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The role of the subthalamic nucleus in cognition?

Abstract: Because the complex functions of the basal gan-
glia have been increasingly studied over the past several
decades, the understanding of the role of the subtha-
lamic nucleus (STN) in motor and cognitive functions has
evolved. The traditional role in motor function ascribed
to the STN, based on its involvement in the cortico-stri-
ato-thalamo-cortical motor loops, the pathologic STN
activity seen in Parkinson’s disease, and the benefits in
motor symptoms following STN lesions and deep brain
stimulation, has been revised to include wider cognitive
functions. The increased attention focused on such non-
motor functions housed within the STN partially arose
from the observed cognitive and affective side effects seen
with STN deep brain stimulation. The multiple modalities
of research have corroborated these findings and have
provided converging evidence that the STN is critically
involved in cognitive processes. In particular, numerous
experiments have demonstrated the involvement of the
STN in high-conflict decisions. The different STN func-
tions appear to be related to activity in anatomically
distinct subregions, with the ventral STN contributing
to high-conflict decision-making through its role in the
hyperdirect pathway involving the prefrontal cortex.
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Introduction

Because the complex functions of the basal ganglia have
been increasingly studied over the past several decades,
the understanding of the role of the subthalamic nucleus
(STN) in motor and cognitive function has evolved. The tra-
ditional role in motor function ascribed to the STN, based
on its involvement in the cortico-striato-thalamo-cortical
motor loops, the pathologic STN activity seen in Parkin-
son’s disease (PD), and the benefits in motor symptoms
following STN lesions and deep brain stimulation (DBS),

has been revised to include wider cognitive functions. The
increased attention focused on such nonmotor functions
housed within the STN partially arose from the observed
cognitive and affective side effects seen with STN DBS. The
multiple modalities of research have corroborated these
findings and have provided converging evidence that the
STN is critically involved in cognitive processes. In particu-
lar, numerous experiments have demonstrated the involve-
ment of the STN in high-conflict decisions. The different
STN functions appear to be related to the activity in ana-
tomically distinct subregions, with the ventral STN contrib-
uting to high-conflict decision-making through its role in
the hyperdirect pathway involving the prefrontal cortex.

Here, we will review the literature that has led to this
understanding of the role of the STN in cognition. We
will begin by reviewing the anatomy of the STN and will
describe various anatomic and computational models of the
pathways of STN activity. We will discuss the results from
animal experiments investigating the effect of STN lesions
and stimulation on cognitive tasks. Then, we will review
the clinical effects observed after STN DBS in terms of both
cognitive and affective side effects. Next, we will turn to
human experimental studies. We will review imaging find-
ings demonstrating STN activity during various cognitive
tasks as well as functional imaging changes seen with STN
stimulation. We will discuss experiments that specifically
address the effects of STN stimulation on cognitive function
and emotion and will examine the results of electrophysiol-
ogy studies of human STN activity related to cognitive func-
tion. In each section, we will consider the literature regard-
ing both cognitive and affective processes housed within the
STN. We will emphasize the cognitive component because
the experimental, clinical, and theoretical literature in this
domain is more robust. The purpose of this review is to
synthesize the literature to date on the nonmotor functions
of the STN. Ultimately, an improved understanding of the
intricacies of the STN functions will hopefully yield more
sophisticated and effective means of treating disorders in
which this nucleus is involved.

STN anatomy

The STN is a biconvex structure situated between the
internal capsule anterolaterally, the cerebral peduncle
and substantia nigra ventrolaterally, the red nucleus
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posteromedially, and the thalamus and zona incerta
dorsally (Figure 1A). The nucleus consists of approxi-
mately 560,000 neurons and is approximately 240 mm?
in volume in humans. The nucleus receives its vascular
supply from both anterior and posterior circulations via
the anterior choroidal artery, the posterior communi-
cating artery, and the posteromedial choroidal arteries.
Notably, one of the early surgical treatments for PD was
anterior choroidal artery ligation, the benefits of which
may have been related to the effect of STN infarction
(Hamani et al., 2004).

The studies of basal ganglia motor function led to
a model of direct and indirect striatal output pathways
that originate from separate neuronal populations and
contain different dopamine receptors with opposite
end-effects. The monosynaptic direct pathway, activated
by striatal D1 receptors, connects the putamen and the
internal segment of the globus pallidus (GPi), with result-
ant decrease in the inhibition of the ventrolateral (VL)
thalamic nucleus and resultant motor facilitation. The
polysynaptic indirect pathway, activated by striatal D2
receptors, connects the putamen and the GPi via inter-
vening synapses in the external segment of the globus
pallidus (GPe) and STN with resultant GPi excitation and
increased VL inhibition and concomitant motor inhibi-
tion (Figure 1B, left) (Alexander and Crutcher, 1990). This
indirect pathway, involving the STN, has been viewed as
an inhibitory modulator of motor output and the pathway
works in concert with the direct pathway to allow for the
execution of a given motor program and the inhibition of
others.

DE GRUYTER

Based on this model of direct and indirect pathways
and the role of dopamine depletion in the pathophysi-
ology of PD, new insights were gained through animal
models of PD into the role of the basal ganglia in the
pathophysiology of movement disorders (Figure 1B,
middle). In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated primates, both GPi and STN demonstrated
increased neuronal firing rates (Bergman et al., 1994),
leading to the interpretation that, in hypokinetic disorders,
including PD, dopamine loss leads to the disinhibition of
the STN through the indirect pathway and the excitation
of the GPi through both direct and indirect pathways. The
resultant cumulative thalamic inhibition results in brad-
ykinesia observed in PD, whereas, conversely, increased
thalamic output serves as the basis for hyperkinetic dis-
orders (Bergman et al., 1994; Wichmann et al., 1994a,b).
Based on this interpretation, a renewed interest in surgi-
cal treatments for PD led to the revival of both pallidot-
omy and subthalamotomy, effective procedures that had
largely been abandoned after the discovery of levodopa.
These lesions were found to reverse parkinsonian symp-
toms in animal models and in patients (Figure 1B, right).
Soon after, the high-frequency stimulation (HFS) of the
STN was shown to exhibit similar benefits for the motor
symptoms of PD (Limousin et al., 1995a,b). Clinical trials
demonstrated the significant benefit of STN DBS on the
motor symptoms of PD, particularly tremor and rigidity,
compared with medical therapy (Deuschl et al., 2006;
Weaver et al., 2009; Williams et al., 2010), and the treat-
ment gained Food and Drug Administration approval in
2002.

Hyperdirect
pathway

Indirect
pathway

(GABA)

Figure1 (A) Schematic representation of the position of the STN and the surrounding structures and tracts. AL, ansa lenticularis; CP,
cerebral peduncle; FF, fields of Forel; Hl, Hl field of Forel (thalamic fasciculus); IC, internal capsule; LF, lenticular fasciculus (H2); PPN,
pedunculopontine nucleus; Put, putamen; SN, substantia nigra; Thal, thalamus; ZI, zona incerta. From Hamani et al. (2004) (courtesy of
Oxford Publications). (B) Representation of direct and indirect pathways of motor control in the normal state (left), parkinsonian state with
loss of dopamine input from the substantia nigra in an MPTP model (middle), and after treatment of MPTP-induced dopamine depletion
with STN lesioning (right). Filled arrows, inhibitory connections; open arrows, excitatory connections. SNc, substantia nigra pars compacta.
From Bergman et al. (1990) (permission pending). (C) Representation of the role of the hyperdirect pathway in relation to the direct and
indirect pathways, demonstrating signal from the cortex through the STN to the GPi and then thalamus. From Nambu (2004) (Reprinted with

permission from the original reference).
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Despite the established clinical benefit of STN DBS,
though, several clinical inconsistencies were noted with
the rat model of basal ganglia function. Specifically, the
lesions of GPi did not result in dyskinesias, and the lesions
in the thalamic motor nuclei did not result in akinesia
(Marsden and Obeso, 1994). As a result, attention shifted
in subsequent years to abnormalities of basal ganglia and
thalamic burst patterns in PD (Hammond et al., 2007)
and to the pathologic synchronous B frequency oscilla-
tions observed in the STN and GPi in both primate models
and patients with PD (Heimer et al., 2002; Goldberg
et al., 2004; Kuhn et al., 2005b; Weinberger et al., 2006).
According to this interpretation, the pathologic hyper-
synchronization of the cortico-basal ganglia-thalamo-
cortical pathway contributes to the motor symptoms of
PD. Indeed, the reductions in these oscillations correlate
with the administration of levodopa (Levy et al., 2002),
and some evidence suggests that the function of STN DBS
is the disruption of these pathologic [ oscillations (Brown
et al., 2004; Meissner et al., 2005).

Although significant progress has been made in under-
standing the motor control circuits of the basal ganglia,
motor control comprises only one component of the seg-
regated and parallel motor, associative, and limbic loops
hypothesized to govern basal ganglia function (Alexander
and Crutcher, 1990; Alexander et al., 1990). Similarly, the
STN has been subdivided into three functional regions:
a dorsolateral region that connects with motor pathways
and the ventral and medial segments that connect with
associative and limbic pathways respectively (Figure 2A)
(Parent and Hazrati, 1995). The specific functions of the
STN within, and the connections to, these associative
and limbic circuits are not as well defined as in the motor
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circuit. The associative, or prefrontal, circuits originating
from the dorsal prefrontal cortex and the lateral orbito-
frontal cortex project through the dorsolateral head of
the caudate nucleus to the globus pallidus and substantia
nigra, and then to the ventral anterior and centromedian
thalamic nuclei, before closing the loop back to the cortex
(Figure 2B) (Alexander et al., 1990). The exact connection
of the STN to this circuit is not well defined, although the
known connections between the STN and the globus pal-
lidus and substantia nigra suggest its involvement (Temel
et al., 2005). The limbic circuit involves projections from
the anterior cingulate and medial orbitofrontal cortex to
the mesiotemporal limbic cortices, hippocampus, and
amygdala that further connect through the ventral stria-
tum to the ventral pallidum (VP) and medial dorsal tha-
lamic nuclei. The STN has reciprocal connections with the
VP, which is considered the major limbic circuit output.
Modulation of STN neurons directly impacts VP activ-
ity, strongly implicating the STN in cortical limbic circuit
function (Figure 2B) (Alexander et al., 1990; Parent and
Hazrati, 1995; Temel et al., 2005).

More recently, a “hyperdirect” pathway has been
described that involves an early signal from the motor
cortex through the STN to GPi (Nambu et al., 2002). Accord-
ing to models incorporating this pathway, the execution of
a voluntary movement is preceded by a fast, short latency
signal from the cortex to the STN that is then conveyed to
GPi, which diffusely inhibits the motor thalamus. Subse-
quent activation of the cortico-striatal direct pathway dis-
inhibits the motor thalamus for a selected motor function,
whereas the indirect pathway sends a third signal to sup-
press the competing actions (Figure 1C) (Nambu, 2004).
The functional significance of the hyperdirect pathway
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Figure 2 (A) Schematic representation of the anatomic subterritories within the STN and their projections based in the primate based on
tracer studies. AS, associative; CD, caudate nucleus; GPv, ventral pallidum; LI, limbic; PUT, putamen; SM, sensorimotor; SNr, substantia
nigra pars reticulata. From Parent and Hazrati (1995). (B) (left) The associative pathway involves the dorsolateral and lateral orbitofrontal
cortices, which project both directly to STN and to the head of the caudate, with further projections to GPi and GPe, involving STN then
through the direct and indirect pathways. (Middle) The connections of the STN to the VP and the relationship of the VP with the ventral stria-
tum, mediodorsal nucleus of the thalamus, and other limbic structures implicate the STN in these limbic pathways. (Right) From Temel et al.
(2005) (Reprinted with permission from the original reference).
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is of particular importance in models incorporating STN
function in decision-making (Gurney et al., 2001; Frank,
2006; Humphries et al., 2006; Bogacz and Gurney, 2007;
Ratcliff and Frank, 2012). These models focus on the rela-
tionship between the medial prefrontal cortex (mPFC),
already extensively described in its role in decision-
making (Kable and Glimcher, 2009), and the basal ganglia,
particularly the STN. In such models, the STN dynamically
adjusts response thresholds based on competing cortical
inputs, hence enabling the integration of multiple inputs
to achieve an optimal decision (Frank, 2006). Theoretical
work and electrophysiologic studies, described below,
have provided support for this function.

Experimental animal studies

The numerous animal lesion and stimulation studies
helped elucidate the cognitive functions of the STN
(Baunez and Lardeux, 2011). In one of the first STN lesion
studies exploring cognitive function, rats undergoing
dopamine depletion following injection of 6-OHDA dem-
onstrated parkinsonian symptoms with significantly
increased delayed responses on a simple reaction time
task (Baunez et al., 1995). The subsequent STN lesioning
with ibotenic acid injection reversed these delays but also
resulted in greater rates of error due to increased prema-
ture responses. Histopathologic analysis demonstrated
greater damage to the medial as opposed to dorsolateral
STN following injection, consistent with the differential
network involvement of subterritories of the STN (Baunez
et al., 1995).

In a subsequent study, STN lesioned rats commit-
ted significantly more errors on an attentional task,
primarily because of premature responses, and had sig-
nificantly longer response times during correct choices
(Baunez and Robbins, 1997). The paradoxical finding of
increased correct response latency and increased prema-
ture responses implicates the STN in both attention and
impulsivity. STN lesioning also has been shown to impair
the ability of rats to stop an initiated action (Eagle et al.,
2008) and to result in an increased response impulsiv-
ity (Wiener et al., 2008), together implicating the STN in
response inhibition (Figures 3A and 3B).

The studies investigating the effects of STN HFS on
cognitive processes have demonstrated similar, but not
identical, results. STN HFS applied to both control and
dopamine-depleted rats resulted in significantly more
errors in accuracy and increased latency in an attentional
task but did not result in increased rates of premature
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responses (Baunez et al., 2007). Notably, these cognitive
changes were transient and did not persist when stimu-
lation was continued beyond several days. In a separate
study, the premature responses elicited by HFS (130 Hz)
linearly decreased with the amplitude of stimulation,
whereas low-frequency stimulation (30 Hz) demonstrated
no effect (Desbonnet et al., 2004). Although these results
highlight the uncertainty of the mechanism of DBS,
the study does confirm the role of the STN in cognitive
processes.

A number of animal behavioral and electrophysi-
ologic studies have similarly explored the function of the
STN in motivation and reward (Baunez et al., 1995, 2002,
2005; Baunez and Robbins, 1997; Le Jeune et al., 2009).
STN lesions result in increased motivation for a condi-
tioned reward in terms of both how much a rat anticipated
the conditioned reward (Baunez et al., 2002) and how
much the animal was willing to work for a given reward
(Baunez et al., 2005). This effect seemed to be related to
the nature of the reward, because the finding was present
for food rewards but not for cocaine (Figure 3C) (Baunez
etal., 2005). High-frequency STN stimulation had a similar
effect, increasing motivation for food while decreasing
motivation for cocaine (Rouaud et al., 2010). The animal’s
initial reward preference has been shown to determine the
nature of the effect (Lardeux and Baunez, 2008), suggest-
ing that the STN lesions may contribute to the reinforce-
ment of the initial preferences in humans as well.

Although there are relatively few studies investigating
the cognitive functions of the STN in nonhuman primates,
STN neurons were demonstrated to increase the activity in
response to visual cues indicating upcoming reward in a
visually guided reward task (Matsumura et al., 1992). The
location of these responsive neurons within the STN was
not specified. More recently, both increases and decreases
in STN activity were shown during reward anticipation
and delivery (Darbaky et al., 2005). Although the neurons
in the ventromedial STN were not explicitly sampled in
this study, these changes in STN activity were observed
along the entire course of the STN recording tract. In
another study investigating the role of the STN in a visual
reward task, the STN neurons found predominantly in the
ventral associative STN demonstrated increased activity
both when making volitional eye movements and when
inhibiting habitual saccades (Isoda and Hikosaka, 2008).

Overall, the numerous experimental animal studies
investigating the cognitive contributions of the STN
confirm the involvement of the nucleus in pathways
related to cognitive and affective functions. The role of
the STN in response inhibition has been established,
particularly during responses requiring a higher degree
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Figure 3 (A) In a reaction time task in rats, STN lesions caused increased error rate accounted for by increased premature responses
with associated decreased reaction times. There was no difference in delayed responses between groups. (B) These increased errors
were accompanied by faster reaction times in correct trials. (C) STN lesions resulted in differential effects on the preferences of rats for
food compared with cocaine rewards. Reproduced from Baunez et al. (1995) and Baunez et al. (2005) (Reprinted with permission from the

original reference).

of cognitive input. In addition, emotional or affective
process functions are implicated in the studies investi-
gating reward motivation. Taken together, these findings
provide an important foundation for further studies in
humans and yield some insight into the conflicting results
seen in the clinical application of STN DBS.

Clinical cognitive and affective side
effects of STN DBS

With the proliferation of STN DBS over the past two
decades, numerous clinical studies have reported cogni-
tive and behavioral side effects associated with stimulation
(Temel et al., 2005). Caution, however, must be exercised
in drawing conclusions regarding STN neurophysiologic
functions from these studies. All clinical studies by defini-
tion involve patients with PD, in which the known patho-
logic activity of the STN limits any interpretation of the
normal STN function. In addition, the ability to differenti-
ate the effects of DBS from those of disease progression
is limited to the few clinical trials that include control PD

patients and that control for changes in medical manage-
ment during stimulation. For example, a reduction in
levodopa doses following STN DBS may result in fewer
disabling medication-induced dyskinesias but also pre-
cipitate depressive side effects. The effects on groups
of patients must also be distinguished from individual
patient effects, and global cognitive or behavioral func-
tion must be separated from particular processes. In addi-
tion, the precise location of the DBS stimulating electrode
within the STN and its subterritories is not confirmed in
many studies, making it unclear whether the stimulation is
indeed being applied within the STN, which subregion of
the STN is receiving stimulation, and whether the observed
effects are the result of direct stimulation or current spread
to structures outside the STN. Finally, because the mecha-
nisms of action of DBS are incompletely understood, the
ability to infer the normal cognitive and affective functions
of the STN from clinical stimulation is quite limited. Given
these limitations, however, we will review those clinical
studies that provide the greatest insight into the cognitive
and affective functions of the STN.

The most consistent cognitive effect reported with STN
stimulation is a decline in verbal fluency, with additional
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cognitive changes also reported in response inhibition,
working memory, and executive function and with affec-
tive changes including depression and hypomania (Temel
et al., 2005). More infrequently, improvements in overall
cognitive function, including specific components such
as mental flexibility and working memory, have been
reported (Jahanshahi et al., 2000). In a meta-analysis
examining the effect of STN stimulation on cognition and
affect, 41% of patients receiving chronic bilateral STN DBS
exhibited cognitive side effects, 8% exhibited depression,
and 4% exhibited hypomania (Temel et al., 2006b). These
findings have been interpreted in the context of the dif-
ferential subregions of the STN: whereas dorsolateral STN
stimulation provides motor symptom benefit, the inhibi-
tion of the ventral and medial STN likely contributes to
the cognitive and affective side effects, respectively (Temel
et al., 2005; Voon et al., 2006). A number of subsequent
studies investigating the long-term effects of STN stimula-
tion have demonstrated relatively minor global cognitive
deficits. The cognitive side effects seen after 5 years of stim-
ulation did not worsen over subsequent years (Fasano et
al., 2010). Whereas STN compared with GPi DBS resulted
in significantly more cognitive side effects including word
fluency and abstract reasoning, despite increased motor
efficacy (Rodriguez-Oroz et al., 2005), others found that
global cognitive function was unchanged (Contarino
et al., 2007).

One way to investigate the role of the STN in cogni-
tive functions is to compare the effects of STN DBS with
standard medical therapy. In a randomized trial of STN
DBS compared with best medical therapy in 156 patients,
STN DBS demonstrated significant benefits at 6 months in
terms of the primary outcomes of quality of life and sever-
ity of motor symptoms off medication, with no significant
differences in overall cognitive and neuropsychiatric
function between groups (Deuschl et al., 2006). Although
the individual adverse events of dysarthria, depression,
and mild or moderate cognitive disturbances were seen in
the stimulation group, the episodes of depression had all
resolved by the end of the 6-month study period. However,
in a subset of 123 patients in this study who underwent
detailed neuropsychiatric testing, STN DBS resulted in a
significant decline in specific executive functions, such as
semantic and phonemic verbal fluency, and significantly
more errors in a Stroop interference task. Notably, other
cognitive functions, including verbal memory, digit span,
and delayed recall, were not affected, and the measures of
affect demonstrated no significant changes in combined
measures of anxiety and depression, mania, apathy, or
hostility (Witt et al., 2008). Although microelectrode
recording was used in these studies to help localize DBS
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implantation, the articles do not comment on the assess-
ment of the final position of the stimulating electrode.

Another way of examining the cognitive and affective
functions of the STN is to observe the effects seen during
STN DBS compared with GPi DBS. In one study of 299
patients randomly assigned to STN or GPi DBS, there were
no significant changes in the primary outcome of motor
function at 24 months (Follett et al., 2010). However,
although there were no significant changes in quality-
of-life measures of cognition or emotional well-being,
patients receiving STN DBS had a small but significant
increase in depression compared with a slight decrease
in those receiving GPi DBS. Furthermore, although both
groups demonstrated declines in processing speed,
working memory, and verbal fluency at the time of assess-
ment, the only significant difference between the groups
was seen in significantly greater declines in processing
speed in patients receiving STN DBS. Interestingly, neither
group demonstrated a change in performance in the
Stroop interference test (Follett et al., 2010). In a separate
study investigating the effects of DBS on cognition and
mood, 52 patients were randomized to unilateral STN or
GPi DBS and evaluated for the effects on mood, depres-
sion, and verbal fluency at 7 months after implantation
with optimal stimulation and when stimulation was
applied more ventrally, dorsally, or turned off (Okun et
al., 2009). Although, with ventral stimulation, patients in
both groups were less happy and more confused, stimula-
tion location did not impact the changes in verbal fluency.
Indeed, the decline in verbal fluency seen with STN DBS
persisted even when stimulators were turned off, suggest-
ing that this effect may result from the lesional impact of
surgical implantation itself (Okun et al., 2009).

Although these clinical trials mainly assess the impact
of STN DBS on the entire population, the discrepancies
with regard to effects of STN DBS on cognition and mood
point to the difficulty in drawing conclusions regard-
ing the actual cognitive or affective functions of the STN
based on clinical effects, even in well-controlled studies.
Smaller studies examining acute changes as a result of
stimulation may provide additional insight into cognitive
and affective processes in which the STN functions.

In one study investigating declarative and nonde-
clarative memory in 12 patients with bilateral STN DBS,
patients off stimulation demonstrated a significant deficit
in nondeclarative memory compared with healthy con-
trols, but this deficit was reversed with active stimulation
(Halbig et al., 2004). Conversely, stimulation resulted in
a significant decline in declarative memory, suggest-
ing that the distinction between the effects on memory
may be related to the differential effects on the dorsal
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striatum via the associative pathway and the mesiotem-
poral lobe via the limbic pathway (Halbig et al., 2004). In
a separate study investigating the effects of STN stimula-
tion on working memory and response inhibition in 24
patients who had undergone bilateral DBS, STN stimula-
tion resulted in impaired performance in both a spatial
delayed recall task and a Go—No Go task during condi-
tions of high cognitive load (Hershey et al., 2004). The
authors interpret the results as evidence that STN stimula-
tion interferes with the processes that require high cogni-
tive control. This interference on the braking function of
the STN simultaneously allows for the benefits in PD in
terms of rigidity while impairing higher cognitive function
(Hershey et al., 2004).

Indeed, the changes in response inhibition have been
demonstrated in several studies investigating the cogni-
tive effects of STN stimulation. In one study of 13 patients
investigating the effects of stimulation, STN stimula-
tion resulted in significantly more errors in the Stroop
interference test but also improved performance in the
random number generation test, trail-making test, and
Wisconsin card-sorting test (Jahanshahi et al., 2000).
The authors note that the similarity of tasks in which
there was improvement with STN stimulation and posit
that such stimulation may restore the integrity of circuits
involving the dorsolateral prefrontal cortex (Jahanshahi
et al., 2000). Furthermore, that performance on the Stroop
interference task was impaired is consistent with prema-
ture responses seen with STN lesioning and stimulation in
animal studies and with the proposed role the STN plays
in conflictual decision-making (Jahanshahi et al., 2000).
In another study, STN stimulation decreased reaction
time for both simple and complex responses, although
the effect of stimulation on response times for complex
responses was significantly less than for simple responses
(Temel et al., 2006a). In addition, STN stimulation enabled
faster execution of a random number generation task but
also elicited more errors in a Stroop interference task
(Witt et al., 2004). It is important to note, however, that
not all studies have found effects on cognitive measures
in patients when they were tested on compared with off
stimulation (Fraraccio et al., 2008).

With its effects on response inhibition, STN stimu-
lation seems to increase impulsivity by releasing the
braking signal normally administered by the STN during
high-conflict decisions. Examining error rates during
cognitive tasks can assess the impact of this change. In
one study, healthy controls and patients with PD chose
between symbols with learned reward values as reaction
times and error rates were measured for decisions in which
the assigned difference in value was high (low conflict)
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compared with low (high conflict) (Frank et al., 2007).
During high-conflict trials, healthy controls and patients
with PD on medication and off stimulation demonstrated
significant increases in reaction times. Patients receiving
STN stimulation, however, had significantly shorter reac-
tion times and made significantly more errors, suggesting
that HFS removed the normal inhibitory braking signal
provided by the STN (Frank et al., 2007). Another study
has found that STN stimulation increases impulsivity even
in low-conflict simple Go—No Go motor tasks, suggesting
a role of the STN in both tonic and phasic inhibition (Bal-
langer et al., 2009).

Fewer studies have directly investigated the acute
effects of STN stimulation on affective processes. In an
important demonstration of the significance of the dif-
ferent subregions within the STN, two patients experi-
enced reproducible, stimulation-related hypomania with
stimulation of ventral contacts confirmed to be within the
STN (Mallet et al., 2007). Based on the widely differing
effects between contacts separated by 1.5 mm, the authors
hypothesized that there is a gradient of motor, associative,
and limbic subterritories within the STN rather than sharp
boundaries between areas. Because both hypomania and
depression have been reported following STN DBS, the
apparent discrepancy between these opposite ends of the
affective spectrum may be related to stimulation of struc-
tures outside of the STN (Tommasi et al., 2008). In one
study investigating acute depressive symptoms related
to stimulation, electrodes were actually determined to
be located outside the STN in the zona incerta (Stefurak
et al., 2003). Another report of acute depression follow-
ing STN DBS demonstrated that the depressive symptoms
were only elicited with stimulation of contacts located
within the substantia nigra ventral to the STN (Bejjani
etal., 1999).

In reviewing these selected studies that isolate the
effect of STN DBS on cognitive and affective processes,
two themes emerge. Although this is not the case in every
study, many experiments involving high-conflict deci-
sion processes demonstrate increased errors during STN
DBS, suggesting that such stimulation may be disruptive
of normal physiologic brain activity in regions involved
in high-conflict cognitive processes. Such a specific cog-
nitive function is concordant with the observed discrep-
ancy between global cognitive effects of STN DBS and
specific changes seen in isolated studies. The most com-
pelling correlation between the experimental results and
the clinical effects is the relationship between impaired
high-conflict decision-making and increased impulsiv-
ity. Such a relationship may underlie the increased rates
of suicide attempts (Voon et al., 2008) and reports of
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pathologic gambling (Halbig et al., 2009) following STN
DBS. Although these behavioral changes may be related to
affective processes as well, the specific affective functions
of the STN are much less well defined. Increased depres-
sion is less common than the noted cognitive side effects,
is poorly reproduced, and often seems to be related to
stimulation of structures outside the STN. On the con-
trary, hypomania seems to be more intrinsically related to
the STN function. Although a further exploration of this
domain is warranted, it does appear that the anatomic
subdivisions of the STN, with limbic areas located ventro-
medially, correlate with clinical observations.

Human imaging studies

An obvious advantage of using imaging studies to investi-
gate STN function is that the information may be obtained
from healthy subjects or patients without PD. This affords
insight into the function of the STN in cognitive and affec-
tive processes in the normal physiologic state. One chal-
lenge that arises when using imaging modalities to inves-
tigate the STN, however, is that the structure is relatively
small, and because of thresholding requirements, the
STN must be identified in advance as region of interest to
detect its activity change. Although several studies have
demonstrated widespread changes associated with STN
DBS and its cognitive and affective effects, only as the
nonmotor functions of the STN have become increasingly
recognized have imaging studies investigated the specific
correlates of these processes.

In recent years, several groups have used functional
imaging studies to investigate the cognitive functions of
the STN. In one of the first of these studies, increased reac-
tion times seen during high-conflict stimuli presented in
the Stroop color interference task correspond to increased
regional cerebral blood flow (rCBF) in the anterior cingu-
lated cortex (Schroeder et al., 2002). Although error rates
in this study did not change with DBS STN stimulation,
stimulation resulted in decreased rCBF in the anterior cin-
gulate cortex and ventral striatum and increased rCBF in
the left angular gyrus, confirming the involvement of STN
in the anterior cingulate cortico-basal ganglia-thalamo-
cortical loop (Pochon et al., 2008). Notably in this study,
reaction times increased with stimulation, suggesting
that an alternate, slower pathway of response inhibition
was employed in this state (Schroeder et al., 2002). In a
subsequent study, STN stimulation resulted in decreased
left frontotemporal and right orbitofrontal rCBF concomi-
tant with a decrease in a verbal fluency task (Schroeder
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et al., 2003). The observed decrease in verbal fluency with
stimulation, consistent with clinical observations, sug-
gests that the role of the STN in this function relates to
the generation of verbal concepts and not simply motor
control of speech. Similarly, a separate study demon-
strated decreases in verbal fluency in patients after
STN DBS related to decreased activity in the left inferior
frontal, temporal, and insular and right orbitofrontal cor-
tices (Kalbe et al., 2009). Interestingly, in both studies,
impacted cortical areas demonstrated decreased activity
with STN stimulation in contrast to the demonstrated
increases in motor area activity associated with the motor
benefits of STN DBS (Karimi et al., 2008).

An examination of imaging changes in humans
as a result of STN stimulation is, of course, only possi-
ble in patients with PD who have undergone DBS. As a
result, these studies are naturally limited in their ability
to delineate the intrinsic cognitive processes housed
in the STN in the healthy state. Recently, several func-
tional imaging studies in healthy control subjects have
overcome this difficulty. Using functional magnetic res-
onance imaging (fMRI), the activity of the STN and its
relationship with the inferior frontal cortex and presup-
plementary motor cortex were examined when subjects
attempted to quickly inhibit an initiated motor response
(Aron and Poldrack, 2006). STN activation correlated
with the speed of inhibition, and tractography in this
study provided evidence for a hyperdirect pathway con-
necting the inferior frontal cortex and STN and for an
additional connection with the presupplementary motor
area (Figure 4). In concordance with the posited role of
this network in response inhibition, fMRI demonstrated
increased activity that correlated with reaction time in
this network in the right hemisphere during trials involv-
ing conflict (Aron et al., 2007).

In another study investigating STN and presup-
plementary motor area activation, activity specifically
increased in the right STN with increased response
threshold in anticipation of high-conflict choices but
decreased in the left STN activity during the highest
conflict state (Mansfield et al., 2011). These findings
remain to be explained, although one interpretation by
the authors suggests that, at a certain elevated conflict-
ual state, the left STN may simply shut off. Conversely,
another study further demonstrated the combined con-
nections through the hyperdirect and indirect path-
ways but failed to show specific activity in the right STN
(Jahfari et al., 2011).

As with cognitive changes, several studies have
attempted to explore the affective changes of DBS through
the changes in functional imaging. Increases in rCBF have
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Figure 4 fMRI evidence of the involvement of the STN in a network responsible for response inhibition.

In this task, subjects were required to either press a button in a given direction after a cue or withhold from pressing after a variable inter-
val. This comparison of the activation during a response inhibition and a “go” cue demonstrate the network including the right lateralized
STN, inferior frontal cortex, globus pallidus, and presupplementary motor area. (Right) Peristimulus plots for different trial types with mean
activation for different regions involved in this network. Reproduced from Aron and Poldrack (2006) (Reprinted with permission from the

original reference).

been demonstrated in the left thalamus, right middle and
inferior temporal, right inferior parietal, and right inferior
frontal gyri during the hypomanic state, with simultane-
ous decreases in the left posterior middle temporal, occip-
ital, and middle frontal gyri and bilateral cuneus and
anterior cingulate gyri (Mallet et al., 2007). Conversely,
in patients demonstrating significantly increased apathy
after STN DBS, hypometabolism was demonstrated in the
anterior cingulate gyrus bilaterally and the left frontal
gyrus, whereas increased metabolism in the right middle
and inferior frontal gyri, right temporal fusiform gyrus,
and right postcentral gyrus correlated with apathy scores
(Le Jeune et al., 2009). These disparate changes in corti-
cal metabolism provide evidence for the role of the STN
in widespread networks involved in emotional processing
(Bartels and Zeki, 2000).

As with the data emerging from human clinical effects
of STN DBS, the results of these recent imaging studies
have coalesced to some degree. The role of the STN in spe-
cific cognitive and affective processes certainly appears to
be related to specific but widespread changes seen in con-
nected regions during high-conflict decisions and various
emotional states and is further supported by human elec-
trophysiologic data.

Human electrophysiology

DBS surgery often involves microelectrode recording of
neuronal activity and stimulation of the target structures
while the patient remains awake. This technique allows
the precise localization of the desired target and helps
avoid undesirable side effects. The neuronal activity cap-
tured during this process includes both single unit activity
and local field potentials (LFP). In some instances, stim-
ulating electrode leads may be externalized temporarily
before final implantation of the pulse generator, providing
access to LFP signals. As the nonmotor functions of the
STN have become increasingly recognized, several groups
have taken advantage of the opportunities afforded by
these procedures to investigate the changes in STN activ-
ity during various cognitive and behavioral tasks. These
studies have helped elucidate the specific functions of the
STN and have allowed experimental evaluation of some
of the theoretical and anatomic models discussed above.
Electrophysiologic studies of STN involvement in cog-
nitive processes point to the particular role of the STN in
tasks that cause increased cognitive demand. Complex
cognitive processing in a visual task resulted in decreases
in STN o. power (Rektor et al., 2009). In an auditory task,


http:28.02.14

134 —— D.B.Weintraub and K. A. Zaghloul: Role of the subthalamic nucleus in cognition

STN event-related potentials (ERP) did not change when
subjects were instructed to simply count the occurrence
of change in auditory tone. In a modified version of the
task that required a secondary calculation with each
change in tone, however, ERPs demonstrated increased
amplitude and latency (Balaz et al., 2008). Of note, the
task in this study did not involve any motor component,
suggesting that the STN cognitive activity may indeed be
independent of motor processes. In a subsequent study
investigating the effects on STN activity of transcranial
magnetic stimulation of the inferior frontal cortex, infe-
rior frontal transcranial magnetic stimulation decreased
latency of the STN ERP, providing indirect evidence for
the hyperdirect pathway (Rektor et al., 2009). Consistent
with the hypothesis that STN activity modulates the activ-
ity of other structures within the associative and limbic
circuits, increases in mPFC observed during high-conflict
decisions in normal controls are disrupted in the presence
of DBS STN stimulation (Cavanagh et al., 2011). These
changes in mPFC 6 power were also reflected in STN 6
power during high-conflict choices (Figures 5A and 5B)
(Cavanagh et al., 2011).

In a study of STN LFP activity, patients demon-
strated significantly increased low-frequency power when
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evaluating morally conflictual statements, supporting the
hypothesis that the STN plays an important role in pro-
cesses involving conflict. In a study evaluating STN LFP
activity during the presentation of emotionally arousing
images, images categorized as positive or negative caused
greater decreases in o power than neutral images (Kuhn
et al., 2005a). The authors interpreted these changes as
reflective of the involvement of STN in the limbic network
responsible for processing these images and found in a
subsequent study that the changes in o power correlated
with the degree of positive valence of presented images
(Brucke et al., 2007). Notably, o activity did not correlate
with pure arousal associated with the images, suggesting
that the STN may be involved in only specific components
of limbic system function.

Finally, in the only study investigating single-unit
human STN activity as it relates to decision conflict,
patients were first instructed to learn the relative reward
probabilities of different visual symbols and then asked
to choose between the symbols in a subsequent decision
task. STN single-unit neuronal activity demonstrated sig-
nificantly greater firing rates during high-conflict trials
compared with medium- and low-conflict trials (Figures
5C and 5D) (Zaghloul et al., 2012).
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Figure 5 (A) When comparing scalp electroencephalogram (EEG) recording from the mediofrontal cortex during decision-making with STN
DBS turned on compared with turned off, STN stimulation results in significantly decreased 6 power in the mediofrontal cortex during high-
conflict decisions. (B) This change in mediofrontal scalp EEG correlated with STN intracranial EEG changes during high-conflict decisions,
with increased STN 6 power and B suppression. (C) Single-unit activity in the STN during decisions is demonstrated to be increased after
the decision cue (red line) in all trials. (D) This activity is significantly increased during high-conflict trials. Reproduced from Cavanagh et al.
(2011) (A and B) and Zaghloul et al. (2012) (C and D) (Reprinted with permission from the original reference).
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Taken as a whole, the above studies of human STN
electrophysiologic data strongly suggest a role of the STN
in conflictual decision-making and are consistent with the
behavioral, imaging, and stimulation data discussed. As
with the findings in these areas, the data are most robust
with regard to cognitive processes, although the limbic
involvement of the STN is strongly suggested as well.

Conclusion

The role of the STN in cognitive and affective has been
recognized and increasingly well characterized. Through
anatomic and computational models, experimental
animal studies, experiences of clinical side effects in
patients undergoing STN DBS, imaging studies, and
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