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Abstract: Background: In advanced Parkinson’s disease, the pedunculopontine nucleus region is
thought to be abnormally inhibited by gamma-aminobutyric acid (GABA) ergic inputs from the
over-active globus pallidus internus. Recent attempts to boost pedunculopontine nucleus function
through deep brain stimulation are promising, but suffer from the incomplete understanding of
the physiology of the pedunculopontine nucleus region. Methods: Local field potentials of the
pedunculopontine nucleus region and the globus pallidus internus were recorded and quantitatively
analyzed in a patient with Parkinson’s disease. In particular, we compared the local field potentials
from the pedunculopontine nucleus region at rest and during deep brain stimulation of the globus
pallidus internus. Results: At rest, the spectrum of local field potentials in the globus pallidus
internus was mainly characterized by delta-theta and beta frequency activity whereas the spectrum
of the pedunculopontine nucleus region was dominated by activity only in the delta and theta band.
High-frequency deep brain stimulation of the globus pallidus internus led to increased theta activity
in the pedunculopontine nucleus region and enabled information exchange between the left and
right pedunculopontine nuclei. Therefore, Conclusions: When applying deep brain stimulation in
the globus pallidus internus, its modulatory effect on pedunculopontine nucleus physiology should
be taken into account.
Keywords: deep brain stimulation; pedunculopontine nucleus; globus pallidus internus;
Parkinson’s disease; local field potentials

1. Introduction
Akinetic axial symptoms such as postural instability and gait disorders (PIGD) are among
the most disabling features of Parkinson’s disease (PD) and significantly affect quality of life [1].
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Initial PIGD often respond to levodopa and deep brain stimulation (DBS) of the subthalamic nucleus
or the globus pallidus internus (GPi). Since these strategies eventually become less effective during
the course of the disease [2], low-frequency DBS of the pedunculopontine nucleus (PPN) region
has been suggested [3]. Although promising in larger clinical studies [4–7], outcomes of PPN-DBS
vary. The optimal implantation and stimulation parameters are still under discussion [8] due to
the comparatively low number of implantations and the complexity of PPN anatomy, physiology,
and pathophysiology.
The PPN region is a key structure in locomotion and its degeneration occurs in PD [9]. PPN region
damage in animals or human stroke patients can cause PIGD phenotypes. A unilateral lesion can
often be compensated after short periods of time but bilateral lesions, e.g., following toxic or vascular
lesions [10,11], are persistent. In PD with PIGD, pathologically increased GPi-activity is supposed to
cause an over-inhibition of the PPN region via GABAergic projections and current therapies attempt
to augment the PPN region activity through low frequency DBS [12–14].
However, despite its central role in DBS strategies for the PPN region, the mechanism of aberrant
GPi-mediated PPN inhibition in PD with PIGD presently relies only on indirect evidence, and available
physiological data in primates are limited to a single MPTP-treated macaque [15]. Here, we present
electrophysiological data of a PD patient which demonstrate that high-frequency GPi-DBS augments
PPN region theta activity.
2. Methods
Patient’s Clinical Data and Surgery
The patient was a 65-year-old male with a nine year history of idiopathic Parkinson’s disease
(IPD). He met the UK Brain Bank Criteria [16] by displaying hypokinesia accompanied by left side
dominant rigidity and resting tremor. Additionally, he presented with dystonic symptoms of his
left arm and upper trunk. The remaining neurological exam was normal. Diagnosis of IPD was
confirmed by pathological dopamine transporter (DaT)-Scan, a significant (40%) improvement during
levodopa challenge and reduced 131I-meta-iodobenzylguanidine (MIBG)-single photon emission
tomogram (SPECT). Cerebral magnetic resonance imaging (MRI), Dopamine-(D2)-receptor-SPECT,
neurophysiological diagnostics, and cerebrospinal fluid (CSF) analyses were normal.
The patient received bilateral GPi-DBS for the combined treatment of Parkinsonian motor
fluctuations and dystonic symptoms after seven years disease duration. Clinical outcome was
good (Unified Parkinson Disease Rating Scale (UPDRS) motor score [17]: GPi-OFF/Med-OFF 20,
GPi-ON/Med-OFF 12 points). During the next two years, gait disorder progressively deteriorated
and the patient developed freezing and frequent falls, refractory to optimized medical therapy [18],
and GPi-DBS. Thus, additional PPN surgery was proposed. The Otto-von-Guericke University Ethic’s
Board approved the study protocol, and the patient gave written informed consent.
To provide high resolution MR-images for planning the PPN related stereotactic trajectory a 3T
MRI was applied. The GPi electrodes had to be temporarily explanted as the DBS hardware had yet
to be MRI-certified. Despite optimized medical treatment [18], motor symptoms deteriorated after
explantation and the patient developed psychiatric co-morbidity with anxiety and agitation during
his OFF-states.
Four weeks later, bilateral DBS surgery of the GPi (Medtronic 3387) and of the PPN region
(Medtronic 3389) was simultaneously performed as previously described [19,20]. Five days after
implantation of the GPi- and PPN-leads, both targets were connected to two separate 2-channel
impulse generators (Medtronic, Activa-PC, Minneapolis, MN, USA).
As 1.5T was deemed insufficient to delineate the PPN when observing the manufacturers
limitation for the MRI scan (DBS-systems were not 3T MRI compatible), the electrode positions
were re-matched to the pre-operative MRI (Figure 1) based on intra-operative stereotactic X-rays
following an approach of Treuer et al. [21,22]: Pre-operative T1-weighted MRI and intra-operative CT
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Figure 1. Anatomical positions of DBS electrodes. (A) Anatomical location of the GPi electrodes as
Figure 1. Anatomical positions of DBS electrodes. (A) Anatomical location of the GPi electrodes
determined by intra-operative orthogonal x-ray imaging: in the lateral and frontal x-ray views, the
as determined by intra-operative orthogonal x-ray imaging: in the lateral and frontal x-ray views,
location of each contact used for stimulation or recording is marked by a red cross, as is the
the location of each contact used for stimulation or recording is marked by a red cross, as is the
corresponding location in the proton weighted MRI (from left to right). Orthogonal x-ray images and
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3. Clinical Assessments

3. Clinical
CoreAssessments
assessment program for surgical interventions (CAPSIT)-evaluation [24] was limited by
the patient’s psychiatric co-morbidity (see Methods) and reduced compliance: Pre-operatively, the
Core assessment program for surgical interventions (CAPSIT)-evaluation [24] was limited by the
patient refused to pause medication. Postoperatively, an interruption of GPi-DBS was also not
patient’s psychiatric co-morbidity (see Methods) and reduced compliance: Pre-operatively, the patient
tolerated. Therefore, single PPN-DBS was not employed. Conceivably, possible antagonistic effects
refused to pause medication. Postoperatively, an interruption of GPi-DBS was also not tolerated.
of GPi-DBS on PPN-DBS have not been investigated in the present electrophysiological design.
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All data were notch-filtered (in order to suppress power line and DBS related artefacts,
Figure 2A,B) and divided into segments (2 s, non-overlapping) which were excluded from further
analysis if their mean absolute amplitude exceeded the tenfold standard deviation of the entire signal.
Power spectra were calculated (Hanning-tapered 2 s segments, overlap 50%; resolution 0.5 Hz) and
statistically assessed following the Welch procedure [25] (chi-square distribution, confidence limits
derived from the number of segments and the taper function applied, significance of differences
between DBS-OFF and DBS-ON spectra calculated by means of the DBS-OFF chi-square distribution),
adjusted for multiple comparisons both for frequencies and conditions by means of the false discovery
rate procedure [26], which was applied to the different frequencies and DBS conditions at the same
time. Potential causal interactions between signal pairs were assessed via directed information transfer
(DIT), also known as transfer entropy using the criterion of Cao to determine the appropriate delay and
setting the model order according to the first local minimum of the auto mutual information [27–30].
Since closed form statistical assessments do not exist for DIT, mean and standard deviation were
calculated from non-overlapping 2 s data segments. Before DIT estimation, all signals were filtered
with a 130 Hz notch filter (gain <−100 dB at 130 Hz) in order to suppress potential DBS related
artefacts. Potential harmonics were suppressed by the anti-aliasing low pass filter of 180 Hz preceding
the digitization. Confidence limits (95%) of the DIT estimate were determined through random
shuffling of the segment order in one of the signals (200 iterations) before DIT calculation, providing
empirical statistics under the null hypothesis. DIT values exceeding these limits were considered
significantly different from zero and were used in between-condition (e.g., DBS-ON/OFF) comparisons.
For these, DIT values were averaged for each signal pair over latency ranges at which at least one of
the two DIT values significantly differed from zero and were subjected to Wilcoxon’s two-sided rank
sum test between the two sets of 20 ‘raw’ DIT values from the non-overlapping 2 s data segments
(as described at the beginning of this paragraph).
5. Results
In the absence of stimulation, the GPi LFP spectrum was characterized mainly by delta-theta and
beta frequency activity, with the right GPi (GPiR *; asterisk denotes correspondence to the patient’s
clinically more affected left body side throughout), demonstrating higher beta power (contacts 0–1:
11 . . . 14.5 Hz, p < 0.05; contacts 2–3: 7.5 . . . 30 Hz, p < 0.05), but less delta-theta power (contacts 0–1:
2.5 . . . 7.5 Hz, p < 0.05; contacts 2–3: 0.5 . . . 2.5 Hz, p < 0.05) when compared to the left GPi (GPiL )
(Figure 3A–D). Stimulation of either GPi did not modulate the LFP activity in the contralateral GPi.
In the PPN region, the LFP spectrum was mainly concentrated around the delta (1.5 . . . 3.0 Hz)
and theta frequencies (3.5 . . . 8.0 Hz). The left PPN region (PPNL ) showed more delta frequency
activity in the range of 1.5 to 3.5 Hz (corresponding to the low frequency downward slope segment
in the spectrogram; p < 0.05) as well as higher theta power between 3.5 and 4.5 Hz (p < 0.05) when
compared to the contralateral right PPN region (PPNR *, Figure 3E,G) whereas PPNR * showed more
activity in the range of 6.5 to 8.5 Hz (p < 0.05).
GPiL -DBS led to a marked increase in theta activity in PPNL in the lower theta band (3.5 . . .
4.5 Hz, p < 0.05; Figure 3G). Interestingly, GPiR * stimulation induced a very similar theta power
increase in PPNL at 4.0 to 4.5 Hz (p < 0.05; Figure 3H). Spectral activity in PPNR * (Figure 3E,F), in
turn, was not affected by either GPiL -DBS or GPiR *-DBS, except for a slight decrease at 4.0 to 4.5 Hz
(p < 0.05; Figure 3E) during GPiL -DBS. GPiL -DBS at a reduced amplitude (2 V) induced a less clear, yet
significant (p < 0.05) increase around 4.5 Hz in PPNL (Figure 3G) with no modulation of that spectral
peak in PPNR * (Figure 3E). Stimulation at 2 V of GPiR * caused a slight but non-significant increase
around 4.5 Hz in the PPNL (Figure 3H) and no increase in the PPNR * (Figure 3F).
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Figure 3. Effects of GPi-DBS on LFP spectra. Statistical significance levels of differences were derived
derived by comparing the DBS on-spectra to the chi-square distribution assumed for the base line
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(DBS-OFF) spectra (see Welch, 1967). Significant differences are marked by a ‘#’ indicating a
spectra (see Welch, 1967). Significant differences are marked by a ‘# ’ indicating a significance level
significance level of p < 0.05. (A–D) No spectral changes were observed in GPiR* or GPiL (neither at
of p < 0.05. (A–D) No spectral changes were observed in GPiR * or GPiL (neither at contacts 0–1 nor
contacts 0–1 nor 2–3) during DBS of the contralateral GPi; (E,F) A slight but significant decrease was
2–3) during DBS of the contralateral GPi; (E,F) A slight but significant decrease was observed in the
observed in the lower theta band in PPNR* during GPIL-DBS but no spectral change was observed in
lower theta band in PPNR * during GPIL -DBS but no spectral change was observed in PPNR * during
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was modulated by gait imagination [35]. The current literature suggests theta oscillations (sometimes
classed as alpha due to overlapping definitions) as hallmarks of PPN region activity in PD. The portion
of theta has also been shown to correlate with gait performance [36].
In the present patient, the LFPs were recorded in the rostral PPN region (Figure 1B). We observed
dominating theta-alpha activity, which is in line with the results of Androulidakis et al. [37], but in
contrast to Tattersal et al. [38] and Thevathasan et al. [36] both reporting dominant beta activity in
the rostral and stronger alpha activity only in the caudal PPN. One explanation of this discordance
could be the cellular diversity of the PPN region, which may be even more pronounced by neuronal
degeneration within the PPN after longer disease duration [39,40]. PD accompanied by dystonic
symptoms in the present patient may have further contributed to the electrophysiological differences
when compared to Tattersal and Thevathasan. Since a degeneration of the PPN region may correlate
with symptom severity [41], the higher theta in PPNL (compared to PPNR *) at resting state might
reflect the lateralization of clinical symptoms in our patient.
Importantly, we saw a further elevation of PPNL theta during GPi-DBS. This finding might
provide a neurophysiological support for the hypothesis that GPi changes PPN activity in PD, since
modulation of the GPi via high-frequency DBS influenced PPN theta pattern.
Our observation that PPNL frequency changes could be induced by GPi-DBS on either side
is consistent with the fact that up to 20% of GPi to PPN region projections cross the midline [42].
Conversely, the absence of changes in PPNR * by GPi-DBS may be related to the more advanced clinical
symptoms at the left side and corresponding degree of degeneration and was compatible with our
finding of reduced PPNR * theta at the baseline. Differences in electrode position were less likely since
we exclusively included in our analysis those electrode pairs which were clearly located inside the
respective structure (Figure 1B). A significant (GPiL -DBS) and a slight yet non-significant (GPiR *-DBS)
frequency increase around 4.5 Hz in the PPNL region during GPi-DBS with reduced amplitude at
2 V was in contrast to the assumption that this modulation just reflects confounding effects like
alertness and was in line with the clinical most effective window, which was observed at 4 V at the
time of recording.
GPi-DBS also enabled the flow of information from PPNL to PPNR *, which could constitute an
electrophysiological correlation of the PPN regions hitherto unexplained capability for functional
compensation after unilateral damage, and further highlights the importance of GPi-mediated PPN
over-inhibition in PD [10,13,14]. Combining our transfer entropy results with physiological studies [43]
and recent reports on PPN connectivity in PD by diffusion tensor imaging [44], these compensational
mechanisms are more likely to be mediated by indirect pathways rather than by direct connections
between the left and right PPN regions.
One major limitation of the present data relates to the determination of the anatomical localization
of the activated stimulation field, which represents a general challenge in DBS studies [45]. It is possible
that GPe-border-instead of GPi-stimulation may partially account for the observed effects. Importantly,
due to its electrophysiological focus, the present case report did not elucidate any clinical implications
on PPN-DBS. Our conclusion that counteracting GPi’s influence on PPN region via GPi-DBS augments
PPN region theta activity was based on data from a single patient, requiring future studies to confirm
the present anecdotal evidence by increasing the number of PPN region-recordings in PD patients.
This needs further investigation, if the modulation of the rostral PPN-activity related to GPi-DBS
indicates an advantageous or deleterious influence on gait performance, i.e., the development of
gait disorder by high frequency GPi-DBS has been reported in clinical studies in PD as well as in
dystonia [46,47].
However, according to a recent review, only four further patients with combined PPN- and
GPi-DBS have been reported in the literature, and electrophysiological data have been reported from
only one patient so far [48]. Thus, the present analysis offers a useful contribution to recent discussions
surrounding the existence of a ‘dominant’ PPN region and its clinical significance for future DBS
therapies [49].

Brain Sci. 2018, 8, 117

10 of 12

Author Contributions: I.G., J.V. and T.Z. conceived and designed and performed the experiments; C.K. and H.H.
analyzed the data; L.B., K.K. And F.C.S. contributed reagents/materials/analysis tools; I.G., H.H., A.K., C.K., L.B.
and J.V. wrote the paper.
Funding: The study was supported by the German Research Council (SFB779-TPA11; SFBTRR31-TPA17).
Acknowledgments: We thank Inga Decker and Tobias Slater for their expert technical assistance and Claudius
Bartels for helpful discussions and continuous support throughout the production of this manuscript.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.
2.
3.
4.

5.
6.

7.

8.

9.

10.
11.
12.

13.
14.
15.

16.

17.

Rahman, S.; Griffin, H.J.; Quinn, N.P.; Jahanshahi, M. Quality of life in Parkinson’s disease: The relative
importance of the symptoms. Mov. Disord. 2008, 23, 1428–1434. [CrossRef] [PubMed]
St George, R.J.; Nutt, J.G.; Burchiel, K.J.; Horak, F.B. A meta-regression of the long-term effects of deep brain
stimulation on balance and gait in PD. Neurology 2010, 75, 1292–1299. [CrossRef] [PubMed]
Benarroch, E.E. Pedunculopontine nucleus: Functional organization and clinical implications. Neurology
2013, 80, 1148–1155. [CrossRef] [PubMed]
Stefani, A.; Lozano, A.M.; Peppe, A.; Stanzione, P.; Galati, S.; Tropepi, D.; Pierantozzi, M.; Brusa, L.;
Scarnati, E.; Mazzone, P. Bilateral deep brain stimulation of the pedunculopontine and subthalamic nuclei in
severe Parkinson’s disease. Brain J. Neurol. 2007, 130, 1596–1607. [CrossRef] [PubMed]
Mazzone, P.; Insola, A.; Sposato, S.; Scarnati, E. The deep brain stimulation of the pedunculopontine
tegmental nucleus. Neuromodul. J. Int. Neuromodul. Soc. 2009, 12, 191–204. [CrossRef] [PubMed]
Moro, E.; Hamani, C.; Poon, Y.-Y.; Al-Khairallah, T.; Dostrovsky, J.O.; Hutchison, W.D.; Lozano, A.M.
Unilateral pedunculopontine stimulation improves falls in Parkinson’s disease. Brain J. Neurol. 2010, 133,
215–224. [CrossRef] [PubMed]
Ferraye, M.U.; Debu, B.; Fraix, V.; Goetz, L.; Ardouin, C.; Yelnik, J.; Henry-Lagrange, C.; Seigneuret, E.;
Piallat, B.; Krack, P.; et al. Effects of pedunculopontine nucleus area stimulation on gait disorders in
Parkinson’s disease. Brain J. Neurol. 2010, 133, 205–214. [CrossRef] [PubMed]
Mazzone, P.; Scarnati, E.; Garcia-Rill, E. The Pedunculopontine Tegmental Nucleus: From Basic Neuroscience
to Neurosurgical Applications Commentary: The Pedunculopontine Nucleus: Clinical Experience, Basic
Questions and Future Directions. J. Neural Transm. 2011, 118, 1391–1396. [CrossRef] [PubMed]
Hirsch, E.C.; Graybiel, A.M.; Duyckaerts, C.; Javoy-Agid, F. Neuronal loss in the pedunculopontine tegmental
nucleus in Parkinson disease and in progressive supranuclear palsy. Proc. Natl. Acad. Sci. USA 1987, 84,
5976–5980. [CrossRef] [PubMed]
Pereira, E.A.C.; Nandi, D.; Jenkinson, N.; Stein, J.F.; Green, A.L.; Aziz, T.Z. Pedunculopontine stimulation
from primate to patient. J. Neural Transm. 2011, 118, 1453–1460. [CrossRef] [PubMed]
Kuo, S.-H.; Kenney, C.; Jankovic, J. Bilateral pedunculopontine nuclei strokes presenting as freezing of gait.
Mov. Disord. 2008, 23, 616–619. [CrossRef] [PubMed]
Crossman, A.R.; Mitchell, I.J.; Sambrook, M.A. Regional brain uptake of 2-deoxyglucose in
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism in the macaque monkey.
Neuropharmacology 1985, 24, 587–591. [CrossRef]
Munro-Davies, L.E.; Winter, J.; Aziz, T.Z.; Stein, J.F. The role of the pedunculopontine region in basal-ganglia
mechanisms of akinesia. Exp. Brain Res. 1999, 129, 511–517. [CrossRef] [PubMed]
Stein, J.F.; Aziz, T.Z. Basal ganglia output to the PPN, a commentary. Exp. Neurol. 2012, 233, 745–746.
[CrossRef] [PubMed]
Zhang, J.; Wang, Z.I.; Baker, K.B.; Vitek, J.L. Effect of globus pallidus internus stimulation on neuronal
activity in the pedunculopontine tegmental nucleus in the primate model of Parkinson’s disease. Exp. Neurol.
2012, 23, 575–580. [CrossRef] [PubMed]
Hughes, A.J.; Daniel, S.E.; Kilford, L.; Lees, A.J. Accuracy of clinical diagnosis of idiopathic Parkinson’s
disease: A clinico-pathological study of 100 cases. J. Neurol. Neurosurg. Psychiatry 1992, 55, 181–184.
[CrossRef] [PubMed]
Movement Disorder Society Task Force on Rating Scales for Parkinson’s Disease. The Unified Parkinson’s
Disease Rating Scale (UPDRS): Status and recommendations. Mov. Disord. 2003, 18, 738–750.

Brain Sci. 2018, 8, 117

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

36.

37.

38.

11 of 12

NICE Guidelines—National Collaborating Centre for Chronic Conditions (UK). Parkinson’s Disease: National
Clinical Guideline for Diagnosis and Management in Primary and Secondary Care; Royal College of Physicians:
London, UK, 2006.
Voges, J.; Volkmann, J.; Allert, N.; Lehrke, R.; Koulousakis, A.; Freund, H.J.; Sturm, V. Bilateral high-frequency
stimulation in the subthalamic nucleus for the treatment of Parkinson disease: Correlation of therapeutic
effect with anatomical electrode position. J. Neurosurg. 2002, 96, 269–279. [CrossRef] [PubMed]
Galazky, I.; Kaufmann, J.; Lorenzl, S.; Ebersbach, G.; Gandor, F.; Zaehle, T.; Specht, S.; Stallforth, S.;
Sobieray, U.; Wirkus, E.; et al. Deep brain stimulation of the pedunculopontine nucleus for treatment
of gait and balance disorder in progressive supranuclear palsy: Effects of frequency modulations and clinical
outcome. Parkinsonism Relat. Disord. 2018, 50, 81–86. [CrossRef] [PubMed]
Treuer, H.; Hunsche, S.; Hoevels, M.; Luyken, K.; Maarouf, M.; Voges, J.; Sturm, V. The influence of head
frame distortions on stereotactic localization and targeting. Phys. Med. Biol. 2004, 49, 3877–3887. [CrossRef]
[PubMed]
Treuer, H.; Klein, D.; Maarouf, M.; Lehrke, R.; Voges, J.; Sturm, V. Accuracy and conformity of stereotactically
guided interstitial brain tumour therapy using I-125 seeds. Radiother. Oncol. 2005, 77, 202–209. [CrossRef]
[PubMed]
Hunsche, S.; Sauner, D.; El Majdoub, F.; Neudorfer, C.; Poggenborg, J.; Goßmann, A.; Maarouf, M.
Intensity-based 2D 3D registration for lead localization in robot guided deep brain stimulation. Phys.
Med. Biol. 2017, 62, 2417–2426. [CrossRef] [PubMed]
Defer, G.L.; Widner, H.; Marié, R.M.; Rémy, P.; Levivier, M. Core assessment program for surgical
interventional therapies in Parkinson’s disease (CAPSIT-PD). Mov. Disord. 1999, 14, 572–584. [CrossRef]
Welch, P. The use of fast Fourier transform for the estimation of power spectra: A method based on time
averaging over short, modified periodograms. IEEE Trans. Audio Electroacoust. 1967, 15, 70–73. [CrossRef]
Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B Methodol. 1995, 57, 289–300.
Kamitake, T.; Harashima, H.; Miyakawa, H. A time-series analysis method based on the directed
transinformation. Electron. Commun. Jpn. Part I Commun. 1984, 67, 1–9. [CrossRef]
Schreiber, T. Measuring information transfer. Phys. Rev. Lett. 2000, 85, 461–464. [CrossRef] [PubMed]
Cao, L. Practical method for determining the minimum embedding dimension of a scalar time series. Phys.
D Nonlinear Phenom. 1997, 110, 43–50. [CrossRef]
Chen, Y.; Rangarajan, G.; Feng, J.; Ding, M. Analyzing multiple nonlinear time series with extended Granger
causality. Phys. Lett. A 2004, 324, 26–35. [CrossRef]
Jones, D.L.; Mogenson, G.J. Nucleus accumbens to globus pallidus GABA projections ubserving ambulatory
activity. Am. J. Physiol. 1980, 238, R65–R69. [PubMed]
Mogenson, G.J.; Nielsen, M. A study of the contribution of hippocampal- accumbens-subpallidal projections
to locomotor activity. Behav. Neural Biol. 1984, 42, 38–51. [CrossRef]
Swerdlow, N.R.; Koob, G.F. The neural substrates of apomorphine-stimulated locomotor activity following
denervation of the nucleus accumbens. Life Sci. 1984, 35, 2537–2544. [CrossRef]
Karachi, C.; Grabli, D.; Bernard, F.A.; Tandé, D.; Wattiez, N.; Belaid, H.; Bardinet, E.; Prigent, A.;
Nothacker, H.P.; Hunot, S.; et al. Cholinergic mesencephalic neurons are involved in gait and postural
disorders in Parkinson disease. J. Clin. Investig. 2010, 120, 2745–2754. [CrossRef] [PubMed]
Nakao, N.; Ogura, M.; Nakai, K.; Itakura, T. Intrastriatal mesencephalic grafts affect neuronal activity in
basal ganglia nuclei and their target structures in a rat model of Parkinson’s disease. J. Neurosci. 1998, 18,
1806–1817. [CrossRef] [PubMed]
Thevathasan, W.; Pogosyan, A.; Hyam, J.A.; Jenkinson, N.; Foltynie, T.; Limousin, P.; Bogdanovic, M.;
Zrinzo, L.; Green, A.L.; Aziz, T.Z.; et al. Alpha oscillations in the pedunculopontine nucleus correlate with
gait performance in parkinsonism. Brain 2012, 135, 148–160. [CrossRef] [PubMed]
Androulidakis, A.G.; Mazzone, P.; Litvak, V.; Penny, W.; Dileone, M.; Gaynor, L.M.; Tisch, S.; Di Lazzaro, V.;
Brown, P. Oscillatory activity in the pedunculopontine area of patients with Parkinson’s disease. Exp. Neurol.
2008, 211, 59–66. [CrossRef] [PubMed]
Tattersall, T.L.; Stratton, P.G.; Coyne, T.J.; Cook, R.; Silberstein, P.; Silburn, P.A.; Windels, F.; Sah, P. Imagined
gait modulates neuronal network dynamics in the human pedunculopontine nucleus. Nat. Neurosci. 2014,
17, 449–454. [CrossRef] [PubMed]

Brain Sci. 2018, 8, 117

39.

40.
41.
42.
43.
44.

45.

46.

47.

48.

49.

12 of 12

Pienaar, I.S.; Vernon, A.; Winn, P. The Cellular Diversity of the Pedunculopontine Nucleus: Relevance
to Behavior in Health and Aspects of Parkinson’s Disease. Neuroscientist 2017, 23, 415–431. [CrossRef]
[PubMed]
Pienaar, I.S.; van de Berg, W. A non-cholinergic neuronal loss in the pedunculopontine nucleus of
toxin-evoked parkinsonian rats. Exp. Neurol. 2013, 248, 213–223. [CrossRef] [PubMed]
Zweig, R.M.; Jankel, W.R.; Hedreen, J.C.; Mayeux, R.; Price, D.L. The pedunculopontine nucleus in
Parkinson’s disease. Ann. Neurol. 1989, 26, 41–46. [CrossRef] [PubMed]
Hazrati, L.N.; Parent, A. Contralateral pallidothalamic and pallidotegmental projections in primates:
An anterograde and retrograde labeling study. Brain Res. 1991, 567, 212–223. [CrossRef]
Mena-Segovia, J.; Bolam, J.P.; Magill, P.J. Pedunculopontine nucleus and basal ganglia: Distant relatives or
part of the same family? Trends Neurosci. 2004, 27, 585–588. [CrossRef] [PubMed]
Peterson, D.S.; Fling, B.W.; Mancini, M.; Cohen, R.G.; Nutt, J.G.; Horak, F.B. Dual-task interference and brain
structural connectivity in people with Parkinson’s disease who freeze. J. Neurol. Neurosurg. Psychiatry 2015,
86, 786–792. [CrossRef] [PubMed]
Horn, A.; Reich, M.; Vorwerk, J.; Li, N.; Wenzel, G.; Fang, Q.; Schmitz-Hübsch, T.; Nickl, R.; Kupsch, A.;
Volkmann, J.; et al. Connectivity predicts deep brain stimulation outcome in Parkinson disease. Ann. Neurol.
2017, 82, 67–78. [CrossRef] [PubMed]
Hariz, M.I.; Rehncrona, S.; Quinn, N.P.; Speelman, J.D.; Wensing, C. Multicentre Advanced Parkinson’s
Disease Deep Brain Stimulation Group. Multicenter study on deep brain stimulation in Parkinson’s disease:
An independent assessment of reported adverse events at 4 years. Mov. Disord. 2008, 23, 416–421. [CrossRef]
[PubMed]
Schrader, C.; Capelle, H.H.; Kinfe, T.M.; Blahak, C.; Bäzner, H.; Lütjens, G.; Dressler, D.; Krauss, J.K. GPi-DBS
may induce a hypokinetic gait disorder with freezing of gait in patients with dystonia. Neurology 2011, 77,
483–488. [CrossRef] [PubMed]
Morita, H.; Hass, C.J.; Moro, E.; Sudhyadhom, A.; Kumar, R.; Okun, M.S. Pedunculopontine Nucleus
Stimulation: Where are We Now and What Needs to be Done to Move the Field Forward? Front. Neurol.
2014, 5, 243. [CrossRef] [PubMed]
Lam, S.; Moro, E.; Poon, Y.Y.; Lozano, A.M.; Fasano, A. Does dominant pedunculopontine nucleus exist?
Brain 2015, 138, e323. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

