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Abstract

In Parkinson's disease, pathological synchronous oscillations divide the subthalamic
nucleus (STN) of patients into a dorsolateral oscillatory region and ventromedial non-
oscillatory region. This bipartite division reflects the motor vs. the non-motor
(associative/limbic) subthalamic areas, respectively. However, significant topographic
differences in the neuronal discharge rate between these two STN sub-regions in
Parkinsonian patients is still controversial.

In this study, 119 STN microelectrode trajectories (STN length > 2mm, mean = 5.32mm)
with discernible oscillatory and non-oscillatory regions were carried on 60 patients
undergoing deep brain stimulation surgery for Parkinson's disease. 2137 and 2152 multi-
unit stable signals were recorded (recording duration > 10s, mean = 21.25s) within the
oscillatory and non-oscillatory STN regions, respectively. Spike detection and sorting
was applied offline on every multi-unit stable signal using an automatic method with
systematic quantification of the isolation quality (range = 0 to 1) of the identified units. In
all, 3094 and 3130 units were identified in the oscillatory and non-oscillatory regions,
respectively.

On average, the discharge rate of better-isolated neurons (isolation score > 0.70) was
higher in the oscillatory region than the non-oscillatory region (44.55 + 0.87 versus 39.97
+ (0.77 spikes/s, N = 665 and 761, respectively). The discharge rate of the STN neurons
was positively correlated to the strength of their own and their surrounding 13-30Hz beta

oscillatory activity.



Therefore, in the Parkinsonian STN, beta oscillations and higher neuronal discharge rate
are correlated and coexist in the motor area of the STN compared to its associative/limbic

arca.

Keywords: subthalamic nucleus; Parkinson's disease; deep brain stimulation;

microelectrode recording; neuronal discharge



Introduction

In Parkinson's disease (PD), dysregulation of the activity within the subthalamic nucleus
(STN) may consist of changes in discharge rate, pattern and synchronization of activity
(Brown 2003; Moshel et al. 2013). Electrophysiological recordings in monkeys (Bergman
et al. 1994; Wichmann et al. 1994; Wichmann and Saores 2006) have shown a modest
increase in the neuronal discharge rate in the STN after 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) intoxication. In Parkinsonian patients undergoing deep brain
stimulation (DBS), the discharge rate of STN neurons is similar to that described in
MPTP-treated monkeys (Magarinos-Ascone et al. 2000; Rodriguez-Oroz et al. 2001;
Steigerwald et al. 2008; Remple et al. 2011). In addition, the STN neuronal discharge rate
in Parkinsonian patients is higher than in patients suffering from essential tremor without
Parkinsonian symptoms (Steigerwald et al. 2008).

Many electrophysiological studies in both MPTP-treated monkeys (Bergman et al. 1994;
Raz et al. 2000; Stein and Bar-Gad 2013) and Parkinsonian patients (Hutchison et al.
1997; Levy et al. 2000, 2001, 2002) have also reported abnormal synchronized
oscillatory activity of STN neurons at different frequencies ranging from 3 to 30Hz.
Besides, such neuronal oscillations have been observed in local field potentials (LFPs)
recorded within the STN of the 6-hydroxydopamine-lesioned rodent model of PD
(Sharrot et al. 2005; Mallet et al. 2008) and Parkinsonian patients (Brown 2003).
Remarkably, earlier studies have shown that abnormal oscillations within the STN of
Parkinsonian patients are limited to its dorsolateral region, thus dividing the STN into a
dorsolateral oscillatory region (DLOR) and ventromedial non-oscillatory region (VMNR)

(Kuhn et al. 2005; Moran et al. 2008; Zaidel et al. 2009, 2010; Seifreid et al. 2012;



Lourens et al. 2013). Such an electrophysiological division overlaps with the functional
motor and associative/limbic areas of the STN, respectively (Haber et al. 1993; Karachi
et al. 2005; Benarroch 2008; Mathai and Smith 2011; Haynes and Haber 2013).

However, comparison of the neuronal discharge rate between the dorsolateral part and the
ventromedial part of the STN of Parkinsonian patients provides inconsistent results
(Seifreid et al. 2012; Lourens et al. 2013). Additionally, the precise relationship between
the neuronal discharge rate and the neuronal oscillations in the STN of Parkinsonian
patients is still elusive. To address these issues, we identified single-unit activity from the
multi-unit signals recorded within the STN of Parkinsonian patients undergoing STN-
DBS surgery. Spike detection and sorting was performed offline using a fully automatic
method with systematic quantification of the isolation quality of the identified units
(Joshua et al. 2007). Then, we compared the mean neuronal discharge rate between the
DLOR and VMNR, as a function of the isolation quality of the units. Finally, we
examined how the discharge rate of the STN neurons recorded in both STN sub-regions
varied depending on the strength of their own oscillatory activity as well as the strength
of their surrounding oscillatory activity (i.e. multi-unit oscillatory activity recorded in the

vicinity of the microelectrode) at different frequencies.

Materials and Methods

Patients and surgery

Data were collected from 60 Parkinsonian patients undergoing STN-DBS surgery (48
bilateral and 12 unilateral) at the Hadassah medical center, Jerusalem, Israel, between

January 2009 and March 2012. Patients (44 males and 16 females) were 61.2 + 7.2 years



old and with disease duration of 10.1 £ 4.9 years (mean + standard deviation, SD).
Individual information regarding the patients is given in table 1. All patients accepted
criteria for STN-DBS and signed a written informed consent for surgery that involved
microelectrode recording. This study was authorized and approved by the Institutional
Review Board of Hadassah Hospital in accordance with the Helsinki Declaration
(reference codes: 0545-08-HMO and HMO: 10-18.01.08).

Surgery was performed using a CRW stereotactic frame (Radionics, Burlington, MA,
USA). STN target coordinates were chosen as a composite of indirect anterior
commissure-posterior commissure (AC-PC) atlas-based location and direct (1.5 or
3Tesla) T2 magnetic resonance imaging, using Framelink 4 or 5 software (Medtronic,
Minneapolis, USA). All recordings used in this study were made while the patients were
fully awake (not sedated). The patient's level of awareness was continuously assessed
clinically, and if drowsy, the patient was stimulated and awoken through conversation by
a member of the clinical team. Data were collected while the patients were off

dopaminergic medication (overnight washout > 12 hours).

Microelectrode recordings and recording stability inclusion criteria

Microelectrode recordings were carried out to optimize the placement of the DBS
contacts in the STN. Data were acquired with the MicroGuide system (AlphaOmega
Engineering, Nazareth, Israel). Neurophysiological activity was recorded via polyamide
coated tungsten microelectrodes with an impedance of 0.57 + 0.12MQ at 1kHz
(AlphaOmega Engineering, Nazareth, Israel). The signal was amplified by 10000, band-

passed filtered from 250 to 6000Hz, using a hardware four-pole Butterworth filter and



sampled at 48kHz by a 12-bit A/D converter (using = 5V input range). For every
recording session, a microelectrode recording exploration using two microelectrodes was
made starting 10mm above the estimated center of the STN target, based on the pre-
operative T2 MRI image. Every microelectrode trajectory followed a double-oblique
approach (~ 60° from the axial AC-PC plane and 15° from the mid-sagittal plane) towards
the dorsolateral STN target. The final trajectory was slightly modified, based on the pre-
operative T1 MRI image, to avoid the cortical sulci, the ventricles and major blood
vessels (Machado et al. 2006). The "central" electrode was directed at the center of the
STN target and the "anterior" electrode was located 2mm anterior/ventral to the central
electrode in the parasagittal plane. The microelectrodes were simultaneously advanced in
small discrete steps (step size ranged from 400 to 50um) toward and through the STN to
identify the upper and lower borders of the STN and multi-unit signals were recorded
between each step (recording started 2s after the end of the movement). Typically, shorter
steps (~100pum) were used as the electrode was advanced closer to the presumed location
of the STN. In this study, STN borders and its sub-regions (DLOR and VMNR) were
automatically detected, ex post facto, using the Hidden Markov Model method (Zaidel et
al. 2009).

A total of 108 microelectrode electrophysiological explorations (from 48 bilaterally and
12 unilaterally implanted Parkinsonian patients with two microelectrodes per exploration)
were analyzed. Some of the electrophysiological explorations were made by a single
microelectrode (N = 7) to accommodate for cortical anatomy under the burr hole,
yielding a total of 209 microelectrodes trajectories aiming at the STN. Out of the 209

microelectrode trajectories, all 119 microelectrode trajectories that passed the inclusion



criteria of the study, namely a clearly defined STN entry and exit and discernible DLOR
and VMNR, were included in the analysis database. These 119 microelectrode
trajectories traversed > 2mm of STN (94% traversed > 3mm of STN), with a mean STN
length of 5.32 + 1.19mm and a mean percentage of STN-DLOR of 48.20 + 22.21%
(mean + SD). The microelectrode trajectory characteristics are given in table 2. All the
multi-unit signals recorded within the STN while the patient underwent voluntary and
passive joint movements were excluded so as not to distort the STN spontaneous
neuronal activity by the STN neuronal responses to those passive joint movements.

Every STN multi-unit signal was subjected to stability inspection using custom-made
software (Zaidel et al. 2010). To do so, each multi-unit trace was divided into consecutive
segments of 25ms using a sliding window (step size = 5Sms) and the root mean square
(RMS) of the multi-unit trace was computed for each windowed segment. A section of
the trace was considered unstable when at least 5 consecutive segments had RMS values
that exceeded 3-fold the SD of the median RMS. The longest stable section of the trace
was selected for further analysis while the rest of the trace was discarded. The selection
parameters (window size, number and amplitude of deviation) were chosen following
visual inspection of the data. Only stable sections longer than 10s were automatically
selected for further analysis. A total of 4289 stable STN multi-unit signals were studied

(mean £ SD recording span =21.25 + 19.17s).

Automatic offline spike sorting and quantification of isolation quality of identified units
Single-unit STN activity was assessed by sorting spike trains from every stable multi-unit

signal (with a duration longer than 10s) via an automatic offline spike detection and



sorting method (see review by Lewicki 1998) developed in collaboration with
AlphaOmega Inc (AlphaOmega Engineering, Nazareth, Israel). Spikes were detected
using a positive and negative voltage bandwidth threshold trigger. The lower and upper
thresholds of the bandwidth threshold trigger were automatically set as 3.3 and 15 SDs of
the stable multi-unit signal (namely only signals with amplitudes larger than 3.3 SDs but
lower than 15 SDs, for artifact rejection, were included). All the detected spikes (duration
of a detected spike segment = 2ms, 96 sampling points) were aligned to their minimum
point in order to prevent double detection of spikes by both the positive and negative
voltage thresholds and to aid in feature extraction and clustering. Salient features of the
detected spikes were extracted with principal component analysis, using the scores of the
first three principal components as features for clustering. Identification of different spike
clusters reflecting the activity of different units was accomplished via the k-means
clustering method, using the silhouette method and the Dunn Index (Dunn 1973;
Rousseeuw 1987) to determine the optimal number of clusters between the limits of 1 and
5. Clusters representing less than 10% of the total spike count or comprised of fewer than
100 spikes were removed from further analysis. In order to avoid the inclusion of two or
more separate clusters which in fact represented a single unit, a template matching
approach was used based on the mean spike template extracted from each cluster. The
time points of template matches from each potential unit were calculated and if any unit
shared more than 15% of matches with any other potential unit these clusters were
merged into a single unit.

The isolation quality of the units identified by the spike sorter software was

systematically graded by measuring their isolation scores (Joshua et al. 2007). The



isolation score ranges from 1 (i.e. perfect isolation) to 0 (i.e. highly noisy multi-unit
activity). Figure 1.A shows examples of STN multi-unit activities (left and middle). The
right plots show the superimposed waveforms of 100 randomly selected waveforms of
the extracellular action potentials of an identified unit sorted from its multi-unit activity.

The units in figure 1.A are ordered as a function of the isolation score of the unit.

Power spectral density analysis and oscillation strength measurement (Oscil.Score)

The Z-score normalization process was applied to the raw analog signal (selected stable
section) to obtain an unbiased estimate (by the amplitude of the recorded neuronal
activity) of the oscillatory activity (Zaidel et al. 2010). The Z-normalized signal was
rectified by the "absolute" operator (Moran et al. 2008; Moran and Bar-Gad 2010; Zaidel
et al. 2010). The rectified signal follows the envelope of the multi-unit activity and
therefore allows the detection of burst frequencies below the range of the operating room
band-pass filter (250-6000Hz). Since the LFP frequency domain was filtered out by the
recording apparatus, the resulting power spectrum density (PSD) only represented
spiking activity. The PSD of each signal was calculated using Welch's method with a 1.5s
hamming window (50% overlap) and a spectral resolution of 1/3Hz (nfft = 144231,
sampling frequency = 48000Hz). Any DC component generated by the "absolute"
operator was removed by subtracting the mean of every windowed segment of the
rectified signal. Similarly, we also calculated the PSD of the single STN units identified
by the spike sorter software. To do so, for each identified unit, the spike train (i.e. time
epochs of the detected spikes) was low-passed filtered (cutoff frequency = 100Hz) and

the PSD of every Z-normalized spiking activity was calculated using Welch's method
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(see above for the parameters), without prior rectification by the absolute operator. The
mean PSD of the STN populations was defined as the average of the PSD of all
units/signals calculated over the 3-75Hz range.

Measurement of the strength of the oscillatory activity for every unit and multi-unit
signal was carried out by computing the Oscil.Score (Moshel et al. 2013). Briefly, all
calculations were performed in the frequency range of 3 to 75Hz. For every PSD, the
peak value of the PSD was calculated and the Oscil.Score was defined as the Z-score
amplitude of the PSD peak. The frequency at which the PSD attained its maximal value

was defined as fyeax (1.€. frequency at which the Oscil.Score was calculated).

Software and Statistics

All the data and statistical analyses were done using custom-made MATLAB 7.5 routines
(Mathworks, Natick, MA, USA). The neuronal discharge rate between the DLOR and
VMNR was compared using a two-sample t-test and if necessary Bonferroni’s correction
was used to adjust the chosen significance level according to the number of multiple
comparisons. Linear (Pearson) and non-linear (Spearman) regression analysis was used to
examine the relationship between the discharge rate of the STN units and their isolation
score and their multi-unit oscillation strength (Oscil.Score). Statistics presented in this
report, if not specified, use the mean =+ standard error of the mean (SEM) and the criterion

for statistical significance was set at P < 0.05 for all statistical tests.
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Results

Database and spike sorting results

In this study, 119 STN microelectrodes trajectories from 60 Parkinsonian patients were
used to yield 4289 multi-unit stable signals that were recorded within the STN. Using the
Hidden Markov Model method (Zaidel et al. 2009), out of the 4289 multi-unit signals,
2137 and 2152 were located within the DLOR and VMNR, respectively. A total of 6224
STN units were identified using the spike sorter software on the 4289 multi-unit signals.
Out of the 6224 identified STN units, 3094 units were located in the DLOR and 3130

units in the VMNR.

Power spectral density analysis between the DLOR and VMNR

Figure 2.A and 2.B (left) show the mean PSD of STN multi-unit activity of the DLOR
and VMNR recordings, respectively. As expected and as previously reported (Kuhn et al.
2005; Moran et al. 2008; Zaidel et al. 2009, 2010; Seifreid et al. 2012), STN sub-regions
can be easily differentiated based on neuronal oscillatory activity. The mean PSD of
DLOR exhibited 3-7Hz theta, 8-12Hz alpha and 13-30Hz beta oscillatory activity with
peaks at 4.67, 11.33 and 23.33Hz, respectively and no obvious >30Hz gamma activity. In
contrast, the mean PSD of VMNR presented reduced power at the theta, alpha and beta
ranges whereas the high-frequency gamma activity seemed to increase compared to
DLOR.

Remarkably, the distribution of fpeak (i.e. frequency at which the Oscil.Score was
calculated) in the DLOR and VMNR perfectly fitted with average spectra of the two STN

sub-regions. Most of the fyeak in the DLOR were distributed within the theta, alpha and
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beta frequencies (Fig 2.A, right) whereas in the VMNR, most of the fycax were found in
the gamma band (Fig 2.B, right). The median + median absolute deviation (MAD) of fpeax
distribution equaled 18.33 + 11.83Hz and 41 £+ 19.76Hz, in the DLOR and VMNR,

respectively.

Neuronal discharge rate between the DLOR and VMNR as a function of the isolation
quality of the sorted units

For every STN unit, the neuronal discharge rate and isolation score were calculated.
Figure 1.B gives the distribution of the isolation score of all the identified units. Scatter
plots of the neuronal discharge rate and isolation score of all the units located in the
DLOR (Fig. 3.A) and VMNR (Fig. 3.B) were built. The mean isolation score was 0.35 +
0.33 and 0.39 + 0.33 (mean + SD) in the DLOR and VMNR, respectively. Remarkably, a
significant positive correlation between neuronal discharge rate and isolation score was
found in both the DLOR (Pearson's r = 0.42, Spearman's r = 0.50, P < 0.001) and the
VMNR (Pearson's r = 0.37, Spearman's r = 0.44, P <0.001), indicating that units with the
lowest isolation scores had the lowest discharge rates, regardless of STN sub-regions.
Spike detection and sorting process can be affected by two types of error that
differentially affect the calculated discharge rate. False negative errors, namely misses of
real spikes, decrease the calculated discharge rate. On the other hand, false positive
errors, namely erroneously classifying noise events as spikes, lead to an artificial increase
in the discharge rate of the detected units. The positive correlation between the discharge

rate of the detected units and their isolation quality indicates that the spike detection and
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sorting algorithm used in this study tended to miss spikes (false negatives) rather than
erroneously classify noise events as spikes (false positives).

Inspection of the scatter plots of the discharge rate and isolation score of the STN
detected units (Fig.3.A and 3.B) revealed a stabilization of the correlation between the
discharge rate and isolation scores around isolation score of 0.40. Therefore, we binned
all the units with an isolation score above 0.40 as a function of their isolation score range.
The mean discharge rate of the STN neurons for the different isolation score bins in the
DLOR and VMNR is shown Figure 3.C. In both STN sub-regions, the mean neuronal
discharge rate decreased while the isolation score increased when isolation score ranged
between 0.71 and 1.0 (namely for the better-isolated units). Moreover, for isolation scores
above 0.70, the mean neuronal discharge rate in the DLOR was systematically

significantly higher (two-sample t-test, P < 0.05) than in the VMNR (Fig.3.C).

Neuronal discharge rate between the DLOR and VMNR as a function of neuronal
oscillatory activity

The impact of neuronal oscillatory activity on the neuronal discharge rate in both the
DLOR and VMNR was assessed only for the better-isolated units (i.e. isolation score >
0.70). These STN units (665 and 761 in DLOR and VMNR, respectively) fired on
average at a higher rate in the DLOR than in the VMNR (Fig.3.C). To ensure that
oscillatory features of the surrounding multi-unit activity reflected those of the single-unit
activity in both STN sub-regions, we calculated the mean PSD of STN single-unit

activity for the better-isolated units recorded in the DLOR and VMNR. For both STN
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sub-regions, the mean PSD of STN single-unit activity exhibited the same oscillatory
features as those of the mean PSD of STN multi-unit activity (data not shown).

Figure 4 depicts the mean neuronal discharge rate of the better-isolated units according to
the fpeax range of their surrounding multi-unit oscillatory activity (3-7Hz theta range, 8-
12Hz alpha range, 13-30Hz beta range and 30-75Hz gamma band). Pairwise comparisons
between the DLOR and VMNR mean discharge rates as a function of the fyeax range only
revealed a significantly higher neuronal discharge rate for the units in the DLOR
compared to the VMNR, for fpeak in the 13-30Hz beta range (two-sample t-test with
Bonferroni’s correction for multiple comparisons, P < 0.001, 44.25 + 1.35 and 34.27 +
2.12 spikes/s, respectively). Therefore, the higher neuronal discharge rate in the DLOR
compared to the VMNR appears to be surrounding 13-30Hz beta oscillatory activity-
specific. Keeping with this view, we found that the mean neuronal discharge rate in the
DLOR was only higher than in the VMNR when the fjecax of the single-unit oscillatory
activity ranged in the 13-30Hz beta frequencies (two-sample t-test with Bonferroni’s
correction for multiple comparisons, P < 0.001, 48.18 = 1.84 and 33.89 + 3.15 spikes/s,
respectively).

Remarkably, the linear regression analysis between the discharge rate of the units and the
Oscil.Score of their surrounding oscillatory activity only showed a significant positive
correlation between these two variables for fpeax in the 3-7Hz theta range (Pearson's
r=0.16, Spearman's r = 0.14, P < 0.01, Fig.5.A) and in the 13-30Hz beta range
(Pearson's r = 0.20, Spearman's r = 0.22, P < 0.001, Fig.5.C). In addition, for fpeax in 13-
30Hz beta range the mean Oscil.Score was significantly higher in the DLOR than in the

VMNR (two-sample t-test, P < 0.001, 4.22 + 0.07 and 3.37 + 0.09, respectively, Fig.5.C,
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inset). Therefore, this linear regression analysis provides support for the finding of a
higher neuronal discharge rate in the DLOR than in the VMNR for surrounding
oscillatory activity at the 13-30Hz beta frequency. The analysis conducted on the single-
unit oscillatory activity rather than on the multi-unit oscillatory activity yielded the same
qualitative results. Indeed, we found that the discharge rate of the neurons was only
positively correlated to the Oscil.Score of their single-unit oscillatory activity for fpeax in
the 3-7Hz theta range (Pearson's r = 0.25, Spearman's r = 0.23, P < 0.001) and in the 13-
30Hz beta range (Pearson's r = 0.25, Spearman's r = 0.26, P < 0.001). In addition, the
mean Oscil.Score of single-unit beta oscillatory activity was also significantly higher in
the DLOR than in the VMNR (two-sample t-test, P < 0.001, 3.95 £ 0.08 and 3.33 £0.11,

respectively).

Discussion

In this report, we used the oscillatory properties of STN neurons of each patient to divide
the STN into two electrophysiological sub-regions. We demonstrated that neurons fired at
a higher rate in the DLOR of the Parkinsonian STN compared to the VMNR and stressed
the necessary of objective and graded quantification of the isolation quality of the units in
studies using extracellular recordings and spike detection and sorting protocols. We
found that the higher neuronal discharge rate in the DLOR compared to the VMNR could
be detected for the better-isolated units (i.e. isolation score > 0.70). Moreover, we showed
that this STN region-specific higher neuronal discharge rate was correlated to the beta
oscillatory activity of the units and the multi-unit signals recorded in the area surrounding

the neurons.
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A higher neuronal discharge rate in the DLOR than in the VMNR of the Parkinsonian
STN - Implications for the pathophysiology of Parkinsonian motor symptoms

Taking into account only the better-isolated units (i.e. isolation score > 0.70), the mean
neuronal discharge rate in the STN (1426 STN units, DLOR and VMNR included) of our
Parkinsonian patients was 42.11 £+ 0.58 spikes/s and therefore lies within the range of
previous studies in Parkinsonian patients (Hutchison et al. 1998; Magarinos-Ascone et al.
2000; Rodriguez-Oroz et al. 2001; Steigerwald et al. 2008; Remple et al. 2011) and
MPTP-treated monkeys (Bergman et al. 1994; Wichmann et al. 1994; Wichmann and
Soares 2006). After dividing the STN of Parkinsonian patients into DLOR and VMNR,
we found a higher neuronal discharge rate in the DLOR than in the VMNR (44.55 + 0.87
versus 39.97 + 0.77 spikes/s, N = 665 and 761, respectively). Seifreid et al. (2012)
divided the Parkinsonian STN along the stereotactic z-axis into three parts of equal size,
but failed to describe significant topographic differences in the neuronal discharge rate
along the dorsoventral plane of the STN. On the contrary, based on the general functional
tripartite division of the STN (Haber et al. 1993; Karachi et al. 2005; Benarroch 2008;
Mathai and Smith 2011; Haynes and Haber 2013), Lourens et al. (2013) showed that STN
neurons of their Parkinsonian patients fire at a higher rate in the suspected dorsal
sensorimotor part than in the ventral associative/limbic part. However, they only
analyzed 130 STN recording sites from 18 patients and the total number of sorted units
was 177 and 71 in the suspected motor and associative/limbic areas, respectively.

In most studies using spike sorting protocols to examine STN single-unit activity
(Steigerwald et al. 2008; Remple et al. 2011; Seifreid et al. 2012), the isolation quality of

the units is only based on visual inspection and without objective tests (Joshua et al.
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2007; Hill et al. 2011). Moreover, the data is divided into well-isolated and multi-unit
activity, assuming an unrealistic binary isolation process. Remarkably, Lourens et al.
(2013) used advanced methods to quantify the isolation quality of the STN units in an
unbiased and standardized manner (only neurons with isolation score > 0.75 were
included). In this study, we demonstrated that a higher neuronal discharge rate in the
DLOR was only found for the better-isolated neurons (isolation score > (0.70).

Another issue relative to current spike sorting methods of activity recorded by single
micro-electrode is the under-estimate of the neuronal discharge rate due to overlapping of
the spikes when two neurons fire simultaneously as for instance when the neuronal
activity is synchronized (Lewicki et al. 1998). We are fully aware that synchronized
activity in the STN is likely to result in an under-estimate of the discharge rate of the
STN neurons detected by the spike sorter software. However, recently, Moshel et al.
(2013) reported that STN synchronized activity is predominant in the DLOR as compared
to the VMNR. Therefore, overlapping spikes would further the null hypothesis of the
study, namely no significant difference in the neuronal discharge rate between the two
STN sub-regions of PD patients.

Earlier studies have shown that the DLOR overlaps the sensorimotor part of the STN
(Rodriguez-Oroz et al. 2001; Zaidel et al. 2010). The VMNR is considered as the
associative/limbic part of the STN (Eitan et al. 2013). In PD, midbrain dopaminergic
neurons degenerate, leading to a cascade of physiological changes and especially an
abnormal increase in STN activity. The STN hyper-activity is postulated to have a pivotal
role in the pathophysiology of the motor symptoms in PD (Albin et al. 1989; Bergman et

al. 1990; Delong 1990). Histological and human functional imaging studies revealed that
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the striatal dopamine depletion is heavier in the posterior putamen than the caudate
nucleus and the ventral striatum in PD (Kish et al. 1988; Morrish et al. 1996; Nurmi et al.
2001; Bruck et al. 2006). Anatomically and functionally, the posterior putamen, the
caudate nucleus and the ventral striatum correspond to the sensorimotor, associative and
limbic parts of the striatum, respectively (Alexander et al. 1986; Parent and Hazrati 1995;
Yin and Knowlton 2006). Therefore, the uneven pattern of dopamine loss reported in the
striatum of Parkinsonian patients hints that basal ganglia sensorimotor territories such as
the motor area of the STN are more strongly impacted than the associative and limbic
territories of the basal ganglia in PD. In line with this view, our results based on
physiological patient-specific (Zaidel et al. 2010) rather than a general anatomical atlas-
based division of STN sub-domains (Lourens et al. 2013) indicate that the neuronal
discharge rate is higher in the motor area than in the associative/limbic area of the STN of
Parkinsonian patients.

Numerous theoretical and experimental studies have demonstrated that in cortical and
other neuronal circuits a balance between excitatory and inhibitory synaptic inputs can
emerge (i.e. excitatory and inhibitory synaptic inputs cancel out) and cause the membrane
potential to hover near the spike threshold (Shadlen and Newsome 1994; Amit and
Brunel 1995; van Vreeswijk and Sompolinsky 1996; Tan et al. 2014). As a result, small
fluctuations in the net synaptic input (sum of excitatory and inhibitory inputs) would be
sufficient to allow the membrane potential of a neuron to cross the spike threshold and
generate spikes. Anatomically, the majority of the afferent synapses to the output
structures of the STN (internal and external parts of the globus pallidus and substantia

nigra reticulata) are inhibitory GABAergic synapses (Difilgia et al. 1982; Francois et al.
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1987; Shink and Smith 1995) and STN is the only excitatory drive of these structures.
Therefore, this small but significantly higher neuronal discharge rate in the motor area of
the Parkinsonian STN might create a greater imbalance in the net synaptic input (increase
of excitatory inputs) of the neurons in the pallidal/nigral motor domain compared to those
in the non-motor domain, leading to differential abnormal spiking activity in the

functional domains of the output structures of the STN.

Relationship between neuronal discharge rate and neuronal oscillatory activity in the
DLOR and VMNR of the Parkinsonian STN

In this study, STN oscillatory activity was investigated from multi-unit activity recorded
within the STN of Parkinsonian patients (Moran et al. 2008; Moran and Bar-Gad 2010;
Zaidel et al. 2010). Another option was to use the single-unit oscillatory activity as
defined by autocorrelation and crosscorrelation analyses (Bergman et al. 1994; Hutchison
1997; Levy et al. 2000, 2001, 2002; Magarinos-Ascone et al. 2000; Raz et al. 2000;
Steigerwald et al. 2008; Seifreid et al. 2012). Earlier studies have reported that multi-unit
crosscorrelation might be a more sensitive detector of neuronal relationships than single-
unit crosscorrelation (Bedenbaugh and Gerstein 1997; Gerstein 2000). Besides, in
Parkinsonian patients, investigation of the relation between the STN single-unit
oscillatory activity and the local background oscillatory activity revealed that most of the
oscillatory neurons coherently oscillate with their neuronal background (Moran et al.
2008). In line with this view, we showed that the power spectral density analysis
conducted on the spike train of the better-isolated units revealed neuronal oscillatory

properties very similar to those obtained from multi-unit signals. Therefore, we have
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considered that the surrounding multi-unit oscillatory activity is a better representative of
the oscillatory properties of the local environment of the STN neurons.

Using this method, we confirmed that oscillatory neuronal activity, especially in the beta
range, is limited to the dorsolateral motor part of the Parkinsonian STN (Zaidel et al.
2010). To date, there is no evidence that beta neuronal oscillations observed in the motor
cortex (Sanes and Donoghue 1993; Baker et al. 1997; Halliday et al. 1998; Baker et al.
1999; Marsden et al. 2001; Schnitzler and Gross 2005) generate beta oscillatory activity
in the dorsolateral motor part of the parkinsonian STN. Therefore, in Parkinsonian
patients, the limitation of beta oscillatory activity to the dorsolateral motor part of the
STN appears to be a neuronal signature of PD, rather than a straightforward consequence
of the massive specific motor cortical innervation of the motor area of the STN (Nambu
et al. 1996; Nambu et al. 1997; Benarroch et al. 2008; Mathai and Smith 2011).

Earlier studies showed that oscillatory neurons are more frequent in the dorsolateral part
than in the remaining part of the Parkinsonian STN (Weinberger et al. 2006; Seifreid et
al. 2012; Lourens et al. 2013). This is in line with the particular topography of the
oscillatory phenomena within the STN of Parkinsonian patients reported in our study.
Besides, Seifreid et al. (2012) found a specific higher discharge rate of the oscillatory
neurons compared to the non-oscillatory neurons in the dorsal third of STN of
Parkinsonian patients indicating that differences in the neuronal discharge rate between
STN sub-regions are pattern activity-dependent. In keeping with this view, our results
provide conclusive evidence that the higher neuronal discharge rate in the DLOR
compared to the VMNR is surrounding 13-30Hz beta oscillatory activity-specific.

Remarkably, the neuronal discharge rate was positively correlated to the 13-30Hz beta
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oscillation strength which was on average stronger in the DLOR than in the VMNR, in
line with a preferential localization of the beta oscillatory single-unit activity for the
dorsolateral sensorimotor part of the STN in the Parkinsonian state (Weinberger et al.
2006; Steigerwald et al. 2008). Therefore, this region-specific exaggerated beta multi-unit
oscillatory activity within the STN likely explains the higher neuronal discharge rate in

the DLOR of the STN of Parkinsonian patients.

The neuronal discharge rate could be used in multi-modal analysis to delineate STN sub-
regions in Parkinson's disease

In Parkinsonian patients undergoing STN-DBS, identification of the STN sub-regions is
essential to accurately position the DBS electrodes in the dorsolateral motor area and thus
assure an optimal motor benefit while minimizing the emotional and cognitive side
effects of the DBS procedure (Hergoz et al. 2004; Godinho et al. 2006; Zaidel et al.
2010). It is already well-established that abnormal oscillatory activity divides the
Parkinsonian STN into two distinct electrophysiological areas, the DLOR and the VMNR
(Kuhn et al. 2005; Moran et al. 2008; Zaidel et al. 2009, 2010; Seifreid et al. 2012;
Lourens et al. 2013). Therefore, automatic methods based on the RMS and PSD of the
STN multi-unit signal recorded in Parkinsonian patients have already been used to
delimit the outer boundaries of the STN as well as the intra-STN (dorsolateral-
ventromedial) boundary during STN-DBS surgery (Moran et al. 2006; Zaidel et al. 2009).
In this study, we provide conclusive evidence for a higher neuronal discharge rate in the
motor area compared to the associative/limbic area of STN of Parkinsonian patients. Our

results suggest that the neuronal discharge rate of the STN neurons could be
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implemented, with measures of discharge pattern and synchronization, as an additional
electrophysiological parameter in these automatic methods. We are fully aware that the
small significant difference in the neuronal discharge rate of ~5 spikes/s between the
DLOR and VMNR cannot be used online as a single feature to delineate the STN sub-
regions. However, we believe that multi-modal analysis of the STN trajectory (including
discharge rate, pattern and synchronization of activity as well as evoked behavioral
responses and effects of electrical stimulation) could be used in the near future in order to
refine the delineation of the functional STN sub-regions and the positioning of the DBS

electrodes in the motor area of the STN of Parkinsonian patients.
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Tables et Figures

Table 1: Patients information

Patient No. Sex Age Disease duration Surgery Pre-operative
(years) (years) side UPDRS 3 (OFF) UPDRS 3 (ON) LED
1 f 62 12 bilateral 32 6 925
2 m 70 10 bilateral N/A N/A 950
3 f 61 10 bilateral N/A N/A 1000
4 m 66 10 bilateral 68 27 1250
5 m 74 20 bilateral 60 16 1496
6 m 61 8 bilateral 46 21 500
7 f 65 7 bilateral 21 4 917.5
8 m 54 5 bilateral 86 42 500
9 m 62 bilateral 44 12 975
10 f 56 13 bilateral N/A N/A N/A
11 m 49 8 bilateral N/A N/A N/A
12 m 62 17 bilateral 72 22 1550
13 f 70 13 bilateral 41 13 400
14 f 70 9 unilateral, right 33 6 1875
15 m 53 9 bilateral 41 10 375
16 m 73 8 unilateral, right N/A N/A 1125
17 f 50 9 bilateral N/A N/A 550
18 f 45 9 bilateral 82 55 700
19 m 62 5 bilateral N/A N/A N/A
20 m 57 11 bilateral 47 11 1120
21 m 63 14 bilateral 55 19 1005
22 m 62 7 bilateral 63 17 1080
23 m 52 5 bilateral 27 3 510
24 f 53 10 bilateral 42 9 770
25 f 74 9 unilateral, right 73 42 1250
26 m 57 7 bilateral 78 37 1370
27 m 69 10 unilateral, right 50 10 1140
28 m 67 8 unilateral, left 34 14 1000
29 m 59 10 bilateral 47 13 N/A
30 f 55 9 bilateral 57 17 580
31 m 55 8 bilateral 69 22 1480
32 m 53 8 bilateral 49 32 750
33 m 51 10 bilateral 43 29 562.5
34 m 65 6 bilateral 64 29 750
35 m 64 9 bilateral 69 48 N/A
36 f 54 6 bilateral 48 19 680
37 m 62 5 bilateral N/A N/A N/A
38 m 54 3 bilateral 49 6 200
39 m 65 4 bilateral 56 34 850
40 m 74 15 bilateral 57 31 750
41 m 71 22 bilateral 51 35 2000
42 m 51 10 unilateral, right 47 35 93.7
43 m 63 30 bilateral 56 22 1120
44 f 66 35 bilateral 46 16 750
45 m 66 10 bilateral 63 11 600
46 m 66 N/A unilateral, left N/A N/A N/A
47 m 61 8 bilateral 32 7 750
48 f 49 14 bilateral N/A N/A N/A
49 f 60 14 bilateral 75 19 1000
50 m 70 8 unilateral, right 55 13 1500
51 m 55 10 bilateral 75 41 500
52 m 64 20 bilateral 35 2 875
53 m 50 20 bilateral 53 39 N/A
54 m 64 7 bilateral 59 18 810
55 m 65 8 bilateral 48 12 750
56 m 66 N/A unilateral, left 55 24 550
57 m 60 8 unilateral, left 48 13 570
58 f 68 15 bilateral 35 11 1147.5
59 m 65 8 unilateral, right 41 6 825
60 m 61 7 unilateral, right 85 30 870
sum / 44 m 61.2+7.2 10.1+£49 48 bilateral 53.2+154 20.6+12.9 895 +391.5
mean + SD 16 12 unilateral

N/A : Not Available

UPDRS 3 (OFF/ON medication) : clinician-scored motor evaluation (range 0—108)
LED : Levopoda Equivalent Dose
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Table 2: Microelectrode trajectory characteristics

Patient No. Side Left Right
MER1 MER2 MER1 MER2
STN length DLOR length/STN length STN length DLOR length/STN length STN length DLOR length/STN length STN length DLOR length/STN length
(mm) (%) (mm) (%) (mm) (%) (mm) (%)
1 L/R 1.682 DLOR N/D 6.714 60.49 1.395 DLOR N/D Exit N/D
2 L/R STN N/D 5.222 DLOR N/D 4.453 21.69 5.024 21.60
3 L/R 5.647 17.48 4.669 44.96 STN N/D 4.859 34.78
4 LR 2.095 DLOR N/D 5.946 18.43 Exit N/D
5 LR 5.908 59.65 5.873 27.21 4.844 45.31 6.158 2891
6 LR 5.725 52.84 6.735 49.55 STN N/D 5.686 21.07
7 L/R 5.654 41.72 6.266 26.81 STN N/D 3.892 DLOR N/D
8 L/R 6.199 80.80 4.923 89.86 3.111 DLOR N/D
9 LR Exit N/D 5.617 20.24 7.455 55.87
10 LR STN N/D Exit N/D 4.257 39.02 5.407 36.62
11 L/R 4.752 56.38 Exit N/D STN N/D 4.91 20.67
12 L/R 5.056 55.02 Exit N/D 2.268 DLOR N/D 5.954 29.51
13 L/R Exit N/D 6.484 70.85 5.694 68.41 Exit N/D
14 R STN N/D 3.248 DLOR N/D
15 LR 7.538 67.10 3.784 100 4.517 69.89 5.739 62.21
16 R STN N/D STN N/D
17 LR 3.99 29.20 Exit N/D 4.959 62.92 5.383 62.03
18 L/R 5.597 DLOR N/D 3.92 DLOR N/D 5.497 DLOR N/D 5.732 14.32
19 LR STN N/D STN N/D STN N/D 4921 DLOR N/D
20 L/R 2.753 35.71 Exit N/D 4.903 DLOR N/D 5.058 DLOR N/D
21 L/R STN N/D 6.972 DLOR N/D 4.224 8.95 5.936 39.59
22 L/R 3.518 DLOR N/D 7.159 44.07 4782 DLOR N/D Exit N/D
23 L/R 3.207 65.67 2303 DLOR N/D Exit N/D
24 LR 3.573 80.35 4.822 81.13 Exit N/D
25 R 5.006 37.97 1.503 DLOR N/D
26 LR 5.97 36.53 4.375 50.31 6.786 48.57 5.689 66.76
27 R 2.694 7.42 5.951 78.26
28 L Exit N/D Exit N/D
29 L/R 8.184 53.69 Exit N/D 6.613 42.25 Exit N/D
30 L/R Exit N/D 2.154 37.09 5.998 18.36 STN N/D
31 L/R 5.076 3.94 2.618 84.72 Exit N/D 5.583 55.13
32 L/R 3.38 11.63 STN N/D 5.373 25.85 2.987 DLOR N/D
33 LR Exit N/D 5.991 62.29 6.586 55.97 6.385 39.12
34 LR 4.743 63.21 STN N/D 6.499 76.84 5.143 84.43
35 LR 6.122 67.45 3.517 66.02 4.414 77.96 Exit N/D
36 L/R 4.984 70.02 STN N/D 6.579 64.92 Exit N/D
37 L/R 6.05 25.72 7.38 17.47 5.912 28.57 Exit N/D
38 LR Exit N/D 3.495 57.25 5.696 70.10 5.492 69.01
39 LR 3.662 70.32 5.202 22.93 4.585 12.93 5.562 4.93
40 L/R Exit N/D Exit N/D 5.368 55.46 5.513 78.56
41 L/R STN N/D 5.803 43.99 Exit N/D Exit N/D
42 R 5.209 61.68 4.015 82.52
43 L/R STN N/D 5.972 46.48 4.097 DLOR N/D 5.997 31.67
44 L/R 4.535 DLOR N/D 7.529 DLOR N/D 4.737 35.30 4.843 DLOR N/D
45 LR 4.966 45.93 6.752 60.07 5.226 57.46 3.641 24.61
46 L STN N/D 6.337 66.96
47 LR STN N/D STN N/D 4.496 DLOR N/D 5.895 DLOR N/D
48 LR 5.876 42.09 5.455 34.35 5.993 49.99 4.694 51.07
49 LR 2.004 74.87 5.656 73.59 5.999 78.28 4.49 100
50 R 4313 9.09 3.566 DLOR N/D
51 LR 5.968 48.22 5.39 74.04 4371 DLOR N/D 5.627 66.95
52 LR 6.738 24.90 2.187 40.97 Exit N/D
53 L/R 6.544 16.61 5.448 712 5.795 DLOR N/D 5.697 64.77
54 LR 6.894 39.37 5.234 48.40 5.763 53.15 STN N/D
55 L/R 6.187 4.78 6.117 DLOR N/D Exit N/D
56 L 5.467 61.92 3.684 86.40
57 L 7.049 DLOR N/D 6.442 DLOR N/D
58 L/R 2.589 57.51 6.479 45.96 Exit N/D 4.224 55.16
59 R 2.198 DLOR N/D Exit N/D
60 R 6.512 75.38 4.808 75.00
sum / 48 bilateral | 5.27 = 1.47 45.52 £19.72 5.25+1.47 50.01 +22.38 5.32+0.92 48.47 £ 24.14 5.44 +0.76 48.40 +22.96
mean + SD 12 unilateral

STN N/D : STN Not Detected, Hidden Markov Model method did not detect STN entry over the microelectrode trajectory
Exit N/D : STN Exit Not Detected, Hidden Markov Model method did not detect STN exit over the microelectrode trajectory
DLOR N/D : DLOR Not Detected, Hidden Markov Model method did not detect increase of beta oscillatory activity within the STN

"o

: Data do not exist. Only unilateral or one microelectrode recording

In bold, the 119 STN microelectrode trajectories with clear STN entry and exit and discerible DLOR and VMNR, using the Hidden Markov Model method
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Figure 1. Spike sorting examples and single-unit database. Examples of 2s (A.left)
and 200ms (A.middle) STN multi-unit recordings and 100 superimposed waveforms of
the extracellular action potentials of an identified unit sorted from its multi-unit activity

(A.right). The waveforms were randomly selected from the whole stable recorded period.
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Iso.Sc indicates the isolation score of the identified unit sorted from its multi-unit

activity. (B) Distribution of the isolation score of all the identified units (N = 6224).
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Figure 2. Predominant oscillatory activity in STN DLOR. Mean PSD of STN multi-
unit activity of DLOR (A.left) and VMNR (B.left) recordings. The shaded areas mark
SEMs. Nsites is the number of recording sites averaged. Distribution of fpeak (the
frequency at which the PSD attains its maximal value) of all the PSDs of STN multi-unit

activity of the DLOR (A.right) and VMNR (B.right) recordings.
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Figure 3. Higher neuronal discharge rate in STN DLOR for the better-isolated
units. Scatter plots of the neuronal discharge rate and the isolation score of all the

identified STN units located in the DLOR (A) and VMNR (B). N is the number of
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identified STN units. Black line represents the linear regression line between the
discharge rate of the STN units and their isolation score. r is the Pearson correlation
coefficient and p indicates the probability that r = 0. (C) Mean neuronal discharge rate in
the DLOR and VMNR calculated depending on the different isolation score ranges of the
STN units. Error bars represent SEMs. * indicates significant (P < 0.05) differences

between the DLOR and VMNR discharge rates.

39



B DLOR (N = 665)
x%% M VNINR (N = 761)

1]

3-7THz  8-12Hz 13-30Hz 31-75Hz
Frequency Range

a
o

N w P
o o o

Discharge Rate (spikes/s)
S

o

Figure 4. Higher neuronal discharge rate in STN DLOR for surrounding beta multi-
unit oscillatory activity. Mean discharge rate of the better-isolated STN units (isolation
score > 0.70) in the DLOR and VMNR depending on the fpeak ranges of their multi-unit
oscillatory activity: 3-7Hz theta range, 8-12Hz alpha range, 13-30Hz beta range and
>30Hz gamma band. N is the total number of better-isolated STN units averaged. Error
bars represent SEMs. *** indicates significant (P < 0.001) differences between the

DLOR and VMNR discharge rates.
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Figure 5. Positive correlation between the discharge rate of the STN neurons and

the strength of their surrounding oscillatory activity, especially at the beta

frequencies. Scatter plots of the discharge rate of the better-isolated STN units and the
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Oscil.Score of their multi-unit oscillatory activity depending on the corresponding fpeax
ranges: 3-7Hz theta range (A), 8-12Hz alpha range (B), 13-30Hz beta range (C) and
>30Hz gamma band (D). Same conventions as in Figure 3.A and 3.B. Mean Oscil.Score
calculated depending on the different fpeax ranges in the DLOR and VMNR is inset in

each scatter plot. Same conventions as in Figure 4.
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