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Abstract

We performed a detailed in vitro pharmacological characterization of two aryl-
piperazine derivatives, compound N-(4-cyanophenylmethyl)-4-(2-diphenyl)-1-
piperazinehexanamide (LP-211) previously identified as a high-affinity brain
penetrant ligand for 5-hydroxytryptamine (serotonin) type 7 (5-HT) receptors,
and its analog N-benzyl-4-(2-diphenyl)-1-piperazinehexanamide (MEL-9). Both
ligands exhibited competitive displacement of [3H]—(2R)—1—[(3—hydroxyphenyl)
sulfonyl]-2-[2-(4-methyl-1-piperidinyl)ethyl] pyrrolidine ( [*H]-SB-269970) radio-
ligand binding and insurmountable antagonism of 5-carboxamidotryptamine
(5-CT)-stimulated cyclic adenosine monophosphate (cAMP) signaling in human
embryonic kidney (HEK293) cells stably expressing human 5-HT; receptors.
They also inhibited forskolin-stimulated adenylate cyclase activity in 5-HT,-
expressing HEK293 cells but not in the parental cell line. The compounds
elicited long-lasting (at least 24 h) concentration-dependent inhibition of radio-
ligand binding at 5-HT,-binding sites in whole-cell radioligand binding assays,
after pretreatment of the cells with the compounds and subsequent compound
removal. In cAMP assays, pretreatment of cells with the compounds rendered
5-HT; receptors unresponsive to 5-CT and also rendered 5-HT,-expressing
HEK293 cells unresponsive to forskolin. Compound 1-(2-biphenyl)piperazine
(RA-7), a known active metabolite of LP-211 present in vivo, was able to par-
tially inhibit 5-HT; radioligand binding in a long-lasting irreversible manner.
Hence, LP-211 and MEL-9 were identified as high-affinity long-acting inhibitors
of human 5-HT; receptor binding and function in cell lines. The detailed in
vitro characterization of these two pharmacological tools targeting 5-HT; recep-
tors may benefit the study of 5-HT; receptor function and it may lead to the
development of novel selective pharmacological tools with defined functional
properties at 5-HT; receptors.

Abbreviations

5-CT, 5-carboxamidotryptamine; 5-HT, 5-hydroxytryptamine (serotonin); ANOVA,
analysis of variance; E,,yx, maximal response; Fmrl, fragile X mental retardation 1;
Fos, FB] murine osteosarcoma viral oncogene homolog; GPCR, G protein-coupled
receptors; HEK293, human embryonic kidney cells; HTRF, homogeneous time-
resolved fluorescence; IBMX, 3-isobutyl-1-methylxanthine; ICsg ey, potency of
compounds inhibiting 5-HT;-stimulated cAMP signaling or whole-cell 5-HT;
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radioligand binding in preincubation/washout experiments; LP-211, N-(4-cyan-

ophenylmethyl)-4-(2-diphenyl)-1-piperazinehexanamide; LSD, lysergic acid dieth-
ylamide; MEL-9, N-benzyl-4-(2-diphenyl)-1-piperazinehexanamide; RA-7, 1-(2-
biphenyl)piperazine; REM, rapid eye movement; SB-269970, (2R)-1-[(3-hydroxy-

phenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)ethyl ] pyrrolidine;

SERT, serotonin

transporter; xlog P, prediction of log of octanol/water partition coefficient.

Introduction

The serotonin 5-hydroxytryptamine (serotonin) type 7
(5-HT;) receptor is a Gs-coupled receptor (Hoyer et al.
2002) expressed in discrete areas of the brain (particularly in
hippocampus, thalamus, and hypothalamus) and periphery
(Jasper et al. 1997; Regard et al. 2008). Its distribution cor-
relates well with the functions attributed to the receptor in
learning/memory, regulation of mood, thermoregulation,
nociception or circadian rhythms, among others (Hedlund
and Sutcliffe 2004; Leopoldo et al. 2011). The interest in
5-HT; receptors as drug target in clinical conditions such as
depression, schizophrenia, sleep disorders, migraine, or
neuropathic pain (Hedlund 2009; Stahl 2010; Matthys et al.
2011; Meltzer and Massey 2011; Bonaventure et al. 2012;
Henigsberg et al. 2012; Cates et al. 2013), together with
current efforts aimed to develop the first 5-HT;-selective
positron emission tomography radioligand (Lemoine et al.
2011), warrants investigations of the mechanisms of action
of compounds acting at these receptors.

Progress in 5-HT; research has been hampered by the
lack of selective ligands. However, the recent development
and characterization of selective compounds (Pittala et al.
2007; Brenchat et al. 2009; Leopoldo et al. 2011), com-
bined with molecular biology techniques, is helping unveil
the rich 5-HT; pharmacology. We have previously devel-
oped different series of 4-substituted 1-arylpiperazine
derivatives (Perrone et al. 2003; Leopoldo et al. 2004a,b,
2007, 2008). Among these, compound N-(4-cyanophe-
nylmethyl)-4-(2-diphenyl)-1-piperazinehexanamide  (LP-
211) exhibited nanomolar affinity for rat (K; = 0.58 nmol/
L) and human (K; = 15 nmol/L) 5-HT; receptors cloned
in cell lines (Leopoldo et al. 2008; Hedlund et al. 2010),
and lower affinities for 5-HT;, (K; = 188-379 nmol/L)
(Leopoldo et al. 2008; Hedlund etal. 2010), D,
(K; = 142 nmol/L) (Leopoldo et al. 2008), and for all
other human serotonin receptor subtypes and the human
serotonin transporter (SERT) (Hedlund et al. 2010). This
compound was able to modulate the capsaicin-induced
increase in FBJ murine osteosarcoma viral oncogene
homolog (Fos)-like immunoreactivity, a marker of cepha-
lic pain, in rat trigeminal nucleus caudalis (Martinez-
Garcia et al. 2011). LP-211 has been proposed as a tool for
rescuing the fragile X syndrome phenotype in the Fmrl
(fragile X mental retardation 1) knockout mice model
(Costa et al. 2012). It has also been postulated as a suitable
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tool for studying the role of 5-HT; receptor systems in
sleep disorders and in the modulation of emotional and
motivational limbic systems (Adriani et al. 2012). In the
case of compound N-benzyl-4-(2-diphenyl)-1-piperazine-
hexanamide (MEL-9), a close structural analog of LP-211,
its K; value at human 5-HT; receptors was estimated to be
0.8 nmol/L from experiments in which the compound
showed a behavior not compatible with classical competi-
tive binding (Leopoldo et al. 2008). MEL-9 displayed
lower affinities for 5-HT;, and D, receptors
(K; = 503 nmol/L and 161 nmol/L, respectively) (Leo-
poldo et al. 2008). In spite of their interest as selective
5-HT; ligands and pharmacological tools, neither of these
two compounds has been functionally characterized in
detail in terms of 5-HT; down-stream signaling in well-
controlled in vitro settings such as a cell line.

The development of drugs and novel chemical tools
selective and active at 5-HT, receptors has important
implications for 5-HT; receptor research and central ner-
vous system pharmacology and therapy, which justifies
the interest in detailed descriptions of their underlying
mechanisms of action. Therefore, in this study, we aimed
to undertake a detailed pharmacological characterization
of the mechanism of action of compound LP-211 and its
analog MEL-9, at human 5-HT; receptors expressed in
human embryonic kidney (HEK293) cells. The results
indicate that both compounds behave as long-lasting
inhibitors of 5-HT; receptors. These ligands may lead to
the development of novel selective pharmacological tools
with defined functional properties at 5-HT receptors.

Materials and Methods

Reagents

Compounds MEL-9, LP-211, and 1-(2-biphenyl)pipera-
zine (RA-7) were synthesized at the Dipartimento di
Farmacia — Scienze del Farmaco, Universitd degli Studi di
Bari “A. Moro” as previously described (Leopoldo et al.
2008; Lacivita et al. 2012). Clozapine, methiothepin mesy-
late salt (methiothepin), 5-carboxamidotryptamine male-
ate salt (5-CT), and forskolin were purchased from
Sigma-Aldrich Quimica SL (Madrid, Spain). [’H]-SB-
269970 ((2R)-1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-
methyl-1-piperidinyl)ethyl]pyrrolidine) ~ (39.9 Ci/mmol)
was purchased from PerkinElmer (Madrid, Spain). All
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other reagents were purchased from Sigma-Aldrich Qui-
mica SL (Madrid, Spain), unless otherwise specified.

Cell culture

HEK293 cells stably expressing the human 5-HT;(, recep-
tor (HEK-hu5-HT;) (at a receptor density of 22 pmol/mg
protein) were kindly provided by Laboratorios Esteve
(Barcelona, Spain) and have been employed in previous
studies (Varin et al. 2010). Cells were grown in culture
medium (Dulbecco’s Modified Eagle’s Medium [4.5 g/l
glucose]) supplemented with 10% (v/v) fetal bovine
serum, 100 U/mL penicillin, 100 mg/mL streptomycin,
GlutaMAX™-I (Gibco, Life Technologies S.A., Madrid,
Spain), 2 mM L-glutamine, 1 mM sodium pyruvate, and
0.5 mg/ml geneticin (G418 sulfate, Gibco), at 37°C in a
5% CO, humidified atmosphere.

Membrane homogenate radioligand binding

Cell membrane homogenate was prepared as previously
described (Varin et al. 2010). Membrane homogenate
(5 ug protein/tube) was incubated for 60 min at 37°C in
500 uL of binding buffer (50 mmol/L Tris-HCl pH 7.4,
4 mmol/L MgCl,, I mmol/L ascorbic acid and 0.1 mmol/
L pargyline) containing [*H]-SB-269970 as radioligand.
Nonspecific binding was determined in the presence of
25 ymol/L clozapine.  5-HT,;  receptor  density
(Bmax = 21.80 £ 0.76 pmol/mg prot.) and affinity (Ky4) of
the radioligand for the receptors were determined in satu-
ration binding experiments with concentrations of the
radioligand ranging from 0.03 to 30 nmol/L. The affinity
(K;) of MEL-9, LP-211 and methiothepin was determined
in competition experiments with 2 nmol/L [*H]-SB-
269970 in the absence (control) or presence of increasing
concentrations (ranging from 1 pmol/L to 10 umol/L) of
the unlabeled compounds. After incubation, the reactions
were stopped by filtration in a harvester apparatus
through GF/B filters pretreated with 0.25% (w/v) poly
(ethyleneimine) solution. Filters were counted in a LS-
6000LL beta counter (Beckman Coulter, Inc., Fullerton,
CA, USA).

Whole-cell radioligand binding (assays in
the presence of the compounds)

Cells growing in 100-mm culture dishes were detached by
addition of 1 mL/plate of a 1:3 dilution of trypsin-ethyle-
nediaminetetraacetic acid (EDTA) solution (0.5 g/L por-
cine trypsin, 0.2 g/L EDTA*4Na in Hank’s Balanced Salt
Solution) in phosphate-buffered saline (PBS), and the
cells were harvested in  4-(2-hydroxyethyl)-1-piperazi-

neethanesulfonic acid (HEPES) buffer (20 mmol/L
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HEPES pH 7.5, 2.5 mmol/L MgSO,, 134 mmol/L NaCl,
10 umol/L pargyline) prewarmed at 37°C. The cells were
centrifuged at 330g for 6 min, and the cell pellet was
resuspended in HEPES buffer. 5-HT, receptor density
(Bmax = 152.50 & 5.66 fmol/120,000 cells) and affinity
(Kq) of the radioligand for the receptors in whole cells
(120,000 cells/tube) were determined in saturation bind-
ing experiments with concentrations of the radioligand
ranging from 0.03 to 30 nmol/L. The effect of the com-
pounds on [*H]-SB-269970 binding to intact cells was
determined in competition experiments by incubating
50,000 cells in assay tubes containing 2 nmol/L radioli-
gand in 500 uL HEPES buffer, in the absence (control) or
presence of increasing concentrations (ranging from
100 pmol/L to 10 pumol/L) of MEL-9 or LP-211, or of a
single concentration (10 umol/L) of RA-7. Nonspecific
binding was determined in the presence of 25 pumol/L
clozapine. After incubation for 30 min at 37°C, the assay
was stopped, as previously described for membrane
homogenate radioligand binding assays.

Whole-cell radioligand binding
(preincubation/washout experiments)

To determine the effects of the compounds on [*H]-SB-
269970 binding following removal of the compounds,
intact cells were detached and harvested, as described for
whole-cell radioligand binding assays in the presence of
the compounds, and then preincubated in HEPES buffer
(10 x 10° cells/mL) in the absence (control) or presence
of the compounds under study, at the concentrations
indicated for 30 min at 37°C under gentle agitation. The
cell suspension was centrifuged at 330g for 6 min, the cell
pellet was washed three times for 10 min in HEPES buffer
at 37°C, and the cells were immediately resuspended in
HEPES buffer for [*H]-SB-269970 binding assays. For this
purpose, 50,000 cells/tube were incubated in assay tubes
containing 2 nmol/L [*H]-SB-269970 in 500 uL HEPES
buffer in the absence or presence of 25 umol/L clozapine
to determine the total and nonspecific binding, respec-
tively. After incubation for 30 min at 37°C, the assay was
stopped, as previously described. To determine the time
course of recovery of the specific binding of [*H]-SB-
269970 after removal of the compounds, cells handled
under sterile conditions were incubated with the com-
pounds, as indicated above. After compound washout,
cells were incubated for different times (¢t =0, 1, 3, 6,
and 24 h) at 37°C in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12-GlutaMAX™ (Gibco) supple-
mented with 100 U/mL penicillin and 100 mg/mL strep-
tomycin, under sterile conditions, prior to being
subjected to binding assays to determine the total and
nonspecific [*H]-SB-269970 binding, as described above.
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cAMP assays (assays in the presence of the
compounds)

cAMP levels were quantified using the homogeneous time-
resolved fluorescence (HTRF)-based cAMP dynamic kit
(Cisbio, Bioassays, Codolet, France). Twenty-four hours
before the assay, HEK-hu5-HT} cells were plated at a den-
sity of 8000 cells/well in Opti-MEM medium (Invitrogen,
Life Technologies S.A.) in white polystyrene, tissue-culture
treated, half-area Corning 96 well plates pretreated with
poly-p-lysine. To measure agonist effects, cells were
incubated in cAMP assay buffer (Opti-MEM, 500 pmol/L
3-isobutyl-1-methylxanthine [IBMX]) for 15 min at 37°C
prior to the addition of the compounds and further incu-
bation for 15 min. The antagonist effect of the compounds
was evaluated in the presence of 5-CT (at the indicated
concentration) by constructing concentration—response
curves. Cells were incubated in the absence (control) or
presence of increasing concentrations (from 100 pmol/L to
10 umol/L) of the compounds in assay buffer for 15 min
at 37°C prior to the addition of the agonist and further
incubation for 15 min. For Schild analysis, concentration—
response curves were constructed for 5-CT in the absence
(control) or presence of the compounds at the concentra-
tions indicated. Cells were incubated with the compounds
in assay buffer for 15 min at 37°C prior to addition of
increasing concentrations (from 100 pmol/L to 10 umol/
L) of 5-CT and further incubation for 15 min. In all cases,
basal cAMP levels were determined in control wells in the
absence of agonist. The effects of the compounds on fors-
kolin-stimulated adenylate cyclase activity were evaluated
either at a single concentration (parental HEK293 cells) or
by using concentration-response curves (HEK-hu5-HT;
cells). Cells were incubated in the absence (control) or
presence of the compounds, at the concentrations indi-
cated, in assay buffer for 15 min at 37°C prior to the addi-
tion of forskolin and further incubation for 15 min. Basal
cAMP levels were determined in control wells in the
absence of forskolin. After proceeding with the subsequent
assay steps according to the manufacturer’s protocol, the
fluorescence emission intensity ratio at 665/620 nm wave-
length was measured in an Ultra Evolution 384 microplate
reader (TECAN, Mdnnedorf, Switzerland).

cAMP assays (preincubation/washout
experiments)

To determine the effects of the compounds on 5-CT- or
forskolin-stimulated cAMP levels following removal of the
compounds, cells plated as previously described for cAMP
assays 6 were preincubated in the absence (control) or pres-
ence of increasing concentrations (from 100 pmol/L to
10 umol/L) of the compounds in cAMP assay buffer for
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30 min at 37°C. The cells were then washed three times for
10 min in Opti-MEM at 37°C and incubated in cAMP
assay buffer with 10 umol/L 5-CT for 30 min at 37°C, or
with 10 umol/L forskolin for 15 min at 37°C. Basal cAMP
levels were determined in control wells in the absence of
5-CT or forskolin in each case. After proceeding with the
subsequent assay steps according to the manufacturer’s pro-
tocol, fluorescence was measured as previously described.

Data analysis

The data were analyzed using GraphPad Prism software
v4.0 (GraphPad Software Inc., San Diego, CA). Receptor
density (Bn.,) and the dissociation constant (Ky) of the
radioligand were determined by nonlinear regression
curve fitting of saturation binding curves to a one-site
binding (hyperbola) model. The inhibitory dissociation
constants (K;) for the compounds under study were cal-
culated using competition binding experiments, according
to the Cheng and Prusoff equation: K; = ICso/(1 + [L]/
Ky4), where ICsy is the concentration of the unlabelled
compounds leading to half-maximal inhibition of the spe-
cific binding, [L] is the concentration of the radioligand
used in the assay and Ky is the dissociation constant of
the radioligand determined by nonlinear regression curve
fitting of saturation binding curves to a one-site binding
(hyperbola) model (Kj = 1.53 £ 0.16 nmol/L in mem-
brane homogenate assays; Kyq = 1.49 + 0.18 nmol/L in
whole-cell assays). The ICs5, values were determined by
nonlinear regression curve fitting to sigmoidal dose—
response or sigmoidal dose-response (variable slope) mod-
els, as indicated. Specific binding was expressed as the per-
cent of specific [*H]-SB-269970 binding in control
conditions. 5-CT potency (ECsy) and efficacy (maximal
response [En..]) and antagonist potency (ICsy) of the
compounds in cAMP assays were calculated by fitting the
data to a sigmoidal dose-response model. IC5, denotes the
concentration of compound that causes half-maximal inhi-
bition of cAMP production stimulated by 5-CT or forsko-
lin, and ICs, irrev denotes the potency of the compounds as
irreversible inhibitors of 5-HT;-mediated cAMP signaling
or whole-cell 5-HT radioligand binding in preincubation/
washout experiments. Results are expressed as the mean
values = SEM from the number of independent experi-
ments indicated. Prediction of log of octanol/water parti-
tion coefficient (xlog P) values were retrieved from ZINC
database (http://zinc.docking.org/) (Irwin et al. 2012).

Results

Compound LP-211 and its analog MEL-9 (Fig. 1) com-
pletely displaced the binding of [*H]-SB-269970 to
membrane homogenates of HEK293 cells stably expressing

© 2013 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 1. Structures of the arylpiperazine compounds employed in this study.
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Figure 2. Affinity of compounds for human 5-HT; receptors
expressed in HEK293 cells from competitive binding experiments in
membrane homogenates. Competition by MEL-9 and LP-211 for
binding of [®H]-SB-269970 (2 nmol/L) to membrane homogenates.
Total radioactivity bound was less than 20% of total radioactivity
added in all the experiments. Data are the mean values + SEM from
three independent experiments performed in duplicate. The data were
fitted to a sigmoidal dose-response curve (ny = 1) or to a sigmoidal
dose-response curve (variable slope), according to the best fit model
(P < 0.05, extra sum-of-squares F-test).
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the human 5-HTj;(,, receptor (HEK-hu5-HT,) (Fig. 2),
which is compatible with competitive binding. The com-
pounds exhibited affinities in the nanomolar range for
human 5-HT; receptors that are consistent with previous
findings (Leopoldo et al. 2008; Hedlund et al. 2010), and
the Hill slopes (1) were close to unity. The affinity con-
stant (K;, pK;) and ny values for the compounds and me-
thiothepin, included in the experiments as a reference
compound, are shown in Table 1.

For characterization of the efficacy profile of the com-
pounds, we evaluated their effects on the human 5-HT;-
mediated cAMP signaling pathway in HEK-hu5-HT; cells.
The compounds did not elicit any detectable increase in
cAMP levels in the cells over the range of concentrations
assayed (from 100 pmol/L to 10 umol/L), while the
5-HT;,; receptor-selective agonist 5-CT (100 nmol/L),
included in the experiments as a reference agonist,
increased cCAMP levels by up to more than 50 times above
basal levels under the same conditions (data not shown).
Moreover, the compounds completely antagonized the
cAMP signaling stimulated by 1 umol/L 5-CT, in a con-
centration-dependent manner, with ICs, values close to
their affinities for 5-HT, receptors (ICso = 27.84 £
6.72 nmol/L and 20.91 & 5.72 nmol/L, for MEL-9 and
LP-211, respectively, n =3). The compounds inhibited
with the same potency the cAMP response stimulated by
5 nmol/L and 1 umol/L 5-CT (Fig. 3), two concentrations
of the agonist that differ by ~200 times (ranging from 0.3
times lower to 69 times higher than the ECs, value), there-
fore showing a behavior not consistent with classical
competitive antagonism (Kenakin 2009).

Concentration—response curves for cAMP production
by 5-CT (10 nmol/L-10 umol/L) in the absence or pres-
ence of different concentrations (10 nmol/L, 100 nmol/L
or 1 umol/L) of the antagonists (Schild analysis) revealed

an insurmountable antagonistic behavior for both

2013 | Vol. 1 | Iss. 2 | 00013
Page 5



Long-lasting 5-HTR Inhibition by LP-211

P. Atanes et al.

Table 1. Affinity of MEL-9, LP-211 and methiothepin for human 5-HT; receptors expressed in HEK293 cells from [*H]-SB-269970 competitive

binding experiments.

5-HT; affinity (membrane homogenate radioligand binding)

5-HT; affinity (whole-cell
radioligand binding)

Compound Ki (nmol/L) pK; Ny K; (nmol/L) pK;

MEL-9 16.60 + 0.99 7.78 1.34 + 0.14 13.77 £ 0.24 7.86
LP-211 22.52 + 3.60 7.65 1 19.01 +£ 0.14 7.72
Methiothepin 2.31 £ 0.02 8.64 1 251 +0.73 8.62

The data are the mean values = SEM from three independent experiments performed in duplicate. MEL-9, N-benzyl-4-(2-diphenyl)-1-piperazine-
hexanamide; LP-211, N-(4-cyanophenylmethyl)-4-(2-diphenyl)-1-piperazinehexanamide; HEK293, human embryonic kidney cells; 5-HT;, 5-hydroxy-
tryptamine (serotonin) type 7 receptor; [H]-SB-269970, (2R)-1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)ethyl]pyrrolidine.

-©<5nM5-CT
——1 uM 5-CT
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log [MEL-9], M

-&-5nM5-CT
—=—1 uM5-CT

100+

L] L ] L]
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Figure 3. Concentration-response curves for MEL-9 and LP-211 on
5 nmol/L or 1 umol/L 5-CT-stimulated cAMP production in HEK-hu5-
HT; cells. Cells were preincubated in the absence (control) or
presence of the compounds at different concentrations (100 pmol/L—
10 umol/L) for 15 min prior to the addition of 5 nmol/L or 1 umol/L
5-CT and incubation for 15 min. Basal values were subtracted from 5-
CT-stimulated values and expressed as percent of the control 5-CT
response. 5 nmol/L 5-CT elicited a cCAMP response over basal equal to
44.3 + 1.6% of the response elicited by 1 umol/L 5-CT. Data are the
mean values 4+ SEM from three independent experiments performed
in triplicate.
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compounds, which produced a rightward shift of the 5-CT
concentration—response curves, while reducing the maxi-
mal 5-CT response in a concentration-dependent manner
until it was completely suppressed (Fig. 4). The ECs,
values for 5-CT and the percent decrease in the maximal
5-CT response in the absence or presence of different
concentrations of the compounds are shown in Table 2.
To analyze the mechanism of the observed insur-
mountable antagonism, we investigated the reversible or

—o—5-CT-alone
===+ 10 nM MEL-9
=+ 100 nM MEL-9
—o—+ 1 uM MEL-9

v L} L] L] L} L)
40 9 8 T 6 5
log [5-CT], M
(b) 4904 —o—5-CT-alone
=2 ~t=+ 10 NM LP-211
L ——+100 NM LP-211
2 s o =—+1pMLP-211
2 1
= 25
o
0
L} L} L} L] L} L)
40 9 8 T 6 5
log [5-CT], M

Figure 4. Schild analysis for the antagonism of 5-CT-stimulated
cAMP signaling by MEL-9 and LP-211 in HEK-hu5-HT; cells.
Concentration—response curves for CAMP production stimulated by 5-
CT in the absence (control) or presence of 10 nmol/L, 100 nmol/L or
1 umol/L of MEL-9 (A) or LP-211 (B). Cells were preincubated with
the compounds for 15 min prior to the addition of 5-CT and
incubation for 15 min. Basal values were subtracted from 5-CT-
stimulated values and expressed as percent of the control maximal 5-
CT response. Data are the mean values + SEM from three
independent experiments performed in duplicate.

© 2013 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Table 2. Schild analysis for the antagonism of 5-CT-stimulated cAMP signaling by MEL-9 and LP-211 in HEK-hu5-HT; cells.

MEL-9 LP-211
[Compound] 5-CT ECso (nmol/L) 5-CT Emax (% reduction) 5-CT ECso (nmol/L) 5-CT Emax (% reduction)
Control (no compound) 13.34 + 3.00 0 13.34 £ 3.00 0
10 nmol/L 13.67 £ 1.70 37.10 £ 0.47* 12.24 £ 5.75 58.97 + 16.42%%*
100 nmol/L 48.21 + 6.40 96.02 + 2.15%%* 1347 £ 17.2 89.17 £ 7.31%**
1 umol/L n.d. 101.6 £ 3.14** n.d. 93.17 £ 3.87**

The table shows the ECso of 5-CT and the percent reduction in £, for each concentration of the compounds studied. Data are the mean val-
ues + SEM from three independent experiments performed in duplicate. (*P < 0.05, **P < 0.01, relative to control; One-way ANOVA and Dun-

nett's  Multiple Comparison Test). n.d., not determined;

MEL-9,

N-benzyl-4-(2-diphenyl)-1-piperazinehexanamide;  LP-211,  N-(4-

cyanophenylmethyl)-4-(2-diphenyl)-1-piperazinehexanamide; 5-CT, 5-carboxamidotryptamine; Eqnax, Mmaximal response.

irreversible nature of the action of the compounds at the
5-HT;-mediated cAMP pathway by using preincubation/
washout experiments. HEK-hu5-HT, cells were treated
with no drug (control) or with increasing concentrations
of MEL-9 or LP-211 for 30 min before removing the
compounds by extensive washout and assessment of the
cAMP production stimulated by 5-CT at a concentration
of 10 pumol/L (i.e., 690 times higher than the ECs). Both
compounds induced complete loss of 5-CT-stimulated
cAMP signaling (Fig. 5), and the potency for this irrevers-
ible inhibition (ICsg, jrey) Was in the nanomolar range
(Table 3). This supports an irreversible or pseudo-irre-
versible mechanism of antagonism by both compounds in
the cAMP pathway.

In light of our previous results, we investigated a possi-
ble irreversible or pseudo-irreversible interaction between
the compounds and the human 5-HT; receptor. MEL-9
and LP-211 fully displaced the binding of [*H]-SB-269970
to 5-HT; receptors in competition binding experiments
performed with whole-HEK-hu5-HT; cells, exhibiting
affinities in the range of those obtained in cell membrane
homogenate binding assays (Table 1). The same was
observed for methiothepin, included in the experiments
as a reference compound (Table 1). Preincubation of the
cells  with increasing concentrations (100 pmol/L-
10 umol/L) of MEL-9 or LP-211, followed by washout of
the compounds and subsequent [*H]-SB-269970 radioli-
gand binding to the intact cells resulted in a complete
concentration-dependent reduction in [*H]-SB-269970
specific binding. Preincubation of the cells with 1 gmol/L
methiothepin also led to the complete loss of [*H]-SB-
269970 specific binding ([>°H]-SB-269970 specific binding,
expressed as percent of the [PH]-SB-269970 specific bind-
ing in cells preincubated in the absence of compound
(control) = —3.27 & 1.06%, n = 5). [*H]-SB-269970 spe-
cific binding in cells preincubated with 10 umol/L cloza-
pine was, however, 77.74 + 11.57% (n =5) of that in
cells preincubated in the absence of compound (control)
(Fig. 6). These results indicate irreversible inhibition of
binding at 5-HT, binding sites by the compounds,

© 2013 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 5. Concentration-response curves for the inhibition of
10 umol/L 5-CT-stimulated cAMP production by MEL-9 and LP-211 in
HEK-hu5-HT; cells in preincubation/washout experiments. Cells were
preincubated in the absence (control) or presence of the compounds
at increasing concentrations (ranging from 100 pmol/L to 10 umol/L)
for 30 min. After a compound washout procedure (see Materials and
Methods), the cells were stimulated with 10 umol/L 5-CT for 30 min.
Basal values were subtracted from 5-CT-stimulated values and
expressed as percent of the control 5-CT response. Data are the
mean values + SEM from three independent experiments performed
in triplicate.
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Table 3. Potency of MEL-9 and LP-211 as irreversible inhibitors of 5-CT-stimulated cAMP signaling and of whole-cell [*H]-SB-269970 radioligand
binding in HEK-hu5-HT; cells in preincubation/washout experiments.

Potency as irreversible inhibitors of human 5-HT; receptors in preincubation/washout experiments

5-CT-stimulated cAMP production Whole-cell [®H]-SB-269970 radioligand binding

Compound ICs0, irrev (NMoOI/L) ICs0, irrey (NMOI/L)
MEL-9 41.84 + 18.03 22.42 + 7.63
LP-211 101.65 + 38.00 76.26 + 25.39

ICsp, irev denotes the potency of the compounds as irreversible inhibitors of 5-HT,-mediated cAMP signaling or whole-cell 5-HT; radioligand bind-
ing in assays carried out after preincubation of the cells with the compounds and subsequent compound washout. Data are the mean val-
ues + SEM from three independent experiments performed in triplicate (CAMP assays) or of three independent experiments performed in
duplicate (whole-cell radioligand binding). MEL-9, N-benzyl-4-(2-diphenyl)-1-piperazinehexanamide; LP-211, N-(4-cyanophenylmethyl)-4-(2-diphe-
nyl)-1-piperazinehexanamide; 5-CT, 5-carboxamidotryptamine; [>H]-SB-269970, (2R)-1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)
ethyl]pyrrolidine; 5-HT,, 5-hydroxytryptamine (serotonin) type 7 receptor.

parallel to the observed inhibition of the cAMP signaling.
The potency of the compounds as irreversible inhibitors
of 5-HT; radioligand binding observed in these experi-
ments, expressed as the concentration of compound in
the preincubation step that reduces the [*H]-SB-269970
specific binding by 50% in intact cells following removal
of the compounds (ICs, jirev), is shown in Table 3.

Inhibition of forskolin-stimulated adenylate cyclase
activity by 5-HT, antagonists was previously reported in
transfected cell lines (Klein and Teitler 2011). We investi-
gated a possible effect of MEL-9 and LP-211 on forsko-
lin-stimulated adenylate cyclase activity. Both MEL-9 and
LP-211 fully inhibited the 10 umol/L forskolin-stimulated
cAMP production in HEK-hu5-HT; cells, in a concentra-
tion-dependent manner, when forskolin was assayed in
the continuous presence of the compounds (Fig. 7A and
B). The compounds showed no effect on forskolin-stimu-
lated cAMP production in the parental cell line (Fig. 7A
and B, inset). The potencies of the compounds as inhibi-
tors of forskolin-stimulated adenylate cyclase activity were
in the range of their affinities for 5-HT; receptors
(ICsg = 19.33 & 8.18 nmol/L and 60.71 £ 0.48 nmol/L,
for MEL-9 and LP-211, respectively).

Moreover, washout of the compounds for 30 min prior
to stimulation of the cells with forskolin did not lead to
recovery of the forskolin-stimulation of adenylate cyclase
activity, but to long-lasting concentration-dependent inhi-
bition of forskolin effects (Fig. 7C and D). The potency
of the compounds as irreversible inhibitors of forskolin-
stimulated adenylate cyclase activity observed in these
experiments, expressed as the concentration of compound
in the preincubation step that reduces the forskolin-stim-
ulation of adenylate cyclase to 50% following removal of
the compounds, was ICsy ey = 11.17 £ 3.25 nmol/L
and 13.95 £+ 3.93 nmol/L, for MEL-9 and LP-211, respec-
tively (n = 3).

Finally, we determined the time course of recovery of
specific binding of [’H]-SB-269970 to 5-HT, receptors
after removal of the compounds. Whole-cell radioligand
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binding assays performed in HEK-hu5-HT; cells at differ-
ent times after preincubation of the cells with the com-
pounds at a maximal inhibitory concentration (10 umol/
L) and subsequent removal of the compounds revealed
long-lasting inhibition of [*H]-SB-269970 binding to 5-
HT; receptors by both compounds, which did not recover
after 24 h (Fig. 8).

In a recent work from our group, we investigated the
agonist or antagonist action of a set of unsubstituted 1-
(biphenyl)piperazine derivatives at 5-HT; receptors (Laci-
vita et al. 2012). The study revealed that compound RA-7
(Fig. 1) was a high-affinity receptor 5-HT; antagonist in
HeLa cells expressing the receptor (Lacivita et al. 2012).
This compound attracted our attention while performing
this study because disposition studies in mice revealed
that LP-211 undergoes N-dealkylation to RA-7 (Hedlund
et al. 2010). Therefore, we aimed to investigate the possi-
ble contribution of the RA-7 moiety to the long-lasting
irreversible inhibition of 5-HT, binding sites by MEL-9
and LP-211. RA-7 (10 umol/L) fully displaced the binding
of [’H]-SB-269970 to 5-HT, receptors in competitive
binding experiments performed in whole-HEK-hu5-HT,
cells ([*H]-SB-269970 specific binding (percent of con-
trol) = 0.64 + 0.44%, n = 3), consistent with the previ-
ously reported affinity of RA-7 at human 5-HT; receptors
(Hedlund et al. 2010). Preincubation of HEK-hu5-HT,
cells for 30 min at 37°C with 10 umol/L RA-7 and subse-
quent compound washout led to inhibition of the specific
binding of [’H]-SB-269970 to 5-HT, receptors of
54.76 £+ 5.15% at time t =0 (Fig. 8); this was signifi-
cantly lower than the reduction of 97.20 &+ 0.23% and
95.03 £ 0.47% achieved by MEL-9 and LP-211 at equi-
molar concentrations, respectively (P < 0.001, One-way
analysis of variance (ANOVA) and Bonferroni’s Multiple
Comparison Test). However, and similar to what was
observed for MEL-9 and LP-211, the partial inhibition of
[’H]-SB-269970 binding to 5-HT; receptors elicited by
RA-7 was also long-lasting (it lasted for at least 24 h)
(Fig. 8). The results indicate the contribution of the

© 2013 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharma@¥&ical Society and American Society for Pharmacology and Experimental Therapeutics.
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Figure 6. Concentration—-response curves for the inhibition of 5-HT,
binding sites by MEL-9 and LP-211 in preincubation/washout
experiments in radioligand binding studies in whole HEK-hu5-HT;,
cells. Cells were preincubated in the absence (control) or presence of
either MEL-9 or LP-211 at increasing concentrations (ranging from
100 pmol/L to 10 umol/L), 10 umol/L clozapine (A) as reference
competitive antagonist, or 1 umol/L methiothepin (A) as reference
irreversible antagonist, for 30 min. After a compound washout
procedure (see Materials and Methods), the cells were subjected to
whole-cell radioligand binding assays to determine specific [°H]-SB-
269970 binding. [2H]-SB-269970 specific binding is expressed in each
case as percent of [?H]-SB-269970  specific binding in cells
preincubated in the absence of compound (control). The total
radioactivity bound was less than 20% of total radioactivity added in
all the experiments. Data are the mean values + SEM from three to
five independent experiments performed in duplicate. Concentration—
response data were fitted to a sigmoidal dose-response curve
(ny =1).

N-phenylmethyl-hexenamide moiety to the efficacy of the
compounds as irreversible inhibitors of 5-HT,-binding
sites and the ability of the biphenyl-piperazine moiety to
confer the compounds with the capacity to inhibit the 5-
HT; binding in the long term.

Discussion

The K; value of LP-211 for human 5-HT, receptors
obtained in this study confirms our previous reports (He-
dlund et al. 2010). In the case of MEL-9, we observed full
displacement of [*H]-SB-269970 binding in this study as
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British Pharmacological Society and American Society for Pharmacology and Experim@8@! Therapeutics.

Long-lasting 5-HTR Inhibition by LP-211

well as of [’H]-LSD (lysergic acid diethylamide) binding
(Ki=37.92 £ 11.30 nmol/L, n =3, nyg=1.11 %+ 0.19)
(data not shown) in membrane homogenates of HEK-
hu5-HT; cells. The difference between the present results
and those previously reported for MEL-9 (Leopoldo et al.
2008) may be due to the different cell lines or binding
protocols used in each case. The reported affinities of
MEL-9 for 5-HT,4 and D, receptors were 9.7-fold and
30-fold lower, respectively, than its affinity for 5-HT;
receptors obtained in our study (Leopoldo et al. 2008).
On the other hand, SB-269970 is considered to date the
standard selective 5-HT; antagonist and a prototype 5-
HT, radioligand (Hagan et al. 2000; Thomas et al. 2000).
SB-269970 displays a 50-fold selectivity versus 5-hts
receptors, a receptor subtype reported not to be endoge-
nously expressed at significant levels in HEK293 cells (At-
wood et al. 2011), and over 100-fold selectivity versus
other 5-HT receptors, dopaminergic D, or Dj receptors,
and adrenergic alpha;, receptors (Lovell et al. 2000).
Considering the affinity profile of the ligands used in this
study, the effects of MEL-9 and LP-211 on the [*H]-SB-
269970 binding appear to originate from their specific
interaction with 5-HT; receptors.

MEL-9 and LP-211 behaved as irreversible or pseudo-
irreversible inhibitors of 5-HT,-binding sites in preincu-
bation/washout experiments. Direct assessment of whether
the compounds remain irreversibly bound to the receptor
and whether the long-lasting inhibition of binding sites
persists after compound dissociation requires a labeled
form of the compounds not available to us at this stage.
Methiothepin, a so-called “inactivating antagonist” of 5-
HT; receptors (Smith et al. 2006), at the concentration of
1 umol/L (~270 times its K; at human 5-HT; receptors)
also completely inhibit 5-HT,-binding sites under our
experimental conditions, while the [*H]-SB-269970 spe-
cific binding in cells preincubated with the competitive
5-HT,; antagonist clozapine at the concentration of
10 pumol/L (~500 times its K; at human 5-HT; receptors)
was preserved to 78% of control. This fact provides com-
pelling evidence that any residual compound remaining
after insufficient washing does not mediate the inhibitory
effects of MEL-9 or LP-211. The same reasoning may
apply to compound RA-7, which caused a decrease of
~50% in the [*H]-SB-269970 specific binding on preincu-
bation at a concentration equimolar to that of MEL-9
and LP-211. Furthermore, considering that the affinity of
RA-7 for 5-HT; receptors has been reported to be higher
than that of MEL-9 and LP-211 (Hedlund et al. 2010),
receptor occupancy by itself is not sufficient to explain
the efficacy of the compounds inhibiting [*H]-SB-269970
binding.

Incubation of intact cells with agonists often results in
internalization of G protein-coupled receptors (GPCR)
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Figure 7. Effect of compounds MEL-9 and LP-211 on cAMP signaling stimulated by forskolin in HEK-hu5-HT; cells. (A, B) Concentration—
response curves for MEL-9 (A) and LP-211 (B) on 10 umol/L forskolin-stimulated cAMP production. Cells were preincubated in the absence
(control) or presence of the compounds at different concentrations (100 pmol/L — 10 umol/L) for 15 min prior to the addition of 10 umol/L
forskolin and incubation for 15 min. Basal values were subtracted from forskolin-stimulated values and expressed as percent of the control
forskolin response. Data are the mean values + SEM from three independent experiments performed in triplicate. (A, B Inset) Lack of effect of
1 umol/L or 10 umol/L MEL-9 (A, Inset) and 1 umol/L or 10 umol/L LP-211 (B, Inset) on forskolin-stimulated cAMP production in parental HEK293
cells. (C, D) Concentration-response curves for the inhibition of 10 umol/L forskolin-stimulated cAMP production by MEL-9 (C) and LP-211 (D) in
HEK-hu5-HT7 cells in preincubation/washout experiments. Cells were preincubated in the absence (control) or presence of the compounds at
increasing concentrations (ranging from 100 pmol/L to 10 pmol/L) for 30 min. After a compound washout procedure (see Materials and
Methods), the cells were stimulated with 10 umol/L forskolin for 15 min. Basal values were subtracted from forskolin-stimulated values and
expressed as percent of the control forskolin response. Data are the mean values + SEM from three independent experiments performed in

triplicate.

away from the plasma membrane (Moore et al. 2007).
GPCR internalization has been reported to be dissociated
from signaling for certain GPCR ligands (Gray and Roth
2001; Sneddon et al. 2004). Hence, the loss of [°H]-SB-
269970 binding in intact cells following preincubation
with MEL-9 and LP-211 may be attributed to receptor
internalization, even in the absence of cAMP signaling
elicited by the compounds. Hydrophobic radioligands
such as ['*I]-iodopindolol (xlog P =2.99) and [*H]-
mesulergine (xlog P = 1.80) successfully labeled beta-
adrenergic and 5-HT; receptors, respectively, both at the
cell surface and within endocytotic vesicles in intact cells
(Reynolds and Molinoff 1986; Andressen et al. 2006). On
the basis of the lipophilicity of [*H]-SB-269970
(xlog P = 2.59), we would expect this radioligand to label
both cell surface and internalized 5-HT;, receptors in
equilibrium binding assays with intact cells. This pre-
cludes receptor internalization as a possible explanation
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for the loss of radioligand binding following preincuba-
tion of intact cells with the compounds under study.
Receptor downregulation, that is, a reduction in the total
number of receptors, generally requires repeated or pro-
longed (typically for several hours) activation of the
receptors (Tsao and von Zastrow 2000), and it does not
usually lead to the complete abolition of receptor binding.
Downregulation of the 5-HT; receptor was not observed
in HEK293 or Caco-2 cells after treatment with agonists
or antagonists for periods longer than 30 min, even under
conditions that led to receptor desensitization (Krobert
et al. 2006; Iceta et al. 2009). Therefore, it appears unli-
kely that receptor downregulation accounts for the com-
plete abolition of [*H]-SB-269970 binding observed in
this study.

The observed inhibition of the 5-CT-stimulated cAMP
signaling by the compounds was unexpected, particularly
for LP-211, which has been extensively studied to date
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British Pharma@®sbical Society and American Society for Pharmacology and Experimental Therapeutics.



P. Atanes et al.

2

£ 1001 —e—MEL-9
5 —=— LP-211
S5 75 ——RA-7

Q =

d"-‘

oS L T
o 9 -

oo 509 1
85 1

o0 ©

9T 25

o I

(2]

: ——9
T og% T T T T T T
< 0 3 6 9 12 15 18 21 24

time (h)

Figure 8. Long-lasting inhibition of [*H]-SB-269970-binding sites by
MEL-9 and LP-211 in HEK-hu5-HT; cells in preincubation/washout
experiments. Cells were preincubated in the absence (control) or
presence of 10 umol/L MEL-9, 10 umol/L LP-211, or 10 umol/L RA-7
for 30 min. After a compound washout procedure (see Materials and
Methods), cells were further incubated at 37°C for the indicated
times before being subjected to whole-cell radioligand binding assays
for determination of specific [?H]-SB-269970 binding. Total
radioactivity bound was less than 20% of total radioactivity added in
all the experiments. Specific binding is expressed as percent of the
specific binding of control at each time point. Data are the mean
values + SEM from three independent experiments performed in
duplicate.

and to which 5-HT; agonist activity has been attributed
in ex vivo and in vivo studies. Hence, LP-211 elicited
relaxation of substance P-induced contraction in isolated
guinea pig ileum (Leopoldo et al. 2008), induced hypo-
thermia in wild type but not in 5-HT; knock-out mice
(Hedlund et al. 2010), and it reverted long-term synaptic
depression induced by metabotropic glutamate receptors
in mouse hippocampal slices (Costa et al. 2012). These
effects are consistent with activation of 5-HT; receptors
by LP-211. Nevertheless, LP-211 exerted antianxiety-like
effects in mice, similar to those described for the 5-HT,
antagonist SB-269970 (Adriani et al. 2012). Full interpre-
tation of these studies would require a better understand-
ing of how 5-HT,; receptor modulation in vivo
contributes to the observed effects through direct versus
indirect mechanisms. In particular, the consequences of
5-HT; receptor activation on 5-HT release and serotoner-
gic neural activity may depend on endogenous 5-HT lev-
els (Matthys et al. 2011).

One possible explanation for the irreversible inhibition
of the 5-HT;-mediated cAMP pathway by both com-
pounds is that preincubation with the compounds led to
desensitization of 5-HT; receptors. This should involve a
cAMP-independent mechanism, taking into account the
lack of cAMP stimulation elicited by the compounds.
Recent studies reported desensitization of 5-HT,-medi-
ated adenylate cyclase activity in membranes from
HEK293 cells through a protein kinase A-independent
mechanism, after preincubation of the intact cells for 1 h
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with SB-269970 (Krobert et al. 2006). SB-269970 also
elicited functional desensitization of 5-HT; receptors in
acute administration in vivo (Tokarski et al. 2012). How-
ever, the mechanism responsible for the reduction in 5-
HT, agonist-mediated signaling by SB-269970 appears to
differ from that operating in the case of MEL-9 and LP-
211. First, the reduction did not achieve 100% of the ago-
nist signal in either of the two studies mentioned, and
second, contrary to what we observed, desensitization did
not occur in parallel to the loss of 5-HT,-binding sites. 5-
HT; receptors have shown characteristics consistent with
a model in which an inactive conformational state of the
receptor is tightly associated with Gy protein, independent
of agonist binding (Bruheim et al. 2003; Andressen et al.
2006). Therefore, a possible explanation for the inhibitory
effects of the compounds on 5-HT;-mediated cAMP sig-
naling is that the compounds irreversibly stabilize this
receptor conformation.

The inhibition of forskolin-stimulated adenylate cyclase
activity by MEL-9 and LP-211 specifically in HEK-hu5-
HT; cells and not in the parental cell line reinforces the
idea that the effects are due to specific interactions of
the compounds with 5-HT; receptors, ruling out nonspe-
cific effects or a direct interaction with the adenylate
cyclase enzyme as mechanisms responsible for the effect.
This inhibition was also observed in preincubation/wash-
out experiments, as expected for the so-called 5-HT,
“Inactivating antagonists” (Toohey et al. 2009). 5-HT,
pre-associated signaling complexes may include receptor,
G protein and adenylate cyclase (Bruheim et al. 2003).
By interacting with the receptor, the “inactivating” com-
pounds may alter the Gy/adenylate cyclase interaction in
a way that persistently hinders the action of forskolin on
adenylate cyclase. Another possible explanation for this
effect of the compounds is that they might act as
5-HT,-biased agonists that activate G; signaling leading
to inhibition of forskolin-stimulated cAMP accumula-
tion. However, this seems improvable as G;-coupling was
not reported for this receptor and this mechanism was
ruled out both for 5-HT; “inactivating antagonists” and
competitive antagonists by using pertussis toxin (Toohey
et al. 2009; Klein and Teitler 2011).

In conclusion, the results allow us to define MEL-9 and
LP-211 as irreversible inhibitors of 5-HT; receptors, being
the first report of arylpiperazine derivatives as long-lasting
inhibitors of 5-HT; receptors. Our data are consistent
with previous observations of irreversible “inactivation”
of 5-HT; receptors by certain multitarget drugs (Smith
et al. 2006; Toohey et al. 2009). Overall, the present
results open up new perspectives on the study of 5-HT;
receptors. First, to the best of our knowledge, LP-211 and
MEL-9 are the first selective 5-HT; receptor long-lasting
inhibitors to be available. Second, the different profile
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exhibited by LP-211 and MEL-9 as compared to RA-7
suggests that the feature of irreversible or pseudo-irrevers-
ible inhibition of 5-HT; binding sites is structure-depen-
dent. Third, as LP-211 has displayed a behavior in 5-HT;
receptor-expressing HEK-293 cells different to that shown
in other systems ex vivo and in vivo (i.e., antagonism vs.
agonism), questions raise about interpretation of the data
obtained by using LP-211. Addressing the above issues
will be extremely useful for elucidating the physiological
significance of the 5-HT; receptor.
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