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Abstract

Agonist and antagonist properties of antipsychotics at human (h) recombinant 5-hydroxytryptamine1A (h5-HT1A) receptor have been

examined previously in transfected Chinese hamster ovary (CHO) cells using 50-O-(3-[35S]thio)-triphosphate ([35S] GTPgS) binding. Na + -

dependent [35S] GTPgS binding to membranes from human epithelioid carcinoma (HeLa) cells, expressing 500 fmol/mg protein of h5-HT1A

receptor (HA7 cells), appears suitable to characterize not only agonist and antagonist properties of 5-HT1A receptor ligands, but also inverse

agonist properties. We therefore examined agonist, antagonist, and inverse agonist activity of antipsychotics at h5-HT1A receptor in HA7

cells. Some antipsychotics had agonist activity and stimulated [35S] GTPgS binding with the following order of efficacy:

nemonapride>ziprasidone>clozapine>ocaperidone. Tiospirone and trans-5-chloro-2-methyl-2,3,3a,12b-tetrahydro-1H-dibenz[2,3:6,7,5]-

oxepino-[4,5c]pyrrole (ORG 5222), were more potent h5-HT1A receptor antagonists than raclopride, olanzapine, and risperidone.

Haloperidol, chlorpromazine, thioridazine, pimozide, and sertindole showed Na + -dependent inverse agonist activity at h5-HT1A receptor that

could be antagonized by (s)-N-tert-butyl-3-(4-(2-methoxyphenyl)piperazine-1-yl)-2-phenylpropanamide [(s)-WAY 100135]. These results are

further evidence that interactions with h5-HT1A receptors could play a role in the pharmacological profile of certain antipsychotics, and that

Na + affects the ability to detect inverse agonist activity at h5-HT1A receptors, likely by influencing receptor precoupling. Also, the manner in

which compounds interact with 5-HT1A receptors appears to be related to their Kb/Ki ratio. D 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Growing evidence indicates 5-hydroxytryptamine1A (5-

HT1A) receptors to be a potential target for novel antipsy-

chotic drugs (for a review, see Bantick et al., 2001). For

example, 5-HT1A receptor agonists, such as 8-hydroxy-2-

(di-n-propylamino)tetralin (8-OH-DPAT), block haloperi-

dol- and raclopride-induced catalepsy in rats (e.g. McMillen

et al., 1988; Wadenberg and Ahlenius, 1991; Andersen and

Kilpatrick, 1996), and enhance antipsychotic-like effects of

haloperidol and raclopride (Wadenberg and Ahlenius, 1991;

Prinssen et al., 1996). 5-HT1A receptor agonists also in-

crease dopamine release in the prefrontal cortex of rodents

(Rollema et al., 1997), an effect that has been predicted to

improve negative symptoms (Sharma and Shapiro, 1996).

Moreover, (putative) atypical antipsychotics such as cloza-

pine, ziprasidone, and tiospirone exert partial agonist activ-

ity at h5-HT1A receptors, while conventional antipsychotics

such as haloperidol, pimozide, raclopride and chlorproma-

zine, and some atypical antipsychotics such as risperidone

and sertindole, have been characterized as ‘‘silent’’ antago-

nists at h5-HT1A receptors expressed in Chinese hamster

ovary cells (CHO) (Newman-Tancredi et al., 1998).

Drug effects at recombinant human receptors expressed in

heterologous systems can be affected by spontaneous recep-

tor precoupling that is influenced by receptor density, G

protein pools, and cation concentrations (see De Ligt et al.,

2000 for a review). The Na + dependency of h5-HT1A recep-

tor precoupling in human epithelioid carcinoma HeLa cells

expressing 500 fmol/mg protein of human recombinant 5-

HT1A receptor (HA7 cells) allowed us to show that N-[2-[4-

(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-pyridinyl)

cyclohexanecarboxamide (WAY 100635), characterized ini-

tially as ‘‘silent’’ 5-HT1A antagonist (Newman-Tancredi et

al., 1997), has marked inverse agonist properties at h5-HT1A

receptors (Cosi and Koek, 2000). This latter finding agrees

with previous reports that described a tendency of WAY
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100635 to decrease basal 50-O-(3-[35S]thio)-triphosphate
([35S] GTPgS) binding in h5-HT1A CHO cells (Newman-

Tancredi et al., 1996), in h5-HT1A C6 glioma cells (Pauwels

et al., 1997), and in Cos-7 cells transiently expressing

recombinant h5-HT1A receptor fusion proteins (Dupuis et

al., 1999). Thus, Na+ -dependent [35S] GTPgS binding to

membranes from HA7 cells appears to be especially suitable

to characterize inverse agonist properties of 5-HT1A receptor

ligands. Here, we therefore examined, in this system, the

possible inverse agonist properties of antipsychotics at the

h5-HT1A receptor.

2. Methods

2.1. Cell culture

HA7 cells (Fargin et al., 1989) were grown in Dulbecco’s

modified Eagle medium (DMEM) (GIBCO) supplemented

with 10% fetal calf serum, gentamicin (100 mg/ml), and

geneticin (G418) (400 mg/ml), in 5% CO2 at 37 �C in a water-

saturated atmosphere. The cells were plated in 150-cm2 Petri

dishes until they reached a 90–100% confluence, after which

they were washed with phosphate-buffered saline (PBS) and

stored at � 80 �C until used for [35S] GTPgS binding or 5-

HT1A radioligand binding assays.

2.2. [35S] GTPgs binding

The membranes were prepared from the frozen cells, on

the day of the experiment, according to Stanton and Beer

(1997) with some modifications. Cells were harvested in ice-

cold 20 mM HEPES [4-(2-hydroxyethyl)-1-piperazine-etha-

nesulphonic acid] buffer containing 10 mM ethylenediami-

netetraacetic acid (EDTA) (pH 7.4, room temperature), and

were homogenized and centrifuged at 40000� g, 4 �C for 15

min. The pellet was suspended in ice-cold 20 mM HEPES

containing 0.1 mM EDTA (pH 7.4, room temperature) and

centrifuged again at 40000� g, 4 �C for 15 min. The final

pellet was suspended in 20 mM HEPES containing 10 mM

MgCl2, 10 mM pargyline, 30 mM GDP, and 100 mM NaCl

(called the standard NaCl condition) or no NaCl added

(called the low NaCl condition). The membranes, 100–50

mg/tube, were incubated in the presence of the test com-

pounds, for 1 h, at 30 �C. In the antagonism studies, different

compounds were added at the same time. After 15 min at 0

�C, [35S] GTPgS (specific activity� 1000 Ci/mmol) was

added to a final concentration of 0.1 nM. The membranes

were then incubated for an additional 30 min, at 30 �C. The
reaction was terminated by filtration through Whatman

filters using a Brandel harvester, and radioactivity was

counted by liquid scintillation spectrometry.

Each concentration–response experiment was performed

in triplicate and replicated three to six times. For each

replication, pEC50 and Emax values were estimated from

concentration–response data by means of non-linear regres-

sion (sigmoidal model with unit slope; Graphpad Prism).

Linear regression analyses were performed using Graphpad

Prism.

pKb values were calculated from the EC50 values of the

concentration–response curves of 5-carboxamidotryptamine

maleate (5-CT) in the absence (EC50 5-CT) and in the pre-

sence of a single concentration of the antagonist (EC50 5-

CT + antagonist) as follows: pKb = log(DR� 1)� log ([anta

gonist]); DR=(EC50 5-CT + antagonist)/(EC50 5-CT). pKb

values for nemonapride and ziprasidone were calculated

using the EC50 values of the concentration–response curves

of 5-CT with the minimum constrained to the minimum

value of the 5-CT curve obtained in presence of the an-

tagonist (see Fig. 1).

2.3. 5-HT1A radioligand binding assay

The membranes were prepared from frozen HA7 cells as

described below. Cells were harvested in ice-cold Tris (2-

amino-2-hydroxymethylpropane-1,3-diol) –HCl pH 7.4,

homogenized and centrifuged at 40000� g, 4 �C for 10

Fig. 1. Antagonist activity of nemonapride (upper panel) and ziprasidone

(lower panel). Values are expressed as percentage of basal [35S] GTPgS
binding, and are means ± S.E.M. of three to four independent experiments,

each performed in triplicate, in the presence of NaCl.
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min. The pellet was suspended in the same buffer and

centrifuged again. After the second centrifugation, the pellet

was suspended in an assay buffer consisting of pargyline (10

mM) and CaCl2 (4 mM) in Tris–HCl (50 mM, pH 7.4).

Membrane protein, 0.031–0.084 mg/tube, was incubated

with [3H] 8-OH-DPAT (1 nM final concentration) and the

test compounds at seven concentrations, for 30 min, room

temperature. The reaction was terminated by filtration

through Whatman filters using a Brandel harvester, and

radioactivity was counted by liquid scintillation spectrome-

try. The experiments were performed in triplicate. Data were

analyzed using the non-linear curve fitting program EBDA/

LIGAND (Biosoft). Results expressed as pKi values are

means of three determinations.

2.4. Chemicals

5-CT, clozapine, spiperone hydrochloride, methiothepin

mesylate, thioridazine hydrochloride, pimozide, (+)-butacla-

mol hydrochloride, chlorpromazine hydrochloride, haloper-

idol, raclopride, and risperidone were purchased from

Sigma-RBI. Ocaperidone was a gift from Janssen (Beerse,

Belgium), trans-5-chloro-2-methyl-2,3,3a,12b-tetrahydro-

1H-dibenz[2,3:6,7,5]-oxepino-[4,5c]pyrrole (ORG 5222)

from Organon (Oss, Netherlands), tiospirone from Bristol

Myers (Princeton, NJ, USA), sertindole from Lundbeck

(Copenhagen, Denmark), and olanzapine from Eli Lilly

(Indianapolis, IN, USA). (s)-N-tert-butyl-3-(4-(2-methoxy-

phenyl)piperazine-1-yl)-2-phenylpropanamide [(s)-WAY

100135] hydrochloride, WAY 100635 dihydrochloride, nem-

onapride, and ziprasidone hydrochloride were synthesized

by J.-L. Maurel (Centre de Recherche Pierre Fabre). [3H] 8-

OH-DPAT [8-hydroxy-2-(di-n-propylamino)tetralin] (TRK

850; 200–240 Ci/mmol) and guanosine 50-[c-35S] triphos-
phate, triammonium salt, stabilized (SJ 1308; >1000 Ci/

mmol) were purchased from Amersham.

3. Results

3.1. Effects of antipsychotics on basal [35S] GTPgS binding

under standard (100 mM) Na+ conditions

Various antipsychotics were tested for their ability to

affect basal [35S] GTPgS binding to membranes from HA7

Table 1

Activity of antipsychotics at h5-HT1A receptors

Compounds h5-HT1A

Emax pEC50 pKi

nemonapride 342.4 ± 24.35 7.46 ± 0.07 8.42 ± 0.06

ziprasidone 249.8 ± 24.35 7.65 ± 0.03 8.52 ± 0.14

clozapine 203.8 ± 19.85 6.13 ± 0.06 6.99 ± 0.00

raclopride 192.3 ± 14.62 – 5.93 ± 0.34

ocaperidone 135.7 ± 4.70 7.60 ± 0.10 8.08 ± 0.05

olanzapine 107.8 ± 5.76 – 5.84 ± 0.04

ORG 5222 106.5 ± 8.46 – 8.11 ± 0.04

tiospirone 99.48 ± 14.99 – 8.73 ± 0.11

risperidone 95.66 ± 2.37 – 6.56 ± 0.03

pimozide 50.06 ± 3.08 6.41 ± 0.08 6.75 ± 0.07

thioridazine 51.97 ± 10.80 7.38 ± 0.04 6.77 ± 0.05

haloperidol 56.05 ± 10.65 6.81 ± 0.31 5.97 ± 0.21

chlorpromazine 56.58 ± 4.15 6.28 ± 0.13 5.72 ± 0.12

sertindole 48.13 ± 9.53 6.62 ± 0.10 6.41 ± 0.02

Values are expressed as percentage of basal [35S] GTPgS binding, and are

means ± S.E.M. of three to four independent experiments, each performed

in triplicate, in the presence of NaCl. When the maximal effect was

significantly different from basal, a pEC50 value was calculated. h5-HT1A
affinity values (pKi) were determined in competition experiments with

[3H]8-OH-DPAT and are means ± S.E.M. of three determinations.

Fig. 2. Agonist activity of antipsychotics at h5-HT1A receptors in

comparison with 5-CT. Values are expressed as percentage of basal [35S]

GTPgS binding, and are means ± S.E.M. of three to four independent

experiments, each performed in triplicate, in the presence of 100 mM NaCl.

Table 2

Na + -induced changes of the Emax value of antipsychotics and 5-HT1A

receptor ligands at h5-HT1A receptors

Compounds 100 mM NaCl No NaCl

Emax pEC50 Emax pEC50

raclopride 192.3 ± 14.62 – 138.0 ± 3.68b 4.68 ± 0.22

ORG 5222 106.5 ± 8.46 – 106.6 ± 8.53 –

olanzapine 107.8 ± 5.76 – 105.0 ± 1.53 –

tiospirone 99.48 ± 14.99 – 86.41 ± 8.16 –

risperidone 95.66 ± 2.37 – 80.53 ± 3.38a 6.05 ± 0.15

WAY 100635 93.06 ± 0.39 9.54 ± 0.16 71.79 ± 0.55c 9.43 ± 0.06

spiperone 77.38 ± 0.67 7.70 ± 0.09 40.62 ± 1.49a 7.70 ± 0.08

chlorpromazine 56.58 ± 4.15 6.28 ± 0.13 32.67 ± 3.15b 6.71 ± 0.42

haloperidol 56.05 ± 10.65 6.81 ± 0.31 44.39 ± 5.50 6.97 ± 0.41

thioridazine 51.97 ± 10.80 7.38 ± 0.04 26.08 ± 1.29a 7.25 ± 0.11

pimozide 50.06 ± 3.08 6.41 ± 0.08 37.92 ± 2.22a 6.85 ± 0.15

sertindole 48.13 ± 9.53 6.62 ± 0.10 24.02 ± 0.64a 6.78 ± 0.09

(+)-butaclamol 46.56 ± 12.56 6.74 ± 0.11 34.73 ± 6.26 6.79 ± 0.21

methiothepin 44.21 ± 9.05 8.12 ± 0.04 33.73 ± 2.41 8.17 ± 0.07

Values are the means ± S.E.M. of three to six determinations obtained in the

absence and in the presence of 100 mM NaCl. When the maximal effect

was significantly different from basal, a pEC50 value was calculated.
aP< 0.05, bP < 0.01, and cP < 0.001, compared with the Emax value obtained

in the standard Na + condition (t-test). Values of WAY 100635 and spi-

perone are from Cosi and Koek (2000).
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cells in standard (100 mM) Na + conditions. Basal [35S]

GTPgS binding was stimulated by some of the antipsy-

chotics, was inhibited by others, or was not affected (Table

1). The potency with which compounds stimulated or

inhibited basal [35S] GTPgS binding correlated with their

affinity for h5-HT1A receptors (r = 0.75, P < 0.025). The

antipsychotics that stimulated basal [35S] GTPgS binding

did so to a different extent, and their potencies and maxi-

Fig. 3. Inverse agonist activity of antipsychotics and 5-HT1A receptor ligands at h5-HT1A receptors in the presence and in the absence of 100 mM NaCl. Values

are expressed as percentage of basal [35S] GTPgS binding, and are means ± S.E.M. of three to four independent experiments, each performed in triplicate. .:
concentration–response curve in the presence of 100 mM NaCl; 6: concentration– response curve in the absence of NaCl.
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mal effects were lower than that of the full agonist 5-CT

(pEC50= 8.40 ± 0.03; Emax = 394.5 ± 2.56% ) (Fig. 2). Among

the antipsychotics tested, nemonapride was the most effica-

cious. (Table 1). Raclopride stimulated basal [35S] GTPgS
binding only at a single, high (100 mM) concentration, which

precluded the estimation of Emax and pEC50 values by non-

linear regression.

Olanzapine, ORG 5222, and tiospirone did not appear to

affect basal [35S] GTPgS binding. Risperidone tended to

decrease basal [35S] GTPgS binding, but the size of the

effect precluded the calculation of a pEC50 value.

Pimozide, thioridazine, haloperidol, chlorpromazine, and

serindole, decreased basal [35S] GTPgS binding to a similar

extent (about 50% of basal [35S] GTPgS binding).

3.2. Na+ dependency of inverse agonist activity at h5-HT1A
receptors

The antipsychotics that either did not affect or decreased

basal [35S] GTPgS binding in the standard Na + condition

were tested also in the low (no NaCl added) Na + condition,

in comparison with the 5-HT1A inverse agonists, WAY

100635, (+)-butaclamol, methiothepin, and spiperone. The

low Na + condition did not appear to affect the potency of the

compounds to inhibit basal [35S] GTPgS binding, because

the pIC50 values obtained under both conditions were highly

correlated (r = 0.99, slope = 0.86, P < 0.0001).

When NaCl was omitted from the reaction buffer, the

Emax value varied to an extent that differed among the

compounds (Table 2, Fig. 3). Lowering the Na + concen-

tration decreased the Emax value of raclopride by 28%. It

affected significantly the Emax of spiperone, chlorpromazine,

serindole, and thioridazine by 48–50%, the Emax value of

WAY 100635, risperidone, and pimozide by16–24%, and

appeared to affect the Emax value haloperidol, methiotepin,

and (+)-butaclamol by 21–26%. ORG 5222 and olanzapine

were inactive with or without NaCl. Although the Na +

concentration affected the Emax value of the various com-

pounds in a different manner, it did not markedly affect their

rank order (Spearman rank correlation r = 0.87, P < 0.0001).

In the absence of NaCl, (s)-WAY 100135 (100 nM)

shifted the concentration–response curve of serindole, hal-

operidol, thioridazine, and chlorpromazine to decrease basal

[35S] GTPgS binding to the right with a pKb varying between

8.37 and 8.91 (Fig. 4). These values are similar to the pKb of

(s)-WAY 100135 to shift the concentration–response curve

of 5-CT to the right in the presence of 100 mM NaCl

[pKb = 8.33 ± 0.05, similar to the pKi of (s)-WAY 100135 at

5-HT1A receptors, that is, 8.29] (Table 3). (s)-WAY 100135

shifted the concentration–response curves of each of the

compounds to the right in an apparent parallel manner,

Fig. 4. Antagonism of inverse agonist activity at h5-HT1A receptors by (s)-

WAY 100135 (100 nM). Values are expressed as percentage of basal [35S]

GTPgS binding, and are means ± S.E.M. of three to four independent

experiments, each performed in triplicate, in the absence of NaCl.
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except that of pimozide, which was shifted not only to the

right, but also upward (the Emax of pimozide changed from

38.46 ± 1.76 to 71.66 ± 2.58) (Fig. 4).

3.3. Antagonist activity at h5-HT1A receptors

Antagonist activity at 5-HT1A receptors was examined, in

standard Na + conditions, by testing the ability of the com-

pound, at a single concentration, to shift the concentration–

response curve of 5-CT to the right. The effects of 5-CT

could be antagonized with all the compounds listed in Table

3, which all had affinity for 5-HT1A receptors, but exerted

different activity at these receptors, ranging from inverse

agonism via neutral antagonism to partial agonism. The pKb

values of the compounds to antagonize 5-CT (Table 3)

correlated significantly but weakly with their pKi values at

5-HT1A receptors (r= 0.67, P < 0.025). This weak correlation

is likely due to the marked variation among the compounds

with respect to the ratio of Kb and Ki, which ranged from 26.3

for spiperone to 0.004 for ziprasidone. Note that all com-

pounds with a 5-HT1A antagonist potency at least about 3-

fold higher than their 5-HT1A affinity (i.e. having a Kb/Ki

ratio greater than � 3) were able to decrease basal [35S]

GTPgS binding when tested alone. Such inverse agonism

was not observed with compounds that had a smaller Kb/Ki

ratio. Compounds with a Kb/Ki ratio lower than 3 but higher

than 0.24 were inactive, and those with a Kb/Ki ratio of 0.24

or lower exerted agonist activity. Together, the results

obtained with all compounds described in Table 3 showed

Emax values not to correlate significantly with either Kb or Ki

values (r=� 0.28 and 0.40, respectively), but to correlate

strongly (r =� 0.89, P < 0.0001) with the logarithm of the

Kb/Ki ratio (Fig. 5). Thus, a pKb value higher than the pKi

appears to be predictive of inverse agonist activity, similar

pKb and pKi values suggest neutral antagonism, and pKb

values lower than the pKi suggest agonist properties.

4. Discussion

In agreement with previous reports, certain antipsychotics

exerted agonist activity at 5-HT1A receptors and others

behaved as silent 5-HT1A receptor antagonists. The main

finding of the present study is that several antipsychotics

(e.g. haloperidol, pimozide, chlorpromazine, thioridazine,

Table 3

Antagonist properties of 5-HT1A receptor ligands

Compounds (nM) pKb pKi antilog(pKb� pKi) Emax

(1) spiperone (100) 7.99 ± 0.03 6.57 ± 0.07 26.30 77.38 ± 0.67

(2) (+)-butaclamol (1000) 7.12 ± 0.04 6.04 ± 0.07 12.02 46.56 ± 12.56

(3) methiothepin (10) 8.61 ± 0.04 7.59 ± 0.05 10.47 44.21 ± 9.05

(4) chlorpromazine (1000) 6.59 ± 0.01 5.72 ± 0.12 7.41 56.58 ± 4.15

(5) thioridazine (100) 7.57 ± 0.06 6.77 ± 0.05 6.31 51.97 ± 10.80

(6) WAY 100635 (10) 9.81 ± 0.08 9.20 ± 0.13 4.07 93.06 ± 0.39

(7) sertindole (1000) 6.98 ± 0.05 6.41 ± 0.02 3.72 48.13 ± 9.53

(8) pimozide (1000) 7.26 ± 0.03 6.75 ± 0.07 3.24 50.06 ± 3.08

(9) haloperidol (1000) 6.30 ± 0.06 5.84 ± 0.38 2.88 56.05 ± 10.65

(10) tiospirone (100) 8.90 ± 0.36 8.73 ± 0.11 1.48 99.48 ± 14.99

(11) (s)-WAY 100135 (100) 8.33 ± 0.05 8.29 ± 0.02 1.10 117.6 ± 4.51

(12) risperidone (10000) 6.26 ± 0.06 6.56 ± 0.03 0.50 95.66 ± 2.37

(13) ORG 5222 (1000) 7.69 ± 0.10 8.11 ± 0.04 0.38 114.0 ± 3.94

(14) olanzapine (10000) 5.41 ± 0.09 5.84 ± 0.04 0.37 107.8 ± 5.76

(15) ocaperidone (1000) 7.46 ± 0.27 8.08 ± 0.05 0.24 135.7 ± 4.70

(16) clozapine (1000) 6.30 ± 0.15 6.99 ± 0.00 0.20 203.8 ± 19.85

(17) raclopride (10000) 4.80 ± 0.06 5.93 ± 0.34 0.07 192.3 ± 14.62

(18) nemonapride (10000) 6.43 ± 0.28 * 8.42 ± 0.06 0.01 342.4 ± 24.35

(19) ziprasidone (10000) 5.57 ± 0.14 * 8.52 ± 0.14 0.001 249.8 ± 24.35

h5-HT1A receptor antagonist potencies (pKb) were calculated from the shift of the concentration–response curve of 5-CT by a single concentration of the

antagonist, in the presence of NaCl. h5-HT1A affinity values (pKi) were determined in competition experiments with [3H] 8-OH-DPAT. The effects of the

compounds alone are also reported (Emax). Values are means ± S.E.M. of three to six determinations.
* Data shown in Fig. 1.

Fig. 5. Correlation between Kb/Ki ratio and efficacy of antipsychotics and 5-

HT1A receptor ligands. Compounds are indicated by the numbers listed in

Table 3.
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and sertindole) exerted inverse agonist activity at 5-HT1A

receptors. This inverse agonist activity, which was Na +

dependent, was shown by all the compounds whose potency

to antagonize the full agonist 5-CT was higher than its

affinity for 5-HT1A receptors.

When tested for their ability to affect basal [35S] GTP g S
binding to h5-HT1A expressed in HA7 cells, the antipsy-

chotics, nemonapride, ziprasidone, and clozapine were

found to have 5-HT1A receptor agonist properties, consistent

with previous reports (Assié et al., 1997; Seeger et al., 1995;

Zorn et al., 1999). 5-HT1A receptor agonist activity was

observed also with ocaperidone. From their maximal stim-

ulation of basal [35S] GTPgS binding, the following efficacy

order was apparent: 5-CT>nemonapride>ziprasidone>clo-

zapine>ocaperidone. Because ziprasidone and clozapine

had similar affinities for h5-HT1A and hD2 receptors (New-

man-Tancredi et al., 1998) 5-HT1A receptor agonist activity

may play a role in their pharmacological profile.

Olanzapine and ORG 5222 behaved as silent antagonists

at h5-HT1A receptors: they neither stimulated nor inhibited

basal [35S] GTPgS binding, either in the presence or in the

absence of added Na + , and they antagonized the effects of 5-

CT with potencies similar to their affinity at 5-HT1A recep-

tors. In the presence of added Na + , tiospirone (a buspirone

analogue reportedly effective in the treatment of schizophre-

nia while having minimal extrapyramidal side-effects; Jain et

al., 1987; Moore et al., 1987) and risperidone behaved the

same as olanzapine and ORG 5222, that is, they neither

stimulated nor inhibited basal [35S] GTPgS binding, and they

antagonized the effects of 5-CT with potencies similar to

their affinity at 5-HT1A receptors. Under low Na + condi-

tions, however, tiospirone and risperidone tended to decrease

basal [35S] GTPgS binding.

In agreement with previous reports, WAY 100635,

methiothepin, spiperone, and (+)-butaclamol were inverse

agonists at 5-HT1A receptors (Newman-Tancredi et al., 1998;

McLoughlin and Strange, 2000; Cosi and Koek, 2000). In

contrast with a previous report (Newman-Tancredi et al.,

1998) that described the conventional neuroleptics haloper-

idol, chlorpromazine, and pimozide, as neutral 5-HT1A

receptor antagonists, here they showed, together with thio-

ridazine and sertindole, marked inverse agonist activity at

h5-HT1A receptors as evidenced by their ability to decrease

basal [35S] GTPgS binding, which was enhanced in the

absence of added Na + . They were all able to shift the

concentration–response curve of 5-CT to the right, and their

pKb value to antagonize 5-CT was higher than their pKi at

h5-HT1A receptors, and ranging from about 3-fold higher for

haloperidol to almost 30-fold higher for spiperone. Neutral

antagonists and partial agonists had a pKb similar to or lower

than their pKi. The results obtained with all compounds

showed that the Emax values in the [35S] GTPgS binding

assay correlate strongly (r =� 0.89, P < 0.0001) with the Kb/

Ki ratio. This correlation supports the idea that a high Kb/Ki

ratio may be predictive of inverse agonist activity, a Kb/Ki

ratio close to one predictive of neutral antagonism, and a

ratio lower than one predictive of agonist activity (Newman-

Tancredi et al., 1996).

The decrease of basal [35S] GTPgS binding caused by

some antipsychotics and 5-HT1A receptor ligands was

enhanced by omitting NaCl from the reaction buffer, without

affecting their IC50. The extent of the enhancement differed

among compounds. Maximal inhibition to about 25% of

basal [35S] GTPgS binding was produced by sertindole and

thioridazine, in the low Na + condition. These results,

together with previous findings (see below), suggest that

there may be a limit to the extent to which basal [35S] GTPgS
binding can be inhibited that depends on the level and

efficacy of spontaneous receptor precoupling. For instance,

McLoughlin and Strange (2000) recently reported that the

maximal effect of the inverse agonist, spiperone, was not

significantly affected by the concentration of Na + in h5-

HT1A–CHO cells, in contrast with the present results.

Further, they reported that the basal level of [35S] GTPgS
binding in untransfected CHO cells was about 35% lower

than that in transfected cells, suggesting that the maximum

effect a full inverse agonist can exert in this system is about

35%. Basal [35S] GTPgS binding in untransfected HeLa

cells, however, has been shown to be almost 70% lower than

in HA7 cells (Cosi and Koek, 2000). It is conceivable that

differences in G-protein pools account in part for these

differences between h5-HT1A–CHO and HA7 cells. Indeed,

the affinity of the 5-HT1A receptor for the G protein a-
subunit Gia3 is higher than that for the Gia2 subunit (see

references in Raymond et al., 1999). In HeLa cells, Gia3 is

much more expressed than Gia2 (which is almost unde-

tectable by immunoblot), whereas in CHO cells, there is

� 9-fold more Gia2 than Gia3 (Raymond et al., 1993); the

former could be a more favorable condition for spontaneous

receptor precoupling and consequently more favorable to

detect inverse agonist activity. Be that as it may, the ob-

servation that the difference of basal [35S] GTPgS binding

between transfected and untransfected cells is almost twice

as large in HA7 cells than in CHO cells suggests that HA7

cells may afford a more sensitive measure of maximal effect

differences of inverse agonists at 5-HT1A receptors.

Evidence for the involvement of 5-HT1A receptors in the

antipsychotics—induced decrease of basal [35S] GTPgS
binding, and further evidence for the existence of precou-

pling of 5-HT1A receptors in HA7 cells (Cosi and Koek,

2000) was provided by the observation that their effects

could be antagonized by a selective 5-HT1A receptor antag-

onist, (s)-WAY 100135. In the absence of Na + , (s)-WAY

100135 (100 nM) shifted the concentration–response curves

of haloperidol, chlorpromazine, thioridazine, and sertindole,

to the right (with a pKb similar to its pKb to shift the

concentration–response curve of 5-CT in the presence of

Na + ), which indicates that the inverse activity of the com-

pounds was mediated by 5-HT1A receptors. The concentra-

tion–response curve of pimozide, however, was shifted not

only rightward but also upward, suggesting that that the

pimozide-induced decrease of basal [35S] GTPgS binding
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may involve interactions with sites other than the 5-HT1A

receptor.

The therapeutic relevance of the present data for several

drugs, including inverse agonists, is unclear since they acted

only at very high concentrations at 5-HT1A versus D2 sites

(see affinity values in transfected CHO cells, Newman-

Tancredi et al., 1998; Hall and Strange, 1997). Nevertheless,

the present finding that antipsychotics interact with 5-HT1A

receptors, and do so in a different manner, reinforces the idea

that 5-HT1A receptor interactions could play an important

role in the pharmacological profile of certain antipsychotic

agents. In particular, 5-HT1A receptor agonist properties

associated with balanced 5-HT1A/D2 receptor affinities

might be important for antipsychotic activity with less

extrapyramidal side effects. Also, the results show that the

manner in which compounds interact with the 5-HT1A

receptor appears to be related to their Kb/Ki ratio. Finally,

the present findings are further evidence that the NaCl

concentration can affect the ability to detect inverse agonist

activity at cloned human 5-HT1A receptors, likely by influ-

encing receptor precoupling.

Acknowledgements

The authors thank Dr. Marie-Bernardette Assié for helpful
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