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Abstract

Background: Novel deep brain stimulation (DBS) paradigms are being explored in an effort to
further optimize therapeutic outcome for patients with Parkinson’s disease (PD). One approach,

termed ‘Coordinated Reset’ (CR) DBS, was developed to target pathological oscillatory network
activity; with desynchronizing effects and associated therapeutic benefit hypothesized to endure

beyond cessation of stimulus delivery.

Obijective: To characterize the acute and carry-over effects of low-intensity CR DBS versus
traditional DBS (tDBS) in the region of the subthalamic nucleus (STN).

Methods: A within-subjects, block treatment design involving the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) non-human primate model of parkinsonism was used. Each treatment
block consisted of five days of daily DBS delivery followed by a one week minimum post-
treatment observation window. Motor behavior was quantified using a modified rating scale for
both animals combined with an objective, upper-extremity reach task in one animal.

Results: Both animals demonstrated significant motor improvements during acute tDBS;
however within-session and post-treatment carry-over were limited. Acute motor improvements
also were observed in response to low-intensity CR DBS, however both within- and between-
session therapeutic carry-over enhanced progressively following each daily treatment. Moreover,
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in contrast to tDBS, five consecutive days of CR DBS treatment yielded carry-over benefits
that persisted for up to two weeks without additional intervention. Notably, the magnitude and
time-course of CR DBS’ effects on each animal varied with daily dose-duration, pointing to
possible interaction effects involving baseline parkinsonian severity.

Conclusion: Our results support the therapeutic promise of CR DBS for PD, including
its potential to induce carryover while reducing both side effect risk and hardware power
consumption.
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INTRODUCTION

Deep brain stimulation (DBS) has transformed the treatment of advanced-stage Parkinson’s
disease (PD), with significant motor benefits attainable when high-frequency, isochronal
electrical pulses are delivered chronically to key regions within the basal ganglia
thalamocortical (BGTC) ‘motor’ circuit [1, 2]. Three decades later however, the therapy
remains largely unchanged despite advances in our knowledge of the neurophysiological
changes that accompany parkinsonian motor signs as well as persistent clinical limitations;
including stimulation-induced, therapy-limiting side effects that can be associated with
traditional DBS (tDBS) [3-7]. Such considerations have contributed to interest in novel
stimulus delivery paradigms that either target directly the putative pathophysiological
processes associated with PD, reduce the overall amount of electrical charge delivered to
the brain, or both [8-13].

One such approach, termed coordinated reset (CR) DBS, involves the intermittent, pseudo-
randomized delivery of brief, low-intensity, spatially-distributed pulse trains for the purpose
of desynchronizing ‘pathological’ neural oscillations [9]. A key advantage of CR relative

to tDBS is that its effects are achieved using lower individual pulse amplitudes [9, 14,

15], thereby reducing the risk of provoking side-effects attributable either to the spread of
electrical current outside of the target region or to chronic, continuous stimulation of the
target itself [7, 16-18]. Furthermore, its desynchronizing effects are hypothesized to endure
beyond treatment delivery, such that intermittent therapy may yield benefits that outlast
cessation of stimulation by days or weeks [9, 14]. Although the effects of CR DBS currently
are well-supported by theoretical models [13, 19-22], in vivo, preclinical or clinical data are
limited [14, 15].

Here we used the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) non-human primate
model of parkinsonism to examine the acute, sub-acute and long-term efficacy profile of

CR relative to tDBS. In contrast to the stable, stimulation-dependent motor improvement
observed in response to tDBS, the therapeutic profile of low-intensity, CR DBS was marked
by progressive, dose-dependent acute and sub-acute changes in motor behavior followed by
carry-over effects that endured days after treatment cessation. The overall response profile
of CR DBS across individual parkinsonian motor signs was similar to that observed during
acute tDBS, further supporting support a potential role for CR in PD DBS therapy.
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MATERIALS AND METHODS

Animals and behavioral metrics.

Two adult, female rhesus monkeys (Macaca mulatta; Animal P, 6kg; Animal £, 8kg) were
used. Animal care complied with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and all procedures were performed under a protocol approved by
the Institutional Animal Care and Use Committee of the University of Minnesota.

Animals were acclimated to the laboratory environment and to passive manipulation of the
limbs using positive reinforcement techniques. The severity of the parkinsonian state was
indexed using a motor rating scale adapted for use with the parkinsonian non-human primate
(mUPDRS) [23]. The mUPDRS is used to rate five key parkinsonian features (rigidity,
bradykinesia, akinesia, tremor, and food retrieval [upper-limb only]) on a 4-point scale (0-3;
0 = unimpaired), with ratings derived for both the upper and lower limb (Maximum = 27
points). Scoring was performed during observation of spontaneous behavior and investigator
interaction, including passive limb manipulation. Additional objective quantification of
upper-limb motor performance was achieved using a cued-reach task in animal £, which
involved the animal reaching between a start-pad and a computer-generated target displayed
on a touch-sensitive screen [24]. A trial initiated when the animal placed its unrestricted
hand on a start-pad placed at a fixed, midline location immediately in front of it. After a
variable hold period (1.0 — 1.5 sec), the presentation of a circle (8-cm diameter) provided
both the target and the go-cue. Successful release of the start pad followed by a touch inside
the circular target within specified reaction and reach (3.0 sec) limits triggered a liquid
reward. No time limits were imposed for the initiation of consecutive trials.

MPTP Administration.

The MPTP neurotoxin was used to induce a parkinsonian state following standard
techniques [25]. For animal A, two separate unilateral intracarotid injections (0.6 mg/kg
[0.18mg/ml solution], then 0.4 mg/kg [0.12mg/ml solution]; 15-minute infusion) induced a
stable, moderate hemiparkinsonian state, with the last injection administered three months
prior to the start of treatment. Animal ~underwent two intracarotid injections of MPTP

(0.4 mg/kg; 0.16mg/ml solution; 15-minute infusion) followed by serial intramuscular
injections (0.3-0.4 mg/kg, 10mg/ml solution), resulting in a stable, asymmetric parkinsonian
state. That animal’s final injection occurred two months prior to the first treatment block.
Post-operative management for intracarotid procedures included prophylactic antibiotics and
opioid analgesics.

DBS Chamber placement.

Pre-operative cranial CT and 7-Tesla MRI were acquired in the anesthetized animal. The
merged images were used to plan the placement of cephalic chambers using Cicerone
software [26], with the central axis of the chamber positioned and aligned to target the MRI-
determined dorsolateral region of the STN. All cephalic hardware, including the chamber
and head restraint post, was implanted during an aseptic surgical procedure as detailed
previously [25, 27]. Post-surgically, animals were provided ad libitum food and water for a
minimum of two weeks with prophylactic pain and infection management provided under
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veterinary guidance. For animal 2, the chamber was oriented 10 degrees lateral to the
parasagittal plane and 35 degrees anterior, while for animal ~the chamber was oriented
along the parasagittal plane at an anterior angle of 35 degrees.

STN mapping and DBS lead implantation.

The sensorimotor region of the STN and its borders were mapped using microelectrode
recording and stimulation techniques similar to those applied during human functional
neurosurgery [28, 29]. A hydraulic microdrive (Narishige Scientific Instruments) was
attached to the chamber and used to advance a tungsten microelectrode (impedance 0.5-1.0
MQ at 1 kHz) into the brain. The acoustically transduced neuronal activity was monitored
and qualitative correlations between spontaneous movements or passive manipulation of the
limbs used to determine the receptive field characteristics of each isolated neuron. Once the
boundaries of sensorimotor STN were determined, a final recording track was performed
to establish the target depth for lead placement. Leaving the insertion cannula in place,

the microelectrode was removed and replaced with a scaled-down, quadripolar DBS lead
consisting of four concentric-ring platinum-iridium contacts [27]. For animal F, each ring
was 0.63 mm in diameter, 0.50 mm long and separated from one another by 0.50 mm
(NuMed Inc., Hopkinton NY). For animal #, each ring was 0.86 mm in diameter and

0.50 mm long with an inter-contact spacing of 0.50 mm (St. Jude Medical, Plano TX).
Approximately one week later, a post-implant CT was acquired in anesthetized animal and
merged with the pre-operative MRI to verify lead location.

The implanted lead was connected to a programmable, implantable pulse generator (IPG)
(Brio™, St. Jude Medical, Plano TX), which was placed in a subcutaneous pocket at the
level of the chest in animal P during a separate surgical procedure [25, 27]. For animal £, the
IPG was not implanted as the proximal end of the STN DBS lead implanted in that animal
was not compatible with the implantable extension cable used with Brio™ IPG. Thus, for
this animal the proximal end of the implanted lead was routed to a secondary, dry chamber
placed on the cephalic implant and connected to the same model IPG acutely, during each
daily stimulation session. In either case, however, the constant-current stimulation was
delivered with the animal in the laboratory setting, seated in a standard primate chair with
impedance values checked to confirm the integrity of all connections.

Following placement of the DBS lead, each contact was evaluated independently (i.e.,
pseudo-monopolar stimulation with a distant return) for its effect on parkinsonian motor
signs and side-effect profile (e.g., current threshold for muscle contraction). The “optimal”
tDBS parameters were operationally defined as those settings (contact and pulse amplitude)
that were associated with the greatest improvement in motor signs at the lowest current
level, thereafter confirmed to be less than 80% of the current intensity necessary to induce
capsular side effects to avoid confounds associated with current spread to the adjacent
internal capsule [30] (Figure 1B).

Treatment protocol.

The acute and carry-over effects of traditional and CR DBS were examined using a within-
subjects design (Figure 1A). Treatment parameters for each condition are summarized in
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Figure 1B. The tDBS parameters were analogous to those applied in PD patients, consisting
of continuous, high-frequency (130 Hz) delivery of pulsed (125us pulse width) electrical
charge to a single contact using the metal IPG case (A) or the metal head restraint post

(F) as the anode. The final, therapeutic intensity values for tDBS were 0.55mA (A) and
0.5mA (F). CR DBS consisted of bursts of stimulus pulses delivered with an individual pulse
amplitude approximately one-third that used during tDBS (i.e., 0.2mA for both animals,
rounded due to intrinsic 0.05mA resolution of the IPG) in a pseudorandom fashion across
the three ventral contacts (cathodes) of the lead using a 3-on: 2-off cycle pattern with the
most dorsal contact as the anode (Figure 1C) [14]. Intra- and inter-burst frequencies were set
at 150 Hz and 7 Hz, respectively, with pulse width maintained at 125ys.

Each pre-treatment baseline was established by evaluating the animal at least once per day
for up to three days before session onset. Thereafter, one of three treatment conditions was
examined: tDBS (2 [A] or 4 [F] hours daily) or CR DBS delivered for either two (CR2) or
four (CR4) hours daily. Each block consisted of daily, acute administration of the designated
treatment condition over a period of five days followed by a post-treatment observation
window to characterize carry-over effects (Figure 1D). During each of the five treatment
days, behavior assessments and reach task performance (animal £only) measures were
collected at a minimum of three time points each day: 1) pre-treatment (DBS-OFF) 2) 30-60
minutes after stimulation onset (DBS-ON) and 3) approximately 90 minutes after cessation
of DBS (Figure 1D). During the post-treatment phase, assessments were performed at
approximately the same time of day as the initial, DBS-OFF measurement made during the
five-day treatment period.

Data Analysis.

Experimental comparisons were designed to characterize changes in motor function at each
of four time points relative to DBS administration. Acute (i.e., DBS ON) effects were
examined using data collected at 30-60 minutes after stimulator activation on each of the
five treatment days. The sub-acute 1 (SA1) time-point was used to examine within-session
carry-over and represents data collected 90-minutes after cessation of DBS on each of the
five treatment days. Sub-acute 2 (SA2) data represent the initial, DBS OFF score taken
each morning on treatment days 2 — 5 as well as the first assessment made on day 1 of

the post-treatment period, thus reflecting carryover effects approximately 19 hours after
DBS cessation for each treatment day. Finally, longer term, post-treatment carryover was
evaluated using data acquired following cessation of treatment.

The effect of each condition on overall motor severity was examined using the total score of
the mMUPDRS for the hemi-body contralateral to the implanted DBS lead. Task performance
for animal Pwas used to characterize treatment-related changes in reaction time (i.e., go-cue
presentation to button release), performance accuracy (i.e., ratio of successful touches within
the target circle to all touches), and movement velocity of the reach (mm/sec). Statistical
analyses were performed using JMP Pro 11 (SAS Institute Inc., Cary, NC USA).
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Once the experimental endpoint was met, animal 2 was deeply anesthetized with ketamine
followed by an overdose of sodium pentobarbital. Thereafter, the animal was perfused
transcardially with normal saline (0.9% NacCl) followed by 4% paraformaldehyde with the
DBS lead still in place. The brain was blocked in place using a stereotactic frame, post-fixed
overnight, and kept in a 15% sucrose solution for 48 hours. 50-um coronal sections were
cut using a freezing microtome and every tenth section (0.5 mm) stained with cresyl violet
for DBS lead localization. Tyrosine hydroxylase immunohistochemistry was performed on
free-floating sections using an avidin-biotin-peroxidase complex method. Abrupt failure of
the cephalic implant and withdrawal of the implanted lead in animal F~following completion
of the final treatment block precluded processing of the tissue for that animal.

Both animals completed each of the three experimental conditions. As illustrated in Figure
1A, the order of treatment blocks for animal Pwas CR2, tDBS, and CR4, whereas the

order was CR2, CR4, and tDBS for animal F. The entire experimental period for animal
Pspanned a total of 44 days, however due to animal ~'s participation in an unrelated
experimental protocol the delivery of individual treatment blocks was distributed across a
period of 243 days. Thus, for animal £, the CR2 and CR4 treatment blocks were separated
by an off-protocol period of 149 days, while the CR4 and tDBS conditions were separated
by 33 days. During the 149 days of off-protocol period, animal F participated in a separate
research protocol involving behavioral testing and physiological recordings. Because of the
extended time periods between blocks, baseline severity was re-established prior to initiating
each experimental condition. As detailed below, each animal experienced a marked (>30%)
improvement in motor ratings during acute tDBS, consistent with effect magnitudes reported
for PD patients receiving standard, STN DBS therapy [31].

Lead localization and MPTP-induced loss of dopaminergic neurons

The coronal sections presented in Figure 1E depict the effect of the MPTP neurotoxin
treatment as well as the position of the DBS lead relative to the STN for animal 2. TH
staining confirmed a marked unilateral reduction in dopaminergic neurons and terminals
within the treated relative to the un-treated hemisphere (Figure 1E(i)), while the location of
the artifact left by the presence of the DBS lead within the region of the STN is shown in
figure 1E(ii) with the area of interest enlarged in figure 1E(iii).

Treatment-related changes in parkinsonian motor signs: mUPDRS

Figure 2 summarizes the development and decay of changes in the DBS-OFF state
mUPDRS rating across each treatment blocks by displaying the first rating recorded each
morning. Neither animal demonstrated marked, DBS OFF carry-over effects in response
to tDBS treatment. Although there is some suggestion of a cumulative effect during the
treatment period and carry-over post-treatment for animal A, the change is modest (~15%)
and well below that observed during acute (i.e., DBS-ON) tDBS (horizontal bar). A
similarly modest effect was noted for CR2 DBS in animal £. Both animals did, however,
demonstrate a clear, step-wise pattern of improvement in response to CR4 DBS during
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the treatment period, with a similar pattern appearing in animal ~in response to CR2. In
these cases, therapeutic benefit persisted beyond treatment cessation, with an inverse pattern
marked by a progressive decay of benefit over time up to the limits of the post-treatment
observation period.

Acute and Sub-acute Effects.—Figure 3 summarizes the change in daily mUPDRS
scores for each of the acute, SA1, and SA2 measurement time-points by DBS condition.
As shown in the left-hand column, acute tDBS (i.e., DBS ON) was associated with
significant improvement in the mean mUPDRS score of 34.0%+7.5% (X2(1,11)28.22,
p<0.005) and 32.9%25.7% (x2(1,16)=10.43, p<0.005) for animal Pand £, respectively.
At thirty to sixty minutes after stopping tDBS (SAL) however, those mean changes had
diminished to 11.5%+6.0% and 8.9%+3.5% and dropped further thereafter to 7.4%+6.5%
and 0.0%+2.8% the next day at the SA2 evaluation for Pand £, respectively. CR4 DBS
showed consistent beneficial effects on motor signs for both animals (Figure 3, middle),
with significant improvement in the mean mUPDRS scores observed across all three
assessments. During acute CR4 stimulation, mMUPDRS scores improved an average of
23.6%+4.4% (%(1,11)=8.25, p<0.005) and 45.7%z5.4% (x2(1,16)=10.39, p<0.005), for
animal Pand £, respectively. Within-session (SA1) carryover averaged 21.9%+8.4% (~.
x%(1,11)=8.22, p<0.005) and 51.4%+2.1% (F: %%(1,10.5)=10.52, p<0.005), while between-
session (SA2) scores averaged 23.1%+7.0% (~. X2(1,11)=8.22, p<0.005) and 44.8%+9.9%
(F X2(1,16):10.39, p<0.005), respectively. In contrast, the effect of CR2 DBS was

mixed between animals (Figure 3, right). Whereas minimal changes in mean UPDRS
scores were observed across the acute (5.7%7.3%; X2(1,11)=4.21, p=0.04)), SA1 (-0.1%
+4.4%; %%(1,11)=0.007, n.s.) and SA2 (2.8%5.6%; x?(1,11)=1.97, n.s.)) time points

in the moderately affected animal (#), animal Fshowed a mean improvement of 81.1%
+8.4% (X2(1,16)=10.41, p<0.005) in mUPDRS scores acutely, followed by mean SAl

and SA2 improvements of 72.2%+17.1% (X2(1,16):10.39, p<0.005) and 41.1%+26.8%
(x2(1,16)=10.38, p<0.005), respectively.

Post-treatment carry-over effects.—The pattern of post-treatment (OFF DBS) carry-
over tended to mirror observations made at both the SA1 and SA2 evaluation time points.
Accordingly, post-treatment carryover was limited for both animals following the five days
of daily tDBS treatment (figure 4, left) as well as for animal Pin response to CR2 (figure 4,
top, right). Persistent carryover effects were, however, observed in both animals in response
to CR4 (figure 4, middle) and in response to CR2 in animal £~ (figure 4, bottom, right).
Specifically, mean improvements in mUPDRS scores remained significant for animal P for
up to fifteen days post-treatment, showing a gradual, but consistent decrease in efficacy
over that two week period. Meanwhile, mMUPDRS ratings for animal ~remained relatively
stable across the first 12 days post-treatment, declining gradually thereafter through day 32,
when observations were suspended. Animal ~also demonstrated significant, post-treatment
improvements following CR2, with efficacy decaying but remaining above baseline levels
across the nine days of post-treatment observation. Consistent with the lack of sub-acute
response already noted, animal P did not show a meaningful long-term response to CR2
DBS.
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In order to address whether the pattern of therapeutic benefit across individual motor
signs was consistent between CR and tDBS, we examined the relative contribution of
each mUPDRS sub-scale to overall efficacy. Figure 5 separates the composite mUPDRS
percentage change into sub-scale changes, revealing that that the pattern of therapeutic
response observed during the CR4 carry-over period (days 1 — 3 post-treatment) is
qualitatively similar to what is observed during acute tDBS.

Changes in reach behavior

Figure 6 summarizes changes in peak velocity for animal 2during the reach phase

of the motor task for each of the three DBS conditions. Both tDBS and CR2

DBS show variable acute, DBS ON, changes followed by limited carry-over efficacy.
Meanwhile, CR4 DBS was associated with stable performance enhancement both acutely
(F(5,1028)=162.04, p<0.0001) as well as over time during the post-treatment carry-over
period (F(17,1669)=98.28, p<0.0001), largely mirroring the carry-over profile observed in
mUPDRS scores (Figure 2). Other features of task performance were unchanged across
conditions for both animals, including reaction time and accuracy (data not shown).

DISCUSSION

The present study provides empirical, /n vivo data supporting the potential of a low-intensity
CR DBS approach targeting the STN to produce significant and long-lasting benefit across
a range of parkinsonian motor features. Using the MPTP-treated non-human primate model
of parkinsonism, we observed a progressive increase in the post-stimulation (i.e., DBS

OFF) carry-over effects across the five days of intermittent CR DBS treatment, with

those effects outlasting actual stimulus delivery both sub-acutely (between-session) and

for up to two weeks following treatment cessation. Our findings are in line with previous
theoretical studies [9, 13, 21, 32], observations on the anti-akinetic effects of CR DBS in

an MPTP model [14], and its sub-acute effects as reported in a short-term trial in patients
with PD [15]. We extend those reports by providing preliminary evidence of a potential
dose-response interaction with baseline parkinsonian severity, which is consistent with more
recent theoretical postulates concerning a potential relationship between the strength of the
underlying pathological coupling [15] and CR-based treatment requirements [33]. However,
paradoxical effects of different doses were observed in animal F (Figure 2), which might
relate to the variations of the pre-treatment baseline. Furthermore, we provide qualitative
evidence that the sub-acute and long-term carry-over effects of CR DBS are not limited to
specific motor deficits, but rather improve function across a spectrum of parkinsonian motor
signs similar to that observed in response to tDBS.

Although the pathophysiology underlying individual parkinsonian mator signs in PD
remains poorly understood, accumulating evidence favors a mechanistic role for changes
in the presence and dynamics of frequency-specific, synchronized oscillations across the
dopamine-depleted BGTC ‘motor’ circuit [34-38]. Specifically, data from both human
PD patients [39] and parkinsonian animal models [40, 41] correlate the emergence

and progression (i.e., incidence, strength) of synchronized oscillations in neural activity
within specific frequency bands with parkinsonian severity and motor sign manifestation.
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Conversely, suppression of some of these same features has been shown to correlate further
with therapeutic benefits derived from dopamine-replacement [42] or DBS therapy [43, 44].
Current mechanistic hypotheses concerning tDBS tend to emphasize an active reshaping

of neural activity across the BGTC motor circuit by DBS [45, 46], with some suggesting
that DBS-induced regularization of firing pattern masks pathological activity, including
oscillatory behavior [25, 47].

Coordinated reset DBS was originally designed by Tass [9] to counteract excessive,
pathological synchronization across populations of neurons, with potential therapeutic
applications in PD as well as other neurological disorders [48, 49]. Its effects are
hypothesized to derive from the delivery of spatially- and temporally-distributed electrical
pulses across a targeted neural region, putatively disrupting the abnormal synaptic
connectivity that may underlie the development and persistence of abnormal neuronal
synchrony. To date, in vivo data addressing the therapeutic potential of CR DBS have

been limited. It has been shown to increase spontaneous, home-cage activity (i.e., akinesia)
in the parkinsonian primate, with post-treatment effects that endured for weeks following
treatment cessation [14]. In humans, current data are limited to a single, uncontrolled

trial that characterized only its cumulative, sub-acute efficacy profile across three days of
treatment [15], with no post-treatment observations reported to address long-term carryover.
Of note however, the sub-acute improvements reported by the authors were accompanied by
a mean reduction in the averaged peak beta power as recorded from the STN target across
all subjects. Unfortunately, long-term clinical studies currently are limited due to the risk of
infection associated with prolonged percutaneous externalization of the DBS leads and the
lack of an approved, fully-implantable device capable of delivering CR DBS.

Consistent with the findings of the present study, the benefits of tDBS generally depend
upon continuous delivery of stimulation [50-52]. Although there is evidence of more
enduring anatomical or functional changes associated with tDBS [53-55], the practical
impact and clinical significance of such changes are unclear given that individual motor
signs begin to recur within seconds to hours of deactivation [50-52, 56, 57]. The side-effects
associated with traditional STN DBS also tend to be tightly coupled to stimulus delivery, to
the extent that clinical DBS programming typically has the conceptual goal of maximizing
coverage of the “target’ region(s) while minimizing or avoiding spread of current to adjacent
non-motor sub-regions within the target nucleus itself or other structures outside of its
borders [3-7, 30, 58-66]. One approach to this problem involves the development of

new lead designs (e.g., split-band) that allow for greater “sculpting” of the current fields
created during stimulation [67, 68]. Although promising, this tactic fails to consider those
side-effects that may be derived in part from constant stimulation of the sensorimotor target
region itself [16, 65]; a scenario that may be confounded during bilateral DBS [69, 70].

A CR DBS approach that involves the intermittent delivery of low-intensity pulses may
provide comparable motor benefit but be less disruptive to cognitive, affective, and even
sensorimotor processing, while reducing power consumption requirements.

In addition to providing preliminary evidence of CR DBS’ ability to improve a range of
parkinsonian motor signs, comparable to that achieved during acute (i.e., “ON”) tDBS, data
from the current study support a potential interaction between baseline motor severity and
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dose parameters. Notably, the time-course and magnitude of the effects of CR DBS varied
between animals, most conspicuously in the form of a disparity in the response to CR2
treatment. While four hours of daily CR DBS (CR4) over five days resulted in therapeutic
benefit that was either comparable to or exceeded improvements observed during acute (i.e.,
“ON”) tDBS for both animals, CR2 DBS was only effective for the more mildly affected
animal. A possible explanation for this disparity may relate to the strength of the underlying
coupling [33], such that the shorter treatment duration is simply insufficient for shift the
more strongly-coupled ensemble to a desynchronized state. While not conclusive, this
finding underscores the importance of further examination of the relationship of CR DBS
dose-duration and therapeutic improvement in order to identify the optimal dose-duration.

In conclusion, this study supports the potential superiority of CR DBS as a novel therapeutic
alternative to traditional DBS. At the same time, our findings underscore the need for further
preclinical and clinical research to characterize fully the carry-over profile, understand its
therapeutic mechanisms, and evaluate its relative advantages with respect to mitigating
therapy-limiting side-effects currently associated with tDBS. The temporal evolution and
devolution of its effects afford a unique opportunity to examine further the relationship
between physiological changes across the pallidothalamocortical motor circuit and changes
in individual parkinsonian motor features. Future studies may provide insight into the
pathophysiology of parkinsonism, the therapeutic mechanisms of CR DBS as a function

of individual motor signs, as well as potential physiological markers, or classifiers, that may
be of use in the development of algorithms for use in closed-loop DBS systems. Moreover,
such studies should address the limitations of the current study, including the limited sample
size, the use of non-blinded, qualitative ratings, limited histological verification of lead
location, and the interrupted treatment design and restricted carry-over window for animal ~.
Moreover, future studies should examine whether CR DBS is associated with bilateral motor
improvements as well as if bilateral treatment is effective. These caveats notwithstanding
however, the results provide compelling evidence to support the further exploration of CR
DBS for the treatment of PD.
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PARAMETERS tDBS CR DBS
Intensity (mA) 0.55(P); 0.5(F) 0.2
Pulse width (ps) 125 125
Frequency (Hz) 130 Interburst: 7
Intraburst: 150
Pulses per burst n.a. 5
Pulse cycling (m:n) n.a. 3:2
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(A) The order of the individual DBS treatment blocks as applied to each animal over the
course of the study. (B) Stimulation parameters used for each treatment condition. With the
exception of the duration of stimulus delivery (i.e., 2- versus 4-hours), the same stimulation
parameters were applied during both the CR2 and the CR4 conditions. (C) Schematic
illustration of the pattern of pulses used during CR DBS (modified from supplementary
figure 1 in [14]). (D) Schematic overview of the sub-stages within each treatment block. As
illustrated, a pre-treatment baseline period was followed by five days of daily stimulation
(Treatment Phase) followed by a post-treatment phase designed to examine the magnitude
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and duration of carry-over effects. The magnified inset depicts the daily data collection
timeline for a treatment phase day. (E) Coronal sections from animal Pillustrating (i) the
loss of TH+ neurons in the MPTP-treated hemisphere (right) and the relative location of the
artifact (green arrow) left by placement of the DBS lead in the STN (ii & iii).
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Figure2.

The initial, composite MUPDRS rating recorded at the beginning of each daily session
across the experimental period for animal P (left) and animal F~ (right). Each point represents
the OFF DBS rating recorded each morning, including that taken just prior to stimulation
delivery during each five-day treatment phase (shaded gray region). Data are color-coded to
represent the type of stimulation delivered across the five-day treatment block. As noted

in the text, follow-up and continuity for animal F was disrupted due to its on-going
participation in an unrelated experimental protocol. The dashed, gold line represents the
mUPDRS score for each animal during acute (i.e., DBS ON) tDBS.
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The mean (+/- SD) acute and sub-acute (SA1 & SA2) change (%) in mUPDRS scores for
each animal and treatment condition across the five treatment days. * Significantly different
from baseline (p < 0.05)
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Post-treatment carry-over varied by treatment condition and animal. The mean (+/- SD)
changes (%) in mMUPDRS scores for each animal as a function of treatment condition
following cessation of DBS (post-treatment carry-over). The acute data (white bars) are the
same as shown in figure 2 and reproduced here for reference. During the post-treatment
period, data are averaged using non-overlapping, three-day windows.
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M Food Retrieval

B Tremor
M Akinesia
M Bradykinesia
M Rigidity

tDBS CR4
‘ON’ PT:1-3

A comparison of the treatment-related changes in mUPDRS during acute (i.e., ON) tDBS
and the average change observed across days 1 — 3 post-treatment following the CR4 DBS
condition. Here, the composite score is further broken down to reveal the individual changes
observed across the five major subscale categories of the scale.
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Figure 6.
Peak wrist velocity during the reach / reward task in NHP P for traditional, acute CR DBS

and post-CR DBS carry-over relative to baseline (far left) performance. An average increase
of 23% was observed during acute CR4 DBS, with significant (p< 0.01, Dunn’s method)
carry-over for 14 days after cessation of treatment (Filled circles represent significant
difference from baseline performance). The rebound effect on day 15 also was significant
and warrants further investigation.
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