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Depression in Parkinson’s Disease (PD) is a prevalent and invalidating symptom. Deep

brain stimulation (DBS) allows for an improvement of PD motor features, but its effects

on mood are difficult to predict. Here, we review the evidence regarding mood effects

after DBS of either subthalamic nucleus (STN) or globus pallidus pars interna (GPi).

Different influences of multiple factors contribute to impact the neuropsychiatric outcome

after surgery. Psychosocial presurgical situation, postsurgical coping mechanisms,

dopaminergic treatment modifications, and direct effects of the stimulation of either target

are all playing a distinct role on the psychological well-being of patients undergoing DBS.

No clear advantage of either target (STN vs. GPi) has been consistently found, both

being effective and with a favorable profile on depression symptoms. However, specific

patients’ characteristics or anatomical considerations can guide the neurosurgeon in the

target choice. Further research together with technological advances are expected to

confine the stimulation area within dysfunctional circuits causing motor symptoms of PD.
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DEPRESSION AND PARKINSON’S DISEASE (PD)

Depression in PD is a common finding, and has an important impact on patient’s quality of
life (QoL) (1). Published prevalence estimates vary depending on the population studied, but
significant depressive symptoms occur in around 35% of patients (2). The impact of depression
on patients’ well-being can hardly be overestimated. It appears to be more distressing for patients
and their families than motor symptoms (3). Treating depression have beneficial effects also on
motor performance (4) and conversely depressive symptoms are among the stronger predictors of
initiation of dopaminergic therapy (5).

While depression is among the most common non-motor symptoms of PD, its pathophysiology
is incompletely understood. As in any chronic illness, a reactive depression is observed after
the diagnosis is communicated to the patient, related to fears about PD and actual or perceived
disability. However, mood symptoms tend to occur 4–6 years before the motor symptoms, and
most often predate the established diagnosis, indicating that neurobiological factors are more
determinant than psychosocial ones (6). According to the Braak hypothesis (7), alfa-synuclein
deposition and corresponding neurodegeneration in PD begins in non-dopaminergic brainstem
structures, including locus coeruleus and raphe nucleus. A decrease of endogenous production
of serotonin have been documented both post-mortem (8) and in-vivo (9), supporting the notion
of an organic origin to depression in PD. The involvement of other neurotransmitters, including
noradrenaline and dopamine, is testified by the positive effects on mood of dopamine agonists
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and stimulants such as methylphenidate (10, 11). Further,
multiple neuroimaging studies describe anatomical and
functional differences among PD patients with depression and
without depression: the most consistent evidence shows reduced
activity and possibly gray matter density in the frontal lobe and
other limbic cortical and subcortical structures (12).

MOOD IMPACT OF DBS

The surgery for DBS most often follows a long path of physical
deterioration as a consequence of advancing PD. From the
patient’s perspective, the decision to accept such an invasive
procedure is often a difficult one, carefully pondered, sometimes
perceived as a last resort before losing an acceptable quality
of life. It is rightfully considered a major event by patients.
Even if they are duly and fully informed about the limitations
of DBS, the procedure is often accompanied by exaggerated
expectations, that match the (overestimated) perceived surgical
risk. As a consequence, patients might fail to cope with the
numerous hurdles they may encounter after the surgery. One
of these hurdles is represented by the important modifications
in familial and social relationships, that occur as a result of the
overall improvement of the motor symptoms. Family members
and caregivers might interpret the striking reduction of tremor
and dyskinesias as the relieving end of their relative’s need
for care, after they underwent the “miraculous” surgery. On
the other side, the patient could suddenly loose his “disease
label” that had become part of his own identity, and informed
most of his social relationships. Hindrances from non-motor
symptoms are often not adequately recognized and understood
by caregivers. Couples can be particularly put at strain: after
years of daily routine revolving around the medication timetable,
the anticipation of motor fluctuations and dyskinesias, major
changes can intervene, and modify intensely bonding dynamics,
centered on the disease (13–15).

Accounting for these social and psychological factors is of the
highest importance during the pre-operative evaluation for DBS,
and must be included in the multidisciplinary team discussions.

In general, the DBS procedure has a positive effect on mood
aggregate scales, independently from the chosen target (16, 17);
this was confirmed by a recent meta-analysis, which found a
small and moderate reduction in depression symptoms after
STN-DBS or GPi-DBS, respectively (18). Interestingly, there
is an important heterogeneity in the observed pre vs. post-
surgical modifications in depression scores, which seems to be
modulated by two related factors: disease duration and UPDRS
score. Perhaps not surprisingly, the greater benefit on depression
scores was observed in those patients who had endured PD for
more years, and suffered from a greater functional impairment. It
must be underscored however, that depression severity scores do
not necessarily correlate with these two factors. A more plausible
interpretation stemming from this meta-analysis is that when
the disease is advanced the dramatic improvement of motor
symptoms and levodopa complications after DBS has a notable
effect on depression symptoms, independently from the starting
depression severity.

The effects of DBS on brain neurochemistry (including
dopaminergic and non-dopaminergic systems) is an interesting
topic of investigation, still insufficiently explored: rodent
experiments suggest that DBS might in part act by modulating
5HT and NA release. An influence of DBS on limbic
circuits mediated by indirect neurotransmitter release cannot be
excluded (19, 20).

STN-DBS Effects on Mood
STN is themost frequently used target for DBS. Its positive effects
are broad and include tremor, rigidity, bradykinesia reduction,
but also gait and balance improvement, when levodopa sensitive.
Even if the effects on mood have been quite extensively
studied, the literature reports conflicting results, probably due
to differences in cohorts or assessment methods. Early reports
found a relatively high risk of suicide among patients treated
by DBS (21–24), mostly (although not only) in patients with
a previous depression history. The absolute numbers of post-
operative suicides qualify it as a rare event, and as such the
cohorts are underpowered to conclude for an actual increase
of suicides or suicidal ideation among STN-DBS patients.
Moreover, multiple and diverse factors can play a role in the
observed apparent increase of the suicide rate. Among others,
a selection bias could exist, so that patients least accepting their
disease are more willing to undergo DBS. This population would
be more prone to disappointment when DBS fails to meet their
expectations. Expectations should not be unrealistic, and the role
of the caring team is to assure that patients fully understand the
risks and the likely benefits from DBS, particularly underscoring
that DBS will not stop the neurodegenerative disease to progress.

In face of these early findings, the formal assessment of
depressive symptoms showed positive effects of STN-DBS
(25–28). The outcome on mood symptoms is highly variable and
likely depends on multiple factors, that underscore how patient’s
selection is crucial for a positive outcome (29).

Dopamine-Withdrawal Syndrome
STN-DBS allows for an important reduction of dopaminergic
medication, if not for a complete withdrawal. Neuronal
degeneration in PD involves also mesolimbic dopaminergic cells
in the ventral tegmental area, which project to ventral striatum
and orbito-frontal regions that are involved in non-motor
functions, which are central in the brain circuitry of motivation
and reward. It is widely believed that a complete interruption
of dopaminergic medication, even if allowed from a motor
point of view, can be responsible for the progressive appearance
of a postoperative apathy and anhedonia, and eventually to
the appearance or worsening of depressive symptoms (25, 30).
This crucial aspect must be considered during the early and
delayed postoperative phase, as apathy and its consequences
can appear slowly and progressively. Their correct assessment
and management can prevent depressive states and ultimately
improve the overall outcome of STN-DBS (30, 31).

The direct induction of neuropsychiatric symptoms
by STN-DBS is well documented, particularly for the
induction of hypomanic or manic states, which can be
reversed by modifying the stimulation parameters. These
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effects are thought to arise following the stimulation of
sub-areas of the STN involved in limbic circuits, as first
suggested by Krack et al. after observing a stimulation-
induced “mirthful laughter” reaction (32). Multiple lines
of evidence document the existence of a functional
specialization within the STN, and basal ganglia structures
in general (33–37).

Cortico-subcortico-cortical loops seem to maintain a certain
degree of functional segregation within each node, by which sub-
areas within each structure can be identified as preferentially
connected to cortical and subcortical regions processing similar
information. Within this general principle of organization, the
STN seem to play a pivotal role, and host the integration
of different functional circuits (34). The posterior-dorsal STN
is the target of DBS for PD, as it is thought to be
a node of the motor circuit (with an overall antikinetic
function). More anteriorly and ventrally however, the STN
has a stronger connectivity with cortical areas involved
in cognitive and emotional (“limbic”) functions (38): this
is considered as being the anatomical substrate underlying
undesired neuropsychiatric effects of DBS. The induction
of hypomanic states has been reported most consistently
following ventral STN stimulation: patients suffer from an
excited hyperactivity, reduce their sleep time, engage in reward-
seeking behaviors including unnecessary buying, with heavy
consequences on familial or working relationships. The fact
that these behavioral disturbances can be promptly reversed
by modifying stimulation parameters, supports the notion of
a direct role of the stimulation of non-motor STN subareas.
The most effective management of hypomanic manifestations
imply shifting the stimulation to more dorsal contacts,
bringing indirect evidence on the ventral location of the
“limbic” STN.

GPI vs. STN-DBS Mood Effects
The globus pallidus internus (GPi) has been used as a stimulation
target for Parkinson’s Disease since the early days of DBS,
due to its recognized benefits on motor symptoms (39, 40).
However, STN has been consistently considered the preferred
target, based on evidence from early trials not specifically
designed (41) or weighted (42) for a comparison among
the two stimulation targets. Eventually, most centers have
been proposing almost exclusively STN as a DBS target for
advanced PD, resulting in an accumulation of knowledge on
the benefits and side effects of STN stimulation, leaving GPi-
DBS comparatively less investigated. As an end result, less
evidence is available about the psychiatric effects of GPi-DBS
in PD. Some early assumptions—while possibly correct—have
skewed patient selection, further propagating the publication
bias. Most recently, at least three randomized clinical trials
comparing GPi to STN have been conducted, specifically
addressing the differential therapeutic profiles of the two
stimulation targets (16, 43, 44). The trials are substantially
concordant in describing a similar benefit on motor symptoms
from DBS of either stimulation target. When analyzing motor
sub scores however, some slight differences emerge—mostly
with no statistical significance—and might be considered in

the pre-implantatory phase. Among the cardinal PD motor
features, rigidity, and bradykinesia could possibly respond better
to STN than GPi stimulation; levodopa responsive gait and
balance issues appeared to improve better with GPi stimulation
in one of the trials, which also showed a trend toward more
pronounced and sustained dyskinesias reduction after GPi than
STN stimulation (45). All trials show a greater medication
reduction after STN than GPi-DBS, which is sustained at 3 years
follow-up (46).

Regarding neuropsychiatric effects, GPi-DBS seems to have
a lesser impact than STN-DBS (45). This notion however
is based on a limited number of well-conducted trials, and
some confounding factors have to be taken in consideration.
For instance, Anderson et al report early post-operatory
anxiety as being more frequent after STN-DBS (47), a
group in which medication reduction was more abrupt
and important. A dopaminergic-withdrawal syndrome (30)
could therefore be held responsible, and could have been
prevented by slowly tapering down the medication (48).
The COMPARE trial (16) assessed mood disorders through
the Visual Analog Mood Score (VAMS), and did not find
differences among STN and GPi in the compound score.
However, the item “angry” was higher for the STN-operated
patients. This was observed as well by Weintraub (49),
who describe that “GPi patients were happier, less angry
or bitter and less tired compared with STN patients.” In
the same publication, authors could not confirm a higher
risk of suicide among DBS patients, either implanted in the
STN or GPi.

MANAGEMENT OF DEPRESSION IN THE

PREOPERATIVE AND POSTOPERATIVE

PHASES

The existence of depressive symptoms is not per se a
contraindication to DBS surgery. However, ongoing severe
depression, psychotic symptoms, and suicidal ideation should be
considered absolute contraindications as they might worsen and
increase suicidal risk, particularly in the first year after surgery
(50–52). Less evidence is available regarding severe depressive
patients who were eventually stabilized by psychotherapy and
medication, months or years prior to undergoing DBS: a trend
toward a slightly worse motor and mood outcome has been
described, but this certainly does not constitute an absolute
contraindication to surgery (53). In any case, most groups
and guidelines support the recommendation of a thorough
psychiatric assessment before DBS surgery, and of a careful
post-operative follow-up. Of note, the post-operative psychiatric
assessment should not be limited to the immediate post-
operative period, as the occurrence of apathy, for instance,
peaks at around 4 months after surgery, often accompanied by
depressive symptoms (30). Particularly after STN-DBS, which
allows for a steeper reduction of dopaminergic medication,
dopamine withdrawal symptoms should be prevented, when
possible favoring the continued treatment with dopamine
agonists (31).
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NEUROANATOMICAL AND

NEUROSURGICAL CONSIDERATIONS

The advent of DBS has offered an unprecedented opportunity
for in-vivo investigation of the functional organization of basal
ganglia. This knowledge has been growing together with clinical
observations on patients undergoing DBS, and has driven
further the development and the refining of this remarkable
neuromodulation treatment. The occurrence of cognitive,
behavioral and mood effects after DBS have been key in updating
models of basal ganglia functioning, that help now predict the
outcome of the procedure. From a neuroanatomic point of view,
the large spectrum of effects observed after DBS confirmed
some previous notions on the basal ganglia organization, but
also exposed the limits of excessively schematizing models. The
most influential model of basal ganglia organization (54, 55)
proposed the existence of strictly segregated cortico-subcortico-
cortical loops, each originating and terminating in distinct
prefrontal cortical areas. Accordingly, circuits processing motor,
cognitive, and emotional information would be kept segregated
in basal ganglia nuclei, within subareas with a specific functional
specialization. Accumulating evidence strongly suggests that
there is substantial overlap of functional subareas, underpinning
information exchange and integration (33, 34, 36, 38). This
might partially explain the rich interaction among mood and
motor symptoms (5) in PD, and most likely the occurrence
of hypomanic manifestations after stimulation of dorso-lateral
STN, which is considered as having a predominant motor
function (25, 56). The distribution of cortico-STN projections
in the primate (38) and human brain [as studied by DTI MRI-
tractography (33, 34)] suggests that wrong positioning of the
stimulating contact is not necessary tomodulate non-motor parts
of STN (57). Nevertheless, several studies were able to show that
patients presenting postoperative hypomania were stimulated too
ventrally, mostly within the anatomically defined limbic STN
(56–58), and that shifting stimulation tomore dorsal contacts was
effective in reducing the neuropsychiatric symptoms.

The GPi is also involved in multiple non-motor functions,
and probably has a topographical organization mirroring what
observed in STN, with an antero-posterior and ventro-dorsal
gradient of connectivity (limbic->associative->motor). This has
been demonstrated thanks to tracing experiments in non-human
primates (59), confirmed in DTI imaging studies (60). It must
be underscored however that GPi does not receive direct cortical
inputs; this parcellation is based mainly on the distribution of
connections to striatum. Therefore, the exact topography of GPi
sub territories is less clear than for the STN. Nevertheless, the
relative volume of the motor GPi to be targeted by DBS, is
definitely greater than the motor STN. Therefore, the probability
of stimulating current spreading to non-motor territories is
probably lower (16). In that respect, this might represent an
advantage of the GPi over the STNwhen choosing the stimulating
target based on the theoretical risk of non-motor undesired
side effects.

The advent of segmented (directional) electrodes have
shown to increase the therapeutic window for controlling
motor symptoms (61, 62). This new technology provides
a unique opportunity to investigate and refine anatomo-
clinical correlations for non-motor symptoms as well, as these
investigations can be performed not only in the vertical plane (Z
axis), but also in the horizontal plane (X and Y axes). A better
localization of non-motor areas in the STN should prevent the
appearance of related symptoms. Recent advances in so-called
“adaptive stimulation” are also promising in reducing undesired
DBS side effects related to stimulation of non-motor STN (or
GPi) areas. Based on recorded neurophysiological activity, the
stimulation intervenes only when detecting neurophysiological
activity linked with the motor akinesia, and delivers an
intermittent stimulation tailored on patients’ needs (63, 64).

CONCLUDING REMARKS

Careful patient selection, an experienced neurosurgeon, and
adequate peri-operative management of mood disturbances
make DBS a safe treatment in terms of expected neuropsychiatric
outcomes. A causative role for the stimulation in triggering or
worsening psychiatric diseases appear unlikely, which is overall
reassuring. Hence, there is insufficient evidence to conclude for
an advantage of a stimulation target solely based on the expected
effects on depressive symptoms. We do recommend however to
carefully assess the neuropsychiatric profile of each patient and
let it inform the decisional process when considering both STN
and GPi as stimulation targets. Specific preoperative symptoms
(apathy, bipolar traits, anxiety, dopamine dysregulation
syndrome among others) could tilt the balance toward any of the
two targets, possibly improving DBS outcome for a given patient.
Further technological advances are expected to improve surgical
targeting and optimize stimulation methods, allowing for a
timely modulation restricted to the dysfunctional circuits causing
PD symptoms.

AUTHOR CONTRIBUTIONS

EA made a review of the literature and wrote the manuscript. CP
reviewed the manuscript.

FUNDING

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
EA received travel grants from Abbvie and Sanofi/Genzyme. CP
received consultancy fees from Boston Scientific.

ACKNOWLEDGMENTS

We are thankful to Prof. Paul Krack for his valuable comments
on an earlier version of this manuscript.

Frontiers in Neurology | www.frontiersin.org 4 June 2019 | Volume 10 | Article 617

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Accolla and Pollo DBS for PD: Mood Effects

REFERENCES

1. Karlsen KH, Larsen JP, Tandberg E, Maeland JG. Influence of clinical and

demographic variables on quality of life in patients with Parkinson’s disease. J

Neurol Neurosurg Psychiatry. (1999) 66:431–5. doi: 10.1136/jnnp.66.4.431

2. Reijnders JSAM, Ehrt U, Weber WEJ, Aarsland D, Leentjens AFG. A

systematic review of prevalence studies of depression in Parkinson’s disease.

Mov Disord. (2008) 23:183–9; quiz 313. doi: 10.1002/mds.21803

3. Hely MA, Morris JGL, Reid WGJ, Trafficante R. Sydney multicenter study of

parkinson’s disease: non-l-dopa-responsive problems dominate at 15 years.

Mov Disord. (2005) 20:190–9. doi: 10.1002/mds.20324

4. Menza M, Dobkin RD, Marin H, Mark MH, Gara M, Buyske S, et al.

The impact of treatment of depression on quality of life, disability and

relapse in patients with Parkinson’s disease. Mov Disord. (2009) 24:1325–

32. doi: 10.1002/mds.22586

5. Ravina B, Camicioli R, Como PG, Marsh L, Jankovic J, Weintraub D, et al. The

impact of depressive symptoms in early Parkinson disease. Neurology. (2007)

69:342–7. doi: 10.1212/01.wnl.0000268695.63392.10

6. Ishihara L, Brayne C. A systematic review of depression and mental

illness preceding Parkinson’s disease. Acta Neurol Scand. (2006) 113:211–

20. doi: 10.1111/j.1600-0404.2006.00579.x

7. Braak H, Del Tredici K, Rüb U, de Vos RAI, Jansen Steur ENH, Braak E.

Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol

Aging. (2003) 24:197–211. doi: 10.1016/S0197-4580(02)00065-9

8. Halliday GM, Blumbergs PC, Cotton RG, Blessing WW, Geffen LB. Loss

of brainstem serotonin- and substance P-containing neurons in Parkinson’s

disease. Brain Res. (1990) 510:104–7. doi: 10.1016/0006-8993(90)90733-R

9. Politis M, Wu K, Loane C, Kiferle L, Molloy S, Brooks DJ, et al. Staging of

serotonergic dysfunction in Parkinson’s disease: an in vivo 11C-DASB PET

study. Neurobiol Dis. (2010) 40:216–21. doi: 10.1016/j.nbd.2010.05.028

10. Richard IH, McDermott MP, Kurlan R, Lyness JM, Como PG,

Pearson N, et al. A randomized, double-blind, placebo-controlled

trial of antidepressants in Parkinson disease. Neurology. (2012)

78:1229–36. doi: 10.1212/WNL.0b013e3182516244

11. Remy P, Doder M, Lees A, Turjanski N, Brooks D. Depression in Parkinson’s

disease: loss of dopamine and noradrenaline innervation in the limbic system.

Brain. (2005) 128:1314–22. doi: 10.1093/brain/awh445

12. Wen M-C, Chan LL, Tan LCS, Tan EK. Depression, anxiety, and apathy in

Parkinson’s disease: insights from neuroimaging studies. Eur J Neurol. (2016)

23:1001–19. doi: 10.1111/ene.13002

13. Agid Y, Schüpbach M, Gargiulo M, Mallet L, Houeto JL, Behar C,

et al. Neurosurgery in Parkinson’s disease: the doctor is happy, the

patient less so? In: Riederer P, Reichmann H, Youdim MBH, Gerlach M,

editors. Parkinson’s Disease and Related Disorders. Vienna: Springer. p 409–

14. doi: 10.1007/978-3-211-45295-0_61

14. Schüpbach M, Gargiulo M, Welter ML, Mallet L, Béhar C, Houeto JL, et al.

Neurosurgery in Parkinson disease: a distressed mind in a repaired body?

Neurology. (2006) 66:1811–6. doi: 10.1212/01.wnl.0000234880.51322.16

15. Bell E, Maxwell B, McAndrews MP, Sadikot AF, Racine E. A review

of social and relational aspects of deep brain stimulation in Parkinson’s

disease informed by healthcare provider experiences. Parkinson’s Dis.

(2011) 2011:871874.doi: 10.4061/2011/871874

16. Okun MS, Fernandez HH, Wu SS, Kirsch-Darrow L, Bowers D, Bova

F, et al. Cognition and mood in parkinson disease in STN versus GPi

DBS: the COMPARE trial. Ann Neurol. (2009) 65:586–95. doi: 10.1002/ana.

21596

17. Ardouin C, Pillon B, Peiffer E, Bejjani P, Limousin P, Damier P, et al. Bilateral

subthalamic or pallidal stimulation for Parkinson’s disease affects neither

memory nor executive functions: a consecutive series of 62 patients. Ann

Neurol. (1999) 46:217–23. doi: 10.1002/1531-8249(199908)46:2<217::AID-

ANA11>3.0.CO;2-Z

18. Combs HL, Folley BS, Berry DTR, Segerstrom SC, Han DY, Anderson-

Mooney AJ, et al. Cognition and depression following deep brain

stimulation of the subthalamic nucleus and globus pallidus pars internus

in parkinson’s disease: a meta-analysis. Neuropsychol Rev. (2015) 25:439–

54. doi: 10.1007/s11065-015-9302-0

19. Stefani A, Trendafilov V, Liguori C, Fedele E, Galati S. Subthalamic

nucleus deep brain stimulation on motor-symptoms of Parkinson’s

disease: focus on neurochemistry. Progr Neurobiol. (2017)

151:157–74. doi: 10.1016/j.pneurobio.2017.01.003

20. Faggiani E, Delaville C, Benazzouz A. The combined depletion of

monoamines alters the effectiveness of subthalamic deep brain stimulation.

Neurobiol Dis. (2015) 82:342–8. doi: 10.1016/j.nbd.2015.07.010

21. Houeto J, Mesnage V, Mallet L, Pillon B, Gargiulo M, du Moncel ST, et al.

Behavioural disorders, Parkinson’s disease and subthalamic stimulation. J

Neurol Neurosurg Psychiatry. (2002) 72:701–7. doi: 10.1136/jnnp.72.6.701

22. Krack P, Batir A, Van Blercom N, Chabardes S, Fraix V, Ardouin C,

et al. Five-year follow-up of bilateral stimulation of the subthalamic

nucleus in advanced Parkinson’s disease. N Engl J Med. (2003) 349:1925–

34. doi: 10.1056/NEJMoa035275

23. Burkhard PR, Vingerhoets FJG, Berney A, Bogousslavsky J,

Villemure J-G, Ghika J. Suicide after successful deep brain

stimulation for movement disorders. Neurology. (2004) 63:2170–

2. doi: 10.1212/01.WNL.0000145603.48221.B5

24. Foncke EMJ, Schuurman PR, Speelman JD. Suicide after deep brain

stimulation of the internal globus pallidus for dystonia. Neurology. (2006)

66:142–3. doi: 10.1212/01.wnl.0000191328.05752.e2

25. Castrioto A, Lhommée E, Moro E, Krack P. Mood and behavioural effects

of subthalamic stimulation in Parkinson’s disease. Lancet Neurol. (2014)

13:287–305. doi: 10.1016/S1474-4422(13)70294-1

26. Witt K, Daniels C, Reiff J, Krack P, Volkmann J, Pinsker MO, et al.

Neuropsychological and psychiatric changes after deep brain stimulation for

Parkinson’s disease: a randomised, multicentre study. Lancet Neurol. (2008)

7:605–14. doi: 10.1016/S1474-4422(08)70114-5

27. Castelli L, Perozzo P, Zibetti M, Crivelli B, Morabito U, Lanotte M, et al.

Chronic deep brain stimulation of the subthalamic nucleus for Parkinson’s

disease: effects on cognition, mood, anxiety, and personality traits. Eur Neurol.

(2006) 55:136–44. doi: 10.1159/000093213

28. Schuepbach WMM, Rau J, Knudsen K, Volkmann J, Krack

P, Timmermann L, et al. Neurostimulation for Parkinson’s

Disease with early motor complications. N Engl J Med. (2013)

368:610–22. doi: 10.1056/NEJMoa1205158

29. Voon V, Kubu C, Krack P, Houeto J-L, Tröster AI. Deep brain stimulation:

neuropsychological and neuropsychiatric issues. Mov Disord. (2006) 21

(Suppl. 14):S305–27. doi: 10.1002/mds.20963

30. Thobois S, Ardouin C, Lhommée E, Klinger H, Lagrange C, Xie J, et al.

Non-motor dopamine withdrawal syndrome after surgery for Parkinson’s

disease: predictors and underlying mesolimbic denervation. Brain. (2010)

133:1111–27. doi: 10.1093/brain/awq032

31. Thobois S, Lhommée E, Klinger H, Ardouin C, Schmitt E,

Bichon A, et al. Parkinsonian apathy responds to dopaminergic

stimulation of D2/D3 receptors with piribedil. Brain. (2013)

136:1568–77. doi: 10.1093/brain/awt067

32. Krack P, Kumar R, Ardouin C, Dowsey PL, McVicker JM, Benabid A-L, et al.

Mirthful laughter induced by subthalamic nucleus stimulation. Movement

Disord. (2001) 16:867–75. doi: 10.1002/mds.1174

33. Accolla EA, Dukart J, Helms G, Weiskopf N, Kherif F, Lutti A, et al. Brain

tissue properties differentiate between motor and limbic basal ganglia circuits.

Hum Brain Mapp. (2014) 35:5083–92. doi: 10.1002/hbm.22533

34. Accolla EA, Herrojo Ruiz M, Horn A, Schneider G-H, Schmitz-Hübsch T,

Draganski B, et al. Brain networks modulated by subthalamic nucleus deep

brain stimulation. Brain. (2016) 139:2503–15. doi: 10.1093/brain/aww182

35. Alkemade A, Forstmann BU. Do we need to revise the tripartite subdivision

hypothesis of the human subthalamic nucleus (STN)? Neuroimage. (2014)

95:326–9. doi: 10.1016/j.neuroimage.2014.03.010

36. KeukenMC, Uylings HBM, Geyer S, Schäfer A, Turner R, Forstmann BU. Are

there three subdivisions in the primate subthalamic nucleus? Front Neuroanat.

(2012) 6:14. doi: 10.3389/fnana.2012.00014

37. Horn A, Neumann W-J, Degen K, Schneider G-H, Kühn AA.

Toward an electrophysiological “sweet spot” for deep brain

stimulation in the subthalamic nucleus. Hum Brain Mapp. (2017)

38:3377–90. doi: 10.1002/hbm.23594

38. HaynesWIA, Haber SN. The organization of prefrontal-subthalamic inputs in

primates provides an anatomical substrate for both functional specificity and

integration: implications for basal ganglia models and deep brain stimulation.

J Neurosci. (2013) 33:4804–14. doi: 10.1523/JNEUROSCI.4674-12.2013

Frontiers in Neurology | www.frontiersin.org 5 June 2019 | Volume 10 | Article 617

https://doi.org/10.1136/jnnp.66.4.431
https://doi.org/10.1002/mds.21803
https://doi.org/10.1002/mds.20324
https://doi.org/10.1002/mds.22586
https://doi.org/10.1212/01.wnl.0000268695.63392.10
https://doi.org/10.1111/j.1600-0404.2006.00579.x
https://doi.org/10.1016/S0197-4580(02)00065-9
https://doi.org/10.1016/0006-8993(90)90733-R
https://doi.org/10.1016/j.nbd.2010.05.028
https://doi.org/10.1212/WNL.0b013e3182516244
https://doi.org/10.1093/brain/awh445
https://doi.org/10.1111/ene.13002
https://doi.org/10.1007/978-3-211-45295-0_61
https://doi.org/10.1212/01.wnl.0000234880.51322.16
https://doi.org/10.4061/2011/871874
https://doi.org/10.1002/ana.21596
https://doi.org/10.1002/1531-8249(199908)46:2<217::AID-ANA11>3.0.CO;2-Z
https://doi.org/10.1007/s11065-015-9302-0
https://doi.org/10.1016/j.pneurobio.2017.01.003
https://doi.org/10.1016/j.nbd.2015.07.010
https://doi.org/10.1136/jnnp.72.6.701
https://doi.org/10.1056/NEJMoa035275
https://doi.org/10.1212/01.WNL.0000145603.48221.B5
https://doi.org/10.1212/01.wnl.0000191328.05752.e2
https://doi.org/10.1016/S1474-4422(13)70294-1
https://doi.org/10.1016/S1474-4422(08)70114-5
https://doi.org/10.1159/000093213
https://doi.org/10.1056/NEJMoa1205158
https://doi.org/10.1002/mds.20963
https://doi.org/10.1093/brain/awq032
https://doi.org/10.1093/brain/awt067
https://doi.org/10.1002/mds.1174
https://doi.org/10.1002/hbm.22533
https://doi.org/10.1093/brain/aww182
https://doi.org/10.1016/j.neuroimage.2014.03.010
https://doi.org/10.3389/fnana.2012.00014
https://doi.org/10.1002/hbm.23594
https://doi.org/10.1523/JNEUROSCI.4674-12.2013
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Accolla and Pollo DBS for PD: Mood Effects

39. Kumar R, Lozano AM, Montgomery E, Lang AE. Pallidotomy and deep brain

stimulation of the pallidum and subthalamic nucleus in advanced Parkinson’s

disease.Mov Disord. (1998) 13(Suppl. 1):73–82.

40. Ghika J, Villemure JG, Fankhauser H, Favre J, Assal G, Ghika-Schmid F.

Efficiency and safety of bilateral contemporaneous pallidal stimulation (deep

brain stimulation) in levodopa-responsive patients with Parkinson’s disease

with severe motor fluctuations: a 2-year follow-up review. J Neurosurg. (1998)

89:713–8. doi: 10.3171/jns.1998.89.5.0713

41. The Deep-Brain Stimulation for Parkinson’s Disease Study Group. Deep-

brain stimulation of the subthalamic nucleus or the pars interna of the

globus pallidus in Parkinson’s disease. N Engl J Med. (2001) 345:956–63.

doi: 10.1056/NEJMoa000827

42. Krack P, Pollak P, Limousin P, Hoffmann D, Xie J, Benazzouz

A, et al. Subthalamic nucleus or internal pallidal stimulation in

young onset Parkinson’s disease. Brain. (1998) 121 (Pt 3):451–7.

doi: 10.1093/brain/121.3.451

43. Weaver FM, Follett KA, Stern M, Luo P, Harris CL, Hur K, et al. Randomized

trial of deep brain stimulation for Parkinson disease: thirty-six-month

outcomes.Neurology. (2012) 79:55–65. doi: 10.1212/WNL.0b013e31825dcdc1

44. Odekerken VJJ, van Laar T, Staal MJ, Mosch A, Hoffmann CFE,

Nijssen PCG, et al. Subthalamic nucleus versus globus pallidus

bilateral deep brain stimulation for advanced Parkinson’s disease

(NSTAPS study): a randomised controlled trial. Lancet Neurol. (2013)

12:37–44. doi: 10.1016/S1474-4422(12)70264-8

45. Williams NR, Foote KD, Okun MS. Subthalamic nucleus versus globus

pallidus internus deep brain stimulation: translating the rematch into clinical

practice.Mov Disord Clin Pract. (2014) 1:24–35. doi: 10.1002/mdc3.12004

46. Odekerken VJJ, Boel JA, Schmand BA, de Haan RJ, Figee M, van den

Munckhof P, et al. For the NSTAPS study group. GPi vs STN deep brain

stimulation for Parkinson disease: three-year follow-up. Neurology. (2016)

86:755–61. doi: 10.1212/WNL.0000000000002401

47. Anderson VC, Burchiel KJ, Hogarth P, Favre J, Hammerstad JP. Pallidal vs

subthalamic nucleus deep brain stimulation in parkinson disease.ArchNeurol.

(2005) 62:554–60. doi: 10.1001/archneur.62.4.554

48. Okun MS, Wu SS, Fayad S, Ward H, Bowers D, Rosado C,

et al. Acute and chronic mood and apathy outcomes from a

randomized study of unilateral STN and GPi DBS. PLoS ONE. (2014)

9:e114140. doi: 10.1371/journal.pone.0114140

49. Weintraub D, Duda JE, Carlson K, Luo P, Sagher O, Stern M, et al. Suicide

ideation and behaviours after STN and GPi DBS surgery for Parkinson’s

disease: results from a randomised, controlled trial. J Neurol Neurosurg

Psychiatry. (2013) 84:1113–8. doi: 10.1136/jnnp-2012-304396

50. Bari AA, Fasano A, Munhoz RP, Lozano AM. Improving outcomes

of subthalamic nucleus deep brain stimulation in Parkinson’s disease.

Expert Rev Neurother. (2015) 15:1151–60. doi: 10.1586/14737175.2015.

1081815

51. Munhoz RP, Picillo M, Fox SH, Bruno V, Panisset M, Honey CR, et al.

Eligibility criteria for deep brain stimulation in Parkinson’s disease, tremor,

and dystonia. Can J Neurol Sci. (2016) 43:462–71. doi: 10.1017/cjn.2016.35

52. Okun MS, Foote KD. Parkinson’s disease DBS: what, when, who and why?

The time has come to tailor DBS targets. Expert Rev Neurother. (2010)

10:1847–57. doi: 10.1586/ern.10.156

53. Okun MS, Wu SS, Foote KD, Bowers D, Gogna S, Price C, et al. Do stable

patients with a premorbid depression history have a worse outcome after

deep brain stimulation for Parkinson disease? Neurosurgery. (2011) 69:357–

61. doi: 10.1227/NEU.0b013e3182160456

54. Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally

segregated circuits linking basal ganglia and cortex. Ann Rev Neurosci. (1986)

9:357–81. doi: 10.1146/annurev.ne.09.030186.002041

55. Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits:

neural substrates of parallel processing. Trends Neurosci. (1990) 13:266–

71. doi: 10.1016/0166-2236(90)90107-L

56. Ulla M, Thobois S, Llorca P-M, Derost P, Lemaire J-J, Chereau-

Boudet I, et al. Contact dependent reproducible hypomania induced by

deep brain stimulation in Parkinson’s disease: clinical, anatomical, and

functional imaging study. J Neurol Neurosurg Psychiatry. (2011) 82:607–

14. doi: 10.1136/jnnp.2009.199323

57. Welter M-L, Schüpbach M, Czernecki V, Karachi C, Fernandez-Vidal

S, Golmard J-L, et al. Optimal target localization for subthalamic

stimulation in patients with Parkinson disease. Neurology. (2014) 82:1352–

61. doi: 10.1212/WNL.0000000000000315

58. Bejjani BP, Damier P, Arnulf I, Thivard L, Bonnet AM,

Dormont D, et al. Transient acute depression induced by

high-frequency deep-brain stimulation. N Engl J Med. (1999)

340:1476–80. doi: 10.1056/NEJM199905133401905

59. Karachi C, Francois C, Parain K, Bardinet E, Tande D, Hirsch E, et al. Three-

dimensional cartography of functional territories in the human striatopallidal

complex by using calbindin immunoreactivity. J Comp Neurol. (2002)

450:122–34. doi: 10.1002/cne.10312

60. Patriat R, Cooper SE, Duchin Y, Niederer J, Lenglet C, Aman J, et al.

Individualized tractography-based parcellation of the globus pallidus pars

interna using 7T MRI in movement disorder patients prior to DBS

surgery. NeuroImage. (2018) 178:198–209. doi: 10.1016/j.neuroimage.2018.0

5.048

61. Pollo C, Kaelin-Lang A, OertelMF, Stieglitz L, Taub E, Fuhr P, et al. Directional

deep brain stimulation: an intraoperative double-blind pilot study. Brain.

(2014) 137:2015–26. doi: 10.1093/brain/awu102

62. Steigerwald F, Matthies C, Volkmann J. Directional deep brain stimulation.

Neurotherapeutics. (2019) 16:100–4. doi: 10.1007/s13311-018-0667-7

63. Tinkhauser G, Pogosyan A, Little S, Beudel M, Herz DM, Tan H. The

modulatory effect of adaptive deep brain stimulation on beta bursts

in Parkinson’s disease. Brain. (2017) 140:1053–67. doi: 10.1093/brain/

awx010

64. Priori A, Foffani G, Rossi L, Marceglia S. Adaptive deep brain

stimulation (aDBS) controlled by local field potential oscillations.

Exp Neurol. (2013) 245:77–86. doi: 10.1016/j.expneurol.2012.

09.013

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Accolla and Pollo. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 6 June 2019 | Volume 10 | Article 617

https://doi.org/10.3171/jns.1998.89.5.0713
https://doi.org/10.1056/NEJMoa000827
https://doi.org/10.1093/brain/121.3.451
https://doi.org/10.1212/WNL.0b013e31825dcdc1
https://doi.org/10.1016/S1474-4422(12)70264-8
https://doi.org/10.1002/mdc3.12004
https://doi.org/10.1212/WNL.0000000000002401
https://doi.org/10.1001/archneur.62.4.554
https://doi.org/10.1371/journal.pone.0114140
https://doi.org/10.1136/jnnp-2012-304396
https://doi.org/10.1586/14737175.2015.1081815
https://doi.org/10.1017/cjn.2016.35
https://doi.org/10.1586/ern.10.156
https://doi.org/10.1227/NEU.0b013e3182160456
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1016/0166-2236(90)90107-L
https://doi.org/10.1136/jnnp.2009.199323
https://doi.org/10.1212/WNL.0000000000000315
https://doi.org/10.1056/NEJM199905133401905
https://doi.org/10.1002/cne.10312
https://doi.org/10.1016/j.neuroimage.2018.05.048
https://doi.org/10.1093/brain/awu102
https://doi.org/10.1007/s13311-018-0667-7
https://doi.org/10.1093/brain/awx010
https://doi.org/10.1016/j.expneurol.2012.09.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Mood Effects After Deep Brain Stimulation for Parkinson's Disease: An Update
	Depression and Parkinson's Disease (PD)
	Mood Impact of DBS
	STN-DBS Effects on Mood
	Dopamine-Withdrawal Syndrome

	GPI vs. STN-DBS Mood Effects

	Management of Depression in the Preoperative and Postoperative Phases
	Neuroanatomical and Neurosurgical Considerations
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


