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SUMMARY

The activities of serotonergic antagonists as inverse agonists at
the rat 5-hydroxytryptamine (5-HT),c serotonin receptor were
compared with their potencies in promoting receptor “down-
regulation,” after expression of the recombinant receptor in the
baculovirus/Sf9 insect cell system. Baculovirus expression
yielded high levels of 5-HT,c receptors (up to 10® receptors/
cell), which were functionally coupled to polyphosphoinositide
turnover in Sf9 cells through a pertussis toxin-insensitive path-
way. The expressed receptor exhibited spontaneous activation
of inositol phosphate production, which was inhibited in a
dose-dependent manner by serotonergic antagonists, consis-
tent with inverse agonist activity. The potencies of antagonists
as inverse agonists correlated with their respective binding
affinities determined in competition binding studies with mem-
brane preparations. The maximal inhibition of spontaneous ac-
tivity ranged from 32% inhibition for mianserin to no effect for
spiroxatrine, indicating that antagonists differ in their intrinsic

inverse efficacies. Antagonist treatment of intact Sf9 cells or
membranes containing the 5-HT, receptor, followed by wash-
out of residual drug, resulted in a decrease (up to 90%) in the
number of binding sites for [°Hjmesulergine and [PH]5-HT, with
no change in the affinity for [°Hjmesulergine. The decrease in
binding was irreversible, was not due to the presence of resid-
ual antagonist, and was not observed after treatment with
agonists. This effect of antagonists in membranes was dose
dependent, but the rank order of potency was clearly different
from that for inverse agonist activity, indicating that the two
effects reflect distinct actions of antagonists at the 5-HT,¢
receptor. The relative abilities of antagonists to produce loss of
binding showed a good correlation with their reported abilities
to down-regulate 5-HT, receptors in vivo after chronic treat-
ment, suggesting that these actions reflect the same underlying
process.

Serotonin (5-HT) acts as a neurotransmitter and circulat-
ing hormone to control a wide variety of physiological pro-
cesses. The diverse functions of 5-HT are mediated by mul-
tiple 5-HT receptor subtypes (1). With the exception of the
5-HT; receptors, which are ligand-gated ion channels, the
serotonin receptors are members of the G protein-coupled
receptor superfamily and function via trimeric G proteins to
modulate the activities of various cellular effectors, including
adenylyl cyclase and phopholipase C (2).

The 5-HT, receptors include three subtypes (5-HT,,,
5-HT,5, and 5-HT,c), which activate polyphosphoinositide
turnover via a pertussis toxin-insensitive G protein. The
5-HT,, and 5-HT, subtypes are widely distributed in brain,
with the 5-HT,c receptor (formerly named 5-HT,;) being
particularly abundant in choroid plexus, from which the cor-
responding cDNA was originally cloned (3). Although the
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physiological roles of the 5-HT, receptors are poorly under-
stood, the pharmacology of the 5-HT,, and 5-HT, subtypes
has received considerable attention due to the demonstrated
therapeutic efficacy of selective antagonists as antidepres-
sant and antipsychotic agents (4, 5).

A notable feature of antagonist action at the 5-HT,, and
5-HT, receptors is that certain antagonists, when adminis-
tered chronically to rats, produce a decrease in receptor lev-
els in various brain regions, as measured by radioligand
binding. This loss of binding upon prolonged antagonist
treatment has been termed “atypical down-regulation,” re-
flecting the general view that agonists normally down-regu-
late, whereas antagonists up-regulate, receptor numbers. It
has been proposed that this atypical action of antagonists
represents an adaptive response that could underlie the ther-
apeutic efficacy of serotonergic antagonists (4, 5). The mech-
anism by which antagonists exert this effect is unclear.

A recent study provided evidence that serotonergic antag-

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; IP, inositol phosphate; DOI, 2,5-dimethoxy-4-iodoamphetamine hydrobromide; PBS, phosphate-

buffered saline.
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onists exhibit inverse agonist activity at the recombinant
5-HT, receptor expressed in a mammalian cell line (6, 7).
The ability of antagonists to inhibit spontaneous, agonist-
independent receptor activity has been observed for numer-
ous G protein-coupled receptors (8—13) and may represent a
general property of antagonist action on members of this
receptor family. Comparison of the effects of two antagonists
on spontaneous activity of the recombinant 5-HT,. receptor
with their abilities to reduce receptor numbers in primary
cultures of choroid plexus led to the proposal (6) that inverse
agonist activity was directly correlated with atypical down-
regulation of 5-HT, receptors by antagonists in vivo.

In an effort to further investigate the possible relationship
between inverse agonism and atypical down-regulation, we
have analyzed the effects of serotonergic antagonists on
spontaneous activity and receptor numbers for the rat
5-HT, receptor expressed in the baculovirus/insect cell sys-
tem. The results show that the baculovirus-expressed 5-HT,¢
receptor mediates agonist-stimulated release of IPs in intact
Sf9 cells and exhibits elevated spontaneous activity, which is
inhibited by antagonists possessing inverse agonist activity.
Furthermore, pretreatment of intact cells or membrane prep-
arations with antagonists, but not with agonists, resulted in
a dose-dependent decrease in the binding capacity for
[®Hlmesulergine and [*H]5-HT. The rank order of potency for
this effect was clearly different from that for inverse agonist
activity but showed a striking correlation with the reported
abilities of the antagonists to promote atypical down-regula-
tion of 5-HT,c receptors in vivo. Comparison of these two
effects of antagonists on the baculovirus-expressed 5-HT,¢
receptor clearly indicates that inverse agonist activity and
the ability to promote loss of receptor binding capacity rep-
resent distinct actions of antagonists and that drugs can
selectively target one or the other action. Part of this work
has been presented previously (14).

Materials and Methods

Reagents. Buffer chemicals and protease inhibitors were pur-
chased from Sigma, and cell culture media were from Gibco/BRL.
Unlabeled ligands were supplied by Research Biochemicals Interna-
tional, with the exception of RU24969, which was a gift from Roussel
Uclaf. [°’H]Mesulergine (78-82 Ci/mmol) was purchased from Amer-
sham and myo-[*Hlinositol (10-20 Ci/mmol) was purchased from
NEN-DuPont. The AG 1X-8 ion exchange resin was supplied by
Bio-Rad.

The recombinant baculovirus used for expression of the rat 5-HT ¢
receptor was provided by the Biotechnology Research Institute of
Montreal. The virus was constructed using a synthetic DNA frag-
ment encoding the rat 5-HT,; receptor, based on the published
sequence of the cloned cDNA from choroid plexus (3). The synthetic
cDNA was prepared and its sequence was verified by Allelix Biop-
harmaceuticals. The cDNA was inserted into the IpDC-126 baculo-
virus transfer vector, and a recombinant baculovirus was produced
and purified as described previously (15).

Cell culture and receptor expression. Sf9 cells were cultured
in 60-ml batches in 250-ml shaker flasks at 27°, in Sf-900 II serum-
free medium containing 50 pg/ml gentamicin sulfate. Cells were
grown to a density of 3 X 108 cells/ml and infected with the 5-HT,
recombinant baculovirus or with wild-type Autographia californica
nuclear polyhedrosis baculovirus, at a multiplicity of infection of 2.
Viral stocks for infections were in Grace’s insect medium containing
5% fetal bovine serum (Hyclone) and were added to cultures at a
dilution of approximately 1/20 upon infection. The infected cells were

maintained in culture for various periods and used for analysis of
ligand binding and measurement of IP production as described be-
low.

Radioligand binding assays. For the estimation of total recep-
tor numbers in intact Sf9 cells, the cells were pelleted by low-speed
centrifugation (3 min at 800 rpm in a Sorvall H6000A rotor), followed
by resuspension in PBS and recentrifugation, and were resuspended
in either PBS or binding buffer (50 mM Tris-HCl, pH 7.4, 16 mM
MgCl,, 2 mM EDTA, 0.1% ascorbic acid, 5 ug/ml leupeptin, 10 pg/ml
aprotinin, 20 ug/ml benzamidine, 50 ug/ml n-tosyl-L-phenylalanine
chloromethyl ketone, 50 ug/ml trypsin inhibitor). Cell viability after
washing was estimated at 60—70% by trypan blue exclusion. Aliquots
of 10,000 cells were incubated for 1 hr at 27°, in a final volume of 540
ul containing 20 nM [*Hlmesulergine. Incubations were terminated
by vacuum filtration over GF/C filters and washing with binding
buffer at 4°. Bound radioactivity was measured on filters impreg-
nated with MeltiLex melt-on scintillant, using a Wallac MicroBeta
counter. Nonspecific binding was estimated in parallel incubations
containing 10 uM mianserin or metergoline.

For analysis of ligand binding to membrane preparations, cultures
were harvested 48 hr after infection and lysed, and a membrane pellet
was prepared as described previously (16) and stored at —80°. Protein
concentrations were determined by the nitrocellulose amido black
method (17). Membranes were thawed on ice and resuspended in bind-
ing buffer by homogenization with a Potter homogenizer. The mem-
branes (5 ug) were incubated with [*H}mesulergine for 1 hr at 27°,in a
final volume of 540 ul, and the assays were terminated as described
above for intact cells. Saturation binding assays yielded a K, for
[®*Hlmesulergine of 2 nM, and competition binding assays with unla-
beled drugs were carried out with 3 nM [*Hlmesulergine (Table 1).

Analysis of binding kinetics. Time course association experi-
ments with [*Hlmesulergine were carried out by measuring [*Hlme-
sulergine bound at different times after addition of radioligand, as
described above (also see the figure legends). Dissociation experi-
ments were performed by incubating membranes for 60 min at 27°
with [*Hlmesulergine at a concentration of 20 nM or 500 nM (see
Results). The labeled membranes were then centrifuged (2 min at
12,000 rpm in a microfuge) and resuspended in a 1000-fold excess of
either binding buffer alone or buffer containing unlabeled drugs (see
Results). The diluted membranes were then incubated at 27°, and
aliquots were collected in triplicate (with a 30-ml syringe) and vac-
uum filtered over 24-mm GF/C filters, using a Millipore 1225 sam-
pling manifold. Bound radioactivity was measured on the filters by
scintillation counting in 1 ml of Hi-load LKB scintillation cocktail.
Control membranes were processed in parallel to assess stability.

IP production. Growing cell cultures (1 X 10° cells/ml) were
prelabeled with 1 uCi/ml myo-[*Hlinositol for 24 hr before infection,
and the labeled cells were then transferred to 60-ml shaker flasks for
infection. Assays (two or three replications, as indicated) were
started by addition of labeled cells (2.5-10 X 10° cells/well) to a
96-well, deep-well plate (Beckman) containing the drugs to be tested,
followed by immediate mixing. The cells were then incubated for 20
min at 27° in a shaking incubator, and the incubations were stopped
by addition of perchloric acid. Total *H-labeled IPs were measured by
scintillation counting after isolation by anion exchange chromatog-
raphy on AG 1X-8 resin, as described previously (18).

Effect of drug pretreatment on [*Hlmesulergine binding.
Infected Sf9 cell cultures were treated with antagonists by addition
of drugs directly to the culture medium 12 hr before cell harvest.
Cells from cultures treated in triplicate were then quickly washed
with culture medium to remove unbound ligands. Before measure-
ment of total [*Hlmesulergine binding, dissociation of bound ligand
was induced by dilution of the cells (1/500) in PBS/Grace buffer (PBS
supplemented with 26 g/liter sucrose, 0.7 g/liter dextrose, 4.1 g/liter
KCl, 1.36 g/liter MgSO,, 1.01 g/liter MgCl,) and washing of the cells
in the same buffer for three 60-min cycles at 27°. Cells were then
resuspended in binding buffer, and receptor levels were determined
as described above, with 10 nM [*H]lmesulergine.
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Drug pretreatments of membranes were initiated by transfer of
500 pl of membranes in binding buffer (i.e., 200 ug/assay for each
replicate of each drug treatment) to polypropylene tubes (containing
5-HT ligands) and incubation for 60 min at 27°. Treatments were
stopped by centrifugation of membranes at 4000 rpm for 10 min in a
Sorvall H6000A rotor. Membranes were extensively washed as de-
scribed above for whole cells and were resuspended in binding buffer
(10 ng/assay), and the total binding and nonspecific binding of 10 nM
[®*Hlmesulergine were measured in triplicate.

Analysis of data. The binding of [*Hlmesulergine (saturation
experiments) and the inhibition of [*H}mesulergine binding by un-
labeled serotonergic ligands were analyzed in terms of a single class
of binding sites, using the computer program LIGAND (19). Data
from three independent binding experiments were fitted individu-
ally, and the affinities presented for [*'Hlmesulergine (K,;) and other
ligands (K;) represent average * standard error values from three
sets of data. Dose-response data for IPs and antagonist-induced
decreases in [*Hlmesulergine binding capacity were scaled by taking
values measured in the absence of added ligand as 100%. The scaled
data were analyzed according to a four-parameter logistic equation
analogous to the Hill equation (ALLFIT from A. DeLean, Depart-
ment of Pharmacology, Université de Montréal, or INPLOT from
GraphPad Software, San Diego, CA). For the decrease in [*Hlmesu-
lergine binding with each ligand, three or four sets of data were fitted
simultaneously using ALLFIT, with the slope factor being set equal
to 1. Additional details are described in the table and figure legends.
Maximal inverse agonist activities measured for each drug tested
were compared statistically by a two-tailed ¢ test (a = 0.05).

Results

Expression of functional 5-HT ;¢ receptors in Sf9 in-
sect cells. A baculovirus encoding the rat 5-HT,. receptor
was used to express the recombinant receptor in cultures of
Sf9 insect cells. Receptor levels, as measured in whole cells
by the binding of [*Hlmesulergine (10 nM), increased with
time after infection to reach approximately 1 X 10° sites/cell
at 72 hr after infection (Fig. 1). The ability of the expressed
5-HT,c receptor to modulate endogenous phospholipase C
activity in intact Sf9 cells was assessed by measuring the
production of total IPs over 20 min, as described in Materials
and Methods. The levels of intracellular IPs at different
times after infection and with various pharmacological treat-
ments are presented in Fig. 1. The basal level of IP produc-
tion increased over the time course of the infection and at 38
hr after infection was roughly double that at 20 hr. Basal IP
production dramatically decreased at 72 hr, reaching levels

TABLE 1
Pharmacology of the 5-HT . receptor expressed in Sf9 celis
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Fig. 1. Functional coupling of the rat 5-HT,¢ receptor to endogenous
phospholipase C in Sf9 cells. Sf9 cells labeled with myo-[*H]inositol (1
rCi/mi) were infected with a baculovirus encoding the 5-HT,¢ receptor.
[PH]Mesulergine binding was measured in whole cells at 12 hr, 20 hr, 38
hr, and 72 hr after infection (@). IP levels were measured in cells that
had been incubated for 20 min in medium (Sf-900 Il medium with 20 mm
LICI) without the addition of drugs ((J), with 1 um 5-HT (8, with both 1
uM 5-HT and 10 um mianserin (@, or with 10 um mianserin alone (). In
cells infected with wild-type virus, IP levels were not affected by sero-
tonergic drugs and no specific [*H]mesulergine binding was detected
(data not shown).

comparable to those observed for cells infected with wild-type
baculovirus (data not shown). This loss of activity at 72 hr,
the point of highest receptor expression, paralleled a drop in
cell viability (to <10%), consistent with a generalized loss of
cell function at late stages of viral infection.

As shown in Fig. 1, the natural agonist 5-HT was able to
stimulate IP production in whole cells expressing 5-HT,
receptors; the response to 5-HT, however, varied over the
course of the infection. At 20 hr and 38 hr after infection,
5-HT stimulated IP production by 30% and 13%, respectively,
over basal activity measured at the same time point. The
response to 5-HT was completely inhibited by the antagonist
mianserin (10 uM). The agonist had no effect on basal IP
release at 12 hr after infection, when there was little or no
receptor expression (Fig. 1), or in cells infected with wild-type
virus (data not shown). The response to 5-HT was lost at 72
hr, in parallel with the drop in basal activity.

Resuits are expressed as the mean + standard error for at least three experiments, and maximal activity represents the percentage of IP inhibition at the highest drug
concentration (from Fig. 3). Antagonist binding affinities were measured in membranes from Sf9 celis expressing 5-HT,c receptors (48 hr after infection) and IP
responses were measured in whole cells (38 hr after infection), as described in Materials and Methods.

IP responses
Antagonists Binding, pK;
pECso Hill coefficient Maximal activity
% inhibition

Metergoline 9.22 + 0.10 8.81 + 0.20 0.7 £ 0.2 263+ 35
Methysergide 9.12 + 0.05 7.95 + 0.36 09 += 0.2 211 x40
Ritanserin 8.89 + 0.10 7.75 + 0.36 0.8 = 0.2 234+ 43
Mianserin 8.63 + 0.05 7.45+*0.24 09 *0.2 322+26
Mesulergine 8.70 = 0.05 7.35 + 0.46 0.5 +0.2 17.6 = 3.6
Ketanserin 7.69 *+ 0.02 6.70 + 0.21 12+04 16.0 = 3.6
Clozapine 7.62 + 0.20 6.76 = 0.36 1.0+ 0.1 20.0 = 2.0
Spiperone 592 + 0.10 5.08 = 0.41 12+03 20.0 x 2.7
Spiroxatrine® 5.17 = 0.08 5.04 = 0.99 -20*20

*# Spiroxatrine does not affect polyphosphoinositide tumover (Fig. 3) but competes with 5-HT activation (pICs, = 5.04) (Fig. 5).
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The concentration dependence of the stimulation of IP
production by the serotonergic agonists 5-HT, DOI, and
RU24959 was studied in whole cells at 20 hr after infection
(Fig. 2). The rank order of potency for the agonists was 5-HT
= DOI > RU24959 (see the legend to Fig. 2). Whereas DOI
and 5-HT stimulated IP production to equal extents (approx-
imately 80% stimulation), RU24959 acted as a partial ago-
nist of the response (12% stimulation). Treatment of the cells
with pertussis toxin (up to 100 ng/ml) for 24 hr before mea-
surement of IP. production did not alter the stimulatory effect
of 5-HT (data not shown).

The antagonist mianserin, in addition to blocking the stim-
ulatory effect of 5-HT, also produced an inhibition of basal IP
production in the absence of added agonist. The extent of this
inhibition varied from 20% at 20 hr after infection to roughly
40% inhibition at 38 hr. Mianserin had no effect on basal
levels of IP production at 12 hr or 72 hr after infection. These
results suggest that the baculovirus-expressed 5-HT, recep-
tor exhibits spontaneous, agonist-independent activity,
which can be inhibited by the antagonist mianserin. Mian-
serin thus appears to act as an inverse agonist at the 5-HT,¢
receptor, in agreement with a previous report (6).

Analysis of inverse agonist activity. The pharmacology
of a series of serotonergic antagonists at the 5-HT, receptor
in Sf9 cells was examined in binding studies using mem-
branes prepared from Sf9 cells at 48 hr after infection. Sat-
uration binding experiments with these membranes and
[®H]mesulergine gave a receptor concentration of 27 pmol/mg
of protein and an affinity (K;) of 2 nM. The binding affinities
for the antagonists (Table 1), as determined in competition
binding assays, showed the following rank order: metergoline
> methysergide > ritanserin > mesulergine = mianserin >
ketanserin = clozapine > spiperone > spiroxatrine. All of the
antagonists appeared to bind to a single class of sites (the
Hill coefficients were indistinguishable from 1). These results
are in good agreement with those reported for the binding of
antagonists to rat 5-HT, receptors present in choroid plexus
(see Ref. 20 for review) or expressed in mammalian cells (6,
21-23).

The effects of the antagonists on basal IP production, an-
alyzed in whole cells at 38 hr after infection, are shown in
Fig. 3. All of the antagonists tested, with the exception of
spiroxatrine, produced a dose-dependent inhibition of IP pro-

140

-I:-l-l
8 o 88
Y

iPs % of basal

431211109 8 -7 6 5 4 3 -2
log (Drug), M

Fig. 2. Effects of serotonergic agonists on IP release in 5-HT,¢ recep-
tor-expressing Sf9.cells. Sf9 cells labeled with myo-[PH]inositol (1 uCV/
mi) were infected with a baculovirus the 5-HT,¢ receptor, and
IP. levels were measured in whole cells at the agonist concentrations
indicated (abscissa). Data represent averaged values for the percentage
of IP levels, with basal levels being taken as 100%, for DOI, 5-HT, and
RU24959. Curves were fitted and generated using INPLOT, as de-
scribed in Materials and Methods. The EC,, estimates and correspond-
ing slope factors were as follows: 5-HT, 0.02 = 0.01 um and 1.2; DOI,
0.1 + 0.05 um and 0.7; RU24959, 1.3 + 0.1 um and 1.3, respectively.
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Fig. 3. Effects of serotonergic antagonists on IP release in 5-HT,¢
receptor-expressing Sf9 cells. Sf9 cells labeled with myo-[*H}inositol
were infected with the 5-HT,c receptor baculovirus, and IPs were
measured at 38 hr after infection in whole cells, in the presence of
various serotonergic ists. Data from three independent assays
were sealed, taking basal levels of IP release (i.e., in the absence of any
serotonergic ligands) as 100%. The points shown (+ standard error)
represent the averaged scaled data. ECg, estimates are reported in
Table 1 with the corresponding slope factors (Hill coefficients). Spirox-
atrine had no effect on basal IP levels at 20 hr, 38 hr, or 48 hr after
infection (data not shown).

duction. The ECy, values for inhibition by the various antag-
onists (Table 1) showed the same rank order as the binding
affinities, and an excellent correlation (> = 0.97) was ob-
served between the two parameters (Fig. 4). The maximal
inhibition varied depending on the antagonist, ranging from
32% for mianserin to no effect for spiroxatrine at concentra-
tions up to 500 uM (100 times its binding affinity). The rank
order for maximal inhibition was as follows: mianserin >
metergoline = ritanserin = methysergide = clozapine =
spiperone = mesulergine = ketanserin. This clearly differs
from the rank order observed for inhibitory potency and
binding affinity for this series of antagonists. These findings
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Fig. 4. Comelation of inverse agonist potencies and binding affinities
for the baculovirus-expressed 5-HT,¢ receptor. A linear regression was
performed between values obtained for binding affinity (pK)) (Table 1)
and for inhibition of spontaneous 5-HT,c receptor activity (PEC,,). A
significant correlation (? = 0.93, slope = 0.96, p < 0.0001) was
obtained. Spiroxatrine was not included in the linear regression be-
cause it lacked inverse agonist activity in Sf9 cells.
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suggest that the different antagonists show varying degrees
of inverse efficacy, with spiroxatrine acting as a “neutral”
antagonist at the 5-HT, receptor in this system.

In an effort to further analyze the inverse agonist effect
and to assess the possibility that the inhibitory effect of
antagonists was due to the presence of agonist (i.e., 5-HT) in
the medium, additional experiments were performed using
the apparently neutral antagonist spiroxatrine. As shown in
Fig. 5A, spiroxatrine inhibited 5-HT-stimulated IP produc-
tion in whole cells (analyzed at 20 hr after infection) in a
manner expected for competition for occupancy of a common
site. The IC,, for this effect (9 uM) was in good agreement
with the affinity of spiroxatrine measured in binding studies
(6.8 uM). Spiroxatrine also blocked the inhibitory effect of
mianserin on basal IP production (Fig. 5B). Increasing con-
centrations of spiroxatrine produced a rightward shift in the
dose-response curve for mianserin inhibition, consistent with
the view that the two ligands bind to a common site. Analysis
of the spiroxatrine data was carried out according to the
method of Arunlakshana and Schild (24) (Fig. 5B, inset). The
potency (pA,) of spiroxatrine in reversing mianserin inhibi-
tion, as calculated from the Schild plot, was 5 uM, a value
that agrees well with those obtained for spiroxatrine inhibi-
tion of mesulergine binding and inhibition of 5-HT-stimu-
lated IP production (Table 1). Spiroxatrine thus appears to
inhibit the binding of both 5-HT and mianserin, inhibiting
their respective effects on IP production. These results are
not consistent with the interpretation that the inhibition of
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Fig. 5. Inhibition of inverse agonist activity by spiroxatrine. Sf9 cells
labeled with myo-[PHjinositol (1 nCi/ml) were infected for 20 hr (A) or 38
hr (B) with the 5-HT, receptor baculovirus. A, IP release measured with
1 um 5-HT in the presence of spiroxatrine at the concentration indicated
(abscissa). The ICs, for spiroxatrine inhibition of 5-HT-induced IP re-
lease was 9.12 = 3 um. B, IP release measured with the indicated
concentrations of mianserim alone (A) and in the presence of 10 um (4),
50 um (J), and 100 um spiroxatrine (M), as described in Materials and
Methods. Results were scaled by taking the level of IPs measured in the
absence of added ligand as 100%, and the scaled data from three
independent experiments were averaged to yield the points shown
(error bars, standard error). Schild analysis (B, insef) was performed
using EC,, values from each dose-response curve, i.e., 0.323 + 0.100
um (A), 1.540 = 0.982 pum (), and 16.500 *+ 4.000 um (). The
estimated pA, value for spiroxatrine was 5.49 (3.23 * 2.5 um) (@ =
0.90, slope = 1.63).

basal activity by antagonists is due to the presence of agonist
during the assay but, rather, support the view that the bac-
ulovirus-expressed 5-HT, receptor exhibits spontaneous ac-
tivity that is inhibited by antagonists possessing inverse
agonist activity.

Apparent down-regulation of 5-HT,. receptors by
antagonists. Serotonergic antagonists have been shown to
promote the down-regulation of 5-HT, receptors in rat brain
after chronic treatments in vivo (26-31). This effect of antag-
onists on 5-HT,; receptor numbers has been reported to
occur in primary cultures of choroid plexus but not in a
transfected mammalian cell line expressing the cloned recep-
tor (6). It was thus of interest to examine whether antagonist
treatments could alter the level of baculovirus-expressed
5-HT, receptor binding sites.

Initial experiments were carried out by treatment of intact,
5-HT, receptor-expressing, Sf9 cells (at 38 hr after infec-
tion) for 12 hr with high concentrations (100 uM) of various
drugs added to the culture medium. The drugs were then
washed out as described in Materials and Methods, and the
effect of pretreatment on receptor levels was determined by
measuring the binding of [*H]mesulergine (10 nM) using the
standard filtration assay. As shown in Fig. 6, antagonist
treatment resulted in decreases in [*Hlmesulergine binding,
with the extent of the decrease varying from >90% for meter-
goline and ritanserin to little or no decrease for spiperone.
The agonists 5-HT and DOI produced no significant change
in the level of binding. When these experiments were carried
out using membrane preparations, essentially the same pro-
file of drug effects on the level of [*Hlmesulergine binding
was observed as in whole cells (Fig. 6). For certain antago-

Drug (1E -4 M)

% of control !

Fig. 6. Apparent loss of [*H]mesulergine binding after antagonist pre-
treatment in whole cells and membranes. Sf9 cells infected for 38 hr
with the 5-HT,¢ receptor baculovirus were treated with the indicated
ligand at 100 um, up to 50 hr after infection (12-hr treatment). Cells were
then washed extensively (see Materials and Methods), and [PH)mesul-
ergine binding was measured (). In similar experiments, membranes
from untreated 5-HT, receptor-expressing Sf9 cells (48 hr after infec-
tion) were treated with drugs (100 um) for 1 hr in binding buffer (as
described in Materials and Methods), followed by extensive washing,
and [*H]mesulergine (10 nm) binding was then measured (). The data
were scaled by taking the level of [*H]mesulergine binding in the control
samples as 100%, and the results shown represent the average *
standard error of the scaled values from three independent experi-
ments.
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nists, particularly mesulergine and clozapine, the magnitude
of the decrease in binding sites was somewhat greater in
membranes than in whole cells, but the rank orders for loss
of sites were the same in cells and in membranes.

The loss of [*H]mesulergine binding sites induced by an-
tagonists was characterized in greater detail in membrane
preparations. As shown in Fig. 7, pretreatment with varying
concentrations of the different antagonists, followed by ex-
tensive washing to remove bound antagonist, produced dose-
dependent decreases in [*'H}mesulergine binding. The poten-
cies (see below) of the antagonists in reducing the binding of
[®Hlmesulergine varied over several orders of magnitude,
with metergoline being the most potent and spiperone having
no effect at concentrations up to 1 mM. Treatment of mem-
branes with 10 nM metergoline resulted in equivalent de-
creases (approximately 90%) in the binding of [*Hlmesul-
ergine (10 nM) and [®H]5-HT (850 nM) (data not shown),
indicating that the binding of antagonists and that of ago-
nists were equally affected by antagonist pretreatment.

To exclude the possibility that the loss of sites was simply
due to residual antagonist remaining bound to the receptor
after the wash, membranes were treated with either mian-
serin (1 uM), ritanserin (10 nM), or metergoline (10 nM) and
washed, and saturation binding was performed with [*H]me-
sulergine. As shown in Table 2, the antagonists produced
marked decreases in B,,,, values but did not alter the appar-
ent affinity of [*Hlmesulergine. Although ritanserin treat-

)
$§888o

% of residual sites

N
o

-00-14-13-12-11-10 -9 8 -7 86 § 4 3
log (Drug), M

Fig. 7. Effects of serotonergic antagonists on the apparent loss of
[PHImesulergine binding sites in 5-HT ¢ receptor-containing Sf9 mem-
branes after antagonist pretreatment. Membranes prepared (48 hr after
infection) from Sf9 cells infected with the 5-HT,¢ receptor baculovirus
were treated with the indicated 5-HT,¢ receptor antagonists for 1 hr.
Treated and control membranes were washed extensively in paralle!
(see Materials and Methods) and then incubated with PH]mesulergine
(10 nm) to determine the residual binding after drug treatment. For each
ligand, data from three independent experiments were analyzed simul-
taneously, assuming a common value for EC4, (Table 3), with Y, and
Yx—y Deing unconstrained. The curves and averaged points (three
determinations) shown were derived from a representative experiment,
with all drugs being tested in parallel with the same membranes on the
same day. Values from a representative set of data were scaled by
taking the fitted values of Y_ as 100%, and the points shown
represent the averages * standard errors of the scaled data. Each
curve was generated using the fitted values of ECq,, with Y ,_q being
set to 100% and Yx_., being set to the average of [Y—.cf/Y(x—0)
100%). For clarity, points corresponding to concentrations less than
ECyo/1000 were omitted from the figure. EC4, values are reported in
Table 3.

TABLE 2

Binding affinity of [PH]mesulergine after apparent loss of 5-HT,¢
receptor sites expressed in Sf9 celis

Mesulergine binding affinity (K,) and receptor density (B, were measured in
membranes (from cells 48 hr after infection) that had been preincubated for 60
min with drugs and then extensively washed before the saturation binding anal-
ysis, as described in Materials and Methods. Results from antagonist treatment of
membranes were determined from three independent experiments, with mean
values and standard errors calculated from separate estimates fitted with the
program LIGAND.

[3H]Mesulergine binding parameters

Treatments
Kd‘ Bmub
M pmol/mg % of control
Control 21+12 220* 2.0 100+9
Mianserin (1 um) 38+22 145+20 66 +9
Metergoline (10 nm) 20+ 0.6 29 *11 12+6
Ritanserin (10 nm) 76 3.0 5.5+ 3.0 25+ 12

* Analysis of variance was performed K, estimates for control and drug-treated
membranes (p > 0.01).
® Analysis of variance was performed on B,,,, estimates with the rejected null

hypothesis (o < 0.001). One-tailed Dunnett’s test (H,, toontro > Harugr @ = 0.05)
was used to compare drug treatment B,,,., values with control.

ment seemed to slightly increase the K, the analysis of
variance indicated that this change was not statistically sig-
nificant (« = 0.001, p > 0.01). This result suggests that the
reduction in the number of [*Hlmesulergine binding sites for
mianserin, metergoline, or ritanserin is not due to residual
antagonist reversibly bound to the receptor.

The possibility of an artifact due to residual antagonist was
also addressed by analyzing the association/dissociation of
(®Hlmesulergine, an antagonist that itself causes a decrease
in binding sites (Fig. 7). The time course of association of 20
nM [*Hlmesulergine, measured in membranes by filtration at
different time points after radioligand addition, exhibited
first-order kinetics, reaching a steady state within 60 min at
27° (Fig. 8). In parallel experiments, membranes were incu-
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Fig. 8. Time dependence of [PHjmesulergine binding in membranes.
Binding of [°H]mesulergine to membranes from Sf9 cells expressing the
5-HT, receptor (Bn.x = 27 pmol/mg of membrane protein) was mea-
sured at the times indicated (A). Dissociation of labeled mesulergine
(after a 2-hr incubation with 500 nM [PH]mesulergine isotopically diluted
to 8 Ci/mmol) was measured at different time points after a quick
centrifugation and 10,000-fold dilution in binding buffer, as described in
Materials and Methods (@). Data from three independent experiments
were averaged and expressed as a percentage of total binding (error
bars, standard error). The averaged data were fitted adequately by
assuming one-phase exponential decay (@) or association (A). Pseudo-
first-order kinetics were observed at 27° for both [°Hjmesulergine as-
sociation (20 nm, tv» = 10 min) and dissociation (500 nm, t» = 40 min).
Control dilution of untreated membranes, performed in parallel, did not
affect their ligand binding capacity (data not shown).
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bated for 60 min with [*Hmesulergine at 500 nM, a concen-
tration sufficient to cause a >50% reduction in binding sites
(Fig. 7). In the latter experiments, dissociation of the bound
[®*H)mesulergine was then initiated by centrifuging the mem-
branes and resuspending them in a large volume of buffer (1
X 10° times the original incubation volume), and residual
bound ligand was measured at various times using a filtra-
tion assay (see the legend to Fig. 8). As shown in Fig. 8,
approximately 95% of the bound [*Hlmesulergine dissociated
from the membranes in a 2-hr incubation at 27° (¢,,, = 40
min). When these membranes were then tested for their
ability to bind 10 nmM [*H]mesulergine, the total binding was
reduced by approximately 60%, compared with control mem-
branes (i.e., no mesulergine pretreatment) processed in par-
allel, consistent with the effect of 500 nM unlabeled mesul-
ergine (Fig. 7). These results clearly demonstrate that the
ability of mesulergine (and presumably the other antago-
nists) to reduce the number of binding sites is not due to
residual ligand occupying the receptor, because the lost bind-
ing sites were not recovered even after dissociation of >95%
of the bound mesulergine.

To determine whether the loss of sites produced by antag-
onist treatment was a reversible process, intact cells or mem-
branes were treated with metergoline (10 nMm), washed ac-
cording to the standard protocol, and incubated for up to 24
hr in the absence of added drug. Analysis of [*'Hlmesulergine
binding after such treatments showed no recovery of binding
sites, whereas control samples (i.e., no metergoline pretreat-
ment) processed in parallel exhibited only a slight decrease
in [®*H)mesulergine binding (data not shown). The loss of sites
for the baculovirus-expressed 5-HT, receptor after antago-
nist treatment thus appears to be irreversible under the
conditions examined here.

Lack of correlation between inverse agonism and
loss of binding sites. The dose-response curves for loss of
binding sites after agonist pretreatment (Fig. 7) were ana-
lyzed (Table 2) to generate EC, (i.e., concentration produc-
ing a 50% decrease in binding) values for the series of antag-
onists. The results (Table 3) provided the following rank
order of potency for loss of sites: metergoline > ritanserin =
mesulergine > clozapine > mianserin > spiroxatrine = ket-
anserin >> methysergide. This clearly differs from the rank
orders determined for binding affinity and inverse agonist
activity (Table 1). Comparison of the ECg, values for inverse
agonism versus loss of binding sites (Table 3) indicated that
certain antagonists (metergoline and spiroxatrine) were
highly selective in decreasing binding sites, whereas others
(methysergide, ketanserin, and spiperone) were selective in
inhibiting spontaneous receptor activity. Although the antag-
onists showed a wide range of potencies in reducing the level
of binding sites, the results in Fig. 7 suggest that the maxi-
mal reduction was the same (approximately 90% loss of sites)
for all of the antagonists, although the effects of spiroxatrine
and methysergide appeared to be incomplete at the highest
concentrations used. This contrasts with the results for in-
verse agonism (Fig. 3; Table 1), which indicated that the
maximal inhibition of spontaneous receptor activity varied
depending on the antagonist. The present findings thus
strongly suggest that the inverse agonist activity and reduc-
tion of binding sites represent distinct actions of serotonergic
antagonists on the 5-HT, receptor.

TABLE 3

Apparent loss of binding sites induced by antagonists with
5-HT,¢ receptors expressed in S19 celis

Residual binding sites were estimated in membranes (from 48-hr infected cells)
that had been pretreated for 60 min with drugs at different concentrations and
then extensively washed before the binding analysis, as described in Materials
and Methods. Nonspecific binding was determined with 10 um mianserin. Antag-
onist potencies (ECsg) (mean * standard error) for inducing an apparent loss of
sites were taken from Fig. 7.

Apparent loss of [*H]mesulergine binding sites

Antagonists
—pEC, P Pf;“,zf a‘ Selectivity ratio®

Metergoline 1025 +042 79+7 0.036
Methysergide >3 0 >1 x 108
Ritanserin 842 +016 4915 0.32
Mianserin 5.60 + 0.15 0 72.6
Mesulergine 7.98 = 0.09 387 0.23
Ketanserin 445 = 0.07 2+5 1.76
Clozapine 6.05*+016 10=*7 5.1
Spiperone ND® 0 >1x 108
Spiroxatrine 464 +003 355 <1x 1075

# The loss of [*H]mesulergine binding with antagonist occupancy at 10 X K;
was extrapolated from Fig. 7.

® Selectivity ratio = (ECs,, for l0s8 of binding/ECs, for inverse agonism) (Table
1). Values of <1, selective for loss of binding; values of >1, selective for inverse
agonism.

© ND, not determined.

Discussion

The antagonist pharmacology of the 5-HT,¢ receptor is an
area of considerable interest, due to its potential therapeutic
relevance to the action of antipsychotic drugs. Studies using
a variety of model systems, including intact animals, primary
cultures, and mammalian expression systems, have provided
evidence that serotonergic antagonists exert multiple actions
on the 5-HT,. receptor. In addition to inhibiting receptor
activation by 5-HT, antagonists have been reported to inhibit
spontaneous activity of the recombinant receptor in 3T3 cells
(6, 7) and to promote down-regulation of the 5-HT, receptor
in rat brain in vivo (26-31) and in choroid plexus in vitro (6).
The present study provides the first detailed comparison of
these different modes of antagonist action in a single system
based on the expression of the cloned 5-HT, receptor in the
baculovirus/insect cell system.

The results of this study show that the infection of Sf9 cells
with recombinant baculovirus encoding the 5-HT, receptor
leads to the expression of functional receptors capable of
regulating intracellular levels of IPs. The levels of 5-HT,¢
receptor expression observed in the Sf9/baculovirus system
(approximately 1 X 10° sites/cell in intact cells and 27
pmol/mg of protein in membrane preparations) are roughly
20-fold higher than those of the native receptor in rat choroid
plexus (26, 28) and >5-fold higher than the level reported for
NIH/3T3 cells expressing the recombinant receptor (6). As
observed with mammalian systems expressing either native
or recombinant 5-HT, receptors, the baculovirus-expressed
5-HT, receptor activates polyphosphoinositide hydrolysis in
response to serotonergic agonists, via a pertussis toxin-insen-
sitive pathway. This is consistent with results of previous
studies (32, 33), which indicated that Sf9 cells possess a
G,-like G protein, an endogenous phospholipase C, and Ca®*
signaling mechanisms that are amenable to activation by
mammalian G protein-coupled receptors. The potencies of
5-HT and DOI in stimulating IP production in Sf9 cells
expressing the 5-HT, receptor (19 nM and 100 nM, respec-
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tively) were comparable to those reported for choroid plexus
polyphosphoinositide hydrolysis (30, 31). The maximal level
of stimulation of IP production in these experiments (30%
over basal levels at 20 hr after infection), however, was
considerably lower than that observed in either choroid
plexus (approximately 400% stimulation) (30, 31) or NIH/3T3
cells (approximately 200% stimulation) (6). The small re-
sponse to agonists of the baculovirus-expressed receptor in
this study could conceivably reflect partial incompatibility
between the mammalian receptor and the insect G protein-
effector relay. Alternatively, poor responsiveness to agonists
could be a consequence of the high levels of receptors pro-
duced in this system. Agonist-independent effector activation
by 5-HT, (Fig. 1) and B,-adrenergic (8) receptors in Sf9 cells
increases with the level of receptor expression, and it follows
that inhibitory feedback mechanisms may alter the activity
of intracellular components involved in second messenger
production and/or metabolism.

Agonist-independent increases in IPs in Sf9 cells express-
ing the 5-HT, receptor (Fig. 1) indicate that the receptor is
spontaneously active when expressed in this system. Spon-
taneous activity appeared to reach a maximum approxi-
mately 38 hr after infection and was inhibited by a variety of
5-HT,; receptor antagonists. These observations confirm
similar findings with the 5-HT, receptor expressed in NIH/
3T3 cells (6, 7). An excellent correlation was observed in the
present study between the binding affinities of these antag-
onists and their potencies (ECg, values) as inverse agonists.
The results further show that 5-HT, receptor inverse ago-
nists display a range of intrinsic activities in Sf9 cells (Table
1), as observed for the B,-adrenergic receptor expressed in
Sf9 and mammalian cells (8), as well as for the &-opioid
receptor (13) and the a,-adrenergic receptor (11). These find-
ings are consistent with the idea that intrinsic activity can
vary among inverse agonists at a particular G protein-cou-
pled receptor, similarly to the range of activities typically
exhibited by full and partial agonists. In contrast, results
reported for the 5-HT,; receptor in NIH/3T3 cells (6, 7)
suggested that antagonists either fully inhibit or are without
effect on spontaneous receptor activity in that system. In
addition, methysergide was reported to behave as a neutral
antagonist at the 5-HT, receptor in the mammalian cell line
but was clearly an efficacious inverse agonist in the Sf9 cells.
Other ligands assayed in both Sf9 and NIH/3T3 cells (ketan-
serin, spiperone, mesulergine, mianserin, and metergoline)
inhibited spontaneous 5-HT, receptor activity in both sys-
tems. The reason for the apparent discrepancy in methyser-
gide activity in the two cell lines is unclear.

There is increasing evidence that inverse agonism is a
general phenomenon at G protein-coupled receptors. In ad-
dition to the 5-HT,c receptor, the inhibition of spontaneous
activity has been observed with recombinant B,-adrenergic
(8), ay-adrenergic (11), and D, dopaminergic (9) receptors
expressed from cloned cDNAs in cultured cell lines, the 8-opi-
oid receptor in NG108 cells (13), and the M, muscarinic (12)
and B, bradykinin (10) receptors in tissue-derived receptor
preparations. In these reports, most of the antagonists stud-
ied appeared to negatively regulate the activity of the recep-
tor, with relatively few being devoid of intrinsic activity (i.e.,
neutral ligands). The results of these studies support the
general view that G protein-coupled receptors can assume
inactive and active states, with the net effect of a given ligand

being determined by its relative binding preference for the
available states of the receptor.

A major finding of the present study is the demonstration
that serotonergic antagonist treatment of intact Sf9 cells or
membranes containing the baculovirus-expressed 5-HT, re-
ceptor, followed by removal of the drug by extensive washing,
resulted in a loss of binding capacity for both the antagonist
[*H]mesulergine and the agonist [*’H]5-HT. Several observa-
tions strongly suggest that this action of antagonists in Sf9
cells is related to the ability of these drugs to decrease the
level of 5-HT,c receptors in various brain regions after
chronic administration in vivo (256-31). There was a striking
correspondence between the relative abilities of antagonists
to promote such atypical down-regulation of 5-HT, recep-
tors in vivo and the potencies of the same antagonists in
decreasing [*Hlmesulergine binding to the baculovirus-
expressed 5-HT, receptor. Although quantitative compari-
sons are complicated by the nature of in vivo experiments
(variations in treatment regimens in different studies and
the lack of knowledge on drug concentrations in tissues), the
ligands exhibiting the highest potencies in reducing sites in
Sf9 cell membranes (metergoline, ritanserin, and mesul-
ergine) were the same ones that produced the greatest de-
crease in 5-HT, ¢ receptor levels after in vivo treatments (25).
Similarly, antagonists such as mianserin, ketaserin, and
clozapine, which produced a lesser but demonstrable effect
on receptor levels in vivo (25-28), showed intermediate po-
tencies at the baculovirus-expressed receptor, whereas spip-
erone seemed to be without effect on receptor levels in either
system (25).

Another common feature of the antagonist effect on 5-HT ¢
receptor levels in vivo and in Sf9 cells was the apparent dose
dependence of this action. This was clearly evident for the
baculovirus-expressed receptor in membranes in the present
study and has been reported for the effect of clozapine on
5-HT, receptor numbers in choroid plexus after chronic
treatment of rats (26). Finally, results from in vivo studies
indicate that the reduction in 5-HT,. receptor number by
antagonist treatment is irreversible, with the recovery of
sites after cessation of treatment requiring synthesis of new
receptors. Experiments performed with metergoline in the
present study failed to detect recovery of lost binding sites in
membranes or intact cells up to 24 hr after removal of the
antagonist, consistent with an irreversible loss of receptor
binding capacity.

One obvious difference in the action of antagonists in re-
ducing the numbers of 5-HT, receptors in vivo and in Sf9
cells was the time course of this effect. For the most potent
antagonists, the maximal effect in membranes from Sf9 cells
(approximately 90% loss of sites) was reached within 1 hr of
treatment; similar decreases were observed after 24-hr treat-
ment of intact Sf9 cells (the only time point examined in this
study). In contrast, the same drugs generally required sev-
eral days of repeated administration to produce comparable
effects in brain regions (25, 26, 28, 29) or in primary cultures
of choroid plexus (6, 28). One possible interpretation of this
difference is that the ability of antagonists to promote loss of
binding capacity of the 5-HT,; receptor depends on the cel-
lular context. The observation that NIH/3T3 cells expressing
the cloned 5-HT,c receptor do not show reduced receptor
numbers after prolonged antagonist treatment (6) tends to
support this view. The rapid time course for antagonist-
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promoted loss of 5-HT, receptors in Sf9 cells observed in the
present study and the fact that this process could be repro-
duced in membrane preparations indicate that the baculovi-
rus/Sf9 insect cell system is particularly permissive for this
action of antagonists. Whether this is due to the high levels
of receptor expression in this system, the presence or absence
of other proteins regulating this process, or physico-chemical
properties of the insect cell membrane bilayer remains to be
determined. The striking parallels observed between the ac-
tions of antagonists in reducing 5-HT, receptor numbers in
vivo and in Sf9 cells, however, strongly suggest that the two
phenomena reflect the same underlying process.

The biochemical mechanisms leading to the reduction in
receptor numbers after antagonist treatments are obscure.
Studies of the in vivo effect, including quantification of re-
sidual antagonist in brain tissue (26) and measurement of
radioligand affinity after down-regulation (25, 26, 28, 29),
suggested that the reduction in binding sites was not due to
occupation of receptors by residual drug. This possible arti-
fact clearly can be ruled out for the effect of antagonists in
Sf9 cell membranes, because 1) the apparent dissociation
constant for [*H]lmesulergine was not increased after treat-
ments with three different antagonists that produced signif-
icant reductions in the number of binding sites (up to 90% for
metergoline) and 2) the loss of binding sites produced by
treatment with isotopically diluted [SHlmesulergine per-
sisted after removal of 95% of the bound [*Hlmesulergine, as
quantified in dissociation experiments. The results thus sup-
port the view that the loss of binding sites reflects a decrease
in receptor number in response to antagonist treatment,
rather than continued occupation of the receptors by drug.
The present findings are also consistent with previous stud-
ies using primary cultures of choroid plexus epithelial cells,
which demonstrated that antagonists exert this effect
through a direct action on receptor-expressing cells and that
loss of binding sites does not involve changes in receptor
mRNA levels (6).

It was recently proposed (6) that the abilities of antago-
nists to decrease 5-HT, receptor number were directly cor-
related with their inverse agonist activities. This suggestion
was based on studies showing that mianserin, an inverse
agonist at the 5-HT,. receptor in NIH/3T3 cells, promoted
loss of binding sites in cultured choroid plexus cells, whereas
bromo-d-lysergic acid diethylamide, a neutral antagonist in
NIH/3T3 cells, had no effect on receptor numbers in choroid
plexus. Unfortunately, that study did not permit direct com-
parison of antagonist actions on the 5-HT, receptor in the
same cellular system, because choroid plexus did not exhibit
antagonist-inhibited spontaneous receptor activity and NIH/
3T3 cells did not show antagonist-induced down-regulation of
the 5-HT, receptor. The inability to detect the two effects of
antagonists in the same model system could indicate that
they occur through distinct mechanisms.

The results of the present study, in which antagonist po-
tencies for inhibition of spontaneous receptor activity and
loss of binding capacity were directly compared for the bac-
ulovirus-expressed 5-HT,c receptor, suggest that the two
effects may reflect distinct actions of antagonists. Although
most of the antagonists tested were able to elicit both types of
responses, the rank orders of potency were clearly different
for the two effects, with certain antagonists showing a high
degree of selectivity for one or the other action (Table 3).

Furthermore, whereas inverse agonist activity was directly
correlated with receptor occupancy (Fig. 4), this did not ap-
pear to be the case for the decrease in receptor numbers
produced by antagonist treatments. As shown in Table 3,
treatment of 5-HT,- receptor-containing membranes with
antagonists at concentrations 10 times their respective bind-
ing affinities (sufficient to occupy >90% of the available sites
at equilibrium) produced decreases in [*H]mesulergine bind-
ing ranging from no effect (methysergide, mianserin, and
spiperone) to the loss of approximately 85% of binding sites
(metergoline). The results suggest that the antagonists differ
with respect to their propensities to reduce receptor number.

The actions of serotonergic antagonists in reducing the
numbers of 5-HT, receptors show similarities to the better
characterized phenomenon of agonist-induced receptor
down-regulation. In the case of the B,-adrenergic receptor,
continued exposure to high concentrations of agonist results
in a reduction in the number of receptors through a process
believed to involve internalization of agonist-receptor com-
plexes and subsequent proteolysis in lysosomes (see Ref. 34
for review). Although it is difficult to conceive that such a
process could be occurring in Sf9 cell membrane preparations
containing the 5-HT, receptor, a recent study (35) has pro-
vided evidence that internalization of the B,-adrenergic re-
ceptor may involve an initial agonist-induced rearrangement
of receptors at the cell surface. Whether the action of antag-
onists on the 5-HT, receptor observed in the present study
reflects such a preinternalization event is an intriguing ques-
tion for further work.

The present findings emphasize important questions re-
garding the mechanism of action of antagonists as therapeu-
tic agents. According to the “classical” view, antagonists act
by blocking the stimulatory effect of the endogenous trans-
mitter but have no direct actions themselves. The growing
literature on inverse agonism at G protein-coupled receptors
raises the possibility that antagonists may exert effects
through inhibition of spontaneous receptor activity. The rel-
ative contribution of this mode of action in vivo will obviously
depend on the occurrence of spontaneously active receptors.
Although such spontaneous activity has been detected in
tissue preparations (10, 12) and is likely to be of significance
in the case of receptor mutants showing constitutive activity
(36), additional studies are required to establish the potential
therapeutic relevance of inverse agonism. The ability of an-
tagonists to promote a reduction in receptor number, as char-
acterized in the present study for the 5-HT, receptor, would
appear to represent a third mechanism of antagonist action.
Atypical down-regulation by antagonists has been described
for both the 5-HT,; and 5-HT,, receptors, and numerous
authors have proposed that this effect of antagonists may
underlie the therapeutic effects of certain antipsychotic and
antidepressant drugs (see Refs. 4 and 5 for review). The list
of antagonists found to promote loss of binding to the bacu-
lovirus-expressed 5-HT,. receptor in the present study in-
cludes drugs in current therapeutic use, namely the antipsy-
chotic agent clozapine and the antidepressant mianserin. It
will be interesting to determine whether other G protein-
coupled receptors, such as the 5-HT,, receptor, show similar
antagonist profiles when expressed in insect cells. It is
tempting to speculate that the activity profiles of receptor
antagonists with baculovirus-expressed receptors, particu-
larly the selectivity for inverse agonism versus receptor
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down-regulation, could provide a useful index for ranking the
therapeutic potential of new drug candidates.

Acknowledgments

We thank the Biotechnology Research Institute of Montreal and

Allelix Biopharmaceuticals for the use of the recombinant 5-HT,¢
receptor-virus construct, Edith Hamel for providing antagonists and
for helpful discussions, Roussel Uclaf for RU24969, Anne Labonté for
technical support with serum-free cell cultures, and André Deléan
for helpful discussions and for providing the program ALLFIT.

References

1

10.

11

12.

18.

14.

15.

16.

17.

Lubbert, H. R., B. J. Hoffman, T. P. Snutch, T. VanDyke, A. J. Levine, P.
R. Hartig, A. Lester, and N. Davidson. cDNA cloning of a serotonin 5-HT,
receptor by electmphynoloacal assays of mRNA-injected in Xenopus oo-

MPharmacoL Scl. 14(suppl.):233-236 (1993).

. Julius, D., A. B. MacDermott, R. Axel, and T. M. Jessel. Molecular char-
acterization

of functional cDNA encoding the serotonin 1c receptor. Science
(Washington D. C.) 341:558-564 (1988).

. Meltzer, H. Y., and J. F. Nash. Effects of antipsychotic drugs on serotonin

5 PM Rev 48:588—800 (1991).

Barker, E. L.,R.S Westphal, D. Schmidt, and E. Sanders-Bush. Consti-
ve 5-hydroxytrytamineg receptors reveal novel inverse
of receptor ligands. J. Biol. Chem. 269:11887-11890 (1994).

.Wect.pha] R. 8., and E. Sandeu-Bush.Roc:proealbmdmgpmperhesof

B-hydruytxyptamm 2C receptor agonists and inverse agonists. Mol.

.leen,M. andM C. Caron. High agonist-independent activity is a dis-

feature of the dopamine D,y receptor subtype. J. Biol. Chem.
269:27925-27931 (1994).

act as inverse agonists in rat myometrial cells. J. Biol. Chem. 268:25970—
259738 (1994).

Tian, W.-N., E. Duzic, S. M. Lanier, and R. C. Deth. Determinants of
ag-adrenergic receptor activation of G proteins: evidence for a precoupled
receptor/G protein state. Mol. Pharmacol. 45:524-531 (1993).

Hilf, G., and K. H. Jakobs. Agonist-independent inhibition of G protein
lchvahon by muscarinic acetylcholine receptor antagonists in cardiac
membranes. Eur. J. Pharmacol. 238245-252 (1992).

Costa, T., and A. Herz. Antagonists with negative intrinsic activity at
8-opioid receptors coupled to GTP-binding proteins. Proc. Natl. Acad. Sci.
USA 86:7321-7825 (1989).

Labrecque, J., M. Dennis, and A. Fargin. Inverse efficacy of serotonergic
antagonists at the 5-HT-2C receptor expressed in Sf9 cells. Can. J. Physiol.
Pharmacol. 73:546 (1994).

OReilly, D. R,, L. K Miller, and V. A. Luckow. Baculovirus Expression
Vectors: A Laboratory Manual. W. H. Freeman and Company, New York
(1992).

Labrecque, J., M. Caron, K. Torossian, J. Plamondon, and M. Dennis.
Baculovirus expression of human G protein subunits. FEBS Lett. 304:157—
162 (1992).

Schaffner, W., and C. Weissmann. A rapid, sensitive, and specific method

18.

19.

21.

27.

31.

32.

36.

159

for the determination of protein in dilute solution. Anal. Biochem. 58:502—
514 (1973).

Fargin, A., J. R. Raymond, J. W. Regan, S. Cotecchia, R. J. Lefkowitz, and
M. G. Caron. Effector coupling mechanism of the cloned 5HT-1A receptor.
J. Biol. Chem. 364:14848-14852 (1989).

Munson, P. J., and D. Rodbard. LIGAND: a versatile computerized ap-
proach for characterization of ligand binding systems. Anal. Biochem.
107:220-239 (1980).

. Sanders-Bush, E. 5-HT receptors coupled to phosphoinositide hydrolysis,

in The Serotonin Receptors (E. Sanders-Bush, ed.). Humana Press, Clifton,
NJ, 181-198 (1988).

Zifa, E., and G. Fillion. 5-Hydroxytryptamine receptors. Pharmacol. Rev.
44:430-433 (1992).

. Roth, B. L., R D. Ciaranello, and H. Meltzer. Binding of typical and atypical

antipsychotic agents to transiently expressed 5-hydroxytryptamine-lc
receptors. J. Pharmacol. Exp. Ther. 260:1362-1365 (1991).

. Leonhardt, S., E. Gorospe, B. Hoffman, and M. Teitler. Molecular pharmaco-

logical differences in the interaction of serotonin with 5-hydroxytryptamine,c
and 5- receptors. Mol. Pharmacol. 42:328-335 (1992).

hydroxytryptamine,
. Arunlakshana, O., and H. O. Schild. Some quantitative uses of drug

antagonists. Br. J. Pharmacol. 14:48-58 (1959).

. Pranzatelli, M. R., J. N. Murthy, and P. T. Tailor. Novel regulation of

SHT-1C receptor: down-regulation induced by both 5HT-1C/2 receptor
agonists and antagonists. Eur. J. Pharmacol 24:1-5 (1992).

. Kuoppamiiki, M., T. Seppéld, E. Sylvilahti, and J. Hietala. Chronic cloza-

pine treatment decreases 5-hydroxytryptamine,c receptor density in the
rat choroid plexus: comparison with haloperidol. J. Pharmacol. Exp. Ther.
264:1262-1267 (1992).

Roth, B. L., M. W. Hamblin, R. Desai, and R. D. Ciaranello. Develop tal
and synaptic regulation of 5-HT; and 5-HT, . serotonin receptors, 'in Sero-
tonin: Molecular Biology, Receptors and Functional Effects (J. R. Fozard
and P. R. Saxena, eds.). Birkhauser Verlag, Basel, Switzerland, 33—42
(1991).

. Sanders-Bush, E. Adaptive regulation of central serotonin receptors linked

to phosphoinositide hydrolysis. Neuropsychopharmacology 8:411-416
(1990).

. Smith, R. L., R. J. Barrett, and E. Sanders-Bush. Adaptation of brain

SHT2 receptors after mianserin treatment: receptor sensitivity, not recep-
tor binding, more accurately correlates with behavior. J. Pharmacol. Exp.
Ther. 254:484—488 (1990).

. Sanders-Bush, E., and E. M. Breeding. Serotonin, receptor reserve in the

choroid plexus masks receptor subsensitivity. J. Pharmacol. Exp. Ther.
252:984-988 (1989).

Sanders-Bush, E., and E. M. Breeding. Putative 5-HT-2 antagonists block
serotonin 5-HT-1C receptors in the choroid plexus. J. Pharmacol. Exp.
Ther. 247:169-173 (1988).

Raming, K., J. Krieger, J. Strotmann, J. Boekhoff, S. Kubic, C. Baumstark,
and H. Breer. Cloning and expression of odorant receptors. Nature (Lond.)
36:353-356 (1993).

. Hu, Y., L. Rajan, and W. P. Schilling. Ca?* signaling in Sf9 insect cells and

the functional expression of a rat brain M5 muscarinic receptor. Am. J.
Physiol. 26:C1736-C1743 (1994).

. Caron, M. G., and R. J. Lefkowitz. Catecholamine receptors: structure,

function, and regulation. Recent Prog. Horm. Res. 48:277-290 (1993).

. von Zastrow, M., and B. K. Kobilka. Antagonist-dependent and -indepen-

dent steps in the mechanism of adrenergic receptor internalization. J.
Biol. Chem. 269:18448-18452 (1994).

Lefkowitz, R. J. G-protein-coupled receptors: turned on to ill effect. Nature
(Lond.) 365:603-604 (1993).

Send reprint requests to: Michael Dennis, BioSignal Inc., 1744 William St.,
Montreal, Quebec, Canada, H3J-1R4.

2102 ‘2 Jaqwadag uo Asianiun pesewwey ye Bio'sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/



