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Probing cortical sites of antipsychotic drug
action with in vivo receptor imaging
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Imaging receptors using radioactive ligands has allowed di-
rect determination of the sites of action of antipsychotic drugs.
Initial studies relating antipsychotic drug efficacy to action
at striatal dopamine D2-like receptors have recently been un-
dermined. Developments in imaging extrastriatal dopamine
D2-like receptors suggest rather that antagonism of these re-
ceptors in the temporal cortex is the common site of action
for antipsychotic drugs, with occupancy at striatal receptors
relating more closely to extrapyramidal side effects. Fur-
ther work into dopamine receptor subtypes and other recep-
tor groups such as serotonin and GABA neurotransmitters
awaits the development of suitable probes, but there are some
initial finding. Again a main site of antipsychotic drug ac-
tion is at cortical levels with high degrees of cortical D1 and
5HT2a receptor occupancy attained particularly by atypical
antipsychotic drugs.

1. Introduction

Contemporary research increasingly suggests the
cortex is a primary site of action of antipsychotic drugs.
This selective review will show how developments in
imaging neuroreceptors using radioactive-labelled lig-
ands has implicated cortical dopamine D2-like recep-
tors as important mediators for antipsychotic action.
Other potential neurochemical targets in the cortex for
antipsychotic drug discovery will be discussed with a
particular emphasis on the role of in vivo receptor imag-
ing in the development and testing of new hypothe-
ses on the treatment of schizophrenia. The technical
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basis of in vivo receptor imaging by Positron Emis-
sion Tomography (PET) and Single Photon Emission
Tomography (SPET) will not be discussed here. The
interested reader is referred to Murray and Ell [31].

2. In vivo dopamine receptor imaging and
antipsychotic action

Early receptor imaging studies focussed on the
action of antipsychotic drugs at striatal dopaminer-
gic receptors. Theoretically this was driven by the
hypothesis that dopaminergic hyperactivity underlies
schizophrenic symptomatology (for a review of this
theory see [9]). Technically, the dopamine receptor
binding assays available for in vitro and in vivo studies
only allowed an examination of the richly dopaminer-
gic striatum. Initial in vitro studies suggested that an-
tipsychotic drug efficacy correlated with action at stri-
atal dopaminergic D2 receptors [10,17,39]. The earli-
est in vivo receptor imaging studies appeared to confirm
these findings. Using PET, Farde et al. [11] found that
twelve distinct classes of typical antipsychotic drugs
all produced between 65–85% striatal D2 dopamine re-
ceptor blockade. Others have gone on to show that the
degree of response to typical antipsychotics correlates
with the level of striatal D2 occupancy [32].

However, the case for a striatal site of drug action has
been undermined by two more recent findings. Firstly,
several groups, using both PET and SPET in vivo imag-
ing, failed to find a difference in the levels of striatal
D2 occupancy between subjects who responded to typ-
ical antipsychotics and those who failed to respond [42,
54]. Secondly, many atypical antipsychotics do not rely
on striatal D2 antagonism for their therapeutic effect.
SPET and PET studies have shown a wide range of
D2 occupancies (20–60%) associated with a favourable
response to the highly effective atypical antipsychotic
drug clozapine [11,40,41]. Others have extended these
in vivo findings of low striatal occupancy at therapeu-
tic doses in responders to other atypical antipsychotic
drugs. Two studies of 131IIBZM binding to striatal
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D2 dopaminergic receptors in schizophrenic subjects
on a therapeutic dose of olanzapine (mean 12.5 mg a
day) and quetiapine (300–700 mg/day) found rates of
occupancy of approximately 60% for olanzapine and
24–28% for quetiapine [26,43]. Further research in
this area suggests that olanzapine occupancy is dose-
related, and clinical response has been associated with
levels of 68–84% striatal D2 receptor occupancy [34].
Nevertheless, the main point, that clinical response
can be obtained without high striatal D2 occupancy
for many classes of antipsychotic drugs has been well
demonstrated.

This also appears to hold true for typical antipsy-
chotic drugs. In a PET study of eight schizophrenic
subjects who received a low-dose haloperidol de-
canoate depot (20–50 mg), Nyberg et al. [36] found that
D2 dopamine receptor occupancy at four weeks after
drug administration was 52% (range 20–74%). There
was a good clinical response with this moderate level of
striatal dopaminergic blockade, suggesting continually
high D2 dopaminergic occupancy is not necessary to
control schizophrenic symptomatology.

Striatal D2 dopamine receptor occupancy does how-
ever relate closely to the unwanted effects of typi-
cal antipsychotic drugs. Imaging studies have consis-
tently found that extra-pyramidal side effects appear
when a high proportion (above 70–80%) of striatal D2
dopamine receptors are occupied [20,32].

Clearly other candidate sites for antipsychotic action
need to be examined-particularly regions which may
relate to the pathogenesis of schizophrenia. It has only
recently been possible to image dopamine receptors in
vivo in extrastriatal structures using the high affinity
D2/D3 SPET radioligand 123I epidepride [21] and the
PET ligands 11C FLB 457 and 76Br FLB 457 [13,15].

Pilowsky et al. [44] used 123I epidepride SPET to
compare striatal and temporal cortical D2/D3 receptor
occupancy rates for schizophrenic subjects on clozap-
ine or a typical antipsychotic. As expected they found
significantly lower occupancy of striatal D2/D3 recep-
tors in the striatum of patients on clozapine, consistent
with all previous PET and SPET studies. Importantly,
they found no significant difference between the two
treatment groups in D2/D3 occupancy in the tempo-
ral cortex: both groups showed high mean temporal
(> 70%) occupancy. This constituted the first in vivo
receptor imaging evidence suggestive of a common site
of action at D2/D3 dopamine receptors for typical and
atypical drugs in the temporal cortex.

Expanding on this finding, Bigliani et al. [6,7] used
123I epidepride to estimate D2/D3 dopamine receptor

occupancy, and demonstrated that other typical and
atypical antipsychotics (olanzapine and sertindole) had
similar profiles of temporal cortical dopamine receptor
antagonism. For the typical antipsychotics D2-like re-
ceptor blockade in the striatum showed a strong dose
dependency with high saturation of available recep-
tors at doses over 600 mg chlorpromazine equivalents.
However there was complete blockade of D2-like re-
ceptors in the temporal cortex at all clinically effica-
cious doses down to 37.5 mg chlorpromazine equiva-
lents. This near total D2-like receptor blockade in the
temporal cortex at low doses of neuroleptics may ex-
plain the increasing evidence of therapeutic efficacy for
low doses of typical antipsychotics [19].

A preliminary study of quetiapine, which has the
lowest affinity in vitro of all the antipsychotic drugs
for D2 receptors, showed the lowest levels of D2/D3
blockade in the striatum (approximately 30%) but still
showed marked occupancy of about 60% for temporal
D2/D3 receptors [49].

Using PET and a novel D2/D3 dopamine receptor
radioligand (76Br-FLB 457) another group have con-
firmed the finding of high occupancy by antipsychotics
of temporal cortical D2/D3 dopamine receptors [56].
Again this held true for a range of antipsychotic drugs
(haloperidol, clozapine and amisulpride).

There have been some conflicting findings. A PET
study using the ligand [11C] FLB 457 is not in agree-
ment with the 123I epidepride studies [15]. Although
the study confirmed temporal D2 receptor occupancy
in six schizophrenic patients who were responsive to
haloperidol or clozapine, the levels of receptor occu-
pancy were lower – haloperidol caused a 41–56% and
clozapine a 27–47% occupancy in the temporal cortex.
The reasons for the discrepant results are unclear, but
could relate to factors such as differences in the bio-
physical properties of the radioisotopes used. However,
the conflicting findings emphasise the need for careful
replication of new findings in this rapidly developing
field.

The case for a common cortical site of action on
D2-like receptors as evinced by 123I epidepride stud-
ies is consistent with findings from three other dis-
tinct methodologies. Firstly, in ex vivo binding stud-
ies, an animal is sacrificed after the administration
of the antipsychotic drug of interest and the amount
of the drug bound to the receptor is determined au-
toradiographically. Using this technique, the effects
in rats of antipsychotics such as high dose amisul-
pride (40–80 mg/kg) and remoxipride on the binding
of the radioactively labelled D2/D3 ligand raclopride
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has been studied [22,45]. It has been shown that both
drugs preferentially inhibit raclopride’s binding to lim-
bic rather than striatal areas. Typical neuroleptics such
as haloperidol showed a similar potency for the dis-
placement of raclopride from both the striatum and lim-
bic systems. The common site of competitive antipsy-
chotic binding (and therefore displacement of raclo-
pride) was limbic.

Secondly, studies examining the effect of antipsy-
chotic treatment on levels of mRNA for dopamine D2-
like receptors in the post-mortem brain have also im-
plicated a common effect on cortical, not striatal, struc-
tures. Lidow et al. [24,25] found that in non-human
primates six months administration of eight classes of
typical and atypical antipsychotic drugs given at doses
recommended for humans all upregulated mRNA for
D2 receptors in the cerebral cortex. Only six also upreg-
ulated striatal D2 receptor mRNA. The atypical drugs
clozapine and olanzapine both showed cortical selec-
tivity of this D2 dopamine receptor mRNA upregula-
tion effect. A similar pattern of upregulation of mRNA
for D2 dopamine receptors after has also been demon-
strated in the rat brain using 125I epidepride. Follow-
ing two weeks of haloperidol (1.5 mg/kg) or clozap-
ine (30 mg/kg) both drugs increased the binding sites
for 125I epidepride in the medial prefrontal and parietal
cortex, with striatal upregulation occurring only in the
group given haloperidol [16].

Finally, microdialysis studies have been used in live
animals to examine regional differences in changes in
dopamine metabolism induced by antipsychotic drugs.
Following acute administration of a neuroleptic there is
blockade of dopamine receptors, leading to a compen-
satory increase in dopamine cell firing and concomitant
dopamine release and metabolism. Although many re-
gions of the brain show an increase in dopaminergic
activity with antipsychotic drugs, including the nucleus
accumbens and the dorsolateral striatum, a recent re-
view showed a common area of increased activity in the
pre-frontal cortex, particularly for atypical agents [1].

Recently the dopamine receptor family has been
more extensively characterised. It is now understood
that the dopamine receptor family is composed of D1-
like (D1 and D5) and D2-like (D2, D3 and D4) subdi-
visions and each member may be a target for antipsy-
chotic drug action [25,51]. It is noteworthy that most of
the research to dates has been carried out with ligands
which bind to D3 dopamine receptors as well as the D2
receptor. Thus the specific contribution of each subtype
to antipsychotic effect cannot yet be estimated. Some
initial work has examined the binding of antipsychotic

drugs to the D1 receptor using the PET ligand 11C
SCH23390. These studies suggest that the cortical D1
dopamine receptor is a site for atypical antipsychotic
drug occupancy, with clozapine blocking between 36–
59% D1 dopamine receptors compared to 0–44% bind-
ing found for typical neuroleptics [33]. Although open
trials in schizophrenic subjects of specific D1 antago-
nists have shown little or no antipsychotic effect [2], D1
dopamine receptor antagonism may modulate the ef-
fects of D2-like receptor antagonism, exerting an indi-
rect antipsychotic effect. The in vivo assessment of the
contribution of the other dopamine receptor sub-types
to antipsychotic action awaits the development of new
neurochemical probes, such as the highly selective and
specific ligands under development for the dopamine
D4 receptor [38].

In summary, preliminary in vivo SPET and PET stud-
ies using high affinity D2/D3 specific radioligands sup-
port animal and human in vitro data suggesting antipsy-
chotics share to some degree a common antagonism
of D2-like dopaminergic receptors in limbic structures,
particularly the temporal lobe.

3. Antipsychotic action related to other cortical
neurotransmitters

Localising the site of antipsychotic action to cortical
and limbic structures clearly cannot assume this activ-
ity is exclusively related to alteration of dopaminergic
transmission. Several factors have generated interest
in other neurotransmitter systems. Up to a third of
schizophrenic patients respond poorly or not at all to
selective D2 antagonists [23], and blockade of the D2
dopamine receptor has relatively little impact on the
negative symptoms of schizophrenia [18]. There has
therefore been increasing interest in the role of other
neurotransmitter systems in both the pathogenesis of
schizophrenia and as targets for antipsychotic action
including the glutamate, serotonin and sigma recep-
tor groups. These neuroreceptors are found in areas
thought to contribute to the symptoms of schizophre-
nia, and some drugs active at these receptors have a pro
or antipsychotic effect [27,29,47]. The serotonergic
system has also been implicated by the demonstration
of a relationship between different allelic forms of the
5HT2a and 5HT2c receptors and response to clozap-
ine [48].
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Direct determination in the living human subject of
the association between antipsychotic activity and oc-
cupancy of different cortical receptor sites has been
limited by the lack of specific ligands for many of the
candidate receptor groups. However, some valuable
initial steps have been made, specifically in the imaging
of the serotonin and GABA receptor groups.

4. Serotonin receptors and antipsychotic drugs

In vivo imaging of serotonergic receptors has given
new insights into both the contribution of serotoner-
gic blockade to antipsychotic action and its possible
role in determining the varying side effect profiles of
antipsychotic drugs. Blockade of cortical 5HT2a re-
ceptors has been consistently demonstrated for a wide
range of antipsychotic drugs. A relatively early PET
study by Nordstrom et al. [33] using the serotonergic
ligand 11C-N-methyl spiperone demonstrated high lev-
els of frontal cortical serotonergic receptor blockade
in patients treated with clozapine. A similar pattern
has been shown in PET studies on subjects following
the acute administration of the atypical antipsychotic
agents risperidone and olanzapine [35].

These studies are limited by the non-specific na-
ture of the ligands used. For example, 11C-N methyl
spiperone cannot distinguish between D2 dopamine
and 5HT2a/c receptors, limiting its ability to image
the serotonergic system in dopamine rich areas. The
development of a highly specific 5HT2A receptor lig-
and 123I-R-91150 for SPET studies has overcome some
of these limitations and provided further evidence for
common high (80–95%) cortical 5HT2a receptor occu-
pancy for patients treated with atypical antipsychotic
drugs – clozapine, risperidone, olanzapine, sertindole
– over a wide range of doses [7,52]. In contrast, the
blockade of cortical 5 HT2a receptors by typical an-
tipsychotic agents was found in both PET and SPET
studies to be dose dependent with moderate to high de-
grees of blockade occurring with high doses of typical
neuroleptics [53].

The actual contribution of cortical serotonergic
blockade to antipsychotic drug action is debatable. Cer-
tainly cortical 5HT2a antagonism does not appear to
be essential for the active therapeutic component. Sev-
eral imaging studies have found high levels of 5HT2a

receptor occupancy with antipsychotic drugs at clini-
cally subtherapeutic doses [12,14,19,33]. Others have
demonstrated that rates of occupancy of 5HT2a recep-
tors do not correlate with scales measuring clinical im-

provement [7] and for some antipsychotic drugs such
as sulpiride there is no evidence of any in vivo seroton-
ergic blockade [53].

It is more likely that the different patterns of seroton-
ergic blockade by typical and atypical antipsychotics
may contribute to their side effect profiles. In partic-
ular, consistently high serotonergic blockade in con-
junction with lower striatal dopaminergic receptor oc-
cupancy could partly account for the relative absence
of extra-pyramidal side effects with atypical agents.

5. The GABA receptor complex: initial findings

The availability of a probe which acts as a antago-
nist at the benzodiazepine subunit of the GABAa re-
ceptor – 123I iomazenil – has produced results in line
with earlier anatomical studies suggesting subtle mi-
croanatomical abnormalities in the temporal cortex in
schizophrenia [3,4]. Thus Busatto et al. [8] in a SPET
study showed a correlation between the severity of pos-
itive symptoms of schizophrenia and binding of 123I
iomazenil in limbic regions. Research into antipsy-
chotic drug modulation of GABAergic inhibitory trans-
mission is yet another potential area for the application
of neurochemical imaging to the better understanding
and development of new drugs.

Continued progress in imaging other receptor groups
awaits the developmentof new radioligands. For exam-
ple, in imaging the NMDA receptor the lipophilicity of
one of the main current probes 123I MK801 has proble
matically high levels of non-specific binding- a feature
which may be overcome by the new ligand 123I CNS
1261 [28,30]. Similarly, increasingly specific probes
for subtypes of serotonin and sigma receptors and com-
ponent parts of the GABA-benzodiazepine receptor are
under development.

6. Conclusion

Several lines of evidence support the idea that an-
tipsychotic efficacy may result from a complex inter-
action of drugs with many different receptor systems,
in clinically and biologically heterogeneous groups of
patients. The dopamine system remains a prominent
candidate given the striking consensus in the literature
showing all antipsychotic drugs studied and in clinical
use have a common mode of action in their antagonism
of cortical D2-like dopamine receptors. Disagreement
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in the literature relates to the degree of this effect not
its presence or absence.

Other neurotransmitter systems may act in concert
with mandatory cortical D2-like receptor blockade to
induce antipsychotic action. All of the neurotransmit-
ters mentioned modulate dopaminergic transmission.
GABAergic transmission has been shown to modulate
dopaminergic transmission in the nigrostriatal pathway
in animals [50,55] and a similar interaction of 5HT2
and D2 receptors has been demonstrated in autoradio-
graphic receptor studies in animals [46].

Nonetheless, the relationship between antagonism of
limbic cortical D2-like receptors and clinical response
is indirect, and clearly there are subgroups of patients
who show little, if any benefit from D2/D3 receptor
antagonism. Identification of other receptor systems is
a priority, to expand potential targets for drug develop-
ment, most especially for treatment resistant individu-
als.

Acknowledgements

L.P. is a M.R.C. Senior Fellow. We thank Dr. Hugh
Jones for his comments in the preparation of this paper.

References

[1] J. Arnt and T. Skarsfeldt, Do novel antipsychotics have similar
pharmacological characteristics? Neuropsychopharmacology
18(2) (1998), 63–101.

[2] T.R.E. Barnes and J. Gerlach, D1 receptor antagonists in
schizophrenia, Psychopharmacology 121 (1995), 278–288.

[3] F.M. Benes, S.L. Vincent, G. Alsterberg, E.D. Bird and J.P.
San Giovanni, Increased GABAA receptor binding in super-
ficial layers of cingulate cortex in schizophrenia, Journal of
Neuroscience 12 (1992), 924–929.

[4] F.M. Benes, S.L. Vincent, A. Marie and Y. Khan. Upregulation
of GABA receptor binding on neurones of the prefrontal cortex
in schizophrenia, Neuroscience 75(4) (1996), 1020–1051.

[5] V. Bigliani, R.S. Mulligan, P.D. Acton, S. Gavinovic, P.J. Ell,
R.W. Kerwin and L.S Pilowsky, Different patterns of D2/D2-
like receptor blockade in the temporal cortex and striatum by
typical antipsychotics: an 123I-epidepride study, Schizophre-
nia Research 29(165) (1998a), 1–2.

[6] V. Bigliani, R.S. Mulligan, P.D. Acton, C. Stephenson, S. Ga-
cinovic, P.J. Ell, R.W Kerwin and L.S. Pilowsky, Preliminary
results: D2/D2-like receptor binding in temporal cortex and
striatum in sertindole and olanzapine treated patients, Journal
of Nuclear Medicine 39(5) (1998b), SS: 319.

[7] G.F. Busatto, M.J. Travis, L.S. Pilowsky, D.V. Costa, R. Mul-
ligan, J. Mertens, D. Terriere, P.J. Ell, P. Acton, S. Gacinovic,
C. Okocha, J.E. Leysen and R.W. Kerwinm, 5HT2a receptor
blockade in vivo in schizophrenic patients treated with atyp-
ical antipsychotics: SPET findings, Schizophrenia Research
24 (1997a), 176–177.

[8] G.F. Busatto, L.S. Pilowsky, D.C. Costa, P.G. Ell, A.S. David,
J.V. Lucey and R.W. Kerwin, Correlation between reduced in
vivo benzodiazepine receptor binding and severity of symp-
toms in schizophrenia, American Journal of Psychiatry 154
(1997b), 56–63.

[9] A. Carlsson, The current status of the dopamine hypothesis
of schizophrenia, Neuropsychopharmacology 1 (1988), 179–
186.

[10] I. Creese, D.R. Bart and S.H. Synder, Dopamine receptor
binding predicts clinical and pharmacological potencies of
antipsychotic drugs, Science 192 (1976), 481–483.

[11] L. Farde, F.A. Wiesel, A.L. Nordstrom and G. Sedvall, D1
and D2 dopamine receptor occupancy during treatment with
conventional and atypical neuroleptics, Psychopharmacology
99 (1989), S28–S31.

[12] L. Farde, S. Nyberg, G. Oxenstiema, Y. Nakashima, C. Halldin
and B. Ericsson, PET studies on D2 and 5-HT2 receptor bind-
ing in risperidone-treated schizophrenic patients, Journal of
Clinical Psychopharmacology 15 (1995), S19–S23.

[13] L. Farde, H. Olsson and C. Hallden, PET quantification of ex-
trastriatal D2 and D3 dopamine receptors, International Jour-
nal of Neuropsychopharmacology 1(1) (1998), S55.

[14] A.J. Fischman, A.A. Bonab, J.W. Babich, N.N. Alpert, S.L.
Rausch, D.R. Elmaleh, T.M. Schoup, S.A. Williams and R.H.
Rubin, PET analysis of central 5-HT2 receptor occupancy in
healthy volunteers treated with ziprasidone, Journal of Phar-
macology and Experimental Therapeutics 279 (1996), 939–
947.

[15] J. Hietala, H. Vilkman, E. Syvalahti and K. Nagren, Extrastri-
atal and striatal dopamine receptor occupancy by haloperidol
and clozapine measured with PET, International Journal of
Neuropsychopharmacology 1(1) (1998), S55–S56.

[16] A. Janowsky, K.A. Neve, J.M. Kinzie and J.K. Belknap, Ex-
trastriatal dopamine D2 receptors: distribution, pharmacolog-
ical characterisation and region-specific regulation, Journal of
Pharmacology and Experimental Therapeutics 261(3) (1992),
1282–1290.

[17] E. Johnstone, T.W. Crow, C.D. Frith, M.W.P. Camey and J.S.
Price, Mechanism of the antipsychotic effects in the treatment
of acute schizophrenia, Lancet (1978, April 22), 848–851.

[18] J.M. Kane and H.L. Freeman, Towards more effective an-
tipsychotic treatment, British Journal of Psychiatry 165(25)
(1994), 22–31.

[19] S. Kapur, G. Renington, C. Jones, A. Wilson and R. Zipursky,
High levels of D2 occupancy with low dose haloperidol treat-
ment, American Journal of Psychiatry 153(7) (1996), 948–
950.

[20] S. Kapur, C.J. Renington, C. Jones and R.B. Zipursky, Does
dopamine D2 occupancy predict antipsychotic response and
side effects. A double blind test of the hypothesis, Schizophre-
nia Research 36 (1999), 242.

[21] R.M. Kessler, N.S. Mason, J.R. Volaw, T. de Paulis, J.A. Clan-
ton, I. Arisari, D.E. Schmidt, R.G. Manning and R.L. Bell,
Visualisation of extrastriatal D2 dopamine receptors in the hu-
man brain, European Journal of Pharmacology 223 (1992),
105–107.

[22] C. Kohler, A.C. Radesator and G. Karlsson-Boethin, Regional
distribution and in vivo binding of the atypical antipsychotic
drug remoxipride,Journal of Neural Transmission 87 (1992),
49–62.

[23] T. Kolakowska, A.O. Williams, M. Arden, M.A. Revely, K.
Jambor, M.J. Gelder and M. Mandelbrote, Schizophrenia with
good and poor outcome. 1: Early Clinical Features, response to



8 P. Shaw and L.S. Pilowsky / Probing cortical sites of antipsychotic drug action with in vivo receptor imaging

neuroleptics and signs of organic dysfunction, British Journal
of Psychiatry 146 (1985), 229–246.

[24] M.S. Lidow and P.S. Goldman-Rakic, Differential regulation
of D4 and D2 dopamine receptor mRNA in cerebral cortex
and neostriatum, Journal of Pharmacology and Experimental
Therapeutics 283(2) (1997), 939–946.

[25] M.S. Lidow and G.V. Williams, The cerebral cortex: a case
for a common site of action of antipsychotics, Trends in Phar-
macological Sciences 19 (1998), 136–140.

[26] B. Kufferle, J. Tauscher, S. Asenbaum, I. Podreska, T. Bruche
and S. Kasper, IBZM SPECT imaging of striatal D2 recep-
tors in psychotic patients treated with a novel antipsychotic
quetiapine in comparison to clozapine and haloperidol, Psy-
chopharmacology 133 (1997), 323–328.

[27] E.D. Luby, B.D. Cohen and G. Rosenbaum, Study of a new
schizophrenic drug sernyl, Archives of Neuropsychiatry 81
(1959), 363–369.

[28] A.L. MacGregor, K.Kodama, A.G. Knapp and J. McCulloch,
The pharmacology of CNS 1261: an NMDA ion channel
blocker, Journal of Cerebral Blood Flow and Metabolism
17(1) (1997), S461.

[29] H.Y. Meltzer, An overview of the mechanism of action of
clozapine, Journal of Clinical Psychiatry 55(9, suppl B)
(1994), 47–52.

[30] K. Muir, D. Grosset, J. Owens, A.L. MacGregor, D. Hadley, J.
Patterson and J. McCulloch, Imaging of NMDA receptor acti-
vation in acute stroke, Cerebrovascular Disease 8(4) (1998),
S9.

[31] I.P.C. Murray and P.J. Ell, Nuclear Medicine in Clinical Di-
agnosis and Treatment, Vol 1 and 2, Churchill Livingston,
London, 1998.

[32] A.L. Nordström, L. Farde, F.A. Wisel, F. Forsland, S. Pauli, C.
Haldari and G. Uppfeldt, Central D2 dopamine receptor occu-
pancy in relation to antipsychotic drug effects: a double-blind
PET study of schizophrenic patients, Biological Psychiatry 33
(1993), 227–235.

[33] A.L. Nordström, L. Farde, S. Nyberg, P. Karlson, C. Halldin
and G. Sedval, D1, D2 and 5HT2 receptor occupancy in re-
lation to clozapine serum concentration – a PET study in
schizophrenic patients, American Journal of Psychiatry 152
(1995), 1444–1449.

[34] A. Nordstrom, S. Nyberg, H. Olsson and L. Farde, PET finding
of a high striatal D2 receptor occupancy in olanzapine treated
patients, Archives of General Psychiatry 55 (1998), 283–284

[35] S. Nyberg, L. Farde, L. Eriksson, C. Halldin and B. Eriksson,
5HT2 and D2 dopamine receptor occupancy in the living hu-
man brain; a PET study with risperidone, Psychopharmacol-
ogy 110 (1993), 265–272.

[36] S. Nyberg, D2 dopamine receptor occupancy during low-dose
treatment with haloperidol decanoate, American Journal of
Psychiatry 152 (1995), 173–178.

[37] S. Nyberg, L. Farde and C. Halldin, A PET study of 5HT2 and
D2 dopamine receptor occupancy induced by olanzapine in
healthy subjects, Neuropsychopharmacology 16 (1997), 1–5.

[38] S. Patel, S. Patel, R. Marwood, F. Emms, D. Marston, P.D.
Leeson, N.P. Curtis, J. Kulagowski and S.B. Freedman, Iden-
tification and pharmacological characterisation of125I-L 750,
667 a novel radioligand for dopamine D4 receptors, Molecular
Pharmacology 50 (1996), 1658–1664.

[39] S.J. Petrouka and S.H. Synder, Relation Of Neuroleptic Drug
Effects At Dopamine, Serotonin, Adrenergic And Histaminer-
gic Receptors To Clinical Potency, American Journal of Psy-
chiatry 137 (1980), 1818–1822.

[40] D. Pickar, S. Taung-Ping, D.R. Weinberger, R. Coppola, A.
Matthora and B. Knable, Individual variation in D2 dopamine
receptor occupancy in clozapine treated patients, American
Journal of Psychiatry IS3 (1996), IS71–IS78.

[41] L.S. Pilowsky, D. Costa, P.J. Ell, R.M. Murray, N.P.L.G.
Verhoeff and R.W. Kerwin, Clozapine, SPET and the D2
dopamine receptor blockade hypothesis of schizophrenia,
Lancet 340 (1992), 199–202.

[42] L.S. Pilowsky, D.C. Costa, P.J. Ell, R.M. Murray, N.P.L.G.
Verhoeff and R.W. Kerwin, Antipsychotic medication, D2
dopamine receptor blockade and clinical response: a 123I
IBZM SPET study, Psychological Medicine 23 (1993), 791–
797.

[43] L.S. Pilowsky, G.F. Busatto, M. Taylor, D.C. Costa, T. Shama,
T. Sigmundsson, P.J. Ell and R.W. Kerwin, Dopamine D2
receptor occupancy of in vivo by a novel atypical olanzapine –
an 123I-IBZM SPET study, Psychopharmacology 124 (1996),
148–153.

[44] L.S. Pilowsky, R.S. Mulligan, D.A. Acton, P.J. Ell, D.C. Costa
and R.W. Kerwin, Limbic selectivity of clozapine, Lancet 350
(1997), 490–491.

[45] B. Scatton, Amisulpiride: from animal pharmacology to ther-
apeutic action, International Clinical Psychopharmacology
12(2) (1997), S29–S36.

[46] A. Schotte, P.F.M. Janssen, W. Gommeren, W.H. Luyten, P.
van Campel, A. S. Lesage, K. Delare and J.E. Leyser, Risperi-
done compared with new and reference antipsychotic drugs:
in vitro and in vivo receptor binding, Psychopharmacology 24
(1996), 57–73.

[47] J.W. Sharp, Phencyclidine acts at sigma sites to induce c-fos
gene expression, Brain Research 758 (1997), 51–58.

[48] M.S. Sodhi, M.J. Arranz, D. Ball, D. Curtis, P. Sham, G.W.
Roberts, J. Price, D.A. Collier and R.W. Kerwin, Associa-
tion between clozapine response and allelic variation in the
5-HT2C receptor gene, Neuroreport 7 (1995), 169–172.

[49] C.M.E. Stephenson, V.B. Bigliani, R.S. Mulligan, P.D. Acton,
S. Gacinovic, P.J. Ell, L.W. Kerwin, L.S. Pilowsky, Striatal
and extra-striatal D2/D3 receptor blockade for the atypical an-
tipsychotic quetiapine, Journal of Psychopharmacology 12(3)
(1998), Suppl. A, A53.

[50] J. Stevens, K. Wilson and W. Forte, GABA blockade,
dopamine in schizophrenia, Psychopharmacology 39 (1974),
105–119.

[51] K. Svensson, A. Carlsson, R.N. Huff, J. Klingpetersen and
N. Waters, Biochemical and neurochemical data suggest func-
tional differences between dopamine D2 and D3 receptors,
European Journal of Pharmacology 263 (1994), 235–243.

[52] M.J. Travis, G.F. Busatto, L.S. Pilowsky, R. Mulligan and P.D.
Acton, 5HT2a receptor blockade in schizophrenic patients
treated with risperidone or clozapine: a 123I-5-1-R-91150
SPET study, British Journal of Psychiatry 173 (1998), 236–
242.

[53] C. Trichard, M.L. Paillere-Martinot, D. Attar-Levy, C. Re-
cassens, F. Monnet and J.L. Martinot, Binding of antipsychotic
drugs to cortical 5HT2a receptors: a PET study of chlorpro-
mazine, clozapine and amisupliride in schizophrenic patients,
American Journal of Psychiatry 801 (1998), 505–508.

[54] A. Wolkin, F. Borouche and A.P. Wolf, Dopamine blockade
and clinical response – evidence for 2 biological subgroups
in schizophrenia, American Journal of Psychiatry 146 (1992),
905–908.

[55] P.L. Wood, Actions of GABAergic agents on dopamine
metabolism in the nigrostriatal pathway of the rat, Journal



P. Shaw and L.S. Pilowsky / Probing cortical sites of antipsychotic drug action with in vivo receptor imaging 9

of Pharmacology and Experimental Therapeutics 222 (1980),
674–679.

[56] X. Xiberas, J.L. Martinot, M.L. Paillere-Martinot, L. Mal-

let, D. Attar-Levy, L. Sabrau, C. Loc’h and B. Maziere, In
vivo interaction of antipsychotic drugs with extrastriatal D2
dopamine receptors, Schizophrenia Research 36 (1999), 249.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


