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Abstract Positron emission tomography (PET) and 11C-
raclopride were used to assess the time course of binding
to central dopamine D, receptors by the novel neurolep-
tic ziprasidone. In a third party blind study, six heaithy
male control subjects received a predose of 40 mg zip-
rasidone and were scanned at an interval of between 4
and 36 h post-dose. One additional subject was assigned
to placebo predose and was scanned at 4 h post-dose.
Binding potential (BP) was compared with that seen in
the subject predosed with placebo and with that seen in
nine unmedicated normal volunteers. Subjects studied up
to 12 h post-dose had BPs that were greater than 2 SD
less than the mean BP, indicative of extensive D, recep-
tor binding by ziprasidone. With increasing time be-
tween dosing and PET scanning there was a curvilinear
increase in BP, so that all studies performed at or after 18
h post-dose gave BPs in the normal range (mean+2 SD).
Elevated prolactin levels returned to within the normal
range by 18 h post-dose. PET measures of binding po-
tential correlated significantly with serum levels of zip-
rasidone at the time of scanning and less significantly
with absolute prolactin levels at the same time.
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Introduction

In those patients who respond to traditional neuroleptics
there is considerable evidence that the antipsychotic ef-
fect is mediated by the blockade of central dopamine D,
receptors. Most compelling is the linear correlation be-
tween the affinity of drugs for D, receptors in animals
and antipsychotic potency in man, a relationship that
does not hold for any other neuroreceptor (Creese et al.
1976; Seeman et al. 1976; Peroutka and Snyder 1980).
Positron emission tomography (PET) and specific li-
gands for the D, receptor have been used to study the D,
binding properties of neuroleptic drugs in the living hu-
man brain. Independent studies have shown that clinical-
ly effective (antipsychotic) doses of a variety of classical
neuroleptics result in at least 65% occupancy of central
dopamine D, receptors (Cambon et al. 1987; Farde et al.
1992), with high occupancy demonstrable 2 h after acute
administration of neuroleptic (Farde et al. 1986), and a
curvilinear relationship between neuroleptic dosage and
D, occupancy (Cambon et al. 1987; Farde et al. 1988b).
One of the main drawbacks of D, receptor antagonists
in clinical practice is their propensity for causing extra
pyramidal side effects (EPSE). In elegant studies (Farde
et al. 1992) have demonstrated that EPSE are much more
common with higher D, occupancy, with an apparent
threshold for EPSE at between 74% and 82% D, occu-
pancy, considerably higher than the 65% threshold re-
quired for an antipsychotic effect. The threshold hypoth-
esis is an important consideration in determining optimal
doses in the preclinical and clinical evaluation of new
neuroleptics. We have previously described a dose find-
ing study using PET and 'C-raclopride in the preclinical
evaluation in normal volunteers of the novel neuroleptic
ziprasidone, a benzisothiazoyl piperazine that has high
affinity for both SHT, (K;=0.42 nM) and D, (K;=4.8 nM)
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Table 1 Details of the seven subjects studied: time of PET scan post-dose, serum levels of ziprasidone and prolactin at the time of PET

scanning, prolactin response and striatal binding potential

Subject Age Weight Ziprasidone Time of PET Ziprasidone Prolactin Binding
(years) (kg) dose (mg)2  (h post-dose) potential
At time of PET AUC[0-36] Peak-baseline At time of PET  (£SE¢)
(ng/ml) ng-h/ml mlU/1 mlU/1
1 26 83 Placebo 4 0 0 —67 145 2.67 (£0.04)
2 20 112 40 12 15.3 469 526 206 1.26 (z0.08)
3 23 73 40 274 2.2 426 1143 85 2.46 (x0.05)
4 23 64 40 4 87.9 806 2072 848 0.55 (=0.02)
5 28 84 40 8 33.3 421 625 434 0.85 (+0.02)
6 33 82 40 18 9.8 979 1455 252 1.81 (x0.17)
7 32 84 40 36 0.5 376 682 N/A 2.28 (+0.05)
(8)° 34 66 40 6 44.6 511 767 432 0.51 (20.03)

a Investigators performing the PET scans and analysis were blind
to treatment allocation

b AUC [0-36]: arca under the serum concentration-time curve
from time 0-36 h

¢ Standard errors of estimate were calculated from the differences
between predicted and measured data, as described by Carson
{1986)

receptors (Seymour et al. 1993; Zorn et al. 1993). This
study showed that a dose of between 20 and 40 mg of
Ziprasidone caused a level of D, occupancy that would
be predicted to have antipsychotic efficacy, with 40 mg
producing an decrease in binding potential of 77% in
comparison with a group of normal controls (Bench et al.
1993).

In addition to the studies which have examined the re-
lationship between antipsychotic efficacy, neuroleptic
dose and D, occupancy, a smaller number of studies have
examined the time course of receptor occupancy after
withdrawal of neuroleptics. Thus Cambon et al. (1987)
showed that in eight patients withdrawn from neurolep-
tics, D, occupancy returned to normal levels (nil) within
a few days, and in one patient within 24 h, whereas Fa-
rde et al. (1988b) did not detect a significant decrease in
receptor occupancy for up to 54 h. Baron et al. (1989)
found that return to normal receptor availability as mea-
sured with PET occurred within 5-15 days. In a series of
21 PET studies in ten subjects, Smith et al. (1988) re-
ported a significant increase in available D, sites 24 h af-
ter withdrawal of haloperidol and by 156 h receptor
availability was within the control range.

In this study we used PET and "C-raclopride to mea-
sure binding potential in normal volunteers after a single
oral dose of 40 mg ziprasidone. By examining the sub-
jects at different time points after dosing, we hoped to
infer the time course of binding to D, receptors. While
standard pharmacokinetic and prolactin studies in normal
volunteers support a twice daily dosage regimen with
this drug for therapeutic trials, the present study aimed to
determine whether a once or twice daily dosage regimen
is appropriate for such trials based on washout of ziprasi-
done from central D, receptors. Blood samples were also
taken to allow cross correlations between prolactin lev-
els, plasma concentrations of ziprasidone and binding
potential as assessed by PET.

d For technical reasons the PET scan scheduled for 24 h post-dose
was postponed to 27 h post-dose. Blood samples taken at 24 h

¢ Additional subject from previous dose-finding study (Bench et
al. 1993) who received 40 mg ziprasidone, 5.75 h post-dose

Materials and methods

Subjects

Seven healthy male volunteers between the ages of 20 and 33 were
studied. Health was assessed by medical history, full clinical ex-
amination, haematological and biochemical profile and urinalysis.
All subjects were neuroleptic naive and were not taking any medi-
cations at the time of the study. Demographic details of the sub-
jects are shown in Table 1. All subjects gave informed written con-
sent and local ethics committee approval was obtained. Permission
to administer radioisotopes was obtained from the Administration
of Radioactive Substances Advisory Committee of the UK.

Synthesis of !!C-raclopride

LC.raclopride was prepared at the Cyclotron Unit according to the
method of Farde et al. (1988a). The mean specific activity of the
seven preparations was 22708 MBQ/mmol (range 10624-31937).
Raclopride tartrate was provided by Astra Research Centre, Swe-
den.

Drug administration and positron emission tomography

Using a third party blind design, the seven subjects were allocated
to receive either 40 mg ziprasidone (six subjects) or placebo (one
subject). All investigators knew there was only a single subject to
be predosed with placebo. Those responsible for the PET proce-
dure and analysis (C.J.B., A.A.L., PM.G.) were blind to allocation
until the data were fully analysed. In practice, two subjects were
clearly sedated at the time of PET scanning, thus identifying them
as being allocated to active treatment. Subjects were dosed in the
fasting state at times that varied between 0400 and 1800 h and
PET scans were performed between 1000 and 1630 h, correspond-
ing to times varying between 4 and 36 h post-dose. For technical
reasons the PET scan scheduled for 24 h post-dose could not be
performed until 27 h post-dose. The placebo pre-dosed subject
was randomly inserted into the schedule. PET scans were per-
formed on a CTI 931-08/12 (CTI, Knoxville, Tennessee, USA)
scanner (Spinks et al. 1988), which has an axial full width half
maximum (FWHM) resolution of 7 mm and an in-plane FWHM
resolution of 8.5%8.5 mm. Subjects were aligned in the scanner us-
ing a laser system so that the detectors were parallel to the orbito-



meatal line. A pillow containing polystyrene chips and air was
used in each case. Evacuation of air from the pillow ensured the
subject’s comfort and relative immobility. A 10-min transmission
scan for correction of tissue attenuation of 511 keV gamma radia-
tion was collected using a retractable $3Ga/%8Ge ring source.

All seven subjects received bolus intravenous injections of sa-
line solutions (pH 6.0) of !'C-raclopride (mean=10.2 mCij,
SD=0.13; mean weight of cold raclopride injected was 6.8 ug,
SD=3.0). Dynamic PET scans were collected from the time of in-
jection for a period of 60 min, divided into 25 time frames. Frame
length was increased from S s initially to 10 min at the end of the
study. Venous blood samples for estimation of serum concentra-
tions of ziprasidone were taken predose and at 1, 2, 4, 6, 8, 12, 24
and 36 h post-dose. Additional samples for prolactin assay were
taken at the same time points up to 24 h post-dose.

Ziprasidone pharmacokinetic analysis

The details of this analysis have been described previously (Bench
etal. 1993). The assay has a dynamic range of 0.5-50 ng/ml, with
a lower limit of quantitation of 0.5 ng/ml (Pfizer Central Research,
Groton, Conn., USA). The area under the serum ziprasidone con-
centration-time curve from time 0 to 36 h (AUC[0-36]) was esti-
mated using the trapezoid method.

Prolactin assay

Plasma prolactin (PRL) levels were determined by radioimmuno-
assay with intra- and interassay coefficients of variation of 2.5%
and 6.7%, respectively, and a lower limit of detection of 34 mlU/l,
normal range 80-300 mIU/1 (Maurer et al. 1986). The PRL re-
sponse was analysed as the peak-baseline value. The baseline PRL
level was determined from a sample taken 1 h before pre-dosing.

Image analysis and modelling of data

The dynamic PET scans were analysed using image analysis soft-
ware (Analyze version 5.0, Biodynamics Research Unit, Mayo
Foundation, USA) on Sun SPARC Workstations. Standard tem-
plates for the striatal and cerebellar regions of interest were de-
fined on the raclopride scans, summated to include activity be-
tween 30 and 60 min post-injection. The position of the regions
were determined by inspection. Regions of interest were defined
for caudate (one circular region each side, 4 pixels in diameter; 1
pixel=2.05%2.05 mm), putamen (three contiguous circular regions
each side, 4 pixels diameter ecach) and cerebellum (one circular re-
gion each side, 16 pixels diameter). All regions of interest were
defined on two adjacent planes using regions of identical sizes.
Average values for each anatomical structure were calculated
(Sawle et al. 1990; Bench et al. 1993).

The definition of the striatal regions of interest in the subjects
who were scanned up to 12 h after receiving predoses of ziprasi-
done was more difficult in view of the extensive blockade of raclo-
pride binding. For these subjects an additional “early” summated
image was created from frames 2-14 of the dynamic raclopride
scan. This image averaged activity for the first 5 min of the scan-
ning procedure when the distribution of radioligand is determined
primarily by cerebral blood flow, thereby giving additional ana-
tomical information. For those subjects where there was clearly
extensive blockade of raclopride binding the ROIs were positioned
with reference to the “early” summated images and the standard
raclopride summated images, and by thresholding the images to
show the best possible definition between areas of differential li-
gand binding. Time activity curves were plotted for each region in
each subject and the kinetics of brain !!C-raclopride were mod-
elled using the cerebellum as a reference tissue to derive an esti-
mation of binding potential (BP), the ratio of the rate constants for
binding to and dissociation from dopamine D, receptors (Hume et
al. 1992; Bench et al. 1993). Binding potential data from nine nor-
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Fig. 1 Binding potential and time post dosing. The mean and
range (2 SD) of binding potential from nine non-predosed normal
control subjects is included. A data point has been included for the
subject predosed with 40 mg ziprasidone and scanned at 5.75 h
post-dose in the dose finding study previously reported (Bench et
al. 1993)

mal male controls were available, including the placebo predosed
subject from the present study. They had an age range of 26-72
years (mean 47+20). The controls were examined using identical
methods and equipment over the preceding 2 years and their scans
were analysed by the same investigator (C.J.B.).

Results
Binding potential

With increasing time between dosing and scanning there
was increased uptake of UC-raclopride in the striatum,
reflecting decremental central dopamine D, receptor
blockade. Binding potential (BP) increased accordingly
so that in the subjects scanned 18 h or more post-dose
the BP was within the range (2.26+0.62, mean+2 SD) for
BP obtained from the nine normal volunteers (Fig. 1).
Binding potential had increased to above the mean nor-
mal value by 27 h post-dose.

Ziprasidone pharmacokinetics

The time course of the serum concentration for the sub-
jects predosed with ziprasidone is shown in Fig. 2. The
individual values for the area under the serum ziprasi-
done concentration-time curve from time 0 to 36 h post-
dose (AUC[(0-36]) are presented in Table 1. There were
strong correlations between absolute values of ziprasi-
done at the time of PET scanning and binding potential
(r=—0.96; P<0.0001), but not between AUC[0-36] and
BP (r=0.57; P<0.18). Absolute values of ziprasidone at
time of scanning also correlated with prolactin levels at
the same time (r=0.89; P<0.02).
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Fig. 2 Serum ziprasidone (closed squares) and prolactin levels
(open squares) as a function of the time post dose. The values giv-
en are the means for seven subjects at each time point, including
the subject predosed with 40 mg in the previous seven dose find-
ing study (Bench et al. 1993). The error bars indicate the standard
errors of the means (SEM)
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Fig. 3 Binding potential (BF) as a function of serum concentra-
tion of ziprasidone in 13 subjects. The relationship is curvilinear
and the BP curve can be fitted directly according to the equation:

B,
BP = K, +[Ziprasidone]

where B, and K are apparent B, ., and K, expressed interms of
the serum concentration of ziprasidone rather than the free tissue
concentration {which can not be measured with PET)

Prolactin response

Placebo predose failed to produce an increase in plasma
PRL above baseline. The six subjects predosed with 40
mg ziprasidone all showed robust prolactin responses
(Table 1). The time course of the prolactin response is
shown in Fig. 2, There was a correlation between PRL at
the time of PET scanning and binding potential (r=—
0.89; P<0.02), but not between BP and the peak-baseline

measure of the overall prolactin response (r=—0.43;
P<0.34). Prolactin levels had returned to within the nor-
mal range in five out of six subjects by 12 h and in all
subjects by 18 h.

Discussion

PET was used to calculate the binding potential of ''C-
raclopride in the striatum of 6 normal subjects at times
between 4 and 36 h after taking a single oral dose of 40
mg of the novel neuroleptic ziprasidone. With increasing
time post dose there was an increase in binding potential,
indicating decreasing central dopamine D, receptor
blockade. Binding potential correlated both with blood
levels of ziprasidone and with plasma prolactin levels at
the time of PET scanning.

The correlation of the concentration of ziprasidone at
the time of scanning with the PET derived measure of
binding potential (r=.-0.96, P<0.0001) was greater than
that with the serum prolactin level at the time of scanning
(r=-0.89, P<0.02). This suggests that binding potential is
a more accurate index of D2 antagonism in the brain than
neuroleptic-induced prolactin increases which are primar-
ily an index of D2 antagonism at the pituitary level. Al-
though binding potential (BP) correlated with the serum
concentration of ziprasidone at the time of scanning it did
not with the overall availability of ziprasidone as assessed
by the AUC[0--36] (r=-0.57, P<0.18). In theory, intersub-
ject differences in drug metabolism or disposition could
affect the results of a study of this design in which the
time course of central ziprasidone D2 binding is inferred
from a single PET measurement in different subjects at
different time points. Examination of the individual phar-
macokinetic data showed there was a 2.8-4.5 fold varia-
tion in plasma levels among the subjects at each time
point post-dose. The mean values for plasma levels and
the standard errors of the means are presented for each
time point in Fig. 2. In practice, we measured a smooth
curvilinear decrease in ziprasidone concentrations and
corresponding increase in binding potential with increas-
ing time post-dose across subjects. While serum prolactin
concentrations at the time of scanning correlated signifi-
cantly with BP, the measure of overall prolactin response
(peak-baseline) did not (r=-0.43, P<(0.34).

A number of PET studies have now described in age
related decrease in D2 receptors. This is an important
consideration in the present study in which the controls
are older than the subjects who received ziprasidone.
Thus, Antonini et al. (1993) described a 0.6% decline in
putaminal 11C-raclopride binding per year after approxi-
mately 30 years of age. For our control group this would
result in an age corrected mean binding potential of
2.57+£0.35 compared with the measured values of
2.26x0.31. With this higher reference value the time tak-
en to return to the normal range (mean+2 SD) of binding
potential would be increased by approximately 2 h to
just over 18 h (Fig. 1).



Measurement of binding potential in the acute phase
of medication could be underestimated due to the antag-
onism of D, autoreceptors and the consequent increase
in extracellular dopamine concentrations (Zetterstom et
al. 1984). In theory, this may lead to decreased measure-
ment of brain radioactivity due to competition between
increased levels of endogenous dopamine and !'C-raclo-
pride at the D, receptor (Bunney and Grace 1978;
Chiodo and Bunney 1985). The present study was de-
signed to examine binding potential at various times be-
tween 4 and 36 h post-dose. If there is a significant effect
of acute dosage on intracellular dopamine concentration,
and therefore binding of ''Ca-raclopride, this would be
expected to be maximal in the studies performed soon
after dosing and therefore lead to greater underestima-
tion of BP. However, Hume et al. (1992) have shown in
the rat that dopamine levels need to be extensively raised
by amphetamine to produce appreciable changes in ra-
clopride binding and Farde et al. (1992) have suggested
that amphetamine causes a maximum decrease in 'C-ra-
clopride binding of 16%. Since neuroleptic induced in-
creases in dopamine are at most 2-fold (Zhang et al.
1989), this is unlikely to have a major effect on the re-
sults of this study.

The calculation of binding potential also assumes no
effect of neuroleptic treatment on post-synaptic dopa-
mine receptors in the striatum over the time course of
the study. Whereas in the acute phase of medication an-
tagonism of D, autoreceptors causes an increase in ex-
tracellular dopamine concentrations (Zetterstom et al.
1984), in the chronically medicated state animal models
show upregulation (increased numbers) of dopamine D,
receptors (Burt etal. 1977; Clow etal. 1980). Earlier
PET studies of the effects of haloperidol and sulpiride
suggested that levels of occupancy do not change sub-
stantially from acute to chronic dosage (Farde et al.
1988b, 1989). However, Farde et al. (1990) reported in-
creased dopamine D, receptor density measured with
PET in a patient 2 weeks after the withdrawal of sulpi-
ride. In addition, Baron et al. (1989) found increased
availability of D, receptors in two patients medicated
for over 1 month after withdrawal of neuroleptics. This
would suggest that in the chronically medicated state re-
ceptor occupancy is underestimated (therefore binding
potential overestimated) by PET due to upregulation of
D, receptors and if this is a dose-dependent effect then
binding potential will be more overestimated in patients
with high occupancy. The present study, in which we
have inferred the time course of occupancy by measur-
ing binding potential in normal volunteers after a single
dosage of neuroleptic is unlikely to be confounded by
the effects of upregulation.

1t is likely that the time course of ziprasidone binding
after withdrawal from chronic administration would be
different from that observed in this study. The majority
of studies which have studied the time course of occu-
pancy after withdrawal of neuroleptics have done so in
patients (rather than normal controls) who have been

145

treated for long periods of time with either oral or depot
medication. As discussed previously, interpretation of
these results has to consider the effect of possible recep-
tor upregulation. Some of these studies which have also
examined the relationship between the PET measure of
D, occupancy, plasma levels of neuroleptics and prolac-
tin levels are considered below.

Using PET and 76Br-bromospiperone in eight patients
withdrawn from neuroleptics after 2 months’ treatment,
Cambon et al. (1987) found that receptor availability re-
turned rapidly towards normal values, particularly in two
patients on higher doses of neuroleptics before with-
drawal. In these patients there was return to normal or
near normal values for occupancy within 3 days. In an
expansion of this study Baron et al. (1989) examined the
relationships between D, occupancy and plasma prolac-
tin in 16 patients after periods of drug withdrawal rang-
ing from 1 day to 3 months. They found a sharp increase
in available D, receptors to normal values within 5-12
days, and in two cases within 1-3 days. After neuroleptic
withdrawal the PRL values showed an even more rapid
decline, with all values being within the normal range
within 3 days of withdrawal. There was a curvilinear re-
lationship between the percentage decline in PRL and
the increase in receptor occupancy (Baron et al. 1989).

Using PET and 18F-N methylspiroperidol in schizo-
phrenic patients, Smith et al. (1988) found that receptor
availability returned to within the normal range between
60 and 156 h after stopping haloperidol. In contrast to
Cambon et al. (1987), they established that the time tak-
en to return to baseline receptor availability was in-
creased in patients on higher doses of neuroleptics. In-
crease in receptor availability was directly related to
HPD plasma levels and if expressed in terms of “occu-
pancy” resembled a classical dose-response curve relat-
ing bound to free neuroleptic concentration. Farde et al.
(1988b) established that significant D, occupancy was
still present up to 27 h after withdrawal of neuroleptics,
despite substantial reductions in serum levels. The au-
thors proposed a curvilinear relationship between drug
concentration and receptor occupancy which was con-
firmed in a further study in a patient treated with de-
creasing amounts of over a 9-week period.

In summary, although previous studies are not directly
comparable either by virtue of the different patient
groups studied, different neuroleptics used or differences
in PET/tracer methodologies, and are potentially con-
founded by the effects of receptor upreguiation, they all
suggest that return to normal receptor availability (and
neuroleptic washout) occurs between 24 and 156 h. The
shorter “washout” times usually appear after relatively
lower doses of neuroleptics. The present study finds that
after single acute dosage in normal volunteers of 40 mg
Ziprasidone, washout for the striatum, as indexed by a
return to binding potential (BP) within the normal range
(mean BP — 2 SD), is seen at 18 h. This relatively rapid
washout of neuroleptics from their striatal binding sites
is at variance with clinical data which demonstrates pro-
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longed duration of action (Hershon et al. 1972), but is in
keeping with reported neuroleptic clearance rates from
plasma and brain tissue (Forsman and Ohman 1977; Itoh
et al. 1984). The present study also adds to the evidence
for a curvilinear relationship between neuroleptic con-
centrations and D, occupancy, in that at high blood con-
centrations of ziprasidone there is a relatively smaller de-
crease in binding potential (Fig. 3).

The previous PET study that examined serum prolac-
tin systematically after withdrawal of neuroleptics de-
scribed reduction to the normal range within 3 days as
compared to 12-18 h in the present study (Baron et al.
1989). This may be an effect of chronic versus acute dos-
ing. Both studies found that the time course of the de-
crease in prolactin was in advance of the decrease in the
PET measure of receptor occupancy; elimination of neu-
roleptics from the pituitary, which is devoid of blood-
brain barrier, may occur at a much faster rate than from
the striatum.

In a previous dose finding study (Bench et al. 1993) it
was demonstrated that a dose of 40 mg of ziprasidone in
pormal subjects decreased binding potential to 77% of
the mean value in normal volunteers, an effect that is
likely to be associated with antipsychotic efficacy (Cam-
bon et al. 1987; Farde et al. 1988b). The present study
shows that this reduction in binding potential is main-
tained for between 6 and 8 h post-dose, with a return to
within 2 SD of the mean value at 18 h and to above the
mean within 27 h. When considered with the standard
pharmacokinetic data, this supports a twice-daily dosage
regime. We have not examined the time course of occu-
pancy after withdrawal from long term medication.
Those studies which have (see above) show a that return
to normal receptor availability occurs at between 24 and
156 h, with some evidence for a longer period to normal
availability when higher doses of neuroleptics were ad-
ministered prior to withdrawal.
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