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Abstract

The antipsychotic drags had been assumed to act as antagonists at D2 dopamine receptors but
recently these drugs have been shown to possess inverse agonist properties at this receptor. Inverse
agonism may be demonstrated from the ability of these drugs to potentiate forskolin-stimulated
cAMP accumulation or to suppress agonist-independent [35S]GTP-/S binding. The antipsychotic
drags tested generally appear as full inverse agonists in these assays regardless of chemical or
therapeutic class. The mechanism of inverse agonism of the antipsychotic drags is still unclear but
may involve stabilisation of the ground state of the D2 receptor.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Concept of inverse agonism

Until recently it had been assumed that drags could be divided into two groups based
on their effects on receptors, termed agonists and antagonists. Agonists were those drugs
that were able to stimulate the receptor and associated signalling system whereas
antagonists would bind to the receptor and block the actions of agonists without affecting
the activity of the signalling system. This simple picture changed when it was found that
for the GABAA/benzodiazepine receptor, a third class of drag could be recognised [1].
These drags were found to reduce the spontaneous activity of the receptor seen in the
absence of agonist. Because they exerted effects opposite to those of the agonists they
were termed inverse agonists.
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For the G protein coupled receptors (GPCRs), inverse agonism was eventually
described and it seems that many of the drugs that had been considered to be antagonists
at GPCRs in fact possess inverse agonist actions.

2. The D2 dopamine receptor

The D2 dopamine receptor is one of the family of receptors for the neurotransmitter
dopamine [2,3]- It is important for mediating many of the physiological effects of
dopamine but in addition it is also a key site of action of the drugs used to treat
Parkinson's disease and schizophrenia [4]. The importance of the D2 receptor as a site of
drug action has attracted much interest.

The antipsychotic (neuroleptic) drugs constitute a large, chemically diverse, group of
drugs, all of which have the ability to treat the positive symptoms of schizophrenia [5,6].
In general, the antipsychotics do not affect the negative symptoms although there are
exceptions, e.g. clozapine. The antipsychotics also elicit side effects, which are mainly
motor in nature. The drugs have been divided in to two groups, typical and atypical,
depending largely upon their propensity to elicit motor side effects [7]. The typical drugs
do produce these side effects whereas the atypical drugs have a reduced tendency to do so.

In the late 1970s the actions of the antipsychotic drugs at the D2 dopamine receptor
were discovered. It was shown in two studies using a large number of antipsychotic drugs
that there was a remarkable correlation between the affinities of the drugs to bind to the D2

receptor and their daily dose for treating schizophrenia [8,9]. It was assumed that the drugs
were acting as antagonists to block the actions of dopamine at synapses containing the D2

receptor. In the past ten years this picture of antipsychotic action has been modified to
include inverse agonism.

3. Inverse agonism of the antipsychotic drugs at the D2 dopamine receptor

The first indication of inverse agonism at the D2 dopamine receptor came from studies
on pituitary cells where it was shown that the antipsychotic drug haloperidol would
stimulate prolactin secretion [10]. Haloperidol had previously been assumed to be a neutral
antagonist at the D2 receptor. Dopamine had been shown to inhibit prolactin secretion so
that haloperidol was, therefore, acting as an inverse agonist. Subsequently several studies
showed inverse agonist effects for drugs such as haloperidol either from their effects to
potentiate adenylyl cyclase or to inhibit basal [35S]GTP"/S binding [11,12].

In CHO cells expressing high levels of the D2 dopamine receptor a range of drugs that
had been presumed to be antagonists at the receptor were shown to potentiate forskolin-
stimulated adenylyl cyclase activity [13]. With the exception of UH 232 all of the drugs
tested elicited the same level of inverse agonism. UH 232 was, however, found to be a
neutral antagonist in these experiments and indeed it would inhibit competitively the
effects of dopamine as an agonist or (+)-butaclamol as an inverse agonist. There was good
agreement between the potencies of drugs to elicit inverse agonism and their binding
affinities at the receptor.
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Subsequently, a mutant D2 dopamine receptor (T343R) was studied in this regard [14].
The T343R mutation is at a position at the base of the sixth transmembrane spanning
region which has been shown for several receptors to produce constitutive activation. The
T343R mutant D2 receptor indeed exhibited some of the properties of a constitutively
active receptor such as increased agonist affinity and potency in functional tests.
Importantly, however, it exhibited an increased sensitivity to inverse agonists, based on
the ability of inverse agonists to potentiate forskolin-stimulated adenylyl cyclase. Hence
when recombinant CHO cells expressing the native or T343R mutant D2 receptors at
moderate levels were tested for the effects of inverse agonists such effects were seen only
in the cells bearing the mutant receptor. CHO cells expressing the T343R receptor,
therefore, provide an excellent system for detecting inverse agonist effects of drags. As
before all of the drags tested except UH 232 elicited the same level of inverse agonism,
based on their ability to potentiate forskolin-stimulated adenylyl cyclase activity. In these
studies a wider range of drags was tested and all of the antipsychotic drags examined were
inverse agonists independent of chemical class or therapeutic group, i.e. typical or atypical
antipsychotic [14,15]. There was a tendency for clozapine to produce sub-maximal inverse
agonism but this was not significant. UH 232, however, behaved as a neutral antagonist in
this system.

We have also attempted to detect inverse agonism from the ability of the drags to
suppress basal [35S]GTP"/S binding, an index of G protein activation [16]. This assay
has been used successfully to detect inverse agonism at the 5HT1A and 5HT1B
serotonin receptors [17,18]. For the D2 dopamine receptor, however, it has proven
more difficult to use this assay to detect inverse agonism. Effects of inverse agonists
can be observed, but the maximal effects are only about 15-20% of the basal levels,
even if GDP levels in the assays are kept low in order to maximise basal [^SJGTP-yS
binding. If careful assays are performed with several replicates, however, then
concentration/response curves may be obtained. When a range of drags is tested in
this assay system then most of the drags give the same (~ 15%) reduction in basal
[35S]GTP-yS binding but some drags, e.g. sulpiride give smaller effects and appear to
be acting as partial inverse agonists. In this assay system UH 232 acted as an agonist.
The small effects of inverse agonists to inhibit [35S]GTP^/S binding in this assay
design suggest that the native D2 receptor has a low ability to couple constitutively to
G proteins. Whereas the T343R mutant receptor has an increased ability to detect
inverse agonism using adenylyl cyclase assays this is not the case in [35S]GTP"/S
binding assays. It seems that the forskolin stimulated adenylyl cyclase system provides
a more sensitive system.

To provide an alternative system for assaying inverse agonists, we have tested a fusion
protein between the D2 receptor and the G protein Go [19] as this could have increased
interaction between receptor and G protein in the absence of agonist. This construct has
been expressed in Sf9 insect cells using the baculovirus system. The D2 receptor
expressed in this unusual manner fused to the G protein has properties very similar to
those of the "unfused" receptor based on ligand binding. In [35S]GTP7S binding assays a
range of agonists was shown to stimulate this activity. Also, it was possible to
demonstrate up to 30% suppression of basal [35S]GTP"/S binding by inverse agonists
so that this receptor/G protein fusion provides a good assay system for inverse agonism
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based on the convenient format of [35S]GTP-yS binding. In this assay format, however, all
of the compounds tested exhibit the same maximal level of suppression of basal
[35S]GTP-yS binding i.e. the same level of inverse agonism. Surprisingly, UH 232 also
behaved as a strong inverse agonist.

These different studies provide interesting comparative data for the compound UH
232. This was first proposed to be a D2 antagonist that was selective for dopamine
autoreceptors [20]. In the studies outlined above UH 232 behaves either as a silent
antagonist, a full agonist or a full inverse agonist, depending on the system. Two other
recent studies have reported partial agonist properties for UH 232 at D2 receptors
expressed hi recombinant cells [21,22]. UH 232 is, therefore, an unusual compound in
that its relative efficacy switches dramatically depending on the assay system. It should
be noted that the relative efficacies of other compounds do not change greatly in the
different systems.

4. Mechanisms of inverse agonism at the D2 dopamine receptor

It has been widely assumed that mechanisms of inverse agonism may be understood in
the context of the extended ternary complex model [23]. This model proposes that the
receptor exists in an inactive ground state (R) and a partially active state (R*) which can
couple to the G protein to form the fully active state (R*G). In the R*G state, GDP/GTP
exchange on the G protein is catalysed and following the binding of GTP the G protein
dissociates to yield aGTP and (ï"/ subunits which alter effector activity. Agonists stabilise
R* and R*G to achieve effector activation.

In the context of this model it has been assumed that there may be some constitutive
(agonist-independent) G protein activation if R* and hence R*G are found to any
appreciable extent in the absence of agonist. Inverse agonists have then been assumed
to suppress this constitutive activation by stabilising the inactive form of the receptor
(R), i.e. inverse agonists bind to R with higher affinity than to R*. This is not,
however, the only mechanism possible for inverse agonism. Two other possible
mechanisms are that the inverse agonist binds to R or R* better than R*G or that
the inverse agonist binds to the receptor and renders it inactive whether coupled to G
or not, i.e. R/R*/R*G may exist but once bound by the inverse agonist they are inactive
[24].

For two adrenergic receptors, these mechanisms have been probed by making mutant
receptors that lie more towards the R* state. For the c¿2 and (52 adrenergic receptors,
inverse agonists exhibited slightly lower (~ 2-fold) binding affinities for the mutant
receptors [25,26]. These observations are consistent with the compounds binding with
higher affinity to the R form of the receptor, the stability of which is disfavoured by the
mutation. Although the mutant receptor exists about 50% in the R* state, the effects of
the mutation on the affinity of the inverse agonist are slight. The use of these mutant
receptors to investigate mechanisms of inverse agonism is not a very sensitive technique
and in fact large effects of such mutations on the affinities of inverse agonists will only
be observed if the mutation causes the receptor to lie substantially towards the R* state
[24].
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For the 5HT1A serotonin receptor, inverse agonism has been seen with a variety of
compounds including some antipsychotic drugs. We examined in detail the effects of
spiperone and methiothepin as inverse agonists at this receptor [17]. Both compounds
were able to suppress basal [35S]GTP'vS binding by about 30%. The binding of the
compounds to the free receptor and the receptor uncoupled from G proteins was
investigated in ligand binding assays. It was found that whereas spiperone showed a
higher affinity for binding to the free receptor uncoupled from G proteins compared to the
coupled form of the receptor, methiothepin exhibited very similar affinities for the two
states. These data show that spiperone may be achieving inverse agonism by stabilising the
free receptor at the expense of the coupled form, whereas methiothepin cannot be
employing such a mechanism. It seems likely for methiothepin that it must be achieving
inverse agonism by binding to the coupled and uncoupled forms of the receptor with
similar affinities but inactivating the receptor. These mechanisms were investigated further
by performing concentration/response experiments for [35S]GTP"/S binding in the pres-
ence of different concentrations of GDP. GDP destabilises the coupled form of the receptor
and with increasing concentrations of GDP the EC50 for inverse agonism by spiperone is
decreased, consistent with the stabilisation of the uncoupled receptor by this compound.
For methiothepin, however, the ECso for inverse agonism was unaffected by GDP,
supporting the idea that methiothepin cannot distinguish the coupled and uncoupled
forms of the receptor.

For the D2 dopamine receptor, we have attempted to determine mechanisms of inverse
agonism by using the mutant receptor (T343R) which exhibits properties consistent with a
receptor that favours the R* state and we have used ligand binding studies in order to
determine affinities for the coupled and uncoupled states of the receptor. Although we
have not found any evidence that inverse agonists favour the uncoupled form of the
receptor over the R* or R*G states, if the native D2 receptor lies largely towards the
ground state (R) of the receptor then these techniques become rather insensitive. More
recently we have examined concentration/response curves for inverse agonists to suppress
basal [35S]GTP'YS binding in the presence of different concentrations of GDP. Some
evidence has been found to suggest that inverse agonists may stabilise the uncoupled
receptor in this way.

5. Conclusion

It seems that the antipsychotic drags are inverse agonists at the D2 dopamine receptor
rather than neutral antagonists as had been assumed. In most of the assay formats used to
detect this inverse agonism the drugs exhibit similar degrees of inverse agonism
irrespective of the chemical class or differences in therapeutic effects, i.e. typical or
atypical drugs. It is unclear as to how the property of inverse agonism is relevant in general
to the actions of the antipsychotic drugs but it may underlie the observation of increased
dopamine receptor number seen upon chronic treatment with the drugs [24,27].

A recent observation for the antipsychotic drugs concerns their unusual binding profiles
in relation to receptor oligomerisation. Interactions between drugs such as raclopride and
spiperone were shown to be non-competitive under some circumstances [28] and these
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observations may need to be taken in to account in considering the actions of the drags in
future.
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Discussion 13

R. Leurs
You were able to do the FRET experiment in cell membranes and that allows you to

work with different sodium concentrations. Have you done those types of experiments?
P. Strange
We don't see much of an effect, but we haven't done them extensively. It's clearly a

critical question.
R. Leurs
And if I could stay with the sodium effect, what happens with the three classes of

inverse agonists. If you move to a different radioligand, what is the effect of sodium on
your radioligand. Also, do you see differences in the case of dimers

P. Strange
We have done some of these experiments, and you do see differences depending on the

radioligand that you use. But the data aren't finished, and it looks like a fairly complicated
picture.

M. Lohse
You presented a model with two ligands bound. It has been my impression that all

ligand-binding studies that were done a long time ago pointed to very simple models. And
it's also been my impression from the GABA B receptor work that even if you have a
dimer, only one of the two binds the ligand. What is, in your case, the evidence that really
we have two binding sites and both are being used and can even influence each other in an
allosteric manner?

P. Strange
The evidence comes from looking at, first of all, the BmaK for radio ligands, with and

without sodium ions. In our experiments with raclopride, and then more recently,
nemonapride, the Bmsx is reduced when you take away the sodium ions. Whereas the
Bmax for spiperone is not. Now, you cannot get a change in Bmax for a radioligand if you
have a single population of binding sites, so therefore it tells you immediately that you
have something more complicated than a single population of binding sites. We also did a
series of competition assays, the data of which we were able to model using the scheme
that I presented in my talk. Let me stress that the data were obtained were in recombinant
cells, and obviously one question is if these are just a curiosity of recombinant cells.
However, I recall that around 1990 a paper from the Karolinska group in Stockholm using
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spiperone and raclopride included almost exactly the same data using brain tissue. It is a
non-competitive effect of raclopride on spiperone binding and vice versa. You can model it
using this dimer model. And I agree with you that the majority of ligand-binding data fit
well to single-site models and so on, that's why I made that point at the end, as well. You
know, if you had dimers, you might expect to see more evidence of this. Another
observation pertains to an allosteric point. We have done quite a bit of work on amiloride
and on compounds relating to amiloride, and we suggested they were allosteric regulators
of the D2 receptor. The Hill coefficient for amiloride inhibition of spiperone binding is
about 2. And that fits in very nicely, at least, with some kind of cooperativity.

L. Prezeau
I have a comment and a question. When you do your FRET experiments, has there been

any evidence that you can disrupt the dimer by competing with the other receptors or cold
receptors?

P. Strange
Those experiments are very difficult to do. What we did was to express the flag tag

along with the un-fiag tag receptor. And we did see a reduction in the fret signal. But it's
very difficult to control those experiments; when you do a ligand binding, you don't know
how much is the flag tag and how much is the un-flag tag.

L. Prezeau
I just want to come back to Martin Lohse's comments on GABA B receptors. Of course

you have only one binding sites but on mGluRs you have two binding sites, but according
Kunishima's paper, binding to one site would be enough to have a receptor that is
functional at G proteins.

P. Strange
Maybe that's why those response curves generally look at a Hill coefficient of 1.
G. Milligan
I've got to say that we find exactly the same for a number of monoamine receptors—

you only need one site to be full to give an activated complex.
H. Giles
Were your FLAG-tagged experiments done with the constitutively active mutant or

not?
P. Strange
No, just with the native receptor.
H. Giles
So, I was just wondering, if it would be worthwhile looking at the constitutively active

mutant and seeing whether the inverse agonist had any effect.
P. Strange
It would be very nice to do that experiment, but, there's a limit to what you can actually

do. But I think that's a good idea.
T. Wurch
Heterodimerisation of D2 short andD2 long receptors has been reported, have you seen

if you could measure or try to detect this kind of dimerisation in these experiments.
P. Strange
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We can't do it with the FRET experiments because we are using the same tag for the
experiments. But we can show using coprecipitation experiments that we get hetero-
dimerisation or oligomerisation between D2 short and D2 long.

G. Milligan
But more usefully, does that change the pharmacology at all, because there'd be no big

surprise in terms of the general mechanisms that people believe are important for
dimerisation, to think that those two would not interact with each other.

P. Strange
We have not done a pharmacological study of the hetero oligomer, but we know that

there are minor differences in pharmacology between D2 short and D2 long before they are
put together.

A. Dzerman
You were somewhat disappointed not to see any effects of ligands on this

dimerisation or oligomerisation process. I just wondered, when you do the experiment,
is there a difference in when you start adding the ligands first and then adding the
receptors?

P. Strange
That is an important issue, but we haven't done enough experiments to answer your

question.
A. IJzerman
The A2A receptor is closely linked to the D2 receptor. Thus, one would expect a

potential heterodimerisation between an A2A and a D2 receptor. You might think of some
of your ligands being active in that particular dimerisation process rather than in the
homodimerisation process.

P. Strange
We aren't looking at D2-adenosine receptor interactions.
G. Milligan
I think it's worth pointing out that clearly, Franco's lab and the people up at Karolinska

have clearly seen effects of ligands on the dimerisation between a variety of dopaminergic
and adenosine receptor subtypes. Quite what that means at the moment, I'm not too sure,
but clearly they have reported this.

A. Uzerman
Did you imply that the ligands' inverse agonistic characteristics on the D2 receptor

correlate well with their antipsychotic action? I would say that these ligands next to their
affinity for the D2 receptor have additional affinities for other receptors. It may well be that
such a mixed profile leads to a good antipsychotic drug.

P. Strange
I'd like to have done so, but whenever I say that, people slap me down. Because we

only have one neutral compound, it's not even necessarily neutral, which has been tested
as an antipsychotic, and it was inactive in a very small trial. I don't think we can really go
very far with that. With the role of the D2, we're going back to much earlier studies, and
saying that the thing which all the drugs have in common is D2 activity, but they all have
other activities as well. And what we're saying is, as well as being D2 active, they are
inverse agonists.

A. Newman-Tancredi
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It has been commented that all the antipsychotic agents are D2 antagonists. But there's a
recent drug which is just being launched as an atypical antipsychotic agent. It's
aripiprazole, which is a D2 partial agonist. What's interesting about the drug is that it's
being prescribed, primarily for negative symptoms in schizophrenia and it doesn't seem to
be quite so effective against the positive symptoms of schizophrenia. So there may be a
link there between neutral antagonism, or maybe inverse agonism, at D2 receptors, and
efficacy against the positive symptoms of schizophrenia.

P. Strange
Aripiprazole is a very unusual compound. But I think we need to look and see about the

efficacies of compounds in different systems. I've only seen the one paper on aripiprazole,
and a bit more work needs to be done on this drug before we really understand what it's
doing. But it's clearly a very interesting compound. If it proves that it's acting as a partial
D2 agonist that's going to throw all the theories out the window.




