 5-HT1A and 5-HT2A re-
ceptors have different topographies of the putative
binding sites for buspirone analogues. These differences

between 3-D molecular structures of the binding sites
may in principle be used to rationalise different ligand
affinities towards 5-HT1A and 5-HT2A receptors. The
present theoretical calculations and the experimental
affinity results (Table 1) further support the hypothesis
[22,23], that the interactions of the active analogues
should involve amino acids from TMHs 2, 3, 5, 6 and
7 (as in the 13-5-HT1A, 15-5-HT1A and 13-5-HT2A

receptor complexes) but should not involve residues not
from TMH1 and the N-terminus (as in the 15-5-HT2A

receptor complex; Table 2). The calculations also sug-
gest that compound 13 interacted with 5-HT1A receptor
in a way characteristic for the receptor activation (in
agreement with the functional activity in vitro data).

The obtained results of functional study indicate that
our trisubstituted piperazines containing quinolinyl (10,
11, 12, 13, 16) or pyrimidinyl (17) moiety and differen-
tiated amide fragment exhibited in vivo properties of

Fig. 8. Effect of 8-OHDPAT (5 mg/kg, i.p.), 13 and 16 (30 mg/kg i.p.)
on serotonin turnover in hippocampus (hip.) and striatum (str.).
Results are mean�SEM of data obtained from five animals per
group; *, P�0.05; **, P�0.01; the serotonin turnover control values
were: hippocampus—0.848�0,011; striatum—0.894�0.017. P. 48.
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the postsynaptic 5-HT1A partial agonists. Therefore, it
seems that used structural modifications did not diver-
sify their postsynaptic 5-HT1A activity. On the other
hand, only piperazine-quinoline derivatives with bulky
amide part 13 and 16 exhibited features of 5-HT1A

presynaptic agonists in in vitro test, and compound 16
also in in vivo tests. It should, however, be noted that
compound 9, containing imide part with the same van
der Waals volume as 13, was practically inactive in used
models. Interestingly, pyrimidinyl analogue of 16, com-
pound 17 can be classified as an antagonist of presy-
naptic 5-HT1A receptors.
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