REPORTS
18. A. W. Murray, Methods Cell Biol. 36, 581 (1991).
19. K. Luger, T. J. Richmond, Curr. Opin. Genet. Dev. 8, 140
(1998).
20. C. A. Davey, D. F. Sargent, K. Luger, A. W. Maeder,
T. J. Richmond, J. Mol. Biol. 319, 1097 (2002).
21. K. Luger, T. J. Richmond, Curr. Opin. Struct. Biol. 8, 33
(1998).
22. B. Dorigo, T. Schalch, K. Bystricky, T. J. Richmond, J. Mol.
Biol. 327, 85 (2003).
23. J. Y. Fan, D. Rangasamy, K. Luger, D. J. Tremethick,
Mol. Cell 16, 655 (2004).
24. S. Jones, J. M. Thornton, Proc. Natl. Acad. Sci. U.S.A. 93,
13 (1996).
25. S. C. Verma, E. S. Robertson, FEMS Microbiol. Lett. 222,
155 (2003).
26. J. You, J. L. Croyle, A. Nishimura, K. Ozato, P. M. Howley,
Cell 117, 349 (2004).
27. J. Sears et al., J. Virol. 78, 11487 (2004).
28. P. Kapoor, K. Shire, L. Frappier, EMBO J. 20, 222 (2001).
29. A. Krithivas, D. B. Young, G. Liao, D. Greene,
S. D. Hayward, J. Virol. 74, 9637 (2000).
30. R. Renne et al., J. Virol. 75, 458 (2001).

31. L. Y. Wong, G. A. Matchett, A. C. Wilson, J. Virol. 78,
10074 (2004).
32. G. Orphanides, G. LeRoy, C. H. Chang, D. S. Luse,
D. Reinberg, Cell 92, 105 (1998).
33. Y. J. Park, J. V. Chodaparambil, Y. Bao, S. J. McBryant,
K. Luger, J. Biol. Chem. 280, 1817 (2004).
34. J. L. Yates, N. Warren, B. Sugden, Nature 313, 812
(1985).
35. S. C. Hung, M. S. Kang, E. Kieff, Proc. Natl. Acad. Sci.
U.S.A. 98, 1865 (2001).
36. R. K. Suto, M. J. Clarkson, D. J. Tremethick, K. Luger,
Nat. Struct. Biol. 7, 1121 (2000).
37. F. van Leeuwen, P. R. Gafken, D. E. Gottschling, Cell 109,
745 (2002).
38. J. H. Park, M. S. Cosgrove, E. Youngman, C. Wolberger,
J. D. Boeke, Nat. Genet. 32, 273 (2002).
39. A. Nicholls, K. A. Sharp, B. Honig, Proteins 11, 281 (1991).
40. HeLa nucleosomes were a gift of X. He, P. Pascual-Ahuir
Giner, and R. Kingston. PARP1 and Ku80 knockout MEFs
were generously provided by J. Jung and A. Nussenzweig,
respectively. We thank P. Yiu for assistance with sperm
chromatin experiments; E. Kieff for helpful discussions;

Neurochemical Modulation of
Response Inhibition and Probabilistic
Learning in Humans
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Cognitive functions dependent on the prefrontal cortex, such as the ability to suppress behavior
(response inhibition) and to learn from complex feedback (probabilistic learning), play critical roles
in activities of daily life. To what extent do different neurochemical systems modulate these two
cognitive functions? Here, using stop-signal and probabilistic learning tasks, we show a double
dissociation for the involvement of noradrenaline and serotonin in human cognition. In healthy
volunteers, inhibition of central noradrenaline reuptake improved response inhibition but had no
effect on probabilistic learning, whereas inhibition of central serotonin reuptake impaired
probabilistic learning with no effect on response inhibition.
scending monoamine projections play
important neuromodulatory roles in
high-level cognition through actions
upon the prefrontal cortex (PFC), a major
brain structure with considerable functional
heterogeneity in humans (1). Dysfunction in
these neurochemical systems is implicated in
the etiology and psychopathology of psychiatric
illnesses associated with cognitive deficits and
PFC abnormalities, including depression, attention deficit–hyperactivity disorder (ADHD),
obsessive-compulsive disorder (OCD), and drug
addiction (2–7). Dopamine regulates executive
functions dependent on the dorsolateral PFC,
including working memory and attentional set-
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shifting, but the role of noradrenaline (NA) and
serotonin E5-hydroxytryptamine (5-HT)^ in cognition is less well characterized (8). The
orbitofrontal cortex (OFC) is involved in
emotion-cognition interactions, and 5-HT
drugs modulate response to feedback and
decision-making within this region (9–15).
5-HT and NA have both been implicated in
response inhibition (16, 17), a function that has
been linked to the right inferior frontal gyrus
(RIFG) (18).
We investigated the differential involvement
of NA and 5-HT transmitter systems in these
processes in humans, using the selective NA
reuptake inhibitor (SNRI) atomoxetine and
the selective 5-HT reuptake inhibitor (SSRI)
citalopram. These agents are among the most
selective inhibitors for brain NA and 5-HT
reuptake transporters available for human
use, according to in vitro and in vivo findings
(19–21). Microdialysis studies in experimental
animals have shown that acute systemic administration of atomoxetine rapidly increases
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PFC NA but not 5-HT and that the administration of citalopram rapidly increases PFC 5-HT
but not NA (19, 22). As such, these agents represent useful neurochemical tools for investigating the differential involvement of NA and
5-HT in human cognition.
Response inhibition, the ability to exert highlevel inhibitory control over motor responses so
as to suppress unwanted actions, can be assessed
with the stop-signal procedure (6, 23). In this
procedure, volunteers are required to make
rapid motor responses on Go trials but to inhibit
responses if an auditory stop-signal occurs. By
the infrequent nature of Stop trials, motor
responses are made Bprepotent.[ Response
inhibition can be quantified by the stop-signal
reaction time (SSRT), an estimate of the time
taken to inhibit the prepotent motor response
(18, 23). Probabilistic learning refers to the ability to develop cognitive associations between
stimuli and outcomes on the basis of punishing
and rewarding feedback, and to modify these
associations as appropriate (12). On probabilistic learning tasks, volunteers are required to
select which of two stimuli they believe to be
correct over a series of trials. After each choice,
the computer provides punishing or rewarding
feedback that is Bdegraded[ (i.e., misleading on
a subset of trials) (12).
The aim of the present study was to delineate
the precise differential contribution of NA and
5-HT neurochemical systems to response inhibition and probabilistic learning. Sixty healthy
male participants were recruited from the local
community on the basis of being free from
medical or psychiatric disorders according to
assessment by a psychiatrist (mean age 25.7 T
SD 4.7 years, range 20 to 35) (24). Participants
received single clinically relevant oral doses of
atomoxetine (60 mg), citalopram (30 mg), or
placebo in a double-blind parallel-groups design
(24). Groups were matched for demographic
characteristics (table S1). After spending 1.5
hours in a quiet waiting area to ensure drug
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absorption, volunteers completed the stop-signal
and probabilistic learning tasks (Fig. 1).
The results from the two tasks are shown in
Fig. 2. The citalopram-treated group did not
differ from controls in terms of response inhibition, but the atomoxetine-treated group
showed shorter SSRTs (i.e., superior response
inhibition) relative to both of the other groups.
On the probabilistic learning task, the performance of the citalopram-treated volunteers was
impaired on several measures, whereas the
performance of the atomoxetine-treated group
did not differ from that of the placebo group.
The citalopram-treated group made increased
numbers of errors before achieving learning

Fig. 2. Atomoxetine enhances
response inhibition on the stop350
250
signal task, whereas citalopram
300
impairs performance on the prob*
200
abilistic learning task. *P G 0.05
250
difference versus controls; **P G
200
150
0.01 difference versus controls.
150
Error bars show SEM. In the stop100
100
signal task, groups differed significantly on SSRTs (F2,57 0 4.377, P 0
1200
4
0.017) but not on median Go
*
response times (F2,57 0 0.780, P 0
**
1000
3
0.463). The atomoxetine-treated
group showed significantly shorter
2
800
SSRTs relative to the citalopramtreated group (P 0 0.013) and the
600
1
placebo group (P 0 0.014),
whereas the citalopram-treated
0
400
group did not differ from the
placebo group (P 0 0.973). In the
1200
12
probabilistic learning task, groups
*
10
in stage 1 (graphs, second row)
1000
**
differed overall on number of
8
errors made before attaining crite800
6
rion (F2,57 0 5.549, P 0 0.006)
4
and on response latency (F2,57 0
600
5.588, P 0 0.006). The citalopram2
treated group made more errors
400
0
before reaching criterion than did
the atomoxetine-treated group
0.4
60 mg atomoxetine
(P 0 0.012) and the placebo group
(P 0 0.002) and displayed longer
30 mg citalopram
**
0.3
mean response latencies than did
Placebo
the atomoxetine-treated group (P 0
0.2
0.003) and the placebo group (P 0
0.012). The atomoxetine-treated
0.1
group did not differ from the
placebo group on these measures
0.0
(P 0 0.379; P 0 0.616). In stage 2,
groups did not differ significantly in terms of perseverative errors made to the previously maximally
rewarded stimulus (mean errors T SD: atomoxetine, 2.95 T 1.67; citalopram, 4.00 T 6.54; placebo,
3.15 T 1.73; F2,57 0 0.390, P 0 0.679). Groups differed overall (graphs, third row) on number of errors
made before attaining criterion (F2,57 0 5.019, P 0 0.010) and on response latency (F2,57 0 7.981, P 0
0.001). The citalopram-treated group made more errors before reaching criterion than did the
atomoxetine-treated group (P 0 0.004) and the placebo group (P 0 0.020) and displayed longer mean
response latencies than did the atomoxetine-treated group (P 0 0.001) and the placebo group (P 0
0.001). The atomoxetine-treated group did not differ from the placebo group on these measures (P 0
0.557; P 0 0.885). Groups differed on feedback sensitivity scores (F2,57 0 4.109, P 0 0.022). The
citalopram-treated group showed greater feedback sensitivity than did the atomoxetine-treated
group (P 0 0.037) and the placebo group (P 0 0.009). The atomoxetine-treated group did not differ
from the placebo group on this measure (P 0 0.554).
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400

Mean feedback sensitivity

Mean latency (ms)

Mean errors to criterion

Mean latency (ms)

Mean errors to criterion

SSRT (ms)

Median ‘go’ response
time (ms)

300

Fig. 1. (A) On the computerized stop-signal task,
subjects respond rapidly to left- or right-facing
arrows on screen with corresponding motor responses, and they attempt to inhibit responses
when an auditory stop-signal sounds. Over the
course of the task, the time between stimulus onset
and occurrence of the stop-signal is varied by
means of a tracking algorithm. This permits
calculation of the SSRT, which reflects an estimate
of the time taken to internally suppress prepotent
motor responses [for further details of calculation,
see (18, 23)]. The average response time for Go
trials is also recorded. (B) On the probabilistic
learning task, volunteers make a two-alternative
forced choice between two stimuli (one red, one
green) on each trial. The ‘‘correct’’ stimulus (always
the first stimulus touched) receives an 8:2 ratio
of positive:negative feedback, and the opposite
ratio is given for the ‘‘incorrect’’ stimulus. Feedback
is provided in the form of ‘‘CORRECT’’ or
‘‘INCORRECT’’ appearing on screen after each
choice. Ability to acquire the stimulus-reward association on the basis of this degraded feedback
is assessed by the number of errors made before
reaching criterion, defined as eight consecutive
correct responses to the maximally rewarded
stimulus. After 40 trials (stage 1), the contingencies
reverse for the subsequent 40 trials (stage 2) (i.e., if
‘‘red’’ was previously correct, then ‘‘green’’ becomes
correct). Ability to reverse the previously acquired
stimulus-reward association is assessed by the
number of perseverative errors to the previously
maximally rewarded stimulus. Ability to acquire the
new stimulus-reward association is again assessed
by the number of errors made before reaching criterion. The detrimental effect of misleading negative feedback on learning is assessed by means of
an overall ‘‘feedback sensitivity’’ score. This is
defined as the overall likelihood that the volunteer
inappropriately switched to choose the incorrect
stimulus after misleadingly being informed that his
or her correct response on the previous trial was not
correct.

criterion, were slower to respond, and were
more likely to shift responding away from the
correct stimulus after receiving misleading
feedback.
These findings show that response inhibition
and probabilistic learning are separable cognitive functions that are differentially modulated
by ascending monoamine systems. Response
inhibition was enhanced by inhibition of central NA reuptake but was unaffected by inhibition of central 5-HT reuptake. Conversely,
probabilistic learning was impaired by inhibition of central 5-HT reuptake but was unaffected
by inhibition of central NA reuptake. We excluded a nonspecific influence of atomoxetine
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and citalopram on attentional function or arousal. There were no significant effects of either
drug on subjective rating scales for factors of
alertness, contentedness, or calmness (24).
There were also no effects of drug on a sensitive background test of sustained attention
(table S2) or on the median Go reaction time on
the stop-signal procedure. As a double dissociation was observed, these data strongly support
the proposal that NA and 5-HT play distinct
roles in the control of response inhibition and
probabilistic learning. These results have important implications for our understanding of
coupling between neurochemical systems and
PFC processing.
Response inhibition is critically dependent
on the PFC. ADHD patients show impaired
response inhibition alongside abnormalities in
the RIFG, according to structural and functional neuroimaging investigations (6, 25). Further,
patients with lesions of the right PFC show
impaired response inhibition that correlates
with the degree of volume loss (18). The
finding that atomoxetine improved response
inhibition in these healthy volunteers implicates
ascending NA systems in its control. Inhibition
of 5-HT reuptake had no effect on response
inhibition, consistent with previous work showing that depletion of central 5-HT likewise had
no effect on response inhibition in healthy
volunteers (26) and contradicting the simple
hypothesis of 5-HT involvement in behavioral
inhibition (16).
Our findings are important in relation to
current treatment algorithms for ADHD, in
which problems with response inhibition have
been argued to represent a core cognitive deficit
(6). Although the evidence to date does not
support the utility of 5-HT drugs in mitigating
core cognitive symptoms of this disorder,
atomoxetine and psychostimulant medications
such as methylphenidate are known to be
effective and to act via mechanisms involving
NA and/or dopamine (27, 28). Atomoxetine
augments PFC NA and may also alter PFC
dopamine levels via actions on NA reuptake
transporters (19, 29). However, bilateral infusion of the a2-adrenoceptor blocker yohimbine
into monkey PFC has been shown to impair
response inhibition (30), whereas in humans,
yohimbine and desipramine (a nonselective NA
reuptake inhibitor) impair and improve response inhibition, respectively (17, 31). Administration of L-dioxyphenylalanine (L-DOPA),
acting predominantly on dopaminergic mechanisms, has no effect on response inhibition in
children with ADHD (17) and has limited
efficacy in treating clinical symptoms (17, 27).
Therefore, the most parsimonious explanation of the beneficial effects of atomoxetine
is that it enhances stopping selectively via
actions on NA uptake. Despite the traditional association between impulse control disorders and abnormal 5-HT transmission (16, 32),
NA drugs may be more suited to ameliorating

impaired response inhibition as a therapeutic
target (28).
Multiple tiers of evidence implicate the PFC
(particularly the OFC) in affective processing, in
the establishment of stimulus-outcome contingencies, and in the deployment of this information to
guide behavior (12, 33–36). Consistent with a
neuromodulatory role for 5-HT in probabilistic
learning, acute administration of citalopram exerted deleterious effects on probabilistic learning in healthy volunteers. Similar impairments
in feedback learning have been demonstrated
in depression and in studies of 5-HT depletion
in healthy volunteers (10, 12, 15, 37, 38). One
possible explanation for the deleterious effects
of citalopram reported here is that presynaptic
autoreceptor feedback effects may have induced a temporary reduction in 5-HT function
after acute citalopram dosing (39, 40). An alternative account is that the relationship between
5-HT neurotransmission and probabilistic learning operates according to an Binverted-U[ function, whereby either underactivity or overactivity
of a neurotransmitter system can impair cognition (8, 41). As such, citalopram may have
caused supraoptimal PFC 5-HT availability.
The effects of citalopram on probabilistic learning may differ in psychiatric disorders associated with functionally abnormal 5-HT systems
(such as OCD and depression), and contrasting
the effects of acute and chronic SSRI treatment
would help to further elucidate the neuropsychological mechanisms by which SSRIs exert
their beneficial treatment effects.
This study has provided theoretically important evidence, in normal subjects, for the
modulation of distinct cognitive functions after
acute selective NA and 5-HT reuptake blockade. The findings also have clinical implications
in the context of the treatment by atomoxetine
of response inhibition deficits manifested in
ADHD, and in understanding the effects of
SSRI treatment on the cognitive sequelae of
OCD and depression.
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