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Imagine you are at an intersection, waiting for the traffic lights.
They turn green, and you are about to press the gas pedal, when
suddenly a cyclist swerves into your lane. Before your foot has
actually moved, you have to rapidly prevent it from moving as
planned. This example highlights the everyday function of stopping an action, a form of response inhibition (or behavioral control) that is the main subject of this mini-review. Stopping is a
type of control that can be easily, and precisely, studied experimentally. Recent work has begun to reveal its underlying neural
basis. This is important because the psychological and neural
components of stopping may be shared by other forms of behavioral control, including forms of control that do not necessarily
engage the motor system, such as the control of impulses,
thoughts, and emotions. Thus, stopping research may lead to
insights into self-control as a whole. Furthermore, some forms of
neuropsychiatric problems may arise from alterations to the circuitry underlying stopping.
There now exists a wide body of literature on stopping in
different species, using a range of neuroscience techniques. Together, these studies show a remarkable convergence of findings
regarding the neural circuitry underlying stopping. Our minisymposium presentations at the 2007 meeting of the Society for
Neuroscience demonstrate such integration while highlighting
our most recent results. Dr. Logan presents a computational
model of response control, in terms of a race between Go and
Stop processes. Dr. Aron discusses lesion and imaging data, suggesting that stopping is achieved via a fronto-basal-ganglia network, which could intercept the Go process and thus decrease
thalamocortical output. Dr. Stinear describes transcranial magnetic stimulation (TMS) studies that demonstrate increased neural inhibition in the motor cortex during movement prevention.
Dr. Stuphorn presents neurophysiological data showing that cells
in dorsomedial frontal cortex carry executive control signals for
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both oculomotor and reaching movements. Dr. Eagle presents a
rodent model in which frontal and basal ganglia lesions impair
stopping and shows how stimulant drugs improve stopping. Dr.
Durston shows how stopping may serve as an endophenotype for
neuropsychiatric disorders such as Attention Deficit Hyperactivity Disorder (ADHD).
The Stop signal paradigm
This cognitive psychology paradigm has been particularly fruitful
for the study of behavioral control. On each trial, the subject is
presented with one of two possible visual Go signals: e.g., press
the left button for a leftward-pointing arrow or the right button
for a rightward-pointing arrow. On a minority of trials (e.g.,
25%), a Stop signal (visual or auditory) is presented after the Go
signal. The subject is instructed to respond as fast as possible on
Go trials and to do their best to inhibit the response when the
Stop signal occurs. If the delay between Go and Stop signals is
short, the subject is more likely to successfully prevent the
planned movement. By varying the delay systematically, one can
compute the main dependent variable: the Stop signal reaction
time (SSRT). This is the estimate of the speed of the stopping
process in the mind/brain. The SSRT can be estimated using a
mathematical model that makes some key assumptions, mainly
that the Go and Stop processes are independent (Logan and
Cowan, 1984). However, research addressing the neural mechanisms underlying Stop signal performance suggests that behavioral inhibition depends on neural inhibition, which does involve
interacting (i.e., nonindependent) networks supporting Stop and
Go processes (Hanes et al., 1998). Recent computational modeling has addressed this apparent paradox by examining the fit for
both behavioral and neurophysiological data to two different
models: one in which the Go and Stop processes are fully independent and one in which they interact (Fig. 1a). The interactive
model best fits the data but only if the Stop and Go processes are
independent for most of their durations and interact strongly for
a brief period in their final stages (Boucher et al., 2007). Thus, the
independent race model still provides a good approximation of
the underlying mechanisms and estimates of SSRT remain valid.
The question thus arises: At which point in the brain do the Go
and Stop processes interact?
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Thus, once the Stop command is generated in frontal cortex, it could be rapidly
conveyed to the basal ganglia via the socalled “hyperdirect pathway” to intercept the Go process in the final stages of
the race. Two recent studies identified a
third critical node for the stopping process in the dorsomedial frontal cortex,
including the presupplementary motor
area (preSMA) (Floden and Stuss, 2006;
Nachev et al., 2007). Interestingly, the
preSMA was also found to be directly
connected with both the right IFC and
the right STN region via white matter
tracts (Aron et al., 2007) (Fig. 1c).
Transcranial magnetic stimulation of
primary motor cortex
The above findings show that preventing a
planned movement involves a network of
structures within the brain. Their output
influences neurons within the primary
motor cortex (M1), where descending
commands for voluntary movement are
generated. The excitability of corticospinal
neurons and GABAergic inhibitory neurons within human M1 can be noninvaFigure 1. A, The interactive race model between Go and Stop processes (Boucher et al., 2007). The parameters were estimated sively studied using TMS. During the Stop
by fitting the model to thousands of behavioral trials from a monkey neurophysiology study. B, Schematic of fronto-basal-ganglia signal paradigm, corticospinal excitability
circuitry for Going and Stopping. The Go process is generated by premotor cortex, which excites striatum and inhibits globus increases leading up to movement initiapallidus, removing inhibition from thalamus and exciting motor cortex (see text for details). The stopping process could be
tion. However, if there is a Stop signal, the
generated by inferior frontal cortex leading to activation of the subthalamic nucleus, increasing broad excitation of pallidum and
excitability decreases abruptly at a particinhibiting thalamocortical output, reducing activation in motor cortex. C, Diffusion-weighted imaging reveals putative white
matter tracts in the right hemisphere between the dorsomedial preSMA, the ventrolateral PFC or IFC, and the putative region of ular time point, and intracortical inhibithe STN. Reproduced with permission from Aron et al. (2007). D, Regions of the rat brain implicated in behavioral stopping. tion increases significantly on successfully
Stopping is significantly impaired following excitotoxic lesions within the regions highlighted in red, whereas lesions within the stopped trials (Coxon et al., 2006). Rapid
gray-colored regions have no effect on stopping. OF, Orbitofrontal cortex; IL, infralimbic cortex; PL, prelimbic cortex; DM Str, increases in intracortical inhibition are
dorsomedial striatum; NAC, nucleus accumbens (core); DH, dorsal hippocampus; VH, ventral hippocampus; GPi, globus pallidus also the mechanism underlying selective
pars interna.
muscle activation (Stinear and Byblow,
2003), and this is impaired in basal ganglia
Lesion and imaging studies in humans
disorders such as focal hand dystonia (Stinear and Byblow, 2004).
Sensory information about the Stop signal is quickly relayed to
Recruitment of inhibition within M1 is most likely the result of
the prefrontal cortex, where the stopping command must be
activity in the pathways discussed above, which originate in pregenerated. Multiple lines of evidence suggest that the right
frontal cortex and act via the basal ganglia to “brake” the output
inferior frontal cortex (IFC) is a critical region for Stop signal
from M1 (Fig. 1b).
response inhibition (Aron et al., 2003; Chambers et al., 2006).
The part of the IFC that is most critical probably corresponds
Neurophysiological mechanisms of stopping
to the pars opercularis (Brodmann area 44) in humans. The
Neural recording studies in monkey ventrolateral PFC have
right IFC could send a Stop command to intercept the Go
shown increased cellular firing rates during NoGo trials for manprocess via the basal ganglia (Fig. 1b). To appreciate how, first
ual and oculomotor paradigms (Sakagami et al., 2001). Many
consider the Go process. This is likely generated by premotor
studies in the monkey have used an oculomotor version of the
areas that project via the direct pathway of the basal ganglia
Stop signal paradigm to investigate neural activity on Go and
(through striatum, pallidum, and thalamus), eventually excitStop trials and to reveal signals for movement production, reing primary motor cortex and generating corticospinal volleys
ward, monitoring, and control (for review, see Schall et al., 2002).
to the relevant effector (Aron and Poldrack, 2006). An imporAbove we saw that the dorsomedial frontal cortex is also critical
tant point of interaction for Stop and Go processes could be
for stopping. Of particular relevance, a recent study showed that
the globus pallidus (Fig. 1b). The Stop process, which often
microstimulation of neurons in the dorsomedial frontal suppletakes 150 ms or less, could activate the globus pallidus via a
mentary eye field improved stopping performance by delaying
projection from the subthalamic nucleus (STN). Highsaccade initiation (Stuphorn and Schall, 2006). Another study
resolution fMRI has shown activation of a midbrain region,
recorded from neurons in the adjacent preSMA of monkeys while
consistent with the STN, when subjects successfully stop their
they performed a switching task designed to examine control
responses (Aron and Poldrack, 2006), and diffusion tractogover automatic responses (Isoda and Hikosaka, 2007b). When
raphy shows that this STN region is directly connected to the
monkeys switched from a well practiced (automatic) task to a less
right IFC via a white matter tract (Aron et al., 2007) (Fig. 1c).
practiced one, preSMA neurons increased activity with sufficient
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speed to influence behavior, as did STN neurons in another study
with the same paradigm (Isoda and Hikosaka, 2007a). Furthermore, experimentally induced microstimulation of preSMA neurons led to a greater proportion of switch trials being successful.
Combined with the findings in humans that preSMA lesions affect stopping (Floden and Stuss, 2006; Nachev et al., 2007) and
that the preSMA is directly connected with the IFC and the STN
region (Aron et al., 2007), these findings strongly implicate the
dorsomedial frontal cortex in control over motor responses. Future research will need to precisely determine how the nodes in
this network interact.
Neural and neurochemical basis of stopping in the rat
Rodent models of response inhibition offer unique opportunities
to investigate the neural and neurochemical substrates of behavioral stopping. Studies of regional excitotoxic lesions support the
existence of discrete circuitry between the orbitofrontal cortex
and the dorsomedial striatum circuitry that mediates the stopping response, whereas anatomically adjacent regions such as
infralimbic cortex, prelimbic cortex, and nucleus accumbens
core have no involvement in the stopping process (Eagle and
Robbins, 2003a,b; Eagle et al., 2007b) (Fig. 1d). Orbitofrontal
cortex in the rodent could be a homologous functional region to
lateral prefrontal cortex in the primate (Birrell and Brown, 2000).
Lesions to the subthalamic nucleus also impair stopping (Eagle et
al., 2007b). These studies reinforce the evidence from human
studies that control of stopping is mediated via discrete corticobasal ganglia circuitry.
Pharmacological studies in the rodent highlight distinct roles
for noradrenaline and dopamine in distinct processes within the
Stop signal task (Eagle et al., 2007a; Robinson et al., 2007). Noradrenaline may be primarily associated with stopping, whereas
dopamine may be primarily associated with the Go process. Although serotonin is critical for many forms of behavioral inhibition, it is not involved in the stopping process in rodents, consistent with human studies (Clark et al., 2005; Chamberlain et al.,
2006). Interestingly, pharmacological studies indicate that the
rats with the longest SSRTs (an ADHD-like phenotype) show the
greatest improvements in SSRT following drug administration
(D-amphetamine, methylphenidate, modafinil, and atomoxetine) (Feola et al., 2000; Eagle et al., 2007a).
Stopping as an endophenotype for ADHD
ADHD is a prevalent neuropsychiatric disorder with childhood
onset that is partly characterized by executive function problems.
Performance of Stop signal and Go–NoGo tasks is often impaired
for affected individuals (Nigg, 2001; Lijffijt et al., 2005). Persons
with a diagnosis of ADHD show altered brain size in right IFC
(Sowell et al., 2003; Durston et al., 2004). They also have decreased functional activation in right IFC for NoGo response
inhibition (Casey et al., 1997; Rubia et al., 2003, 2005) and an
altered right frontal electroencephalographic signature for the
Stop signal task (Pliszka et al., 2000).
Recent work has investigated the familial and genetic basis of
ADHD. Impaired stopping performance appears to aggregate in
the family members of individuals with ADHD and may serve as
an indicator of genetic vulnerability to the disorder (Crosbie and
Schachar, 2001; Schachar et al., 2005). Consistent with this, right
IFC gray matter and functional activation is reduced in unaffected siblings of children and adolescents with a diagnosis of
ADHD (Durston et al., 2004, 2006). Together, these findings suggest that brain structure and function associated with cognitive
control may be sensitive to familial and genetic influences, even

in the absence of differences at a behavioral level. Other work is
investigating putative ADHD genes, such as the dopamine transporter (DAT1) and dopamine D4 receptor (DRD4) genes. The
DAT1 gene, predominantly expressed in the basal ganglia, influences caudate volume, whereas the DRD4 gene, predominantly
expressed in the prefrontal cortex, influences prefrontal gray
matter volume (Durston et al., 2005). In healthy control subjects,
variations in DRD4 lead to significant differences in SSRT estimates for the Stop signal task (Congdon et al., 2007).
Conclusion
Research with the cognitively well operationalized Stop signal
task strongly suggests that manual responses that are already initiated might be rapidly countermanded by means of frontobasal-ganglia circuitry. The fact that rodent and nonhuman primate models exist for the same task is highly useful for better
understanding the connectivity, development, genetic basis, and
pharmacology of this control circuit.
It is likely that the simple Stop signal task taps into a control
circuit that has wider ecological validity. Variation (or damage)
to key nodes in this circuitry (or to their connections) could
produce important individual differences, for example, in aspects
of personality (Logan et al., 1997), in the response to therapy for
eating disorders (Nederkoorn et al., 2006), and in liability
toward and recovery from addiction (Garavan and Hester,
2007). Developmental, traumatic, or experimentally induced
alterations to key nodes in the control circuit lead to psychiatric symptoms such as inattention (Aron and Poldrack,
2005), impulsivity (Knoch et al., 2006), perseveration (Clark
et al., 2007), obsessional thinking (Greenberg et al., 1997), and
mania (Mallet et al., 2007) and could also have relevance for
movement disorders (Stinear and Byblow, 2004) and stuttering (Brown et al., 2005).
Although stopping a response that is already initiated is a different form of control from such typical measures as Go/NoGo, switching, and interference resolution, much evidence suggests that all of
these tasks recruit partly overlapping circuits, especially with respect
to the preSMA and the IFC (Konishi et al., 1999; Swainson et al.,
2003; Aron et al., 2004; Buchsbaum et al., 2005; Isoda and Hikosaka,
2007b; Nee et al., 2007). Importantly, the network described above
may be effector independent, because preSMA, IFC, and the STN are
also recruited by NoGo or stopping studies that have examined the
control of eye movements (Stuphorn and Schall, 2006; Chikazoe et
al., 2007; Hodgson et al., 2007; Isoda and Hikosaka, 2007a,b) and
speech (Xue et al., 2006).
There have been reports that the stopping process (and/or
regions consistent with the stopping network) may be recruited
in the service of controlling thoughts, memory, and emotion
(Logan, 1983; Dolcos and McCarthy, 2006; Hourihan and Taylor,
2006; Depue et al., 2007). Thus an important direction for future
research is to more precisely examine the possible generality of
this network, for the control of information processing over and
above the purely motoric.
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