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Abstract

Recombinant human (h) 5-HT,, receptor-mediated G-protein activation was characterised in membranes of transfected Chinese
hamster ovary (CHO) cells by use of guanosine-5-O-(3-[**S]thio)-triphosphate ([**S|GTPyS binding). The potency and efficacy of 21
5-HT receptor agonists and antagonists was determined. The agonists, 5-CT (carboxamidotryptamine) and flesinoxan displayed high
affinity (subnanomolar K; values) and high efficacy (E,, > 90%, relative to 5-HT = 100%). In contrast, ipsapirone, zalospirone and
buspirone displayed partial agonist activity. EC,s for agonist stimulation of [**S|GTPyS binding correlated well with K; values from
competition binding (r = +0.99). Among the compounds tested for antagonist activity, methiothepin and (+ )butaclamol exhibited
‘inverse agonist’ behaviour, inhibiting basal [3SS]GTPyS binding. The actions of 17 antipsychotic agents were investigated. Clozapine
and several putatively ‘atypical’ antipsychotic agents, including ziprasidone, quetiapine and tiospirone, exhibited partial agonist activity
and marked affinity at h5-HT,, receptors, similar to their affinity at hD, dopamine receptors. In contrast, risperidone and sertindole
displayed low affinity at h5-HT,, receptors and behaved as ‘neutral’ antagonists, inhibiting 5-HT-stimulated [3SS]GTPyS binding.
Likewise the ‘typical’ neuroleptics, haloperidol, pimozide, raclopride and chlorpromazine exhibited relatively low affinity and ‘ neutral’
antagonist activity at h5-HT,, receptors with K; values which correlated with their respective K, values. The present data show that (i)
[3SS]GTPyS binding is an effective method to evaluate the efficacy and potency of agonists and antagonists at recombinant human
5-HT,, receptors. (ii) Like clozapine, severa putatively ‘atypical’ antipsychotic drugs display balanced serotonin h5-HT,, /dopamine
hD,, receptor affinity and partial agonist activity at h5-HT,, receptors. (iii) Several ‘typical’ and some putatively ‘atypical’ antipsychotic
agents displayed antagonist properties at h5-HT,, sites with generally much lower affinity than a hD, dopamine receptors. It is
suggested that agonist activity at 5-HT,, receptors may be of utility for certain antipsychotic agents. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The 5-HT,, receptor is a member of the superfamily of
monomeric transmembrane G-protein-coupled receptors
and has been heterologously expressed in COS7 (african
green monkey kidney), HeLa, CHO (Chinese hamster
ovary), and other cell lines, enabling the study of its
coupling to G-proteins and second messenger systems
(Raymond et al., 1992; Newman-Tancredi et al., 1992;
Boess and Martin, 1994; Kenakin, 1996). 5-HT,, recep-
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tors are localised as somatodendritic autoreceptors in raphe
nuclei and postsynaptically in corticolimbic structures such
as hippocampus and cortex, reflecting a key role in the
modulation of affective disorders, including anxiety disor-
ders and depression (De Vry, 1995; Maes and Méeltzer,
1995; Millan et al., 1997h).

5-HT,, receptors have aso attracted interest as poten-
tial targets for novel antipsychotic agents. First, clinical
studies have reported that the 5-HT,, receptor partia
agonist, buspirone, markedly ameliorates the lowered mood
and social withdrawal of schizophrenics, through its an-
tianxiety effects (Sovner and Parnell-Sovner, 1989; Goff et
al., 1991; Harvey and Balon, 1995). Second, post-mortem
studies have shown that frontal cortex 5-HT,, receptor
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Fig. 1. Effect of (A) time, (B) GDP and (C) NaCl on [®S|GTPyS binding
to membranes of CHO cells stably expressing cloned human 5-HT,,
receptors. Panel A: Basal and 5-HT-stimulated [®S|GTPyS binding
determined over time points ranging from 1 to 60 min. Panel B: Basa
and 5-HT-stimulated [®SIGTPyS binding determined in the presence of
GDP concentrations between 0 and 100 wM. Inset: Effect of GDP
concentration on agonist stimulation ratio. The stimulation ratio was
caculated as 5-HT-stimulated [®S|GTPyS binding divided by basal
[®*SIGTPyS binding. Panel C: Basal and 5-HT-stimulated [®SIGTPyS
binding determined in the presence of concentrations of NaCl between 0
and 200 mM. Points shown are means of triplicate determinations from
representative experiments repeated on at least three independent occa
sions.

density is increased in schizophrenic patients (Hashimoto
et al., 1991; Burnet et al., 1997). Third, 5-HT,, receptor
agonists, such as 8-OH-DPAT (8-hydroxy-dipropylamino-
tetralin), block the catalepsy induced in rats by neurolep-
tics such as haloperidol or raclopride (McMillen et al.,
1988; Andersen and Kilpatrick, 1995), suggesting that an
antipsychotic agent which displays 5-HT,, receptor ago-
nist activity may show alower incidence of extrapyramidal
symptoms in humans. Fourth, schizophrenic patients suffer

from a functional deficiency in the frontal cortex, and in
rat dialysis studies, 5-HT,, receptor agonists selectively
reinforce dopamine and noradrenaline release in this re-
gion, suggesting that 5-HT,, receptor agonism may allevi-
ate ‘ hypofrontality’ (Millan et a., 1997b). Fifth, the ‘ atypi-
cal’ antipsychotic, clozapine, which is clinically effective
against both positive and negative symptoms in the ab-
sence of extrapyramidal symptoms, displays marked affin-
ity at human brain 5-HT,, receptors (Mason and Reynolds,
1992) and partial agonism at recombinant human 5-HT,,
receptors (Newman-Tancredi et al., 1996a). Indeed, Cor-
bett et al. (1993) suggested that the capacity of antipsy-
chotic agents to treat psychotic symptoms in the absence
of extrapyramidal symptoms is due to agonist actions at
5-HT,, receptors. However, no direct evidence was pro-
vided to support this hypothesis and the present study
therefore undertook a systematic analysis of this issue by
investigating the intrinsic activity of antipsychotic agents
for modulation of 5-HT,, receptor-mediated signal trans-
duction.

5-HT,, receptors modulate the activity of diverse sec-
ond messenger pathways, including potassium and calcium
channels, inositol phosphate metabolism, arachidonic acid
production and adenylyl cyclase activity (Schoeffter and
Hoyer, 1988; Pauwels et al., 1993; Boess and Martin,
1994). Whilst these approaches yield valuable information
about 5-HT,, receptor activation, they measure responses
which are severa steps ‘downstream’ of the receptor per

Table 1
Agonist action of 5-HT receptor ligands at recombinant h5-HT,, recep-
tors determined by [®S|GTPyS binding

Ligand Ki ("M)  Epu ECs Enaxc ECso”
(n) (%) (nM) @) (nM)

S 14671 0.03+0.01 981+25 044+0.12

5-CT 0.08+001 96.3+37 22+04 106 11

S 14506 0224006 901+22 1.0+03

054+011 943+104 26.0+8.0
74+08 79 11

(+)Flesinoxan
(+)8-OH-DPAT 0.58+0.03 75.7+3.2

5-HT 0.61+0.15 100 185+16 100 18
RU 24969 1.13+0.18 954+48 608+84 111 20
LY 165,163 12402 829138 141449

Spiroxatrine 145+057 451+19 132+17

|psapirone 25+05 490+36 21.8+6.7 71 18
(+)UH 301 274+002 348+63 405+185
Tandospirone 585+1.12 100.5+0.7 268+31.8

Zalospirone 72+22 471+45 336+118

Buspirone 89+12 654+44 114+12 62 150

[®*SIGTPyS binding was carried out on membranes of CHO-hS-HT,,
cells. Agonist efficacy is expressed relative to that of 5-HT (= 100%).
Affinity (K; values) at h5-HT,, receptors were determined in competi-
tion experiments with [*H]8-OH-DPAT. Results are expressed as means
+SE.M. of at least three determinations.

#Data from Odagaki and Fuxe (1995) for stimulation of GTPase activity
in rat hippocampa membranes. Their E,, values are expressed as a
percentage of the effect of 5-HT. Their data correlated with the values
from the present study (ECy, vaues: r = +0.91, slope=1.2, P < 0.01;
Enax Values: r = +0.89, slope= 0.87, P < 0.01).
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se and depend on the cell types investigated (Liu and
Albert, 1991; Raymond et al., 1993). In addition, 5-HT,,
receptors can modulate different second messenger sys-
tems with different potencies (Fargin et al., 1989; Guder-
mann et al., 1996) or the same second messenger systems
in a different manner depending on brain region (Clarke et
al., 1996; Johnson et al., 1997). These differing responses
complicate the interpretation of second messenger effects.
In contrast, both adenylyl cyclase inhibition and phospho-
inositide hydrolysis are mediated by the same G-protein, at
least in Hela cells (Fargin et al., 1991), suggesting that
investigation of agonist activity at the G-protein level may
overcome some of these difficulties. Odagaki and Fuxe
(1995) measured G-protein activation by determining
GTPase activity in rat hippocampa membranes, whilst
guanosine-5-O-(3-[**SJthio)-triphosphate  ([*S]GTPyS)
binding methodology can be applied to 5-HT,, receptors
in recombinant systems (Newman-Tancredi et al., 1996b,
1997a; Stanton and Beer, 1997).

The present study had several aims. First, to charac-
terise the optimal experimental conditions for determina-
tion of agonist stimulation of 5-HT,,-receptor-mediated
[*S]GTPyS binding in a CHO cell line stably expressing
recombinant human 5-HT,, receptors. Second, to evaluate
the agonist/antagonist activity (by stimulation of
[*SIGTPyS bhinding) and binding affinity (by competition
with [*H]8-OH-DPAT) of serotonergic reference com-
pounds. These include serotonergic agonists, antagonists,
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and agents proposed for the treatment of affective disor-
ders, such as buspirone and (+ )flesinoxan. Third, to inves-
tigate the 5-HT,, receptor activity of a range of antipsy-
chotic drugs. These included older antipsychotic agents,
such as chlorpromazine, haloperidol, pimozide and raclo-
pride, which are known to provoke marked extrapyramidal
symptoms (Meltzer, 1996; Badessarini, 1996). Severa
recent drugs, intended to display clozapine-like clinical
efficacy without extrapyramidal symptoms induction, were
also evaluated, including risperidone, ziprasidone, quetiap-
ine, olanzapine and sertindole (Schwartz and Brotman,
1992; Fleischhacker and Hummer, 1997).

2. Materials and methods

2.1. Determination of affinity (K;) at CHO-h5-HT, , recep-
tors

Membranes were prepared from CHO-h5-HT,, cells
stably expressing the human 5-hydroxytryptamine 5-HT,,
receptor (Newman-Tancredi et al., 1992). Cells grown in
suspension culture were harvested by centrifugation and
homogenised in buffer A (HEPES 20 mM, pH 7.5 and
MgSO, 5 mM) using a Kinematica Polytron. The ho-
mogenate was centrifuged at 50,000 X g for 30 min and
the membrane pellet resuspended in buffer A. For competi-
tion binding experiments, membranes (10-20 w.g protein)
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Fig. 2. Action of serotonergic agonists and antagonists at h5-HT,, receptors. Panel A: Competition by serotonergic agonists for [®H]8-OH-DPAT bi nding
to h5-HT,, receptors. Panel B: Competition by antagonists for [*H]8-OH-DPAT binding to h5-HT,, receptors. Panel C: Stimulation/inhibition of
[3SS]GTP«/S binding by serotonergic ligands. 100% stimulation is defined as that observed with 10 wM 5-HT. Methiothepin inhibited basal binding. Panel
D: Stimulation of [3SS]GTPyS binding by 8-OH-DPAT alone or in the presence of fixed concentrations (nM) of antagonists. Points shown are means of
triplicate determinations from representative experiments repeated on at least three independent occasions.
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Table 2

Action of antagonist ligands at cloned human 5-HT,, receptors deter-
mined by shift of 8-OH-DPAT concentration—response isotherm of
[®*SIGTPyS binding

K, (nM) K; (nM)
NAN 190 (30) 0.97+0.09 0.45+0.06
(—)Tertatolol (100) 11.1+0.8 6.7+1.9
WAY 100,135 (100) 17.0+6.9 115+2.3
(—)UH 301 (100) 105+5.1 135+13
Methiothepin (100) 1.71+0.19 8.3+41
Spiperone (100) 9.97+1.85 105+24
(+)Butaclamol (1000) 86.3+19.3 369+ 65

[®SIGTPyS binding was carried out using membranes of CHO cells
stably expressing human 5-HT;, receptors. Compounds are listed in
order of affinity (K;) at 5-HT,, receptors, determined in competition
experiments with [2HI8-OH-DPAT. Antagonist potencies (K, values)
were determined by the shift in the 8-OH-DPAT stimulation curve of
[*SIGTPyS binding to a higher concentration in the presence of a fixed
concentration of antagonist (nM). Results are expressed as mean+ S.E.M.
of at least three independent determinations.

were incubated with [*HI8-OH-DPAT (225 Ci/mmol;
Amersham) at 22°C for 2.5 h. Non-specific binding was
defined with 5-HT (10 wM). Inhibition constants (K,
values) were caculated from IC,, values by the Cheng-
Prusoff equation: K;=I1Cg/{(L/Ky) + 1}; where L is
the concentration of radioligand and K is the dissociation
constant of [*H]8-OH-DPAT a CHO-h5-HT,, receptors
(0.65 nM). The receptor expression level in CHO-h5-HT
celsis 1.6 pmol /mg (Newman-Tancredi et al., 1997a).

2.2. Determination of agonist efficacy at CHO-h5-HT, 5
receptors

Efficacy was determined by measuring agonist stimula-
tion of [®S|GTPyS hinding, as described previously

(Newman-Tancredi et al., 1996a). Briefly, CHO-h5-HT,,
membranes (50 p.g protein) were incubated (20 min, 22°C)
in triplicate in a buffer containing 20 mM HEPES (pH
7.4), 3 .M GDP, 3 mM MgSO,, NaCl 100 mM, 0.1 nM
[*SIGTPyS (1300 Ci /mmol, NEN). Non-specific binding
was defined with 10 WM GTPyS. Agonist efficacy is
expressed relative to that of 5-HT (= 100%) which was
tested at a maximally effective concentration (10 wM) in
each experiment. The efficacy of the antipsychotic agent,
tiospirone was determined using membranes of CHO-h5-
HT,, cels purchased from NEN (Les Ulis, France). In
control experiments, CHO-h5-HT,, membranes from NEN
(expression level = 1.3 pmol /mg) displayed the same
competition and [*S|GTPyS binding characteristics as
those from Newman-Tancredi et al. (1992). For antagonist
experiments, K, values were calculated as described pre-
viously (Newman-Tancredi et al., 1996b, 1997b).

Experiments were terminated by rapid filtration through
Whatman GF /B filters using a Brandel cell harvester and
radioactivity determined by liquid scintillation counting.
Binding isotherms were analysed by non-linear regression
using the program PRISM (Graphpad Software, San Diego,
CA). Results are expressed as the mean + S.EE.M. of three
or more independent determinations. Protein concentration
was determined by use of a bichinconic acid kit (Sigma, S.
Quentin Fallavier, France).

2.3. Compounds

Compounds were aobtained from the following sources:
S 14671 (1-[2-(2-thenoylamino)ethyl]-4-[1-(7-
methoxynaphtyl)]piperazine), S 14506 (1-[2-(4-fluoroben-
zoylamino)ethyl]-4-(7-methoxynaphtylpiperazine), FG
5893 ({2-[4-[4,4-bis(4-fluorophenyl)butyl]-1-piperazinyl]-

Table 3
Agonist action of antipsychotic agents at cloned human 5-HT,, receptors determined by stimulation of [%S]GTPVS binding
Ligand h5-HT hD, K, ratio
Efficacy (%) ECq, (NM) K; (nM) K; (nM) (h5-HTy, /hD,)
Ziprasidone 549+4.2 126 +54 1.24 + 0.06 4.7 0.26
FG 5893 614+51 557 +1.09 197+ 041 15.6° 0.13
Tiospirone 170+ 19 77.3+91 465+ 1.30 2.16° 22
ORG 5222 143+14 91.1+378 4.67 + 0.68 147° 32
Ocaperidone 294 +34 62.8+ 17.5 101+21 0.32° 32
Nafadotride 68.0 + 5.6 1401 + 210 456 +79 484° 9.4
BMY 14802 82+12 3670 + 1290 62.8 + 12.2 645° 0.10
Clozapine 533+4.0 3390 + 670 132+ 30 76% 17
Quetiapine 60.4 + 10.9 11100 + 2900 250 + 36 186° 13
Olanzapine 242+ 4.7 6220 + 3500 1637 + 23 6.1° 270

[355]GTP«/S binding experiments were carried out on membranes of CHO cells stably expressing recombinant human 5-HT,, receptors. Agonist efficacy
is expressed relative to that of 5-HT (= 100%). Compounds are listed in order of affinity (K;) at 5-HT,, receptors, determined in competition experiments
with [®H]8-OH-DPAT. Results are expressed as means+ S.E.M. of three or more independent determinations. K; values at recombinant human D,
receptors are shown for comparison. The K; ratio is calculated by dividing the K; value at h5-HT,, receptors by that at hD., receptors.

“Audinot et al., 1995.
®Unpublished observations,
“Millan et al., 1995b.
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pyridine-3-carboxylic acid}), ziprasidone, nafadotride, LY
165,163 (1-(2-4-aminophenyl)ethyl-4-(3-trifluoromethy!-
phenyl)-piperazine) and 5-CT (5-carboxamidotryptamine),
were synthesised by G. Lavielle, Servier; risperidone and
WAY 100,135 (N-tertiobutyl-3-[4-(2-methoxyphenyl)
piperazinyl]-2-phenylpropanamide) was synthesised by J.-
L. Peglion, Servier, (—)tertatolol from Servier,
(+)flesinoxan from Duphar (Weesp, Netherlands), RU
24969 (5-methoxy-3-(1,2,3,6-tetrahydropyridin-"-yl)-1H-
indole) from Roussel-Uclaf (Romainville, France), Ip-
sapirone from Troponwerke (Cologne, Germany), Za
lospirone from Wyeth-Ayerst (Princeton, NJ), Methio-
thepin from Hoffmann-La Roche (Basel, Switzerland),
ocaperidone from Janssen (Beerse, Belgium); ORG 5222
({trans-5-chloro-2-methyl-2,3,3a,12 b-tetrahydro-1 H-di-
benz[2,3:6,7]-oxepino-[4,5c]pyrrole) from Organon (Oss,
Netherlands); olanzapine from Eli Lilly (Indianapolis,
USA); raclopride from Astra (Sodertalje, Sweden); queti-
apine (ICl 204,636) from Zeneca (Macclesfield, UK);
sertindole from Lundbeck (Copenhagen, Denmark);
tiaspirone and BMY 14802 (1-[4-(4-fluorophenyl)-4-hy-
droxybutyl]-4-(5-fluoropyrimidin-2-yl)piperazine) from
Bristol-Myers (Wallingford, USA), thioridazine, tan-
dospirone and NAN 190 (1-(2-methoxyphenyl)-4-[4-(2-
phthalimino)butyl]piperazine) were purchased from
Tocris-Cookson (Bristol, UK), (4)8-OH-DPAT (8-hy-
droxy-dipropylaminotetralin), spiroxatrine, pimozide,
clozapine, (+)butaclamol, (+)UH 301 and (—)UH 301
from Research Biochemicals International (Illkirch,
France), chlorpromazine, haloperidol, 5-HT (5-hydroxy-
tryptamine) and buspirone from Sigma (S. Quentin
Fallavier, France).

3. Results

3.1. Definition of [ **J GTPyS binding conditions

5-HT (10 wM) stimulated [*S|GTPyS binding to 5-
HT,, membranes in a linear manner over the first 20 min
(3) of time course experiments, and a standard incubation
time of 20 min was therefore used. In contrast, no stimula-
tion of [35S]GTPyS binding was observed in membranes of
untransfected CHO cells (results not shown). Basal (non-
agonist-stimulated) binding of [*S|GTPyS to CHO-h5-
HT,, membranes was dependent on the concentration of
GDP present in the buffer (Fig. 1B) and was reduced from
about 90,000 dpm in the absence of GDP to about 15,000
dpm a a GDP concentration of 3 wM. In contrast,
agonist-dependent [®S|GTPyS binding (i.e., the difference
between agonist-stimulated and basal binding) amounted
to about 20,000 dpm (Legend to Table 1) and was not
markedly decreased by GDP concentrations up to 3 wM.
The decrease in basal binding augmented the ratio of
agonist-stimulated to basal [*S]GTPyS binding to 2.3 fold

a GDP concentrations of 3 uM (Fig. 1B, inset). Like
GDP, NaCl reduced basal [*SIGTPyS binding, from
27,000 dpm in the absence of NaCl, to 7000 dpm at a
concentration of 100 mM (Fig. 1C). A set of standard
experimental conditions was defined (3 wM GDP, 3 mM
MgCl,, 100 mM NaCl, 20 min incubation) which yielded
the highest agonist stimulation of [®S|GTPyS binding and
which was used in all subsequent experiments.

3.2. Agonist activity of serotonergic ligands at CHO-h5-
HT,, receptors

A series of serotonergic agonists were tested for their
binding affinity and ability to stimulate [®S|GTPyS bind-
ing (Table 1; Fig. 2A,0). K; values were closely corre-
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Fig. 3. Agonist actions of antipsychotic agents at h5-HT,, receptors.
Panel A: Competition by antipsychotic agents for [*H]8-OH-DPAT bind-
ing to h5-HT,, receptors. Panels B and C: Stimulation of [®sSIGTPyS
binding by antipsychotic agents. One hundred percent stimulation is
defined as that observed with 10 wM 5-HT. Points shown are means of
triplicate determinations from representative experiments repeated on at
least three independent occasions.
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Table 4
Antagonist action of antipsychotic agents at cloned human 5-HT,, receptors determined by inhibition of 5-HT-stimulated [%S]GTPVS binding
Ligand h5-HT A hD, K; ratio

IC5, (NM) K, (NM) K, (nM) K, (nM) (h5-HT, /hD,)
Thioridazine 477 + 93 728 + 14 83.6 +22.2 6.95% 12
Pimozide 1224 + 274 193 + 43 155 + 17 1.312 120
Risperidone 6039 + 378 950 + 60 292+ 7 3.63° 80
Sertindole 1874 + 246 294 + 39 433+ 134 2.06° 210
Chlorpromazine 4402 + 1603 692 + 167 642 + 92 1.232 520
Haloperidol 7674 + 1687 1205 + 264 1910 + 250° 0.42° 4550
Raclopride n.d. n.d. 6960 + 640 1.07° 6510

Antagonist potency (K,) was calculated from 1Cg, values for the inhibition of 5-HT (100 nM)-stimulated [®S]GTPyS binding to CHO-h5-HT,, cell
membranes. Compounds are listed in order of affinity at h5-HT,, receptors (K;), determined in competition experiments with [H]8-OH-DPAT. Results
are expressed as means + S.E. of the mean of at least three independent experiments.

n.d. = not determined.

K; values at recombinant human D, receptors are shown for comparison. The K; ratio is calculated by dividing the K; value at h5-HT,, receptors by that

at hD, receptors.

#Unpublished observations.
PMillan et al., 1995b.

‘Audinot et al., 1995.
INewman-Tancredi et a., 1996b.

lated with EC, values (r = +0.94, slope=1.01, P <
0.001). ECg, values were, however, an average of 21.6 +
4.1 (n=17) fold higher than their respective K, values.
The observed agonist efficacies (E,,, values) ranged from
34.8% for (+)UH 301 to essentially full agonist efficacy
for S 14671, 5-CT, (+)flesinoxan, RU 24969 and tan-
dospirone whilst the azapirone derivatives, buspirone and
ipsapirone, displayed partial agonist efficacy.

3.3. Antagonist activity of serotonergic ligands at CHO-
h5-HT, , receptors

Serotonergic antagonists were tested in competition
binding with [*H]8-OH-DPAT and for their ability to
‘shift’ the 8-OH-DPAT stimulation curve of [*S|GTPyS
binding (Table 2; Fig. 2B,D). NAN 190, which exhibited
only very slight agonism when tested alone (E,,, = 9.3 +
3.0%, ECg, = 2.8 + 1.8 nM), potently ‘shifted’ the 8-OH-
DPAT stimulation curve with a K, value which corre-
sponded closely to its K; vaue. (—)Tertatolol, WAY
100,135 and ( —)UH 301 did not alter [*S]GTPyS binding
from basal levels when tested alone, and displayed K,
values which resembled their K; values. In contrast, me-
thiothepin inhibited [*S]GTPyS binding decreasing it be-
low basal levels (E,, = —21.6 + 1.5%, EC,, =184+
7.6 nM). (+)Butaclamol aso displayed negative efficacy:
E o = —17.7 4+ 2.5% (mean + range, n=2) and EC,, =
852 + 367 nM (mean+range, n=2). The K, values
calculated for methiothepin and (+ )butaclamol were lower
than their respective K; values.

3.4. Agonist activity of antipsychotic agents at CHO-h5-
HT,, receptors

Several compounds proposed as ‘atypical’ antipsychotic
agents were found to exhibit agonist activity at 5-HT,,

receptors (Table 3; Fig. 3), including clozapine, ziprasi-
done, FG 5893, nafadotride, tiospirone, ocaperidone and
quetiapine. As in the case of the serotonergic agonists,
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Fig. 4. Antagonist actions of antipsychotic agents at h5-HT,, receptors.
Panel A: Competition by antipsychotic agents for [*H]8-OH-DPAT bind-
ing to h5-HT,, receptors. Panel B: Inhibition of 5-HT (100 nM)-stimu-
lated [*°S|GTPyS binding by antipsychotic agents. One hundred percent
stimulation is defined as that observed with 10 wM 5-HT. Points shown
are means of triplicate determinations from representative experiments
repeated on at least three independent occasions.
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EC,, values were greater than the respective K; values
(21.8 + 5.8-fold difference, n=10) and a high degree of
correlation was observed (r = +0.93, slope=1.10, P <
0.001). All the compounds displayed high or marked bind-
ing affinity at CHO-h5-HT1A receptors except for olanza-
pine, which exhibited a micromolar K; vaue at h5-HT,,
receptors (Table 3).

3.5. Antagonist activity of antipsychotic agents at CHO-
h5-HT, , receptors

Some antipsychotic agents were found to exhibit antag-
onist activity at CHO-h5-HT,, receptors (antagonism of
5-HT (100 nM)-stimulated [*S]GTPyS binding; Table 4;
Fig. 4) including the ‘typical’ neuroleptics haloperidol,
chlorpromazine and pimozide, but also risperidone and
sertindole. None of the antagonists altered [*S|GTPyS
binding from basal levels when tested aone and K,
values correlated closely with respective K, values (r =
+0.95, dope=0.84, P<0.001). The affinities of the
antagonist antipsychotics at 5-HT,, receptors were gener-
aly lower than those of the agonist group. The h5-
HT,,/hD, receptor K; ratios were > 80 for six of the
seven compounds tested (Table 4).

4. Discussion

4.1. Affinity / efficacy of 5-HT agonists at 5-HT,, recep-
tors

A range of serotonergic agonists and partia agonists
were tested for their capacity to stimulate 5-HT,, receptor
mediated [®S|GTPyS binding in CHO-h5-HT,, mem-
branes. The methoxynaphtylpiperazine ligand, S 14671,
was the most potent agonist tested, with virtually full
agonist activity, relative to 5-HT (Table 1; Fig. 2C) consis-
tent with its exceptionally potent and efficacious actions in
in vivo functional paradigms (Millan et al., 1992; Schreiber
et a., 1994). Its analogue, S 14506 was also a highly
potent and efficacious ligand (E,,, = 90%) in agreement
with previous in vivo studies (Schreiber et al., 1994).
(4+)UH 301 exhibited partial agonist activity at 5-HT,,
receptors (E,,, = 35%) similar to that reported for inhibi-
tion of forskolin-stimulated adenylyl cyclase activity in rat
hippocampal membranes (47%, Cornfield et al., 1991).
The roughly 20-fold difference between ECg, values for
stimulation of [*S|GTPyS binding and the respective K;
values for inhibition of [*H]8-OH-DPAT binding, probably
reflects the labelling by [*H]8-OH-DPAT of 5-HT,, recep-
tors which are in a G-protein-coupled state (Mongeau et
al., 1992; Sundaram et al., 1993; Gozlan et al., 1995). In
contrast, ECg, values probably correlate better with the
affinities of the ligands at uncoupled receptors (Cornfield

et al., 1991; Chamberlain et al., 1993). The overall order
of potency of the agonists for activation of [*S|GTPyS
binding corresponds closely to that for inhibition of [°H ]8-
OH-DPAT binding (r = 0.94) and agrees with the phar-
macological profile of the classically characterised 5-HT,,
receptor. Further, the efficacies reported here are positively
correlated with those reported using GTPase activity as a
measure of G-protein activation by native rat hippocampal
5-HT,, receptors (Odagaki and Fuxe, 1995; Table 1 leg-
end). Agonist efficacies determined at CHO-h5-HT,, re-
ceptors are also broadly comparable with those for inhibi-
tion of adenylyl cyclase activity in native brain hippocam-
pal membranes (De Vivo and Maayani, 1986; Schoeffter
and Hoyer, 1988). Thus, whilst caution should be exer-
cised in extrapolating data from recombinant to physio-
logical systems (which are likely to express differing
levels of receptors and /or G-proteins), the marked corre-
spondence between the agonist efficacies determined by
[®SIGTPyS binding in CHO-h5-HT,, membranes and
those determined by GTPase or adenylyl cyclase determi-
nations in hippocampal membranes is striking. Thus, it
may be concluded that agonist-mediated stimulation of
[®SIGTPyS hinding to CHO-h5-HT,, membranes, consti-
tutes a model of activation of native hippocampal 5-HT,,
receptors.

In contrast, it is likely that agonist efficacies at presy-
naptic receptors would be ‘amplified’ by the presence of
‘spare receptors'. Indeed, in cortical neurons in primary
culture, ipsapirone and buspirone act as antagonists whereas
in hippocampal neurons they acted as partial agonists
(Dumuis et al., 1988). Further, ipsapirone acts as a full
agonist at presynaptic 5-HT,, autoreceptors (Cox et a.,
1993). These differences in efficacy have been attributed
to the presence of significant receptor reserve at presynap-
tic but not at postsynaptic 5-HT,, receptors (Meller et .,
1990; Yocca et a., 1992), a situation which may be
modelled by cell lines which express high densities of
recombinant 5-HT,, receptors (Varrault et al., 1992). In-
deed, when CHO-h5-HT,, cells were manipulated to ex-
press 3-fold more receptors, the partia agonist, eltopra
zine, behaved virtualy as a full agonist (Newman-Tancredi
et a., 1997a).

4.2. Affinity / potency of serotonergic antagonistsat 5-HT,
receptors

Marked differences were observed between the actions
of ‘antagonists’ (Table 2; Fig. 2D). The «, /5-HT,, recep-
tor ligand, NAN 190 (Glennon et al., 1988), demonstrated
its antagonist properties by a paralel shift of the 8-OH-
DPAT stimulation curve, consistent with competitive an-
tagonism. This suggests that its antagonist activity is pre-
dominant, at least in the present model of post-synaptic
5-HT,, receptors, athough previous reports have shown
that it may exhibit some agonist properties at somatoden-
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dritic 5-HT,, autoreceptors (Greuel and Glaser, 1992;
Lejeune et al., 1994).

In contrast, methiothepin and (+ )butaclamol, as well as
spiperone, exhibited negative efficacy by concentration-de-
pendently inhibiting [*SIGTPyS binding below basal lev-
els, indicating that they act as inverse agonists in this
system (Results, Fig. 2C; Newman-Tancredi et al., 1997a).
It is interesting to note that methiothepin appears to exhibit
inverse agonist activity at a range of serotonergic receptors
including 5-HT,; and 5-HT,; receptors (Barker et a.,
1994; Thomas et d., 1995; Stanton and Beer, 1997).
Further, (+)butaclamol exhibits negative efficacy at
dopamine D, receptors (Hall and Strange, 1997), whilst
spiperone discriminates differential affinity states of native
porcine dopamine D, (De Lean et a., 1982) as well as
5-HT,, receptors (Sundaram et al., 1993).

WAY 100,135, (—)UH 301 and the 5-HT,, receptor
(and B-adrenergic) receptor antagonist, (—)tertatolol, acted
as ‘neutral’ antagonists, exhibiting antagonist activity
without any detectable agonist or inverse agonist effects.
Thisisin accordance with previous ‘in vitro' reports of the
actions of these compounds at post-synaptic 5-HT,, recep-
tors (Bjork et al., 1991; Escandon et a., 1994), athough
studies of raphe-localised serotonergic neuron firing sug-
gest that WAY 100135, but not (—)UH 301 or
(—)tertatolol, may have some weak partial agonist action
(Arborelius et a., 1994; Escandon et al., 1994; Lejeune et
al., 1994).

4.3. Agonist activity of antipsychotic agents at 5-HT, o
receptors

We have previously shown that the atypical antipsy-
chotic, clozapine, exhibits partial agonist properties for
stimulation of [®S|GTPyS binding at CHO-h5-HT,, cell
membranes (Newman-Tancredi et a., 1996a). The present
study confirms our previous report on clozapine and
demonstrates that several other putatively ‘atypical’ an-
tipsychotic drugs also exhibit some agonist activity at
5-HT,, receptors (Table 3; Fig. 4). Tiospirone, a bus
pirone analogue which is effective in the treatment of
psychoses with minimal extrapyramidal symptoms (Jain et
al., 1987; Moore et a., 1987), exhibits partial agonist
activity and has balanced hD, /h5-HT, , receptor affinities.
Quetiapine and ziprasidone displayed marked 5-HT,, re-
ceptor agonist activity, similar to that of clozapine (E,,, ~
50%) and also share clozapine's balanced 5-HT,, /hD,
receptor affinity (Table 3). In vivo ziprasidone has a high
threshold for induction of catalepsy in rats, which Seeger
et al. (1995) tentatively attributed to its 5-HT,, receptor
agonist actions. Clozapine and, probably, quetiapine and
Ziprasidone, display a distinctive clinical profile, compared
to the ‘typical’ antipsychotic, haloperidol, with a lower
incidence of extrapyramidal symptoms and, possibly,
greater effectiveness against negative symptoms of

schizophrenia (Fleischhacker and Hummer, 1997; Tollef-
son and Sanger, 1997). In contrast, although the preferen-
tial D, receptor antagonist, and potential antipsychotic
agent, nafadotride, showed marked efficacy at h5-HT,,
receptors (E,,, = 68%), its affinity at this site was about
ten-fold lower than at dopamine hD, receptors (Table 3)
and about 100-fold lower than at hD,; dopamine receptors
(Sautel et a., 1995). Thus, nafadotride’s preferential
dopaminergic actions may be responsible for its induction
of catalepsy in vivo (Sautel et al., 1995).

An important issue is the level of efficacy at 5-HT,,
receptors which is necessary for in vivo physiological and
behavioural effects to be expressed. Bartoszyk et al. (1996)
have shown that clozapine mediates some of its antianxiety
actions by a 5-HT,, receptor mediated mechanism. Fur-
ther, the increase in frontal cortex dopamine levels induced
by clozapine is (at least partialy) due to 5-HT,, receptor
activation (Rollema et al., 1997). The selective 5-HT,,
receptor ligand (and anxiolytic drug) S 15535, (E,,, = 35%
in the present system, Newman-Tancredi et al., 1996b),
displays full agonist activity at presynaptic somatoden-
dritic 5-HT,, receptors although acting as an antagonist in
in vivo models of post-synaptic 5-HT,, receptor activation
(Millan et al., 1993, 1994). These observations suggest that
efficacies equivalent or greater than that of buspirone, as
displayed by BMY 14802 and, possibly, FG 5893 and
quetiapine, may be necessary to observe post-synaptic
5-HT,, receptor effects (eg. hypothermia, serotonin syn-
drome) but lower efficacies would likely be sufficient to
provoke activation of 5-HT,, autoreceptors on serotoner-
gic neurons in the raphe nuclei. Thus the partial agonist
properties of clozapine, quetiapine and tiospirone, as well
as the more efficacious agonists, may be expressed physio-
logically at somatodendritic 5-HT,, sites. In contrast, al-
though the tricyclic drug olanzapine is a structural ana-
logue of clozapine (Bymaster et al., 1996), it displayed
lower affinity at 5-HT,, receptors, with a 270-fold prefer-
ence for dopamine hD, vs. serotonin h5-HT,;, receptors,
compared with clozapine's equilibrated 5-HT,, /hD, re-
ceptor affinities (Table 3). Further, olanzapine exhibited
only about half the efficacy of clozapine at CHO-h5-HT,,
receptors (24% vs. 53%). Thus, it may be hypothesised
that 5-HT,, receptor-mediated actions of clozapine are not
a feature of olanzapin€'s therapeutic profile. Nevertheless,
in clinical trials, olanzapine has significant effects in nega-
tive symptom improvement with a low incidence of ex-
trapyramidal symptoms (Tran et al., 1997) indicating that
activity at other receptor subtypes is also important. In-
deed, Bartoszyk et al. (1996) showed that the anticataleptic
action of clozapine was not reversed by the selective
5-HT,, receptor antagonist, WAY 100,635. Further, BMY
14802, which in the present study displayed 10-fold selec-
tivity for serotonin h5-HT,, vs. dopamine hD, receptors
with efficacious agonist activity (E,, = 82%, Table 3) is
ineffective against schizophrenia in humans, whilst not
inducing extrapyramidal symptoms (Gewirtz et al., 1994).
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The relative importance of 5-HT,, vs. other receptor sub-
types may be evaluated using novel antipsychotic agents
which display high affinity for h5-HT,, receptors. One
such putatively ‘atypical’ antipsychotic in clinical trials, S
16924, exhibits 25-fold h5-HT,, vs. hD, selectivity (K, =
1.8 vs. 46 nM; Millan et al., 1995a) and has clozapine-like
partial agonist properties at CHO-h5-HT,, receptors (E,,,
= 66%; Newman-Tancredi et a., 1995). In vivo, S 16924,
like clozapine, blocks both amphetamine-induced locomo-
tion and haloperidol-induced catalepsy in rats.

4.4. Antagonist activity of antipsychotic agents at 5-HT, ,
receptors

Spiperone is often used as a serotonergic antagonist
(Escandon et al., 1994) and (+)butaclamol is used as a
stereosel ective receptoria ligand for the in vitro study of
dopaminergic and serotonergic receptors (Sundaram et 4.,
1993; Hall and Strange, 1997). However, these compounds
were originally intended as neuroleptic agents for the
treatment of psychosis and athough spiperone has not
been tested as an antipsychotic agent in humans,
(+)butaclamol, an inverse agonist at CHO-h5-HT,, recep-
tors, induces marked extrapyramidal symptoms in man
(Clark et al., 1977). Other ‘typical’ antipsychotic drugs
which are known to induce extrapyramidal symptoms,
including chlorpromazine, pimozide and haloperidol, dis-
played antagonist behaviour at CHO-h5-HT,, receptors
(Table 2). This group of ligands, including haloperidol,
raclopride, risperidone and pimozide, exhibited much
higher affinity at dopamine D, than at serotonin 5-HT,,
receptors (Table 3) with selectivity ratios of at least 80-fold.
This is aso true of spiperone and (+ )butaclamol, which
display K; values at hD, dopamine receptors of 0.06 and
1.3 nM (unpublished observation), i.e., at least two orders
of magnitude higher affinity that at h5-HT,, receptors
(Table 2).

It is tempting to speculate that equilibrated 5-HT,, /hD,
receptor affinity and agonist activity at 5-HT,, receptors
would impart an ‘atypical’ profile to antipsychotic agents.
However, as stated above, the profile of action of antipsy-
chotic drugs at other receptor subtypes plays an important
role in reduced induction of extrapyramidal symptoms.
Indeed, both sertindole and risperidone, which are widely
considered to exhibit certain ‘atypical’ features, displayed
marked selectivity for dopamine hD, vs. serotonin h5-HT, ,
receptors (K, ratios of 80 and 210, respectively; Table 4,
Fig. 4) and antagonist activity at 5-HT,, receptors. Al-
though antagonism at 5-HT,, receptors may be associated
with an amelioration of cognitive deficits and have prom-
nesic proprieties (Harder et al., 1996; Buhot, 1997), it is
unlikely to be involved in reducing extrapyramidal symp-
toms. ‘Atypicality’ may also be related to higher affinity at
serotonin 5-HT,, vs. dopamine D, receptors and actions at
D, or D, receptors, as well as other 5-HT receptor sub-

types such as 5-HT,; and 5-HT, (Schotte et al., 1996;
Seeman et a., 1997; Millan et a., 1997a; Roth et a.,
1998). However, unlike clozapine, which is a 5HT,,
receptor partial agonist, risperidone does dose-dependently
induce extrapyramidal symptoms, although at a lower inci-
dence than haoperidol (Schwartz and Brotman, 1992;
Fleischhacker and Hummer, 1997), suggesting that an
additional agonist activity at 5-HT,, receptors may help to
mimic a clozapine-like ‘atypical’ therapeutic profile.

4.5. Conclusions

The present study demonstrates that [**S]GTPyS bind-
ing can be applied to CHO-h5-HT,, receptors to charac-
terise a wide range of agonist, antagonist and inverse
agonist ligands. The ligand binding and functional profile
of CHO-h5-HT,, receptors resembles that of native hip-
pocampal 5-HT,, receptors. The characterization of the
affinity and efficacy at h5-HT,, receptors of a range of
antipsychotic agents, indicates that, although the hypothe-
sis that 5-HT,, receptor agonism contributes to an ‘atypi-
cal’ profile is attractive, substantial further investigation is
required. Nevertheless, clozapine and severa other puta
tively atypical drugs displayed agonist activity at 5-HT,,
receptors whereas several ‘typical’ antipsychotic agents
did not. These observations suggest that, although high
intrinsic efficacy at 5-HT,, receptor is insufficient, in
itself, for antipsychotic action, agonist activity at this site
may impart beneficial properties in the treatment of psy-
chotic disorders.
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