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Abstract

The pedunculopontine nucleus (PPN) is engaged in posture and gait control, and neuronal degeneration in the PPN has been
associated with Parkinsonian disorders. Clinical outcomes of deep brain stimulation of the PPN in idiopathic Parkinson’s
disease (IPD) and progressive supranuclear palsy (PSP) differ, and we investigated whether the PPN is differentially affected
in these conditions. We had the rare opportunity to record continuous electrophysiological data intraoperatively in 30 s blocks
from single microelectrode contacts implanted in the PPN in six PSP patients and three IPD patients during rest, passive
movement, and active movement. Neuronal spikes were sorted according to shape using a wavelet-based clustering approach
to enable comparisons between individual neuronal firing rates in the two disease states. The action potential widths showed
a bimodal distribution consistent with previous findings, suggesting spikes from noncholinergic (likely glutamatergic) and
cholinergic neurons. A higher PPN spiking rate of narrow action potentials was observed in the PSP than in the IPD patients
when pooled across all three conditions (Wilcoxon rank sum test: p=0.0141). No correlation was found between firing
rate and disease severity or duration. The firing rates were higher during passive movement than rest and active movement
in both groups, but the differences between conditions were not significant. PSP and IPD are believed to represent distinct
disease processes, and our findings that the neuronal firing rates differ according to disease state support the proposal that
pathological processes directly involving the PPN may be more pronounced in PSP than IPD.

Keywords Pedunculopontine nucleus - Progressive supranuclear palsy - Idiopathic Parkinson’s disease - Microelectrode
recordings - Deep brain stimulation

Introduction

The pedunculopontine nucleus (PPN) is located in the
brainstem and is engaged in posture and gait control [1].
Neuronal degeneration of the PPN has been identified in
patients with progressive supranuclear palsy (PSP) and idi-
opathic Parkinson’s disease (IPD) [2, 3], and the PPN has
become a potential target for deep brain stimulation (DBS)
in both conditions [4—-8]. Although low-frequency PPN-DBS
has been shown to improve posture and gait in IPD [9-11],
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the clinical outcomes of PPN-DBS in PSP patients differ
[12, 13], and it is not clear whether the PPN is differentially
affected in these two conditions. Here, we compared the neu-
ronal firing rate in the PPN in patients with PSP with that in
patients diagnosed with IPD.

PPN activity has been shown in animal studies to alter
in response both to initiation and to modulation of move-
ment [14]. Patient recordings have revealed distinct neuronal
populations in which firing differs between rest, passive,
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and active movement and also neuronal populations that
respond to movement onset and offset [6]. Differences in
action potential width have been associated with the firing
of particular neuronal types, with narrow action potentials
being in the majority and thought to come from noncholin-
ergic neurons, and wide action potentials being less common
and originating from cholinergic neuronal populations [6].
On the basis of these findings, we aimed to identify and
compare noncholinergic firing between patients with PSP
and IPD. We investigated neuronal firing intraoperatively
in the PPN at rest and during passive and active movement.
The data were recorded in continuous blocks, to enable a
direct comparison between ongoing PPN firing in the differ-
ent disease states under the different conditions, without the
overall changes in firing rate that have already been reported
in particular neuronal populations that fire at movement
onset and offset.

Methods
Patients

Six patients with a diagnosis of PSP and three patients with
IPD were included in this study. Clinical diagnosis of PSP
was determined according to National Institute for Neuro-
logical Disorders and Stroke (NINDS) clinical criteria [15],
and IPD diagnosis was based on the clinical diagnostic cri-
teria for PD from the UK Parkinson’s Disease Society Brain
Bank [16]. Clinical evaluation was performed using the Uni-
fied Parkinson’s Disease Rating Scale (UPDRS) [17]. Patient
clinical characteristics are provided in Table 1. The study
was approved by the Local Ethics Committee of the Otto-
von-Guericke University, Magdeburg (protocol no. 38/09),
and all participants provided informed, written consent.

Electrode localization

Stereotactic target coordinates were determined pre-opera-
tively based on structural magnetic resonance imaging and
confirmed intraoperatively using stereotactic X-rays. The
surgical procedure has been reported in detail elsewhere
[13]. Electrode localisation is illustrated for patient 1, which
is representative of PPN targeting in this cohort (Fig. 1).

Electrophysiological data recordings

We recorded spontaneous neuronal firing activity intraopera-
tively in continuous 30 s blocks from single microelectrode
contacts of a micro—macro electrode (30-um tip length, axes
800 um apart, about 1.0 MQ impedance; Inomed, Medizin-
technik GmbH, Emmendingen, Germany), implanted in the
PPN in all nine patients, during rest, passive movement, and
active movement, with both movement conditions involving
bilateral alternating ankle flexion and extension, whereby the
left ankle was extended when the right ankle was flexed and
vice versa. One to three 30 s blocks were recorded from each
PPN for each condition, resulting in 24 blocks from PSP and
9 blocks from IPD patients during rest, 15 blocks from PSP
and 5 blocks from IPD patients during passive movement,
and 15 blocks from PSP and 5 blocks from IPD patients
during active movement. The movement was self-paced by
the patients in the active condition and by one of the authors
(IG) in the passive condition, with a target rate of 2 s per
movement. Recording took place during the electrophysi-
ological mapping procedure used to obtain physiological
data for localizing the target for the DBS electrode place-
ment (for further details of the procedure see: [18]). The
data analyzed here were recorded from the site determined
to be the PPN during mapping, at which DBS was subse-
quently delivered. All recordings were filtered at 3—5000 Hz,
with a sampling rate of 25 kHz, using the ISIS MER System

Table 1 Clinical information

Patient Diagnosis Side of  Age (years) Gender Disease L-Dopa Midbrain UPDRS
record- duration response  diameter 111, off/
ing (years) (%) (mm) on

1 PSP-RS L,R 68 M 6 0 13.6 30/30

2 PSP-P L,R 68 F 5 25 14.5 24/18

3 PSP-RS L 67 F 7 5.7 14 35/33

4 PSP-RS L,R 68 F 7 15 11.9 20/17

5 PSP-PAGF L,R 72 F 6 9 15.1 11/10

6 PSP-PAGF L,R 71 M 6 0 14.5 28/28

7 IPD L,R 65 M 6 31.2 18.2 32/22

8 IPD L,R 66 F 5 29.7 14.6 64/45

9 IPD L,R 50 F 14 50 18.9 42/21

IPD idiopathic Parkinson’s disease, PSP-P PSP-parkinsonism, PSP-PAGF PSP-pure akinesia with gait
freezing, PSP-RS PSP-Richardson syndrome, UPDRS Unified Parkinson’s Disease Rating Scale

@ Springer



2246

Journal of Neurology (2019) 266:2244-2251

Fig. 1 Illustration of the localisation of the recording site in the left
PPN in patient 1. a Stereotactic X-ray, lateral and a.p. view: the tra-
jectory of the electrode probe is located 8 mm above the prescribed
target (=start of microelectrode recording). Burst activity became

(Inomed, Medizintechnik GmbH, Emmendingen, Germany),
equipped with the ISIS MER software (version 3.2).

Spike clustering

The electrophysiological signals recorded from microelec-
trodes comprise the firing of multiple neurons. To study the
firing rates of particular neurons, it is essential to establish
which action potentials are produced by a given neuronal
discharging unit. The activity produced by individual neu-
rons can be identified according to the shape of the spikes of
electrical activity recorded from them. To define the shape
of an action potential, distinctive features are extracted,
and these features are then used to cluster spikes with
similar shape [19]. We applied a wavelet-based clustering
algorithm using the freely available wave_clus toolbox,
implemented in Matlab [19]. First, the data were filtered
from 300-3000 Hz using a Butterworth filter, and then an
amplitude threshold was applied to detect spikes as activity
exceeding this threshold. The clustering then proceeded as
follows. A set of wavelet coefficients was chosen from each
spike, with which to define its shape at different scales and
times. These sets of wavelet coefficients were subsequently
used as features for clustering using a superparamagnetic
clustering algorithm, whose nomenclature is derived from
an analogy with magnetic systems. The coefficients selected
as features for classification were those that maximally sepa-
rated the clusters. m selected features were represented in an
m-dimensional phase space for clustering. Interactions were
simulated between each data point, or feature, and its K near-
est neighbours in an iterative process resulting in clusters
of spikes with similar shape. The process is described in
detail by Quiroga et al. [19]. Two parameters may be set to
improve classification of spikes based on visual inspection
of the resulting classification: the minimum cluster size and
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visible over a distance from 4 to 0.5 mm above the target point. b Pre-
operative structural MRI, transverse view: projection of the calculated
trajectory. The red cross indicates the site from which the microelec-
trode data were recorded

the probability of changing the state, or cluster allocation,
of neighbouring data points together, which is referred to as
the ‘temperature’. At a low temperature, smaller numbers of
clusters result, and at a high temperature, spikes are likely
to be separated into more clusters. Visual inspection of the
shapes of the raw spikes, each plotted together with the clus-
ter to which it has been assigned, allowed evaluation of the
appropriateness of the chosen parameters.

To determine the total number of neurons from which
spikes were recorded from each PPN, the data from the dif-
ferent recording conditions for each individual patient were
concatenated, and clustering was performed again. A par-
ticular cluster shape (and hence neuronal discharging unit)
could thus be identified across recording conditions.

The PPN comprises different neuronal populations, which
may be characterized by the width of the action potentials
they produce [6, 20, 21]. We measured the duration of the
negative phase of the mean action potential for a given clus-
ter and examined the distribution of spike durations, fol-
lowing the approach taken by Weinberger et al. [6]. Com-
parisons were then made between individual neuronal firing
rates for the neurons thus characterized in the two disease
states using a Wilcoxon rank sum test. A non-parametric test
was used, as the data were not normally distributed accord-
ing to the Kolmogorov—Smirnov test. Unpaired T tests were
used for the comparisons between firing rates during sepa-
rate movement conditions, because the small sample sizes
did not permit estimation of normality, and simulation has
demonstrated the validity of T tests with low sample num-
bers, which were defined as N <6 [22]. Correlation between
firing rates and clinical scores was evaluated by calculating
Pearson’s r.

Finally, we performed an exploratory evaluation of lat-
erality in PPN neuronal firing rates. Where more than one
firing rate was available from a PPN on at least one side,
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we compared narrow and wide action potential firing rates
between left and right PPNs for all patients pooled together
and separately according to diagnosis using unpaired T
tests. The tests were performed both pooling across all
three movement conditions and for each movement condi-
tion separately. Where firing rates were available for indi-
vidual patients from both sides in the same movement condi-
tion, we also calculated a laterality index (L —R/L+R) and
evaluated correlation between laterality and disease dura-
tion, baseline UPDRS scores, responsiveness to L-dopa, and
midbrain diameter. We compared baseline UPDRS scores
between impact on the left and right sides of the body using
a paired T test and also calculated a laterality index for these
scores. We then evaluated correlation between these clini-
cal laterality scores and firing rates as well as a firing rate
laterality index. Finally, we examined correlation between
the gait freezing sub-score of the UPDRS and firing rate.

Results

Data were recorded from the PPN from six patients with
PSP and three patients with IPD. Disease duration did not
differ between the groups [PSP: 6.2 years (std 0.8); IPD:
8.3 years (std 4.9); T test: T=1.13, p=0.30)]. The mean
UPDRS score reflected lower disease severity in the PSP
group (24.7, std 8.4) than in the IPD group (46.0, std 16.4)
(Ttest: T=2.67, p=0.032).

All but one PSP patient had bilateral recordings, result-
ing in data from 17 PPN regions. The neuronal spikes were

clustered according to their shape, with action potentials
with similar shape considered as coming from a single neu-
ronal discharging unit (Fig. 2). Neuronal clusters were iden-
tified from 11 PPN sites from PSP patients and 6 PPN sites
from IPD patients. Based on the clustering, the recorded
spiking was deemed to stem from one to three discharging
units in each patient. One IPD patient had clusters identi-
fied during sedation (with remifentanil), but no clusters were
seen following sedation in the separate recording conditions.
No clusters were identified in one patient with PSP, who
presented with a distinct microlesion effect post-operatively,
with a buccofacial apraxia persisting for several weeks. The
number of units from which spikes were recorded is likely
to be a function of the precise electrode location and did
not differ systematically according to clinical diagnosis or
recording condition. Data were recorded from a total of 16
neuronal units in the PSP patients and from 7 neuronal units
in the IPD patients.

The neuronal firing rates across both patient groups,
and also within the PSP and IPD patient groups separately,
showed a bimodal distribution with a cutoff width at around
0.7 ms (Fig. 3). The majority of neurons (67% of the total:
76% in PSP patients; 63% in IPD patients) had narrow action
potentials.

Comparing the spiking rates of the PPN neurons with a
narrow action potential width, pooled across the rest, pas-
sive movement, and active movement conditions, a higher
firing frequency was observed in the patients with PSP than
in those with IPD (Wilcoxon rank sum test: p=0.0141)
(Fig. 4). The rate was higher in the PSP group in each
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Fig.2 Illustration of the wavelet-based clustering algorithm used to
sort neuronal spikes, applied to electrophysiological data recorded
from the PPN of patient 1 during rest. a Raw electrophysiological
data. b Cluster size vs. temperature. The blue and red dots corre-
spond with the selected clusters. ¢ Projection of wavelet coefficients

for spikes in which clustering is visible. d Mean of spikes compris-
ing each cluster, with the peak aligned to data point 20 of the 64 data
points taken for each spike. e Individual spikes allocated to cluster 1,
with the mean in black. f As in e for cluster 2
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Fig.4 Mean neuronal spiking rates from neurons firing narrow action
potentials (error bars = standard error of the mean)

condition separately, but the inter-group difference did not
reach significance. In each patient group, the firing rate was
highest during passive movement, with similar firing rates at
rest and during active movement. The number of PPN neu-
rons firing with wide action potentials was smaller, with only
a single firing rate available for passive and active movement
conditions in patients with IPD. In the resting condition,
the firing rate with wide action potentials was significantly
higher in patients with PSP than in patients with IPD (T test:
T=5.12,p=0.0144).

The spiking rate of the neurons producing narrow action
potentials was higher than that of neurons yielding wide
action potentials, in each of the three conditions and also

@ Springer

pooled over conditions, as well as pooling all patients, or
taking only the PSP group. The narrow action potential fir-
ing rate did not correlate with the UPDRS score on the basis
of individual patient mean firing rates across all neuronal
discharge units bilaterally (r=—0.52, p=0.29) and nor did
the wide action potential firing rate (r=—0.30, p=0.70).
Moreover, when comparing the UPDRS scores between
the PSP and IPD groups only including the patients from
whom narrow action potentials were identified, the clini-
cal scores did not differ significantly between the groups (T
test: T=—2.34, p=0.079), nor did they differ significantly
between the groups including only the patients from whom
wide action potentials were recorded (T=—1.57, p=0.26).
No correlation was found between narrow action potential
firing rates pooled or in any individual movement condition
or wide action potential firing rates pooled or during rest
(only measurements from single neuronal discharging units
were available for wide action potentials during passive and
active movement), and disease duration, baseline UPDRS,
responsiveness to L-dopa treatment, or midbrain diameter
measured using magnetic resonance imaging [23].

Pooling data from patients with PSP and IPD across all
three movement conditions, there was no difference between
the narrow (7=0.36, p=0.72) or wide (T=0.47, p=0.65)
action potential firing rates from left compared with right
PPNs. The findings were not altered when examining the fir-
ing rates from patients with PSP or IPD separately. The nar-
row action potential firing rates also did not differ between
left and right PPN during the resting condition separately,
pooled across patient groups (T'=0.44, p=0.67) or sepa-
rately for patients with PSP (T'=0.46, p=0.66) and IPD
(T'=0.25, p=0.83). The wide action potential firing rates at
rest could only be compared pooling across disease states,
as none were measured on the right in the PSP group, and no
difference was detected (T=0.49, p=0.66). During passive
movement, pooling across disease state, the narrow action
potential firing rate was higher from the right than the left
PPN (T=-2.69, p=0.036). Including only patients with
PSP, there was a trend in the same direction (7T=—2.33,
p=0.08). No wide action potential firing rates could be
measured in the IPD group on the right during passive move-
ment, so no comparison could be made. During active move-
ment, the firing rates did not differ between sides, either
pooling across patient groups (7=0.94, p=0.37) or for
the PSP patients separately (7=1.20, p=0.26). No narrow
action potentials were detected on the right in the IPD group,
so no comparison could be made. Wide action potential fir-
ing rates could only be compared by pooling across condi-
tions, as none were recorded on the left in the IPD group,
and no difference was seen (T=—-0.52, p=0.69). Lateral-
ity indices could be calculated for five patients for narrow
action potentials during rest and for one of these patients
also during active movement. No significant correlation was
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detected between laterality index and either disease duration,
baseline UPDRS score, the laterality index of the baseline
UPDRS score, responsiveness to L-dopa, or midbrain diam-
eter, whether or not the unit firing during active movement
was included. The narrow action potential firing rate during
passive movement, which was higher on the right than on
the left, also did not correlate with the laterality index of
the UPDRS scores or with the UPDRS score for the con-
tralateral side. The UPDRS score was greater on the left
(mean 7.67, SD 3.50) than the right (mean 6.5, SD 3.62),
including all patients for whom a firing rate laterality index
could be calculated, but the difference was not significant
(T=1.47, p=0.20). This difference was also not significant
when including only the patients with PSP. The gait freezing
sub-score of the UPDRS showed no correlation with the lat-
erality of the firing rate during passive movement (r=0.42,
p=0.34).

Discussion

Our findings that PPN neuronal firing rates were higher in
PSP than IPD patients are consistent with the proposal that
pathological processes directly involving the PPN could dif-
fer between PSP and IPD. Indeed, PSP and IPD are believed
to represent partly distinct disease processes [24]. Despite
shared clinical features, PSP tends to involve faster disease
progression, and more severe axial motor symptoms, i.e.,
gait abnormality, compared with IPD after similar disease
duration [25], as well as greater PPN neuronal loss, as indi-
cated by histological findings [2, 3] and also suggested by
recording from fewer neuronal units in two PSP patients
compared with an IPD cohort [6].

The distribution of the numbers of neurons firing accord-
ing to the width of their action potentials was strikingly
similar in shape to that observed by Weinberger et al. [6],
with a similar division between neurons firing narrow and
wide APs at around 0.7 ms here, compared with 0.65 ms in
the study by Weinberger et al. [6]. The distribution found
in data recorded from rat PPN was notably more strongly
bimodal, with a division at around 1.5 ms [21]. Similarly to
Weinberger et al. [6], we observed a lower firing rate in the
neurons producing wider action potentials, as well as a lower
number of neurons with wide action potentials. These latter
neurons are thought to be cholinergic [21, 26].

In addition to cholinergic neuronal populations, gluta-
matergic neurons have also been identified in the PPN, and
the neurons firing narrow action potentials are likely to be
glutamatergic. We observed a higher firing rate in PSP com-
pared to IPD. The basal ganglia [substantia nigra (SN), inter-
nal globus pallidus, and subthalamic nucleus (STN)] project
to the PPN, which sends projections to the SN pars com-
pacta and the STN, suggesting a potential role for the PPN

in modulating basal ganglia output [4, 6]. Specifically, direct
glutamatergic input from PPN neurons to SN dopaminergic
neurons [27-30] and to the STN [31] have been identified,
which is deemed to modulate information flow via an indi-
rect pathway, together with cholinergic and GABAergic pro-
jections, through the basal ganglia via pallido-subthalamic
projections [31]. The higher presumed glutamatergic firing
rate in the PPN in PSP patients could reflect altered basal
ganglia input to the PPN or direct PPN pathology, given
the midbrain atrophy seen in PSP [32], with an impact on
movement modulation resulting from the alteration in glu-
tamatergic feedback from the PPN back to the basal ganglia.

The PPN has been proposed to play a role both in move-
ment initiation and modulation [14]. In the current study, we
focused on ongoing firing within a particular condition, as
opposed to movement onset and offset, identifying a higher
firing rate in PPN neurons likely to be glutamatergic, in
patients with PSP compared with those with IPD. We tenta-
tively suggest, therefore, that an alteration in glutamatergic
firing of PPN neurons has an impact on movement modula-
tion. While the firing rate did not differ significantly between
conditions, it is noteworthy that the pattern observed was
the same in both patient groups, with the highest firing rate
occurring during passive movement and a slightly lower fir-
ing rate during active movement than rest.

Increased neuronal firing rates have been observed in
the PPN following lesioning of the SN compacta (SNc)
to induce a Parkinsonian state in rats [33, 34]. These find-
ings were interpreted as possibly reflecting compensatory
mechanisms or an altered balance between excitation and
inhibition [34]. SNc¢ pathology is seen both in IPD and PSP
[35]. Weinberger et al. [6] did not observe a difference in
their findings between patients with PSP and IPD, other than
a lower number of neurons in two PSP patients compared
to five patients with IPD, which could be consistent with
greater PPN degeneration in the PSP group. They do not
report mean firing rates or disease duration separately for
the two patient groups, but the comparison between the dis-
ease duration (mean 12.4 + 5.0 years) of the patients studied
by Weinberger et al. [6] and the PSP cohort presented here
reveals that our patients had a much shorter disease process
(mean 6.0+ 0.7 years). The clinical scores in the current
cohort did not in fact correlate with the PPN neuronal fir-
ing rates, however. We note also that although the current
PSP patients were less severely clinically affected than the
IPD patients, the PPN firing rates were higher. Therefore,
in addition to SNc pathology, the increased neuronal firing
rate seen here in the PPN of PSP patients after a relative
short disease duration could also reflect local pathology in
the PPN.

We observed a higher narrow action potential firing
rate in the right than the left PPN, pooling across disease
states, during passive movement. It is possible that we

@ Springer



2250

Journal of Neurology (2019) 266:2244-2251

only observed laterality during passive movement, because
the higher firing rate seen in this condition resulted in
more reliable rate estimations in our small sample. Previ-
ous work has shown an association between reduced fibre
tracts in the right PPN network and gait freezing [36].
The authors described the loss of fibres as being specific
to nodes of an inhibitory network in the right hemisphere.
Our finding of a higher firing rate on the right fits with the
suggestion that an increased PPN firing rate is pathologi-
cal. We note, however, that we observed no correlation
between the gait freezing sub-score of the UPDRS and
laterality of firing rate in our cohort. Moreover, no lateral-
ity was observed in an electrophysiological study of the
PPN, in which the authors considered the small patient
numbers to be a potential factor in the negative finding
[37]. As our analysis was exploratory, we did not perform
a correction for multiple comparisons. Repetition of our
findings in further patients would be required, before con-
clusions can be drawn.

An important limitation of the current study is indeed
the small number of patients. Although we note that the
cohort presented is relatively large, given that PPN-DBS
is not currently a common treatment for PSP and IPD, our
findings should be considered preliminary. In particular,
the absence of correlation between firing rates and clinical
features could be due to the small sample sizes, especially
with reference to the wide action potential firing rates.

Conclusions

In summary, we identified higher neuronal firing rates in
extracellular recordings from the PPN of patients with PSP
than from patients with IPD. Different reasons for altered
PPN neuronal firing have been considered in Parkinsonian
disorders, including altered input from the SN, changed
modulation of PPN activity through altered neuronal firing
in the STN, and local neurodegeneration in the PPN itself.
Higher PPN firing rates have been observed in patients
with IPD at later disease stages and might, therefore, be an
expression of faster disease progression in PSP and higher
degeneration in the PPN itself.
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