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ABSTRACT

We studied the pharmacological properties of twenty-four
5-hydroxytryptamine (5-HT), receptor ligands known to act as
antagonists on 5-HT, receptors positively coupled to adenylyl
cyclase endogenously expressed in mouse colliculi neurons. In
COS-7 cells expressing human or mouse 5-HT,, receptors
(100-8000 fmol/mg of protein), we found neutral antagonists,
partial agonists, and inverse agonists. The majority of neutral
antagonists belong to the benzodioxanyl ketone class, whereas
partial agonists belong to different chemical classes. We found
only two inverse agonists, GR 125487 and SB 207266, which
are both indoles. Analysis of pharmacological characteristics of
the constitutively active wild-type and constitutively active mu-
tated receptors revealed that 1) the ratio between the efficien-
cies of the full agonist 5-HT and the partial agonist RS 23597
was invariable when the receptor density increased, but was
dependent on receptor structure; 2) similarly, the efficacy of the
inverse agonist SB 207266 was not dependent on receptor

density but was dependent on receptor structure; 3) when the
receptor concentration increased, the EC,, values of the full
agonist 5-HT were not modified and the increase in basal
constitutive activity, as well as its stimulation by 5-HT, followed
a parallel evolution; and 4) the stimulation of basal constitutive
activity by 5-HT was not modified by the overexpression of
Gas. All these results indicate that in COS-7 cells, the coupling
of the 5-HT, receptor to adenylyl cyclase was linear with no
indication of spare receptors even at high receptor density (8
pmol/mg). These results are also in accordance with a precou-
pling between the activated receptor (fg.) and adenylyl cyclase.
Such observations allowed us to use the two-state model to
calculate the constant J, i.e., the equilibrium allosteric constant
denoting the ratio of the receptor in the inactive versus active
state (J = [R]J/[R*]). We found that J was a receptor structural
characteristic, independent of receptor density.

Until recently, classical theories of G protein-coupled re-
ceptors (GPCRs) activation assumed that agonist binding by
receptors led to a change in conformation. This change was
supposed to provide a way for the receptor-agonist complex to
activate the G proteins. Recent descriptions of basal consti-
tutive activity of GPCRs and inverse agonism have shed light
on several new issues (Costa et al., 1992; Kjelsberg et al.,
1992; Samama et al., 1993; Bond et al., 1995). One issue
concerns the behavior of receptor antagonists; the other con-
cerns the nature of basal constitutive activity. It is now
evident that compounds that were considered to be antago-
nists indeed behave as partial agonists, neutral antagonists,
or inverse agonists when tested on constitutively active re-
ceptors (Chidiac et al., 1994). There are limited data report-
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ing the possible “physiological” role of basal constitutive ac-
tivity of GPCRs. One study concerns opsin, the rhodopsin
apoprotein. The constitutive activity of opsin is certainly
responsible for transduction noise caused by previous light
exposure (Surya et al., 1995). If such noise exists in other
GPCR systems, it is important to determine the pharmaco-
logical characteristics of antagonists, especially those used in
clinical tests because a neutral antagonist may not have the
same therapeutic effect as an inverse agonist.

The primary goal of this study was to determine the effi-
cacy of classical 5-hydroxytryptamine (5-HT), receptor an-
tagonists on 5-HT, receptors transfected in COS-7 cells.
5-HT, receptors are Gs-coupled GPCRs showing marked con-
stitutive activity at low physiologically relevant concentra-
tions when transfected in different cell lines (Claeysen et al.,
1997, 1999).

The secondary goal was to analyze the pharmacological

ABBREVIATIONS: GPCR, G protein-coupled receptor; 5-HT,, 5-hydroxytryptamine 4; R, inactive receptor conformation; R*, active receptor
conformation; DMEM, Dulbecco’s modified Eagle’s medium; RT, room temperature; dFBS, dialyzed fetal bovine serum.
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properties of constitutively active wild-type and mutated
5-HT, receptors. Specifically, receptor reserve was studied.
In COS-7 cells, we found that native or mutated 5-HT, re-
ceptors could be expressed without showing any significant
receptor reserve. Finally, we took advantage of this cellular
preparation, in which the relationship between receptor den-
sity and cAMP production was quasi-linear, to analyze our
results with the two-state allosteric model. This model was
introduced by Monod et al. (1965) and developed by Karlin
(1967), Thron (1970), Colquhoun (1973), and Leff (1995) in
the context of GPCRs. It has been used by Bond et al. (1995)
to describe the physiological effects of inverse agonists in
transgenic mice with myocardial overexpression of the B,-
adrenoreceptor. Making some minimal assumptions, we cal-
culated the J constant, the allosteric equilibrium constant
denoting the ratio between the inactive (R) and the active
(R*) states of the receptor, J = [RI/[R*], which to date has
never been determined experimentally. As expected from the
two-state model, we found that J was independent of the
receptor density but dependent on receptor structure.

Materials and Methods

Cell Culture and Transfection. cDNA, subcloned into pRK5,
was introduced into COS-7 cells by electroporation as described in
Claeysen et al. (1996). Briefly, cells were trypsinized, centrifuged,
and resuspended in electroporated buffer (50 mM K,HPO,, 20 mM
CH;CO,K, 20 mM KOH, 26.7 mM MgSO,, pH 7.4) with 25 to 2000 ng
of receptor cDNA. The total amount of DNA was kept constant at 15
pg/transfection with wild-type pRK5 vector. After 15 min at room
temperature (RT), 300 ul of cell suspension (107 cells) was trans-
ferred to a 0.4-cm electroporation cuvette (Bio-Rad, Heide-
mannstrabe, Munchem) and pulsed with a Gene pulser apparatus
(setting 1000 uf, 280 V). Cells were diluted in Dulbecco’s modified
Eagle’s medium (DMEM; 10° cells/ml) containing 10% dialyzed fetal
bovine serum (dFBS) and plated on 15-cm Falcon Petri dishes or into
12-well clusters at the desired density.

Determination of cAMP Production in Intact Cells. Six
hours after transfection, cells were incubated overnight in DMEM
without dFBS with 2 uCi [*H]adenine/ml to label the ATP pool and
cAMP accumulation were measured as described in Dumuis et al.
(1988).

Membrane Preparations and Radioligand-Binding Assay.
Membranes were prepared from transiently transfected cells plated
on 15-cm dishes and grown in DMEM with 10% dFBS for 6 h and
20 h in DMEM without dFBS as previously described (Ansanay et
al., 1996). The cells were washed twice in PBS, scraped with a rubber
policeman, harvested in PBS, and centrifuged at 4°C (200g for 4
min). The pellet was resuspended in buffer containing 10 mM
HEPES (pH 7.4), 5 mM EGTA, 1 mM EDTA, and 0.32 M sucrose, and
homogenized 10 times with a glass-Teflon potter at 4°C. The homog-
enate was centrifuged at 20,000¢ for 20 min, and the membrane
pellet was resuspended in 50 mM HEPES (pH 7.4; 5 mg of protein in
1 ml of solution) and stored at —80°C until use.

5-HT, receptor densities were estimated with the specific radioli-
gand [*H|GR 113808 at saturating concentration (0.4-0.6 nM, K, =
0.12 nM) as described previously. 5-HT (50 uM) was used to deter-
mine nonspecific binding. Protein concentration in the samples was
determined with the Bio-Rad protein assay (Bradford, 1976).

Membrane Preparation, Gel Electrophoresis, and Immuno-
blotting. Ga, cDNA subcloned into pRK5 was transfected in COS-7
cells. Membranes were prepared from cells plated on 10-cm dishes,
washed twice in PBS, scraped with a rubber policeman, harvested in
PBS, and centrifuged at 4°C (200g for 4 min). The pellet was resus-
pended in a lysis buffer containing 50 mM Tris (pH 7.4), 1 mM
EDTA, and protease inhibitors then homogenized 20 times with a
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glass-Teflon potter at 4°C. The homogenate was centrifuged at
100,000g for 1 h, and the membrane pellet was resuspended in a lysis
buffer and sonicated for 20 s. A Laemmli sample buffer was then
added.

Membrane extract (30 pg) was loaded per lane and electropho-
resed on 12% SDS-polyacrylamide gel electrophoresis gels. Proteins
were transferred onto nitrocellulose (Amersham Pharmacia Biotech,
Little Chalfont, UK) by humid transfer and the membranes blocked
for 1 h at RT in 5% milk-TBST (100 mM NaCl; 10 mM Tris-HCI, pH
7.4; and 0.05% Tween 20). The membranes were incubated overnight
at 4°C with Gas-specific antibodies produced by Dufour M-N (Centre
National de la Recherche Scientifique Unité Propre de Recherche,
Montpellier, France). The antibodies were generated in rabbits
against a synthetic peptide RMHLRQYELL, corresponding to the
C-terminal region of all the forms of the a-subunit of Gs: Gas (short;
45 kDa) and Gas (long; 52 kDa). The antibodies were used at a
dilution of 1:500 onto blocking buffer. After extensive washing in
TBST, membranes were incubated for at least 1 h at RT with per-
oxidase-coupled secondary antiserum, diluted in 5% milk-TBST (1:
4000 for anti-rabbit). After further washing, the immunocomplexes
were revealed by enhanced chemiluminescence (Renaissance Plus;
NEN Life Science Products, Zaventem, Belgium).

Data Analysis. The dose-response curves were fitted according to
the equation y = (ynax — Ymin)/1 + @Q/ECso)nyg + ymin) where ECy is
the concentration of agonist giving a response equal to 50% of the
maximum; y,,.. and y,;, correspond to the maximal and minimal
values, respectively; and ny is the Hill coefficient, with the Kaleida-
graph program. Statistical differences were examined with the Stat-
View Student program (Abacus Concepts, Berkeley, CA) with ¢ tests.

Drugs. GR 113808 ([1-[2(methylsulphonyl-amino)ethyl]4-piperidi-
nyllmethyl-1-methyl-indole-3 carboxylate, maleate) and GR 125487 ([1-
[2(methylsulphonyl-amino)ethyl]4-piperidinyllmethyl-5-fluoro-2-
methoxy-1-H-indole-3-carboxylate, hydrochloride) were synthesized
and generously donated by Glaxo (Ware, UK). [PHIGR 113808 was
purchased from Amersham and 5-HT was purchased from Sigma
Chemical Co., St. Louis, MO. SB 204070 [(1-n-butyl-4-piperidinyl)m-
ethyl-8-amino-7-chloro-1,4-benzodioxane-5-carboxylate] was synthe-
sized and generously donated by SmithKline Beecham Pharmaceuti-
cals (New Frontiers Science Park, Halow, Essex, UK). LY 353433 {1-
(1-methylethyl)-N-[2-[4-[[(tricyclo[3.3.1.1.]dec-1-ylcarbonyl)amino]-
piperidinyl]ethyl]-1H-indazole-3-carboxamide)} and SB 207266 {(N-1-
butyl-4-piperinylmethyl)-3,4-dihydro-2H-[1,3] oxazino[3,2-alindole-10-
carboxamide, hydrochloride} were obtained from Laboratoires
Fournier-Debat (Daix, France). ML 10302 [2-(1-piperidinyl)ethyl 4-ami-
no-5-chloro-2-methoxybenzoate] and ML 10375 [2-(cis-3,5-dimethylpip-
eridino) ethyl 4-amino-5-chloro-2 methoxybenzoate] were synthesized
and obtained from M. Langlois, Centre National de la Recherche Sci-
entifique-BIOCIS, Chatenay-Malabry, France. DAU 6285 {(endo-6-
methoxy-8-methyl-8-azabicyclo [3.2.1] oct 3-yl)-2,3-dihydro-2-oxo-1H-
benzimidazole-1 carboxylate hydrochloride} was obtained from
Boehringer Ingelheim, Milan, Italy; SDZ 205 557 [2-methoxy-4-amino-
5-chlorobenzoic acid 2-(diethylamino) ethyl ester, hydrochloride] and
Tropisetron (ICS 205 930; [(3a tropanyl)-1H-indole-3-carboxylic acid
ester] were obtained from Sandoz Pharma, Basel, Switzerland; and RS
23597([3-(piperidine-1-yl) propyl-4-amino-5-chloro-2-methoxy-benzoate
hydrochloride], RS 39604[1-[4-amino-5-chloro-2-(3,5-dimethoxybenzyl-
oxy)phenyl]-3-[1-[2-[(methylsulfonyl)amino] ethyl]]-4-piperidinyl]]-1-
propanone hydrochoride, RS 100235 {1-(8-amino-7-chloro-1,4-benzo-
dioxan-5-yl)-3-[[3,4-dimethoxyphenyl)prop-1-yl| piperidin-4-yl]propan-
1-one}, RS 057261 {1-(8-amino-7-chloro-2,3-dihydro-benzo|[1,4]dioxin-5-yl)-
3-(1-[3-(4-methoxy-phenyl)-propyl]-piperidin-4-yl)-propan-1-one}, RS
100303 {N-(2-(4-[3-(8-amino-7-chloro-2,3-dihydro-benzo[1,4]dioxin-5-yl)-3-
oxo-propyl]-piperidin-1-yl)-ethyl1)-ethyl)-benzenesulfonamide}, RS 100350
{N-(2(4-[3-(8-amino-7-chloro-2,3-dihydro-benzo[1,4]dioxin-5-y1)-3-oxo-
propyl]-piperidin-1-yl)-ethyl1)-4-methoxy-benzenesulfonamide}, RS
124478 {N-(3(4-[3-(8-amino-7-chloro-2,3-dihydro-benzo[1,4]dioxin-5-y1)-3-
oxo-propyl]-piperidin-1-yl)-propyl) methanesulfonamide}, RS 124523 {1-(8-
amino-7-chloro-2,3-dihydro-benzo[1,4]dioxin-5-yl)-3-(1-[3-(4-fluoro-phe-
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nyl)-propyl]-piperidin-4-yl)-propan-1-one}, RS 124548 {1-(8-amino-7-
chloro-2,3-dihydro-benzo[1,4]dioxin-5-yl)-3-[1-(3-ethoxy-propyl]-piperidin-
4-yl)-propan-1-one}, RS 47109 {1-(8-amino-7-chloro-2,3-dihydro-
benzol1,4]dioxin-5-y1)-3-(1-butyl-piperidin-4-yl)-propan-1-one}, RS 67532
{1-(8-amino-5-chloro-2-(3,5-dimethoxy-benzyloxy)-phenyl]-5-piperidin-1-
yl)-pentan-1-one}, RS 47431 {1-(4-amino-5-chloro-2-methoxy-phenyl]-3-(1-
[3-(4-methoxy-phenyl)-propyl]-piperidin-4-yl)-propan-1-one}, RS 79842 {4-
amino-5-chloro-2-methoxy-N-(1-[3-(4-methoxy-phenyl)-propyl]-piperidin-
4-ylmethyl)-benzamide}, and RS 54580 {1-(4-amino-5-chloro-2-methoxy-
phenyl]-3-(1-[3-(4-dimethoxy-phenyl)-propyl]-piperidin-4-yl)-propan-1-one}
were synthesized and generously donated by Roche Bioscience, Palo Alto,
CA.

Results

Effects of a Series of 5-HT, Receptor Antagonists on
Agonist-Independent cAMP Production in COS-7 Cells
Expressing Transiently Either Human or Mouse
5-HT, ., Receptors. As previously reported (Claeysen et al.,
1999), COS-7 cells expressing 200 to 500 fmol/mg of receptor
protein exhibited, in the absence of agonist, cAMP production
(constitutive activity) that was 2- to 4-fold higher than that
measured in mocked transfected cells (true basal activity;
Fig. 1). We first studied the potential neutral antagonist,
partial agonist, and inverse agonist properties of a series of
drugs that behave as 5-HT, neutral antagonists in colliculi
neurons, one of the most studied 5-HT, receptor-expressing
cells (Dumuis et al., 1988; Bockaert et al., 1997; Clark, 1998;
our unpublished data). Three main chemical classes of an-
tagonists acting on both human and mouse 5-HT,,, recep-
tors were analyzed (Bockaert et al., 1997). The compounds
acting as neutral antagonists generally came from the ben-
zodioxanyl ketone class (Fig. 1, A and D). There were two
exceptions, the benzoate ML 10375 and the indole GR
113808. The 5-HT, receptor ligands that displayed partial

agonistic properties belonged to several chemical classes
(Fig. 1, B and E): benzoates (SDZ 205557); benzamides (RS
79842); aryl ketones (RS 67532, RS 39604, RS 47431); inda-
zole amide (LY 353433, SB 204070, RS 54580); indole car-
boxylate (tropisetron); and benzimidazolones (DAU 6285).
The efficiencies of all these compounds, relative to that of
5-HT, varied from 18 * 4 to 64 = 5% (Fig. 1, B and E). We
found only two potent 5-HT, receptor ligands behaving as
inverse agonists, an indole carboxylate (GR 125487) and an
indole amide (SB 207266; Fig. 1, C and F).
Concentration-Response Curves of Five 5-HT, Re-
ceptor Antagonists on Agonist-Independent and -De-
pendent cAMP Production in COS-7 Cells Transiently
Expressing m5-HT,,, Receptors. As expected, partial
agonists were able to inhibit the 5-HT-stimulated cAMP pro-
duction to levels corresponding to the cAMP productions
observed when they were applied alone at maximal concen-
trations (Fig. 2, A and B). Note that there was no relationship
between potencies and efficiencies of these compounds.
Concentration-Response Curves of Two Potent and
Selective Inverse Agonists, GR 125487 and SB 207266,
on Agonist-Independent and -Dependent cAMP Pro-
duction on COS-7 Cells Transiently Expressing m5-
HT,., Receptors. The two compounds acting as inverse
agonists (Fig. 1, C and F), dose dependently inhibited basal
constitutive activity (Fig. 3, A and B). GR 125487 was 6- to
10-fold more potent than SB 207266. In contrast, SB 207266
was more efficacious than GR 125487. They reduced the
basal constitutive activities to 22 = 7 and 35 * 5%, respec-
tively. Both drugs also were able to inhibit the 5-HT re-
sponses. As expected, at high inverse agonist concentrations,
cAMP productions were similar to those measured in the

12500 12500 2000
< A B C
8 h5-HT, h5-HT, h5-HT,
E 10000 “@ 10000 4@ 1500 - e Fig. 1. Effects of a series of 5-HT, re-
° ceptor antagonists on agonist-indepen-
£ 75001 7500 -1 dent cAMP production in COS-7 cells
5 1000 4 expressing transiently either h5-HT,,,
B or m5-HT,,,, receptors. The effect of 24
E 5000+ 50001 ligands at saturating concentration (10
] 500 4 uM) was evaluated on h5-HT,,, and
% 25001 2500 ] mb5-HT,,, transiently transfected in
< COS-7 cells expressing 1530 *= 156 and
© 0 L 0 1860 *+ 175 fmol/mg of protein, respec-
1234567889101 12345678 0910111213415 123 tively. The percentage conversion of
[PH]ATP to [*H]cAMP in mock-trans-
fected COS-7 cells was 0.157 = 0.013.
12500 12500 E 2000 F cAMP production was measured for 15
§ m5-HT,z) m5-HTy(a) m5-HTy(z) min and expressed as a percentage of
£ 10000 4 100004 control. Each experimental measure-
5 1500 1 ment was performed in triplicate. The
N data show the mean = S.E. of four
& 7500 4 7500 separate experiments. The classical
2 1000 A 5-HT, receptor antagonists are classi-
£ 5000 4 5000 fied in A and D with few effects on the
° basal levels and defined as neutral an-
o 500 tagonists. In B and E, 5-HT, receptor
E 2500 2500 antagonists that stimulated cAMP for-
G mation, defined as partial agonists,
o B were compared with 5-HT. In C and F,
123456789101 123456789101112131415 123 5-HT, receptor antagonists that inhib-
1 basal (onst. actvit) 7 RS 124478 1 basal (const activiy) 6 ICS 205930 11 RS 79842 1 basal (const. actviy)  ited agonist-independent cAMP pro-
2 ML 10375 8 RS 124523 2 RS 47109 7 SB 204070 12 RS 54580 2 GR 125487 duction are classified as inverse ago-
3 RS 100235 9 RS 124548 3 DAU 6285 8 RS 39604 13 Ly 353433 3 SB 207266 nists.
4 RS 57261 10 GR 113808 4 SDZ 205557 9 RS 23597 14 ML 10302
5 RS 100303 11 5-HT 5 RS 67532 10 RS 47431 15 5-HT

6 RS 100350
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absence of 5-HT. Again, GR 125487 was more potent than SB
207266.

Absence of Effect of Receptor Density on Partial
Agonist RS 23597 and Inverse Agonist SB 207266 Effi-
ciencies. When the density of 5-HT,,, receptors was in-
creased from 200 to 8300 fmol/mg of protein, we observed an
increase in basal constitutive activity, as well as a propor-
tional increase in the 5-HT-stimulated response (Fig. 4A).
However, in contrast to what was expected if spare receptors
were present (Leff, 1988; Kenakin and Morgan, 1989), we
found that the efficacy of the partial agonist RS 23597 rela-
tive to that of 5-HT was constant regardless of receptor
density (Fig. 4C). Similar results were observed when consti-
tutively active, mutated 5-HT, receptors (5-HT,RA258L and
5-HT,RA327; Claeysen et al., 1999) were studied. The effi-
cacy of RS 23597 was characteristic of the receptor (45 + 3,
69 + 5, and 83 = 7% for wild-type 5-HT, R, 5-HT,RA327,
and the 5-HT,RA258L, respectively; Fig. 4E).

Although the efficacy of partial agonists has been mea-
sured in many cellular systems, particularly as a function of
receptor density, no such data are available for inverse ago-
nists. The efficacy of SB 207266 in inhibiting activity of the
wild-type 5-HT,R, as well as the constitutively active, mu-
tated 5-HT,R (5-HT,RA258L and 5-HT,RA327), was con-
stant regardless of receptor density (Fig. 4, D and F). The
efficacy of the inverse agonist was 70 = 3, 50 = 4, and 32 +
3% for wild-type 5-HT,,,R, 5-HT ,RA327, and 5-HT ,RA258L,
respectively. Together, these observations clearly indicate
that the efficacy of the inverse agonist was a characteristic of
receptor structure.

Absence of Effect of Receptor Density on 5-HT Re-
sponse Curves. We determined whether the cellular model
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used herein expressed receptor reserve and a nonlinear be-
havior as a function of receptor density. As seen in Fig. 5, A
and B, the stimulation of the basal constitutive activity by
5-HT was constant regardless of receptor density (up to 8000
fmol/mg of protein). In addition, the EC;, of the dose-re-
sponse curves did not shift to the left (Fig. 5C). Similarly, the
5-HT stimulation of basal constitutive activity was constant
regardless of the concentration of mutated receptors (5-
HT,RA258L and 5-HT,RA327; Fig. 5D). However, the 5-HT
stimulation of basal constitutive activity was a receptor char-
acteristic (Fig. 5D). It was lower for mutated than for wild-
type 5-HT,R. Note that we have previously found that the
mutated receptors yielded higher basal constitutive activities
than the wild-type 5-HT R (Claeysen et al., 1999 and legends
to Figs. 4 and 5).

Concentrations of Gs and Adenylyl Cyclase Did Not
Limit 5-HT-Stimulated cAMP Production Regardless
of Receptor Density. One important parameter to consider
when analyzing receptor efficacy is whether there is a limit-
ing factor between activated receptors and the measured
function. In this study, the measured function is cAMP pro-
duction. As seen in Fig. 6, 5-HT stimulation of basal activity
did not significantly change regardless of receptor density
when we overexpressed Gag. This suggests that neither Gog
nor adenylyl cyclase were limiting.

Determination of the Allosteric Equilibrium Con-
stant J Denoting Ratio between Inactive R and Active
R* State of 5-HT, Receptors According to Two-State
Model. Three main models have been used to explain results
obtained with GPCRs that exhibit constitutive activities and
on which some ligands are inverse agonists: the two state-
model (Bond et al., 1995; Leff, 1995), the extended ternary

A —5-HT B

100 W DAU 6285 100 +
o RS 100235
® SB 204070
A RS 39604
B RS 23597 50

cAMP formation
(% of maximal 5-HT response)

+ 5-HT

Fig. 2. Concentration-response curves
of five 5-HT, receptor antagonists on
agonist-independent and -dependent
c¢AMP production in COS-7 cells tran-
siently expressing m5-HT,,, recep-
tors. COS-7 cells transiently express-
ing 1650 * 145 fmol/mg of protein of
m5-HT,,, receptors were exposed to
increasing concentrations of each drug
in the absence (A) and in the presence
(B) of 0.1 uM 5-HT. cAMP production
measured for 15 min was expressed as
a percentage of maximal 5-HT re-
sponse. The results are representative

R
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Fig. 3. Concentration-response curves
of two potent and selective inverse
agonists (GR 125487 and SB 207266)
on agonist-independent and -depen-
dent cAMP production on COS-7 cells
transiently expressing m5-HT,,, re-
ceptors. COS-7 cells transiently ex-
pressing 1520 + 128 fmol/mg of pro-
tein of mb5-HT,,, receptors were
exposed to increasing concentrations
of each drug in the absence (A) and in
the presence (B) of 0.1 uM 5-HT.
cAMP production was measured for 15
min and expressed as a percentage of
basal cAMP formation (A) and as a

+ 5-HT

-Log[Drug] (M)

percentage of maximal 5-HT response
(B). The results are representative of
three independent experiments per-
formed in triplicate.
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Fig. 4. Efficiencies of a partial agonist (RS 23597) and an inverse agonist (SB 207266) on constitutively active wild-type and mutated 5-HT, receptors.
Effect of receptor density. A, COS-7 cells expressing five different receptor densities (from 200 to 8300 fmol/mg of protein) were assayed for basal, RS
23597 (10 uM)-, and 5-HT (10 uM)-stimulated cAMP production. Levels of cAMP accumulation were measured after a 15-min incubation and
expressed as a percentage of cAMP accumulation in mock-transfected cells. The percentage conversion of [PHJATP to [PH]cAMP in mock-transfected
COS-7 cells was 0.115 * 0.014. Each value is the mean * S.E. of four independent experiments each performed in triplicate. B, efficacy of the inverse
agonist (SB 207266) on basal constitutive activities of m5-HT,,, receptors expressed at different receptor densities (from 100 to 6000 fmol/mg of
protein). Basal and residual cAMP productions in the presence of SB 207266 (100 nM) were measured after a 15-min incubation and expressed as a
percentage of cAMP accumulation in mock-transfected cells. The percentage conversion of [’HJATP to [*H]cAMP in mock-transfected COS-7 cells was
0.134 *+ 0.018. Each value is the mean * S.E. of four independent experiments each performed in triplicate. C, cAMP accumulations in response to
RS 23597 reported in A were expressed as a percentage of maximal 5-HT response and plotted as a function of m5-HT,,, receptor density. D, residual
cAMP productions in the presence of SB 207266 (100 nM) reported in B were expressed as a percentage of basal cAMP formation and plotted as a
function of m5-HT,,, receptor density. E, cAMP accumulations in response to RS 23597 (10 uM) on COS-7 cells transiently expressing two highly
constitutive mutated 5-HT, receptors: m5-HT,A327 and m5-HT,,,A258L receptors were directly expressed as a percentage of maximal 5-HT response
and plotted as a function of receptor densities. F, efficacy of the inverse agonist (SB 207266) on basal constitutive activities on COS-7 cells transiently
expressing m5-HT,A327 and m5-HT,, ) A258L receptors. Residual cAMP productions in the presence of SB 207266 (100 nM) were expressed as a
percentage of basal cAMP formation and plotted as a function of m5-HTA327 and m5-HT,,,A258L receptor densities.
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complex model (Samama et al., 1993), and the cubic ternary
complex model (Kenakin, 1996). We analyzed our results
with the simplest one, the two-state model. This model can be
represented as shown in Scheme 1.

L
+

L
+

——
R —— R*

KL

RL

Scheme 1

P

Ky «

R*L

The receptor exists in two forms, R and R*. In the absence
of a ligand (L), the distribution between the two states is
governed by the equilibrium constant

J = [R]/[R*]

(D

The ligand has affinities for the two states governed by the
dissociation equilibrium constant K;, and K; * with

K, = [R][L)/[LR]
K. * = [R*][LJ/[LR*]

(2)
(3)

[Rltot = [R] + [R*] + [LR] + [LR*] (4)
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The agonist has a higher affinity (lower dissociation equilib-
rium constant [K; *]) for R* than for R (K ; K; */K;, << 1) and
thus displaces the equilibrium toward R*. A neutral antago-
nist has an identical affinity for R* and R (K */K; = 1),
whereas an inverse agonist has a higher affinity for R than
for R* (K;*/K;, >> 1) and thus displaces the equilibrium
toward R.

With these equations, it is possible to derive the relation-
ship between the concentration of receptors in the active
form [R*] + [LR*] and the concentration of agonist [L]. Ex-
pressing this as a fraction (fg-) of the total receptor concen-
tration gives

(fx™) = Kp* + [LI/Ky *(1 + J) + (1 + JK*/K)[L] - (5)

In COS-7 cells expressing 5-HT, receptors, we observed no
evidence for receptor reserve, even at high receptor density.
Therefore, in this particular system, we can assume that
cAMP production is proportional to (fg-):

cAMP = K * + [LI/Kp*(1 + J) + (1 + JK */K)[L]  (6)

It is important to note that the two-state model does not
imply a linear relationship between R* and response. From
eq. 6 one can write: 1) basal constitutive activity = 1/(1 + J)
(eq.7), taking [L] =0ineq.5;and 2) V.. = /1 + J (K */K;)
(eq. 8), taking L > K; and K; * in eq. 5.

For a full-potent agonist such as 5-HT, one can propose K; *
<< K; . Concerning 5-HT, receptors, published experimental
data indicate that the affinity of 5-HT for 5-HT, receptors
labeled with an agonist ([*H]5-HT) is equal to 6.3 nM (Adham
et al., 1996), whereas the affinity of 5-HT for 5-HT, receptors
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Fig. 5. Effect of receptor densities on the
efficacy and potency of a full agonist (5-
HT) on constitutively active wild-type
and mutated 5-HT, receptors. A, cAMP
accumulation in response to increasing
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COS-7 cells expressing different m5-
HT,,, receptor densities. The percentage
conversion of [PHJATP to [*H]cAMP in
mock-transfected COS-7 cells was
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measured for 15 min and expressed as a
percentage of control. Each experimental
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labeled with an antagonist ([*'HJGR 113808) is equal to 794
nM (Adham et al., 1996). These two affinities are likely to be
close to the affinities of 5-HT for R* and R, respectively, and
thus probably close to K; * and K|, respectively. Under these
conditions, [K; *|/[K;] = 0.008. It is more difficult to a priori
approximate the J value. However, we know that even at
physiological concentrations of 5-HT, receptors, the basal
constitutive activity is equal to 2 to 3 times the basal activity
of mocked transfected cells (Claeysen et al., 1999, no. 1721).
Therefore, we can make the minimal hypothesis that 10% of
the receptors are under the R*, J = 9. Vs then equal to
1/(1 + 9 X 0.008) = 0.93 (eq. 5 with J = 9 and K;*/K,
=0.008), which is close to 1.

When the four dose-effect curves of Fig. 5A were plotted,
taking for each curve the corresponding V_ . for 5-HT equal
to the upper limit of 1, the curves were superimposable (Fig.
7A). In particular, the basal constitutive activities (1/(1 + J))
(L = 0in eq. 5) were identical (Fig. 7A). The value of J can be
calculated. J was not statistically different when the receptor
density varied from 200 to 8000 fmol/mg of protein (Fig. 7B).
The mean value being equal to 6.15 = 0.62 (n = 12). This
indicates that in these cells, 14 = 0.43% of receptors were in
the R* state in the absence of ligand. When a similar study
was performed with mutated 5-HT,Rs, J values close to 1
were found for 5-HT,RA258L and 5-HT,RA327, respectively
(50% of the receptors were in R* in the absence of agonist;
Fig. 7B). Again, the J values were constant regardless of the
receptor density.

Discussion

The 5-HT, receptor was first defined 10 years ago as being
a receptor for which the classical 5-HT receptor antagonists
were ineffective, except for tropisetron, which was a weak

1000

750 —

500 | i ¢

Maximal 5-HT stimulation (% of basal)

250 - 1 2
O 5-HT4q) - .
® 5-HTy() + GosL — —
0 | T T
0 2000 4000 6000 8000

Receptor density (fmol/ mg protein)

Fig. 6. Effect of overexpression of Gag, on 5-HT stimulated cAMP pro-
duction in function of m5-HT,,, receptor densities. Maximal cAMP accu-
mulations in response to 5-HT measured in COS-7 cells expressing dif-
ferent concentrations of m5-HT,,, receptors in the absence or presence of
overexpression of Ga,; expressed as a percentage of basal cAMP produc-
tion and plotted as a function of m5-HT,,, receptor density. Inset, im-
munoblotting of endogenous Ga, expressed in COS-7 cells (line 1) and the
immunoblotting of endogenous Ga, plus Ga,, overexpressed in COS-7
cells (line 2).

competitive antagonist (Dumuis et al., 1988). Several phar-
maceutical companies have identified a large series of potent
and specific agonists and antagonists (Bockaert et al., 1997).
Therapeutic implications of 5-HT, receptor ligands are now
used in therapy, such as agonists in treatment of gastric
hypomotility, improvement of esophageal acid reflux, and
augmentation of stomach emptying (Bockaert et al., 1994;
Eglen and Hedge, 1996). These companies also were inter-
ested in potential therapeutic indications of antagonists or
partial agonists in pathologies such as irritable bowel syn-
drome, arrhythmia, and urinary incontinence (Eglen and
Hedge, 1996; Bockaert et al., 1997; Gaster and King, 1997).

There is still some debate whether, under physiological
conditions, the J constant and/or the density of receptors is
high enough to trigger a detectable basal constitutive activ-
ity. As already indicated in the Introduction, metarhodopsin-
II, the activated species of rhodopsin, decays to the apopro-
tein opsin and free all-trans-retinal. Opsin has an intrinsic
activity that can be inhibited by reintroducing 11-cis-retinal
(Surya et al., 1995). This constitutive activity could be the
source of an adaptive signal that could switch itself off by
converting this protein to rhodopsin. This may explain why
photoreceptor sensitivity is related to transduction noise
caused by previous light exposure. This suggestion was first
made by Barlow (1964). If such events occur with other
GPCRs systems under nonmutated conditions, it is evident
that neutral, inverse agonist or partial agonist types of an-
tagonists will not provide the same therapeutic effects.
5-HT, Rs are good candidates for having physiological consti-
tutive activity because in several cell lines, its expression at
low density (100-500 fmol/mg) resulted in a 2- to 4-fold
increase in basal constitutive activity (Claeysen et al., 1999).
Therefore, the first goal of this study was to reconsider the
pharmacological properties of drugs, which are 5-HT,R an-
tagonists on 5-HT,R expressed in mouse colliculi neurons, on
a system expressing a basal constitutive activity. COS-7 cells
expressing 100 to 8000 fmol/mg of protein of 5-HT,Rs were
chosen. A large series of neutral antagonists, all (except one)
belonging to the benzodioxanyl ketone chemical class was
found. Only two drugs were inverse agonists, both being
indole derivatives (GR 125487 and SB 207266). All the oth-
ers, belonging to various chemical classes, were partial ago-
nists. Several compounds were particularly interesting. ML
10302 behaved as a neutral antagonist on 5-HT,Rs present
in mouse colliculi neurons (Bockaert et al., 1997) but acted as
a very active partial agonist in inducing contractions of
guinea pig ileum and relaxation of rat esophagus (Langlois et
al., 1994; Eglen and Hedge, 1996). In cells transfected with
mouse or human 5-HT,., receptors as described herein,
ML10302 acts as a very efficacious partial agonist. In the
two-state model, the V. activity of a partial agonist is equal
to Ve = V(A + J K */K;; eq. 3). Therefore, these results
may suggest that either the K;*/K;, or the J constant are
different when the mouse 5-HT, receptors are expressed in
colliculi neurons or in transfected cells. It would be interest-
ing to measure the J constant, as described herein, for a given
receptor but on different cell lines. J may vary from one
tissue to another depending on several factors (e.g., covalent
modifications of R or R*, protein-lipid environment differen-
tially affecting R or R*). Similarly, in rat esophagus and
guinea pig ileum the J constant or the K;/K; * ratio may be
different. Blondel et al. (1998) described that ML10375, a
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potent and selective 5-HT, receptor antagonist (Yang et al.,
1997), behaved as an inverse agonist on human receptors
transfected in COS-7 cells, the same model as we used
herein. In contrast, we found that it behaved as a neutral
antagonist. We have no explanation for such a discrepancy.

In classical pharmacological and operational models (Leff,
1988; Kenakin and Morgan, 1989), the response is described
through a hyperbolic forcing function E= ET[LR]/C, + [LR]
(eq. 9), where [LR] is the concentration of the agonist (L)
receptor complex, ET is the maximal response that could be
obtained if [LR] is very high, compared with C,,, which rep-
resents the coupling constant (concentration of LR giving
half of the ET response). In such a model, and at maximal
agonist concentrations, the maximal response (£, = effi-
cacy) is limited by the concentration of LR in the cell, equal to
RT and the coupling constant C,.

A partial agonist can be seen as a drug, giving an LR
complex with a coupling constant higher than that of a full
agonist. If RT > C,, increasing RT should provide a way of
reaching the same E,, with both a partial and a full agonist.
In contrast, if RT is low compared with C, ([RT] << C,
absence of spare receptors) all the results found in this report
are expected.

First, when [RT] was increased from 200 fmol/mg to 8300
fmol/mg the ratio between the full agonist 5-HT- and the
partial agonist RS 23597-stimulated cAMP production was
constant. This constant ratio also was observed in cells trans-
fected with the mutated 5-HT, receptors.

Second, when [RT] was increased, the efficiencies of in-
verse agonists remained unchanged.

Third, we found a linear relationship between the increase
in basal constitutive activity and the 5-HT-stimulated re-
sponse, regardless of the wild-type and mutated receptor
densities (up to 8000 pmol/mg of protein; Fig. 5). Such a
constant stimulation of basal constitutive activity by B,-ad-
renergic agonists also has been found by others in Chinese
hamster ovary cells expressing increasing receptor concen-
trations (Samama et al., 1993; Ambrosio et al., 2000). In
contrast, Chen et al. (2000) found that the stimulation of the
human receptor-mediated constitutive activity, by the calci-
tonine hormone, decreased with increasing receptor density.

Fourth, the EC;, value of the 5-HT dose-response curves
was unchanged when the density of receptor increased. This
behavior also was found for B,-adrenoreceptor-stimulated
cAMP production in Chinese hamster ovary cells (Ambrosio
et al., 2000) and C6 glioma cells (Zhong et al., 1996). It is
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important to note that the number of transfected cells that
remained the same regardless of the density of receptors
(60%) is probably because the total amount of DNA was kept
constant during transfection. This was verified with epitope-
tagged (c-Myc) 5-HT, receptors (data not shown). These data
indicated that the response was not limited by the coupling
components and especially the Gs protein and this conclusion
was verified. The 5-HT stimulation of basal constitutive ac-
tivity was not modified after overexpression of Gag;.

Fifth, the linearity between receptor occupancy and cAMP
response also can be explained if one considers that 5-HT,
receptors are precoupled, i.e., associated with only one G
protein, at least for the R* form. Such a preferential associ-
ation with a G protein could be due to limited R diffusion
within the membrane, G protein, and adenylyl cyclase. Al-
though the precoupled hypothesis is old, it may apply to some
receptors in particular cellular contexts (Braun and Levitsky,
1979; Lefkowitz et al., 1993; Kenakin, 1996). Recently, many
precoupled GPCR/G proteins have been generated by fusing
the coding sequences of both proteins (Seifert et al., 1999). No
dramatic difference in the dose-response curves was observed
compared with the natural system. For example, in a recent
report, Walddoer et al. (1999) found the same EC;, in the
cAMP dose-inhibition curves induced by A,-adenosine recep-
tors or A;-adenosine/Gai;-fused receptors. An important im-
plication of these studies is that it is not necessary for Ga to
diffuse away from the receptor to reach its targets. The
signaling proteins (receptors-G protein-effectors) are more
likely to be packed together than previously thought.

Sixth, in a precoupled model, and providing that the G
protein concentration is not limiting, which seems to be the
case in this study (Fig. 6), increasing the receptor density will
increase the maximal response but not the agonist potency.
This is because the potency is an intrinsic property of each
receptor related to the ratio K; /K, * for a given drug. Such a
precoupling hypothesis also can explain why the inhibition of
the basal constitutive activity by the inverse agonist SB
207266 was constant regardless of the receptor density (Fig.
4). The efficacy of inverse agonists was dependent of the
structure of the receptor, being lower for the mutated than
for the wild-type receptor.

Seventh, only a few reports have tried to fit data obtained
with GPCRs displaying constitutive activity to calculate im-
portant constants such as J. Samama et al. (1993) used the
ternary complex model and found it to correctly fit their data.
Bond et al. (1995) was successful in using the two-state
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&5 s} -fﬁ- FE Fig. 7. Calculation of the allosteric J con-
stant. A, according to the two state-
model, basal values are equal to 1/(1 + J)
0 5-HTyq) (eq. 7). cAMP productions in response to
@ 5-HT4A327 increasing concentration of 5-HT per-
© 5-HT,A2s8L formed in Fig. 4A were expressed as a

fraction of maximal 5-HT response (taken
as equal to 1 in each condition). B, J con-
stant values calculated from basal values
equal to 1/(1 + J) (eq. 7) are plotted at
increasing receptor densities for the wild-
type m5-HT,,, and both mutated m5-
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model to fit the responses obtained with constitutive B-
adrenergic receptors overexpressed in myocardial muscle of
transgenic mice. However in both studies, the data were
fitted with a priori constant values with no attempt to obtain
them from experimental data. One of the main assumptions
required to fit the data with the two-state model, to calculate
the J constant, without introducing to many a priori con-
stants is that there is a linear relationship between the
fraction of active receptors (fz-) and the response. The data
presented herein fulfill this assumption. J was 6.15 + 0.62
when wild-type 5-HT, receptors are transfected in COS cells.
This corresponds to 14 = 0.43% of the total wild-type 5-HT,
receptor population, which is in the R* state. We verified two
important implications of the two-state model. First, the
absence of effect of receptor density on the equilibrium J
constant that determines the distribution of receptors be-
tween R and R*. Second, the absence of effect of receptor
density on the efficacy of partial and inverse agonists. We
also verified that the J constant was dependent on receptor
structure, being close to 1 (50% of receptor under the R*
state) for mutated 5-HT,RA258L and 5-HT,RA327. However,
it is likely that such a simple model may be less satisfactory
to describe other GPCR systems in which a clear hyperbolic
relationship exists between active receptors and the final
response (Chen et al., 2000).

And eighth, when transfected in COS-7 cells, the relation-
ships between the density of wild-type and mutated 5-HT,
receptors and the cAMP responses were linear. This allowed
us to use the simple two-state model to describe the dose-
effect curves and to determine the J constant, an important
parameter in the allosteric hypothesis of receptor action.
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