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Methylphenidate But Not Atomoxetine or Citalopram
Modulates Inhibitory Control and Response Time
Variability
L. Sanjay Nandam, Robert Hester, Joe Wagner, Tarrant D.R. Cummins, Kelly Garner, Angela J. Dean,
Bung Nyun Kim, Pradeep J. Nathan, Jason B. Mattingley, and Mark A. Bellgrove

Background: Response inhibition is a prototypical executive function of considerable clinical relevance to psychiatry. Nevertheless, our
understanding of its pharmacological modulation remains incomplete.

Methods: We used a randomized, double-blind, placebo-controlled, crossover design to examine the effect of an acute dose of methyl-
phenidate (MPH) (30 mg), atomoxetine (ATM) (60 mg), citalopram (CIT) (30 mg), and placebo (PLAC) (dextrose) on the stop signal inhibition
task in 24 healthy, right-handed men 18 –35 years of age. Participants performed the task under each of the four drug conditions across four
consecutive sessions.

Results: Methylphenidate led to a reduction in both response time variability and stop-signal reaction time (SSRT), indicating enhanced
response inhibition compared with all other drug conditions. Crucially, the enhancement of response inhibition by MPH occurred without
concomitant changes in overall response speed, arguing against a simple enhancement of processing speed. We found no significant
differences between ATM and PLAC, CIT and PLAC, or ATM and CIT for either response time variability or SSRT.

Conclusions: An acute dose of MPH but not ATM or CIT was able to improve SSRT and reduce response time variability in nonclinical
participants. Improvements in response inhibition and response variability might underlie the reported clinical benefits of MPH in disorders
such as attention-deficit/hyperactivity disorder.
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T he processes that inhibit unwanted behavior and maintain
consistent task performance are impaired in several psychiat-
ric conditions, including schizophrenia (1), obsessive compul-

sive disorder (2), and attention-deficit/hyperactivity disorder
(ADHD) (3). Significant controversy exists regarding their precise
neurochemical basis, despite the relevance of response inhibition
and variability to psychiatry and their potential for pharmacological
treatment. Here we used a within-subjects design to examine the
influence of an acute dose of methylphenidate (MPH), atomoxetine
(ATM), citalopram (CIT), or PLAC on measures of inhibitory control
and response variability.

Response inhibition has been studied in cognitive neuroscience
with paradigms such as the stop-signal task. This task requires the
countermanding or cancelation of a prepotent “go” response upon
presentation of an infrequent “stop” signal. Stop-signal inhibition
can be viewed as a race between two competing “go” and “stop”
processes. By introducing a delay between the presentation of the
go and any subsequent stop signal, one can bias the outcome of the
race. When the theoretical assumptions underlying this race model

are respected, an index of the speed of inhibition can be calculated,
the stop-signal reaction time (SSRT) (4).

Reaction time tasks, including the stop-signal task, also allow
measurement of behavioral variability, measured as the SD of reac-
tion times to the go signal. Increased variability is thought to arise
from both moment-to-moment fluctuations in attentional control
and from more gradual drifts in performance that might result from
diminished arousal (5,6).

Here we sought to determine the influence of three agents that
are used in the management of ADHD (MPH, ATM) and obsessive
compulsive disorder (CIT) on behavioral measures of response inhi-
bition. A randomized, double-blind, placebo-controlled, crossover
design was used to study the effects of an acute dose of MPH (30
mg), ATM (60 mg), CIT (30 mg), and PLAC (dextrose) on SSRT and
behavioral variability in healthy subjects.

Methods and Materials

Participants
Twenty-four healthy right-handed, nonclinical Caucasian male

participants, 18 –35 years of age, were recruited. Additional details
regarding the recruitment and screening procedures can be found
in Supplement 1.

Drug Administration
Participants were tested on the same day and time across 4

consecutive weeks in a double-blind manner. On each occasion a
single blue gelatine capsule containing MPH 30 mg, ATM 60 mg, CIT
30 mg, or PLAC (dextrose) was ingested with water. Participants
performed the stop-signal reaction time task from min !150 to
!180 after drug administration. There was no significant drug "
time interactions for either blood pressure or subjective side effect
ratings (Supplement 1).

Stop-Signal Paradigm
The SSRT was derived as the mean reaction time to go-stimuli

(mean reaction time [MRT]) minus the stop signal delay for the 50%
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inhibition threshold (SSRT # MRT $ stop-signal delay) (4). The
intraindividual coefficient of variation [ICV: SD Go RT/MRT] was also
calculated, which provides a measure of response variability, ad-
justed for the influence of response speed (5).

Results

There was a significant effect of drug condition on SSRT
[F (3,66) # 5.83, p % .01]. Methylphenidate led to a reduction in
SSRTs, indicating enhanced response inhibition compared with all
other drug conditions. Post hoc least significant difference tests
revealed significant differences between MPH and PLAC (p % .001;
d # .65) and MPH and CIT (p % .01; d # .62) and between MPH and
ATM (p # .05, d # .42) (Table 1). There were no significant differ-
ences between ATM and PLAC (p # .1; d # .32) or between ATM and
CIT (p # .2; d # .26).

Crucially, the selective enhancement of response inhibition by
MPH occurred without concomitant changes in response speed,
because there was no main effect of drug condition on MRT
[F (3,66) # .54, p # .65]. This suggests that MPH was able to specifi-
cally improve action cancelation without simply increasing overall
motor speed. A conservative reanalysis of the SSRT data with MRT as
a covariate confirmed the significant effect of drug condition on
SSRT [p # .002]. There was no main effect of drug condition on
stop-signal accuracy [F (3,66) # 1.35, p # .27] (Table 1).

Significant main effects of drug condition were found for the
intraindividual coefficient of variation [F (3,66) # 5.76, p # .001].
Methylphenidate led to a reduction in response time variability that
was significantly different from all other conditions (all p values %
.05, corrected) (Table 1). No other drug comparisons of variability
were significant.

Because MPH enhanced both SSRT and response time variabil-
ity, we sought to understand the relationship between these vari-
ables with correlation. No significant correlations were found be-
tween SSRT and response time variability in any of the drug
conditions, suggesting that these processes are largely indepen-
dent (MPH: r # .08, p & .05; ATM: r # .02, p & .05; CIT: r # .27, p & .05;
PLAC: r # .32, p & .05).

Discussion

This study demonstrated that clinically relevant doses of MPH
were able to reduce SSRT and behavioral variability without con-
comitant changes in response speed or accuracy of responding.
The inability of CIT to facilitate action cancelation is consistent with
other human studies (7). However, the failure to confirm a beneficial
effect of ATM compared with PLAC on SSRT contrasts with other
work in humans and rodents (7–9). Our results challenge the view
that stimulant medications act to solely speed motoric processes
without specific effects on action cancelation (10).

Methylphenidate is a widely used stimulant medication for the
treatment of ADHD, with clinical response rates of approximately
70%. Although MPH is often viewed as a dopaminergic agent, its
pharmacology suggests effects on both dopamine (DA) and nor-
adrenaline (NA). Within the striatum, MPH acts to inhibit the re-
uptake of DA by blockade of the dopamine transporter (DAT) (11).
The increase in DA occasioned by DAT blockade likely modulates
activity within the circuits of the basal ganglia, particularly via D2
and D1 receptors within the indirect and direct pathways, respec-
tively. However, MPH increases both DA and NA at doses that en-
hance prefrontally dependent executive functions such as working
memory (12). This effect is likely mediated via blockade of the
noradrenaline transporter (NET), because DAT is sparse in prefron-
tal cortex (13). At the receptor level, the cognitive enhancing effects
of MPH in rat prefrontal cortex seem to be mediated by its effects on
'-2 adrenoreceptors and D1 receptors (14).

Pharmacological work in rodents has shown that, although ATM
selectively inhibits NET in prefrontal cortex, there is a resultant
threefold increase in both NA and DA levels, without any concomi-
tant change in serotonin (13). However, within the striatum NET is
sparse, and ATM has only a limited ability to modulate catechol-
amine levels. Although ATM and MPH have similar effects on both
DA and NA in prefrontal cortex, a key difference is conferred by the
ability of MPH to selectively increase DA within the striatum (13).

Current models of behavioral inhibition emphasize the interac-
tion of prefrontal and basal ganglia circuits (15,16). Specifically,
prefrontal circuits might provide a top-down, stimulus-driven input
to the basal ganglia, signaling the need for enhanced behavioral
control. Both MPH and ATM are well-placed to exert a neuromodu-
latory influence over the prefrontal cortex, and indeed functional
magnetic resonance imaging studies of response inhibition dem-
onstrate effects of both drugs on prefrontal activity (9,17). Dopa-
mine, however, might play an important neuromodulatory role
within the basal ganglia, acting to transform the top-down inputs
into a focused, context-dependent signal that is able to suppress or
facilitate behavior via the appropriate balance of activity within the
indirect or direct pathways, respectively (18). Future studies should
attempt to modulate SSRT with selective D1/D2 agonists or antag-
onists as well as with a broader range of cognitive tasks to accu-
rately reflect the complexity and breadth of the construct of inhibi-
tion.

Recent evidence from ADHD suggests that response time vari-
ability and inhibition load onto distinct, familial cognitive factors
(19), with the former potentially linked to diminished arousal and
drifting attention (6) and the latter linked to executive processes.
Interestingly, although both stop-signal reaction time and re-
sponse time variability were robustly improved by MPH in the cur-
rent study, these measures were largely uncorrelated in each of the

Table 1. Mean SSRT and MRT and Stop-Signal Accuracy as a Function of Drug Condition

MPH ATM CIT PLAC

M SD M SD M SD M SD

SSRT (msec) 252 30 264 26 272 34 275 39
MRT (msec) 392 56 399 54 401 63 400 51
% stop 48 3 48 3 46 7 45 9
SD of MRT 64 13.6 74 14.8 78 17.6 79 23.8
ICV .16 .03 .18 .03 .19 .04 .19 .04

Methylphenidate 30 mg (MPH); atomoxetine 60 mg (ATM); citalopram 30 mg (CIT); placebo (PLAC). SSRT, stop-
signal reaction time (msec); MRT, mean correct “go” reaction time (msec); % stop, percentage of successful inhibitions
on stop trials; ICV, intra-individual coefficient of variation (SD of MRT/MRT).
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drug conditions, providing further evidence that they are poten-
tially dissociable.

Chamberlain et al. (9) reported that an acute dose of ATM 40 mg
reduced SSRT compared with PLAC. A comparison of the effect size
associated with the ATM versus PLAC difference in Chamberlain et
al. and the current study revealed Cohen’s d effect sizes of .37 and
.32, respectively. Because these effect sizes are modest, non-repli-
cations are likely. It is also notable that the PLAC condition of the
current study yielded comparable results (Chamberlain: SSRT: 278
msec; Nandam et al.: SSRT: 275 msec), suggesting that baseline
differences between the studies are unlikely to account for this
non-replication. Participant factors such as DNA variation in the NET
genes (20) might also account for the weaker effect of ATM in the
present study.

Although we found strong evidence that MPH specifically im-
proved response inhibition and response time variability, we found
no significant change compared with PLAC for ATM. Our results
provide foundational data that might help to explain why acute
doses of MPH have therapeutic value in disorders such as ADHD.
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