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Effects of antipsychotics on human cognitive function: causal

evidence from healthy volunteers following sustained D2/D3
antagonism, D2/D3 partial agonism and placebo
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Dopamine D2/D3 receptor modulation with antipsychotics is thought to affect cognitive function, but causal evidence in humans is
scant, and largely limited to single administrations. Clarifying this is of importance given the widespread use of antipsychotics, and
to understand the role of D2/D3 signalling in human cognition. We therefore conducted a double-blind, placebo-controlled
crossover study following sustained administration of either a dopamine D2/D3 receptor antagonist (amisulpride at 400 mg daily)
or a D2/D3 partial agonist (aripiprazole at 10 mg daily) to two separate samples of healthy humans (total n = 50) for 7 days per
condition. We assessed cognitive function using a computerised visuospatial working memory (VS-WM) task, and sustained
attention and response inhibition using the Sustained Attention to Response Task (SART). We found that both amisulpride and
aripiprazole caused impairments in VS-WM function compared to placebo on the Balanced Integration Score (amisulpride:

p = 0.0079; aripiprazole: p = 0.015). Both antipsychotics impaired VS-WM performance in terms of response latency (amisulpride:
p=5.5x10"7; aripiprazole: p = 0.022), but did not affect response accuracy. Response latency deficits were not correlated with
motor impairments induced by either drug, and we also found no effect of either drug on the SART measures, or on subjective

alertness, suggesting that D2/D3 antagonism or partial agonism did not cause a generalised cognitive or motor deficit but
specifically impaired cognition during VS-WM. This study provides the first causal evidence in healthy humans that working
memory function is impaired following either sustained antagonism or partial agonism of D2/D3 receptors by antipsychotic drugs.
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INTRODUCTION
Several lines of evidence show that dopaminergic signalling is
critical for cognitive functioning, particularly for executive func-
tions such as working memory (WM), attention, and response
inhibition [1, 2]. For example, in monkeys, depletion of prefrontal
cortex (PFC) dopamine produces deficits in visuospatial delayed
WM as severe as that caused by surgical ablation of the PFC, and
microdialysis studies show that WM tasks lead to dopamine
release in the PFC of monkeys and rats [3-5]. Furthermore, D2/D3
receptor modulation has been shown to regulate sustained
attention in rodents, whilst mice lacking D2/D3 receptors show
impairments in response inhibition and in spatial WM, with
increasing impairments at increasing delays [6-9].

In healthy humans, Positron Emission Tomography (PET) studies
show that sustained attention, response inhibition and WM tasks

are associated with dopamine release, and striatal D2/D3 receptor
availability [10-12]. Cognitive impairments are also a core feature
of neuropsychiatric disorders associated with dopamine dysfunc-
tion, such as schizophrenia, Parkinson’s disease, and Huntington'’s
disease, and PET imaging shows an association between D2/D3
receptor availability or dopamine release and WM impairments in
these disorders [13-17].

From the advent of pharmacological treatments for psychosis
over 70 years ago until very recently, all available antipsychotic
drugs blocked D2/D3 receptors [18, 19]. Observational studies in
chronic schizophrenia and in dementia suggest that they may
therefore exacerbate pre-existing cognitive deficits, including in
WM and attention [20-22]. Moreover, the subjective experience of
cognitive impairment after chronic antipsychotic use is commonly
reported by patients, and may lead to treatment discontinuation
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[23]. Contrastingly, meta-analyses of placebo-controlled Rando-
mised Control Trials (RCTs) in these disorders show that
antipsychotics do not differ from placebo in their effects on
cognition [24, 25]. However, disentangling changes in cognition
from behavioural changes is challenging in these trials as they are
largely conducted in patients experiencing acute psychotic or
behavioural exacerbations [24, 26]. Clarifying the cognitive effects
of antipsychotics is an important question, as they are prescribed
long-term to tens of millions of people worldwide each year
[27, 28].

Several studies have investigated a causal role for D2/D3
receptors in regulating human cognition by administering
pharmacological challenges to healthy volunteers in placebo-
controlled designs. These show that single doses of D2/D3
antagonists impair response inhibition in healthy humans
[29, 30], although studies investigating sustained attention have
shown both impairments and no effect relative to placebo
following acute D2/D3 blockade [30-34]. Findings on WM are
also inconsistent, with some studies finding that acute D2/D3
antagonism impairs WM performance, whilst others demonstrate
no effect or improvements in performance compared to placebo
[29, 35-41].

A potential explanation for the discrepancy between the
subjective experience of patients who take long term antipsycho-
tics, and these mixed findings from single dose studies in healthy
volunteers, is that cognitive impairments increase after repeated
antipsychotic administration. Supporting this, in rodents, impair-
ments in recognition memory induced by D2/D3 blockade have
been shown to worsen with repeated administration [42]. So far,
the longest double-blind, placebo-controlled studies of cognitive
function following antipsychotic administration in healthy humans
found impairments in sustained attention following D2/D3
antagonism for 4-5 days [34, 43]. In these studies, cognitive
impairments were more pronounced following repeated dosing
compared to single dosing for amisulpride 400 mg daily and
haloperidol 3-4 mg daily, but not olanzapine 3 mg daily [34, 43].
However, in addition to relatively small sample sizes (n < 15), they
did not assess WM or response inhibition [34, 43, 44]. A single-
blind investigation in healthy humans also found impairments in
processing speed and reaction time compared to placebo in tests
of attentional performance, following administration of D2/D3
modulators for 7 days, but found no effect on WM accuracy using
a relatively simple pen and paper WM task [45]. This task could not
measure WM response latency, which has been shown to be
modulated by acute D2/D3 antagonism [36]. Moreover, in addition
to participants not being blinded, the study did not report
separate effects by drug mechanism, pooling the effects of the
D2/D3 antagonist haloperidol with the D2/D3 partial agonist
aripiprazole and reserpine, which depletes synaptic dopamine
(therefore affecting neurotransmission at all dopamine receptor
subtypes) in addition to depleting synaptic serotonin and
noradrenaline [45]. This is important as an additional question is
whether partial agonism also impairs cognitive function. One prior
study in rats found that administration of the D2/D3 antagonist
risperidone resulted in poorer spatial WM performance compared
to administration of the D2/D3 partial agonist aripiprazole [46].
Moreover, single doses of full dopamine agonists have been
shown to enhance WM, or to have no effect in humans
[35, 47-49]. However, in healthy humans, the effects of sustained
D2/D3 partial agonists on cognition have not been tested despite
the hypothesis that D2/D3 partial agonists are less cognitively
impairing compared to full antagonists, and their widespread use
[46, 50, 51].

In this study we therefore aimed to test the effect of a selective
D2/D3 antagonist antipsychotic and a D2/D3 partial agonist
antipsychotic on human cognitive function, following sustained
administration to healthy humans in a double-blind, placebo-
controlled crossover study. This design allowed us to disentangle
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the effects of disease state from drug effects, whilst multiple
dosing is a more suitable translational model of drug effects, as
discussed above. Based on the preclinical and acute studies above,
we hypothesised that, compared to placebo, the D2/D3 receptor
antagonist amisulpride would impair sustained attention,
response inhibition and WM, whilst the sustained D2/D3 partial
agonist aripiprazole would cause less impairment than full D2/D3
antagonism.

METHODS

Ethical approval

This study was approved by the London - West London and GTAC NHS
Research Ethics Committee (Ethics Committee Reference Number: 18/LO/
1044). All subjects provided written, informed consent prior to participa-
tion. The study was conducted in accordance with the Declaration of
Helsinki.

Participants

Healthy volunteers aged 18-65 years were recruited by public advertise-
ment. Exclusion criteria were; history of psychiatric illness (including
alcohol/substance dependence or abuse, other than caffeine/nicotine) as
determined by self-report and the Mini-International Neuropsychiatric
Interview, current use of any illicit substances as determined by urine drug
of abuse testing and self-report, pregnancy as determined by urine
pregnancy testing and self-report, self-report of a first degree relative with
a psychotic disorder, current or significant previous use of psychotropic or
dopamine modulating drugs, breastfeeding, or participation in a study of
unlicensed medicines within the previous 30 days, self-report or clinical
findings of significant CNS disorder (e.g. significant head trauma, epilepsy
etc.), significant medical disorder, contraindications to dopamine antago-
nists/partial agonists or MRI scanning, or clinically relevant abnormal
findings at the screening assessment, as determined by the principal
investigator.

Study design

This was a single-centre, double-blind, placebo-controlled, crossover study
(Fig. 1). Two independent groups of healthy volunteers received either
amisulpride and placebo or aripiprazole and placebo for seven days each.
The amisulpride and placebo crossover study (arm 1) and aripiprazole and
placebo crossover study (arm 2) were conducted sequentially at the same
site. The order of administration within each arm was randomised and
counter-balanced to ensure approximately equal numbers received
placebo or active drug first. Amisulpride doses were titrated up to
400 mg/day (Day 1:200 mg, Day 2:300 mg, Days 3-7: 400 mg). Aripiprazole

RANDOMISATION
Active first or
Placebo first

AMISULPRIDE
or PLACEBO

AMISULPRIDE
or PLACEBO

25 half lives

—— 7Days ——

| \ 4

RANDOMISATION
~ Activefirst or
Placebo first

—— 7Days ——

¢S

ARIPIPRAZOLE or
PLACEBO

ARM 1

ARM 2

ARIPIPRAZOLE or
PLACEBO

*

—— 7 Days —— 25 half lives —— 7Days ——

Fig. 1 The order of study interventions and measures for the two
arms of the study is shown. The arms were conducted sequentially,
with Arm 1 completed prior to Arm 2 commencing. The order of
treatments within each arm (active drug or placebo first) was
randomised and counter-balanced to ensure approximately equal
numbers of subjects receiving drug or placebo first. Subjects and
investigators were blind to the treatment allocation. The washout
period was a minimum 10 days for amisulpride, and a minimum of
28 days for aripiprazole. Cognitive testing and assessment of
parkinsonian symptoms using the Simpson Angus Scale (SAS) were
performed at baseline, follow up (FU) 1 and FU 2 visits.
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Variable location (0.2s)

No Delay (0.5s)

Response (3.5s)
Delay (8s) \

“Use your mouse to click
where you saw the dot”

Fixation (3s) /
+
\ Fixed location (0.2s)

Distractor (8s)

Fig.2 The computerised visuospatial working memory task used
in the study is illustrated. In each trial, a central fixation cross was
presented for 3.0s, before the target (a black circle) appeared for
0.2 s. The task consisted of a total of 66 trials of varying difficulty,
presented in random order. Trial difficulty was varied by altering the
target location, by increasing the delay between target presentation
and response, and by presenting a distractor task between target
presentation and response. In fixed location trials, the target
appeared in the centre of the screen, and in variable location trials
the target appeared displaced from the central fixation cross. The
three delay conditions between target presentation and response
were: 1)0.5s delay, 2)8 s delay, 3)8s delay followed by a distractor
task (vowel-consonant decision). Following each delay/distractor,
participants were asked to recall the location of the target on a
blank screen, presented for 3.5s.

doses were titrated up to 10mg/day (Day 1:5mg, Day 2:5mg, Days
3-7:10 mg). The doses used for each drug are considered the minimum
clinically effective doses in the treatment of schizophrenia by the Maudsley
Prescribing Guidelines [52].

Volunteers were evaluated at a screening appointment prior to
randomisation. After the screening visit, eligible subjects were randomised
to treatment order (amisulpride or placebo first in arm 1, aripiprazole or
placebo first in arm 2). These participants subsequently returned for the
baseline assessment, following which the first dose of study medication was
administered at the research facility, and the remaining six days of
medications were dispensed to be taken at home. After completing the
first treatment period, participants returned for outcome and safety
assessment after seven days, before entering a washout period of at least
five half-lives of the drug and its active metabolites (minimum 10 days for
amisulpride, minimum 28 days for aripiprazole). After the washout period,
participants returned to the research facility and commenced the other
treatment condition. Compliance was assessed at the end of each treatment
week with pill counts and blood sampling for testing of drug levels.

Outcome measures

Demographic information was collected at the screening appointment by
self-report. Cognitive tests, subjective state, and parkinsonian symptoms
(Simpson Angus Scale (SAS)) were assessed at baseline, and repeated
following one week of amisulpride or aripiprazole, and following one week
of placebo. Plasma amisulpride or aripiprazole + de-hydroaripiprazole
levels were measured following each treatment week, and aripiprazole +
de-hydroaripiprazole levels were also measured following the washout
period to detect and exclude slow metabolisers of aripiprazole. Detection
was by selective reaction monitoring using tandem mass-spectrometry.
Instrument control was via a PC using the Agilent EZChrom, and Thermo
Xcalibur software; data acquisition and processing was via the Thermo
Xcalibur software.

Cognitive tests and subjective measures

The tasks were presented on a laptop computer using the Gorilla
Experiment Builder [53]. Data were collected between 19™ February 2019
and 5% April 2023. Visuospatial working memory (VS-WM) and Visual
Analogue Scale (VAS) responses were recorded using a standard
wired mouse.

Subjective state was assessed using the Bond and Lader VAS, which
consists of 16 items. Subjects indicate their current subjective state on
each item on a dimensional scale ranging from 1-100 [54]. VAS data were
collected using a laptop computer immediately prior to cognitive testing.
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We used the Sustained Attention to Response Task (SART) to measure
response inhibition and sustained attention [55]. The SART is a go/no-go
task consisting of 225 trials, lasting approximately 4.3 min in total. Single
digits between 1-9 are presented visually to participants for 900 ms each
in random order, with each digit followed by a fixation cross presented for
250 ms. Participants are instructed to press the space bar for every digit
except “3". Each digit is presented 25 times, leading to 200 go trials and 25
no go trials. We extracted data on errors of commission (responding when
the number 3 is presented), errors of omission (failing to respond to a non
3 digits within 900 ms), total errors (errors commission + errors omission)
and mean reaction time on correct trials.

To measure VS-WM, we used a delayed response task adapted from
previous tasks used with monkeys and humans, which has been shown to
be dependent on PFC dopamine function [36, 56, 57]. (Fig. 2).

First, a central fixation cross (1.5 cm X 1.5 cm) appeared on the monitor
for 3 seconds. Following this, the target (a black circle, 0.5cmx0.5cm)
appeared on the screen for 0.2 s. In fixed location trials, the dot appeared
in the centre of the screen, replacing the fixation cross. In variable location
trials, the dot appeared displaced from the fixation cross in one of 48
possible locations. There were then three different delay types prior to the
response. In the no delay condition, the response screen appeared 0.5 s
after the presentation of the target, with a blank screen intervening for this
period. In the delay condition, the blank screen appeared for 8 s after the
presentation of the target. In the distractor condition, a letter decision task
followed the 8s delay. In this, the participant had to decide whether a
letter is a vowel or a consonant and the task did not progress until a
response was recorded. Following the no delay, delay or distractor
conditions, the participants were asked to use the mouse to click where
they saw the dot on a blank screen, with no fixation cross. They had to
respond within 3.5s in order for the response to be recorded. The task
consisted of a total of 66 trials, with 22 trials in each delay condition (16
variable location trials and 6 fixed location trials). The order of trials was
randomised. For the analysis of VS-WM, we extracted data from dot
location trials on response error (calculated as the Euclidean distance
between the response and the target), and reaction time. Only first
responses were considered. As a control for motor slowing, we also
extracted data on response time in all vowel-consonant distractor trials (as
this had the same response requirements, but did not require VS-WM).

Statistical analysis
Data were analysed in Matlab (version 9.13.0.2049777, The MathWorks Inc;
Massachusetts, USA) and SPSS (v25, IBM Corp; New York, USA).

Comparisons between demographic variables for the amisulpride and
aripiprazole samples were performed using two sided independent-
sample t-tests or Mann-Whitney U tests for continuous variables, and chi-
squared tests for categorical variables. Mann-Whitney U tests were used if
the assumptions of normality (from the Shapiro-Wilks test) or equal
variances (from Levene’s test) were violated.

For both tasks, we excluded sessions where participants failed to
respond in >25% of trials where a response was required, in line with
previous analyses [58]. After exclusion of these sessions and subjects with
undetectable plasma drug levels following the active treatment week, we
analysed the data for all eligible subjects who completed at least one post
baseline treatment condition with usable data.

In previous studies of WM and sustained attention tasks where
impairments have been demonstrated following single doses of D2/D3
antagonists, they have been seen in response accuracy, response latency
or in both measures [30, 32, 35, 36, 38, 41, 43]. We therefore lacked a clear
hypothesis as to whether D2/D3 modulation would primarily affect
response latency or accuracy, and so our primary outcome measure for
both tasks was the Balanced Integration Score (BIS), a single outcome
measure which combines speed and accuracy to control for speed-
accuracy trade-offs [59]. As recommended, we calculated the BIS by
computing Z-scores for accuracy and reaction time, and then subtracting
the Z-score for reaction time from the Z-score for accuracy [59]. The mean
and sample standard deviation used to compute Z-scores were calculated
over all cells that contributed variance (baseline, active drug and placebo
sessions) [59]. For the VS-WM, accuracy Z-scores were multiplied by —1 so
that a more negative BIS would reflect poorer performance, as is
convention for this measure [59]. We then went on to conduct additional
analyses of accuracy and reaction time data for both tasks. There are no
prior double-blind studies on the effects of antipsychotics on sustained
attention, response inhibition or VS-WM following 7 days of administration
in healthy volunteers, but administration of amisulpride 400 mg for 5 days

SPRINGER NATURE
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Table 1. Description of sample.
Amisulpride (n = 25) Aripiprazole (n = 25) comparison
Sex Female 15 (60%); Male 10 (40%) Female 14 (56%); Male 11 (44%) p=0.78
Age (Years) 26.5 (7.6) 26.7 (8.7) Mann-Whitney U:
p=0.82
Ethnicity White 15, Asian 4, Black 1, Mixed/Other 5 White 16, Asian 5, Black 2, Mixed/Other p=0.62
2
BMI 23.6 (3.8) 22.4 (3.5) 2 sample t-test
p=0.25
Education Postgraduate 6, Undergraduate 13, High Postgraduate 9, Undergraduate 6, High p=0.15
School 4, Professional Qualification 1 School 9, Other 1
Employment Student 19, Employed 6 Student 16, Employed 9 p=0.36
Treatment order Amisulpride first 13 (52%), placebo first 12 Aripiprazole first 12 (48%), placebo first p=0.78
(48%) 13 (52%)
Plasma levels (ug/L) 312.4 (SD 203.0). Range 29-719) Aripiprazole 95.8 (SD 33.3). Range N/A
35-174
Aripiprazole + De-hydroaripiprazole
126 (31.4). Range 58-193
Washout length (days) 23.6(13.7). Range 12-64 52.6 (37.6). Range 28-168 N/A
Time from last dose to 13.6 (4.1). Range 4.8-21.1 27.5 (3.5). Range 17.7-33.6 N/A

cognitive testing (hours)

Values are mean (SD) for continuous variables, and frequencies for categorical variables unless otherwise stated.
Comparisons between demographic variables were performed using two-sided independent sample t-tests or Mann-Whitney U tests for continuous variables,

and chi-squared tests for categorical variables.

in healthy volunteers has been shown to result in impairments in sustained
attention compared to placebo, with an effect size of approximately
d =0.77 [34]. We would require at least n = 24 participants in each drug
condition to detect an effect of this magnitude, using a two-sided paired
t-test with alpha=0.05 and power=0.95.

Task performance was analysed by fitting a generalised linear mixed-
effects model in Matlab using the function fitglme, fit by Restricted
Maximum Likelihood (REML) [60]. For the SART, the main predictor was the
fixed effect of treatment condition (active drug or placebo). We also
included random intercepts for each participant, by participant random
slopes for the effect of treatment condition, and the fixed effects of
baseline levels of the outcome variable of interest and treatment order
(drug or placebo first). Errors were modelled with a Poisson distribution, as
they are count data [61].

For the VS-WM task, the main predictor was the fixed effect of treatment
condition (drug or placebo). We also included the fixed effects of baseline
levels of the outcome variable of interest, treatment order (drug or placebo
first), delay type (no delay, delay and distractor) and trial difficulty (fixed
location vs variable location). We included exploratory fixed effects
examining the interaction between treatment condition and delay, and
the interaction between treatment condition and trial difficulty. We
included random intercepts for each participant, and by-participant
random slopes for the effect of treatment condition, delay type, and trial
difficulty and the interaction between treatment condition*delay and
treatment condition*trial difficulty [60].

We conducted post hoc tests on coefficients of the linear models using
an F-test (coefTest in MATLAB) to investigate the significance of
coefficients and to explore significant interactions, with multiple compar-
isons corrected for using FDR correction with the Benjamini-Hochberg
procedure [62]. We extracted estimated marginal means and their
standard errors from the general linear mixed effects models using the
MATLB function emmeans, and plotted these in GraphPad Prism (Version
10.2.3, GraphPad Software; Massachusetts, USA).

We compared amisulpride-placebo differences to aripiprazole-placebo
differences using two-sided Student's t-tests to compare differences in
regression slopes [63]. For the VS-WM task, we ran linear mixed models
excluding interaction terms in order to generate effect sizes for this
analysis.

For the VAS, we calculated two-factors representing alertness and
tranquillity, as previously described [64]. Values from each of these factors
were then input into a linear mixed model. Code for all linear mixed
models are reported in the supplementary materials. Correlations between
measures were analysed using Pearson’s correlations, or Spearman’s rank

SPRINGER NATURE

correlations if data were not normally distributed as determined by the
Shapiro-Wilk test.

RESULTS

Sample characteristics and demographics

Seventy-six healthy volunteers were randomised and a total of
fifty completed treatment with either amisulpride and placebo, or
aripiprazole and placebo. For a full description of adverse events
and dropouts please see our previous publications [65-68]. There
were no significant differences between the amisulpride (n = 25)
and aripiprazole (n = 25) samples on any demographic variables
or on proportion receiving placebo first. The sample characteristics
have been previously published and are further described in
Table 1 [65-67].

Effects of amisulpride and aripiprazole on SART

In the SART, there was no significant effect of amisulpride on the
BIS, or on mean reaction time, errors of commission, errors of
omission or total errors compared to placebo (Table 2). We also
found no significant effect of aripiprazole compared to placebo on
the BIS, mean reaction time, errors of commission, errors of
omission or total errors in the SART (Table 2). Relative to placebo,
amisulpride and aripiprazole did not differ in their effects on the
SART (BIS: t(52) = —0.94, p = 0.35; response latency t(52) = —0.22,
p = 0.83; total errors t(52) = 0.06, p = 0.95; errors of commission
t(52) = —0.33, p=0.74).

Effects of amisulpride on VS-WM

Analysis of the main effect of treatment condition showed that
amisulpride significantly impaired performance compared to
placebo on the BIS (p=0.0079, F=3.53, df1 =4, df2=272)
(Fig. 3). Analysis of task effects showed a significant main effect of
trial difficulty on the BIS, with poorer performance in variable
location compared to fixed location trials (p=3.56x1077,
F=15.69, df1 =2, df2 =272). There was also a significant main
effect of delay on the BIS (p = 0.0009, F = 4.83, df1 =4, df2 =272].
Post hoc tests revealed that there was significantly poorer
performance with increasing delay/distraction, with poorer

Molecular Psychiatry (2025) 30:5315-5325
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Fig. 3 Balanced Integration Score (BIS) data from visuospatial
working memory task, comparing placebo (PLAC) to amisulpride
(AMI) in fixed location trials (left) and variable location trials
(right), with separate coloured lines for delay conditions. The BIS
measures accuracy adjusted for reaction time; lower scores indicate
poorer performance. Values are estimated marginal means + SEM
from generalised linear mixed model. The main effect of treatment
condition showed that amisulpride led to poorer performance
compared to placebo. Analysis of task effects showed poorer
performance in variable location trials compared to fixed location
control trials, and poorer performance with increasing distraction/
delay. There was no interaction between treatment condition and
trial difficulty or treatment condition and delay. Model r* = 0.84.

performance in the delay condition compared to the no delay
condition (FDR corrected p-value = 0.031), and significantly poorer
performance in the distractor condition compared to the delay
(FDR corrected p-value =0.0076) and no delay conditions (FDR
corrected p=0.012). There was no effect of order (p=0.27,
F=1.20, df1 =1, df2 =272).

There was no significant interaction between treatment
condition and delay (p=0.10, F=2.30, df1 =2, df2=272), or
between treatment condition and trial difficulty (p=0.71,
F=0.14, df1 =1, df2 =272), indicating that the main effect of
amisulpride did not differ between variable location and fixed
location trials, or between delay conditions.

Having shown that amisulpride impaired task performance on
the BIS, we sought to determine whether this was due to
impairments in response accuracy or response latency. We found
that there was no main effect of treatment condition on VS-WM
response accuracy (p=0.95, F=0.17, df1 =4, df2=2917), but
that there was a significant main effect of treatment condition on
VS-WM response latency (p =547 x 1077, F=871, df1 =4, df2 =
2917), with slower responses on amisulpride compared to
placebo (Supplementary Figures S1 & S2). However, we found
no effect of amisulpride compared to placebo on response time to
the vowel/consonant distractor during the task (b= —69.23,
t(1030) = —0.68, p = 0.50).

As detailed in our previous publication, we found that
amisulpride caused parkinsonian symptoms compared to placebo
on the SAS [65]. We found that there was no relationship between
the change in parkinsonian symptoms between the baseline
assessment and the amisulpride assessment, or between the
placebo assessment and the amisulpride assessment, and the
difference in response latency in all trials across the same time
periods (n =23, rho = —0.32, p = 0.13 for amisulpride vs baseline;
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Fig. 4 Balanced Integration Score (BIS) data from visuospatial
working memory task, comparing placebo (PLAC) to aripiprazole
(ARI) in fixed location control trials (left) and variable location
trials (right), with separate coloured lines for delay conditions.
The BIS measures accuracy adjusted for reaction time; lower scores
indicate poorer performance. Values are estimated marginal
means + SEM from generalised linear mixed model. The main effect
of treatment condition showed that aripiprazole led to poorer
performance compared to placebo overall. Analysis of task effects
showed poorer performance in variable location trials compared to
fixed location control trials, and poorer performance in distractor
trials compared to delay and no delay trials. There was a treatment
condition * trial difficulty interaction, indicating that this was due to
aripiprazole specifically impairing performance in variable location
trials and not in fixed location trials. Model r* = 0.67.

n =20, rho =0.07, p=0.78 for amisulpride vs placebo). We also
found no relationship between the change in the BIS or in
response latency between the baseline and amisulpride assess-
ments and plasma amisulpride levels (BIS: n=24, rho=0.02,
p = 0.93. Response latency: n =24, rho =0.16, p = 0.49).

Effects of aripiprazole on VS-WM

Analysis of the main effect of treatment condition showed that
aripiprazole significantly impaired performance compared to placebo
on the BIS (p=0.015, F=3.14, df1 =4, df2 = 278). Analysis of task
effects showed a significant main effect of trial difficulty, with poorer
performance in variable location trials compared to fixed location trials
(p=193x% 1078 F =18.95, df1 = 2, df2 = 278) (Fig. 4). There was also
a significant main effect of delay type (p = 0.00095, F =4.78, df1 =4,
df2 = 278). Post hoc tests revealed that there was significantly poorer
performance in the distractor vs no delay and delay conditions (both
FDR corrected p-values =0.00015), but no difference between the
delay and no delay conditions (FDR corrected p-value = 0.44). There
was no effect of order (p =0.20, F = 1.67, df1 =1, df2 =278).

There was a significant interaction between treatment condition
and trial difficulty (p =0.049, F =3.90, df1 =1, df2 = 278), but no
interaction between treatment condition and delay (p=0.86,
F=0.15, df1 =2, df2 = 278). The condition*trial difficulty interac-
tion was driven by impairments in performance on aripiprazole in
variable location trials (FDR corrected p-value=0.015), as
aripiprazole did not impair performance compared to placebo in
fixed location trials (FDR corrected p-value = 0.84).

Having shown that aripiprazole impaired task performance on
the BIS, we sought to determine whether this was due to
impairments in response accuracy or response latency. We did not
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find a main effect of treatment condition for VS-WM response
accuracy (p=0.17, F=1.61, dfl =4, df2 =3083), but found a
significant main effect of treatment condition for VS-WM response
latency (p=0.022, F=2.84, df1 =4, df2=3083), with slower
responses on aripiprazole compared to placebo (Supplementary
Figures S3 & S4). However, we found no effect of aripiprazole
compared to placebo on response time to the vowel/consonant
distractor during the task (b = —64.76, t(1052) = —0.76, p = 0.45).

As detailed in our previous publication, we found that
aripiprazole induced parkinsonian symptoms compared to pla-
cebo on the SAS [65]. There was no relationship between the
change in parkinsonian symptoms between the baseline assess-
ment and the aripiprazole assessment, or between the placebo
assessment and the aripiprazole assessment, and the difference in
response latency in all trials across the same time periods (n = 23,
rho=0.34, p=0.12 for aripiprazole vs baseline; n =24, rho=
—0.22, p=0.31 for aripiprazole vs placebo). We also found no
relationship between the change in the BIS or in response latency
between the baseline and aripiprazole assessments and plasma
aripiprazole levels (BIS: n=23, r=-0.19, p=0.38. Response
latency: n =23, r=0.13, p=0.54).

Comparison between effects of amisulpride and aripiprazole
on VS-WM

Relative to placebo, amisulpride and aripiprazole did not differ in
their effects on the VS-WM BIS (amisulpride b = —0.38 + SE 0.16;
aripiprazole b = —0.33 £ SE 0.11; t(49) = —0.24, p=0.81), VS-WM
response latency (amisulpride b = 162.55 + SE 33.167; aripiprazole
b =91.68 + SE 30.53; t(49) =1.57, p=0.12), or VS-WM response
accuracy (amisulpride b = —1.45 + SE 2.68; aripiprazole b=3.30+
SE 1.87; t(49) = —1.46, p =0.15).

Subjective effects of amisulpride and aripiprazole

There was no significant effect of amisulpride vs placebo on the VAS
factors of alertness (b =4.85, t(50) = 1.09, p = 0.28) or tranquillity
(b=1.51, t(50)=0.45, p=0.65). There was also no effect of
aripiprazole vs placebo on alertness (b=6.17, t(48)=154,
p = 0.13) or tranquillity (b = 1.00, t(48) = 0.35, p = 0.73).

DISCUSSION

Summary of main findings

To our knowledge, this is the first study to investigate the effects
of repeated antipsychotic administration on WM or response
inhibition in healthy humans, whilst having a longer duration and
larger sample size than the two prior studies on sustained
attention. We found that both sustained administration of a D2/D3
antagonist and sustained administration of a D2/D3 partial agonist
impairs VS-WM memory performance in healthy humans. Further-
more, both antipsychotics impaired VS-WM function in the
absence of subjective changes in alertness or mood. We also
show that antipsychotics do not cause generalised cognitive
impairment, by finding no role for dopamine D2/D3 signalling in
response inhibition or sustained attention. This study provides
causal evidence in humans of the cognitive effects of sustained
antipsychotic administration, and indicates the key role of D2/
D3 signalling in regulating working memory processes.

Further analysis indicated that the antipsychotic induced
impairments in our composite VS-WM outcome measure (accuracy
adjusted for reaction time) were due to increased response
latency, as VS-WM response accuracy was not altered following
either antipsychotic in comparison to placebo. The effect that we
observed on response latency was not related to a generalised
motor or cognitive impairment, as the drug induced impairments
in response time were not correlated with drug induced
parkinsonian symptoms. Moreover, in the same subjects, neither
drug affected response latency for a vowel-consonant decision
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within the same task, response latency during a separate task of
sustained attention, or response latency during the Monetary
Incentive Delay task (reported in our previous publication) [65].

Clinical implications

The doses of antipsychotics used in our study are clinically
effective doses in the treatment of schizophrenia and other
disorders [52, 69]. Our findings are therefore relevant for the tens
of million people worldwide who take long-term antipsychotic
drugs each year [27, 28]. Although impairments in VS-WM
performance are evident in people with schizophrenia and other
neuropsychiatric disorders not taking antipsychotic medications,
they indicate that sustained antipsychotic treatment with either
D2/D3 antagonists or partial agonists may worsen these deficits.
Our findings of increased response latency following sustained
antipsychotic treatment correspond well with reports by people
who take long term antipsychotic treatment of subjective
cognitive “slowing” (although we did not find subjective effects
on the VAS factors of alertness or tranquillity) [23]. In contrast,
given that we found no effect of either amisulpride or aripiprazole
on the SART, they suggest that the large effect size deficits in
response inhibition and sustained attention tasks including the
SART in people with schizophrenia and other disorders are not
solely attributable to them taking D2/D3 antagonists or partial
agonists, but instead suggest that they may arise from the
underlying disease process or an interaction between the disease
process and antipsychotic treatment [70].

Nature of antipsychotic induced changes in VS-WM and
comparison with previous findings

Our finding that sustained D2/D3 antagonism or D2/D3 partial
agonism did not alter visuospatial working memory performance
accuracy, taken together with the impairments in response latency
and in the Balanced Integration Score (accuracy adjusted for
reaction time) induced by both drugs compared to placebo in the
VS-WM task indicates that participants responded more slowly in
order to maintain accurate responses following D2/D3 antagonism
and D2/D3 partial agonism. This evidence of D2/D3 modulation of
speed-accuracy trade-offs extends previous findings that acute
D2/D3 modulation alters speed-accuracy trade-offs in healthy
humans to provide causal evidence that this effect persists with
sub-chronic D2.D3 antagonism and partial agonism [71]. Whether
people with schizophrenia and related disorders also alter speed-
accuracy trade-offs in order to maintain visuospatial working
memory performance accuracy following antipsychotic treatment
warrants further investigation, as the inability to effectively deploy
this strategy would explain some of the deficits seen in clinical
populations in WM performance accuracy.

In sum, this evidence of altered speed-accuracy trade-offs,
combined with slower responses which did not appear to be
related to a generalised motor impairments may suggest a deficit in
WM retrieval following sub-chronic D2/D3 receptor antagonism or
partial agonism. WM retrieval has been proposed to be a decision
process, in which the decision threshold is regulated by dopami-
nergic signaling [72-74]. This interpretation is supported by studies
in rodents showing that increases in dopamine lower decision
thresholds, whilst D2/D3 antagonism increases decision thresholds
[71, 75, 76]. In humans, acute administration of L-Dopa, the
precursor to dopamine, has been shown to reduce decision
thresholds [71]. Our data in humans following repeated D2/D3
antagonism or partial agonism are consistent with the interpreta-
tion that impairing D2/D3 signalling increases decision thresholds,
which future research could test directly using computational
models.

In terms of effect sizes, we did not find evidence to support the
hypothesis that D2/D3 partial agonists are less cognitively impairing
in comparison to full antagonists [46, 50]. In contrast to this
hypothesis, we found that the effect size between amisulpride-
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placebo and aripiprazole-placebo did not differ on any VS-WM or
SART outcome measure, indicating that the magnitude of impair-
ment induced by D2/D3 partial agonism was similar to that induced
by D2/D3 antagonism. However, in exploratory analysis on the
interaction between VS-WM trial difficulty and treatment condition,
we found that aripiprazole impaired performance only in the more
difficult variable location trials in terms of accuracy adjusted for
reaction time (BIS), whereas the D2/D3 antagonist amisulpride
caused impairments on this measure in both fixed location and
variable location trials. We interpret this difference as potentially
due to the partial agonism of aripiprazole, as more challenging WM
tasks may be more dependent on phasic dopamine release, and
animal studies show that D2/D3 partial agonists suppress phasic
dopamine signalling more than tonic signalling, whereas antago-
nists supress both equally [77-80].

In exploratory analyses on the interaction between delay type
and treatment condition, we did not find evidence of reduced
distractibility following sustained D2/D3 antagonism, in contrast
to previous work that demonstrated this following acute
administration of sulpiride to healthy humans [36]. In our primary
composite outcome measure (BIS), we found that there was no
interaction between treatment condition and delay type for either
amisulpride or aripiprazole. In further analysis of secondary
outcome measures, we found that sustained amisulpride admin-
istration actually slowed responses compared to placebo in trials
with distraction and in trials with no delay, but not in trials
following a delay. Examining the BIS measure suggests that this
was again due to speed-accuracy trade-offs, as on this measure we
found poorer performance with increasing delays, suggesting that
differential speed accuracy trade-offs in delay conditions explain
the finding of maintained response latency in delay trials in the
amisulpride sample. In contrast to amisulpride, aripiprazole
impaired response times overall, with no significant interaction
between aripiprazole treatment and delay condition. We lack a
robust explanation for these exploratory findings, given that we
did not find evidence for this interaction in our primary outcome
measure, but note the possibility of a type 1 error as multiple
statistical tests were conducted across the study.

Interpretation of SART data and comparison with previous
findings

Contrary to our predictions, we found no effect of sustained D2/
D3 modulation on the SART. The lack of impairments in the SART
in terms of errors, reaction time or the BIS contrasts with what we
found for WM. However, it has been suggested that striatal
dopaminergic signalling adjusts decision thresholds for cognition
and action specifically when memory information is required,
meaning that the more complex VS-WM task which required recall
was sensitive to altered decision thresholds, whereas the SART
was not [73].

Our finding that 7 days of antipsychotic treatment did not affect
any SART measure contrasts with two prior double-blind studies
following 4-5 days of antipsychotic administration, which
demonstrated impairments in sustained attention measures
[34, 43]. This discrepancy may be explained by differences in the
measures used. The SART has been considered a compound
measure of response inhibition and sustained attention, as it uses
a reversed response paradigm (high Go, low No-Go) compared to
the “traditionally formatted tasks” used in prior investigations,
which have a high No-Go, low Go response format [34, 43, 81].
Although the SART is more cognitively demanding, these tasks are
thought to be more selective for sustained attention [81, 82]. We
chose to use the SART for comparability with the literature in
neurospychiatric disorders, in which impairments in the SART and
other high Go, low No-Go tests have been extensively described
[70]. Future work could test directly whether response require-
ments during sustained attention determine sensitivity to D2/D3
modulation.
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Notwithstanding this, the SART is a reliable measure of response
inhibition, reflected primarily by the errors of commission
outcome [82]. We provide the first evidence to our knowledge
that sustained antipsychotic administration does not affect
response inhibition, in agreement with studies in animals which
suggest this process is more sensitive to serotonergic and
noradrenergic neurotransmission [83, 84].

Limitations and future directions

We acknowledge several limitations. It is unclear to what extent
the observed effects are mediated by effects on striatal
compared to PFC D2/D3 receptors. We consider that effects
via striatal D2/D3 receptors are more likely, as D2/D3 receptor
density is highest in the striatum, and the effects of anti-
psychotics on brain haemodynamics have been shown to scale
with the density of receptors [73]. Furthermore, systemic and
striatal specific administration of D2/D3 antagonists have been
shown to impair VS-WM performance in humans and animals,
whereas local PFC administration has not [85, 86]. Nevertheless,
the localisation of effects is not relevant to the main aim of the
study, which was to provide clear causal inferences on the link
between sustained antipsychotic administration and cognitive
impairment.

It has been proposed that dopamine has an inverted
U-shaped relationship with cognitive performance, meaning
that both excessive and insufficient dopamine would lead to
impairments in cognitive performance and that the effects of
dopamine manipulations therefore show baseline dependency
[87, 88]. We did not measure baseline dopamine function, but
used a within-subject design and included baseline task
performance as a covariate in our statistical model in order to
account for baseline dependency. A further consideration is the
extent to which findings in healthy volunteers are generalisable
to clinical populations. Dopamine D2/D3 occupancy is similar in
healthy volunteers to people with schizophrenia following
repeated antipsychotic administration [69]. However, whether
adaptations to repeated antipsychotic administration occur, and
the mechanisms underlying this are unknown in healthy humans
and in people with schizophrenia [89]. Clarifying this may help
to predict or ameliorate adverse effects caused by repeated
antipsychotic treatment. In addition, we administered amisul-
pride and aripiprazole for 7 days each, extending previous
double-blind investigations in healthy volunteers on the impact
of antipsychotics on WM which have all been limited to single
administrations [29, 35-41]. It is however important to recognise
antipsychotic treatment in schizophrenia is usually long term,
and it is possible that there is tachyphylaxis of antipsychotic
effects on WM over the long term. Whilst longer term studies in
healthy volunteers would be needed to test this, there is some
evidence for decline in WM in schizophrenia [90]. Nevertheless,
we acknowledge that an inadequate duration of treatment may
have contributed to some of our negative findings, such as the
lack of subjective effects.

Aripiprazole binds to 5-HT1a and 5-HT2a receptors, 5-HT2c,
histamine-1 and alpha-1 receptors in addition to its partial agonist
activity at D2/D3 receptors [69, 91]. However, its affinity for these
other receptors is 4-5-fold lower than its affinity for D2/D3 receptors,
and receptor occupancy following repeated dosing is 30-70%
lower, indicating that although we can’t exclude the involvement of
these other receptors, effects are likely to be predominantly
mediated via D2/D3 receptors [69, 91]. A recent data driven
taxonomy suggests that antipsychotics cluster into four groups [92].
We investigated the cognitive effects of agents representative of
the selective dopamine antagonist and dopamine partial agonist
clusters, meaning that our results might not be generalisable to
antipsychotics which were characterised as primarily dopaminergic/
serotonergic antagonists or dopaminergic/muscarinic antagonists.
We chose these agents as the mechanism of D2/D3 blockade is
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common to all antipsychotics used over the past 70 years, whilst
also including a dopamine partial agonist to test the hypothesis that
they are less cognitively impairing [46, 50]. Additionally, equivalent
doses of antipsychotics are imprecise and 400 mg of amisulpride
has at times been considered to be more equivalent to 15mg
of aripiprazole than to 10 mg [52]. Despite this, the effects we found
of the two drugs on cognitive function were remarkably similar,
and although plasma levels of both antipsychotics were variable
between subjects, we did not find significant relationships between
antipsychotic plasma levels and changes in our VS-WM outcome
measures. Future research could test whether antipsychotics which
also modulate other neurotransmitter systems differ in their impacts
on cognitive function, in addition to testing dose dependent
effects following repeated administration, and the extent to
which adaptations occur over time to the cognitive effects of
antipsychotics.

Summary

In conclusion, we provide the first causative evidence in healthy
humans that visuospatial working memory function is impaired
following sustained antagonism or partial agonism of D2/D3
receptors by antipsychotics. We found that response accuracy
during working memory was maintained at the cost of increased
response latency. Contrary to predictions, we found that sustained
D2/D3 partial agonism caused working memory impairments of a
similar magnitude to D2/D3 antagonism. Our findings are not
suggestive of a generalised cognitive effect, as we found no role
for D2/D3 signalling in regulating response inhibition or sustained
attention, but we demonstrate a key role for D2/D3 signalling in
working memory.
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