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Introduction

Studies of novel antipsychotics in healthy volunteers are traditionally concerned with
kinetics and tolerability, but useful information may also be obtained from biomarkers
of clinical endpoints. A useful biomarker should meet the following requirements:
a consistent response across studies and antipsychotics; a clear response of the bio-
marker to a therapeutic dose; a dose—response relationship; a plausible relationship
between biomarker, pharmacology and pathogenesis. In the current review, all
individual tests found in studies of neuroleptics in healthy volunteers since 1966 were
progressively evaluated for compliance with these requirements. A MedLine search
yielded 65 different studies, investigating the effects of 23 different neuroleptics on
101 different (variants of) neuropsychological tests, which could be clustered into
seven neuropsychological domains. Subjective and objective measures of alertness, and
of visual-visuomotor-auditory and motor skills were most sensitive to antipsychotics,
although over half of all the studies failed to show statistically significant difterences
from placebo. The most consistent effects were observed using prolactin response and
saccadic eye movements, where 96% and 83% of all studies resp. showed statistically
significant eftects. The prolactin inducing dose equivalencies relative to haloperidol of
19 difterent antipsychotic agents correlated with the lowest recommended daily
maintenance dose (r*=0.52). This relationship could reflect the clinical practice of
aiming for maximum tolerated levels, or it could represent a common basis behind
prolactin release and antipsychotic activity (probably D,-receptor antagonism). The
number of tests used in human psychopharmacology appears to be excessive. Future
studies should look for the most specific and sensitive test within each of the domains
that are most susceptible to neuroleptics.

Keywords: biomarker, antipsychotic, phase I, cognition, prolactin

case for many neuropsychiatric indications, including
psychosis and schizophrenia. Patient studies can be com-

There is a growing pressure on the drug development
process to enhance the relevance of studies at all stages.
Traditionally, phase 1 studies were mainly concerned with
kinetics and tolerability of a new compound in healthy
volunteers, but increasing efforts are now made to include
potential biomarkers of clinical endpoints. This approach
is particularly useful in areas where phase 2 studies are
cumbersome, for practical or ethical reasons. This is the
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plicated by factors associated with the disease, such as
concomitant or previous treatments, adaptation of dose
and duration of treatment to clinical responses, differ-
ent types and severity of psychopathology and overlap
between symptoms and side-effects of treatment. Also,
a heterogenic patient population may augment individual
variability, for example due to difterences in intelligence
and motivational aspects.

Studies in healthy volunteers lack most of these
methodological and logistic problems, but are faced with
others. Healthy volunteers are usually studied using
single (ascending) doses, as opposed to chronic treatment
in patients. They obviously also lack the disease char-
acteristics that serve to measure the treatment effects,
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although some studies use healthy subjects with schizo-
typy-like personalities to approach clinical relevance [1—4].
The information derived from studies in healthy volun-
teers could also be enhanced with appropriate biomarkers,
which can be defined as indicators of biologic, pathogenic
or pharmacologic processes or responses to therapeutic
interventions.

Currently, no validated biomarkers for psychosis or
antipsychotics are available, but a useful marker should
meet the following requirements:

1 — a clear, consistent response across studies (from
different groups) and antipsychotics

2 — a clear response of the biomarker to a therapeutic
dose of the antipsychotic

3 — a dose (concentration)-response relationship

4 — a plausible relationship between the biomarker, the
pharmacology of the antipsychotic and the pathogenesis of
the disease.

In the current review, these requirements were used to
evaluate all potential biomarkers that have been used in
healthy volunteer studies of antipsychotic agents over the
past 30 years.

Methods
Structured literature evaluation

An extensive MedLine search (keywords: (antipsychotic or
neuroleptic) and healthy) revealed a large number of
individual tests, which diftered widely in their sensitivity
and specificity for detection of central nervous system
(CNS) drug eftects, with a lack of standardization between
the studies even for the same tests. In addition, many
studies used different antipsychotic dosages, usually at
single doses. A structured procedure was adopted in order
to obtain an overview. First, the results for all individual
tests, drugs and dosages were put into a database. Most
studies used different tests, which were all treated as
independent measures of drug eftect. The tests could then
be roughly divided into neuropsychological/motor skills,
subjective assessments, and neurophysiological and neuro-
endocrine measurements. This approach allowed the
preservation of individual study data in early stages,
followed by a progressive condensation of results in logical
clusters.

The test results could not be recorded quantitatively,
considering the large diversity of methods, parameters
and treatments. Instead, the ability of a test to show
a statistically significant difference from placebo was
scored as + (improvement/increase), = (no significant
effect) or — (impairment/decrease). Although statistical
significance is not only determined by the test variance but
also by other factors like group size, this approach at least
allowed an evaluation of the applicability of a test as
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a biomarker. No efforts were made to further quantify
the level of statistical significance. A more quantitative
approach was possible only for prolactin, where the peak
concentration relative to baseline could be determined
from most studies.

The chance that a test will detect a difference from
placebo is expected to grow with increasing dose. To
investigate this possibility, for each individual neuroleptic
and test it was determined whether the number of
statistically significant results increased with the dose. In
this way, the most frequently used tests and drug dosages
could be compared for dose-dependency. In many cases
however, the number of tests or doses was too small to
determine a relationship. To obtain an overview of dose-
effects across neuroleptics, drug dosages were pooled into
‘lower’, ‘medium’ and ‘higher’ dosages. The ‘medium’
dose was determined as the lowest recommended
therapeutic starting dose [5, 6], as shown in Table 1. If
the starting dose could not be retrieved, half the lowest
recommended maintenance dose was used. The ‘Tower’
and ‘higher’ doses were all dosages below or above this
level.

This approach allowed the identification of tests
showing a consistent response across studies and anti-
psychotics, and those with a clear response to a therapeutic
dose of the antipsychotic (requirements 1 and 2 from the
introduction). All measurements fulfilling these criteria
were further tested for compliance with requirements
3 and 4: the existence of dose-response relationship and
the plausibility of a mechanistic relationship, by reference
to the original publications and the neuropharmacological
literature.

Neuropsychological /motor skill

In the first phase of the literature review, tests from
different studies were only grouped if they were equal as
judged from name and description or literature reference
(e.g. all Digit Symbol Substitution Tests (DSST)), but all
variants or related forms of the tests (DCCT, SDST, etc.)
were treated separately.

Next, all tests that could be regarded as variants from
a basic form were clustered as indicated in Table 2. Thus,
all tests determining the ability to discriminate flash-or
flicker frequencies were grouped as ‘flicker discrimina-
tion’. These data were used to determine the consistency
of results within test clusters and to identify potential
dose-eftects.

Although many different methods are used to evaluate
the functional effects of neuroleptics, most actually
measure a limited number of core features. Neuropsycho-
logical/motor skills-tests can be categorized according to
a catalogue of neurocognitive tests (attention, executive,
etc.) [7], as presented in Table 2. This catalogue divides
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Table 1 PRL-inducing dose equivalencies for prolactin release, therapeutic dose and receptor affinities for antipsychotic drugs. (See text for

explanation of PRL-inducing dose equivalence).

Maintenance dose Reported study PRL-inducing dose D receptor affinity 5-HT,/D,
Drug (ng day™") range (mg) equivalencies K; (nv) [49] ratio [49]
Amisulpride 300-1200 20-400 56.6
DU-29895 ? 3-10 2
Remoxipride 60-300 0.5-150 9.29 272 >40
Sulpiride 100-200 100400 97.8 31 40
Zetidoline 10-30 10—40 0.81
Raclopride 4-8 0.1-16 1.72 7.0 1429
Mazapertine ? 5-50 -
Zotepine 50-300 25-100 17.2 13 0.07
Pimozide 2-6 2-6 7.89 1.2 5
Setoperone 15-120 5-40 14
Olanzapine 5-20 3-5 -
Clozapine 150-300 12.5-50 309 152 0.02
Risperidone 4-8 1-2 0.1 3.1 0.05
Chlorpromazine 75-300 25-100 39.6 19 0.14
Prochlorperazine 25-50 2.5-5 8.3 3.1 2.4
Trifluoperazine 20-30 4 5.1 4.3 2
Perphenazine 16-64 1 2 6.5 0.66
Haloperidol 4-10 0.25-10 1.11 1.2 2.3
Fluphenazine 2.5-5 0.35 1.89 1.9 1.8
Thiotixene 20-30 0.25-0.5 0.56 2.5 39
Thiethylperazine 10 10 4.37 4.5 11
Molindone 30-100 5 1.13 25 94
Thioridazine 200-800 10-75 - 16 0.26
tests according to different neuropsychological domains, (7.5-11.5 Hz) and beta (above 11.5 Hz; sometimes

assuming that the results of each test are mainly determined
by one of these domains. To determine the domains that
are most affected by neuroleptics in healthy subjects, all
tests within a neurocognitive domain were bundled. The
number of statistically significant differences from placebo
was scored and compared with the total number of studies
within the domain.

Subjective assessments

For the subjective assessments, most individual scales
corresponded to individual lines for the subscales ‘alert-
ness’, ‘mood’ and ‘calmness’, proposed by Norris and
applied to CNS-drug evaluation by Bond & Lader [8, 9].
Other scales could be grouped under ‘anxiety’, ‘subjec-
tive (psychotropic) drug effects’ and ‘(extrapyramidal)
side-effects’.

Neurophysiological assessments

Electroencephalography (EEG) EEG 1is sensitive to a wide
range of centrally active substances, although the exact
mechanism is hardly ever known [10-14]. EEG-studies
differ in numbers of leads or technical settings, but they
usually report effects per EEG-frequency band, which are
divided into delta (0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha
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subdivided into beta 1 (11.5-30 Hz) and beta 2 (above
30 Hz)).
differences from placebo were scored for the four major

In the current review, statistically significant

frequency bands.

Eye movements Smooth pursuit and saccadic eye move-
ments have been extensively validated to assess CNS-drug
(side)-eftects [15—20]. Saccadic eye movements provide
information on the sedative properties of antipsychotic
drugs. These effects are not specific for a class of drugs
[21, 22], but rather quantify sleep/wake transition [23, 24].
Although there are different techniques to measure eye
movements, most studies report peak velocity for visu-
ally guided saccades or sometimes antisaccades (where
subjects are instructed to look away from the target).
Smooth pursuit eye movements are reported as deviations
from the time that the eyes closely followed the target.
Statistically significant difterences from placebo were
reported, and dose-response relationships were investi-
gated for consistent responses.

Evoked potentials Schizophrenic patients exhibit abnorm-
alities in event related potentials (ERP) that are postulated
to reflect characteristic changes in stimulus discriminability
and decision making. Typically, these consist of a reduc-
tion in the amplitude and a prolongation of the latency of
the P300 component [3, 4, 25-35].
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Table 2 Progressive condensation of all reported tests; from test to Table 2 (Cont.)
cluster to domain (after Spreen ef al. 1998 [7]).
Test Cluster Domain
Test Cluster Domain
Delayed picture recognition
WAIS vocabulair Intelligence Achievement

R Word presentation Immediate recall
WAIS similarity

WAIS block design
WAIS picture

‘Word recognition
Numeric working memory

Numerical memory

Blue-Brown visual inhibition Inhibition task Executive Memory scanning

H-mask visual inhibition Auditory Brown/Peterson

Auditory latent inhibition Visual Brown/Peterson

Visual latent inhibition Visual spatial memory

Stroop colour word Fragmented picture test

Simple reaction (conflict task) Pauli test Span tests
Cognitive set switching Block span

Logical reasoning Complex Digit span

Decision making time info process Digit span (forward)

Rapid info processing Digit span (backward)

Perceptual maze WALIS vocabulair Language Language

Simulated driving WAIS similarity

Visual search Word fluency

Time estimation Time estimation Verbal fluency
Time perception ) ]
Performance time Performance Visual,
Visual search Search Attention (Delayed word recognition) time visuomotor
Attentional search and auditory
Symbol copying Performance time
Letter cancellation (Numeric working memory)
Alphabetic cross-out Performance time
D2 cancellation (Digit vigilance)
Brickenkamp D2 Performance time
DCCT DSST like (Rapid infoAprocessing)
SDST Performance time
DSST (Delayed picture recognition)
Performance time
Digit vigilance Other vigilance (Visual information
Vigilance processing)
Auditory vigilance test . . . . )
Simple reaction time Reaction time
Wesnes/Warburton CRT

igil task
vigilance tas Complex RT visual

Rapid info processing Visual 2 choice R'T

Continuous attention

VRT

CRT + Tracking Divided Visual response speed
Divided attention attention ART
Selective attention Acoustic RT
Focused attention task ‘Wire maze tracing Eye-hand
Emotional attention task Archimedian spiral coordination
Auditory flutter fusion Flicker Crlt'lcal tr:'lckmg task

discrimination Trail making

Flash fusion Tracking

CFF Complex tracking

Wiener Geraet

Paired associate learning Learning Memory Flexibility of closure Other

WAIS block design
WAIS picture compilation

Word list learning
15 word test

Introductory conditioning . .
Digit copying

Delayed word recall Delayed recall

.. Manipulative motor Manipulation Motor
Delayed word recognition P P
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Table 2 (Cont.)

Test Cluster Domain

Feinmotorik

Graphological analysis
Tapping

Hand arm lateral reach Motor control
coordination

Visual arm random reach

Motor control and coordination

Motor behaviour

There were not enough healthy volunteer studies to
warrant (semi)quantitative evaluation of these tests, but the
results are described because of the apparent relevance of
this method in schizophrenia research.

Neuroendocrine assessments

Prolactin (PRL) Neuroendocrine tests and particularly the
PRL response to antipsychotic agents have been reviewed
in several publications [36—41]. PRL response to
antipsychotics is clinically related to hyperprolactinaemia
[42] and is therefore thought undesirable during drug
development [43]. However, the prolactin response to
antipsychotics is a direct consequence of dopamine ant-
agonism, since pituitary PRL secretion is inhibited by
dopamine. Dopamine antagonism is one of the core char-
acteristics of antipsychotic agents [44, 45], and abnormal
dopamine activity is a widely accepted central patho-
physiological abnormality in psychosis [44—46]. The PRL-
response to neuroleptics is frequently studied in healthy
volunteers, and usually the maximum PRL-response is
reported. This response is determined by the dose of a
neuroleptic, and by its PRL-inducing potency. The value
of prolactin as a biomarker would be particularly large, if
for a range of neuroleptics the PRL-inducing potencies
were closely related to the therapeutic doses. Such a
comparison can only be made directly on the basis of
well-defined PRL-inducing potencies determined from
complete dose—response relationships for each neuroleptic.
The literature did not provide this information for most
neuroleptics; only haloperidol yielded enough data to plot
a curve over a wide dose range, as described in the results-
section. Therefore, an alternative approach was chosen
where the PRL-inducing potency of each neuroleptic was
expressed relative to this haloperidol dose-response curve
[47, 48]. Neuroleptic doses that caused a larger PRL-
response than observed with haloperidol were not plotted
on this reference curve, i.e. data were not extrapolated
beyond the extent of the curve. In this way, for each
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neuroleptic dose an equipotent haloperidol dose could be
determined, that would theoretically cause the same peak
PR L-response. Next, each dose was normalized to halo-
peridol 1 mg, and the mean of these values was calculated
per neuroleptic. This constituted a PRL-inducing dose
equivalence (relative to haloperidol) for each neuroleptic.
To examine the value of prolactin release as a biomarker
for therapeutic efficacy, these mean PRL-inducing dose
equivalencies were compared with the lowest recom-
mended daily therapeutic maintenance doses ([5, 6], see
Table 1). The relationships of individual PRL-inducing
dose equivalencies with some key pharmacological features
for the antipsychotics (D, affinity (K;) and 5-HT/D,
antagonism ratio) were examined. The K; values (Table 1)
were assessed using the same methods [49], allowing
interdrug comparison.
Cortisol and growth hormone (GH) 5-HT agonists and
antagonists have been found to have an eftect on plasma
cortisol and growth hormone levels, but the data are
inconclusive [50-54]. These hormones have been used to
evaluate antipsychotic drug action on serotonergic func-
tion, particularly 5-HT, which may play a role in the
mechanism of action of atypical neuroleptics [49]. The
number of studies was too low to allow any quantitative
analysis. The statistically significant differences from
placebo were reported.

Statistical evaluation

To allow the calculation of average responses with
confidence intervals for binomial proportions, responses
were coded as follows. Impairment/decrease was coded as
0, no change was coded as 0.5 and improvement/increase
was coded as 1. A cumulated response code was calculated
by multiplying the number of occurrences for each res-
ponse by the coding, and adding this over the three
responses. A proportion was calculated by dividing the
cumulated response code by the total number of responses.
This yields an average response between O (impairment/
decrease) and 1 (improvement/increase). For these pro-
portions, exact confidence intervals for binomial propor-
tions were calculated using the cumulated response code
and the total number of responses. Exact confidence
intervals were calculated using SAS for Windows V6.12
with the ExactPCI V1.2 procedure provided by SAS Inc
(SAS Institute Inc, Cary, NC).

Results

The literature search yielded 65 difterent studies, published
since 1966. These studies investigated 23 different
neuroleptic agents, with 2.2 doses per study on average.
Olanzapine was only given at slightly subtherapeutic
dosages and mazapertine was not registered, but 76% of the
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doses of all other agents were at ‘medium’ or ‘higher’
levels. Thus, most studies were able to comply with the
requirement that a useful biomarker should respond to
therapeutic doses. Eighteen studies were solely devoted
to haloperidol, and 12 studies used haloperidol as
a reference for other neuroleptics. On average, there
were 17 healthy participants (range 5-110) per study
[2, 19, 47, 48, 52, 53, 55-107].

Neuropsychological /motor skill

There were 101 different test-(variants), as shown in
Table 2; 51 of these were used only once. Six tests were
used more than 10 times: critical flicker fusion (32 times),
choice reaction times (32 times), finger tapping (18 times),
time estimation (15 times), simple reaction times (15
times) and DSST (14 times). At least 33% of all tests that
were used twice or more (by different groups) showed
statistically nonsignificant or conflicting differences
between neuroleptics and placebo. For the five most
frequently used test, these percentages were 53%, 47%,
39%, 53%, 40% and 43%, respectively.

Fifteen individual tests showed statistically significant
impairment in all cases (100%), but nine of these were only
used once (one dose of one antipsychotic), and the six
other tests were only used by a single research group:
alphabetic cross-out (8 times), wire maze tracing (3 times),
Pauli test (3 times), delayed picture recognition (2 times),
delayed word recognition (2 times), and performance time
for digit vigilance (2 times).

Subsequently, comparable
clustered as shown in Table 2. Reaction times showed

tests or variants were
significant prolongation in 46% of the 52 times this
method was used. Complex information processing tasks
were used 39 times, showing significant impairment in
46%. Flicker fusion was employed 38 times, demonstrat-
ing significant impairment in 45%. The 21 DSST-like
tests showed statistically significant impairment in 48%,
no change in 48% and an improvement in 4%. Significant
impairment on search tasks was found in 70% of 20 cases.
Medium or higher doses were used in all cases except two.
Manipulative motor tasks were performed 31 times, and
showed significant impairment in 48%. A significant
impairment was found in 41% of the 34 times that eye
hand coordination was studied. Clustering of comparable
tests thus did not increase the number of significant results.

However, the larger number of studies within clusters
allowed a better estimation of dose-dependency. In most
cases, consideration of only ‘medium’ or ‘higher’ doses did
not appreciably increase the percentages of significant
results. Only flicker fusion and complex information
processing showed modest increases in the percentages of
tests demonstrating impairment, when the lower dosages
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were omitted (from 45% to 57%, and from 46% to 51%,
respectively).

No individual neuropsychological/motor skill-test or
cluster of related test variants showed a consistent response
to antipsychotics, and this did not improve to any extent
when a dose-effect relationship was taken into account.
To evaluate which neuropsychological domains are most
clearly affected by neuroleptics in healthy volunteers,
Table 2.
The percentages of statistically significant test results are
presented in Figure 1. These results show that the most
sensitive neuropsychological domains are attention, visual/
auditory/visuomotor skills, and motor function.

It was subsequently determined for these most sensitive
areas, whether there were systematic differences between
effects of ‘classic’ (haloperidol, thioridazine and chlor-

tests were categorized as indicated in

promazine) and ‘atypical’ neuroleptics (all others see
Table 1). In addition, an overview was obtained for
differences between individual agents, although this effort
was restricted by the limited number of assessments per
drug. Such difterences did not appear to exist. In each of
the most sensitive areas, at least 48% of the ‘atypical’
antipsychotics caused impairment. Similar or even lower
percentages were found the ‘classical’ neuroleptics.

Subjective assessments

Thirty-one different subjective assessment scales were
employed; five of which only once. The scales used most
often (by more than one research group) were: simple
visual analogue scales for alertness (17 times), mood
(13 times) and attention (10 times), and the combined
scales from Bond & Lader (11 times) and the Von Zerssen
Befindlichkeitsskala (10 times). The latter test was most
consistent (significant results in 8 cases), but these were all
from the same group [70, 74, 107]; the only other group
using this method obtained nonsignificant results [82]. The
other frequently used tests showed impairment in 38-59%
of cases. Thus, none of the individual neuropsychological/
motor skill tests or subjective assessments exhibited
a consistent response across studies and antipsychotics.
None of the subjective assessments showed an improve-
ment, except one positive mood change with 2 mg
haloperidol.

Assessments were clustered into scales for ‘alertness’ (57
measurements; significant deterioration in 53%), ‘mood’
(28 times; 50%), ‘calmness’ (16 times; 19%), ‘anxiety’
(5 times; 0%), ‘subjective (psychotropic) drug effects’
(14 times; 57%) and ‘extrapyramidal side-effects’ (21 times;
29%). Most subjective assessments showed indications for
dose-dependency. After deletion of ‘lower’ doses, scales
for ‘alertness’ became significant in 64%, ‘mood’ in 70%,
‘calmness” in 33%, subjective (psychotropic) drug eftects’
in 80% and ‘extrapyramidal side-eftects’ in 43%.
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Neurophysiological parameters

Electroencephalogram (EEG) EEG was measured 17 times
employing six different antipsychotics. The observed trend
is an increase in delta (59%) and theta (65%) and a decrease
in alpha (59%) and beta (29%) frequencies, as shown in
Figure 1. These eftects can be observed with a number of
other psycho-active drugs and generally indicate sedation.
Consideration of only ‘medium’ and ‘higher’ doses did not
appreciably change these results.

Eye movements Saccadic eye movements were used more
frequently than smooth pursuit eye movements (18 times
vs 9 times) (Figure 1). No more than three different
antipsychotics were evaluated by saccadic eye movement.
Saccadic peak velocity showed significant impairment
compared with placebo in 83%. Only 56% of the smooth
pursuit eye movement recordings showed impairment
(increased saccadic intrusions). These percentages
increased slightly to 85% and 57% after discarding the
‘Tower’ doses. However the effects of the neuroleptics on
eye movements were found to be indistinguishable from
the effects of benzodiazepines [19]. Saccadic eye move-
ments appear to remain a sensitive nonspecific marker
for the sedative properties of a drug.

Evoked potentials The eftects of oral sulpiride 150 and
300 mg on ERPs have been studied recently in healthy
volunteers [89]. Sulpiride induced an increase in P200
and P300 latencies. The amplitude response to sulpiride
of ERP parameters was bidirectional; the amplitude of
subjects with a high initial value decreased while those
with low initial values increased. It is remarkable that
comparable results were obtained with the dopamine
agonist bromocriptine [108]. However, a recent study
showed that the dopamine agonist apomorphine (0.75 mg
s.c.) had no effect on the P300 [12]. Assessing the potential
of ERP as a biomarker is difficult. First of all, no clear
quantitative relationship between abnormalities in ERP
components and schizophrenic symptomatology exists.
Secondly, the relationship between the latency/amplitude
and stimulus perception/processing is speculative. Also,
the P300 is markedly influenced by the subjective
expectancy of a stimulus by an individual subject. Given
that the effect of antipsychotic drugs on ERP in healthy
volunteers has been assessed in very few studies, ERP is as
yet unsuitable as a biomarker in the development of
antipsychotic drugs.

Neuroendocrine parameters

Prolactin (PRL) Plasma prolactin response to antipsychotic
agents was assessed 79 times using 21 different anti-
psychotics. Three statistically nonsignificant responses
were measured, for the lowest dose (0.1 mg orally) of
raclopride and for clozapine 12.5 and 50 mg. ‘Lower’

©2001 Blackwell Science Ltd Br J Clin Pharmacol, 51, 119-132
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doses showed 96% statistically significant PRL responses.
Consideration of only the ‘medium’ and ‘higher’ dosages
increased these percentages to 97%. These uniform PRL
responses allowed an examination of the relationship
between PRL response and therapeutic effect of anti-
psychotics, as described in the methods-section. The
normalization of different accomplished
by reference to a logarithmic dose—response curve for
haloperidol, constructed using 11 haloperidol dosages
reported in the literature (range 0.25-7 mg; relative
PRL increase=1.192In(dose) +3.672; ~=0.70; see
insert in Figure 2. This range of haloperidol doses
caused peak PRL-increases of 1.4-6.6 times baseline. All
doses of the other neuroleptics that did not exceed the
maximum PRL-increase observed with haloperidol were
plotted on this curve. For each neuroleptic, the geometric

doses was

mean of the equivalent haloperidol-doses was calculated as
a measure of PRL-inducing dose equivalence. Nineteen
neuroleptic doses caused PRL responses beyond the range
of the haloperidol reference line (range 7.6—10.6 times
PRL elevation). This completely excluded mazapertine
from the analysis, as well as several doses of amisulpride,
raclopride, remoxipride, risperidone, sulpiride and
zetidoline.

The PRL-inducing dose equivalencies and their
concomitant lowest therapeutic maintenance doses are
shown in Table 1 and Figure 2. The neuroleptics showed
a good correlation between these two characteristics
(#=0.52, P<0.001). Compounds to the right of halo-
peridol in the graph are less potent PRL-releasers than
haloperidol, although higher doses may still cause more
PRL-release. Clinically potent drugs with a minimal PRL-
releasing propensity are expected in the lower right hand
corner of the graph, which only includes pimozide. There
is no clear distinction between ‘classic’ and ‘atypical’
neuroleptics.

Prolactin release is generally attributed to inhibition of
the D,-receptor [48], whereas the antipsychotic eftect may
be more related to the ratio of 5-HT,/Ds-antagonism
[109, 110]. This was further investigated by correlating
these parameters (shown in Table 1) with the therapeutic
and PRL-inducing dose equivalencies. There were no
significant relationships between the 5-HT,/Ds,-ratio and
the PRL-inducing dose equivalence (#=0.05) or the
therapeutic dose (#=0.03). Weak correlations were
found between D,-K;-values and PR L-release (1'220.34,
P<0.05) or the recommended maintenance dose
(#=0.63, P<0.001).

Cortisol and growth hormone (GH) It seems that 5-HT
function is reflected by cortisol and GH release; agonists
elevate hormone levels and antagonists reduce the
hormone response. Decreased levels of both hormones
are expected after neuroleptics, since most antipsychotic
agents have some 5-HT antagonistic properties (particularly
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Figure 1 The averaged significant effects of antipsychotics on neurophysiological domains, subjective assessment, neuroendocrine and

neurophysiological parameters.
hysiological t

5-HT, and 5-HT,). Cortisol response to antipsychotic
drugs was measured 11 times; GH was evaluated in 18
instances. Significant changes from baseline were rare.
Cortisol levels were changed in only two studies with
antipsychotics in healthy volunteers. Only 11% of the GH
responses to neuroleptics showed significant decreases
(2 out of 18). This percentage decreased if only ‘medium’
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and ‘higher’ doses are taken into consideration. Decreased
levels from baseline of both hormones are difficult to
measure due to detection limits. Baseline levels can be
increased using heat stress (cortisol) or exercise (GH). Both
methods were used once with neuroleptics and both
yielded significant decreases. For now, cortisol and GH
responses are unreliable biomarkers, but may become
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measures of 5-HT antagonism in studies using baseline-
induction techniques.

Discussion

The aim of this review was to evaluate the usefulness of
methods used to assess neuroleptic effects in healthy
subjects. A striking number of different neurocognitive
tests was identified, and only very few methods were used
frequently enough to allow individual evaluation. Con-
sequently, tests had to be grouped, to observe trends for
relationships with neuroleptic effects. Several different
meaningful ways to group tests were used in this
review, although each method inevitably led to a loss of
information. Even grouping tests with the same name and/
or description bypasses differences among research groups
or test variants. Some methods used by individual research
groups may have all the characteristics of ideal biomarkers,
but this may have been missed in this review. Some of
these tests consistently showed effects of different neuro-
leptics (e.g. alphabetic cross-out, wire maze tracing, Pauli
test), but it is difficult to evaluate their usefulness in drug
development if they are not generally applied, and more
studies are needed to allow a judgement on these tests.

Even after clustering of comparable tests (DSST-like,
flicker discrimination-like, etc., as shown in Table 2),
most methods were still applied relatively infrequently.
Six of 20 test clusters were performed more than 20 times,
and the effects of neuroleptics were inconsistent in over
half of these cases. Thus, no single widely applied test
or test-cluster appeared to stand out.

Despite the large number of test forms, most primarily
address a single neuropsychological function, or a limited
number of functional domains (Table 2). Therefore, tests
were further grouped according to their primary neuro-
psychological domain. This showed that certain func-
tional and subjective drug effects were more consistently
affected by neuroleptics than others (Figure 1), notably
attention (DSST like, flicker discrimination and search
clusters), visual/auditory visuomotor responses (reaction
time cluster), motor skills (manipulative motor skill
cluster), and subjective effects (mood, alertness, and
‘drug effect’). Tests aiming for achievement, executive
function, memory, language and (extrapyramidal) side-
effects showed little or no change, although they were
used quite regularly. This information is useful for
planning future studies with neuroleptics in healthy
subjects, because it allows the targeted selection of a few
specific tests within each sensitive domain. Attention for
instance is one of the most sensitive domains to single dose
neuroleptics, and some 24 difterent test clusters (or more
than 50 different individual tests) were used within this
domain. Not all of these tests have been systematically
compared, but whenever comparisons were made,
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Figure 2 PRIL-inducing dose equivalecies compared with lowest
daily dose therapeutic maintenance dose for various antipsychotics
(see text for explanation). Insert: reference curve for haloperidol
dose (x axis) and PRL increase relative to baseline (y axis).

saccadic eye movement (peak velocity) was the most
sensitive measure of alertness/attention caused by a wide
range of drugs or circumstances [21, 23]|. The sensitivity
of saccadic eye movements to neuroleptics was confirmed
in the current review, as shown in Figure 1. More com-
parative studies are necessary to determine the most useful
tests for the other neuropsychological domains.

Electroencephalography (EEG) has also been claimed
to be sensitive to antipsychotic medication. On average,
the EEG showed a decrease in alpha, and an increase
in delta and theta frequencies, but the sensitivity was not
as large as for saccadic eye movements. The evaluation
of evoked potentials as potentially useful biomarkers was
severely impaired by the small number of studies using
this technique.

Baseline levels of growth hormone and cortisol are
relatively low, and decreases therefore rarely reach sig-
nificance in small groups. Significant changes were only
detected after predrug growth hormone and cortisol levels
were elevated by exercise or heat. Prolactin response
showed a pronounced consistent effect across studies,
antipsychotics and dosages. The relative dose equivalence
to induce a PRL-response was clearly related to the attinity
for Dy-receptors and to the recommended therapeutic
starting dose. Theoretically, this information could be used
to predict a likely therapeutic (starting) dose for a new
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neuroleptic, by plotting its PRL-inducing dose equiva-
lence on the curve of Figure 2. In practice, this application
could be limited by the logarithmic scaling, and by the lack
of reference data for (potential) neuroleptics that cause
more PRL-release than haloperidol. Also, the data were
derived from a large variation in studies and methods, and
the applicability could benefit from a systematic char-
acterization of dose-PRL-response curves for a range of
antipsychotics.

Despite these practical limitations, the findings clearly
show that PRL response is the best validated biomarker for
‘clinical’ effects of antipsychotic drugs, although it is
unclear what these effects are. At first glance, Figure 2
suggests that PRL-release directly reflects the anti-
psychotic potency, because both may be related to
[47, 48]. indicates that
D,-aftinity is significantly (albeit weakly) related to clinical
potency. Neither relationship
between older/‘classic’ and newer/ atypical’ neuroleptics.
This is in agreement with a postulated common action
of antipsychotics on cortical D-receptors, irrespective of
class [110]. There may also be another explanation for the
close relationship between the PRL-inducing and ther-

D5-antagonism Our review

showed a difference

apeutic potencies. Both in drug development and medical
treatment it is common practice to look for a maximum
tolerated dose, to increase the chance of a therapeutic
success. Consequently, many recommended antipsychotic
doses are too high [111]. By increasing the dose to
maximum tolerated levels, any therapeutic selectivity that
may exist between ‘classic’ and ‘atypical’ neuroleptics
(or amongst novel antipsychotics [112]) could disappear.
In this case, the PRL-inducing dose equivalence is as
much a measure of tolerability as of clinical efficacy.
This would explain why no differences were found
between the two classes in any of the more sensitive
neuropsychological or subjective domains, including
motor skills reflecting extrapyramidal side-eftects. Ideally,
this suggestion can be examined by comparing the effects
on a biomarker for efficacy with the prolactin dose
equivalence and/or therapeutic dose. However, no
validated biomarker for efficacy is currently available.
Obviously, the clear relationship between PRL-indu-
cing and therapeutic potencies does not imply that
all mentioned antipsychotics will necessarily cause clinical
cases of hyperprolactinaemia. Clinical hyperprolactinae-
mia typically develops during prolonged treatment, and is
usually characterized by higher levels of prolactin than
measured in the single-dose experiments reported here
[42, 43]. Thus, chronic and acute prolactin elevation may
differ, and we cannot exclude that ‘classic’ and ‘atypical’
neuroleptics different long-term
PR L-release. The maximum extent to which neuroleptics

have effects on

can cause prolactin release (E,,,) cannot be determined
from the PRL-inducing dose equivalence relative to

128

haloperidol, shown in Table 1 and Figure 2. This can
only be derived from fully characterized individual
dose—response relationships.

In conclusion, the number of different neuropsycho-
logical, subjective, neurophysiological and neuroendo-
crine tests that are used to measure effects of antipsychotic
agents in healthy volunteers, far outweigh the number
of studies. This greatly impairs the usefulness of these tests
in drug development. Only a few neuropsychological
domains appear to be sensitive to neuroleptics in clinically
relevant single doses, notably subjective and objective
measures of decreased alertness, and of reduced visual-
visuomotor-auditory and motor skills. Most studies used
several methods, which in part overlapped in these
domains, and in part were aimed at insensitive areas.
Useful biomarkers should be particularly sought in the
most specific and sensitive tests within each of these
susceptible domains. All neuroleptics caused an increase
in prolactin, which was closely related to the therapeutic
dose. This relationship could reflect the clinical practice of
aiming for maximum tolerated levels, or it could represent
proximity of pathways involved in prolactin release and
antipsychotic activity. The number of tests used in human
psychopharmacology appears to be excessive and reduc-
tion of the number of tests as well as further evaluation and
validation is long overdue.
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