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The subthalamic nucleus (STN) has been considered a motor structure for a long time.
Over the last 20 years, anatomical and behavioral data have highlighted the position of the
STN within a prefrontal-associative and a limbic loops, suggesting that the STN should
play a critical role in frontal functions such as attention, inhibitory control (including impul-
sive action, compulsivity, impulsive choice), and motivation. Here we will review the work
highlighting these functions of the STN.
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INTRODUCTION

When studying the basal ganglia, many researchers focus their
experiments on the so-called motor loop, one of the five loops
described by Alexander et al. (1986). In this motor loop, the
subthalamic nucleus (STN) belongs to the indirect pathway, posi-
tioned as a relay between the external and the internal globus
pallidus (GPe and GPi respectively). Its dysregulation in the case
of parkinsonism lead to the suggestion of STN inactivation as an
alternative strategy to dopaminergic treatments. STN high fre-
quency stimulation (HFES) was therefore introduced (Limousin
et al., 1995) and is currently very successful in treating the motor
symptoms of Parkinson’s disease (PD). More recently, the STN has
also been described as a possible input structure to the basal gan-
glia since it receives a direct projection from the cortex, a pathway
now called the “hyperdirect pathway” (Nambu et al., 2002). When
looking at the classical diagrams of the five parallel loops, the
STN is traditionally drawn only on the motor loop, but anatom-
ical data indicate that it should not be omitted from the other
loops, including the associative and limbic circuits. Indeed, the
STN receives and sends projections from/to the ventral pallidum
(VP) and also receives inputs from the prefrontal cortex (Groe-
newegen and Berendse, 1990; Groenewegen et al., 1993; Maurice
etal., 1998a,b, 1999). Given these connections, it is expected that its

Abbreviations: 5-CSRTT, 5-choice serial reaction time task; CS, conditioned stimu-
lus; DBS, deep brain stimulation; FR1, fixed ratio 1; GPe/i, external/internal segment
of the globus pallidus; HFS, high frequency stimulation; OCD, obsessive compulsive
disorder; OFC, orbito-frontal cortex; PD, Parkinson’s disease; PET, positron emis-
sion tomography; RT, reaction time; STN, subthalamic nucleus; US, unconditioned
stimulus; VP, ventral pallidum.

functional involvement should not be limited to motor functions,
but should also include “frontal functions,” like attention, inhi-
bition control, and motivation. Some aspects of them have been
partially reviewed (Temel et al., 2005), but there are now more
experimental and clinical sets of data supporting this involvement
of STN in frontal-like functions, and especially on motivation.

STN IN ATTENTION AND IMPULSIVITY

STN IN ATTENTION

The role of the STN in arousal, wakefulness, and alertness was first
suggested in the late 1960s based on studies carried out in the cat
(Naquet et al., 1966; Lindsley et al., 1970). This line of research
was abandoned until the resurgence of interest in the STN as a
therapeutic target for the treatment of PD in the 1990s (Bergman
et al., 1990; Benazzouz et al., 1993).

In a study assessing the effects of STN lesions on the perfor-
mance of a simple reaction time (RT) task, we have shown that
STN lesions induce a dramatic increase in the number of prema-
ture responses (i.e., early withdrawal of the paw from a lever, before
the onset of the visual trigger stimulus). This deficit was hypoth-
esized to result from either an attentional deficit or disinhibition
(Baunez et al., 1995).

In order to further assess attentional functions in rats, we have
then used the “5-choice serial RT task” (5-CSRTT) in which the
animals are trained to wait and detect a brief visual stimulus
that is randomly presented in five possible different locations.
The animals have to divide their attention between these five
possible choices and then respond by making a nose-poke in
the appropriate location in order to obtain a food reward. The
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measure of accuracy is considered as an index of attentional perfor-
mance (Robbins, 2002). In this specific visual attentional task, we
have shown that bilateral excitotoxic lesions of the STN seriously
impaired accuracy, thus suggesting an attentional deficit (Baunez
and Robbins, 1997). These results were the first to highlight the
involvement of STN in cognitive functions. Decreased accuracy in
the same task was also observed after pharmacological inactivation
of the STN induced by stimulation of GABA receptors with mus-
cimol (Baunez and Robbins, 1999). Interestingly enough, bilateral
STN HFS did not reproduce the severe deficit on accuracy in the 5-
CSRTT, but only induced a transient deficit (Baunez et al., 2007).
This difference between STN lesion and HFS suggests that HFS
does not truly mimic an inactivation of the structure, as suggested
by human imaging data (for example (Hershey et al., 2003).

We provided the first evidence of a functional role for the
hyperdirect pathway in the attentional deficits observed in this
behavioral task by disconnecting the medial prefrontal cortex and
the STN, through lesioning the prefrontal cortex on one side
and the STN on the contralateral side. Indeed, the disconnec-
tion induced similar deficits to those observed after bilateral STN
lesions (Chudasama et al., 2003).

From our rat data, the STN therefore appears to be involved in
attentional processes, possibly via the hyperdirect pathway. Clin-
ical studies assessing the cognitive functions of PD patients who
underwent STN deep brain stimulation (DBS) showed contrasting
results. Some of those also report some attentional decline (Saint-
Cyr et al., 2000; Mallet et al., 2007; York et al., 2008), while others
report improvements (Fimm et al., 2009), or no further decline
(Ardouin et al.,, 1999; Brusa et al.,, 2001). Unfortunately, these
studies rarely used tasks specifically designed to assess attention.
Furthermore, it is important to note that human data are mostly
provided by clinical studies in PD patients, therefore depleted in
DA. The effects of STN manipulation in a DA depleted brain may
therefore not always match animal studies carried out in intact
subjects. However, when STN HFS was applied in DA depleted rats
performing the attentional task, there was no detrimental effect of
STN HFS on the measure of visual attention (i.e., accuracy; Baunez
et al., 2007).

STN AND INHIBITION CONTROL

The control of inhibition is commonly associated with impulsiv-
ity and compulsive behavior. Impulsivity itself can be dissociated
into various aspects: impulsive action and impulsive choice (Eagle
and Baunez, 2010). The effects of STN manipulations have been
studied on these various forms by means of different behavioral
procedures.

Impulsive action

As previously mentioned, we have observed increased premature
responding after STN lesions in a simple RT task. This deficit
may reflect a lack of inhibitory control (Baunez et al., 1995). This
result has been replicated after a unilateral STN lesion (Phillips
and Brown, 1999).

Premature responses can also be measured in the visual atten-
tional task, the 5-CSRTT, when the animals are unable to wait
for the brief visual stimulus, but respond in any hole before
the onset of the light. In this task, we have shown that bilateral

lesions of STN increase premature responses (Baunez and Rob-
bins, 1997). Reversible inactivation of the STN by intra-STN
muscimol injections induced the same effect (Baunez and Rob-
bins, 1999). Surprisingly, here again, although HFS is supposed
to mimic an inactivation of the stimulated target, bilateral STN
HFS did not increase the number of premature responses (Baunez
et al., 2007), a measure that has been shown to be amplitude and
frequency dependent in rats performing a RT task (Desbonnet
et al., 2004). This latter observation confirms that STN HFS may
not inactivate the STN in the same manner as the lesion or musci-
mol injections do. However STN HEFS applied in PD patients was
shown to impair response inhibition in a go/no go task (Ballanger
et al., 2009), in line with our lesion studies and in line with the
computational model suggesting that the STN could play a critical
role in “holding a response” (Frank et al., 2007). A more recent
study confirmed this effect of STN HFS on go—no go performance
but provided further details, showing that the limbic territory of
STN (i.e., ventral) was more responsible for the control of inhi-
bition than the motor territory (i.e., dorsal; Hershey et al., 2010).
Although the functional territories are clearly identified and have
been functionally dissociated in humans (Mallet et al., 2007), it is
difficult to address this issue in the rodents and all the studies cur-
rently available in the rat do not allow discussion of the functions
of the STN in terms of anatomical territories.

Many manipulations have been tested in the 5-CSRTT and
reviewing these numerous studies (Eagle and Baunez, 2010) lead
to the generation of a schematic diagram illustrated in Figure 1,
in which each lesion that induces increased premature responding
are highlighted. These structures include the infra-limbic cortex,
orbito-frontal cortex (OFC), dorso-medial striatum, and the STN.
We have also added the cingulate cortex, the nucleus accumbens
(core and shell), as pharmacological treatment or manipulation of
the task can also increase premature responding in animals with
damage to these regions.

The premature responses measured in RT and 5-CSRT tasks,
or incorrect responses in a go/no go task reflect the inability to
inhibit the initiation of a response, including the selection of the
action to perform and waiting for the trigger signal. In contrast,
impulse control is often studied in human subjects using a stop
task. However, it is becoming clear that the stop task, by measuring
the speed to stop an ongoing action, involves different inhibitory
processes which depend on different neural mechanisms (Rubia
et al., 2001; Eagle et al., 2008a).

Using this task, it was indeed shown in human subjects that
STN activation was correlated with faster stopping abilities (Aron
and Poldrack, 2006). In line with this observation, using a stop-
signal RT task in the rat, we have shown that STN lesions impair
animals’ ability to stop an action once it has been initiated (Eagle
etal., 2008b). Again, we have synthesized the data obtained in the
rat on the schematic diagram illustrated in Figure 1. This figure
highlights again an interesting set of cerebral structures: the OFC,
the dorso-medial striatum, as well as the STN.

Perseverative behavior-compulsivity

Another form of deficit in response inhibition relates to repeti-
tion of a response, even if it might be an inappropriate response.
This is also called compulsive behavior and is often linked with
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addiction when the drug consumption switches from recreational
use to compulsive use. When testing the effects of bilateral STN
lesions in the 5-CSRTT, we have observed an increased level of per-
severative responses toward the response locations and toward the
magazine where the animals collect the food reward. These results
suggest a deficit in response control and an increased level of moti-
vation for the reward (discussed in the next paragraph; Baunez and
Robbins, 1997). Interestingly, the perseverative responses on both
response location and reward magazine were also observed after
bilateral STN HFS (Baunez et al., 2007) and after pharmacological
inactivation of the STN (Baunez and Robbins, 1999). Increased
perseverative responses in the 5-CSRTT have been also observed
after lesion of the pre-limbic cortex, the OFC, the dorso-medial
striatum, and the nucleus accumbens core (after failed trials; Eagle
and Baunez, 2010), as shown in Figure 2.

Impulsive choice

Impulsive choice is traditionally assessed using the delay-
discounting task. In this task, the animals are given the choice
between a small but immediate reward and a large but delayed
reward. When tested in this procedure, the STN-lesioned animals
were surprisingly able to overcome their impulsivity and wait for a
bigger reward (Winstanley et al., 2005), in line with the enhanced
incentive motivation observed after STN lesions (Baunez et al.,
2002). This result suggests that when impulsivity competes with
motivation, motivation for a bigger reward wins in STN-lesioned

B stop-signal task inhibition impaired
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FIGURE 1 | Schematic representation of the impulsive action
processes in the stop task and the 5-CSRTT (premature responses)
from lesion and pharmacological manipulations. Colored bands
surrounding each structure highlight the impulsive-like effect of the lesion
of the given structure. Hatched-shaded bands indicate no effect of
excitotoxic lesion, but an effect under pharmacological manipulation or
other conditions). Gray structures indicate that no information is available.
Arrows materialize anatomical connections between regions. CG, cingulate
cortex; PL, pre-limbic cortex; IL, infra-limbic cortex; OFC, orbito-frontal
cortex; HPC, hippocampus; DMStr, dorso-medial striatum; NAcbC, nucleus
accumbens core; NAcbS, nucleus accumbens shell; GP, globus pallidus;
BLA, basolateral amygdale; STN, subthalamic nucleus; VR, ventral pallidum.

rats. This dissociation between impulsive action enhanced by STN
lesions and decreased impulsive choice was confirmed by another
study (Uslaner and Robinson, 2006). These results suggest a spe-
cific role of STN in the control of inhibition that can be under the
influence of the motivation for the outcome (Eagle and Baunez,
2010).

Again, although there are discrepant results regarding the effects
of OFC, Figure 3 illustrates commonalities of effects between the
OFC, the dorso-medial striatum, and the STN.

Conclusion

Taken together these deficits reported on various forms of
inhibitory control highlight a potential role for the STN in impulse
control disorders. In line with this hypothesis, STN HFS has
been shown to have beneficial effects in patients suffering from
obsessive compulsive disorder (OCD; Mallet et al., 2008). The net-
work involving the OFC, the dorso-medial striatum, and the STN
highlighted in Figure 3 seems to be critical for certain forms of
impulsivity/compulsivity. Interestingly, a recent study using PET
imaging suggests that the therapeutic effect of STN HFS in OCD
patients is related to a decrease in prefrontal cortex metabolism
(Le Jeune et al., 2010).

STN IN MOTIVATIONAL PROCESSES
The first observation that the STN may be involved in motiva-
tional processes comes from behavioral studies of STN lesions in
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FIGURE 2 | Schematic representation of the impulsive action and
perseveration/compulsivity processes in the stop task and the
5-CSRTT (premature responses and perseverative responses) from
lesion and pharmacological manipulations. Colored bands surrounding
each structure highlight the impulsive-like effect of the lesion of the given
structure. Hatched—-shaded bands indicate no effect of excitotoxic lesion,
but an effect under pharmacological manipulation or other conditions). Gray
structures indicate that no information is available. Arrows materialize
anatomical connections between regions. CG, cingulate cortex; PL,
pre-limbic cortex; IL, infra-limbic cortex; OFC, orbito-frontal cortex; HPC,
hippocampus; DMStr, dorso-medial striatum; NAcbC, nucleus accumbens
core; NAcbS, nucleus accumbens shell; GP, globus pallidus; BLA,
basolateral amygdale; STN, subthalamic nucleus; VP, ventral pallidum.
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FIGURE 3 | Schematic representation of the impulsive action,
perseveration/compulsivity, and impulsive choice processes in the
stop task, the 5-CSRTT (premature responses and perseverative
responses) and the delay-discounting task from lesion and
pharmacological manipulations. Colored bands surrounding each
structure highlight the impulsive-like effect of the lesion of the given
structure. Hatched-shaded bands indicate no effect of excitotoxic lesion,
but an effect under pharmacological manipulation or other conditions). Gray
structures indicate that no information is available. Arrows materialize
anatomical connections between regions. CG, cingulate cortex; PL,
pre-limbic cortex; IL, infra-limbic cortex; OFC, orbito-frontal cortex; HPC,
hippocampus; DMStr, dorso-medial striatum; NAcbC, nucleus accumbens
core; NAcbS, nucleus accumbens shell; GR globus pallidus; BLA,
basolateral amygdale; STN, subthalamic nucleus; VR, ventral pallidum (from
Eagle and Baunez, 2010).
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rats. Indeed, in the 5-CSRTT, bilateral lesions of the STN dramat-
ically increases the number of perseverative responses made at the
food receptacle (Baunez and Robbins, 1997). This deficit may indi-
cate an increase in motivation for the reward. In addition, clinical
reports showed that an infarct or tumor in the STN could lead to
pathology such as hyperphagia, hypersexuality, and mood exalta-
tion (Trillet et al., 1995; Absher et al., 2000; Barutca et al., 2003).
Taken together, these data suggest that the STN may be implicated
in motivation.

We thus decided to assess directly the role of the STN in motiva-
tional processes by studying its involvement in motivation for food
(Baunez et al., 2002). In this study, we first showed that bilateral
lesions of the STN did not affect primary motivational processes
as assessed by measures of food consumption during 2 or 24 h.
On the other hand, STN lesions increased motivation for stim-
uli associated with food as assessed in several behavioral tasks.
The conditioned locomotor activity procedure allows measure-
ment of locomotor activity when animals anticipate food delivery.
After conditioning, rats with STN lesions had a higher locomo-
tor activity during the waiting period that indicates a higher level
of expectation for the food. Furthermore, in a conditioned rein-
forcement task, in which a lever is associated with a conditioned
stimulus (CS, i.e., a light previously paired with food), when
compared to control rats performance, STN lesions increased the
number of responses on the lever associated with the CS. These

results show that STN lesions do not affect the association between
the CS and the unconditioned stimulus (US, i.e., the food), but
that it increases the motivation for the reward. Further studies
looking at the role of the STN in food motivation confirmed
these results using other behavioral tasks. Indeed, in a conditioned
place preference task, STN lesions increased the time spent in the
compartment associated with food (Baunez et al., 2005). In this
paradigm, animalslearn to associate a particular environment with
a particular reward, while another environment serves as control.
After conditioning, in the absence of the reward, an increase in the
time spent in the environment associated with the reward indi-
cates an increase in the incentive motivation for it. In addition, in
an autoshaping or a sign tracking task, in which a visual stimu-
lus or a lever is presented as a CS when the reward is delivered,
STN lesions increased the number of approaches to the stimulus
or lever presses on the lever associated with reward delivery and
not on the control lever (Winstanley et al., 2005; Uslaner et al,,
2008), thus confirming the increased motivation for stimuli asso-
ciated with food after STN lesion (Baunez et al., 2002). Finally,
although the food consumption measured in a continuous sched-
ule of reinforcement (fixed ratio 1, FR1), in which one lever press
leads to the delivery of one sucrose pellet, is not affected by STN
lesion (Baunez et al., 2002), the willingness to work for food was
increased by STN lesions as shown in the progressive ratio task
where the lesion increases the last ratio completed (Baunez et al.,
2005). In this task, the number of lever presses required to receive
the same reward increases within the session until the animal stops
responding for the reward, thereby reaching its breaking point (or
last ratio completed). This paradigm allows direct measurement
of the motivation to exert effort to obtain a particular reward.
It is possible that the STN lesion impaired the perception of the
“cost of the reward” as observed after excitotoxic lesion of the
nucleus accumbens (Bowman and Brown, 1998). However, this
could hardly explain the results observed in the conditioned place
preference since this task does not involve any effort or cost.

Taken together these results show that the STN is implicated in
incentive motivation for food since lesions to this nucleus increase
responses to stimuli associated with food. In contrast, the STN is
not involved in food consumption, ruling out the possibility that
STN lesions might simply increase hunger.

Interestingly, further studies have shown that STN lesions do
not affect cocaine or alcohol consumption either, as measured in
a FR1 task (Baunez et al., 2005; Lardeux and Baunez, 2008). The
lesion does not change alcohol consumption in the home cage,
whatever the alcohol concentration tested or the type of alco-
hol [ethanol or aniseed-flavored alcohol (i.e., pastis); Lardeux and
Baunez, 2008]. These results show that whatever the reward tested,
the lesion of the STN does not affect reward consumption, which
rules out a possible accidental lesion of the lateral hypothalamus
that is in close vicinity with the STN. The STN is thus not involved
in primary reward processes.

Interestingly, as for food, STN lesions affect motivational
processes for cocaine and alcohol, but in different ways. Indeed,
a striking result shows that STN lesions decrease motivation for
cocaine, having an opposite effect than for food (Baunez et al,,
2005). In fact, STN lesions decrease the willingness to work for
self-administered cocaine, as assessed in the progressive ratio task.
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It is to be noted that another study showed the opposite results
(Uslaner et al., 2005), but number of reward the rats received
per session is so low that one may wonder whether or not the
animals had acquired the self-administration behavior. Further-
more, in the conditioned place preference task, lesions of the STN
decreased the time spent in the compartment associated with
cocaine. These unexpected results highlight a possible role for
the STN in modulating the reactivity of the reward system with
regard to the nature of the reward involved, and open a new and
interesting research strategy for treatment of cocaine addiction.
Indeed, the STN could be an interesting target where motivation
for the drug could be decreased, while other forms of motivation
would not be altered, and even a resumption of interest in some
activities would occur. To explore this possibility further, we then
tried to replicate these results using DBS of the STN instead of
a lesion. Interestingly, as for the lesion and shown in Figure 4,
STN HEFS decreases the motivation for cocaine while increasing
the motivation for food (Rouaud et al., 2010). These results, while
obtained in intact rats, are in line with some clinical observations
in PD patients, reporting craving for sweet food in some cases, or
decreased addictive behavior toward their dopaminergic treatment
after STN DBS (Witjas et al., 2005; Ardouin et al., 2006; Knobel
et al., 2008; Lim et al., 2009). These results suggest that STN HEFS
could thus represent an interesting strategy for the treatment of
cocaine addiction.

When testing the effects of bilateral STN lesions on motivation
for alcohol, we have shown that it could also affect motivation
in an opposite manner depending on the animals’ initial prefer-
ence for the reward (Lardeux and Baunez, 2008). In this study,
rats were separated into two groups, High and Low Drinkers
depending on their alcohol preference. After STN lesions, High
Drinker rats showed an increase of their motivation for alcohol,
while Low Drinker rats showed a decrease in their motivation, as
assessed by both the progressive ratio task and the conditioned
place preference task (Lardeux and Baunez, 2008).

Taken together, these behavioral results show that STN lesions
affect incentive motivation depending on the nature of the reward,
but also on the initial level of preference for the reward. This latter
observation highlights how critical pre-surgery assessment of the
patients can be, in order to prevent or better anticipate some of
the possible side-effects of STN DBS in PD patients (for example,
in a patient with history of alcoholism, STN DBS could lead to
relapse).

The first motivational neuronal correlates in the STN have
been observed in the monkey (Matsumura et al., 1992). They
recorded STN neurons that were activated only when the tar-
get presentation was followed by reward delivery. A more recent
monkey study showed that STN neurons respond during the
reward anticipation phase or after the reward delivery (Darbaky
et al., 2005). In the rat, neuronal responses to the stimulus pre-
dicting the reward and to the reward delivery have also been
shown (Teagarden and Rebec, 2007). We have recently performed
electrophysiological recording of STN neurons in rats revealing
that they can encode the value of the reward (Lardeux et al,
2009). We designed a task where the rat had to press and hold
a lever down for 1s. Halfway through the holding period, a
stimulus predicting which one of the two possible rewards will
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FIGURE 4 | Effects of bilateral high frequency stimulation (HFS) of the
STN on motivation to work for either food (A) or intravenous cocaine
(B) in control [OFF stimulation (empty bars)] and stimulated rats
(black bars) performing a progressive ratio schedule of reinforcement.
Rats were required to produce an increasing number of lever presses to
obtain the given reward. The number of rewards obtained is illustrated on
the upper part of the graph, while the last ratio reached is illustrated on the
lower part. (taken from Rouaud et al., 2010). Vertical bar: SEM. ***p < 0.05
and p < 0.01 respectively compared with control group (OFF stimulation
condition).

be delivered at the end of the trial was briefly presented. We
have shown that STN neurons could be categorized into sub-
populations responding differently to the various rewards. One
sub-population responded exclusively to the cue predicting a 4%
sucrose solution, but did not respond to the cue predicting the
other reward (32% sucrose solution). The other sub-population
responded to the cue predicting 32% sucrose, but not to the cue
predicting 4% (Lardeux et al., 2009). In another study, we fur-
ther showed that this dissociation is also observed when the two
rewards are sucrose and cocaine (Lardeux et al., 2008). These stud-
ies showed that the STN encodes the reinforcing properties of
a reward. We have also shown that some STN neurons, that we
called “oops” neurons, encode behavioral error depending on the
expected reward.

These electrophysiological results showing a differential encod-
ing depending on the nature and on the preference for a reward
are in line with the behavioral results suggesting a role of STN in
motivation with regards to the nature of the reward, its valence
and also to the preference for it. Since the encoding of the rel-
ative preference for a reward has been observed in the OFC of
the monkey (Tremblay and Schultz, 1999), it might well be possi-
ble that this role of STN is under the control of the OFC via the
so-called “hyperdirect pathway.” The direct cortical influence on
STN activity may also explain the existence of “oops neurons” that

Frontiers in Systems Neuroscience

www.frontiersin.org

October 2011 | Volume 5 | Article 83 | 5


http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive

Baunez and Lardeux

Frontal functions of STN

share properties with anterior cingulate neurons recorded in the
monkey (Amiez et al., 2005).

GENERAL CONCLUSION

By reviewing the wide-range of data available regarding the
involvement of the STN in frontal-like functions, it is now obvi-
ous that this small region of the brain plays a critical role in
far more than motor functions. Not only can inactivation of
the STN affect attentional processes, it can induce a loss of
inhibitory control, in line with the proposition that an intact
STN could help “holding your horses” (Frank et al., 2007)
and affect motivational processes. These possible dysfunctions
caused by STN inactivation could be important when consider-
ing that the current strategy for the treatment of parkinsonism
is STN DBS. Whether STN DBS mimics strictly an inactivation
is still under debate, but several lines of evidence indicate that
it might not be truly the case (see for review Gubellini et al,,
2009).

For many years the STN has been considered as a relay structure
of the striatal information on the so-called “indirect pathway.” The
network we have highlighted involving the dorso-medial striatum
supports this view. However, it also seems obvious from vari-
ous points raised in this review that the hyperdirect pathway,
especially that involving the OFC, contributes a lot to some of

the behavioral responses observed after STN manipulation. To
what extent and how the STN integrates both direct cortical and
indirect striatal informations remains to be elucidated, but the
STN may be at a critical juncture to operate as a “gate-control”
for action selection under the influence of the most valuable
reward.

Despite its relatively small size, the STN appears to be not only
important and valuable for the treatment of PD, but its involve-
ment in frontal functions suggests that it could be an interesting
structure to target for the treatment of psychiatric disorders such
as OCD (Mallet et al., 2008) and possibly addiction (Krack et al.,
2010; Rouaud et al., 2010).
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