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The anterior cingulate cortex (ACC), on the medial surface of the
frontal lobes of the brain, is widely believed to be involved in the
regulation of attention1,2. Beyond this, however, its speci®c con-
tribution to cognition remains uncertain. One in¯uential theory
has interpreted activation within the ACC as re¯ecting `selection-
for-action'3±5, a set of processes that guide the selection of
environmental objects as triggers of or targets for action. We
have proposed an alternative hypothesis, in which the ACC serves
not to exert top-down attentional control but instead to detect
and signal the occurrence of con¯icts in information proces-
sing6±8. Here, to test this theory against the selection-for-action
theory, we used functional magnetic resonance imaging to
measure brain activation during performance of a task where,
for a particular subset of trials, the strength of selection-for-
action is inversely related to the degree of response con¯ict.
Activity within the ACC was greater during trials featuring high
levels of con¯ict (and weak selection-for-action) than during trials
with low levels of con¯ict (and strong selection-for-action),
providing evidence in favour of the con¯ict-monitoring account
of ACC function.

Subjects performed a version of the ¯anker task9 in which they
were asked to indicate by button-press the orientation of a brie¯y
presented left- or right-facing arrow. The target arrow was always
¯anked by a set of distractor arrows, two on each side. On
compatible trials, these pointed in the same direction as the target
arrow (for example, ,,,,,); on incompatible trials, they faced
in the opposite direction (for example, ,,.,,).

The ¯anker task involves both con¯ict and selection-for-action,
in particular on incompatible trials. On these trials the combined
in¯uence of the target and ¯ankers leads to con¯ict in the form of
competition between correct and incorrect responses, an effect that
is re¯ected in prolonged reaction times9±11. At the same time,
attending to the target but not the ¯ankers calls for selection-for-
action, a mechanism that according to A. Allport, the term's
originator, `̀ can selectively designate a speci®ed subset of the
available, and potentially relevant, sensory information to have

control of a given effector system, and can selectively decouple the
remainder from such control''12.

Our ®rst prediction, based on the con¯ict-monitoring theory, was
that ACC activation would be greater on incompatible trials, as this is
where con¯ict is greatest. However, to adjudicate clearly between
the two theories of ACC function, we turned to a second prediction,
based on a phenomenon we refer to as the Gratton effect.

Gratton et al.13 discovered that the balance between con¯ict and
selection-for-action on any given trial in the ¯anker task depends on
the compatibility of the preceding trial. Speci®cally, they showed
(based on reaction time data) that the distracting effect of the
¯ankers is weaker on trials that follow incompatible trials than on
trials that follow compatible ones. In effect, the occurrence of an
incompatible trial leads to a strengthening of selection-for-action,
reducing the in¯uence of the ¯ankers during the subsequent trial.

The most interesting implications of the Gratton effect relate
speci®cally to incompatible trials. For purposes of analysis, we
divide these trials into two categories: those that follow compatible
trials (here labelled cI), and those that follow incompatible ones (iI).
Owing to the Gratton effect, these two groups of trials involve very
different proportions of selection-for-action and con¯ict. Incom-
patible trials that follow other incompatible trials (iI trials) involve
relatively strong selection-for-action and, as a result, diminished
¯anker-induced con¯ict. Conversely, incompatible trials coming
after compatible ones (cI trials) involve relatively weak selection-
for-action and, thus, more ¯anker-induced con¯ict.

These observations prompt the two theories of ACC function to
make opposite predictions about brain activation during cI and iI
trials. The con¯ict-monitoring theory predicts that ACC activation
should be greater on cI trials, when con¯ict is at its highest. The
opposing selection-for-action theory predicts that activation should
be greater on iI trials, when there is stronger selection-for-action.

No task yet studied has been found to engage the entire ACC,
leaving open the possibility of functional heterogeneity within the
region. Our predictions therefore speci®cally relate to the portions
of ACC to which a selection-for-action role has previously been
ascribed. These centre on a region anterior to the plane of the
anterior commissure, posterior to the genu of the corpus collosum
and often extending into the cingulate sulcus.
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Figure 1 Relative timing of stimulus presentation and scan acquisition.

Figure 2 Location of the ACC area displaying greater activity on incompatible than

compatible trials and on cI than iI trials. The area shown represents the overlap of regions

identi®ed in independent ANOVAs (see Methods), each using a signi®cance threshold of

P � 0:01. Peak F values for both regions fell within the area depicted (scan ´ trial-type

interaction: F � 17:16, coordinates x � 2 2, y � 28, z � 31; scan ´ previous trial-

type interaction: F � 5:2, coordinates x � 2 2, y � 31, z � 29). Areas outside the

ACC showing an effect of current trial type with a peak F equal to or greater that observed

in the ACC included right inferior parietal lobule (BA 40) and left anterior insula. Areas

showing an effect of previous trial type on incompatible trials with a peak F equal to or

greater to that observed in the ACC included left dorsolateral prefrontal cortex (BA 9/46),

bilateral postcentral gyrus, and bilateral inferior parietal lobe (BA 40, with extension into

BA 39 and 22 on the left).
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Functional magnetic resonance imaging (fMRI) data collected as
subjects performed the ¯anker task unambiguously con®rmed both
predictions of the con¯ict-monitoring hypothesis. The use of event-
related scan acquisition and long interstimulus intervals allowed us
to trace the time-course of regional brain activation during the
course of individual trials (Fig. 1). As anticipated on the basis of
previous ®ndings7, activation within the ACC showed a response-
related pattern, rising from a baseline at the time of stimulus
presentation to a peak about 5 s later (consistent with the 5-s
haemodynamic lag typically observed in fMRI experiments)14.
Analyses revealed a region within the dorsal ACC (BA 32) where
peak activation was greater during incompatible than compatible
trials, and greater during cI than iI trials (Figs 2, 3). No area within
the ACC showed the opposite pattern in either comparison.

Several additional ®ndings further support the con¯ict-monitoring
view. First, on compatible trialsÐunlike incompatible onesÐpeak
ACC activation was not signi®cantly affected by previous trial type
(see Fig. 3). This result is consistent with the con¯ict-monitoring
hypothesis, as compatible trials are unlikely to induce con¯ict, regard-
less of context. Importantly, when the data for compatible trials is
considered alongside that for incompatible ones, it becomes clear
that the difference between cI and iI trials is actually part of a larger
pattern, involving an interaction between previous and current trial
type. A con®rmatory analysis (see Methods) showed this interaction
to be present in the ACC to a signi®cance level of P , 0:001.

Also informative is that, across subjects, the strength of ACC
activation was strongly correlated with the severity of con¯ict. For
each subject, we calculated the difference in reaction time between
cI and iI trials, using this as a measure of the difference in con¯ict
between these two trial-types. Analysis revealed a robust positive
correlation between this index of con¯ict and the behaviour of the
ACC, measured again as the difference between cI and iI trials
(r2 � 0:66, P , 0:01).

Finally, convergent evidence for the con¯ict-monitoring theory is
provided by the results of a companion study in which the ACC
showed comparable behaviour in a different behavioural task (the
Stroop task)15,16.

Although our ®ndings challenge the prevailing view of ACC
function, note that the con¯ict-monitoring account does not rule

out an in¯uence of the ACC on selection-for-action. Indeed,
behavioural, anatomical and psychophysiological evidence indi-
cates that con¯ict monitoring may act as a source of feedback to
mechanisms involved in recruiting attention, serving to indicate the
need for increased top-down control on information processing6.
An important goal of subsequent studies will be to evaluate this
potential relationship between con¯ict monitoring and cognitive
control, as well as to investigate the relation between the ACC and
other brain areas implicated in executive function. M

Methods
Subjects and task

Subjects were eleven neurologically normal, right-handed volunteers (seven male, ages
21±32). Stimuli were generated using PsyScope software17 on a Macintosh computer, and
appeared on a back-projection screen mounted inside the scanner bore, which subjects
viewed through a mirror. Subjects were instructed to foveate a centrally-located ®xation
point throughout the task. This point (an asterisk) brightened 1,000 ms before the
appearance of the target stimulus. Target stimuli (40% compatible, 60% incompatible in
pseudorandom order) appeared just above the ®xation point for 400 ms with an
interstimulus interval of 10 s. Subjects used their right hand to respond, and were
instructed to respond to a left-facing target by pressing a button beneath their index ®nger,
and to a right-facing target by pressing a button beneath their middle ®nger.

Behavioural data re¯ected both the basic compatibility effect and the sequential
dependency effect reported by Gratton et al.13. Reaction times were longer for incompa-
tible trials than for compatible ones (M � 790 and 523 ms, t�10� � 4:86, P , 0:001), and
the ¯anker effect (difference between incompatible and compatible conditions) was larger
for trials following compatible than incompatible trials (M � 290 and 243 ms,
t�10� � 3:97, P , 0:005). cI trials were slower than iI trials for eight of the eleven subjects.
Errors made up two percent of trials, and were most common on cI trials, consistent with
the Gratton effect and ruling out a speed-accuracy tradeoff.

Image acquisition and analysis

Images were acquired with a 1.5-T GE Signa whole-body scanner with a standard head-
coil. Thirteen axial slices (with 3.753 cm voxels) were obtained parallel to the AC-PC line.
Beginning with brightening of the ®xation point, ®ve consecutive 2-s functional scans
were acquired on each behavioural trial, using a two-shot spiral T2*-weighted sequence18,
with TR 1,000 ms, TE 35 ms, ¯ip angle 558 and ®eld of view 24 cm. Structural images were
obtained with a standard T1-weighted pulse sequence.

Because our second fMRI prediction was intended to apply only in the presence of the
Gratton effect, we decided before running the experiment that data would be analysed only
for subjects whose behaviour on incompatible trials showed the Gratton effect (cI
responses slower than iI responses; eight of our eleven subjects). Only correct trials were
included, given the previously observed association of errors with ACC activation7. Data
from individual participants were subjected to a voxelwise within-block linear detrending
and between-block, subtractive mean normalization. Images were co-registered to a
common reference structural MRI scan using a 12-parameter automated algorithm19.
Images were then smoothed with an 8-mm full width at half maximum, three-dimensional
gaussian ®lter to accommodate individual differences in anatomy.

To identify areas showing an effect of current trial-type, an analysis of variance
(ANOVA) with current trial-type, previous trial-type and scan-within-trial as factors was
run on each voxel, and voxels were identi®ed that showed an interaction between scan and
current trial-type. To identify areas that were differentially activated during cI and iI trials,
we ran a separate ANOVA involving only incompatible trials with scan-within-trial and
previous trial-type as factors, and identi®ed voxels that showed an interaction between
scan and previous trial-type. In both analyses, we used an eight-voxel cluster-size
threshold to correct for multiple comparisons20. Planned comparisons on peak activation
were based on average activation across the regions identi®ed by each ANOVA and their
intersection. To con®rm the presence of an interaction between current and previous trial-
types, we performed a two-way ANOVA using the approach above, but focusing on data
pooled from scans four and ®ve to maximize sensitivity to task-related effects. This yielded
a main effect of current trial-type and an interaction between current and previous trials-
types, both appearing in an area of the ACC very similar to that identi®ed in the primary
analyses. Both effects survived a signi®cance threshold of P , 0:005.
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Figure 3 Time-course of activity within the region shown in Fig. 2. Like incompatible

trials, compatible trials are displayed according to previous trial-type (cC: previous trial-

type compatible; iC: previous trial-type incompatible). fMRI signal is based on the group

and area average, expressed as percent change from baseline (average scan-one

activation). Error bars are based on the s.e.m. Planned comparisons con®rmed that peak

activation was higher on incompatible trials than compatible trials (M � 0:15% and

0.11%, one-tailed t �7� � 2:32, P , 0:03) and higher for cI trials than iI trials

(M � 0:18% and 0.12%, one-tailed t �7� � 2:39, P , 0:025).
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The sympathetic nervous system regulates cardiovascular func-
tion by activating adrenergic receptors in the heart, blood vessels
and kidney1. a2-Adrenergic receptors are known to have a critical
role in regulating neurotransmitter release from sympathetic
nerves and from adrenergic neurons in the central nervous
system2±5; however, the individual roles of the three highly
homologous a2-adrenergic-receptor subtypes (a2A, a2B, a2C) in
this process are not known. We have now studied neurotransmit-
ter release in mice in which the genes encoding the three a2-
adrenergic-receptor subtypes were disrupted. Here we show that
both the a2A- and a2C-subtypes are required for normal pre-
synaptic control of transmitter release from sympathetic nerves in
the heart and from central noradrenergic neurons. a2A-Adrenergic
receptors inhibit transmitter release at high stimulation frequencies,
whereas the a2C-subtype modulates neurotransmission at lower
levels of nerve activity. Both low- and high-frequency regulation
seem to be physiologically important, as mice lacking both a2A-
and a2C-receptor subtypes have elevated plasma noradrenaline

concentrations and develop cardiac hypertrophy with decreased
left ventricular contractility by four months of age.

The release of neurotransmitters is modulated by presynaptic
autoreceptors that are activated by the released transmitter. Pre-
synaptic inhibitory autoreceptors were ®rst described for noradre-
nergic neurons and subsequently for other neurotransmitters,
including dopamine, acetylcholine, g-aminobutyric acid, histamine
and serotonin2±5. Within the sympathetic nervous system, nine
adrenergic receptor subtypes6 (three a1, a2 and b-receptors) can
be activated by adrenaline and noradrenaline, but only a2-adrenergic
receptors have been implicated as inhibitory presynaptic auto-
receptors. The lack of drugs that are suf®ciently selective for the
three subtypes has meant that their physiological roles and
therapeutic potential have not been fully elucidated. An alternative
approach to pharmacological characterization has been the deletion
of a2B- or a2C-receptor genes, or in vivo site-directed mutagenesis of
the a2A-receptor gene by gene targeting in mice7±11. We recently
disrupted the gene for the a2A-adrenergic-receptor subtype in
mice12. a2A-receptor-de®cient mice (a2A-KO) are produced at the
expected mendelian ratios from heterozygote intercrosses. They
develop normally and show no gross pathological abnormalities12.

To investigate the role of the three a2-receptor subtypes in
presynaptic autoinhibition, we measured 3H-noradrenaline release
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Figure 1 Inhibition of noradrenaline release in atria by a2-receptor stimulation.

a, Atria from wild-type mice (WT) were electrically stimulated (1 train of 20 pulses; 50 Hz)

at 20-min intervals. In control conditions, transmitter release was constant over six

stimulation periods (upper trace). Increasing concentrations of the a2-agonist UK-14304

inhibited the electrically evoked release in WT atria (lower trace). b, Concentration±

response curves for inhibition by the a2-agonist UK-14304 of electrically evoked 3H-

noradrenaline release from isolated atria. c, Inhibition of 3H-noradrenaline release from

atria by noradrenaline. Data shown are means 6 s:e:m: from 6±8 atria.


