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Movement-Related Discharge in the Macaque Globus
Pallidus during High-Frequency Stimulation of the
Subthalamic Nucleus

Andrew J. Zimnik,' Gerald J. Nora,' Michel Desmurget,? and ““Robert S. Turner’
'Department of Neurobiology, Center for the Neural Basis of Cognition, University of Pittsburgh, Pittsburgh, Pennsylvania 15261, and 2Centre for Cognitive
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Deep brain stimulation (DBS) of the subthalamic nucleus (STN-DBS) has largely replaced ablative therapies for Parkinson’s disease.
Because of the similar efficacies of the two treatments, it has been proposed that DBS acts by creating an “informational lesion,” whereby
pathologic neuronal firing patterns are replaced by low-entropy, stimulus-entrained firing patterns. The informational lesion hypothesis,
in its current form, states that DBS blocks the transmission of all information from the basal ganglia, including both pathologic firing
patterns and normal, task-related modulations in activity. We tested this prediction in two healthy rhesus macaques by recording
single-unit spiking activity from the globus pallidus (232 neurons) while the animals completed choice reaction time reaching move-
ments with and without STN-DBS. Despite strong effects of DBS on the activity of most pallidal cells, reach-related modulations in firing
rate were equally prevalent in the DBS-on and DBS-off states. This remained true even when the analysis was restricted to cells affected
significantly by DBS. In addition, the overall form and timing of perimovement modulations in firing rate were preserved between
DBS-on and DBS-off states in the majority of neurons (66%). Active movement and DBS had largely additive effects on the firing rate of
most neurons, indicating an orthogonal relationship in which both inputs contribute independently to the overall firing rate of pallidal
neurons. These findings suggest that STN-DBS does not act as an indiscriminate informational lesion but rather as a filter that permits

task-related modulations in activity while, presumably, eliminating the pathological firing associated with parkinsonism.
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Introduction

Deep brain stimulation (DBS) of the basal ganglia (BG) has
largely supplanted ablation (Esselink et al., 2004) as a treatment
for Parkinson’s disease (PD). Despite the similar therapeutic ef-
fects of lesions of the subthalamic nucleus (STN) or globus palli-
dus internus (GPi) and stimulation of these nuclei (Limousin et
al., 1995; Alvarez et al., 2001; Rodriguez-Oroz et al., 2005; Mer-
ello et al., 2008), evidence indicates that different local mecha-
nisms are responsible for the therapeutic effects of these two
treatments. Rather than mimicking a lesion by silencing neuronal
activity around the site of stimulation in the STN or GPi (Benaz-
zouz et al., 2000; Dostrovsky et al., 2000; Meissner et al., 2005),
recent studies have shown that DBS has a complex effect on the
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activity of local neurons, which includes increases or decreases in
firing rate and/or phasic entrainment of firing to the stimulation
frequency (Bar-Gad et al., 2004; McCairn and Turner, 2009;
Carlson et al., 2010; Moran et al., 2012).

To explain how two distinct interventions (ablation and high-
frequency electrical stimulation) can yield similar therapeutic
effects, researchers have proposed that DBS creates an “informa-
tional lesion” (Grill et al., 2004; Garcia et al., 2005; Dorval et al.,
2008, 2010; Guo et al., 2008; McConnell et al., 2012; Rubin et al.,
2012; Agnesi et al., 2013). This theory posits that DBS induces
highly regular, stimulus-driven spiking activity (i.e., “entrained”
spiking) in populations of BG neurons, impeding the transmis-
sion of “information” (encoded in neuronal spiking) from the
BG to thalamus. By replacing pathologic activity with stimulus-
entrained firing patterns, a DBS-induced informational lesion
would ameliorate parkinsonian signs by blocking the transmis-
sion of interfering signals to downstream structures. General
support for the informational lesion hypothesis has come from
studies of the effects of DBS on the theoretical information ca-
pacity of spontaneous neuronal activity (i.e., the firing rate “en-
tropy”) (Dorval et al., 2008, 2009, 2010) and a study of the
transmission of stimulation-evoked cortical volleys (Chiken and
Nambu, 2013).

In addition to supplanting pathologic resting activity, a DBS-
induced informational lesion is predicted to block the transmis-
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sion of normal task-related modulations in activity (Dorval et al.,
2010; Chiken and Nambu, 2013). Recent work has cast doubt on
this assumption. Agnesi et al. (2013) reported that DBS in the GPi
attenuates specific aspects of the neuronal encoding of proprio-
ceptive sensory information and Dorval and Grill (2014) that
STN-DBS increases resting directed entropy within the BG in
rats. We tested a different aspect of the informational lesion pre-
diction by examining the effects of STN-DBS on the activity of GP
neurons around the time of active reaching movements. It is
important to note that the present study asks whether normal
task-related modulations in firing rate are preserved during STN-
DBS. Although DBS is used to treat neurologic disorders, the
question at hand cannot be addressed well in an animal model of
such a disorder (e.g., parkinsonism) because abnormalities in
task-related activity are likely to accompany the disorder. For
example, the normal high degree of selectivity of GP activity (of-
ten responding to only one direction of movement at one joint) is
severely degraded in parkinsonism, leading to a loss of functional
segregation (Filion etal., 1988, 1989; Boraud et al., 2000). Thus, if
an animal model of parkinsonism was used, it would not be pos-
sible to distinguish DBS-induced loss of normal task responsive-
ness (i.e., support for the informational lesion hypothesis) from
DBS-induced restoration of functional segregation (a potential
component of the normal therapeutic effect of DBS).

Our results indicate that not only do task-related modulations
in pallidal spike rate persist during STN-DBS, but the specific
timing and shape of movement-related modulations in firing rate
are also largely preserved. The modulations in GP firing rate in-
duced by STN-DBS and active movement interacted significantly
in only a small fraction of cells, most of which were highly en-
trained to the STN-DBS stimulus pulse. These results suggest that
movement-related signaling in the GP is degraded by STN-DBS
only in the infrequent occasion that DBS-induced entrainment
drives a GP cell to its physiologic limits.

Materials and Methods

Animals and task. Two monkeys (Macaca mulatta; Monkey B, male 15 kg;
Monkey D, male 8.2 kg) were used in this study. All aspects of animal care
were in accord with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, the PHS Policy on the Humane Care and
Use of Laboratory Animals, and the American Physiological Society’s
Guiding Principles in the Care and Use of Animals. All procedures were
approved by the institutional animal care and use committee. The mon-
keys performed a unimanual version of a reaching task that has been
described in detail previously (Franco and Turner, 2012). In brief, the
animal was seated in a primate chair facing a vertical response panel that
contained two target LEDs and infrared proximity sensors. The animal’s
working hand rested on a “home-key” (a metal rod, also equipped with
an infrared proximity sensor) located at waist height on the same side of
the primate chair. The opposite arm was left unrestrained and unin-
volved in the task. Monkey D performed the task with the right arm,
whereas Monkey B performed the task with the left arm. The task re-
quired the animal to hold its hand on the home-key for 2.6—4.8 s (uni-
form random distribution) at which time the right or left LED (selected at
random) was illuminated. The animal was given 1 s to move its hand
from the home-key to the target indicated. Once the correct target was
contacted, the animal was required to hold its hand at the target for
0.5-1.0 s (randomized) before a food reward was delivered via a sipper
tube and a computer-controlled peristaltic pump. The animal was then
allowed to return its hand to the home-key with no time limit.

Surgery. Many of the surgical methods have been described previously
(Desmurget and Turner, 2008). The chamber implantation surgery was
performed under sterile conditions with ketamine induction followed by
isoflurane anesthesia. Vital signs (i.e., pulse rate, blood pressure, respira-
tion, end-tidal pCO,, and EKG) were monitored throughout the dura-
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tion of the surgery to ensure proper levels of anesthesia. In Monkey D,
two cylindrical titanium recording chambers (18 mm inside diameter)
were affixed over craniotomies at stereotaxic coordinates to allow access
to the left globus pallidus via a coronal approach and left subthalamic
nucleus via a parasagittal approach. In Monkey B, a single recording
chamber was affixed over a craniotomy to allow access to the right sub-
thalamic nucleus and pallidum via a parasagittal approach. The cham-
bers and head fixation devices were fastened to the skull via bone screws
and methyl methacrylate polymer. Prophylactic antibiotics and analge-
sics were administered postsurgically.

Localization of stimulation and recording sites. The anatomical loca-
tions of the STN and GP and proper stereotaxic positioning of the re-
cording chambers were estimated initially from structural MRI scans
(Siemens 3 T Allegra Scanner, voxel size of 0.6 mm). An interactive 3D
software system (Cicerone) was used to visualize MRI images, define the
target location, and predict trajectories for microelectrode penetrations
(Miocinovic et al., 2007; Pasquereau and Turner, 2013). By aligning mi-
croelectrode mapping results (electrophysiologically characterized x, y, z
locations) with structural MRI images and high resolution 3D templates
of individual nuclei derived from an atlas (Martin and Bowden, 1996),
we were able to gauge the accuracy of electrode positioning. This ap-
proach was used to determine the chamber coordinates for the implan-
tation of STN DBS electrodes (Fig. 1A) and for the subsequent recording
tracks in the GP.

Implantation of indwelling DBS electrode. The methods used to implant
an indwelling macroelectrode have been described previously (Turner
and DeLong, 2000). Custom-built stimulating electrodes were implanted
in the left STN of Monkey D and the right STN of Monkey B (i.e., in the
hemisphere contralateral to the working arm). The electrode consisted of
three Teflon-coated Pt-Ir microwires (50 wm diameter) glued inside a
stainless steel cannula (~0.5 mm separation between the distal ends of
the microwires). The insulation was stripped from ~0.2 mm of the distal
ends of the microwire such that the impedance of the wires was between
4 and 19 kQ (exposed surface area ~0.03 mm?*). The electrode assembly
was implanted transdurally via the sagittal chamber using a protective
guide cannula (28-gauge inside diameter) and stylus mounted in the
microdrive. The location of the electrode was monitored as it was low-
ered using multiunit activity sampled from the most distal electrode
contact. Once the electrode was located within the STN, the guide tube
and stylus were withdrawn so that the electrode assembly remained at the
desired location, with the proximal ends of the microwires exiting the
dura. The proximal ends of the microwire were guided through a port in
the side of the recording chamber and soldered to a head-mounted con-
nector. Following implantation of the electrode assembly, the threshold
stimulation current (1 s duration train at 150 Hz) for evoking movement
or palpable muscle contraction (via excitation of the fibers of the internal
capsule) was determined. Stimulation at currents up to 80% of this value
was used in subsequent experiments to stimulate the largest volume of
STN possible without eliciting muscular contractions.

Data acquisition and artifact subtraction. The procedures used for data
acquisition and artifact subtraction have been described previously (Mc-
Cairn and Turner, 2009). In brief, the extracellular spiking activity of
globus pallidal neurons was recorded using glass-insulated tungsten mi-
croelectrodes (0.5-1.5 m{), Alpha Omega) mounted in a hydraulic mi-
crodrive (MO-95, Narishige International). Data were passed through a
low-gain headstage (gain = 4X, 2 Hz to 7.5 kHz bandpass) and then
digitized at 24 kHz (16-bit resolution; Tucker Davis Technologies) and
saved to disk as continuous data. During data collection, the neuronal
recording was monitored by computer display and by D/A conversion
and playback on a digital oscilloscope and audio monitor.

During high-frequency DBS, on-line signal processing (Tucker Davis
Technologies) was used to adaptively subtract the stimulation-induced
electrical artifacts from the digitized neuronal data (McCairn and
Turner, 2009). A stimulation artifact template was constructed as a mov-
ing average of the 100 immediately preceding shocks. This template was
automatically and continuously subtracted from the digitized neuronal
signal at the time of each DBS shock.

Recording and stimulation protocol. All recordings were performed us-
ing a single microelectrode lowered transdurally into the pallidum. All
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recordings in Monkey D were performed using A
a coronal approach in the left hemisphere,
whereas all recordings in Monkey B were per-

formed using a parasagittal approach in the

right hemisphere (see Fig. 1B). Pallidal neu-

rons were identified by their characteristic
high-frequency, irregular baseline firing pat-

tern and short duration action potentials (De-

Long, 1971; Turner and Anderson, 1997).

When one (or, infrequently, more than one)
pallidal units were isolated by the recording
electrode and the recording stability was deter-

mined to be acceptable based on online, real-

time sorting of neuronal data (Tucker Davis
Technologies), a short train (<5 s) of high-
frequency DBS stimulation was delivered to

train the artifact subtraction system. Sti-
mulation was delivered using an isolated
constant-current stimulator (Model 2100,

A-M Systems) with symmetric biphasic pulses

(60 ws in duration) delivered at 150 Hz and 200

A. Neuronal data and behavioral event codes

were then collected following a standard pro-

tocol of 20 behavioral trials performed without B
STN stimulation, followed immediately by 20
behavioral trials performed during STN DBS
stimulation. This set of 40 total trials (mean
duration = 213 s) constituted one data
“block.” Ideally, we collected data continu-
ously for 3 blocks; however, data collection was
halted if unit isolation deteriorated.

Histology. After the last recording session,
each monkey was tranquilized with a large dose
of ketamine (25 mg/kg, i.m.) followed by a le-
thal dose of sodium pentobarbital (40 mg/kg,
i.p.) before being perfused transcardially with
saline followed by 10% formalin in phosphate
buffer and then sucrose. The brains were
blocked in place in the coronal plane, removed,
cryoprotected with sucrose, and cut into 50
um sections. Sections at 0.5 mm intervals were
stained with cresyl violet for localization of mi-
croelectrode tracks and stimulating electrodes
(see Fig. 1B). Because of a tissue processing ac-
cident, histology from the vicinity of the STN
electrode was lost for Monkey B.

Offline analysis. The initial step of offline
processing removed any residual stimulation
artifacts that appeared in the continuous neu-
ronal data as intermittent, high-frequency (150
Hz) signals phase-locked to the times of stim-
ulus delivery. This step was performed under investigator guidance to
ensure that neuronal spiking data were not lost (e.g., due to artifact-
induced amplifier saturation or spurious subtraction of antidromic-like
action potentials). The neuronal data were then thresholded, and candi-
date action potentials were sorted into clusters in principal components
space (Off-line Sorter, Plexon). Neurons were accepted for further anal-
ysis only if the unit’s action potentials were of a consistent shape and
could be separated reliably from the waveforms of other neurons as well
as from background noise. Additionally, data files had to contain at least
one complete “block” of data (20 successful trials off-stimulation, fol-
lowed by 20 successful trials on-stimulation).

A neuronal record was subjected to further analysis if the neuron’s
spike activity was affected significantly by STN-DBS. We tested for effects
of STN-DBS on a neuron’s firing rate by constructing a peristimulus time
histogram (PStH) from the last 30 s of stimulation averaged across all
valid stimulation blocks (bin size = 0.2 ms, 35 bins) (McCairn and
Turner, 2009). A cell’s PStH was then compared with a population of
control histograms (PCtHs) constructed around “sham stimulation”

Figure 1.

the larger figure.
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Localization of stimulating electrodes. A, Parasagittal structural MRI of Monkey B through the STN overlaid with
results from microelectrode mapping. The colors of markers indicate the electrophysiologically determined cell type: light blue
represents cortex; light yellow represents caudate nucleus; dark blue represents reticular nucleus of thalamus (RTN); yellow
represents thalamus; pink represents STN; white represents substantia nigra pars reticulata (SNr). Green oval represents approx-
imate location of stimulating electrode. B, Nissl-stained section from Monkey D showing the location of the stimulating electrode
within the STN. Red arrow indicates region of gliosis caused by electrode. Inset, Line drawing indicating the brain region shown in

time points (aligned at 6.67 ms intervals to correspond to 150 Hz) ap-
plied to 30-s-long off-stimulation control periods. A neuron’s “control”
firing rate (mean across PCtHs) was subtracted so that both histogram
types (PCtHs and PStH) reflected stimulation- (and sham-) induced
changes from baseline firing rates. Increases and decreases in firing (i.e.,
above and below the baseline firing rate, respectively) were detected in
the PStHs, and the areas of those deviations were converted to z-scores
relative to the population of control deviation areas (i.e., to the areas of all
deviations from baseline in all PCtHs for a neuron). The threshold for
significance was adjusted to compensate for multiple comparisons [« =
0.01/(mean number of deviations detected per PCtH)]. Effects of
stimulation were categorized as “phasic” if the range of values in a
PStH (PStH,,.ximum — PStH pinimam) €Xceeded the range found in
PCtHs (t test; « = 0.01).

The degree to which a neuron’s firing was “entrained” to the stimula-
tion frequency was quantified as the area of deviation of the PStH from a
flat distribution. Specifically, each neuron’s PStH was normalized by the
mean of the PStH, and the bin-by-bin deviation of the PStH from the
mean was summed to produce a single value of relative entrainment (RE,
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Figure 2.  Exemplar effects of STN-DBS (4) and movement (B) on pallidal neuron activity. A, Overlain raw microelectrode signals from 50
consecutive STN-DBS stimuli (vertical gray line). No shock artifactis evident due to effective operation of the artifact subtraction algorithm during data
collection. Peristimulus histograms (above) illustrate phasic driving of a unit (i) and a tonic decrease in firing (ii). Unit is highly entrained to the
stimulation frequency (RE = 8.66), whereas unit ifis poorly entrained (RE = 1.25). Horizontal solid lines indicate mean unit firing rate (=95% (I
horizontal dashed lines) from the DBS-off condition. B, Perimovement activity of the same unit shown in A, aligned to the onset of movements (time
0) performed during the DBS-off (gray SDF and top rasters) and DBS-on (black SDF and bottom rasters) periods. Horizontal solid lines indicate mean
control period firing rates (#-95% (! horizontal dashed lines) for DBS-off and DBS-on periods. Vertical lines indicate onset times for significant (p <
0.01) movement-related change in the SDF. Gray vertical line and black vertical line indicate DBS-off and DBS-on SDFs, respectively.
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arbitrary units). RE is termed relative entrain-
ment because this measure is independent of
the neuron’s mean firing rate during stimula-
tion. Conceptually, RE can be considered a
measure of the degree to which a neuron’s ac-
tion potentials were time-locked to stimulation
shocks. A high RE value indicates a high level of
entrainment and a greater restriction of the
times at which the cell spiked in the peristimu-
lus interval, compared with stimulation effects
with lower RE values.

Perimovement changes in firing rate were
detected using an established method (Fig. 2B).
Briefly, a mean spike density function (SDF; 25
ms o Gaussian function convolved with a spike
S-function) was constructed around the onset
of all reach movements. (For all of the analyses
performed here, data were combined across
reaches to left and right targets.) Control values
(mean and SD firing rate), taken from a 700 ms
window that ended at the median time of cue
onset, were used to test for significant changes
in firing rate during the perimovement period
(a 700 ms time window beginning immediately
after the control period). A movement-related
change in firing rate was defined as a significant
deviation from the control mean rate that
lasted at least 100 ms (Fig. 2B, solid vertical
lines) (t test; one sample vs control period
mean; omnibus p < 0.01 after Bonferroni cor-
rection for multiple comparisons). The first
significant time bin was taken as the time of
onset of the perimovement change in firing.
The magnitude of a perimovement change in
firing was measured as the maximal deviation
of an SDF from baseline firing expressed as a
fraction of a cell’s baseline firing rate. This ap-
proach detected and measured only the first
(i.e., earliest-occurring) perimovement modu-
lation in firing. Subsequent changes (e.g., the
later decrease in Fig. 2B) were not analyzed.

To examine the degree to which STN-DBS
altered the timing and form of pallidal
movement-related activity, we compared his-
tograms of a neuron’s perimovement firing
rates constructed separately from DBS-off and
DBS-on periods. Histograms were used for this
analysis, rather than SDFs, because each bin of
a histogram provided an independent estimate
of mean firing rate during a discrete time pe-
riod relative to movement onset. In contrast,
neighboring estimates in an SDF are not inde-
pendent of each other because of the temporal
blurring of spike information introduced by
the Gaussian convolution. Each histogram
consisted of 60 25-ms-wide bins that ranged
from 0.5 s before movement onset to 1.0 s fol-
lowing movement onset. The degree to which a
neuron’s perimovement modulation in firing
rate was consistent across stimulation condi-
tions was measured using a Spearman correla-
tion comparing firing rate values from the 60
bins of the DBS-off and DBS-on histograms.
The correlation coefficient yielded by this anal-
ysis will be referred to as “off/on-p” to distin-
guish this specific metric from the results from
other correlation analyses.

Calculation of firing rate entropy. A previous
study reported that DBS reduces the theoreti-
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cal information capacity of spontaneous neuronal activity, using as a
measure the “entropy” of single-unit spike trains (i.e., entropy per spike)
collected from animals at rest (Dorval etal., 2008). To relate our results to
that study, we calculated the effects of DBS on neuronal entropy using the
algorithm that is described in detail previously (Dorval, 2008, 2011; Dor-
val et al., 2008). Also following the methods used by Dorval et al. (2008),
we excluded from this analysis any pallidal units that exhibited a very low
(<2 Hz) mean firing rate during STN-DBS (n = 2).

In brief, a cell’s spike train during the start position hold-period of all
behavioral trials (2.6—4.8 s duration) was extracted and converted into
separate series of interspike intervals (ISIs) for DBS-off and DBS-on
periods. The ISIs were placed into logarithmic bins with the first bin,
including the shortest observed ISI and the K™ bin including the longest
observed ISI (Dorval, 2008). The right-most edge of each ISI bin was
defined as ISI, = ISI, X 10”*, where k varied from 1 to K. k was defined
as 20 (determined empirically by Dorval et al., 2008). Two, separate
maximum likelihood entropy estimates (H™) (Dorval et al., 2008)
were then calculated for each series of ISIs as follows:

K
HYE = — > P(ISI,)log,P(ISI,) (1)
a—1
K K
HMEE = — ' P(IST,, ISI1,)log,P(ISI,|ISI,) 2)
a—1b—1

where ISI, represents the a” ISI bin. H{F and Hy* correspond to the
estimates calculated via the assumption that the probability of each
binned ISI is independent of the probability of all other ISIs occurring
(1-dimensional), and the assumption that the probability of a binned ISI
occurring is influenced by the immediately preceding binned ISI (2-
dimensional), respectively.

To overcome the potential for undersampling bias, entropy estimates
in the first and second dimensions were extrapolated from subsets of the
complete series of ISIs (Strong et al., 1998; Panzeri et al., 2007; Dorval et
al., 2008). In other words, each series of ISIs was divided into two, then
three, equally sized datasets. The Hyfy* and Hyn* were calculated for each
fractional dataset, yielding 12 total entropy estimates (one estimate ob-
tained from the complete dataset, one estimate obtained from each one-
half dataset, and one estimate obtained from each one-third dataset, per
dimension). A bias-corrected estimate was obtained for each dimension
by plotting the mean of each dimensional estimate against the fraction
of the dataset size, fitting the points to a quadratic function, and finding
the value of the function at 0 (Dorval et al., 2008). Finally, we calculated
the direct entropy estimate (Hp,;,) as the 0-crossing of the linear fit of the
dimensional estimates (H,;,, = 2H,;, — H,,). Cells that demonstrated
significant changes in entropy with DBS application were identified via a
bootstrapping method, in which the DBS-off and DBS-on series of ISIs
were subsampled 1000 times, and H),,, was calculated for each sample,
producing PES"H . and PES°fH . . The change in entropy (AEntropy
per spike) was calculated as the difference between these two values. A
cell was considered to have a significant change in entropy with DBS
application if the 95% confidence interval of the mean of AEntropy did
not overlap 0.

Test for independent effects of task and stimulation. We then determined
whether DBS and active movement affected neuronal firing rates inde-
pendently (Bar-Gad and Turner, 2009). We reasoned that a DBS-
induced degradation of movement-related signaling should appear as a
significant interaction between the DBS- and movement-related modu-
lations in firing rate. To test this, we constructed an empirical joint peri-
stimulus time histogram (JPSTH) for each neuron, by computing
separate perishock histograms (0.5 ms bin size) for each 100 ms bin
across the perimovement period (—0.5 to 1 s relative to movement on-
set). The empirical JPSTH was regressed against two linear models: one
containing the normalized peristimulus time histogram (PStH,) and
normalized perimovement time histogram (PMtH,) as regressors (In-
dependent Model) and one containing additionally an interaction term
(computed as the normalized product of the ith bin of the global peri-
movement histogram and the jth bin of the global peri-DBS histogram)
in addition to the regressors of the first model (Interaction Model) as
follows:
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Independent Model:JPSTHg,,, = 3,PStHy + B,PMtHy
(3)
Independent Model:JPSTHy,,, = B,PStHy + B,PMtHy
+ Bs(PStHy = PMtHy) (4)

The quality of the fit of each model to the empirical JPSTH was compared
using the Akaike information criterion (AIC) (Burnham and Anderson,
2002):

AIC 040 = 2k — 2In(L) (5)

Here, k represents the number of model parameters and L, the likelihood,
estimated from the residual sum of squares. The AIC value is an estimate
of the information lost by applying a model to data. Given two models,
the model that loses less information (the preferable model) will have the
lower AIC value. For each recording, we determined whether the AIC
difference between the two models was significant by bootstrapping the
regressors (iterations = 1000) of each model and calculating the single-
tailed 95% confidence interval of the mean of the resulting AIC differ-
ence distribution (AICy,gependent — AlCiyteraction)- 1f this confidence
interval did not overlap 0, the cell was classified as “Interaction Model
preferring”; otherwise, the cell was classified as “Independent,” indicat-
ing that the interaction of peristimulus and perimovement effects on
firing rate did not contribute significantly to the cell’s firing during stim-
ulation and movement.

Results

Database

A total of 199 pallidal cells from the two animals met our criteria
for signal quality, DBS-induced change in firing, and the mini-
mum number of behavioral trials performed under DBS-off and
DBS-on conditions. For these neurons, the mean duration of
recording was 646.37 s (range: 146.00-1107.50 s) and STN-DBS
was delivered during an average of 2.57 * 0.05 blocks, each of
which lasted 105.21 = 1.34 s.

Effects of STN-DBS

Behavioral

As predicted by previous studies in normal rats (Aleksandrova et
al., 2013; Creed et al., 2013; Kaminer et al., 2014), no gross motor
abnormalities were observed during STN-DBS. Additionally, the
monkeys’ mean task performance (across all recording sessions)
did not differ between DBS-off and DBS-on states (Monkey B:
reaction time: 199.8 == 2.2 ms vs 176.3 = 2.2 ms; movement time:
514.5 = 2.1 ms vs 534.1 = 2.1 ms; Monkey D: reaction time:
365.1 £ 3.6 ms vs 355.4 & 4.2 ms; movement time: 219.3 2.0 vs
222.2 * 3.0 ms, DBS-off and DBS-on, respectively, p > 0.05 for
all comparisons, t test).

Neuronal

Consistent with previous reports (Hashimoto et al., 2003; Moran
et al., 2011), the effects of STN-DBS on pallidal activity varied
considerably between neurons, including both phasic and tonic
increases and decreases in firing rate (Table 1). In the example
shown in Figure 2Ai, STN-DBS caused short-latency (~1 ms)
and longer-latency (~4 ms) phasic increases in firing probability
(compared with the cell’s mean firing rate without STN-DBS,
horizontal solid line) bracketed by reductions in firing probabil-
ity. This neuron demonstrated a high degree of entrainment to
the stimulation (RE = 8.66; population range: 0.33-25.25). Ac-
tion potentials were easily discriminable throughout the peris-
timulus interval, even when the action potential overlapped the
time of stimulus delivery (vertical solid line, time 0), reflecting
effective operation of the artifact subtraction algorithm. As with
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Table 1. Pallidal effects of STN-DBS”

Firing rate Firing rate
Total cells "¢%%¢ decrease Antidromic-  Total cells responding
studied  Phasic Tonic Phasic Tonic like activation to stimulation
Monkey B 128 49 (38) 0 70 (55) 13 (10) 12 (9) 110 (86)
Monkey D 104 46 (44) 1(1)  71(68) 3(3) 10(10) 89 (86)
Total 232 95 (41) 1(0.4) 141(61) 16 (7) 22(9) 199 (86)

“Values are n (%). For description of detection of significance, see Methods. The numbers sum to >100% because
some cells showed phasic increases and decreases in firing during STN-DBS. There was no significant difference
observed between the populations of the two animals (x* = 6.93, p > 0.05).

Table 2. GPe and GPi population response to STN-DBS”

Firing rate Firing rate
Total cells ¢4 decrease Antidromic-like Total cells responding
studied  Phasic Tonic Phasic Tonic activation to stimulation
GPe 141 50 (35) 1(0.7) 80(57) 12(9) 14(10) 115(82)
GPi 91 44(48) 0 59(65 3() 8(9) 80 (88)

“Values are n (%). No significant difference was observed in the population responses of the two segments of the GP.

Table 3. Significant perimovement modulations off and on STN-DBS”
DBS-off  DBS-on

Both DBS-off  Any significant perimovement modulation/

only only and DBS-on  stimulation responsive
MonkeyB 17(15)  8(7)  69(63) 94/111 (85)
MonkeyD 10 (11)  7(8) 65 (73) 82/89 (92)
Total 27(14) 15(8)  134(67) 176/199 (88)
)

“Values are n (% of stimulation responsive cells). For description of detection of significant perimovement modula-
tions in firing rate, see Methods.

previous studies (Hayashi et al., 2003; Moran and Bar-Gad,
2010), phasic increases and decreases in firing rate like those
shown in Figure 2Ai constituted a large fraction of the effects of
STN-DBS on pallidal neurons (182 of 199, 91% of cells signifi-
cantly responding to stimulation). In smaller fractions of cells,
STN-DBS induced a sustained decrease (16 of 199, 8%) or in-
crease (1 0f199, 0.5%) in firing. For the example shown in Figure
2Aii, the firing rate was depressed for most the peristimulus in-
terval (from —1 ms to ~3 ms and from ~4 to 6 ms) relative to
that during the DBS-off condition (horizontal solid line). In con-
trast to the cell shown in Figure 2Aj, this neuron was not highly
entrained to the stimulation frequency, as indicated by a low RE
value (1.25). In 22 neurons, STN-DBS evoked an antidromic-like
activation in which spikes appeared at a latency that was short
(1-3 ms) and fixed (<0.5 ms jitter) relative to stimulus delivery,
with a relatively high fidelity (mean 25 * 3% of shocks evoked
spikes). As observed previously (Hashimoto et al., 2003; Moran et
al., 2011), the effects of STN-DBS on pallidal activity were indis-
tinguishable for neurons located in the external and internal seg-
ments of the GP (x> = 4.89, p > 0.05, x test of homogeneity)
(Table 2). Therefore, all subsequent analyses were performed on
the general population of pallidal neurons.

Movement-related activity equally prevalent on and off DBS

The animals performed the reaching task throughout the DBS-
off and DBS-on data collection periods (mean 63.05 = 1.52 and
46.72 * 1.18 trials performed during DBS-off and DBS-on peri-
ods, respectively). As expected, a large fraction (161 of 199, 81%)
of the pallidal population demonstrated significant perimove-
ment modulations in firing rate in the DBS-off state (Table 3).
Figure 2B (gray trace) shows an example in which a pallidal cell’s
firing rate increased beginning (vertical gray line) immediately
before the time of movement onset (time 0). In the DBS-off state,
perimovement increases in firing like the one shown in Figure 2B
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were found in 115 of the 199 pallidal neurons (58%). Perimove-
ment decreases in firing rate were found in 46 pallidal cells (23%
of the STN-DBS responsive population).

Most pallidal neurons (149 of 199, 75%) had significant peri-
movement alterations in firing rate during STN-DBS. Such an
effect is illustrated in Figure 2B (black trace). Although the base-
line firing rate of this cell decreased significantly during STN-
DBS (Fig. 2B, horizontal solid lines; by ~30 Hz; p << 0.001, ¢
test), the cell’s modulation in firing rate around the time of move-
ment onset, as well as the timing of that change (vertical black
line), was highly similar under DBS-off and DBS-on states. The
overall prevalence of perimovement modulations in firing rate
did not differ between DBS-off and DBS-on states (x* = 0.39,
p > 0.05; Table 3). Furthermore, the relative prevalence of peri-
movement decreases and increases in firing did not differ signif-
icantly between DBS-off and DBS-on states (respectively, 23%
and 31% of neurons showed decreases and, 58% and 46% of
neurons showed increases; all y* = 2.47, p > 0.05). Notably, in a
subpopulation of 15 neurons (8.0%), perimovement modula-
tions appeared only during STN-DBS (Table 3). A complete loss
of perimovement activity during STN-DBS was observed in only
27 neurons (14%; Table 3; for one example, see Fig. 3B).

Although perimovement modulations in firing did not differ
in latency between DBS-off and DBS-on conditions (—100.84 =
8.72 ms and —91.4 = 12.97 ms, respectively; -value = —0.57,
p >0.05), the magnitude of movement-related changes increased
with stimulation. Decreases in firing amounted to a mean change
from baseline of 19% (%3 SEM) and 32% (=*3) for DBS-off and
DBS-on conditions, respectively (¢-value = 3.47, p < 0.001). Al-
though perimovement increases were also larger in the DBS-on
state (mean 78 * 26% compared with 58 * 12% for DBS-off),
this change did not reach significance (t-value = 0.82, p > 0.05).

Preservation of the form and timing of movement-

related activity

In addition to the observation that most pallidal neurons showed
movement-related activity during both DBS-off and DBS-on
conditions (Table 3), inspection suggested that the form and tim-
ing of the movement-related changes were often similar between
conditions (e.g., Fig. 2B). To investigate that possibility quanti-
tatively, we compared the binned, perimovement firing rates (25
ms bins) of all GP cells that demonstrated both a significant effect
of STN-DBS and any significant perimovement modulation in
firing rate under DBS-off or DBS-on states (n = 176). Figure 34,
B shows perimovement histograms for two example neurons:
one in which the movement-related modulation was preserved
during DBS (Fig. 3A) and another in which the movement-
related modulation disappeared (Fig. 3B). We quantified the sim-
ilarity of a cell’s perimovement modulations between DBS-off and
DBS-on conditions using Spearman correlations of the bin-by-bin
measures of firing rate. As expected, DBS-offand DBS-on firing rates
were highly correlated for the first example neuron (Fig. 3C; off/
on-p = 0.62; p << 0.001) and not correlated for the second (Fig. 3D;
off/on-p = 0.03; p > 0.05).

Across the population as a whole, the majority of pallidal units
(116 of 176, 66%) demonstrated a significant (p < 0.05) positive
correlation in perimovement firing rates from the DBS-off and
DBS-on states (Fig. 3E, black bars; mean off/on-p = 0.39), which
is consistent with the view that the general form and timing of
changes in activity around the time of movement onset were
preserved during STN-DBS. Among the 60 cells in which off/
on-p was not significant and positive (Fig. 3E, white and gray
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bars), the majority (47 of 60, 78%) still
showed significant perimovement dis-
charge during DBS.

When DBS did alter a cell’s move-
ment-related activity, the degree of alter-
ation correlated approximately with the
DBS-induced RE of spiking (Fig. 3F). In
other words, the more the spiking of a pal-
lidal neuron was time-locked to the deliv-
ery of individual stimulus pulses (see
Materials and Methods), the more stimu-
lation tended to reduce the off/on-p (Fig.
3F; Spearman p = —0.38, p < 0.001). Al-
though this relationship was significant,
between-cell differences in entrainment
explained only 13% of the variance in off/
on-p (least-squares linear fit). The major-
ity of cells demonstrated a significant
change in resting entropy with STN-DBS
(152 of 176, 86%; Fig. 3G, +; for estima-
tion of significance, see Materials and
Methods), and there was a modest, yet sig-
nificant, correlation between the effects of
DBS on firing entropy (AEntropy, ex-
pressed as a percentage of DBS-off en-
tropy) and its effect on perimovement
activity (as measured by off/on-p; Fig. 3G;
Spearman p = 0.22, p < 0.01). Similar to
the relationship between degree of en-
trainment and off/on-p, AEntropy ac-
counted for only a small (8%) portion of
the variance in off/on-p (least-squares lin-
ear fit). In agreement with previous re-
ports (Dorval et al., 2008; Dorval and
Grill, 2014), population-level resting en-
tropy decreased significantly with STN-
DBS (4.83 = 0.04 bits/spike; 4.53 = 0.09
bits/spike, DBS-off and DBS-on, respec-
tively, t-value = —2.98, p < 0.05, t test).
The DBS-induced changes in baseline fir-
ing rate (AFR) ranged from —96% to
332% (expressed as a fraction of the cell’s
firing rate off DBS; significant in 137 of
176 cells, 78%, t test; Figure 3H, +). How-
ever, off/on-p did not correlate with the
cell’'s AFR (p = —0.14; p > 0.05).

To summarize, attenuation or altera-
tion of a pallidal neuron’s movement-
related signaling was more likely when
DBS strongly entrained the timing of the
neuron’s spiking and decreased the cell’s
resting entropy but was unrelated to ef-
fects of DBS on mean firing rate.

Joint effects of movement and STN-
DBS on pallidal activity

The observation that movement-related
modulations in firing rate were often pre-
served during DBS despite strong DBS-
induced changes in firing rate suggested
that the effects of movement and DBS on
pallidal activity were often independent
and additive. To test that idea directly, we
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Figure 3.  Preservation of perimovement firing pattern with STN-DBS. A, Perimovement histograms of a unit that showed strong
preservation of DBS-offfiring pattern (increase in firing rate ~20 ms before movement onset, gray trace), during DBS-on (black trace). Both
histograms are aligned to movement onset (time 0). B, Perimovement histograms, constructed as in 4, of exemplar pallidal cell demon-
strating loss of significant perimovement activity during DBS-on. €, Scatter plot of bin-by-bin firing rates from the DBS-on condition (4,
black trace) plotted versus those from the DBS-off condition (A, gray trace). Perimovement firing rates of this cellin the DBS-off and DBS-on
state were highly correlated (results from “off/on-p” Spearman correlation inset and solid line) indicating a preservation of the timing and
shape of perimovement activity throughout stimulation. D, Scatter plot (following the conventions of €) of the neuron shown in B. The
perimovement firing rates of this neuron (in the DBS-off and DBS-on state) were not significantly correlated, indicating a loss of perimove-
ment activity during stimulation. £, Population summary of the off/on-p values reflecting the degree to which DBS-off perimovement
activity was preserved during STN-DBS (116 of 176, 66% black bars; gray bars: significant negative off/on-p values). , Strong entrainment
of spiking to DBS reduced the preservation of movement-related activity (off/on-p). Filled circles represent significant off/on-p value (as
reported in E). Open ircles represent nonsignificant off/on-p value. A indicates the neuron shown in Fig. 24i. \/ indicates the neuron
shownin Fig. 2Aii. G, H, The degree to which movement-related activity was preserved during DBS (off/on-p) correlated with the effects of
DBS on resting entropy (AEntropy) (G) but notbaselinefiring rate (AFR) (H). G, Inset, legend for the symbol shapes and colors usedin Gand
H.sig, Significant; ns, nonsignificant. Dashed lines indicate 95% confidence interval of correlation.
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fit each cell’s observed firing rate, in joint perimovement and
peristimulation time, with two regression models: one in which a
cell’s firing rate, at any point in time, is determined indepen-
dently by the mean peristimulus and perimovement firing rates
(Fig. 4Ai, Independent Model), and one in which the effects of
DBS and movement also interact (Fig. 4Aii, Interaction Model).
Such an interaction can be conceptualized as points in time when
a cell’s firing was driven (or inhibited) to such a degree that
additional firing rate increases (or decreases), representing
movement-related modulations in firing, were physiologically
impossible. If the effects of stimulation and movement on pallidal
activity are orthogonal and additive, then the Interaction Model
will not provide a better fit to the empirically observed joint
histogram (produced by binning the cell’s spikes in perimove-
ment and peristimulus times; Fig. 4Aiii, Empirical Histogram).
In the results from one cell illustrated in Figure 4A, Independent
and Interaction Models fit the empirical histogram equally well
(i.e., the AIC values for the two fits were not significantly differ-
ent), suggesting that DBS and movement had independent, ad-
ditive effects on the cell’s firing rate (AIC difference = 0.65, p <
0.05; for description of AIC calculation, see Materials and Meth-
ods). Across the population of pallidal units (n = 176), Indepen-
dent effects of stimulation and movement were found in 126 cells
(72%, Fig. 4B, inset). A significant interaction between the effects
of stimulation and movement was more likely when a cell was
strongly entrained to the stimulus pulse, as evidenced by a higher
median RE for Interaction Model preferring cells compared with
that of Independent cells [Figure 4B, vertical red line vs vertical
blue line, median (£MAD) RE: 6.29 (3.86) vs 1.16 (0.48), respec-
tively]. As a population, the RE values of Interaction Model pre-
ferring cells differed significantly from those of Independent cells
(two-sample Kolmogorov—Smirnov test, p < 0.001).

Discussion

The present results address a prediction of the informational le-
sion hypothesis, which states that, during STN-DBS, spiking ac-
tivity in efferent targets of the STN is entrained so closely to the
high-frequency stimuli of DBS that it no longer encodes other
information, creating a “virtual lesion” (Grill et al., 2004; Garcia
etal., 2005; Dorval et al., 2008, 2010; Guo et al., 2008; McConnell
et al., 2012; Rubin et al., 2012; Agnesi et al., 2013). Straightfor-
ward conceptions of the informational lesion hypothesis predict
that high-frequency stimulation also blocks the transmission of
task-related modulations in firing rate. We tested this second
prediction by recording from the GP of monkeys while they per-
formed a reaction time reaching task both off and on STN-DBS.

<«

Figure4. Movement and stimulation are orthogonal contributors to GP cell firing. Ai, Con-
struction of Independent Model joint histogram from peristimulus and perimovement,
1-dimensional histograms. The peristimulus and perimovement histograms were derived from
the recordings of a pallidal neuron. The binned firing rates of these 1-dimensional histograms
were normalized and multiplied by the regression coefficients produced using the Independent
Model to produce the 2-dimensional histogram. Aii, The 2-dimensional histogram, for the same
cell shown in Ai, as predicted by the Interaction Model. Aiii, An empirical joint histogram
produced for the same neuron by binning the firing rate of the cell relative to peristimulus and
perimovement times. B, Distribution of Interaction Model Preferring cells and Independent
cells, in terms of RE. Inset, Model preference as percentage of cells tested. Red bars represent
cells that were modeled significantly better by Interaction Model as determined by the AIC
value. Blue bars represent Independent cells. Vertical red line indicates median RE value for cells
that were modeled significantly better by Interaction Model. Vertical blue line indicates median
RE value for Independent cells.
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To our knowledge, ours is the first study to examine the effects of
STN-DBS on pallidal discharge during active movement.

Despite alterations to resting firing rate and entropy, STN-
DBS did not block the occurrence of perimovement modulations
in firing rate in a majority of DBS-responsive GP cells (75%;
Table 3). Furthermore, the form and timing of perimovement
modulations in firing were preserved during STN-DBS in the
majority of GP cells (66%; Fig. 3E, black). It should be noted that
this latter analysis addressed the preservation of specific peri-
movement modulations in firing during STN-DBS; many of the
cells that did not demonstrate significant preservation still pos-
sessed significant perimovement modulations during DBS. STN-
DBS completely abolished perimovement activity in only a small
fraction of neurons (14%; Table 3; for one example, see Fig. 3B).
Thus, the method that we used to quantify the preservation of
movement-related activity was stringent and may have overesti-
mated the propensity for STN-DBS to degrade pallidal task-
related activity.

A recent study by Angesi et al. (2013) reported that DBS in the
pallidum often reduced a pallidal neuron’s sensitivity to one or
another specific parameter of proprioceptive stimulation, a result
that could be taken as support for the informational lesion hy-
pothesis. Our results and those of Angesi et al. (2013) are com-
patible, however. First, like us, Agnesi et al. (2013) found that
DBS did not block a neuron’s general ability to transmit task-
related information in the majority of pallidal neurons studied
(in 149 of 199 [75%] pallidal cell here and in 10 of 16 cells [62%]
in Agnesi et al., 2013). Second, the two studies differed signifi-
cantly both in experimental approach (e.g., stimulation in the
STN here vs in the GPi for Agnesi et al., 2013) and in analysis used
(e.g., correlation analysis here vs generalized linear model in Ag-
nesi et al., 2013). Third, neuronal signaling related to active
movement (studied here) and that reflecting proprioceptive af-
ference (like those studied by Agnesi et al., 2013) may be influ-
enced in different ways by the circuit-level effects of DBS. Related
to that point, we saw no DBS-induced changes in gross motor
performance in our neurologically normal animals, whereas Ag-
nesi et al. (2013) observed a DBS-induced reduction in muscle
rigidity in animals that were mildly parkinsonian or dystonic.
Finally, both studies found a fraction of pallidal neurons (albeit, a
minority here) that did show a significant loss or alteration of
movement-related activity during STN-DBS. A loss of perimove-
ment activity in 14% of pallidal cells (Table 3) and altered
movement-related activity in 44% of cells (Fig. 3E) might have
impaired classes of behavior that our simple reaching task did not
assay (e.g., response inhibition or switching) (Baunez et al., 1995;
Ray et al., 2009; Hershey et al., 2010; Jahanshahi et al., 2014). It
should be noted that the absence of overt behavioral effects of
STN stimulation was not unexpected. Of the many previous
studies of STN-DBS, only one (Beurrier et al., 1997) reported
hyperkinetic symptoms, and then, those symptoms were elicited
only with high currents (800 nA, four times our maximum stim-
ulation current).

It is important to recognize several limitations to the present
results. First, we recorded from neurologically normal animals.
Several lines of evidence suggest this is not a major drawback. The
effects of STN-DBS on pallidal firing that we observed (Table 1)
were closely similar to those reported during therapeutic STN-
DBS in parkinsonian monkeys by Hashimoto et al. (2003) and
Moran et al. (2011). The decrease in resting pallidal entropy with
STN-DBS that we report (0.3 bit/spike difference) is remarkably
close to the decrease that Dorval et al. (2008) reported for the
parkinsonian primate. Additionally, studies in vitro (Garcia et al.,
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2003) and in vivo in rats (Tai et al., 2003) suggest that cellular
responses within the BG to STN-DBS are independent of an animal’s
clinical status. Furthermore, performing the study in parkinsonian
animals would introduce a significant confound. Parkinsonism is
associated with a marked loss of specificity in the responses of single
units in the pallidum (Filion et al., 1988, 1989; Boraud et al., 2000).
Thus, in parkinsonian animals, a DBS-induced reduction in task-
related responsiveness could be interpreted equally well as evidence
for a degradation of normal task-related activity (relevant to the
current question) or evidence for a DBS-induced restoration of
functional specificity.

Second, it is possible that STN-DBS induced an informational
lesion near the site of stimulation in the STN, but that that effect
was not manifested strongly in the activity of GP neurons. Al-
though we cannot rule out this possibility, we believe it is un-
likely. Several lines of evidence indicate that STN activity is an
important contributor to the resting and task-related activity of
neurons in both pallidal segments (Hamada and DeLong, 1992;
Wichmann et al., 1994; Nambu et al., 2000; Nambu et al., 2002;
Tachibana et al., 2008). The idea that DBS blocked the flow of
important task-related information through the STN is incompati-
ble with the present results (a relative preservation of task-related
activity during STN-DBS). It is also worth noting that most accounts
of the informational lesion hypothesis (Grill et al., 2004; Garcia et al.,
2005; Dorval et al., 2008, 2010; Guo et al., 2008; McConnell et al.,
2012; Rubin et al., 2012; Agnesi et al., 2013) do not restrict the hy-
pothesized lesion-like effect to an anatomic region immediately sur-
rounding the site of stimulation, but rather propose a blockade of
information transmission through the whole affected BG circuit,
including the pallidum.

Third, the effects of stimulation on nearby somata and fiber
tracts are influenced by the geometry of the electrode and the
stimulation parameters used (Miocinovic et al., 2006). Although
the frequency and amplitude of stimulation used in our study
were similar to those found to be therapeutic in previous studies
with parkinsonian nonhuman primates (Hashimoto et al., 2003;
Meissner et al., 2005; Moran et al., 2011, 2012), we cannot con-
firm that the stimulation delivered would be therapeutic to a
parkinsonian animal. Our electrodes did not reproduce the exact
shape of the stimulating electrodes used clinically, and we used
symmetric biphasic stimulus pulses, whereas clinical stimulators
typically use asymmetric biphasic pulses. Because of these differ-
ences, our results may not extrapolate perfectly to the clinical
setting.

Fourth, our results show that modulations in pallidal firing
rate around the time of movement initiation are largely preserved
during STN-DBS, but whether the encoding of specific task-
parameters (such as directionality, reward size, and kinematics)
(Turner and Anderson, 1997; Pasquereau et al., 2007) is pre-
served during STN-DBS remains to be seen. Finally, our study
focused only on the preservation of movement-related activity in
the spiking activity of pallidal somata. Modeling studies have
shown that it is possible for stimulation to have different effects
on a neuron’s soma and on the neuron’s axonal projections
(Miocinovic et al., 2006). Because of the placement of the stimu-
lating electrode contacts in the dorsal STN, close to the path of
pallido-thalamic fibers in the Field of Forel (Hamani et al., 2004;
Miocinovic et al., 2006; Wodarg et al., 2012), it may be possible
for STN-DBS to disrupt the propagation of motor-related activ-
ity along the pallido-thalamic pathway without necessarily dis-
rupting the encoding of movement at the somatic level within the
pallidum. Future recording studies in the thalamus are needed to
address this possibility.
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The degree to which STN-DBS degraded or altered
movement-related activity did not correlate with the effects of
STN-DBS on baseline firing rates (Fig. 3H) and was modestly
correlated with DBS-induced changes in entrainment (Fig. 3F)
and entropy (Fig. 3G). This observation suggests that most palli-
dal neurons were able to encode task-related information inde-
pendent of the presence of STN-DBS induced changes in firing.
We tested this idea directly by comparing a neuron’s empirical
joint perimovement/peristimulation histogram (Fig. 4Aiii) to
two models: an Independent Model, which models firing rate as
the additive effects of movement and stimulation (Fig. 4Ai); and
an Interaction Model, which includes an interaction between
movement and stimulation (Fig. 4Aii). The Interaction model
did not improve the fit for a large fraction of the pallidal cells
(72%; Fig. 4B). The more DBS entrained a cell’s firing, the greater
the chance of a significant interaction (28%; Fig. 4B, red bars).
This relationship suggests that DBS degraded a cell’s movement-
related discharge when the cell’s firing was driven or inhibited to
physiologic extremes. This interpretation is reinforced by the re-
sult shown in Figure 3F: a cell that is highly entrained to the
stimulus pulse is less likely to preserve its DBS-off perimovement
changes in firing rate. However, the majority of pallidal cells were
not entrained to such a degree. Therefore, in most pallidal cells,
instantaneous firing rate during contemporaneous movement
and STN-DBS was well explained by two independent factors:
time relative to movement onset and time relative to stimulus
delivery.

The informational lesion hypothesis predicts that an entrain-
ment of spiking to STN-DBS blocks the ability of pallidal neurons
to modulate firing rates in response to other synaptic inputs.
Inconsistent with that prediction, our results indicate that the
majority of pallidal cells exhibit alterations in firing rate around
movement onset that are similar in the DBS-off and DBS-on
conditions, suggesting a similar responsiveness to synaptic input
whether or not DBS is present. However, we also show that, as
entrainment increases (on a millisecond timescale), and DBS-
induced entropy decreases, the cell’s ability to maintain DBS-off
perimovement activity during STN-DBS decreases (Fig. 3F and
3G, respectively). Thus, although a high degree of DBS-induced
entrainment is capable of blocking the encoding of movement-
related information, the majority of cells in GP are only loosely
entrained to the stimulation, a conclusion also supported by pre-
vious results (Hashimoto et al., 2003; Garcia et al., 2005; Reese et
al., 2011; Agnesi et al., 2013; Cleary et al., 2013).

It should be noted that the relationship between relief from
parkinsonian signs and pallidal entrainment to stimulation is not
known. It is possible that therapeutic effect requires higher levels
of entrainment than those induced here and, as a correlate (e.g.,
Fig. 3F), a greater degradation of task-related signaling. As noted
above, however, previous studies (Hashimoto et al., 2003; Meiss-
ner et al., 2005; Moran et al., 2011, 2012) have reported signifi-
cant antiparkinsonian effects from STN stimulation using
frequency, current, electrode design, and pulse width and shape
similar to those used here. The degree of pallidal population en-
trainment in those studies, although not quantified, also appears
to be similar to what was observed here (Hashimoto et al., 2003,
their Fig. 5). Thus, the available data suggest that high levels of
pallidal entrainment are not required for symptom relief. Ad-
ditional research is needed to determine the relationship be-
tween the degrees of entrainment and the therapeutic effects
of STN-DBS.

In conclusion, we have observed that pallidal movement-
related discharge is largely preserved during stimulation. This
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result suggests that, in the parkinsonian state, DBS acts not as an
informational lesion, but as an “information filter” (Rosenbaum
etal., 2014) or a desynchronizing force (Wilson et al., 2011). We
speculate that DBS may permit the transmission of task-related
information through the BG while blocking the transmission of
some of the resting pathologic firing characteristics of PD, such as
low-frequency oscillations in the STN (Bergman et al., 1994; Levy
et al., 2002; Soares et al., 2004; Meissner et al., 2005; Kithn et al.,
2008; Moran et al., 2008; McConnell et al., 2012) and GP (Wich-
mann et al., 1994, 1999; Raz et al., 2000; Brown et al., 2004;
McCairn and Turner, 2009). A filter or desynchronizing effect of
DBS (Wilson et al., 2011; Rosenbaum et al., 2014) could explain
the divergent motor (Slavin et al., 2004; Alvarez et al., 2005; Mer-
ello et al., 2006; Baraduc et al., 2013) and cognitive (Brown et al.,
2003; Carbon and Eidelberg, 2006; Obeso et al., 2009) effects that
follow lesions of the BG versus stimulation of the same structures.
Our results suggest that DBS has a distinct advantage over abla-
tive therapies (e.g., pallidotomy) in that the contributions of the
BG to the control of behavior (instantiated as task-related mod-
ulations in discharge) appear to be largely preserved during DBS.
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