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Abstract——Interaction of the antipsychotic drugs with
dopamine receptors of the D2, D3, or D4 subclasses is
thought to be important for their mechanisms of action.
Consideration of carefully defined affinities of the drugs
for these three receptors suggests that occupancy of the D4
subclass is not mandatory for achieving antipsychotic ef-
fects, but actions at D2 or D3 receptors may be important. A
major difference between typical and atypical antipsy-
chotic drugs is in the production of extrapyramidal side
effects by the typical drugs. Production of extrapyramidal
side effects by typical drugs seems to be due to the use of
the drugs at doses where striatal D2 receptor occupancy
exceeds ;80%. Use of these drugs at doses that do not
produce this level of receptor blockade enables them to be

used therapeutically without producing these side effects.
The antipsychotic drugs have been shown to act as inverse
agonists at D2 and D3 dopamine receptors, and this prop-
erty may be important for the antipsychotic effects of the
drugs. It is suggested that the property of inverse agonism
leads to a receptor up-regulation upon prolonged treat-
ment, and this alters the properties of dopamine synapses.
Several variants of the dopamine receptors exist with dif-
ferent DNA sequences and in some cases different amino
acid sequences. These variants may have different proper-
ties that alter the effects of dopamine and the antipsy-
chotic drugs. The determination of such variants in pa-
tients may help in the prediction of drug responsiveness.

1 Address for correspondence: Professor Philip G. Strange, School of Animal and Microbial Sciences, University of Reading, Whiteknights,
Reading, RG6 6AJ, UK. E-mail: P.G.Strange@rdg.ac.uk

0031-6997/01/5301-119–133$3.00
PHARMACOLOGICAL REVIEWS Vol. 53, No. 1
Copyright © 2001 by The American Society for Pharmacology and Experimental Therapeutics 116/887578
Pharmacol Rev 53:119–133, 2001 Printed in U.S.A

119

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


I. Introduction

The antipsychotic drugs are used very widely to treat
the positive symptoms of schizophrenia, with some of
the newer drugs having effects on negative symptoms,
but there is still much debate about their precise mech-
anism of action. Thought in the area has been dominated
by the now classical observation that the potency of
antipsychotics to bind to the pharmacologically defined
D2 dopamine receptor correlated over a wide range of
drugs, with the typical daily clinical dose of the drugs for
the treatment of schizophrenia (Creese et al., 1976; See-
man et al., 1976). No such correlation of the daily dose
was seen with the potencies of the drugs at other recep-
tors, including D1 dopamine receptors. These observa-
tions were made before the identification of multiple
dopamine receptor subtypes by gene cloning, which
showed that these actions could be at D2, D3, or D4
receptors (the D2-like receptors) (for a review, see Neve
and Neve, 1997). It is now important to ask certain
questions about the mechanisms of these drugs, and I
wish to address some of these questions.

II. Which Dopamine Receptor Isoform Is
Important for Antipsychotic Action?

To answer this question, it would be desirable to cal-
culate the occupancies of the different D2-like receptors
by typically used doses of antipsychotic drugs. Here, we
need accurate values for the dissociation constants of the
drugs at the different receptor subtypes, and these can,
in principle, be obtained using in vitro competition bind-
ing assays versus a suitable radioligand. There is con-
siderable variation in values for dissociation constants
for these drugs (Ki) in the literature. For example, in one
publication, values for Ki for haloperidol of between 0.47
and 9.6 nM were reported using different radioligands
and tissue sources (Seeman and Van Tol, 1995). Much of
this variation results from technical problems in the
ligand binding assays used, such as lack of equilibration
and depletion of the radioligand concentration (for a
more detailed discussion, see Strange, 1997), and it is
worthwhile considering the problems.

A. Problems with Ligand Binding Assays for D2
Dopamine Receptors

Many studies have been published on the binding of
drugs to D2 dopamine receptors and valuable data on
drug affinities for the receptors have been accumulated
in this way. To use these data in a quantitative manner
it is necessary to be aware of certain problems in the use
of some of the more popular radioligands. These prob-
lems can also extend to the use of these radioligands for
in vivo scanning. The principal method for the determi-
nation of drug affinities is the competition ligand bind-
ing assay, and many studies have used the high-affinity
radioligands [3H]spiperone or [3H]nemonapride. To ob-
tain accurate estimates of dissociation constants for

competitors, however, it is essential to have accurate
estimates of the dissociation constants (Kd) for the ra-
dioligands. Some variation in these may be attributed to
the use of different assay conditions (e.g., use of different
buffers by different laboratories). Other problems may
arise in the use of these radioligands, and these concern
mostly the lack of equilibration of radioligands and com-
petitors with the receptor and the depletion of the li-
gands by binding to receptor or tissue. These problems
have been recognized for some time and have been com-
prehensively reviewed (Chang et al., 1975; Golds et al.,
1980; Wells et al., 1980; Burgisser et al., 1981; Seeman
et al., 1984; Hulme and Birdsall, 1992; Strange, 1997)
but are often ignored.

The problems are particularly acute for [3H]spiperone
and [3H]nemonapride because these radioligands have
rather low Kd values (;20 pM), when determined accu-
rately (Hoare and Strange, 1996; Malmberg et al., 1996).
[125I]Epidepride may suffer from similar problems
(Joyce et al., 1991). These low Kd values mean that, in a
saturation radioligand binding experiment, radioligand
concentrations above and below this value must be used.
Equilibration of the radioligands with the receptors de-
pends on the association and dissociation rates and the
radioligand concentrations. At the low radioligand con-
centrations, the approach to equilibrium may be limited
by the dissociation rate, and for high-affinity radioli-
gands this may lead to some lack of equilibration and an
overestimation of the Kd. Incubation times should there-
fore be extended beyond the typically used 1 h (25°C) for
these radioligands.

Depletion of added ligands may also be a problem in that
it confounds the definition of the actual free ligand concen-
tration that is required for the application of equations
defining binding equilibria. Depletion can occur by binding
to receptors in the assay or by binding to tissue in a non-
specific manner that disturbs the equilibrium. Corrections
can, however, be made for the depletion due to binding of
radioligands to receptors, but the nonspecific binding to
tissue cannot be assessed accurately in a filtration assay.
Where depletion is high, any corrections will be inaccurate,
so the only way to avoid these problems is to work under
conditions that avoid or minimize depletion. This requires
either very low tissue concentrations or a radioligand that
is not sensitive to these problems. I have discussed the
quantitative aspects of these issues elsewhere (Strange,
1997) but if the high-affinity radioligands [3H]spiperone
and [3H]nemonapride are being used, then accurate values
of Kd will only be obtained under typically used conditions
(;20 pM receptor) if large assay volumes (;10 ml) are
used to dilute the tissue to reduce depletion of the radioli-
gand in a saturation assay (extended incubation times will
also be required as considered previously).

Alternatively, a lower affinity radioligand such as
[3H]raclopride (Kd ; 1 nM) can be used where depletion
is less important at this receptor concentration (higher
radioligand concentrations will be used), and problems
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with equilibration are absent (the dissociation rate con-
stant is higher). The availability of receptors expressed
at high levels in recombinant systems, has, however,
increased the likelihood of depletion artifacts arising
from binding to receptors as higher levels of receptor are
more readily available.

These problems are also present in competition assays
and should not be ignored, although because the radio-
ligand concentrations used are usually higher, depletion
problems are often less important. Equilibration prob-
lems may occur in competition assays, however, where
the presence of the competitor slows down the approach
to equilibrium of the radioligand (see Motulsky and Ma-
han, 1984). Importantly, however, the correction of IC50
values from competition data for the radioligand concen-
tration requires accurate values of Kd for the radioli-
gand, and if these are inaccurate (see above) then so are
the derived Ki values for competitors. Once these prob-
lems are taken account of and accurate Kd values for
radioligands are derived, then the accurate Ki values for
competitors can be derived and these are similar irre-
spective of the radioligand used. In Table 1, I have given
some values for Ki for antipsychotic drugs that take
these considerations in to account. It has been proposed
(Seeman and Van Tol, 1995) that there is a relation
between the “tissue-buffer partition coefficient” for the
radioligand and the Ki for a competing drug in these
assays. Extrapolation of the relation to zero partition
gives a “radioligand-independent dissociation constant”,
but, this has no theoretical basis and indeed the use of
the correct Kd value in the correction of IC50 values
should yield a “radioligand-independent dissociation
constant” anyway.

When these considerations are taken account of, it is
clear that there are large discrepancies between the

actual Ki values for drugs at the D2 dopamine receptor
and those commonly reported in the literature. The dis-
crepancy depends largely on the discrepancy in Kd val-
ues found for [3H]spiperone. There are many papers
where the Kd for this radioligand is reported as being in
excess of 100 pM, and this will lead to at least a 5-fold
discrepancy in derived Ki values. This becomes very
important if the Ki values for drugs are being used to
infer conclusions about the specificity of different recep-
tor subtypes. For example, it has been claimed that
clozapine is a selective D4 receptor antagonist (Van Tol
et al., 1991). Examination of the Ki values in Table 1
shows that the selectivity is low and had been overesti-
mated previously owing to overestimation of the Ki at
the D2 receptor when determined in competition versus
[3H]spiperone.

Problems with the use of high-affinity ligands can also
be seen in the in vivo scanning techniques. For example,
some of the earlier studies used ligands related to spip-
erone (e.g., [11C]N-methylspiperone). The binding prop-
erties of these ligands are such that they do not reach
equilibrium at the receptors during the scan, and this
leads to problems in the interpretation of experiments
that will be considered later.

B. Comparison of Affinities for Antipsychotic Drugs at
Different D2-Like Receptor Subtypes

Examination of the values for Ki shows that the affin-
ity of the substituted benzamide drugs for the D4 recep-
tor is low. Given that these drugs are effective antipsy-
chotics, this suggests that occupancy of the D4 receptor
may not be mandatory for the antipsychotic therapeutic
effect. L745870 has been synthesized and is selective for
the D4 receptor [Ki (nM) values: D2 5 960, D3 5 2300,
D45 0.43 (Patel et al., 1997); it should be noted that
these values have not been determined under optimal
conditions and may be slight underestimates of potency
at the D2 receptor]. In a clinical trial with L745870,
however, no antipsychotic activity was seen (Bristow et
al., 1997). Although not much is known about the phar-
macodynamics and pharmacokinetics of the drug in
question, this observation is consistent with the view
that the D4 receptor does not play a major role in the
antipsychotic actions of the other drugs. This then
leaves the D2 and D3 receptors as potential sites of
action of antipsychotic drugs. Indeed, it may be that
both of these subtypes may need to be occupied to
achieve antipsychotic action. This would be consistent
with the complexity of schizophrenia and the multiple
neuronal systems that are probably involved. In princi-
ple it should be possible to calculate the occupancy of the
D2 and D3 receptors using the dissociation constants in
Table 1. This is, however, a difficult enterprise, because
it requires that we know the concentration of drug at the
receptors and the concentration of dopamine in the syn-
apse and neither of these quantities is easily defined.
One approach to this problem has used the free drug

TABLE 1
Dissociation constants of antipsychotic drugs at dopamine receptor

subtypes

Ki (nM)

D2 D3 D4

Chlorpromazine 0.55 1.2 9.7
Clozapine 35 83 22
Haloperidol 0.53 2.7 2.3
Olanzapine 7.5 49 15
Quetiapine 105 340 2000
Raclopride 1 1.8 2400
Remoxipride 54 969 2800
Risperidone 1.3 6.7 7.5
Sertindole 0.38 1.6 10.1
(2)-Sulpiride 2.5 8 1000
Thioridazine 1.2 2.3 10

Values given for the D2(short) and D3 receptors are mostly taken from Malmberg
et al. (1993), Seeman (1996), and Seeman and Van Tol (1995), and are from compe-
tition experiments versus [3H]raclopride binding to the receptors expressed in CHO
cells. Values for olanzapine and quetiapine for the D3 receptor are from Schotte et al.
(1996) in competition experiments versus [125I]iodosulpride. [3H]Raclopride and
[125I]iodosulpride are radioligands that can be used under conditions that avoid
experimental artifacts (see text). For the D4 receptor, data are taken from Seeman
(1996), Seeman and Van Tol (1994), and Seeman and Van Tol (1995) using compe-
tition versus [3H]spiperone. These values must be taken as estimates only, because
it is unclear whether the binding of [3H]spiperone at the D4 receptor suffers from the
same artifacts as does its binding to the D2 receptor (see Section II).
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concentration in plasma water for the calculations
(Farde et al., 1989; Seeman, 1992), but it has been
shown in rats that antipsychotic drugs are concentrated
in the brain relative to serum and this concentration
occurs to different extents for different drugs (Tsunei-
zumi et al., 1992; Baldessarini et al., 1993). For example
clozapine, thioridazine, and haloperidol are concen-
trated, respectively, 24-, 1.4-, and 22-fold over the
plasma level so that the relative plasma concentrations
of the drugs are a poor guide to the relative free drug
concentrations in the brain.

It is also necessary to know the concentration of do-
pamine in the synapse with which the antipsychotic is
competing for access to the dopamine receptors. The
dopamine concentration at the synapse has been deter-
mined to be ;200 nM for the striatum, but with a very
steep concentration gradient decreasing away from the
synapse (Kawagoe et al., 1992). Values for the extrasyn-
aptic dopamine concentration vary between 6 and 89 nM
(Sharp et al., 1986; Kawagoe et al., 1992; Garris and
Wightman, 1994). It has been shown that D2 receptors
can be located both synaptically and extrasynaptically
(Yung et al., 1995). Because of the difficulties in defining
the drug concentration and the dopamine concentration
at the synapse, it is very difficult to calculate the actual
occupancies in this way.

C. Use of Radiolabeled Antipsychotic Drugs to Image
Dopamine Synapses In Vivo

Imaging studies can also be used to infer some of the
properties of dopamine synapses in vivo in nonhuman pri-
mate and human brain. Amphetamine administration has
been shown in two studies to increase dopamine levels in
the striatum in nonhuman primates (Breier et al., 1997;
Laruelle et al., 1997b) and in humans (Laruelle and Abi-
Dargham, 1999) and SPECT2 or PET scanning has been
used to show that this increase in dopamine reduces in vivo
striatal [123I]IBZM or [11C]raclopride binding. In one of
these studies (Laruelle et al., 1997b), treatment of the
animals with the dopamine synthesis inhibitor aMPT was
found to reduce levels of dopamine and increase in vivo
[123I]IBZM binding. A similar study has also been per-
formed in humans (Laruelle et al., 1997a). Tsukada et al.
(1999) have also examined the effects of amphetamine and
the dopamine transporter inhibitor GBR 12909 using
[11C]raclopride binding, and Ginovart et al. (1997) have
examined dopamine depletion following treatment with
reserpine in nonhuman primates.

In the studies with amphetamine, it seems that the
dopamine released by the amphetamine competes with
the radiolabeled tracer and reduces its binding. If it is
assumed that dopamine and tracer compete and come to
equilibrium at a uniform population of receptors, all of

which are accessible during the experiment, then the
equations under Section VI.C. can be used to define the
fractional occupancy of the receptors before and after
amphetamine administration. Data of Breier et al.
(1997) imply a fractional occupancy of ;0.03 by dopa-
mine before amphetamine administration, whereas
those of Laruelle et al. (1997b) imply a fractional occu-
pancy of ;0.05. In the study of Tsukada et al. (1999), a
baseline occupancy of ;0.01 is implied. Following am-
phetamine administration, occupancy values by dopa-
mine increase to 0.3–0.4 for the highest amphetamine
concentrations used. The baseline occupancy values in
these studies are rather low (0.01–0.05), and this may
imply that the in vivo scanning techniques are identify-
ing changes in the occupancy of extrasynaptic receptors.
In Laruelle et al. (1997b) and Tsukada et al. (1999), the
baseline dopamine level was determined (;12 nM and
;6 nM, respectively), and these are more in line with the
values for extrasynaptic dopamine given previously. If
we use the baseline occupancy values and the measured
dopamine concentration, then a dissociation constant of
220–600 nM is implied. This is in reasonable agreement
with the value for the affinity of dopamine for the D2
receptor determined in the in vitro ligand binding ex-
periments in the presence of GTP (;1 mM; Neve and
Neve, 1997), which is thought to represent binding to the
free receptor uncoupled from the G protein.

There has been much discussion about the appropri-
ate affinity to use for dopamine in these studies (for
example, see Fisher et al., 1995; Laruelle, 2000). In the
in vitro experiments in the absence of added guanine
nucleotides dopamine binding to D2 receptors seems to
be to two states of higher and lower affinity (Gardner et
al., 1997). These higher and lower affinity states result
from the coupling of the D2 receptors to G proteins. In
the presence of GTP, however, a single lower affinity
state is seen for dopamine, which is thought to corre-
spond to receptor uncoupled from G protein. Similarly,
in whole cells where there are sufficient guanine nucle-
otides to uncouple receptor and G protein, a single af-
finity state is seen for dopamine (for example, see Sibley
et al., 1983). It seems likely, therefore, that in imaging
studies on intact brain, the binding of dopamine will be
to this lower affinity state. This is not to say that the
receptor does not couple to G proteins under these con-
ditions, it is just that the coupled state that results in
the appearance of the higher affinity dopamine binding
state forms and breaks down rapidly if there are high
concentrations of guanine nucleotides present.

The data of Laruelle et al. (1997b) with aMPT show an
increase of 30% in [123I]IBZM binding after dopamine
depletion, and this is associated with a 50% reduction in
baseline dopamine levels. These data imply a substan-
tial baseline occupancy of receptors by dopamine. If we
assume that aMPT reduces synaptic and extrasynaptic
dopamine in proportion, then these changes in tracer
binding may be used with the equations under Section

2 Abbreviations: SPECT, single-photon emission computed tomog-
raphy; PET, positron emission tomography; aMPT, a-methyl-para-
tyrosine; IBZM, (S)-(2)-3-iodo-2-hydroxy-6-methoxy-N-[(1-ethyl-2-
pyrrolidinyl)methyl]benzamide.
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VI.C. to estimate the fractional baseline occupancy by
dopamine as 0.46. This is very different from the value
inferred from the amphetamine experiments and im-
plies a much higher level of dopamine, assuming the
properties of the receptors are similar. In a further study
in humans (Laruelle et al., 1997a), aMPT treatment
lead to a 28% increase in [123I]IBZM binding. Dopamine
depletion was estimated to be 70%, and this implies a
fractional baseline occupancy of 0.63. Using reserpine to
deplete dopamine, Ginovart et al. (1997) showed that
[11C]raclopride binding increased and that this was due
to a change in the Kd of the tracer, not a change in the
number of binding sites. These observations would be
expected if the changes in tracer binding result from a
competitive interaction between dopamine and the
tracer in the brain. The data of this study imply a base-
line occupancy by dopamine of ;0.35.

The data obtained using in vivo scanning and either
dopamine release or dopamine depletion provide very
different estimates of the baseline dopamine occupancy
of D2 receptors. One way to reconcile these observations
is to propose that, depending on the conditions used, the
observed [123I]IBZM binding is to synaptic or extrasyn-
aptic receptors or to both. The dopamine concentration is
lower at the extrasynaptic receptors leading to a low
occupancy by dopamine (,0.05), whereas at the synaptic
receptors the dopamine concentration is higher and the
occupancy correspondingly higher (;0.5). The baseline
occupancy of receptors by dopamine synaptically (;0.5)
is consistent with inferred synaptic dopamine levels
(;200 nM; Kawagoe et al., 1992) and the Kd inferred
previously. This analysis of tracer binding into separate
pools of synaptic and extrasynaptic receptors in the two
kinds of experiment is, however, an over simplification
and given the present level of information it is not pos-
sible to be sure about the relative sizes of the labeled
pools. We can say, however, that the dependence of the
changes in tracer binding on changes in dopamine after
amphetamine and after aMPT are different and consis-
tent with low and high starting dopamine occupancies,
respectively. It seems likely that, after aMPT treatment,
the changes in tracer binding are largely synaptic, be-
cause whether extrasynaptic dopamine is low then a
further lowering of this will have little effect. It seems
likely, also, that the majority of the change in tracer
binding seen after amphetamine is extrasynaptic. It
may be relevant that release of dopamine in the stria-
tum has been shown to occur from synaptic and nonsyn-
aptic sites (see, for example, Moore et al., 1999). Synap-
tic dopamine concentrations are high and phasic,
whereas extrasynaptic dopamine concentrations are
lower and tonic. These two pools of dopamine may be
related to the different results obtained in the in vivo
scanning experiments.

Laruelle (2000) has provided an extensive analysis of
these imaging studies and their implications. He has
suggested that the changes in tracer binding observed

after amphetamine administration are synaptic, in con-
trast to the conclusions reached previously. Further ex-
perimentation is required to resolve these differences.
He also highlights an important problem with the stud-
ies that relates to the time course of the changes in
tracer binding after, for example, administration of am-
phetamine. In several studies, the reduction in tracer
binding following amphetamine is prolonged, and this is
inconsistent with the kind of competitive models as-
sumed here and in Laruelle (2000). Whether this is a
reflection of receptor internalization, as suggested by
Laruelle (2000) remains to be seen.

The technique of monitoring changes in tracer anti-
psychotic binding after manipulation of dopamine levels
has been used in several interesting physiological situ-
ations. Piccini et al., 1999 studied dopamine release
from unilateral nigral implants (in to the right putamen)
in a patient with Parkinson’s disease. [11C]raclopride
binding was reduced by 27% on the grafted side follow-
ing amphetamine administration whereas there was
only a small response (4%) on the nongrafted side. This
shows that the implant is functional in terms of dopa-
mine release.

Koepp et al. (1998) used [11C]raclopride binding to
study dopamine release in the striatum during the per-
formance of a video game, as a measure of motor func-
tion. A 13% decrease in [11C]raclopride binding was seen
during the performance of the game and based on the
figures in Table 4. This implies an increase of ;5 fold in
extrasynaptic dopamine. This is an important demon-
stration of the extent of dopamine release during human
neuronal function.

The technique has been used to examine the release of
dopamine in the striatum in schizophrenic patients
(Breier et al., 1997; Laruelle et al., 1999; Laruelle and
Abi-Dargham, 1999), and these studies showed that fol-
lowing amphetamine administration there is a greater
release of dopamine in schizophrenics as compared with
normals [17% and 8% reduction of tracer binding, re-
spectively, in the largest study (Laruelle et al., 1999)].
These figures imply increases of ;8- and ;4-fold in
extrasynaptic dopamine in schizophrenics and normal
patients, respectively. The increased dopamine release
was only seen in patients suffering an episode of clinical
deterioration, but not in clinically stable patients imply-
ing that the increased dopamine release is associated
with the psychotic symptoms but not the underlying
disease. Further work has provided evidence for an in-
creased baseline occupancy of receptors by dopamine in
schizophrenia using the aMPT dopamine depletion tech-
nique (Abi-Dargham et al., 2000)

D. Calculation of Dopamine Receptor Occupancies
Using in Vivo Scanning Techniques

One way to get around the problems in the calculation
of receptor occupancies by the antipsychotic drugs is to
use data from imaging techniques (PET and SPECT).
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Here, a tracer (radioactive drug) is used to label the
receptors in human brain, and the occupancy of the
receptors by an administered drug is determined from
the reduction in tracer occupancy. These techniques
then provide actual occupancy values for the drugs at
the receptors. Data for the occupancy of striatal D2 re-
ceptors by a range of drugs can then be used to calculate
the actual drug concentration (using the relevant Ki
value), and these concentrations can be used to infer
occupancies of the D3 and D4 receptors. These occupancy
data are given in Table 2 together with the concentra-
tions of drugs inferred. These data emphasize the con-
clusion reached earlier that occupancy of the D4 receptor
is not mandatory for antipsychotic drug action, but it
seems that occupancy of both D2 and D3 receptors could
be occurring. To determine which receptor subtype (D2,
D3) is important for antipsychotic action, it will be nec-
essary to identify selective agents for the two subtypes
and test these in humans. Some progress is being made
at producing these selective agents (Whetzel et al.,
1997). A second observation that can be made about the
data of Table 2 is that, for some of the atypical antipsy-
chotic drugs (clozapine, olanzapine, and quetiapine).
their affinities for D2 and D3 receptors are quite low.
This will be discussed below.

Calculations of this kind, however, assume a uniform
drug concentration within the brain, and they do not
take account of differences in the levels of dopamine in
different brain regions or differences in its affinity at the
different receptor subtypes. Extracellular dopamine con-
centrations have been determined in different brain re-
gions in the rat, and the concentration is very similar in
caudate/putamen and nucleus accumbens but ;5- to
10-fold lower in frontal cortex (Sharp et al., 1986; Garris
and Wightman, 1994). The figures are shown in Table 3,
and it is clear that the tissue content of catecholamine is
a very poor guide to the available dopamine. In Section
VI.A., I have given a derivation of the equations for the
three-way competition of tracer, drug, and dopamine at
the synapse, and this shows that if functional dopamine

levels are different in human tissues, as they are in the
rat, then the occupancies by antipsychotic drugs may be
higher in the tissue with the lower dopamine (e.g., cere-
bral cortex). The effects, however, will depend on the
actual occupancy by dopamine in the different tissues
and some possibilities are outlined under Appendix. The
occupancies of D2-like dopamine receptors by antipsy-
chotic drugs in the striatum and temporal cortex have
been reported using SPECT and PET scanning, and
greater occupancies are seen with the atypical drugs
clozapine, olanzapine, quetiapine, and sertindole in cor-
tical regions (Pilowsky et al., 1997; Meltzer et al., 1999;
Bigliani et al., 2000; Stephenson et al., 2000), whereas
with typical drugs no significant difference in occupancy
was recorded (Bigliani et al., 1999). A study of one pa-
tient with clozapine failed to replicate these differential
occupancies in striatal and cortical regions (Farde et al.,
1997). This will be discussed further.

III. What Is the Mechanistic Basis for the
Difference Between Typical and Atypical

Antipsychotics?

Several antipsychotic drugs, including clozapine,
olanzapine, quetiapine, and risperidone, are often re-
ferred to as the atypical antipsychotics in contrast to the
other drugs that are referred to as typical antipsychot-
ics. There has been some debate about the definition of
typical and atypical antipsychotics and whether this is a
quantitative or qualitative distinction (Kane, 1997;
Waddington and O’Callaghan, 1997; Gerlach, 2000).
One key difference is that that the typical drugs cause
some extrapyramidal side effects, whereas the atypical
drugs generally do not; in terms of drug design, it would
be of great use to understand this difference. It is gen-
erally assumed that the therapeutic antipsychotic ac-
tions of the drugs are mediated at dopamine (D2, D3; see
above) receptors in limbic or cortical regions, whereas
the extrapyramidal side effects are mediated via striatal
dopamine receptors (see, for example, Lidow et al.,
1998). The extrapyramidal side effects will be mediated
by striatal D2 receptors, because these are the predom-
inant D2-like receptors found in this tissue. The atypical
drugs could, therefore, be having selective effects on
cortical/limbic dopamine receptors with a minimal
blockade of striatal dopamine receptors, or some addi-
tional feature of the drug could lead to a suppression of
the extrapyramidal side effects and this could differ for

TABLE 3
Extracellular dopamine concentrations and dopamine content in

different brain regions

Caudate/
Putamen

Nucleus
Accumbens

Frontal
Cortex

Extracellular dopamine (nM)
Garris and Wightman, 1994 89 68 11
Sharp et al., 1986 50 30 6

Dopamine content (ng/mg protein)
Garris and Wightman, 1994 90 90 1

TABLE 2
Occupancies of brain dopamine receptors by antipsychotic drugs

Drug
Percent Occupancy

Drug
Concentration

D2 D3 D4

nM

Chlorpromazine 78 62 17 1.95
Clozapine 38–63 21–42 49–73 21.5–59.6
Haloperidol 85 52 57 3.0
Olanzapine 43–89 10–55 27–80 5.6–60.7
Quetiapine 51 24 88 109
Raclopride 80 69 0.2 4
Risperidone 63–89 25–61 22–55 2.2–10.5
Sulpiride 78 53 1 8.9

Receptor occupancies for the D2 receptor in the striatum were taken from PET
scan data in Farde et al (1992), Nordstrom et al. (1995), Hagberg et al. (1998), and
Kapur et al. (1999), and were used to calculate concentration of the drug in the brain
using the dissociation constants from Table 1. Drug concentration was then used to
calculate the percent occupancy of D3 and D4 receptors using their dissociation
constants in Table 1.
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different drugs (see, for example, Arnt and Skarsfeldt,
1998; Remington and Kapur, 2000). There are other
attributes that differentiate typical and some atypical
antipsychotic drugs, e.g., ability to treat patients resis-
tant to other antipsychotics, efficacy on negative symp-
toms, but I shall restrict the subsequent discussion to
the origins of the extrapyramidal side effects.

A. Blockade of Dopamine Receptors Achieved by
Antipsychotic Drugs

Let us consider the effects of the antipsychotic drugs
on dopamine systems and the proposition that the dif-
ferences between typical and atypical antipsychotics
with respect to the occurrence of extrapyramidal side
effects reside largely in differential effects on cortical/
limbic and striatal dopamine systems. Here, we need to
consider not just the binding of these drugs to the recep-
tors but the manner in which they interfere with the
synaptic actions of dopamine. In Section VI.B., I have
derived the equations that apply to these effects. Based
on these equations, the important conclusion is that,
assuming that equilibrium is achieved between drug
and dopamine at the receptors (see below), the effects of
a drug that blocks dopamine action will depend on the
ratio of its synaptic concentration (A) to its dissociation
constant at the receptor (KA), i.e., the A/KA ratio. Drugs
with low KA are usually used at lower doses, whereas
drugs with higher KA are used at higher doses, therefore
the A/KA ratio will be similar. It has been argued re-
cently that the atypical drugs are atypical because they
compete less well with synaptic dopamine (Seeman and
Tallerico, 1998). This is unlikely to be the case if the
drug and dopamine reach equilibrium, and the A/KA
ratio is maintained for the different drugs as it superfi-
cially seems to be. This argument is complicated by the
differences in drug levels achieved in the brain (see
above and below), and here we are back to the problem
encountered in Section I of accurately defining the syn-
aptic concentration of a drug. Also, the interactions of
dopamine and the antipsychotic drugs with the receptor
may not be at equilibrium (see Section III.B.). Neverthe-
less, let us consider the results of some of the more
recent analyses of PET studies on the effects of antipsy-
chotic drugs.

In the early work, analyzing the occupancies of stria-
tal D2 receptors by antipsychotic drugs using PET scans,
the occupancies determined for typical antipsychotic
drugs were 70% or more (Table 2), and it was shown that
if occupancy exceeded about 80% then extrapyramidal
side effects were seen (Farde et al., 1992; Nordstrom et
al., 1993). It was suggested that different mechanisms
might be mediating the therapeutic and side effects and
that different receptor occupancies were involved. In-
deed, lower occupancies were reported for clozapine
(;60% or less), and this might account for the lack of
extrapyramidal side effects seen with this drug. More
recently, work has been performed with the typical drug

haloperidol, and it has been shown that using lower
doses of this drug in its decanoate form yields a good
clinical response without side effects, and the D2 recep-
tor occupancy is only about 50% (Nyberg et al., 1995).
This supported an earlier clinical study (McEvoy et al.,
1991) showing that low doses of haloperidol gave satis-
factory clinical effects and that increasing the dose only
lead to a greater incidence of extrapyramidal side ef-
fects. The occupancy of D2 receptors during antipsy-
chotic therapy has been examined in a careful study
with haloperidol (Kapur et al., 2000). Using low-dose
haloperidol (1–2.5 mg/day) substantial intersubject vari-
ation in D2 receptor occupancy was seen (39–87%), but
clinical response was achieved with a D2 occupancy
greater than 65%, whereas extrapyramidal side effects
were seen if D2 occupancy exceeded 78%. This empha-
sizes the narrow dose range in which clinical response is
seen without side effects for this drug. A study with
clozapine has shown that there is great variability in
both the plasma concentration of drug achieved and the
occupancy of D2 receptors, despite a good clinical re-
sponse being seen (Pickar et al., 1996). In that study, it
was suggested that there might be trait-like variation in
the clinical response to clozapine. Nevertheless, the typ-
ical drug, haloperidol and the atypical drug clozapine,
when used at suitable doses, can achieve therapeutic
effects without side effects. Indeed, both Nyberg and
Farde (2000) and Remington and Kapur (2000) have
emphasized that in many studies comparing other drugs
to haloperidol the doses of haloperidol used are very
high. In consequence, extrapyramidal side effects are
seen with haloperidol, and it may appear as although
other drugs afford relative protection from these side
effects.

It may, therefore, be that haloperidol, and other typ-
ical drugs, which tend to have a high affinity for D2
receptors and the atypical drugs (e.g., clozapine) that
tend to have lower affinities for D2 receptors do not differ
qualitatively with respect to the mechanisms by which
they achieve antipsychotic effects and extrapyramidal
side effects. Both classes of drugs elicit their antipsy-
chotic effects by binding to limbic/cortical D2/D3 recep-
tors. Extrapyramidal side effects are seen if there is
substantial striatal D2 receptor occupancy (.80%). It
seems that if the access of dopamine to the striatal D2
receptors is substantially reduced then extrapyramidal
side effects are seen. For some drugs additional features
such as antimuscarinic (clozapine) and 5-HT2 receptor
(clozapine, risperidone), antagonistic effects may help
suppress side effects. Because the higher affinity drugs
can be used at lower doses, they have tended to be used
in excess over that required (i.e., at higher A/KA ratios)
so that side effects are seen, but the lower affinity drugs
need to be used in higher doses and so relative to the KA
for the drugs they have not been used in excess and side
effects have not been seen as frequently. Indeed, even
the atypical drugs may elicit side effects if used in high
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doses, e.g., olanzapine, risperidone (Nyberg and Farde,
2000), at these higher doses, D2 occupancy levels exceed
the threshold for extrapyramidal side effects (Kapur et
al., 1999), and the access of dopamine to the receptors is
reduced. Studies on the concentrations of drugs achieved
in the brains of rats lend some further support to these
ideas. It was found that the higher affinity drugs such as
haloperidol achieved similar brain concentrations to the
lower affinity drugs, e.g., thioridazine despite the lower
affinity drugs being used at a higher dose (Tsuneizumi
et al., 1992; Baldessarini et al., 1993). This apparent
concentration of haloperidol in the brain will increase
the A/KA ratio for a given dose of drug and render the
occurrence of side effects more likely. The clinical im-
provement without side effects seen with lower doses of
haloperidol (see above) supports this argument.

B. Kinetics of the Interactions of Dopamine and
Antipsychotic Drugs at Dopamine Receptors

Kinetic considerations are also important for the ac-
tions of the antipsychotic drugs at synapses (Strange,
1997). The level of dopamine at the synapse is not fixed,
and there will be changes according to the activity of the
synapse and the behavior of the individual. This is
rather different from the situation in the imaging exper-
iments where presumably there are no major fluctua-
tions in dopamine during the determinations of tracer
occupancy if the subject is still. To understand how the
changes in dopamine may alter the effects of the anti-
psychotic drugs, let us, therefore, consider a synapse
where there is a set concentration of an antipsychotic
drug and the level of dopamine rises. As the dopamine
level increases, there will be a tendency for dopamine to
bind more to the receptors and for there to be a corre-
sponding dissociation of the antipsychotic drug to
progress to a new equilibrium. Equilibrium is unlikely to
be achieved but the kinetics of these processes will be
dependent on the properties of the antipsychotic drug.
Drugs with low values of Kd will have low dissociation
rates, and drugs with high values of Kd will have faster
dissociation rates. This is a consequence of the interre-
lationship between Kd and the ratio of dissociation and
association rate constants. The association rate con-
stants for different drugs will be similar, because this
process will largely be dependent on diffusion of the drug
to the receptors, so that as Kd changes so will the disso-
ciation rate. For drugs with higher dissociation rate
constants, the drug will dissociate from the receptors
more quickly and may keep pace with the changes in
dopamine. For drugs with low dissociation rate con-
stants, the drug may not dissociate quickly enough to
keep pace with the changing dopamine. It has been
suggested that, for drugs such as clozapine and quetia-
pine, which have low affinities for the D2 receptor, the
dissociation rate will be fast and this will mean that
dopamine will not be fully prevented from access to the
D2 receptors. For the higher affinity drugs (e.g., haloper-

idol), a fuller blockade is achieved (Kapur and Seeman,
2001), because this drug will not dissociate rapidly from
the receptors. This may provide an additional safety
factor in the use of the lower affinity drugs limiting their
propensity for extrapyramidal side effects. It cannot,
however, apply to risperidone, because this drug has an
affinity for the D2 receptor comparable to haloperidol.

The actual level of dopamine that is present in the
synapse could also play a part in these effects. The
synaptic level of dopamine in the striatum is higher than
in the cerebral cortex (see Section II.D.). This will mean
that the net rate of association of dopamine with the
receptors in the striatum may be higher than in the
cortex. As the dopamine level rises in the synapse, then
the antipsychotic drug may dissociate, and the dissoci-
ation of the antipsychotic drug is likely to be the process
that limits access of dopamine to the receptors for the
higher affinity drugs. If, however, there is significant
dissociation of drug, as may be the case for the lower
affinity drugs, then depending on the actual levels of
dopamine present, this may lead to differences in net
rate of association of dopamine in the two tissues. Also,
if the dopamine level is higher in the striatum, then this
will mean that the equilibrium will lie more toward
dissociation of the drug, although equilibrium is un-
likely to be attained. These factors may provide for some
apparent selectivity of drug action in favor of the cortex
so that striatal effects of the drugs that do dissociate
(lower affinity drugs) may be reduced.

C. Differential Effects of Antipsychotic Drugs in
Striatal and Cortical Brain Regions

The concepts discussed in Sections III.A. and III.B. do,
however, raise another issue. It seems that a typical
drug such as haloperidol can be used at lower doses to
achieve antipsychotic effects without extrapyramidal
side effects. At these lower doses, the occupancy of stri-
atal D2 receptors is 50 to 65%. The occupancy of cortical/
limbic D2 receptors under these conditions is unknown,
but if it is similar then this implies that this level of
occupancy is sufficient to achieve a therapeutic effect.
Given that 50 to 65% occupancy of striatal receptors
does not produce side effects, it is difficult to see how 50
to 65% occupancy of cortical receptors could produce
therapeutic effects unless dopamine mechanisms differ
in the two regions. There is much evidence in favor of
different dopamine mechanisms in the cerebral cortex,
compared with the striatum. For example, as discussed
previously, dopamine levels may be different in the two
regions, and this could affect antipsychotic drug occu-
pancies (see above). In addition, dopamine neurones in
the cerebral cortex seem to behave differently, compared
with those in the striatum (Lidow et al., 1998). It has
been suggested that cortical dopamine systems are spe-
cialized for transmission over a wider area, compared
with striatal neurones (Garris and Wightman, 1994;
Jones et al., 1998). Also D2-like receptors in the cerebral
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cortex are differentially regulated by antipsychotic
drugs (Janowsky et al., 1992), compared with striatal
receptors as are the neurones themselves (Robertson et
al., 1994; Grace et al., 1997; Youngren et al., 1999).
These mechanistic differences would then give rise to an
apparent selectivity of drug action between the two
brain regions. Apparent selectivity of antipsychotic drug
action may be increased for kinetic reasons as discussed
under Section III.B.

An indication of differences in the dopamine systems
in the cortex and the striatum has come from studies
where the occupancies of cortical and striatal dopamine
receptors by different drugs have been examined. These
studies have shown that, for the atypical drugs cloza-
pine, olanzapine, quetiapine, and sertindole, occupan-
cies were higher in cortical regions than in striatal re-
gions (Pilowsky et al., 1997; Meltzer et al., 1999; Bigliani
et al., 2000; Stephenson et al., 2000). Therefore striatal
occupancy data may underestimate cortical occupancy
for these drugs. Cortical occupancy data for other (typi-
cal) drugs are for doses where striatal occupancy is high,
so it is difficult to determine the relative occupancies for
typical drugs although a trend to greater occupancy in
cortical regions can be seen (Bigliani et al., 1999). It
should, however, be noted that a study of one patient has
failed to replicate these differential occupancies with
clozapine (Farde et al., 1997). More work needs to be
done here to understand the basis of these differential
occupancies, but they could be related to the differences
in cortical and striatal dopamine function outlined
above. It should also be noted that such occupancy data
do not directly reflect the behavior of the drugs as anti-
psychotics; when used against psychotic symptoms, they
are presumably counteracting the actions of dopamine,
whereas in the imaging experiments only receptor occu-
pancy is assessed.

In this discussion, it should not be forgotten that, in
the use of antipsychotic drugs for therapy of schizophre-
nia, the drugs are used chronically. The therapeutic
antipsychotic effects occur only after treatment for sev-
eral weeks. Therefore, a discussion of differences be-
tween typical and atypical drugs must take in to account
that the binding of the drug to the receptors is only the
first step in a longer chain of events (see Section IV.).

D. Occupancy of Dopamine Receptors by Clozapine:
Use of Different Tracer Radioligands

There has been much discussion about the occupancy
of the D2 receptors in the striatum achieved by the
atypical drug clozapine, which has been shown in many
studies (see above) to be lower than that achieved by
other drugs, including typical antipsychotics (e.g., halo-
peridol). The occupancy achieved by clozapine is partic-
ularly low when determined using methylspiperone-re-
lated tracers, but, with [11C]raclopride, there is still a
difference between the occupancies reported for cloza-
pine and typical drugs. Seeman and Tallerico (1998,

1999) have suggested that occupancy data for clozapine
(and quetiapine that also exhibits lower occupancies) are
underestimates, and the true occupancy figure is 75 to
80%. In one hypothesis, they suggest that the underes-
timation results from displacement of bound clozapine
or quetiapine by nontracer concentrations of PET ligand
used in some studies. They report ligand binding data
with 310 nM [3H]clozapine at D2 receptors, where 0.1
nM raclopride can displace ;50% of the bound [3H]cloza-
pine in 5 min. Displacement by such low concentrations
of raclopride is not consistent with its dissociation con-
stant (Table 1). Also, it is difficult to see how any specific
binding of the radioligand can be detected at such a high
concentration of radioligand, where the nonspecific
binding must overwhelm the specific binding, so that
further experimentation is required.

The different occupancies obtained with the two trac-
ers (methylspiperone and raclopride) most likely reflect
methodological differences. The methylspiperone-re-
lated tracers never reach equilibrium with the receptors
during the PET experiment (Sedvall et al., 1986) owing
to their slow kinetics (see earlier), whereas [11C]raclo-
pride does approach equilibrium, so, the two kinds of
study are very different. In these studies, the patient
has been on the drug for some time, so that the drug is
likely to be at equilibrium with the receptors. The PET
tracer is then given and allowed a certain time to bind to
receptors, and at the same time the drug on the recep-
tors will dissociate. In the case of [11C]raclopride, the
tracer is left until a new equilibrium is reached and then
haloperidol is seen to occupy ;80% of the receptors (in
early studies) and clozapine ;60% (Nordstrom et al.,
1995). In the use of methylspiperone tracers, the exper-
iment measures the rate of tracer binding and the re-
duction of this by the drug. In one study, haloperidol
attenuated this by 40%, whereas clozapine had no effect
(Karbe et al., 1991), thus indicating that the use of this
protocol is much less sensitive to the effects of the drug.
This lower sensitivity is probably a reflection of techni-
cal differences in the procedures used as the two tracers
behave very differently.

The differential effects of haloperidol and clozapine in
these studies are likely to be due in part to the use of the
drugs so that different A/KA ratios are achieved (see
previous data). When lower doses of haloperidol are used
in studies with [11C]raclopride, the occupancies achieved
with the two drugs are more similar (;60–65%). There
does, however, seem to be a real difference in the behav-
ior of clozapine, compared with other antipsychotic
drugs in their abilities to occupy D2 receptors in vivo.
Attempts have been made by two groups to perform
saturation analyses of the binding of clozapine and other
drugs at D2 receptors using PET studies in living human
brain (Nordstrom et al., 1995; Kapur et al., 1999). Al-
though these studies are difficult to perform and inter-
pret, it seems that clozapine is able to occupy only ;60%
of the receptors even at high doses, whereas the other
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drugs tested are able to occupy all of the receptors at
high doses. The explanation for this behavior is unclear
at present, because in the in vitro studies clozapine
behaves as a fully competitive ligand at the D2 receptor.
A further complication has recently been reported for
clozapine and quetiapine in that these drugs have been
found to show higher occupancies when patients are
scanned soon after taking the drug, but that the appar-
ent occupancy declines rapidly as the drug is cleared
from the body (Kapur and Seeman, 2000).

E. Summary of the Differences Between Typical and
Atypical Antipsychotic Drugs

It seems that we are getting nearer to understanding
the propensity of different drugs to produce extrapyra-
midal side effects and the differences between typical
and atypical antipsychotic drugs in producing such side
effects. One key observation that has been made is that
the typical drug haloperidol (used at low dose) and the
atypical drug clozapine can be used to achieve improve-
ment of clinical symptoms in a schizophrenic patient
with minimal production of extrapyramidal side effects.
In the case of haloperidol, this seems to be because the
drug does not occupy all of the striatal D2 receptors,
therefore dopamine can still access these, and striatal
motor function is not impaired. For clozapine, striatal D2
receptor occupancy is also low, and there is additional
kinetic protection allowing access of dopamine to the
striatal D2 receptors more readily. If the dose of drug is
increased then for haloperidol, this will lead to extrapy-
ramidal side effects because access of dopamine is pre-
vented. For clozapine, there may be relative protection
even when the dose used is higher, although it has been
found that for other atypical drugs (e.g., olanzapine,
risperidone) that extrapyramidal side effects can be seen
if a higher dose is used.

IV. Antagonism or Inverse Agonism in the
Mechanism of Antipsychotic Drugs

It is widely assumed that the antipsychotic drugs act
to antagonize the actions of dopamine at synapses, in
particular at the D2-like receptors. Recently, it has be-
come apparent that the antipsychotic drugs are in fact
inverse agonists, not antagonists when assayed at D1,
D2, D3, and D5 receptors expressed in recombinant sys-
tems (Nilsson and Eriksson, 1993; Charpentier et al.,
1996; Griffon et al., 1996; Hall and Strange, 1997; Kozell
and Neve, 1997; Malmberg et al., 1998; Wilson et al.,
2001). Thus, the drugs exert effects opposite to those of
dopamine. The actions at D2 and D3 dopamine receptors
are particularly interesting because of their importance
as potential sites of action of the drugs. All of the anti-
psychotic drugs tested exhibit inverse agonism, and this
is seen independently of the type of antipsychotic drug
(typical, atypical) and the chemical class. Generally, the
different antipsychotic drugs exhibit similar degrees of

inverse agonism, but there is some indication in one
study that different antipsychotics possess different ex-
tents of negative efficacy (Kozell and Neve, 1997).

There is then the question of whether this property of
inverse agonism demonstrated in a recombinant system
has any relevance to normal in vivo systems. Inverse
agonism will be relevant to the acute effects of the an-
tipsychotics only if there is basal (agonist-independent)
activation of the receptors in vivo. If there is no basal
activation, then an inverse agonist will be indistinguish-
able from a neutral antagonist in acute tests of dopa-
mine action. The level of basal activation of dopamine
receptors is unclear and difficult to measure in vivo
owing to the presence of endogenous dopamine, but
there is some indication of basal activation for the D2
receptor in the striatum. In rats, where dopamine has
been extensively depleted by 6-hydroxydopamine lesion-
ing, effects of the antipsychotics haloperidol and cloza-
pine have been reported (Fibiger and Robertson, 1992).

In the therapy of schizophrenia, however, the antipsy-
chotic drugs are used chronically and it seems that that
this chronic treatment is necessary to treat the positive
symptoms of the disorder. The requirement for chronic
treatment suggests that there is some kind of adaptive
process occurring and most likely this is a change in the
sensitivity of certain synapses in the brain (Strange,
1992). It is a common observation that the treatment of
experimental animals with the antipsychotic drugs
leads to an up-regulation of the D2-like receptors in the
brain and this requires chronic treatment with the drug
(reviewed in Sibley and Neve, 1997). It seems reasonable
to suggest, therefore, that the up-regulation of D2-like
receptors is involved in the change in synaptic efficacy
that leads to the diminution of the positive symptoms.
According to this theory, the up-regulation of D2-like
receptors is central to the ability of the drugs to alter the
sensitivity of dopamine synapses and hence achieve an
antipsychotic effect.

This effect on dopamine receptor number has been
assumed to be due to the blockade of the actions of
dopamine. Indeed, prolonged treatment of experimental
animals with dopamine agonists often induces down-
regulation of D2-like receptors (Sibley and Neve, 1997),
so blockade of the actions of dopamine may induce up-
regulation. An alternative idea would, however, be that
these effects on receptor number are due to the inverse
agonist nature of the drugs. Agonists induce down-reg-
ulation and so inverse agonists may induce up-regula-
tion. In some studies, it has been found that antipsy-
chotic drugs induce increases in the numbers of D2
receptors in recombinant cells expressing the receptor
(reviewed in Sibley and Neve, 1997). In these experi-
ments, there can be no competition between drug and
dopamine, so the effects must be drug-related. There-
fore, the ability to up-regulate receptors may be an in-
trinsic property of the drugs and due to their inverse
agonist nature. If so, the property of inverse agonism
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would be an integral part of an effective antipsychotic.
The way to test this would be to identify a drug that is a
neutral antagonist at D2-like receptors and then test
this as an antipsychotic. The aminotetralin UH-232 has
been shown to be a neutral antagonist (Hall and
Strange, 1997) or a weak partial agonist (Coldwell et al.,
1999) in studies on recombinant D2 receptors. At the D3
receptor, this compound behaves as a weak partial ago-
nist (Griffon et al., 1995; Coldwell et al., 1999). There-
fore, this compound differs from the conventionally used
antipsychotic drugs in having a more neutral efficacy
pattern taken overall. This compound has recently been
tested as an antipsychotic drug and found to be devoid of
antipsychotic activity (Lahti et al., 1998). This observa-
tion supports the idea that inverse agonism is central to
antipsychotic action. This is a very speculative hypoth-
esis and at present we cannot rule out the possibility
that the up-regulation of receptors that may be linked to
the inverse agonist property of the drugs may be asso-
ciated with the side effects seen with the drugs.

V. Pharmacogenetic Studies of the Effects of
Antipsychotic Drugs

There are differences in the response of different in-
dividuals to different antipsychotic drugs. For example,
;20% of patients have little response of their positive
symptoms to haloperidol, and similar differences in re-
sponse are seen for other antipsychotic drugs, although
not necessarily in the same individuals. Some patients
who do not respond to typical antipsychotic drugs will
respond to clozapine, so there is much interest in cloza-
pine in this regard. These differences in responsiveness
may have a genetic basis. There is currently much in-
terest in exploiting the explosion of information that is
becoming available from the Human Genome Project to
understand these differences in the actions of drugs in
the human population (see for example, Roses, 2000).
There are many possible reasons for these differences in
drug susceptibility, including differences in target sites,
differences in response systems, and differences in drug
metabolizing enzymes. In this section, I shall consider
some examples of genetic variants that could account for
differences in antipsychotic response.

One possible source of genetic variation could be at the
level of the receptors that are the targets for the anti-
psychotic drugs. Several variants of D2, D3, and D4 re-
ceptors have been identified that are polymorphic in the
human population and that could therefore contribute to
differences in antipsychotic response (see for example,
Seeman and Van Tol, 1994; Neve and Neve, 1997). It
should be noted that variants can exist that result in
changes in the amino acid sequence, and variants can
exist that result only in a change in the DNA sequence.
The former class of variants has the potential to change
the affinity or response to an antipsychotic drug,
whereas the latter class of variants will either be silent

or could change the expression of the receptor gene and
so might affect responsiveness. There are many variants
in the D2-like receptors that result in changes to the
DNA sequence alone and a few variants that result in
changes in the amino acid sequence of the receptor. I
shall consider some of these latter variants that have
been characterized and for a full list of the variants, see
the references cited above.

For the D2 receptor, three polymorphic variants have
been analyzed: V96A, P310S, and S311C. V96A is very
rare, but the other variants are found to significant
extents in some populations. These variants have been
examined for their ability to bind ligands and couple to
signaling systems (Cravchik et al., 1996, 1999) and
whereas the V96A variant shows properties similar to
those of the native receptor, the P310S and S311C vari-
ants exhibit some changes. Inhibition of adenylyl cyclase
by dopamine is impaired for these variants, and this is
not a result of altered binding of dopamine to the recep-
tor. These mutations are in the third intracellular loop of
the receptor that is important for coupling to the G
proteins. There do not appear to be changes in the affin-
ity of the receptor variants to couple to G proteins, so the
mutations may result in an impaired ability to activate
G proteins. There are also some differences in the bind-
ing of antipsychotic drugs to the receptor variants and in
the abilities of the drugs to inhibit the functional effects
of dopamine at the receptor (Cravchik et al., 1999).

For the D4 receptor, there was much excitement when
a set of polymorphic variants of the receptor were de-
scribed with different insertions in the third intracellu-
lar loop and that were polymorphic in the human popu-
lation (Van Tol et al., 1992). The insertions contain
repeats of 16 amino acids, and between 2 and 10 repeats
can be found (with the exception of the 9-repeat version).
The most common is D4.4 being found in ;60% of the
population, but D4.2 and D4.7 are also found to lesser
extents. The variants have been well characterized and
although there are minor differences in pharmacological
properties, there does not appear to be any major differ-
ence in the binding of drugs, such as clozapine, in inter-
action with G proteins or in signaling to inhibition of
adenylyl cyclase (Asghari et al., 1994, Kazmi et al.,
2000). Pharmacogenetic studies have been performed to
examine linkage of the variants to differences in re-
sponse to clozapine in different patients, but no such
linkage was found (Shaikh et al., 1993). It is quite sur-
prising and disappointing that these polymorphic vari-
ants of the D4 receptor do not appear to have any major
functional consequence.

There has been much interest recently in searching
for genetic markers for apparent differences in drug
response in different individuals. Several polymor-
phisms in neurotransmitter-related genes have been
identified that may predict response to clozapine, and
these studies have been reviewed (Arranz and Kerwin,
2000). In a recent study, a combination of polymor-
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phisms was highlighted that, if present, could predict
;80% of the response to clozapine (Arranz et al., 2000).
The polymorphisms were in the serotonin 5-HT2A recep-
tor (T102C, H452Y), in the serotonin 5-HT2C receptor
(330GT/244CT, C23S), in the serotonin transporter pro-
moter, and in the histamine H2 receptor (1018 GA). This
is a landmark study in that it provides the first example
of a genetic test for drug response and is likely to
presage many further studies of this kind. It must be
said, however, that it is difficult to see mechanistically
how a set of six polymorphisms could influence drug
response, especially when in the case discussed above,
clozapine does not interact strongly with some of the
targets (e.g., histamine H2 receptor).

VI. Appendix

A. Three-Way Competition Between Antipsychotic
Drug, Tracer Radioligand, and Dopamine in Relation
to In Vivo Imaging Studies

In an imaging experiment, the occupancy of cerebral
dopamine receptors (R) by an antipsychotic drug (A) is
determined by competition against a tracer radioligand
(T), and there is dopamine (D) present in the vicinity of
the receptors. If we assume that the system is at equi-
librium, then the following equations apply.

R 1 Tº TR

R 1 Aº AR

R 1 Dº DR

Each of these equilibria is governed by a dissociation
constant (KT, KA, and KD, respectively).

It is then possible to determine an expression for the
fractional occupancy of the receptors by the tracer, as-
suming that there is full competition for the receptor
binding sites by the three ligands.

F 5
T

T 1 KT S1 1
A
KA

1
D
KD

D
In the absence of the drug, the fractional occupancy of
receptors by tracer is given by the equation

F 5
T

T 1 KT S1 1
D
KD

D
These equations can be used to determine an expression
for the concentration of antipsychotic that gives 50%
inhibition of tracer binding.

A50 5
KA

KT
ST 1 KTS1 1

D
KD

DD

This shows that the concentration of dopamine relative
to KD will raise the concentration of the antipsychotic
needed to inhibit tracer binding, that is the value of
D/KD may affect the percent occupancy seen by an an-
tipsychotic drug. Specifically, there will be greater occu-
pancy in brain regions where dopamine is lower than in
regions where dopamine is higher, although to have an
appreciable effect on A50, D/KD will have to be greater
than one. An expression for the concentrations of anti-
psychotic drug (A950, A050) that will give 50% inhibition
of tracer binding for two different concentrations of do-
pamine (D9, D0) is as follows.

A950

A050
5

T 1 KT S1 1
D9

KD
D

T 1 KT S1 1
D0

KD
D

If the tracer is present at very low concentrations, then
this reduces to

A950

A050
5

S1 1
D9

KD
D

S1 1
D0

KD
D

Whether or not there is a difference in A950 and A050 will
depend on the values for D/KD in the two regions. For
example, in the striatum and presumably the cerebral
cortex, the values for D/KD extrasynaptically are low
(;0.05, see text) and so will not affect the A50 values.
D/KD values synaptically are ;1 in the striatum, so that
the concentration of antipsychotic required to inhibit
tracer binding by 50% will be raised by a factor of ;2. In
the cerebral cortex, the extrasynaptic dopamine levels
are 5- to 10-fold lower, and if this is a reflection of lower
synaptic dopamine levels, then in this brain region
D/KD will be lower and there will be little effect of
synaptic dopamine on the A50 value. This may contrib-
ute to the higher receptor occupancies seen with some
drugs in the cerebral cortex (see text).

B. Effect of Synaptic Dopamine Concentration on
Inhibition of Functional Response by Antipsychotic
Drugs

Here, we are considering the effects of the local con-
centration of dopamine (D) on the inhibition of responses
to dopamine by antipsychotic drugs (A). An appropriate
way to represent the effects of dopamine is to use the
Operational model of Black and Leff (1983), but to in-
clude the effects of a competitive inhibitor, the antipsy-
chotic drug. In this model, the interaction of the agonist/
receptor complex (DR) with an effector (E) occurs with a
dissociation constant (KE). Ro denotes the number of
receptors.
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The following equilibria apply:

A 1 Rº AR

D 1 Rº DR

DR 1 Eº DRE

KA and KD apply as in the previous section.
It can then be shown (Black and Leff, 1983) that the

response in the system as a function of the maximal
system response, in the absence of antipsychotic is given
by

RESPONSE
RESPONSEmax

5
Ro z D

KD z KE 1 ~Ro 1 KE!D

and the response in the system in the presence of anti-
psychotic is given by

RESPONSEA

RESPONSEmax
5

Ro z D
K9D z KE 1 ~Ro 1 KE!D

where

K9D 5 KD~1 1 A/KA!

The concentration of dopamine giving a half-maximal
response (D50) is then given by

D50 5
KD

1 1
Ro
KE

in the absence of antipsychotic and by

D50,A 5
K9D

1 1
Ro
KE

in the presence of antipsychotic.
Black and Leff (1983) show that if Ro/KE is low then

D50 5 KD, but if Ro/KE is high then D50 ,, KD, this
latter condition corresponding to a receptor reserve or
amplification in the system. Hence, a high value of
Ro/KE represents operationally the condition of receptor
reserve or amplification in the system.

Based on the above equations, the effect of the drug
will be to increase the concentration of dopamine re-
quired to give a half-maximal response, i.e.,

D50

D50,A
5

KD

K9D

Using the equation for the response in the system as
derived by Black and Leff (1983) and given earlier, for a
system receiving a set level of dopamine (D), the re-
sponse in the presence of the drug relative to the re-
sponse in the absence of drug is given by

RESPONSEA

RESPONSE 5
KD z KE 1 ~Ro 1 KE!D
K9D z KE 1 ~Ro 1 KE!D

which may be rewritten as

RESPONSEA

RESPONSE 5

KD

D 1 S1 1
Ro
KE

D
K9D
D 1 S1 1

Ro
KE

D
There will be no effect of the drug on the maximal

response to dopamine if Ro/KE is high, that is if there is
a receptor reserve or amplification in the system, or if
the level of dopamine is very high, that is KD/D is low. If
the dopamine occupancy is low, then KD/D . (1 1 Ro/
KE) and

RESPONSEA

RESPONSE 5
KD

K9D

RESPONSEA

RESPONSE 5
KA

A 1 KA

if A . KA then this approximates to KA/A, so the effect of
the drug depends on its concentration relative to KA.

Recent studies with PET scans have shown that there
is a clinical improvement in patients when there is 50 to
65% occupancy of the receptors by the antipsychotic
drug (Nyberg et al., 1995; Kapur et al., 2000). It has also
been shown that, during a psychotic episode, there is an
approximately 2-fold increase in the potential for dopa-
mine release (Laruelle and Abi-Dargham, 1999). If we
use the formula given earlier,

RESPONSE
RESPONSEmax

5
Ro z D

KD z KE 1 ~Ro 1 KE!D

and substitute in this an increase in dopamine of 2-fold
and an increase in apparent KD of 2-fold as would be
given by 50% occupancy by the antipsychotic, then the
response is restored to the normal level. This is an
intriguing result, but as pointed out in the text, this
analysis does not take account of the need for long-term
treatment with the drugs to achieve therapeutic effects
or the possible differences in dopamine receptor occu-
pancies in different brain regions.

C. Effect of Synaptic Dopamine Release on Binding of
Radiotracer to Brain Dopamine Receptors in Vivo

Using the equation under Section VI.A., expressions
for the fractional occupancy of receptors by radiotracer
(T) under baseline conditions (Fo) and after amphet-
amine treatment (Fa) may be derived. The analysis as-
sumes that all of the D2 receptors are accessible to
dopamine and radiotracer, and that the interaction is
fully competitive and at equilibrium. Do and Da are the
concentrations of dopamine before and after amphet-
amine treatment so that Da . Do.

FO 5
T

T 1 KT S1 1
Do
KD

D Fa 5
T

T 1 KT S1 1
Da
KD

D
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under tracer conditions T ,, KT and we can define Da as
nDo to reduce the equations above to

FO 5
T

KT S1 1
Do
KD

D Fa 5
T

KT S1 1
nDo
KD

D
hence,

Fa

FO
5

S1 1
Do
KD

D
S1 1

nDo
KD

D
This equation may be used to determine values of
Do/KD from the data in Table 4 for the effects of am-
phetamine. In this table, values of the fold increase in
dopamine over basal are given (n in the previous equa-
tion) and the percent reduction in tracer binding are
given (100 Fa/Fo in the previous equation). Similar cal-
culations can be made for the effects of dopamine deple-
tion by aMPT or reserpine.
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