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SUMMARY

Continuous high-frequency deep brain stimulation
(DBS) is a widely used therapy for advanced Parkin-
son’s disease (PD) management. However, the
mechanisms underlying DBS effects remain enig-
matic and are the subject of an ongoing debate.
Here, we present and test a closed-loop stimulation
strategy for PD in the 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP) primate model of PD. Appli-
cation of pallidal closed-loop stimulation leads to
dissociation between changes in basal ganglia (BG)
discharge rates and patterns, providing insights
into PD pathophysiology. Furthermore, cortico-
pallidal closed-loop stimulation has a significantly
greater effect on akinesia and on cortical and pallidal
discharge patterns than standard open-loop DBS
and matched control stimulation paradigms. Thus,
closed-loop DBS paradigms, by modulating patho-
logical oscillatory activity rather than the discharge
rate of the BG-cortical networks, may afford more
effective management of advanced PD. Such strate-
gies have the potential to be effective in additional
brain disorders in which a pathological neuronal
discharge pattern can be recognized.

INTRODUCTION

Parkinson’s disease (PD) is a highly debilitating and prevalent

neurodegenerative disorder characterized by both motor and

nonmotor symptoms (van Rooden et al., 2011), with the former

mainly including muscle rigidity, 4–7 Hz rest tremor and akinesia

(Zaidel et al., 2009). Human patients with advanced PD are often

treated by DBS, which can alleviate the disease’s motor symp-

toms (Benabid et al., 2009; Bronstein et al., 2011; Weaver

et al., 2009). This procedure consists of implanting amulticontact

macroelectrode, typically in either the internal segment of the

globus pallidum (GPi) or the subthalamic nucleus (STN; Follett
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et al., 2010; Moro et al., 2010), and the application of constant

high-frequency (approximately 130 Hz) stimulation. The stimula-

tion parameters (e.g., frequency, pulse width, and intensity) are

determined by a highly trained clinician and the initial program-

ming can take up to 6 months before obtaining optimal results

(Bronstein et al., 2011; Volkmann et al., 2006). Subsequently,

the stimulation parameters are adjusted intermittently every

3–12 months during the patient’s visits to the neurology clinic

(Deuschl et al., 2006). The goal of the stimulator programming

is to adjust the DBS parameters in order to achieve an updated

optimal trade-off between maximization of clinical improvement

and minimization of stimulation-induced side effects. The

parameters usually remain unchanged between clinical adjust-

ments and the resulting stimulation is thus poorly suited to

cope with the dynamic nature of PD. Indeed, both the neuronal

discharge of the BG in PD patients and MPTP-treated primates

and the parkinsonian motor symptoms display considerably

faster dynamics than those provided by the adjustments of

DBS therapy (Brown, 2003; Deuschl et al., 2006; Hammond

et al., 2007; Moro et al., 2006; Raz et al., 2000). Additionally,

more frequent parameter adjustments have been shown to

improve DBS efficacy (Frankemolle et al., 2010; Lee et al.,

2010; Moro et al., 2006). This highlights the need for an auto-

matic and dynamic system that can continually adjust the stim-

ulus to the ongoing neuronal discharge. In recent years, the

role of pathological discharge patterns in the parkinsonian brain

has emerged as pivotal in the disease pathophysiology (Eusebio

and Brown, 2007; Hammond et al., 2007; Kühn et al., 2009; Tass

et al., 2010; Vitek, 2008; Weinberger et al., 2009; Wichmann and

DeLong, 2006; Zaidel et al., 2009). Thus, such automatic

systems should aim to disrupt these pathological characteristics

(e.g., pattern, rate) of the neuronal discharge (Feng et al., 2007;

Tass, 2003).

Considerable effort has been made toward understanding

the pathophysiology of PD and the mechanisms by which DBS

brings about clinical improvement. With regard to PD patho-

physiology, the intermittent neuronal oscillations in the basal

ganglia of PD patients and the basal ganglia and the primary

motor cortex (M1) of MPTP-treated primates have been de-

scribed on numerous occasions (Goldberg et al., 2002; Hurtado

et al., 2005; Kühn et al., 2009; Levy et al., 2002; Raz et al., 2000).
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Figure 1. The Different Stimulation Paradigms and Their Characteristics

(A) Schematic representations of the closed-loop experimental paradigms. The analog signal of the six recording electrodes (2 GPi, 4M1) is amplified and fed into

a data acquisition system and a Digital Signal Processing (DSP) chip, which uses one of these channels as a reference for trigger identification. A stimulus (either

single pulse or train) is delivered through the two stimulating electrodes (GPi) following identification of a trigger with a delay set by the user (80 ms in this study).

(B) Schematic representations of the standard open-loop 130 Hz GPi DBS experimental paradigm. The stimulus is delivered through the stimulating electrodes

according to a predefined scheme regardless of the ongoing neuronal activity. Data acquisition settings are as in the closed-loop paradigms.

(C) The stimulation frequency (Hz; left bar chart) and the coefficient of variation (CV, standard deviation divided by the mean; right bar chart) of the interstimulus

intervals for the various stimulation paradigms. Open-loop paradigms are shown in blue, closed-loop paradigms in red. Error bars indicate SEM. Differences in the

resulting stimulation frequencies were statistically significant (one-way ANOVA, p < 0.01, Bonferroni adjusted), except when comparing GPtrainjM1 closed-loop

paradigm and the nonadaptive stimulation based on the previous M1 recording control paradigm. Coronal section image in subplots A and B reprinted from

Primate Brain Maps: Structure of the Macaque Brain, H. Nakamura, copyright 2000, with permission from Elsevier.
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However, the role of these oscillations as the neuronal correlate

of PD motor symptoms is still debated (Hammond et al., 2007;

Leblois et al., 2007; Lozano and Eltahawy, 2004; McIntyre

et al., 2004; Tass et al., 2010; Vitek, 2002; Weinberger et al.,

2009). In MPTP-treated primates this oscillatory activity appears

to be concentrated in distinct frequency bands, including

a tremor frequency band (4–7 Hz, theta band) and a double-

tremor frequency band (9–15 Hz, alpha band; Bergman et al.,

1994; Raz et al., 2000). Previous studies examining the effect

of DBS on ongoing neuronal discharge patterns have been

inconclusive, with some pointing toward disruption of presum-

ably pathological neuronal patterns (Bar-Gad et al., 2004; Carl-

son et al., 2010; Deniau et al., 2010; McCairn and Turner,

2009), while others suggesting focal inhibition (Dostrovsky

et al., 2000; Lafreniere-Roula et al., 2010). Better understanding

of PD pathophysiology, the mechanisms by which DBS exerts

its clinical effects, and the interaction between the two is thus

clearly crucial to devise better treatment strategies.

In this article, we test several novel paradigms for real-time

adaptive (closed-loop) deep brain stimulation in the vervet

MPTP model of Parkinson’s disease. We show that some

closed-loop paradigms ameliorate parkinsonian akinesia and

reduce abnormal corticobasal ganglia discharge better than

standard DBS and other matched open-loop paradigms.

Moreover, other closed-loop paradigms differentially modulate
discharge rate and oscillatory activity, and therefore provide

direct evidence that the amelioration of PD akinesia by DBS is

achieved by the disruption of abnormal cortico-basal ganglia

oscillations rather than by modulation of the discharge rate.

RESULTS

Experimental Paradigm
The current study was performed on two African green monkeys

rendered parkinsonian by systemic application of the neurotoxin

MPTP (see Supplemental Information available online; Experi-

mental Procedures). All procedures were conducted in accor-

dance with the Hebrew University guidelines for animal care.

We recorded from the GPi and the M1 (n = 127 and 210 neurons,

respectively) before, during, and after the application of various

stimulation paradigms and examined the effect of stimulation

on several outcome parameters. These parameters included

the neural oscillatory activity, the pallidal discharge rate and

the primates’ ‘‘kinesis,’’ which is an assessment of their limb

movements (Experimental Procedures).

In order to deliver adaptive (i.e., using an algorithm based on

ongoing neuronal discharge) stimulation, we constructed an

experimental setup in which a copy of the recorded electrodes’

analog signal was diverted to a dedicated DSP (Digital Signal

Processing) chip (Figure 1A). This allowed initiation of a stimulus
Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc. 371
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according to an online real-time algorithm based on a signal

obtained from any of the recording electrodes. We have termed

this group of stimulation paradigms ‘‘closed-loop’’ stimulation

paradigms, since they essentially create a feedback loop

between the two structures involved (e.g., Figure 1A, bottom

panel). This in contrast to nonadaptive systems widely used in

the treatment of advanced PD today, in which the stimulus is

delivered regardless of the ongoing activity and according to

a predefined offline script (Figure 1B).

The paradigm chosen in this studywas to deliver a single pulse

or a short train (7 pulses at 130 Hz) through a pair of GPi

electrodes at a predetermined and fixed latency (80 ms)

following the occurrence of an action potential recorded either

from the GPi or M1. For each closed-loop stimulation session,

two anatomical targets were selected. The first was the refer-

ence structure, from whose activity the trigger for stimulation

was detected. In this study, the trigger was always a spike in

this reference structure, which was either M1 or the GPi. The

second was the stimulated structure, to which the stimulus

was delivered, in this study always the GPi. In all trials the stim-

ulus was applied through two electrodes located within the GPi,

either regardless of the ongoing activity (open-loop paradigms,

e.g., standard continuous 130 Hz DBS) or after the identification

of a trigger in the ongoing activity (closed-loop paradigms).

Throughout this article, we use the following notation: a stimulus

consisting of a train of pulses is denoted by the subscript ‘‘train’’;

a stimulus consisting of a single current pulse is denoted by

the subscript ‘‘sp’’. The full descriptions of the closed-loop

paradigms therefore consist of both the anatomical targets

(reference and stimulated structures) and the stimulation pattern,

and are expressed as [STIMULATEDpatternjREFERENCE] (e.g.,
[GPtrainjM1], where GPi is the stimulated site and the M1 is the

reference site).

Through a number of preliminary experiments, we identified

a set of successful parameters for adaptive or closed-loop

stimulation paradigms. The stimulation selected was applied

80 ms after detecting a spike in the reference structure. This

choice of the delay was made for several reasons. Primarily it

made the stimulus coincide with the next double-tremor

frequency oscillatory burst (approximately 12.5 Hz), provided

the reference spike was a part of a previous burst in the GPi

(when the latter was used as reference). In addition, the state

of neuronal oscillatory discharge of the cortico-basal ganglia

loops is often accompanied by cortico-basal ganglia syn-

chronization (see below). Thus, this delay would also make

the stimulus coincide with a GPi oscillatory burst when utilizing

the M1 as reference, provided the system was engaged in

such pathological synchronization. Furthermore, in the prelimi-

nary experiments we tried applying shorter delays, which

produced substantially inferior results (Figure 2 and Figure S1).

Since the main goal of this work was to compare open- to

closed-loop paradigms, we chose to focus on the best closed-

loop paradigm found in the preliminary experiments and

controlled for it by as many open-loop paradigms as possible.

The results of the application of closed-loop stimulation

strategies were compared with standard DBS (continuous

130 Hz SP GPi stimulation) and several other control open-

loop strategies.
372 Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc.
Closed-Loop GPtrainjM1 DBS Suppresses Pallidal
Discharge Rate and Oscillations, While Ameliorating
the MPTP-Induced Akinesia
We recorded the activity of 45 GPi neurons before, during and

after the application of the GPtrainjM1 closed-loop stimulus

pattern (Figure 1A). The response of a representative pallidal

neuron to this stimulation regimen application is shown in

Figures 3A–3C. The discharge rate of this neuron showed

a dramatic decrease during the GPtrainjM1 closed-loop stimula-

tion (Figure 3B) compared with the recordings made before (Fig-

ure 3A) and after (Figure 3C) the stimulation. In addition to the

substantial reduction in discharge rate, the neuron’s discharge

pattern was also modified and the oscillatory activity was virtu-

ally abolished (Figure 3D). The limb akinesia was substantially

alleviated, as can be seen from the contralateral limb accelerom-

eter recording trace (Figure 3E). The effect on akinesia was

observed in all four limbs of the primate, with the side contralat-

eral to stimulation showing a greater percentage of improvement

than the ipsilateral side (Figure S2). The resultant movement

mainly exhibited lower frequencies and substantially higher

amplitude than the MPTP-induced 4–7 Hz tremor (Figures 5B–

5D), confirming that the computed increase in kinesis was not

due to an increase in rest tremor. The stimulation pattern, shown

in a raster plot (Figure 3E, top trace, and Figure 3F), had a rela-

tively low mean frequency and was highly irregular, containing

lengthy epochs during which no stimulus was applied. Both

the effects on akinesia (Figure 5A) and on the neuronal discharge

(Figures 6B, 7C, and 7D) were statistically significant at the pop-

ulation level as compared with spontaneous recordings during

which no stimulation was applied. The effects of the stimulus

application on the outcome parameters were reproducible

between trials (Figure S3) and there was no apparent accommo-

dation to stimulation over time during the course of the experi-

ments (Figure S4).

Standard (Open-Loop 130 Hz) GPi DBS Reduces Pallidal
Oscillations and Akinesia, but to a Lesser Degree Than
the GPtrainjM1 Closed-Loop DBS
In order to compare the effects of the closed-loop stimulation

paradigm to the standard GPi DBS regimen (constant 130 Hz

single pulse GPi stimulation), we recorded the activity of 47 pal-

lidal neurons before, during and after the application of standard

GPi DBS (Figure 1B). The response of a representative pallidal

neuron to the application of standard DBS is shown in Figure 4B.

When compared with the result of application of the closed-loop

GPtrainjM1 stimulation (Figure 3), this neuron demonstrated only

a moderate reduction in its discharge rate. Similarly, the neuron

exhibited less pronounced changes in its discharge pattern,

which remained bursty and oscillatory during the application of

standard DBS (Figure 4D), as previously described (Johnson

et al., 2009; McCairn and Turner, 2009). Also in line with previous

reports (Boraud et al., 1996; Johnson et al., 2009), the primates’

akinesia was alleviated during the application of standard DBS

(Figure 4E), albeit to a lesser extent than during the application

of GPtrainjM1 closed-loop stimulation (Figure 3E and Figure S2).

Overall, the mean discharge rate of the GPi neurons (Figure 6B)

and the M1 and GPi oscillatory activity at the double-tremor

frequency band (Figure 7D) were reduced during the application



Figure 2. Effect of Delay Manipulation in the Closed-Loop GPtrainjM1 Paradigm on Kinesis and Neural Outcome Parameters

Delay manipulation during the preliminary experiments revealed 80 ms (red bars) superior to other delays (blue bars) and standard continuous 130 Hz DBS

(dark red bars) in improving the output parameters by GPtrainjM1 closed-loop DBS.

(A) Kinesis.

(B) Pallidal discharge rate.

(C) tremor frequency oscillatory activity.

(D) Double tremor frequency oscillatory activity.

In (C) and (D): for each stimulation paradigm two columns are shown, one for the M1 activity (left column) and one for the GPi activity (right column); comparisons

were made exclusively within structures.

In all panels, n = 2, 3, 3 for the 10, 20, and 40ms delays, respectively; n = 45 for the 80ms delay; and n = 47 for standard DBS. The order of columns is spontaneous

(green), 10 ms, 20 ms, 40 ms delays (blue), 80 ms delay (red) GPtrainjM1 closed-loop paradigms, standard DBS (dark red). Error bars denote SEM; columns

marked *significantly different with p < 0.05 compared with all columnsmarked either * or **; columnsmarked ** significantly different with p < 0.01 comparedwith

all other columns marked ** (one-way ANOVA, Bonferroni adjusted for multiple comparisons).
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of standard DBS compared with spontaneous activity, coin-

ciding with an increase in the mean kinesis estimate (Figure 5A).

Once again, the effects of stimulus application on the outcome

parameters were reproducible between trials (Figure S5).

As expected, the stimulus frequency delivered during the

application of GPtrainjM1 closed-loop DBS was significantly

lower than that during standard DBS (30.185 ± 2.41 versus

130.007 ± 0.0004 Hz, Figure 1C, one-way ANOVA, p < 0.01).

Furthermore, stimulus irregularity significantly increased (coeffi-

cient of variation of the interstimulus interval duration 5.0605 ±

0.067 versus 0.0003 ± 1.6*10�5, one-way ANOVA, p < 0.01, Fig-

ure 1C). However, despite the reduction in the stimulus

frequency in the GPtrainjM1 mode, the GPi discharge rate was

significantly lower during this closed-loop stimulation than
during the standard 130 Hz open-loop GPi DBS (Figure 6B, red

versus dark-red bars; one-way ANOVA, p < 0.05). When

comparing the normalized oscillatory activity at tremor and

double-tremor frequencies between the two paradigms, the

closed-loop strategy resulted in greater reduction of power in

both frequency bands. This was true in both the cortical and

the pallidal neuronal populations (one-way ANOVA, p < 0.01

for tremor frequency band and p < 0.05 for double-tremor

frequency band; Figures 7C and 7D, respectively).

Closed-Loop DBS Superiority Is Due to Its Adaptive
Nature
We next set out to ensure that the apparent success of the

closed-loop stimulation method was indeed due to its adaptive
Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc. 373
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Figure 3. Closed-Loop GPtrainjM1 Stimulation with 80 ms Delay Results in Concurrent Reduction of Pallidal Discharge Rate, Disruption

of Pallidal Oscillatory Activity, and Alleviation of Akinesia

(A–C) An example of 7 s analog traces of spiking activity of a GPi neuron before (A), during (B), and after (C) the application of the closed-loop GPtrainjM1 stimulus

paradigm (train of seven stimuli delivered to the GPi triggered by M1 spikes, delay = 80 ms). Analog data were filtered between 250 and 5000 Hz (Butterworth

4-pole software filter). The stimulus artifact is shown in red (B, left column), as is the residual artifact after artifact template removal (B, right column). Insets with

higher temporal resolution (second and third rows) demonstrate stability of the single-spike waveform throughout the stimulation session and the adjacent

spontaneous recordings.

(D) Oscillatory activity depicted through wavelet spectrograms and displayed by frequency as a function of time, with blue to red color indicating the intensity of

activity. Spectrograms of activity before (left column), during (middle column), and after (right column) the application of the stimulus paradigm are shown. Power

estimates averaged over time (to the right of each spectrogram) are relative to the maximal oscillatory power in the entire recording from this neuron.

(E) Kinesis estimation: 100 s long trace of an analog recording from an accelerometer fastened to the primate’s limb contralateral to the stimulating electrodes,

50 s before the onset of stimulation and 50 s during stimulation. Stimulus raster is depicted in red in the upper trace.

(F) Characteristics of the stimulus pattern: a highly irregular stimulus pattern and low stimulus rate.

Neuron
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Figure 4. Standard 130 Hz Single Pulse Nonadaptive DBS Only Moderately Affects the Pallidal Discharge Rate, the Pallidal Oscillatory

Activity, and the Primates’ Akinesia

(A–C) GPi neuron spiking activity before, during, and after the application of standard DBS. Subplot B (left and right column): data before and after stimulus artifact

template removal, respectively.

(D) Wavelet spectrogram display of the oscillatory activity.

(E) Kinesis estimation.

(F) Characteristics of the stimulus pattern: a highly regular stimulus patternwith a high stimulus rate of 130Hz. Same conventions andmethods as in Figure 3 apply.

Neuron

Closed- versus Open-Loop DBS
properties. Since setting the stimulus interval to 80 ms from

trigger detection could induce a double-tremor frequency

rhythm in ongoing activity, we controlled for the effect of appli-
cation of such a rhythm using open-loop paradigms. We applied

GPi nonadaptive 10 Hz stimuli, both in train (seven pulses 130 Hz

intratrain frequency) and in single pulse (sp) modes and recorded
Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc. 375



Figure 5. Effects of the Various Stimulation Paradigms on the Primates’ Akinesia

(A) Kinesis estimate during the application of different stimulation paradigms and at rest. Kinesis was defined as the average standard deviation of the analog

traces recorded from the three movement axes of an accelerometer fastened to a limb contralateral to the stimulation site. Significant differences (as compared

Neuron
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376 Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc.



P
a
l
l
i
d

a
l
 
d

i
s
c
h

a
r
g

e
 
r
a
t
e
 
(
s
p

/
s
)

Time (s)

110

-30 90

0

0 60

0

110

110

110

0

0

**

*

*

A

P
a
l
l
i
d

a
l
 
d

i
s
c
h

a
r
g

e
 
r
a
t
e
 
(
s
p

/
s
)

100

0

B

Figure 6. Effects of the Various Stimulation Paradigms on the Pallidal Discharge Rate

Panels in subplot (A) showPSTHs (peri stimulus time histograms, 1ms bins, smoothed with a Gaussian window, SD 100ms) of GPi neurons during the application

of standard DBS (dark red), closed-loop GPtrainjM1 (red), closed-loop GPtrainjGP (cyan), and open-loop 10 Hz bursts (black). Stimulation epochs are denoted by

a color line on the abscissa, with color matching the appropriate population result in subplot B.

(B) Discharge rate of the entire population of neurons recorded during the application of each stimulation paradigm is given in spikes/s. Results were corrected for

the recording dead time of the stimulus artifact. The difference in pallidal firing rate during GPtrainjM1 (red bar) and during standard DBS (dark red bar) application

was statistically significant. The GPi discharge rate during the application of the closed-loop GPtrainjM1 (red bar) and GPtrainjGP (cyan bar) was also significantly

different. The only stimulation paradigms yielding a significant difference in GPi discharge rates as compared with spontaneous activity were standard DBS,

closed-loop GPtrainjGP and closed-loop GPtrainjM1. Error bars denote SEM. *Statistically significant difference with p < 0.05 compared with all other columns,

unless specified otherwise. **Statistically significant difference with p < 0.01 compared with all other columns except for those marked with a single asterisk.

Comparison performed using one-way ANOVA, Bonferroni adjusted for multiple comparisons.
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44 and 35 pallidal neurons during the application of these

nonadaptive 10 Hz stimulus paradigms, respectively. The appli-

cation of these open-loop regimens of stimulation had no

apparent effect on the recorded neuronal activity or kinesis

(Figures 5–7).

An additional property of the stimulus pattern resulting from

the application of the GPtrainjM1 adaptive algorithm was the

stimulus pattern’s irregularity (Figures 1C and 3F). Recent

studies have demonstrated that increasing the stimulus irregu-

larity of open-loop DBS decreases its beneficial clinical effects

(Baker et al., 2011; Dorval et al., 2010). Nevertheless, the resul-

tant reduction of firing rate and kinesis improvement achieved

by the closed-loop DBS paradigm employed in the current study

might still have been due to stimulus irregularity or its resem-

blance to irregular cortical activity. Had this been the case, it

would have obviated the need for the closed-loop architecture

of the DBS system. We therefore applied a stimulation pattern

based on a previously obtained cortical recording (i.e., unrelated

to the ongoing activity during the stimulus application). As ex-

pected, the average variability of this stimulus pattern equaled

the variability of theGPtrainjM1closed-loop paradigm (Figure 1C).
with spontaneous movement) were observed during the application of standard D

(cyan bar).

(B) Spectral analysis of the arm’s voluntary and involuntary movements: for each

function was measured. Population results are shown during the application of clo

(right column), forty 50 s long segments in each group. In subplots A and B: erro

with all other columns. **Statistically significant difference with p < 0.01 compa

comparisons were performed using one-way ANOVA; Bonferroni was adjusted f

(C and D) Two 50 s long traces of accelerometer recordings from the arm contralat

during a spontaneous recording containing tremor episodes (D), are shown in the

show the different temporal properties of the accelerometer traces (note different

depicted in the top row, each relative to the maximal power of the frequency ran
Nevertheless, themean discharge rate, themean kinesis and the

oscillatory activity estimates during this paradigm application

were not significantly different from those measured during the

spontaneous sessions (Figures 5–7).

Pallidal Closed-Loop Paradigm Reveals Dissociation
between Discharge Rate and Pattern
An additional result was obtained from other closed-loop para-

digms: GPtrainjGP, GPspjGP and GPspjM1 (n = 52, 41 and 47

pallidal cells, respectively). The latter two paradigms, during

which we delivered a single stimulus pulse instead of a train of

seven stimuli, did not result in a statistically significant change

in any of the examined parameters when compared with spon-

taneous data (Figures 5–7). However, when examining the

GPtrainjGP results, we found that the pallidal discharge rate

was reduced compared with the spontaneous recording (Fig-

ure 6, cyan). Unexpectedly, the kinesis estimate was also

reduced (i.e., the primate’s akinesia worsened, Figure 5). The re-

markable worsening of akinesia despite the reduction of GPi dis-

charge rate might be due a significant enhancement of cortical

oscillatory activity at double-tremor frequency (Figure 7D,
BS (dark red bar), closed-loop GPtrainjM1 (red bar) and closed-loop GPtrainjGP

trial the frequency of the maximal value of the limb movement spectral density

sed-loop GPtrainjM1 stimulus (left column) and during spontaneous rest tremor

r bars denote SEM. *Statistically significant difference with p < 0.05 compared

red with all other columns except for those marked with a single asterisk. All

or multiple comparisons where appropriate.

eral to the stimulating electrodes, duringGPtrainjM1 stimulus application (C) and

upper row panels. Two second long insets in middle row panels of (C) and (D)

Y-scales of insets). Bottom row panels indicate the power spectra of the traces

ge examined.
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Figure 7. Effects of the Various Stimulation Paradigms on the Ongoing Oscillatory Discharge in the M1 and the GPi

Subplots A and B demonstrate the intermittent nature of the oscillatory activity in the M1 and the GPi of the primate MPTP model of PD.

(A) An analog trace of four electrode recordings (250–5000 Hz band-pass filtered) from theM1 (top two panels) and the GPi (bottom two panels) during a period of

neuronal oscillations (left column) and during cessation of this activity (right column). The electrode in second trace from the top (located in M1) demonstrated

oscillatory activity at tremor frequency range (4–7 Hz), whereas the other electrodes demonstrated oscillatory activity at double-tremor frequency range

(9–14 Hz).

(B)Wavelet spectrograms of activity depicted in the analog traces in subplot A. Spectrograms are displayed by frequency (y axis) as a function of time (x axis), with

color ranging from blue to red; coding for low to high intensity of activity. The oscillatory power estimates averaged over time were computed relative to the

maximal oscillatory activity in each particular recording and are shown to the right of each spectrogram. Subplots C and D summarize the population results.

(C) Oscillatory activity in the tremor frequency range (4–7 Hz). For each stimulation paradigm two columns are shown, one for theM1 activity (left column) and one

for the GPi activity (right column). Comparisons were made exclusively within structures (i.e., cortical activity compared only to cortical activity and GPi activity

compared with GPi activity).

(D) Normalized oscillatory activity in the double-tremor frequency range (9–14 Hz). Same conventions as in subplot C apply.

Error bars in (C) and (D) denote SEM.
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cyan). These differences were statistically significant at the

population level (p < 0.05 and p < 0.01, respectively, one-way

ANOVA, Figures 5–7), demonstrating a clear dissociation

between discharge rate and discharge pattern in the cortex-

basal ganglia network.
378 Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc.
DISCUSSION

In this study, we derive a novel real-time adaptive method for

treatment of brain disorders characterized by a recognizable

pathological pattern of neural activity. This type of stimulation
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in essence creates a feedback loop between two neuronal

structures, using the trigger detected in the reference structure

as the feedback loop input and delivering the feedback loop

output to the stimulated structure (Figure 1A). We have there-

fore termed such stimulation ‘‘closed-loop’’ stimulation. We

demonstrate that in the MPTP-treated primate, closed-loop

stimulation of the GPi based on the ongoing activity in M1 is

more efficient in alleviating parkinsonian motor symptoms

than the standard continuous (open-loop) high-frequency GPi

DBS paradigm. Furthermore, closed-loop DBS is also accom-

panied by a greater reduction in oscillatory activity in both the

pallidum and the primary motor cortex as compared with

standard DBS. The current study could therefore serve as a

‘‘proof of concept’’ for the utilization of closed-loop stimulation

paradigms in the treatment of brain disorders in general and

PD in particular. In addition, our results suggest that the role

of the oscillatory activity of cortico-basal ganglia loops is

more significant than that of the changes in their discharge

rate with regards to the generation of akinesia, the main motor

symptom of Parkinson’s disease. Thus, this study also provides

an insight into the underlying pathophysiology of PD and indica-

tions for the future directions of closed-loop DBS research and

utilization.

Discharge Rates versus Discharge Patterns in the
Cortico-Basal Ganglia Networks
Previous models of the corticobasal ganglia networks have

emphasized the role of changes in discharge rate of the BG

neurons in the generation of PD symptoms (Albin et al., 1989;

Bergman et al., 1990), a view that is now considered to be incom-

plete (Hammond et al., 2007; Wichmann and DeLong, 2006).

Indeed, the application of both the standard DBS and GPtrainjM1

closed-loop stimulation resulted in improvement of the primates’

motor deficits (Figure 5A), which coincided with a reduction in

the pallidal discharge rate (Figure 6B). However, this improve-

ment also coincided with a reduction in oscillatory activity

(Figures 7C and 7D). While the reduction in oscillatory activity

was limited to double-tremor frequency oscillations during stan-

dard DBS application, it also occurred at tremor frequency in the

closed-loop GPtrainjM1 paradigm. Furthermore, the reduction in

GPi double-tremor frequency oscillatory activity was more

pronounced during the application of the GPtrainjM1 paradigm

(Figure 7D). Notably, the pallidal oscillatory activity was not

correlated to the pallidal discharge rate either before or during

the application of standard DBS and closed-loop GPtrainjM1,

which is suggestive of independent mechanisms behind the

two phenomena (Figures S6 and S7). These results are in line

with a recent report indicating that independent mechanisms

may underlie the burst discharges and oscillatory activity of

most GPi neurons in human PD patients (Chan et al., 2011).

These findings therefore suggest, in agreement with other recent

studies (Eusebio and Brown, 2007; Hammond et al., 2007; Kühn

et al., 2009; Tass et al., 2010; Vitek, 2008; Weinberger et al.,

2009; Wichmann and DeLong, 2006; Zaidel et al., 2009), that

changes in discharge patterns, in particular, changes in the oscil-

latory activity of the parkinsonian cortico-basal ganglia loops,

are at least equally likely to play a key role in PD pathophysiology

as are changes in the pallidal discharge rate.
The above suggestion was strongly reinforced by the results of

GPtrainjGP closed-loop application (GPi short train stimulation

80 ms following the detection of a GPi spike). The dissociation

between the reduction in the GPi discharge rate versus the insig-

nificant effect on the GPi oscillations and even an increase in

M1 double-tremor oscillatory activity was actually accompanied

by worsening of the akinesia. This indicates that changes in

discharge patterns may in fact be more crucial than changes in

discharge rates for the development of the clinical symptoms

of PD. The fact that the modulation of oscillatory activity coin-

cided in both magnitude and direction with the changes of

parkinsonian motor symptoms during both open and closed-

loop DBS sessions constitutes a strong argument in favor of

the detrimental role of these oscillations in PD pathophysiology.

Equally important, it suggests that reduction of the abnormal

parkinsonian oscillatory activity could in fact be the underlying

mechanism by which DBS exerts its action and brings about

the associated clinical improvement. Furthermore, we found

a significant correlation between pallidal oscillatory activity

before the application of both standard DBS and closed-loop

GPtrainjM1 and the improvement in akinesia achieved during

stimulation. This contrasted with the pallidal discharge rate prior

to stimulation, which displayed no significant correlation with

the improvement in akinesia brought about by either type of stim-

ulation (Figure 8).

Possible Mechanisms of Closed-Loop DBS
When attempting to propose a pathophysiological mechanism

behind the superiority of closed-loop over open-loop paradigms,

one must take into account the various discharge patterns

occurring within the parkinsonian corticobasal ganglia loops.

Of special interest are patterns absent from normal brain activity,

such as the transient neuronal oscillatory activity within the loops

(Figure 7) and neuronal synchronization between loop compo-

nents. Studies on the dynamics of the entire cortico-basal

ganglia loops have frequently reported the emergence of intra-

and interloop component synchrony and oscillatory activity

(Brown, 2003; Cassim et al., 2002; Eusebio and Brown, 2009;

Goldberg et al., 2002, 2004; Hammond et al., 2007; Heimer

et al., 2002;Mallet et al., 2008; Raz et al., 1996, 2000;Weinberger

et al., 2009). Furthermore, it has been suggested that synchro-

nized neuronal oscillatory activity in the pallidum and the cortex

is related to the motor deficits of parkinsonism (Levy et al., 2002;

Timmermann et al., 2003). The nature of the coherence between

the two structures was shown to be dynamic and state depen-

dent (Lalo et al., 2008; Magill et al., 2004).

Nevertheless, the somewhat intuitive connection between

neuronal oscillations and parkinsonian motor symptoms, which

include rest and action tremors, has been challenged (Hammond

et al., 2007; Leblois et al., 2007; Lozano andEltahawy, 2004; Tass

et al., 2010; Vitek, 2002; Weinberger et al., 2009). For instance,

while the parkinsonian rest tremor occurs mainly at the 4–7 Hz

frequency band, the oscillatory neuronal activity is observed in

several characteristic frequency bands in both human PD

patients (Hutchison et al., 2004) and animal models (Bergman

et al., 1994; Gubellini et al., 2009). Our study provides strong

support for the pathological role of these oscillations, in that

stimulation targeted directly at this activity (in a specific band,
Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc. 379
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Figure 8. Clinical Improvement during the Application of Standard DBS and Closed-Loop GPtrainjM1 Is Significantly Correlated with Pallidal

Double-Tremor Frequency Oscillatory Activity before Stimulus Application, but Not with Pallidal Discharge Rate
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the double-tremor frequency band, approximately 9–15 Hz)

provided greater alleviation of parkinsonian motor symptoms

than standard DBS.

The fact that M1-based closed-loop stimulation was the most

successful in improving all the output parameters is perhaps not

too surprising considering the central role of cortical discharge

patterns in the pathophysiology of PD. M1 is one of the main

components of the cortico-basal ganglia loops, and although

the GPi (and the SNr) are the main output nuclei of the basal

ganglia network, the M1 is the main output via the corticospinal

and corticobrainstem tracts (Albin et al., 1989; Alexander et al.,

1986; Alexander and Crutcher, 1990; Bergman et al., 1990;

Mink, 1996). Furthermore, M1’s direct projection to the STN

(Nambu et al., 2000) makes it a perfect candidate to serve as

a reference structure in future closed-loop stimulation of the

STN. The M1 has been implicated in many aspects of parkinso-

nian brain activity, such as oscillatory discharge and transient

synchronization with pallidal activity (Cassim et al., 2002; Gold-

berg et al., 2002). Such synchronization during epochs of

double-tremor frequency oscillatory discharge could be the

basis for the success of GPtrainjM1 when using 80 ms delays

compared with the apparent ineffectiveness of other delays, as

indicated by our preliminary studies (Figure 2 and Figure S1). A

stimulus delivered to the GPi during an oscillatory burst synchro-

nized to its double-tremor frequency counterpart in M1 would

disrupt this pathological activity of the pallidum and via the thal-
380 Neuron 72, 370–384, October 20, 2011 ª2011 Elsevier Inc.
amus in M1 itself. On the other hand, when no such synchroniza-

tion exists, the effect of GPtrainjM1 stimulation on the pallidal

discharge would be less significant. Since GP stimulation could,

in fact, activate efferent GPi axons while inhibiting their somata

(Johnson and McIntyre, 2008), this mechanism could also

explain the worsening of akinesia during GPtrainjGP application.

Such activation of GPi efferent axons could in essence induce

double-tremor frequency oscillations during GPtrainjGP stimula-

tion by activating GPi targets 80 ms after a previous GPi spike/

burst, even if the latter was originally independent of oscillatory

activity.

Most current models of the BG network assume competitive

dynamic (Frank et al., 2007; Mink, 1996) and even active decor-

relations (Bar-Gad et al., 2000; Parush et al., 2011) of the BG

activity. Therefore, these models predict inferior information

processing of the BG network upon the emergence of synchro-

nized activity that disrupts these decorrelations. Furthermore,

large-scale synchronization of cortical activity could serve

as the basis for akinesia (Brown, 2006). Since synchronization

and oscillations tend to coincide, manipulations affecting one

can affect the other and therefore the closed-loop stimula-

tion in this study could disrupt synchrony as well. However,

previous studies have demonstrated that oscillations and

synchrony can exist independently (Heimer et al., 2006). Since

theoretical studies have demonstrated the plausibility of

closed-loop systems targeted at synchronization of activity
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(Popovych et al., 2005; Tass, 2003), further experimental studies

are needed.

Closed-Loop Deep Brain Stimulation: Limitations
and Future Directions
The closed-loop approach suggested in this study may not be

limited to PD. Work done on animal models of several neurolog-

ical and psychiatric disorders indicate that recognizable patho-

logical patterns emerge (Uhlhaas and Singer, 2006). Some

bear marked resemblance to the patterns seen in PD; namely,

synchrony and oscillatory activity are seen in schizophrenia,

a highly prevalent and extremely debilitating psychiatric disorder

(Uhlhaas and Singer, 2010). Attempts at using closed-loop

approaches for the treatment of other brain disorders will first

need to be made in animal models, where the study of the

MPTP primate model substantially facilitates the investigation

of PD (Langston et al., 1984; Redmond et al., 1985).

We did not carry out a comprehensive investigation to deter-

mine the optimal parameters for closing the DBS loop. The

aggravation of akinesia during the closed-loop GPtrainjGP stim-

ulus application (with 80 ms delay) may be due to the positive

feedback to the ongoing oscillatory activity in the GPi, and

further manipulation of the stimulus delay might identify the

working regimens for a GPi based feedback paradigm. Using

the same location for both reference and stimulation would no

doubt reduce the surgical complexity (Rouse et al., 2011). More-

over, since the neuronal oscillatory activity demonstrated in PD

patients includes higher frequencies (beta band, approximately

15–35 Hz) than those observed in MPTP-treated primates,

a delay that will best fit these frequencies should be chosen

when attempting closed-loop stimulation in human PD patients

(de Solages et al., 2010; Eusebio and Brown, 2009; Hammond

et al., 2007; Kühn et al., 2009; Mallet et al., 2008; Weinberger

et al., 2009; Zaidel et al., 2009). Further studies should be per-

formed to ensure the safety and maximal efficacy of different

closed-loop parameters in experimental models of PD and

human PD patients. These studies should examine the effects

of changing the neural location used as the stimulation reference

and the stimulated location (e.g., GPi versus STN; Follett et al.,

2010; Moro et al., 2010). In addition, the spatial shape of the

stimulation field should be manipulated (McIntyre et al., 2009;

Mikos et al., 2011). Since single-unit recordings tend to be

unstable over time, the neural signals employed for trigger deter-

mination should also be varied (local field potentials, multiunit

activity, spike or burst detection). In particular, local field poten-

tials in the parkinsonian brain have been shown to synchronize

with the spiking activity in the pallidum (Goldberg et al., 2004;

Moran andBar-Gad, 2010) and thus seemanexcellent candidate

for future systemsemployedover longperiodsof time (FigureS8).

Finally, the impact of dopamine replacement therapy (e.g.,

l-DOPA) on the effects of closed-loop DBS should be examined,

as virtually all advanced PD patients are treated with various

regimens of dopamine replacement therapy in parallel to DBS.

CONCLUDING REMARKS

In this article, we demonstrate that parkinsonian corticobasal

ganglia loops display observability and controllability properties
(Lathi, 2004; Nise, 2007) and can therefore be modulated by

closed-loop stimulation strategies. Such strategies proved

superior to standard DBS in both alleviating the main motor

symptom of experimental parkinsonism and disrupting the oscil-

latory discharge patterns of the parkinsonian cortico-basal

ganglia loops. It is therefore our hope that in the near future we

will see a new era of DBS strategies, based on various closed-

loop paradigms targeted at different pathological aspects of

brain activity (Batista et al., 2010; Feng et al., 2007; Stanslaski

et al., 2009; Tass, 2003). Such strategies have potential not

only for the treatment of PD, but perhaps of other neurological

disorders in which a clear pathological pattern of brain activity

can be recognized (Uhlhaas and Singer, 2006).
EXPERIMENTAL PROCEDURES

Animals

The experiments were performed on two African green monkeys (Cercopithe-

cus aethiops aethiops), rendered parkinsonian by the systemic application of

the neurotoxin MPTP (Supplemental Information). All procedures were

conducted in accordance with the Hebrew University guidelines for animal

care and the National Institute of Health Guide for the Care and Use of Labo-

ratory Animals.

Neuronal Data

We recorded 127 pallidal and 210 cortical neurons combined during the appli-

cation of all stimulation types. Only neurons that were judged by the experi-

menters to be correctly located within the above structures, using themethods

described in Supplemental Experimental Procedures, Data Collection, were

used in this study. Neuronswere considered for acquisition only if they demon-

strated stability of the action potential waveform, discharge rate and a consis-

tent refractory period during spontaneous recordings (Hill et al., 2011).

Real-Time Closed-Loop Stimulation

We constructed a custom real-time stimulator capable of delivering current

stimuli based on a predefined trigger occurring in ongoing brain activity. A

complete description of the stimulation paradigms employed in this study

is given in the introduction. All pulses were cathodic-anodic biphasic square

current pulses, with the total amplitude of current delivered through the two

microelectrodes in each pulse equal to 80 mA and each phase duration equal

to 200 ms. The stimulation was delivered 80 ms after the identification of

the trigger. Further spikes detected within this 80 ms time offset and the

train/stimulus delivery time were ignored. Because of the time constraints

in primate MPTP studies and the apparent success of the 80 ms delays,

we did not pursue other delays further and the amount of existing data for

s 80 ms delays is insufficient for a robust statistical analysis (Figure 2).

Outcome Parameters and Analysis

We assessed the results of the various paradigms by estimating their effect on

several outcome parameters: neural oscillatory activity, the pallidal discharge

rate and an assessment of the primates’ limbmovements, ‘‘kinesis.’’ The latter

was estimated using accelerometers fastened to the limbs of the primates.

Pooled data are presented as mean ± SEM. Comparisons performed using

one-way ANOVA, Bonferroni adjusted for multiple comparisons where

appropriate.

A detailed description of all experimental procedures is provided in the

Supplemental Information.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and eight figures and can be found with this article online at doi:10.1016/j.

neuron.2011.08.023.
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