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Self-control relies on the ability to override
inappropriate impulses or responses to ex-
ternal stimuli. Most studies of this ability
have focused on reactive stopping, i.e., on
inhibitory processes triggered reactively
by an external signal. Yet recent devel-
opments in the cognitive neuroscience
of inhibitory control have highlighted
the role of another kind of inhibitory
control: proactive mechanisms (for re-
view, see Aron, 2010). Reactive and pro-
active inhibition can be distinguished
from each other by how they are initi-
ated. Reactive inhibition is always trig-
gered by an external cue, such as a stop
light, and is transient following this
event. Proactive inhibition, in contrast,
is a preparatory mechanism guided by
internal processes and prevents a response
to a subsequent event. It is guided endoge-
nously, although not necessarily con-
sciously, and can be sustained over many
trials. It allows subjects (humans or ani-
mals) to modulate their responsiveness to
anticipated stimuli by appropriately gating
automatic motor responses according to the
context (Jaffard et al., 2007).

Several studies in humans have fo-
cused on identifying the cerebral network
involved in inhibitory control, primarily
using reactive control paradigms. These
studies demonstrated the involvement of
several frontal regions, including supple-
mentary motor area (SMA) amd pre-
SMA, as well as basal ganglia (for review,
see Aron, 2010). It is unclear, however,
whether these same regions are involved
in proactive control mechanisms.

In previous studies, response inhibi-
tion was consistently found to involve
pre-SMA, and the only evidence for the
involvement of SMA came from one mi-
crolesion study in humans (Sumner et al.,
2007). Therefore, Chen et al. (2010) stud-
ied the role of SMA in monkeys, in both
reactive and proactive control of hand
movements. They recorded local field po-
tentials (LFPs), as well as single-unit and
multiunit activity within the SMA of two
monkeys performing a stop-signal task.
The animals were trained to use a handle-
bar to move a cursor toward a target box
that appeared in either of two possible lo-
cations on a screen. In some trials, a stop
signal appeared and to be rewarded the
monkey had to cancel (i.e., not move its
hand) or correct (i.e., place the cursor
back in the center if it had not yet reached
the target) the cursor’s movement it. The
timing between the signal instructing the
movement and the stop signal was varied,
and the proportion of trials on which the
monkeys were able to cancel their move-
ment varied accordingly.

During this task, which studied reac-
tive control to the presentation of the
stop signal, a significant increase of
power in the LFPs was associated with
movement cancellation. This result sug-
gests that SMA has a role in the reactive
control of movement, confirming the re-
sults of a previous study that showed that
some single neurons in the SMA influence
movement cancellation (Scangos and Stu-
phorn, 2010).

The monkeys’ behavior was also in-
fluenced by recent trial history; if the
reaction time (in response to the pre-
sentation of the target) on one no-stop
trial was fast, then the movement tended
not to be cancelled on the next stop trial,
whereas if the reaction time on a trial
was slow, the movement was success-
fully cancelled on the next stop trial.
Moreover, both monkeys adapted their
strategies following stop trials, notably
by slowing their reaction times after a
noncancelled trial. These behavioral ef-
fects show that the level of motor read-
iness is adjusted according to previous
trial history, thus reflecting a proactive
control of movement. Interestingly,
Chen and colleagues (2010) show that
the changes in multiunit activity (signif-
icant increase of activity before the ini-
tiation of movement) and in LFPs
(decrease of power in a low-frequency
band and increase in a high-frequency
band) correlated with the timing of the
monkeys’ movements. This neural ac-
tivity, which started before the presen-
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tation of the target for the LFPs (i.e.,
before the monkey could plan its arm
movement), was observed earlier in tri-
als with fast reaction times. Moreover,
the amplitude of SMA activity was mod-
ulated by trial history. These results
strongly suggest the SMA is not only in-
volved in reactive inhibitory control of
movement, but is also important in pro-
active inhibition.

The involvement of the SMA in both
reactive and proactive inhibitory control
of movement in monkeys is in line with
results recently obtained in humans that
directly pinpoint the role of SMA in these
two inhibitory control mechanisms. In
humans, the role of SMA in proactive in-
hibitory control is difficult to evidence us-
ing standard neuroimaging techniques
because it is temporally coupled, i.e., po-
tentially confounded, with processes re-
lated to movement preparation. A group
of recent fMRI experiments identified the
network of areas involved in proactive
control of movements by analyzing the
mechanisms underlying suppression of
movements that are represented in the
motor system but not performed. These
representations were created through mo-
tor imagery (Kasess et al., 2008) or by ob-
serving the actions of others (Dinomais et
al., 2009). Kasess et al. (2008) studied the
effective connectivity between the SMA
and the primary motor cortex M1 during
movement execution and mental imag-
ery. They showed that lack of activation in
M1 during imagery is caused by suppres-
sion from the SMA. Importantly, during
motor execution, they found that SMA
activation was sustained for several sec-
onds throughout the readiness period be-
fore movement. Dinomais et al. (2009)
compared the passive observation of
movements and the active execution of
the same movements and found that sev-
eral regions, including the SMA, were ac-
tivated in the passive condition (i.e., when
execution had to be suppressed). These
results complement those of Jaffard et al.
(2008), who showed that several areas, in-
cluding the SMA, are involved in a task
requiring proactive inhibition. Behavioral
evidence of this proactive control is ob-
served on reaction times: intermixing
target stimuli with nontarget stimuli dra-
matically increases reaction times to tar-
gets when compared with a control
condition in which only target stimuli are
presented within a block of trials, i.e., a
condition that does not require the sub-
ject to stop themselves from reacting au-
tomatically to the next event. These
findings suggest that the role of the SMA

in the control of action is not only related
to motor preparation, but also to proac-
tive inhibitory control of movement
initiation.

More recent studies highlight another
potential role of SMA in inhibitory pro-
cesses related to reactive control. Follow-
ing the initial human microlesion study of
Sumner et al. (2007), Boy et al. (2010a)
found that automatic inhibitory mecha-
nisms that suppress automatic motor ac-
tivations evoked by cues are supported by
GABA concentration in the SMA, as mea-
sured with magnetic resonance spectros-
copy. The authors further support this
conclusion in a companion fMRI study
(Boy et al., 2010b) that shows that SMA,
but not pre-SMA, signals are modulated
in this inhibitory task.

Some of these human studies, in ad-
dition to indicating involvement of the
SMA in inhibitory mechanisms, also
suggest that the pre-SMA is not involved
in some reactive (Sumner et al., 2007;
Boy et al., 2010b) and proactive (Jaffard
et al., 2008) contexts. The question of
the differential involvement of these
two regions in the monkey still remains
to be addressed.

In a previous paper, Scangos and Stu-
phorn (2010) analyzed single-neuron
data obtained by Chen et al. (2010), in-
cluding data from both SMA and pre-
SMA, and they failed to observe a
difference between the two regions in re-
active inhibitory control. In light of the
data presented by Chen et al. (2010), the
comparison of the multiunit activity and
LFPs recorded in the two areas is expected
to be much more informative about the
specific roles of each area than spike anal-
ysis. Although Chen et al. (2010) recorded
from both SMA and pre-SMA, they fo-
cused only on SMA in their paper, proba-
bly because they obtained an enormous
amount of data. Some of the results pre-
sented are explicitly reported as not signif-
icantly different from those obtained
from pre-SMA recordings, but it is not
clear whether this also applies to their
other observations.

Because the SMA and pre-SMA are
connected, the exact functional role of
the SMA in reactive and proactive in-
hibitory control remains unclear and
not clearly differentiated from the role
of the pre-SMA. For example, in Chen et
al. (2010), some of the SMA recording
patterns could have been influenced by
signals from the pre-SMA. The signifi-
cant changes in LFP power were mainly
observed in two frequency bands: a

high-frequency band (60 –150 Hz), as-
sumed to reflect the spiking activity of
the region recorded from; and a low-
frequency band (25– 40 Hz), thought to
reflect intra-areal synaptic activity. This
latter frequency band was significantly
modulated at the earliest timing, before
target presentation. Because LFPs re-
flect both incoming signals and local
computations, this finding raises the
question of the exact role of the SMA in
the proactive control of the movement;
the proactive signal might originate in an-
other area projecting to the SMA (e.g., the
pre-SMA) and thereby influence its neu-
ronal activity.

An easy way to address the question of
the precise roles of both the SMA and the
pre-SMA and to distinguish their func-
tional specificities in proactive and reac-
tive inhibitory mechanisms is to use a
perturbation technique (e.g., inactivation
or microstimulation). Although record-
ings help elucidate the local computations
at work and their precise temporal orga-
nization, the results they provide rely on
correlations. Perturbation techniques
provide causality: we perturb the normal
functioning of a region and observe the
behavioral consequences.

In conclusion, Chen et al. (2010) showed
a tight correlation between the neuronal ac-
tivity at different levels (single-unit, multi-
unit, and LFPs) within the SMA and both
the proactive and reactive control of arm
movements in monkeys. These data
complement several lines of evidence
suggesting the functional involvement
of the SMA in both forms of inhibitory
control in humans. We can thus plausi-
bly suppose that the mechanisms at the
neuronal level are the same in both spe-
cies. The next step in understanding
precisely how these multiple inhibitory
mechanisms are implemented would be
to try to dissociate the functional in-
volvement of the SMA and pre-SMA in
the monkey on the basis of the seminal
studies in humans.
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