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Abstract

in Chinese hamster ovary (CHO) cells expressing cloned human 5-HT,, receptors, S 15535 (4-(benzodioxas-5-yl}!-(indan-2-
yDpiperazine) exhibited high affinity (K; = 0.79 nM), similar to that of 5-HT (0.61 tM), (+)-8-hydroxy-2-(di-r-propylamino)tetralin
((+)-8-OH-DPAT; 0.58 nM) and N-{2-[4{2-methoxyphenyl)-1-piperazinyljethyl}-N-(2-pyridinyl)cyclo-hexanecarboxamide (WAY
100,635; 0.56 nM). In these cells, 5-HT stimulated [**SJGTPyS binding 3-fold (EC 5, = 15 nM) whereas ( + )-8-OH-DPAT exhibited 73%
efficacy relative to 5-HT (EC, = 6.0 nM). WAY 100,635 completely blocked 5-HT- and (4 )-8-OH-DPAT-stimulated [ ¥SIGTPyS
binding. Likewise, S 15535 antagonised 3-HT-stimulated [**SIGTPyS binding, reducing it to 30.1% of control values. S 15535 {100 nM)
also shifted the 5-HT and (+)-8-OH-DPAT stimulation curves to the right, to EC,, values of 870 and 313 nM, respectively. However,
unlike WAY 100,635, which by itself did not stimulate [**SIGTPyS binding, S 15535 alone increased it by 34.7% relative to 5-HT
(ECs, = 5.8 nM). In conclusion, S 15535 antagenises the stimulation of 5-HT,, receptors by 5-HT, whilst itself exerting weak partial

agonist activity at these sites.
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1. Introduction

S 15535 (4-(benzodioxan-5-yl)1-(indan-2-yl)piperazine)
is a highly selective and potent ligand at rat hippocampal
5-HT,, sites (K;=1.8 nM versus >200 nM at other
5-HT receptors; Millan et al., 1994b). In vivo, S 15535
shows agonist and antagonist properties at pre- and post-
synaptic 5-HT, , receptors, respectively. Hence, in electro-
physiological tests, S 15535 behaves as an agonist in
completely inhibiting the firing of raphe-localised seroton-
ergic neurons. In contrast, in animal tests which reflect
post-synartic receptor activation, S 15535 antagonises 8-
hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT)-in-
duced hypothermia, spontaneous tail-flicks and flat-body
posture (Millan et al., 1994b). The mixed ‘agonist/
antagonist’ behaviour of S 15535 raises the question of the
degree of its intrinsic activity at 5-HT,, receptors. This
issue, which has not been previously addressed in in vitro
models of receptor activation, was studied by use of a
[¥SIGTPyS binding protocol. [3S]IGTPyS, a non-hydro-
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lysable analocgue of GTP, binds to agonist-activated G-pro-
teins, providing a measure of agonist efficacy at diverse
receptor types, including muscarinic m,—m,, dopamine
D,, 5-HT,;, and 5-HT, , (Lazareno et al., 1993; Chabert et
al., 1994; Thomas et al., 1995; Newman-Tancred:i et al.,
1996). The present study examined the ability of S 15535
to both stimulate basal [**SIGTPyS binding and antagonise
the stimulation induced by 5-HT and the 5-HT, ,-selective
agonist (+)-8-OH-DPAT. The behaviour of S 15535 in
these tests was compared to that of the novel and selective
5-HT,, ‘silent’ antagonist N-{2-[4-(2-methoxyphenyl)-1-
piperazinylJethyl}-N-(2-pyridinyDcyclo-hexanecarboxamide
(WAY 100,635), which has antagonist properties at both
pre- and post-synaptic 5-HT,, receptors (Fletcher et al.,
1994; Forster et al., 1995).

2. Materials and methods

[*S]GTPyS (1300 Ci/mmol) was obtained from NEN
and [>HN +)-8-OH-DPAT (225 Ci/mmol) from Amer-
sham. S 15535 and WAY 100,635 were synthesised by
Servier chemists. 5-HT was purchased from Sigma and
(4 )-8-OH-DPAT from RBIL.
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Membranes were prepared from recombinant Chinese
hamster ovary (CHO) cells stably expressing the human
5-HT,, receptor (Newman-Tancredi et al., 1992). Cells
grown in suspension culture were harvested by centrifuga-
tion and homogenised in buffer A (Hepes 20 mM, pH 7.5,
and MgSO, 5 mM) using a Kinematica Polytron. The
homogenate was centrifuged at 50000 X g for 30 min and
the membrane pellet resuspended in buffer A. Membranes
(10-20 ug protein) were incubated with [*HK +)-8-OH-
DPAT at 22°C for 2.5 h. Efficacy was determined by
measuring agonist stimulation of [**SJGTPyS binding, as
described previously (Newman-Tancredi et al., 1996).
CHO-5-HT,,, membranes (50 ug protein) were incubated
{20 min, 22°C) in triplicate in a buffer containing Hepes 20
mM (pH 7.4), GDP 3 uM, MgS0O, 3 mM, [*SIGTPyS
(1300 Ci/mmol, NEN) 0.1 nM. Non-specific binding was
defined with 10 uM GTPyS. Agonist efficacy is ex-
pressed relative to that of 5-HT (= 100%) which was
tested at a maximally effective concentration (10 uM) in
each experiment. In antagonist tests, the antagonist was
pre-incubated with cell membranes (30 min, 22°C) prior to
addition of the [**S]GTPyS. Experiments were terminated
by rapid filtration through Whatman GF/B filters using a
Brandel cell harvester. Radioactivity retained on the filters
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was determined by liquid scintillation ccunting and bind-
ing isotherms were analysed by non-linear regression using
the program PRISM (Graphpad). K, values were calcu-
lated by the equaiion: K, = [antagonist] /{(EC’,/ECs;) —
1}; where [antagonist] is the concentration of antagonist,
EC5, is the effective concentration(50) in the presence of
antagonist and EC,, is the effective concentration(50) in
the absence of antagonist. Results are expressed as the
mean + S.EM. of (n) independent determinations.

3. Results

[*HI( £ )-8-OH-DPAT competition binding experiments
yielded the following K values: S 15535: 0.79 + 0.10 nM
(4); 5-HT: 0.61 £ 0.15 nM (3); (+)-8-OH-DPAT: 0.58 +
0.03 nM (3) and WAY 100,635: 0.56 + 0.09 nM (3).

In efficacy measurements, 5-HT concentration depen-
dently increased specific [**S]JGTPyS binding from basal
levels of 4170 + 1060 dpm (3) to a maximum of 12620 +
2030 dpm (3). (4)-8-OH-DPAT increased [*S]GTPyS
binding with an efficacy of 72.6 +3.6% (3) relative to
5-HT (Table 1) whereas WAY 100,635 did not stimulate
[*SIGTPyS binding but instead showed a tendency to
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Fig. 1. Agonism and antagonis.m at cloned human 5-HT,, receptors defined by [* SIGTPyS binding. Membranes of CHO cells stably expressing the
human 5-HT,, receptor were incubated with different ligands in a buffer containing Hepes (20 mM, pH 7.4), GDP (3 uM), MgSO, (3 mM) and

[3.5S].GTITyS (0.1 M) for 20 min at 22°C, Non-specific binding was defined with 10 M GTPyS. Experiments were terminated by rapid filtration and
b}l;'ldmg lSOthl.'mS‘ were analysed by non-linear regression. Points shown are means of triplicate determinations from representative experiments.
[®SIGTPyS binding is expressed as a percentage of the maximal stimulation given by 5-HT. Abbreviations: WAY., WAY 100.635: SDPAT,
(+)-8-OH-DPAT. A: Stimulation of [¥SJGTPyS binding by 5-HT alone, by WAY 100,635 alone, or by 5-HT in the presence of S 15535 (100 nM) or
WAY 100.6.35 (19 nM). B: Stimulation of [*S]GTPyS binding by (+)-8-OH-DPAT alone or in the presence of S 15535 (100 nM) or WAY 100,635 (30
nM) C Stimulation of [¥S]GTPyS binding by S 15535 alone and inhibition by S 15535 of [**SIGTPyS binding induced by 5-HT (1000 nM). D:
Inhibition by WAY 100,635 of [*SIGTPyS binding induced by 5-HT (1000 nM), (+)-8-OH-DPAT (100 nM) or § 15535 (100 nM),
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Table 1

Agonism by 5-HT and (+)-8-OH-DPAT and antagonism by S 15535 and WAY 100.635 at cioned human 5-HT,, receptors

Agonist alone

Agonist + § 15535 Agenist + WAY 109,635

Efficacy (%) EC., (1) EC5 (n) K, ECy(n) K,
5-HT 100 1504 2.2(3) 870 £ 300 (4) 1450 + 280 (3)
2.37 + 061 0.11+0.02
(£)-8-OH-DPAT 726 +36(3) 6.0 +0.7(3) 313+ 77 4) 23201+ 256(3)
2.60 +0.92 0.08 £ 0.01

[*SIGTPyS binding was carried out using membranes of CHO cells stably expressing the human 5-HT,, receptor. Agonist efficacy is expressed relative
to that of 5-HT (= 100%) which stimulated [*S]GTPyS binding from basal values of 4170 + 1060 dpm (3) to a maximum of 12620 + 2030 dpm (3).
ECj;, vaiues (nM) are shown for 5-HT and ( + )-8-OH-DPAT either alone or in the presence of a fixed concentration of either S 15535 or WAY 100,635.
Comresponding K, values (nMj are shown in italics. Results are expressed as means + S.EM. of (n) independeni determinations. The antagonist
concentration of S 15535 was 100 nM, that of WAY 100,635 was 10 nM against 5-HT and 30 nM against (& )-8-OH-DPAT.

decrease {*S]GTPyS binding below basal levels (Fig. 1A
(3)). The stimulation of [**SIGTPyS binding induced by
5-HT (1000 nM) and (4)-8-OH-DPAT (100 nM) was
completely antagonised by WAY 100,635 (Fig. 1D) yield-
ing ICy, values of 9.89 1 1.73 nM (4) and 2.87 + 0.47 nM
(3), respectively. S 15535 also antagonised the stimulation
of [**SIGTPyS binding induced by 5-HT (1000 nM) with
an ICy, of 198 + 57 nM (4), reducing it to 30.1 £ 2.2%
(3) of control values. S 15535 alone increased [*SIGTPyS
binding by a maximum of 34.7 + 2.2% {'0) relative to
5-HT and with an EC,, of 5.8 + 1.4 nM (3) {Fig. 1C). The
stimulation of [*SIGTPyS binding induced by S 15535
(100 nM) was completely antagonised by WAY 100,635
(Fig. 1D) with an ICs, of 4.93 £ 0.71 nM (4). S 15535
(100 nM), like WAY 100,635 (10 or 30 nM), shified the
5-HT and ( +)-8-OH-DPAT stimulation curves to the right
with EC5, and K, values as shown in Table | (Fig.
1A,B).

4. Discussion

The present data indicate that the novel benzodioxo-
piperazine, S 15535, has high affinity at cloned human
5-HT,, receptors. its K, value at 5-HT,, receptors (0.79
nM) is similar to that of (+)-8-OH-DPAT, 5-HT and
WAY 100,635 and compares well with a value of 1.8 nM
at native, rat hippocampal receptors (Millan et al., 1994b).
Although they display similar affinity, these ligands differ
in their ability to stimulate h5-HT,, receptor-mediated
G-protein activation, as measured by [**SIGTPyS binding.
The endogenous agonist, 5-HT, induced a 3-fold increase
in specific [*SJGTPyS binding and, although absolute
experiment-to-experiment variation in 5-HT-stimulated
[33SIGTPyS binding was about 16% (12620 + 2030 dpm),
the efficacies of the other ligands. relative to 5-HT (which
was tested in each experiment), exhibited standard errors
of under 4%. Hence, the prototypic 5-HT,, receptor ago-
nist {4 )-8-OH-DPAT behaved as an efficacious agonist,
stimulating [*S]JGTPyS binding by 73% relative to 5-HT.
This value for (4)-8-OH-DPAT is similar to efficacies

determined in rat hippocampus of 79% for stimulation of
GTPase activity (Odagaki and Fuxe, 1995) and 77% for
inhibition of forskolin-stimulated adenylyl cyclase activity
(De Vivo and Maayani, 1986). The selective 5-HT,, re-
ceptor antagonist WAY 100,635 did not stimulate
[¥SIGTPyS binding (Fig. 1A), consistent with its absence
of agonist activity in a variety of in vivo tests (Forster et
al., 1995). In contrast, WAY 100,635 completely antago-
nised the activation of [*SJGTPyS binding induced by
5-HT or (+)-8-OH-DPAT (Fig. 1D), indicating that this is
mediated specifically by 5-HT,, receptors.

S 15535 (100 nM), like WAY 100,635, exhibited antag-
onist properties in shifting the concentration-response
curves of 5-HT and (4 )-8-OH-DPAT to the right (Fig.
1A,B) with an associated increase in ECy, values of 58-
and 52-fold, respectively (Table 1). In addition, S 15535
concentration dependently antagonised the stimulation of
[¥SIGTPyS binding induced by 5-HT. However, unlike
WAY 100,635, S 15535 did not reduce binding to basal
levels (Fig. 1C). Indeed, S 15535 (alone) stimulated
[*S]GTPyS binding by 34.7%, indicating that it is a weak
partial agonist at 5-HT,, receptors. These results agree
with rat hippocampal binding data obtained using the
radiolabeled form of the compound ([*HJS 15535). Unlike
[*HISs-OH-DPAT, [*H]S 15535 binding is only slightly
inhibited (— 10%) by 100 M GTP (Peglion et al., 1995).

An important factor, when considering agonist effica-
cies, is the expression level of the receptor. The CHO-5-
HT,, membrane preparation used here exhibits an expres-
sion level, measured by [*H]8-OH-DPAT saturation bind-
ing, of 1.0 pmol of receptor/mg. This is at least 4-fold
lower than the amount of agonist-activated G-protein de-
termined in [¥S]GTPyS saturation binding experiments
(unpublished observations). Therefore, the agonist stimula-
tion levels observed in the present study represent the
intrinsic efficacies of the compounds in this system, with-
out ‘exaggeration’ due to receptor reserve. In contrast, in
heterologous expression systems which express much
higher levels of receptor, even partial agonists can behave
like full agonists (cf. pindolol at 5-HT,g receptors; Adham
et al., 1993). It is concluded that the CHO-5-HT, cell line
used here constitutes a model of post-synaptic receptors in



110 A. Newman-Tancredi et al. / Enropean journal of Pharmacology 307 (1996) 107111

vivo, since the efficacy of serotonergic agonists in this cell
line agrees well with those observed in rat hippocampus
(Newman-Tancredi et al., 1992), a region which also lacks
5-HT,, receptor reserve (Yocca et al., 1992). It appears,
therefore, that the = 35% efficacy of S 15535 is low
enough to produce marked antagonist effects post-synapti-
cally in vivo (see Introduction). However, at serotonergic
cell ‘bodies, the weak partial agonist activity of § 13335
may be sufficient to fully activate 5-HT,, autoreceptors,
since they exhibit high receptor reserve and low tonic
activity (Meller et ai., 1990). This profile of activity likely
underlies the effectiveness of S 15535 in animal models of
potential anxiolytic and antidepressant activity (Millan et
al., 1994a).”

The ‘agonist/antagonist’ properties of S 15535 raise
several further issues which deserve comment. First,
whereas the K, value (=2.5 nM) of S 15535, which
shows weak partial agonist activity, is about 3-fold higher
than its K; value (0.79 nM), WAY 100,635 exhibited a
K, value (= 0.1 nM) which was over 5-fold lower than
its K; value (0.56 nM). This suggests that WAY 100,635
may be an inverse agonist, a hypothesis which would be
consistent with (a) its tendency to reduce {*SIGTPyS
binding below basal levels (Fig. 1A). (b) the increase in
[PHIWAY 100,635 binding provoked by GTP (Gozlan et
al., 1995) and (c) the slight stimulation by WAY 100,635
of raphe firing rates (Forster et al., 1995). The idea (which
requires further investigation) that a high K,/K, ratio
may be predictive of inverse agonism, is also valid for
spiperone, which exhibits a K,/K ratio of 25 (Newman-
Tancredi et al., 1992) and which shows inverse agonist
binding properties at h5-HT,, receptors (Sundaram et al.,
1993). Second, the EC,, values for activation of
[*¥SIGTPyS binding by S 15535 and (4)-8-OH-DPAT
(5.8 and 6.0 nM) were about 10-fold higher than their K,
values determined in competition against [*HI( -+ )-8-OH-
DPAT. Differences in K; and EC,, values have been
observed for 5-HT (37-fold) and clozapine (15-fold; New-
man-Tancredi et al., 1996). Since [*H](+)-8-OH-DPAT
selectively labels receptors which are coupled to G-protein
(Sundaram et al., 1993), these differences suggest that the
EC;, values measured by [**S]JGTPyS binding may corre-
late better with the affinity (K,) at receptors not coupled
to G-protein. This interpretation supports the findings of
Chamberlain et al. (1993) who showed that agonist ICs,
values for inhibition of forskolin-stimulated adenylyl cy-
clase activity at rat hippocampal 5-HT,, receptors corre-
late better with K, values at low-affinity [*HJ(+)-8-OH-
DPAT binding sites.

In conclusion, using [*SIGTPyS binding as a mcasure
of efficacy at cloned human 5-HT,, receptors, these data
demonstrate the ability of S 15535 to antagonise the
stimulation of these sites by 5-HT and (4 )-8-CH-DPAT,
whilst itself exhibiting modest intrinsic activity. The acti-
vation induced by S 15535 was completely blocked by
‘WAY- 100,635, a selective 5-HT,, receptor antagonist.
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