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Mechanisms of inverse agonist action at D, dopamine receptors
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1 Mechanisms of inverse agonist action at the Dyhory dopamine receptor have been examined.

2 Discrimination of G-protein-coupled and -uncoupled forms of the receptor by inverse agonists was
examined in competition ligand-binding studies versus the agonist [PH]NPA at a concentration
labelling both G-protein-coupled and -uncoupled receptors.

3 Competition of inverse agonists versus ["H]NPA gave data that were fitted best by a two-binding
site model in the absence of GTP but by a one-binding site model in the presence of GTP. K; values
were derived from the competition data for binding of the inverse agonists to G-protein-uncoupled
and -coupled receptors. Keoupiea a0d Kyncouplea Were statistically different for the set of compounds
tested (ANOVA) but the individual values were different in a post hoc test only for (+ )-butaclamol.

4 These observations were supported by simulations of these competition experiments according to

the extended ternary complex model.

5 Inverse agonist efficacy of the ligands was assessed from their ability to reduce agonist-
independent [**S]JGTPyS binding to varying degrees in concentration-response curves. Inverse
agonism by (+ )-butaclamol and spiperone occurred at higher potency when GDP was added to
assays, whereas the potency of (—)-sulpiride was unaffected.

6 These data show that some inverse agonists (( + )-butaclamol, spiperone) achieve inverse agonism
by stabilising the uncoupled form of the receptor at the expense of the coupled form. For other
compounds tested, we were unable to define the mechanism.
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Introduction

It is now a common observation that ligands previously
classified as antagonists have the ability to inhibit agonist-
independent activation of receptors. They, therefore, act as
inverse agonists in systems that are sufficiently sensitive to
allow detection. This was first shown in work on opiate and o,-
adrenergic receptors (Costa & Herz, 1989; Costa et al., 1992;
Tian et al., 1994), where it was suggested that some antagonists
could reduce agonist-independent G-protein-coupled receptor
(GPCR) activation. These observations have therapeutic
considerations in the case of administration of drugs pre-
viously thought to act as antagonists, but which have now
been classified as inverse agonists and which may have
additional effects. For example, prolonged use of the histamine
H, receptor inverse agonist, cimetidine, produces tolerance and
an increased sensitivity to histamine upon withdrawal
(Alewijnse et al., 1998) which may be due to upregulation of
the receptors. Also, in the treatment of schizophrenia, the
drugs used (antipsychotics) were assumed to be antagonists
at the D, dopamine receptor. It has since been shown
using inhibition of guanosine-5-O-(3-[**S]thiotriphosphate)
([**S]GTPyS) binding (Wiens et al., 1998) and potentiation of
adenylyl cyclase activity (Hall & Strange, 1997; Kozell & Neve,
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1997; Wilson et al., 2001; Akam & Strange, 2004) that all the
antipsychotics tested so far are inverse agonists. The increased
numbers of histamine H, receptors observed after prolonged
cimetidine treatment and D, dopamine receptors seen upon
chronic antipsychotic treatment may be a reflection of this
inverse agonist property of the drugs.

Inverse agonist activity at GPCRs has been described in the
context of the extended ternary complex model (Figure 1)
(Lefkowitz et al., 1993; Samama et al., 1993). In this model, the
receptor exists in an inactive (R) state, which can isomerise
to the partially active (R*) state that couples efficiently to
G-proteins (R*G). Inverse agonists have, therefore, been
proposed to stabilise the ‘R’ state, reducing agonist-indepen-
dent G-protein activation. Alternatively, inverse agonists may
stabilise the G-protein-uncoupled states of the receptor (R/R*
states) in preference to the G-protein-coupled state (R*G)
(Costa et al., 1992; McLoughlin & Strange, 2000). In either
case, inverse agonists would be expected to exhibit different
affinities for different states of the receptor in ligand-binding
assays, provided formation of the activated states is favour-
able. Also, the functional effects of inverse agonists should be
sensitive to the effects of agents that redistribute different
states of the receptor such as GTP or GDP. Where inverse
agonists show no discrimination for the different states of
the receptor in ligand-binding and functional assays, other
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Figure 1 Extended ternary complex model. The model is shown for
a receptor existing in ground (R), partially activated (R*) and fully
active, G-protein-coupled states (R*G). The equilibrium constants
governing the R/R* and R*/R*G transitions are L and J,

respectively. The equilibrium constants for agonist binding to R,
R* and R*G are Ky, Kr+ and Ky=g, respectively.

mechanisms may operate. The inverse agonist methiothepin,
acting at the 5-HT 5 receptor, displays no affinity preference in
competition against a radiolabelled agonist or inverse agonist,
while another inverse agonist, spiperone, did show such
discrimination (McLoughlin & Strange, 2000). Likewise, no
affinity preference for a selection of inverse agonists acting at
the D, receptor could be determined using a similar method
with agonist and inverse agonist radioligands (Roberts et al.,
2004). It has been postulated that the lack of discrimination
results from the inverse agonist binding to a receptor
conformation that does not induce a redistribution of the R/
R*/R*G states but nonetheless inactivates the receptor
(Gether & Kobilka, 1998; Strange, 2002) or sequesters
G-proteins in an inactive state (Bouaboula et al., 1997; 1999).

It is important to understand the mechanisms of inverse
agonist action at the D, dopamine receptor as many of the
drugs used to treat schizophrenia are inverse agonists. The
drugs are used chronically and their therapeutic mechanisms
may depend on this inverse agonism (Strange, 2001). The aim
of this work, therefore, was to probe the mechanisms of action
of a range of inverse agonists at D, receptors by labelling
G-protein-coupled and -uncoupled states of the receptor with
the agonist [PH]N-propylnorapomorphine (*H]NPA) (Sibley
et al., 1982). This enables inverse agonist affinities for the two
states to be determined in a single ligand-binding assay. The
relative efficacy of the inverse agonists was also determined by
measuring the reduction of basal [**S]JGTPyS binding. Data
were then compared with the predictions arising from the two
mechanisms outlined above. The results show that some
inverse agonists at the D, receptor may exert their effects
through preferential binding to the ground state of the
receptor (R), whereas for other inverse agonists we are unable
to distinguish the two mechanisms outlined earlier.

Methods

Materials

[**SIGTPyS (~37TBgmmol~') was purchased from Amer-
sham Biosciences (Buckinghamshire, U.K.). [FH]NPA
(~1TBgmmol™") and Optiphase HiSafe-3 scintillation fluid
was purchased from Perkin-Elmer Life Sciences (Cambridge,
U.K.). Dopamine was purchased from TOCRIS (Bristol,
U.K.). (+)-Butaclamol, clozapine, GTP, haloperidol, raclo-
pride, (—)-sulpiride and spiperone were purchased from Sigma
(Dorset, U.K.). Risperidone, quetiapine and ziprasidone were
gifts from Janssen (Beerse, Belgium), AstraZeneca (Maccles-
field, U.K.) and Psychiatry CEDD, Glaxo SmithKline
(Harlow, U.K.), respectively.

Cell culture

CHO cells stably expressing human D,g,,, dopamine receptors
(Wilson et al., 2001) were grown in Dulbecco’s modified
Eagle’s medium containing 5% foetal bovine serum and
400 ugml™" active geneticin at 37°C in an humidified atmo-
sphere of 5% CO..

Membrane preparation

Membranes were prepared from CHO cells expressing Dogon
dopamine receptors as described previously (Castro & Strange,
1993). Briefly, confluent 175cm? flasks of cells were washed
once with 5ml HEPES buffer (20mM HEPES, 1 mm EGTA,
ImM EDTA, 10 mM MgCl,; pH 7.4). Cells were then removed
from the surface of the flasks using 5ml HEPES buffer and
glass balls (2mm diameter) and were then homogenised using
an Ultra-Turrax homogeniser (two S5s treatments). The
homogenate was centrifuged at 1700 x g (10 min, 4°C), after
which the supernatant was centrifuged at 48,000 x g (60 min;
4°C). The resulting pellet was resuspended in HEPES buffer at
a concentration of 3-5mgproteinml~' (determined by the
method of Lowry et al., 1951) and stored in aliquots at —70°C
until use.

Radioligand-binding assays

Cell membranes (25pg membrane protein) were incubated
with PH]NPA (30 pM—-10nM for saturation experiments, 1 nM
for competition experiments) and competing drugs in HEPES
buffer (containing 100 mM N-methyl D-glucamine and 0.1 mM
dithiothreitol) in a final volume of Iml for 3h at 25°C. In
saturation experiments, nonspecific binding was determined in
the presence of 3 uM (+ )-butaclamol, whereas in competition
experiments nonspecific binding was determined as the
maximal inhibition of [PH]NPA binding by the ligand, which
was equivalent for all ligands tested. The assay was terminated
by rapid filtration (through Whatman GF/C filters) using a
Brandel cell harvester followed by four washes with 4ml ice-
cold phosphate-buffered saline (0.14M NaCl, 3mMm KClI,
1.5mM KH,PO,, 5mM Na,HPO,; pH 7.4) to remove unbound
radioactivity. Filters were soaked in 2ml Optiphase HiSafe-3
for at least Sh and bound radioactivity was determined by
liquid scintillation counting.

[P S]GTPyS-binding assays

Cell membranes (25ug membrane protein) were incubated
with ligands in triplicate in a volume of 0.9ml of HEPES
buffer containing N-methyl D-glucamine (100 mM) and no
GDP (unless specified otherwise) for 20min at 30°C. The
reaction was initiated with the addition of 100 ul [**S]JGTPyS
diluted to give a final concentration of 100 pM. The assay was
incubated for a further 30 min before termination by rapid
filtration as above. The relative efficacy of inverse agonists was
determined by reference to that of (+ )-butaclamol for which a
full inverse agonist activity curve was included in each
experiment.
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Simulations of data using the extended ternary complex
model

Simulations were performed in Excel using the extended
ternary complex model (Figure 1) with two competing ligands.
G-protein concentration (50 nM) was assumed to be half that
of receptor concentration (100nM) to allow for the ~50%
G-protein-coupled state normally observed in competition-
binding experiments with agonists (Gardner et al., 1997). A
value of 100 was used for L, indicating that R* formation was
unfavourable, while J was varied to examine the effect of
changing R*G stability. Data were simulated in Excel as
described in the legend to Figures 5 and 6 and Table 4, and
were fitted using GraphPad Prism (GraphPad Inc., San Diego,
CA, U.S.A)). The Excel spreadsheet with the extended ternary
complex model was derived by Dr Claire Carter (née
Scaramellini) as in Leff et al. (1997) and the equations were
derived using a method similar to that used in Alder et al.
(2003).

Data analysis

Radioligand-binding data were analysed using Prism. Satura-
tion- and competition-binding experiments were assumed to fit
best to a one-binding site model unless a two-binding site
model provided a statistically better fit; statistical significance
was determined using an F-test (P <0.05). Inhibition constants
were calculated from ICs, values in competition experiments
using the Cheng—Prusoff equation (Cheng & Prusoff, 1973)
using the respective Ky values for [P’H]NPA for the coupled and
uncoupled states as described in the Results section. Statistical
comparisons between values within a data set were carried out
using one-way ANOVA and comparisons between two data
sets were carried out using an unpaired two-way ANOVA
followed by a Bonferroni post hoc test with the significance
determined as P<0.05. For the dissociation constants, pK
values were used in these comparisons. The data on the effects
of GDP on inverse agonist potency were also analysed using
linear regression.

Results

Binding of inverse agonists determined in competition
versus the agonist [PH]NPA

PHINPA binding to D, receptors expressed in CHO cell
membranes occurred in a saturable manner and the data were
fitted best by a two-binding site model. Dissociation constants
were: pK;, 10.27+0.08 (0.05nM) and pK; 9.09+0.06 (0.82nM)
(mean+s.e.m., n=4) and the higher affinity sites represented
40+ 6% of the total population; Bumax 0.96+0.06 pmolmg~".
When saturation-binding assays with [PH]NPA were per-
formed in the presence of GTP (100 uM), the data were fitted
best by a one-binding site model (pKy 9.04+0.06 (mean+
s.e.m., n=4)), pKy and pK; were not significantly different
(P>0.05).

Competition-binding experiments were carried out using a
panel of inverse agonists versus the binding of PH]NPA at a
concentration of 1 nM. This concentration is sufficient to label
both higher- and lower-affinity receptor sites. Competition
curves were constructed with three concentrations of compe-

titor per log unit in order to define the curves well.
Competition curves stretched over four log units and were
characterised by Hill coefficients less than one. Data for all of
the inverse agonists tested were fitted best by a two-binding
site model, indicative of competition with "H]NPA at both
higher- and lower-affinity binding sites (Figure 2a). Competi-
tion curves, obtained in the absence of GTP, were analysed to
provide ICs, values for the inverse agonists at the two sites and
the percentage of receptors in the higher affinity state. These
1Cy, values differed by up to 20-fold. Upon addition of 100 uM
GTP, competition data for inverse agonists were fitted best by
a one-binding site model, consistent with competition of
PHINPA from binding sites uncoupled from G-protein
(Figure 2b). ICs, values for inverse agonists in the presence
of GTP were similar to the ICs, values of the higher-affinity
sites observed in the absence of GTP (P>0.05). The ICs
values were then converted to inhibition constants (Kj).

In this analysis, it was assumed that the higher- and lower-
affinity ["H]NPA binding sites corresponded to G-protein-
coupled and -uncoupled states, respectively. It was also
assumed that, for the inverse agonists, the higher-affinity
component in the competition curve corresponded to the
G-protein-uncoupled state of the receptor. This assumption is
based on the correspondence between the ICs, for the higher-
affinity state in the competition curve in the absence of GTP
and the single I1Cs, value observed in competition analyses for
the presence of GTP. Values for Kioupea and Kyncoupiea fOT
inverse agonists were then determined assuming simple
competition (using the corresponding Ky values for PH]NPA
for the two states) and are given in Table 1. Kycouplea Obtained

a 120 -
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T 80 v Clozapine
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Figure 2 Binding of inverse agonists to dopamine D, receptors
expressed in CHO cells. Inverse agonist binding was determined in
competition versus (a) 1nM [PHJNPA or (b) 1nM [PH]NPA and
100 uM GTP, as described in Methods section. Data in (a) were best
fitted by a two-binding site model, while those in (b) were best fitted
by a one-binding site model. Curves shown are representative
examples of data replicated as in Table 1.
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Table 1 Dissociation constants of inverse agonists for binding to D, dopamine receptors

PRouncoupiea PKouptea
(le('nup[w/a l'lM) (Kwuplwb IIM)
(+)-Butaclamol 9.4140.08 8.864+0.09*
(0.39) (1.4)
Chlorpromazine 9.77+0.23 9.46+0.12
(0.16) (0.35)
Clozapine 8.26+0.16 8.12+0.12
(5.5) (7.6)
Haloperidol 9.904+0.06 9.764+0.03
(0.13) (0.17)
Quetiapine 8.174+0.11 7.7240.08
(6.8) (19.0)
Raclopride 8.74+0.29 8.40+0.27
(1.8) (4.00)
Risperidone 9.3540.12 9.1340.05
(0.45) (0.74)
Spiperone 10.1140.07 9.9740.20
(0.08) (0.11)
(—)-Sulpiride 7.304+0.11 6.96+0.07
(50.1) (109.6)

YR g PKigre Hill slope n=—,+

(Kigrp, M) (—,+ GTP) GTP

77+3 9.46+0.21%* —0.7440.02 53
(0.35) —1.21+0.19

47+12 9.53+£0.08 —0.7340.03 4.4
(0.29) —0.90+0.12

344 9 ¥ 8.0940.07 —0.804+0.04 4.4
8.1) —0.974+0.06

4843 9.90+0.04 —0.75+0.02 4,4
(0.13) —0.814+0.05

38 gk ¥ 7.73+0.14 —0.68+0.03 4.4
(18.6) —0.90+0.07

454 TH** 8.72+0.31 —0.69+0.02 4.4
(1.9) —0.864+0.05

42 4 8*** 9.154+0.07 —0.74+0.01 4,3
(0.71) —0.831+0.03

72+8 10.37+0.06 —0.861+0.01 4,4
(0.04) —1.21+0.10

424 4xxx T 7.19+0.06 —0.68+0.02 5.4
(64.5) —0.80+0.03

Competition-binding experiments were performed using membranes of CHO cells expressing D, receptors for the inverse agonists versus
[PHINPA (1 nM) in the presence or absence of 100 uM GTP, as described in Methods section. In the absence of GTP, competition curves
were fitted best by a two-binding site model from which values for Kyncouplea and Keouplea and the percentage of higher-affinity states (%
Ruign) were derived as described in the text. In the presence of GTP, data were fitted best by a one-binding site model from which values of
Kigrp were derived. The Hill slopes for the competition curves are also shown. Values for parameters are expressed as mean +s.e.m. from n

experiments.
*P<0.05 comparing pKeouptea a0d PKiyncouplea Values.
**P<0.05 comparing pKeoupiea With pKigre values.

***P<(.05 comparing the percentage in high affinity to that of (+)-butaclamol.
TP <0.05 comparing the percentage in high affinity to that of spiperone.

from the experiments in the absence of GTP was compared
with the K; values obtained in the presence of GTP (Kigrp).
The two sets of data were not significantly different (P <0.05).
Statistical comparison of Kgrp With K.oupea showed a
significant difference between the data sets (P<0.05). Statis-
tical comparison of Keoupieda a0d Kyneouplea Values showed a
significant difference between the data sets (ANOVA,
P<0.05). For most ligands, K.oupied/Kuncouplea~2. For cloza-
pine and sulpiride, however, this ratio was lower (Kcoupled/
Kincouptea~ 1.3), whereas for (+)-butaclamol K.oupied/Kuncoupled
was ~4 and this was significantly different in a post hoc test.
Statistical comparison of Keoupied a0d Kyncouplea Values without
the data for (+)-butaclamol also showed a significant
difference between the data sets (ANOVA, P<0.05) but no
compound was significantly different in a post hoc test. The
percentage of receptors in the higher-affinity form, which
represents G-protein-uncoupled receptor, was variable. For
most inverse agonists, higher-affinity binding sites constituted
40-50% of the total "H]NPA binding. For spiperone and ( +)-
butaclamol, however, higher-affinity binding sites constituted
more (70-80%) of the total [’H]NPA binding (P <0.05).
Based on these analyses of the data, it seems that the
percentage of higher-affinity sites depends on the ligand tested.
This is not to be expected from the extended ternary complex
model and so we investigated whether constraining the
parameters in curve fitting would alter the analyses. Binding
curves were, therefore, fitted with the percentage of higher-
affinity sites (% Ry) constrained to 43% (the mean %Ry in
Table 1), to 47% (the estimated occupancy of uncoupled sites
by [PH]NPA at 1 nM) and to 60% (the percentage of uncoupled
sites in [PHJNPA saturation analyses). When these analyses
were performed, data for clozapine, quetiapine, raclopride and

sulpiride were fitted best with %Ry constrained to 43%,
whereas data for haloperidol and risperidone were fitted best
with % Ry constrained to 47% and data for chlorpromazine
and spiperone were fitted best with % Ry; constrained to 60%.
None of these constraints provided a better fit for (+)-
butaclamol. When the parameters derived from the best fits
were analysed, the statistics were unaltered, with the exception
of the comparison of Keoupiea and ICs, in [**S]JGTPyS-binding
assays (P<0.05) (see below).

Inhibition of [*’S]GTPYS binding by inverse agonists

The effects of inverse agonists to inhibit agonist-independent
[**SIGTPyS binding were determined in concentration/re-
sponse experiments. Each of the compounds tested inhibited
[**S]GTPyS binding by 15-20% and the maximal effect
(relative to the maximal (4 )-butaclamol effect) and the
potency (ICs,) were determined (Table 2; Figure 3). It was
found that some of the inverse agonists tested (spiperone,
haloperidol, clozapine and chlorpromazine) showed high
relative efficacy (80-100% of the maximal response to (+)-
butaclamol), while others (quetiapine, raclopride, sulpiride)
showed a significantly lower relative efficacy (>60%,
P<0.05). A statistical comparison between the ICs, and
Kooupiea data sets in Table 1 showed no significant difference
between them (P>0.05). Conversely, there was a significant
difference between the ICsy and Kyncouplea data sets (P <0.001).
When the ligand-binding parameters derived from additional
data analyses (see above) were used, ICsy and Koupiea Were
found to be significantly different (P <0.05).

British Journal of Pharmacology vol 145 (1)
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Table 2 Inhibition of [**S]JGTPyS binding by inverse

agonists
PICsp (ICsp, nM) % of (+)- n
butaclamol
response

(+)-Butaclamol 9.284+0.16 100 11
(0.53)

Chlorpromazine 8.66+0.33 8948 6
2.2)

Clozapine 7.30+0.14 86+2 4
(50.1)

Haloperidol 9.544+0.10 83+6 5
(0.29)

Quetiapine 7.524+0.24 73+4%* 4
(30.2)

Raclopride 8.514+0.14 61+ 19* 4
3.1

Risperidone 9.254+0.21 9248 5
(0.56)

Spiperone 9.674+0.10 93+4 5
0.21)

(—)-Sulpiride 6.874+0.07 65+4* 5
(134.9)

Ziprasidone 9.2740.10 95+7 4
(0.54)

Inhibition of [**S]JGTPyS binding to membranes of CHO-D,
cells by inverse agonists was determined as described in
Methods section. Concentration/response experiments were
performed and ICs, and maximal effects determined. Max-
imal responses were expressed as a percentage of the
maximum response from (+)-butaclamol. Values are ex-
pressed as mean+s.e.m. from n experiments.

*P<0.05 compared to (+)-butaclamol.

(0]

g 01 = (+)-Butaclamol
& -20- + Haloperidol
g v Clozapine

o -40 + (-)-Sulpiride
S 604 ¢ Spiperone

[&] . .

8 o Quetiapine

3 -80 v Chlorpromazine
£ 100

0\0 1

-15.0 -125 -100 -75 -5.0 -25

log [ligand] (M)
Figure 3 Inhibition of basal [**SJGTPyS binding by inverse
agonists via D, dopamine receptors expressed in CHO cells.
[**S]GTPyS binding was determined in the presence of different
concentrations of drugs as described in Methods section. The data
were fitted using a sigmoidal dose-response curve with a Hill
coefficient of one and expressed as a percentage of the maximal (+ )-
butaclamol response. The data shown represent single experiments,
replicated as in Table 2.

Effect of increasing GD P concentration on inverse agonist
potency for inhibition of [*>S]GTPyS binding

Concentration/response curves for (+ )-butaclamol, spiperone
and (—)-sulpiride were determined in the presence of increasing
GDP concentrations to examine effects on ligand potency
(Figure 4; Table 3). When the ICs, values were analysed using
linear regression, a significant relationship was found between
1Cs, and [GDP] for (+ )-butaclamol and spiperone (P <0.05).
When the ICs, values were compared, the ICs, for (+)-

60000 -
£ . .
s 50000 - u ] [GDP]
3 A = 10 nM
=2 m A 30 nM
S 40000 -+ A 7y v 100 nM
£ !—'—vm ¢ 300 nM

v

(ne' 30000 + m
'_
[}
u«i 20000 -

10000 T T T T T T T 1

-13 -12 -11 -10 -9 -8 -7 -6 -5

log [(+)- Butaclamol] (M)

Figure 4 Effect of GDP on the inhibition of basal [**SJGTPyS
binding by (+ )-butaclamol. Inhibition of [**SJGTP}S binding by
different concentrations of (+ )-butaclamol was determined in the
presence of different concentrations of GDP as described in
Methods section. The data were fitted using a sigmoidal dose—
response curve with a Hill coefficient of one. Curves are
representative examples of data replicated as in Table 3.

Table 3 The effect of GDP concentration on inverse
agonist potency

pICsy (ICsp, nM) efficacy (%)

[GDP]nM 10 30 100 300
(+)- 8.83+0.08 9.02+0.09 9.054+0.06 9.37+0.16*
Butaclamol
(1.5) (0.95) (0.89) (0.43)
100 96 83 53
Spiperone 9.5940.11 9.6540.11 9.7340.20 9.82+0.23
(0.26) (0.22) (0.19) (0.15)
100 96 69 52
(-)- 6.9840.21 6.754+0.15  6.8040.09 7.03+0.24
Sulpiride
(105) (178) (158) 93)
100 91 62 38

Concentration/response experiments for inverse agonist in-
hibition of [**S]JGTPyS binding to membranes of CHO cells
expressing D, receptors were performed in the presence of the
indicated concentrations of GDP as described in Methods
section. ICs, values were determined and are expressed as
pICso+s.e.m. (three to five experiments). ICs, values are given
in brackets. Data are also given for the mean efficacy for the
compounds at each GDP concentration expressed as a
percentage of the response (inhibition of [**SJGTPyS binding)
at 10nM GDP.

*P<0.05 compared to 10nM GDP.

butaclamol as an inverse agonist did show a significant
increase between 10 and 300nM GDP (ICsy: 1.5-0.43nM;
ANOVA, P<0.05; Table 3). This increase was similar to the
values of Kincoupted 8014 Keoupea determined using [PH]NPA
competition (Keoupted 1.50M; Kuncouplea 0.41 nM). However, no
significant change in 1Csy was found for either spiperone or
(—)-sulpiride using this analysis (P>0.05). The values for
maximal effects of inverse agonists decreased as the GDP
concentration was increased (Table 3). We could not, there-
fore, extend the range of [GDP] used, as at concentrations
above 300nM the inverse agonist signal was too small for
accurate analyses.
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Simulations of ligand-binding data using the extended
ternary complex model

Simulations were carried out using the extended ternary
complex model (Figure 1) in order to analyse the experimental
data in more detail. The model was formulated for two
competing ligands, an inverse agonist in competition with an
agonist. Values for dissociation constants of the agonist were
chosen to provide data similar to the saturation-binding data
seen with [PH]NPA. It was assumed that the agonist bound
with higher affinity to the R* and R*G states than to the
R state of the receptor, that is, Kr+g= Kr+< K. Values for
these constants were as follows: Kgsg=Kp+=10"""M,
Kr=5x10"°M. It was also assumed that the affinity of the
inverse agonist for R* and R*G receptor species was
equivalent (Kr+= Kgr+g) and that the ligand showed a higher
affinity for R over these species (K < Kg+). Thus, the inverse
agonist stabilises the receptor ground state over partially active
R* and fully active R*G states. Ky for the inverse agonist was
held constant at 1 x 1071°M and Kg«g was varied to give the
indicated Ky«g/Kg ratios (Figure 5).

Simulations were performed using these parameters for a
single concentration of agonist (1 nM) and different competing
concentrations of inverse agonist and the simulated data were
analysed using Prism. In each case, the data fitted best to a
two-binding site model from which values for Kyncouplea and
Koupiea could be extracted (Table 4). From the simulated data,
it is evident that the Kyncoupted/Kcoupiea ratio derived from the
analysis underestimates the Kr+g/Kgr ratio. If the simulations
are repeated, but with different values of J corresponding to
different extents of R*/G coupling, then at high values of J,
corresponding to weak receptor/G-protein coupling, Kuncoupled/
Koupiea tends to unity, whereas at low J values, corresponding
to strong receptor/G-protein coupling, Kuncoupted/Kcoupled
approaches the Kgr«g/Kr ratio (Figure 6). These simulations
show, therefore, that if there is some basal receptor/G-protein
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Figure 5 Simulation of inverse agonist/[*HJagonist competition
using the extended ternary complex model (Figure 1). The extended
ternary complex model for two ligands was used with the following
parameters: R =1x107"M, G =5x10""M, L=100, J=1x
107'°M; dissociation constants for inverse agonist: Kg =1 x 107'°M,
Kg»=Kg+g; dissociation constants for agonist: Kx=35x10""M,
Kg»=1x10"""M, Kpsg=1x 107" M. Kp«g was varied to give the
Kr/Kr+c ratios shown, data were simulated in Excel ([ago-
nist] = I nM, varying concentrations of inverse agonist) and fitted
using Prism as described in Methods section. Parameters derived
from this analysis are given in Table 4.

Table 4 Simulated competition of a [*HJagonist by
an inverse agonist

Kr/Kr+G 5 10 20 40 80 160 320
Kincouplea (NM) 0.1 o.rr o.rr 0.12 0.12 0.12 0.12
Keouplea (NM) 028 041 054 065 0.73 0.77 0.80
Kincoupled/Keouplea ~ 2.55  3.73 491 541 608 642 6.67
%Ry, 363 368 372 376 378 379 38.0

The extended ternary complex model for two ligands was used
with  the following  parameters: Ry=1x10""M,
G =5x10"M, L=100, J=1 x 107'°M; dissociation con-
stants for inverse agonist: Kr=1x10"""M, Kgr»=Kg-g;
dissociation constants for agonist: Kz=35x10""M,
Kpe=1x10""M, Kreg=1x10""M. Kgrs+g was varied to
give the Ki/Kr+g ratios shown, data were simulated in Excel
(Jagonist] = 1 nM, varying concentrations of inverse agonist)
and fitted using Prism as described in Methods section.
Simulated data were fitted best by two-binding site models in
all cases and values for Kincoupled: Kcouplea and %R, were
derived as described in the text.
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Figure 6 Simulation of inverse agonist/[*HJagonist competition
using the extended ternary complex model (Figure 1), effects of
high and low J constant. The extended ternary complex model
for two ligands was wused with the following parameters:
Roi=1x10""M, Gp=5x107%M, L=100, J=1x10"M (a) and
1 x107"M (b); dissociation constants for inverse agonist:
Kr=1x10"""M, Kg+=Kg+g; dissociation constants for agonist:
Kr=5x10"°M, Kgs=1x10""M, Kpsg=1x10""M. Kgsg was
varied to give the Ky/Kr+g ratios shown, data were simulated in
Excel ([agonist]=1nM, varying concentrations of inverse agonist)
and fitted using Prism as described in Methods section.
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coupling, it is possible to detect discrimination between
G-protein-coupled and -uncoupled forms of the receptor in
these assays. Values of K.oupea Will, however, be under-
estimated unless receptor/G-protein coupling is strong. The
simulations also show clearly that if the extended ternary
complex model holds, competition between an inverse agonist
and an agonist (parameters chosen to model the present
experimental data set) should follow a two-binding site model
with % Ry approximately 40%.

Simulations as in Figures 5 and 6 were also performed
where, for the inverse agonist Kg«g> Kgr+= Kg, with very
similar results.

Discussion

In this study, we have probed the mechanism of inverse
agonism at D, dopamine receptors in a series of ligand-binding
and functional experiments combined with simulations of
data. The results provide evidence that some inverse agonists
function by stabilising the receptor uncoupled from G
proteins, whereas for others the mechanism could not be
defined. Understanding the mechanisms of inverse agonism at
D, dopamine receptors is important as many of the inverse
agonists tested are used therapeutically for the treatment of
schizophrenia.

As outlined in the Introduction, there are several possible
mechanisms for inverse agonism at GPCRs. In previous work
we examined the mechanisms of inverse agonism at the D,
dopamine receptor in two ways. A mutant D, dopamine
receptor (T343R) was examined and shown to possess the
properties of a receptor that lies towards the activated
conformation (Wilson er al., 2001). Agonist affinities were
increased for this receptor relative to the native receptor, but
the affinities of inverse agonists were unchanged. In a second
study (Roberts et al., 2004), the dissociation constants of a
range of inverse agonists were determined in competition
experiments versus the inverse agonist [*H]spiperone and versus
the agonist [’H]NPA. Affinities of inverse agonists were similar
when determined versus the two radioligands. From these
observations, it might be concluded that inverse agonists at
the D, receptor do not discriminate the different states of the
receptor (R, R*, R*G). These experimental approaches have
limitations. For example, the affinities of inverse agonists will
be affected by mutations only if the mutation strongly favours
the activated state (Wade ez al., 2001). Also, in using two
radioligands to assess inverse agonist affinities at coupled
and uncoupled states, any differences in behaviour of the
two radioligands may obscure small differences in affinity for
the inverse agonist between the two states. Therefore, in the
present study, we used the agonist radioligand [PH]NPA to
examine the affinities of inverse agonists for the different states
of the receptor. [PH]NPA is a radioligand that will bind to both
the coupled and uncoupled forms of the receptor with
different, but high affinity, so that labelling of both sets of
sites may be examined in a single ligand-binding assay.

Indeed, in the present study, when a sufficiently high
concentration of the radioligand was used, inverse agonist/
[PHINPA competition experiments gave data that were fitted
best by a two-binding site model. It is assumed that the two
sites represent competition versus [PHINPA from its lower-
affinity (G-protein-uncoupled) and higher-affinity (G-protein-

coupled) binding sites. This assumption was confirmed in
experiments performed in the presence of GTP to uncouple
receptor and G protein when the data were fitted best by a
one-binding site model. When dissociation constants for the
two sites were determined, a significant difference between the
sets of Keoupled aNd  Kyncoupleda Values was seen, but these
parameters were significantly different in a post hoc test only
for (+)-butaclamol. When this comparison was made, but
omitting the data for (4 )-butaclamol, the sets of K.ouplea and
Kincoupiea Values were still significantly different, but no values
were different in a post hoc test. Kigrp values derived from
experiments in the presence of GTP were not significantly
different from values for Kyncoupled» but were significantly
different from values for K.,upiea (although see below). These
data show clearly that (4 )-butaclamol does discriminate
between R/R* and R*G receptor states. It cannot, however,
be concluded that other inverse agonists do not show such
a discrimination as there is a significant difference (ANOVA)
between the Keoupiea aNd Kyncouplea data sets.

The percentage of higher-affinity sites (%Ry) in these
analyses was found to vary somewhat. For many of the
compounds tested this figure was ~40%, but for spiperone
and (4 )-butaclamol the figure was ~75%. In some cases,
better fits to the data were obtained with values of the % Ry
constrained, but no clear pattern emerged. Nevertheless, it
seems that there is variability in this parameter and this would
not be expected for a ternary complex model. Indeed, we have
performed simulations of such data with the extended model,
but do not see such large changes in % Ry. It seems, therefore,
that there is additional complexity in the interaction of inverse
agonists with this receptor not contained in these models.

The relative efficacy of the different compounds as inverse
agonists was determined from their ability to reduce basal
[**S]JGTPyS binding. To obtain an inverse agonist signal in this
assay, it was necessary to omit sodium ions from the buffer. It
is believed that sodium ions help stabilise GPCRs in the
ground state (Costa et al., 1992; Tian et al., 1994; Selley et al.,
2000). The omission of sodium ions should, therefore, increase
constitutive receptor/G-protein coupling and hence agonist-
independent [**S]JGTPyS binding. Inverse agonist signals were
also greater when assays were performed with either no GDP
or low concentrations thereof. GDP is normally present in
[**S]GTPyS-binding assays in order to reduce basal receptor/
G-protein coupling by occupying guanine nucleotide-free
G-proteins, thus suppressing receptor/G-protein interaction.
Removing GDP causes an increase in receptor/G-protein
association and agonist-independent activation (Pauwels e? al.,
1997; Breivogel et al., 1998; McLoughlin & Strange, 2000) and
the extent of inverse agonism may be modulated by changing
the GDP concentration in assays (McLoughlin & Strange,
2000). Using these conditions, it was possible to observe
inverse agonist effects with all of the compounds tested.
Whereas for most of the compounds tested the extent of
inverse agonism was similar to that seen with ( + )-butaclamol,
for quetiapine, raclopride and sulpiride, significantly lower
relative efficacies were observed (P <0.05).

The relative efficacies of the inverse agonists tested here
have been assessed using stimulation of adenylyl cyclase (Hall
& Strange, 1997; Kozell & Neve, 1997; Wilson et al., 2001),
[**S]GTPyS binding (Wiens et al., 1998; Gilliland & Alper,
2000; Gazi et al., 2003) and phospholipase C activation in a
chimeric D, dopamine/a; adrenergic receptor (Wurch et al.,
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2003). In general, full inverse agonism has been observed for
all the compounds tested here, although partial inverse agonist
effects have been reported in one study (Kozell & Neve, 1997)
and neutral antagonism has been reported for ziprasidone
(Gazi et al., 2003; Wurch et al., 2003). The origin of these
differences is unclear, but it could reflect differences in the
systems used for the different measurements.

The fact that inverse agonism can be observed in the absence
of GDP shows that the mechanism of inverse agonism does
not simply involve the inhibition of GDP release. Therefore, a
receptor-bound inverse agonist produces a receptor conforma-
tion that reduces the rate of [**SJGTPyS binding to guanine
nucleotide-free G-proteins. It can be inferred that the receptor
conformation favoured by the inverse agonist either dis-
courages receptor/G-protein coupling or allows for G-protein
coupling, but prevents the G-protein from binding [**S]GTPyS
efficiently.

In order to probe the mechanisms of these inverse agonist
effects further, we performed inverse agonist concentration/
response experiments at different concentrations of GDP. For
the 5-HT, 4 serotonin receptor, we have shown that this assay
design discriminates among agonists and inverse agonists
according to whether they do, or do not, bind differentially to
different states of the receptor (G-protein-coupled or un-
coupled) (McLoughlin & Strange, 2000). If the compound
tested does bind differentially to these different states of the
receptor, then its ECs,/ICs is affected by the changes in GDP.
When such assays were performed for the D, dopamine
receptor and the inverse agonists tested here, no significant
change in ICs, was observed for the inverse agonists spiperone
or (—)-sulpiride. However, a significant change in potency was
found for (+ )-butaclamol. The change in potency was in good
agreement with the Kincoupea a00d Keouprea Values calculated in
competition against [’H]-NPA. When the effects of GDP on
inverse agonist potency were analysed by linear regression, a
significant effect of GDP was seen for both (+ )-butaclamol
and for spiperone.

It appears, therefore, that (4 )-butaclamol is able to
redistribute the different states in the extended ternary
complex model. It displays both decreased affinity for
G-protein-coupled receptors as compared to G-protein-un-
coupled receptors and an increase in potency when ternary
complex formation is made less favourable (increased GDP).
There is also some evidence based on the effects of GDP on
inverse agonist potency that spiperone may redistribute these
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