The Journal of Neuroscience, January 16, 2008 • 28(3):633– 649 • 633

Behavioral/Systems/Cognitive

Low-Pass Filter Properties of Basal Ganglia–Cortical–Muscle
Loops in the Normal and MPTP Primate Model of
Parkinsonism
Michal Rivlin-Etzion,1,2 Odeya Marmor,1 Guy Saban,1 Boris Rosin,1 Suzanne N. Haber,4 Eilon Vaadia,1,2 Yifat Prut,1,2
and Hagai Bergman1,2,3
1Department of Physiology, The Hebrew University–Hadassah Medical School, Jerusalem 91120, Israel, 2The Interdisciplinary Center for Neural
Computation and 3Eric Roland Center for Neurodegenerative Diseases, The Hebrew University, Jerusalem 91904, Israel, and 4Department of Pharmacology
and Physiology, University of Rochester, Rochester, New York 14642

Oscillatory bursting activity is commonly found in the basal ganglia (BG) and the thalamus of the parkinsonian brain. The frequency of
these oscillations is often similar to or higher than that of the parkinsonian tremor, but their relationship to the tremor and other
parkinsonian symptoms is still under debate. We studied the frequency dependency of information transmission in the cortex–BG and
cortex–periphery loops by recording simultaneously from multiple electrodes located in the arm-related primary motor cortex (MI) and
in the globus pallidus (GP) of two vervet monkeys before and after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment and
induction of parkinsonian symptoms. We mimicked the parkinsonian bursting oscillations by stimulating with 35 ms bursts given at
different frequencies through microelectrodes located in MI or GP while recording the evoked neuronal and motor responses. In the
normal state, microstimulation of MI or GP does not modulate the discharge rate in the other structure. However, the functionalconnectivity between MI and GP is greatly enhanced after MPTP treatment. In the frequency domain, GP neurons usually responded
equally to 1–15 Hz stimulation bursts in both states. In contrast, MI neurons demonstrated low-pass filter properties, with a cutoff
frequency above 5 Hz for the MI stimulations, and below 5 Hz for the GP stimulations. Finally, muscle activation evoked by MI microstimulation was markedly attenuated at frequencies higher than 5 Hz. The low-pass properties of the pathways connecting GP to MI to
muscles suggest that parkinsonian tremor is not directly driven by the BG 5–10 Hz burst oscillations despite their similar frequencies.
Key words: primate; microstimulation; globus pallidus; motor cortex; frequency domain; transfer function; Parkinson’s disease

Introduction
The BG are commonly viewed as operating in a feedforward
mode. They receive projections from all cortical areas and feed
this information forward via the thalamus to the frontal cortex or
directly to brainstem motor nuclei (Shink et al., 1997; MenaSegovia et al., 2004; McHaffie et al., 2005). The cortical and brainstem motor centers in turn transmit this information down to the
spinal cord and muscles (Albin et al., 1989). The functionalconnectivity between the different components of this system has
often been studied using electrical stimulation. Such an approach
was used to map the relations between MI and muscles (Asanuma
and Rosen, 1972; Palmer and Fetz, 1985) MI and BG (Ryan and
Clark, 1991; Maurice et al., 1999; Nambu et al., 2000), as well as
GP and muscles (Horak and Anderson, 1984).
This simplified view of the BG provided profound insights
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into the pathophysiology of BG related disorders (DeLong,
1990), and led to the development of the current neurosurgical
treatment of Parkinson’s disease (PD) (Bergman et al., 1990;
Benabid et al., 2006). However, the BG are more than a simple
feedforward network, because of their reciprocal closed-loop
structure (Alexander et al., 1986; Joel and Weiner, 1994; Leblois
et al., 2006; Rivlin-Etzion et al., 2006). The frontal cortex, the
target of BG output, is one of the main cortical areas projecting to
the striatum. Moreover, the cortical projections to the brainstem
and spinal cord are paralleled by ascending afferent pathways,
closing the loop between the frontal cortex and the periphery.
In principle, electrical stimulation could also be used to study
information transfer in closed-loop neural network, although the
interpretation of the obtained response might be confounded by
the fact that information may be transmitted orthodromically
and antidromically (i.e., from the soma to the axon terminals and
vice versa). In this study, we explored the functional connectivity
within the GP– cortex–muscle loops by stimulating through microelectrodes inserted into either MI or GP, while recording the
evoked activity in both structures as well as contralateral arm
movements. Because the GP and MI are indirectly connected (the
striatum and the subthalamic nucleus are positioned along the
pathway from the cortex to the GP, and the thalamus is similarly

634 • J. Neurosci., January 16, 2008 • 28(3):633– 649

located between the GP and MI), microstimulation effects are
probably mediated mainly through orthodromic conduction.
Most connectivity studies have used a single pulse or a brief
train of electrical stimulation (Asanuma and Rosen, 1972;
Cheney and Fetz, 1985; Tremblay et al., 1989; Kita, 1992; Nambu
et al., 2000), although an alternative approach was presented in
which a prolonged pattern of electrical stimulation was applied
(Graziano et al., 2002). Unlike previous studies, we used a stimulus pattern that contained 35 ms bursts delivered at different
frequencies ranging from 1 to 15 Hz, in an attempt to mimic the
oscillatory bursting pattern often encountered in the BG of parkinsonian patients (Weinberger et al., 2006) and MPTP-treated
primates (Nini et al., 1995; Heimer et al., 2006). This pattern can
be used to characterize the system transfer functions in the frequency domain (Lathi, 2005) and thus reveal the spectral properties of the BG– cortex–muscle network.

Materials and Methods
Animals. Two vervet (African green, Cercopithecus aethiops) monkeys (T
and W; females; weighing 3 and 3.5 kg, respectively) were used in this
study. Before any of the other procedures were performed, the monkeys
were trained to sit in a primate chair, to permit handling by the experimenter, and became familiarized with the laboratory setting. The monkeys had access to standard primate chow and water ad libitum during the
whole experimental period. The monkeys’ health was monitored by a
veterinarian, and their weights and clinical status were checked daily. All
experimental protocols were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
the Hebrew University guidelines for the use and care of laboratory animals in research and were approved and supervised by the Institutional
Animal Care and Use Committee.
Surgical procedures. We attached an MRI-compatible plastic (Cilux)
head holder and a 27 mm2 recording chamber to the monkey’s skull to
allow access to the arm-related areas of the primary motor cortex and to
the GP of the right hemisphere (Fig. 1 A, B). The recording chamber was
tilted 40° laterally in the coronal plane, with its center targeted at the
following stereotaxic coordinates (in mm): monkey T, anterior 12, lateral
7, height 12 (above interaural line); monkey W, anterior 10, lateral 5,
height 14 (Contreras et al., 1981; Martin and Bowden, 2000), and webbased digital brain atlas of the vervet monkey, currently at http://labs.pharmacology.ucla.edu/mellab/vervet_atlas. The chamber coordinates
were verified using magnetic resonance imaging (MRI). The MRI scan
[GE Healthcare (Little Chalfont, UK) 1.5 Tesla system; fast spin echo
sequence; TR ⫽ 5.4 s; TE ⫽ 46.49 ms; Echo train length ⫽ 12; number of
averages ⫽ 4; FOV ⫽ 12 ⫻ 12 cm; 256 ⫻ 256 pixels; coronal slices 2 mm
wide] was performed with tungsten electrodes at different X-Y coordinates of the chamber (Fig. 1 A). We then aligned the two-dimensional
MRI images with coronal sections of the primate atlas.
Surgical procedures were performed under deep isoflurane and N2O
inhalation general anesthesia. Analgesia and antibiotics were administered during surgery and continued for 2 d postoperatively. MRI procedures were performed under light IM Dormitor and Ketamine anesthesia. Recording began after a postoperative recovery period of 6 d in both
monkeys.
Recording and structure identification. During recording sessions, the
animals were awake and seated in a primate chair with their head and
right hand restrained, but free to move their trunk and their left arm
(contralateral to the recording hemisphere) and legs. Four glass-coated
150 m shaft diameter tungsten microelectrodes (impedance, 0.2– 0.5
M⍀ at 1 kHz), confined within a cylindrical metal guide (1.36/1.65 mm
inner/outer diameter) were advanced separately (EPS; Alpha Omega Engineering, Nazareth, Israel) into the arm-related area of the motor cortex.
A similar set of four independently controlled microelectrodes targeted
the pallidum through the same chamber (Double MT; Alpha Omega
Engineering) (Fig. 1 B). Each electrode signal was amplified with a gain of
5000 and bandpass filtered with a 300 – 6000 Hz (monkey T) and a
1– 6000 Hz (monkey W) four-pole Butterworth filter (MIP⫹; Alpha-
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Omega Engineering). The signal was continuously sampled at 25 kHz
with 12-bits ⫾ 5 V A/D converter (Alpha-Map; Alpha Omega Engineering). During the acquisition of the neuronal data, two experimenters
controlled the position and spike sorting of the eight electrodes. Spikes
were detected from the filtered analog data (300 – 6000 Hz for both monkeys) by on-line detection and sorting software using a templatematching algorithm (MSD; Alpha Omega Engineering). The quality of
the detection and spike sorting was estimated and graded on-line every 3
min by the experimenters. This on-line quality estimation was based on
three criteria: (1) the superimposed analog traces of the recently (20 –
100) sorted spikes and the waveforms of events that crossed an amplitude
threshold that was set by the experimenter, (2) the cumulative distribution of the Euclidean distances between the detected events and the detection template (ASD; Alpha Omega Engineering), and (3) the stability
of the discharge rate. The sampling rate of spike detection pulses was
28.57 and 40 kHz for monkey T and W, respectively.
Mapping of the motor cortex was done by examination of the neural
responses to passive movements of the contralateral limbs and by electrical stimulations through the microelectrodes using an optically coupled isolator and linear current-source stimulator (Alpha Omega Engineering). The stimulation pattern used for the mapping consisted of 50
ms of a 300 Hz burst (15 pulses) of biphasic symmetric pulses, each phase
0.2 ms, with negative pulse leading. Stimulation current amplitude during mapping ranged from 5 to 80 A. The boundaries of the arm related
area of the primary motor cortex were determined as covering the area in
which stimulation of 15 A or less caused a movement of the forearm,
wrist or fingers.
Entry into the pallidum (the lateral border of the GPe) was easily
recognized in our penetrations because of the considerably different firing rate, pattern, and spike shape of pallidal versus striatal neurons. The
classification of each recorded cell as belonging to either the external or
internal pallidum was determined as follows: Neurons located at a depth
of ⬍1.5 mm from the striatopallidal border, or neurons that exhibited
pauses in their firing pattern were categorized as GPe neurons (DeLong,
1971; Elias et al., 2007). Candidates to GPi were neurons with a highfrequency discharge rate with no pauses, 2.5 mm from the striatopallidal
border or farther in the ventromedial direction. Final classification as
GPi was based on other physiological identifications along the electrode
trajectory (e.g., border cells), or firing pattern of the cell (which was
considered only in the normal state). If the classification as GPe or GPi
was in doubt, the unit was excluded from the analysis. In this study we did
not focus on recording from the GP hand- or motor-related area, but
rather attempted to cover most of the areas of both GP segments.
Stimulation pattern. The stimulation pattern used for this study consisted of bursts of current pulses. Each burst contained eight biphasic
symmetric pulses (each phase 0.2 ms, with negative pulse leading) given
at 200 Hz, leading to bursts of 35 ms in length. The stimulation bursts
were administered at different frequencies: 1, 2, 5 and 10 Hz, and in
addition, 15 Hz for monkey W only. The stimulation in each of the
frequency tests lasted 20 s (resulting, for example, in 20 bursts for the 1
Hz stimulation and 300 bursts for the 15 Hz stimulation) (Fig. 1C), with
an interstimulus interval (IStimI) of 15 s before the first frequency test,
between the different frequency tests, and after the last one. The order of
frequency tests was determined randomly for each of the monkeys but
remained constant throughout the experiment (monkey T: 5, 10, 1, 2 Hz,
monkey W: 10, 1, 2, 5, 15 Hz).
After situating the electrodes in positions that enabled optimal recording of single units, the stimulation pattern was given through one or
more electrodes (usually one, 89.2% of all cases), whereas all other electrodes were used for recording. All electrodes used in this study were of
the same type (glass coated tungsten microelectrode) and could be used
for either stimulation or recording. The electrodes used for stimulation
within a certain session were connected to the current source, and were
not used for recording during the same session. However, the same electrode could serve for stimulation in one session and for recording in the
next session. The switch between stimulation and recording mode was
controlled electronically (MIP; Alpha Omega Engineering). The amplification gain of the recording electrodes was reduced from 5000 to 5
during the stimulation pulses (0.3 ms before until 0.1 ms after the pulse)
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Figure 1. Experimental procedure and histology. A, MRI of monkey W. An example of a coronal image. Three tungsten electrodes separated by a horizontal distance of 6 mm were inserted in the
same coronal plane (ac ⫺2, 2 mm posterior to the anterior commissure) through the recording chamber. The recording chamber is filled with 3% agar. B, Left, A schematic illustration showing the
location of ac ⫺6 coronal plane. The coronal plane crosses the central sulcus and the primary motor cortex. Right, A scheme of ac ⫺6 coronal plane and the experimental setup: four electrodes in
the GP and four electrodes in the motor cortex. Any electrode could be used as a stimulating electrode, while the other electrodes are recording. The atlas scheme is (Figure legend continues.)
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to reduce the saturation of the recording devices and to minimize the
stimulus artifact. In this study, we include only stimulating sessions in
which all stimulating electrodes were located in the same structure – MI
or GP. Because of possible current leakage from the GPi to GPe (or
vice-versa) that can occur when stimulating at the borders of these nuclei
(Ranck, 1975), we did not attempt to distinguish between stimulating
sessions in the GPe and GPi. For each stimulating electrode we used
current amplitudes of 40 A in monkey T, and either 40 or 60 A in
monkey W (40 A were given in 33% and 55% of the sessions in the
normal and MPTP states, respectively). When stimulating through more
than one electrode, all the stimulating electrodes were connected to the
same current source and the amplitude of the current was multiplied by
the number of stimulating electrodes. We assumed an equal current
distribution through the electrodes because of their similar impedance.
The percentage of sessions with a single stimulating electrode in each of
the structures (MI and GP) was similar in the normal and MPTP states
(89%), to avoid bias between the states. Nonetheless, we did not observe
qualitative changes after stimulation with different numbers of electrodes, and therefore all stimulation sessions were pooled.
Data analysis. Cells were selected for recording as a function of their
signal-to-noise ratio and real-time assessment of their isolation quality.
Only stable (off-line verification of the stability of the neurons’ firing
rates throughout the stimulation session; we discarded any neuron that
demonstrated a trend of decaying or increasing firing rate because this is
indicative of possible neuronal injuries or unstable electrode position)
and well isolated (as judged by the experimenters during real time) units
were included in the analysis database of this study. Because of stimulus
artifacts (see below), off-line quantification of the isolation quality
(Joshua et al., 2007) could not be applied to the data set.
The stimuli produced prominent artifacts in the recordings, including
short-term saturations of the recording electrodes. The nonsaturating
artifacts could be overcome by stimulus artifact removal techniques
(Wichmann, 2000; Hashimoto et al., 2002; Bar-Gad et al., 2004). However, in this study we chose to delete all stimulation periods from the
neural data, including a 5 ms epoch after the last pulse, to provide a
sufficient interval for the fading of the stimulus artifact. We therefore
excluded a period of 40 ms for each stimulation burst from the data
analysis.
We classified the neurons into different populations according to their
location and the location of the stimulating electrodes. Thus, we studied
the responses of MI neurons to GP stimulation (GP3 MI), responses of
MI neurons to MI stimulation (MI3 MI), as well as MI3 GPe,
MI3 GPi, GP3 GPe and GP3 GPi. Each population was further divided into the normal and MPTP states. We applied two main analyses
on each neural population: peristimulus time histogram (PSTH) analysis
and “decrease–increase” analysis, as detailed below.
Averaged population response: PSTH analysis. Responses to stimulation
bursts of each neuron (n) were first characterized in each frequency
stimulation ( f ) by their PSTH, constructed in 5 ms bins for a period of
600 ms around the stimulus (see examples in Figs. 2, 3):

4
(Figure legend continued.) adapted from Martin and Bowden (2000). C, The stimulation pattern
includes 35 ms bursts with intraburst frequency of 200 Hz (8 pulses per burst); each pulse is
symmetric biphasic, negative phase leading. The bursts were given at different frequencies for
20 s: 1 (a total of 20 bursts), 2, 5, 10 Hz, and, for monkey W, also 15 Hz (a total of 300 bursts). The
interval between the frequency tests was 15 s, and the order of frequencies was 5, 10, 1, 2 and,
10, 1, 2, 5, 15 Hz, for monkeys T and W, respectively. D, E, Photomicrographs of TH staining
demonstrating the loss of dopaminergic substantia nigra pars compacta neurons in the MPTPtreated monkey T compared with a control animal. D was taken from a control normal macaque
monkey; E is from the MPTP-treated monkey T (vervet). The photomicrographs illustrate the
levels of rostral striatum (column 1), central striatum (column 2), and midbrain (columns 3, 4).
Note the lack of TH-positive staining throughout the striatum with the exception of the ventral
striatum, particularly the shell region. TH-positive cells are selectively lost in the ventral tier but
spared in the ventral tegmental area. C, Caudate; P, putamen; VS, ventral striatum; SN, substantia nigra; VTA, ventral tegmental area; E, GPe; I, GPi.
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if
¥ Stim trialn,f 共i兲
i⫽1
response PSTHn,f ⫽
,
if
where Stim trialn,f(i) is the response of neuron n to the ith burst given in
frequency test f (includes 100 ms before burst and 500 ms after beginning
of the burst), and if is the total number of bursts in frequency test f. When
illustrating the response PSTH of single neurons (see Figs. 2, 3) we further smoothed the PSTH with a Gaussian window,  ⫽ 15 ms.
The PSTH of each neuron was then normalized by its spontaneous
firing rate, which was determined by the mean firing rate in the last 10 s
of all IStimIs (a total of 50 and 60 s in monkeys T and W, respectively).
Normalization was used to avoid bias of population means attributable
to neurons with a high discharge rate, and was essential especially in the
MI population, in which many of the neurons had a low discharge rate
(see Table 3), and outlier neurons with a high discharge rate could bias
the population behavior.
To estimate the population response we averaged the normalized
PSTH for each frequency independently over all cells and obtained the
averaged normalized response. Repeating the analysis with the nonnormalized discharge rates led to qualitatively similar results. In the average PSTH analysis, as well as in all other analyses, neurons from the two
monkeys usually demonstrated similar behavior. Therefore, unless specified otherwise, neurons from monkeys T and W were pooled.
Modulations in firing rate: decrease–increase analysis. The average
PSTH characterizes the population response only if the responses of the
neurons are not divergent (i.e., most or all neurons in the population
tend to increase their firing rate together, or decrease the rate together).
In any other case, opposing modulations may cancel each other in the
average PSTH, and thus will be “lost” to the analysis. Therefore, in addition to the PSTH analysis, we separated the responses of each neuron into
bins with increases and decreases in firing rate. Significant modulations
in the firing rate of a single neuron were identified by comparing each bin
in the response PSTH of the neuron with its matched IStimI mean discharge rate. To do so, we calculated the “IStimI PSTH” of each neuron
(n) for each frequency ( f ) based on the IStimI epochs:

if
¥ IStimI trialn,f 共i兲
i⫽1
IStimI PSTHn,f ⫽
,
if
where IStimI trialn,f(i) is a “trial” of 600 ms chosen randomly from all
IStimI epochs of neuron n, and if is the total number of bursts in frequency test f. We then calculated the mean and the SD of the “IStimI
PSTH” and compared the values of the response PSTH with these expected values. Bins in which the response of the neuron deviated from the
mean of the IStimI PSTH by ⬎2.58 SD ( p ⬍ 0.01) were considered to
have significant increases or decreases. Based on this single neuron analysis, we determined the fraction of neurons in the population that significantly increased or significantly decreased their firing rate in every bin.
Finally, for each population, frequency, and state, we calculated the maximum fraction of neurons that responded by increasing (decreasing)
their discharge rate according to the bin with the maximum response
percentage. This bin also determined the mean latency of the response
(we chose not to define the latency according to response onset time,
because the response could start before the stimulation burst ended).
Response duration was calculated as the largest continuous period in
which at least 50% of the responding neurons had a significant ( p ⬍
0.01) change in their firing rate.
In the decrease–increase analysis we used different bin sizes for MI and
GP neurons, as well as for different stimulation frequencies. For GP
neurons, which had a high discharge rate (see Table 3) we used 10 ms
bins, and for the MI neurons that fired at a much lower rate we used 25
ms bins for the 1, 2 and 5 Hz stimulations. Because the power of the test
was higher in the high stimulation frequencies that contained many repetitions of stimulation bursts, we used 10 ms bins for the 10 Hz frequency
for MI neurons as well. In the 15 Hz stimulation frequency (monkey W),
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the time lapse between the bursts was very short (⬃66.7 ms, which left
⬃26.7 ms after excluding the 40 ms stimulation and artifact period) and
therefore the 15 Hz stimulation tests were not included in the decrease–
increase analysis.
Diversity index. Although the decrease–increase analysis reveals the
prevalence of coincident modulations in the firing rate, it is not always
easy to interpret. To simplify the interpretation, we defined a “diversity
index” for each population:

mean Ipop,f 共i兲 ⫺ Dpop,f 共 f 兲
diversitypop,f ⫽ 1 ⫺ i
,
Ipop,f 共i兲 ⫹ Dpop,f 共i兲

|

|

where | 䡠 | represents the absolute value, Ipop,f(i) and Dpop,f(i) are the
percentages of neurons that significantly increased and decreased, respectively, their firing rates in the ith bin in frequency test ( f ) and population (pop). Bins included in the calculation of the diversity index start
from the end of the first stimulation burst (time 40 ms) and end at time
500 ms or before the beginning of the next stimulation burst (in the high
frequencies). The index ranges between 0 and 1. If I ⫽ D (and both
greater than 0) over all bins the index equals 1, that is to say that the
population did not tend to increases or decreases alone, but rather exhibited
both kinds of modulations simultaneously and therefore was highly divergent. If, for example, I ⬎ 0 and D ⫽ 0, the index value is 0; in other words, the
population did not show opposing modulations simultaneously, and therefore was not divergent. If both I ⫽ 0 and D ⫽ 0 for all bins (here we defined
zero as I,D ⬍ 0.01 although taking a smaller value produced similar results),
the population responded neither by increases nor decreases to the stimulation test, and therefore the diversity index was set to 0 for this test.
Accelerometers. We used a uniaxial accelerometer (ACC) (8630C5;
Kistler, Amherst, NY) to assess hand movements. Both monkeys had the
accelerometer fastened to the back of their nonrestrained left wrist (contralateral to the stimulating hemisphere). The accelerometer output was
amplified with a gain ranging from 4 to 20 (depending on the amplitude
of the movement caused by the cortical stimulation) and bandpass filtered with a 1–250 Hz four-pole Butterworth filter (MIP⫹; Alpha Omega
Engineering). The analog output of the accelerometers was sampled at
12500 and 781 Hz in monkeys T and W, respectively. In the population
analysis, the data were further digitally filtered with an eighth order Chebyshev type I 20 Hz low-pass filter and re-sampled at 200 Hz for both
monkeys. Spontaneous movements, as well as other artifacts were noticeable in the accelerometer data from time to time. We therefore only
included accelerometer records that had a good signal-to-noise ratio and
did not include such spontaneous movements or artifacts. Because stimulation caused a different profile of movement in different recording
sessions, the average population response of the arm acceleration was
calculated from the normalized absolute value of the accelerometer output. Normalization of the acceleration value was obtained as for the
neural data. In each recording session, an “IStimI PSTH” was derived for
each of the frequencies based on the absolute ACC value in the IStimI
periods, with a number of segments equal to the number of bursts delivered at that frequency. Then, each response PSTH of the absolute ACC
output was normalized by its corresponding baseline IStimI mean value.
MPTP treatment and perfusion. After a period of recording in the normal state, Parkinsonism was induced by five intramuscular injections of
0.4 mg/kg 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-HCl (MPTP;
Sigma, Rehovot, Israel). The MPTP injections were given under light
intramuscular ketamine hydrochloride (10 mg/kg) anesthesia and over a
period of 4 d (3 injections in the first 24 h). The clinical state of the
monkeys was assessed daily according to a primate scale of Parkinsonism
(Benazzouz et al., 1995). During termination of the recording days in the
MPTP state we treated monkey T with 0.5⫻25/250 mg of Dopicar (L3,4-dihydroxyphenylalanine and carbidopa; Teva Pharmaceutical Industries, Petach Tikva, Israel) twice per day to verify the diagnosis of
Parkinsonism by significant clinical improvement achieved with
dopamine-replacement treatment. The drugs were administered orally
as crushed powder dissolved in liquid. At the end of the experiment,
monkey T was deeply anesthetized with a lethal dose of pentobarbital and
perfused through the heart with saline, followed by a 4% paraformaldehyde fixative solution. Monkey W was perfused in a similar way within 30

Table 1. Summary of the neuronal database

Monkey T
CTX stim.
GP stim.
Monkey W
CTX stim.
GP stim.

# of stimulation
sessions

# of MI
neurons

# of GPe
neurons

# of GPi
neurons

54N, 55P
62N, 66P

146N,166P
238N,259P

57N,143P
46N,104P

9N, 34P
3N, 42P

79N, 23P
48N, 17P

184N, 88P
197N,107P

99N, 86P
47N, 48P

36N, 10P
27N, 3P

A summary of the number of stimulating sessions (left column) and the number of MI, GPe, and GPi neurons that
were recorded while stimulating in each of the areas. Neurons included here are those satisfying the inclusion criteria
for analysis (see Materials and Methods). Number of stimulating sessions and recorded neurons is given for normal
and MPTP states. N, Normal state; P, MPTP state.

Table 2. Summary of cortical stimulating sessions that produced movements
# of sessions that produced movement/
# of all sessions (percentages)

Monkey T
Monkey W

Normal state

MPTP state

34/54 (63%)
49/79 (62%)

20/55 (36%)
14/23 (60%)

A summary of number (and percentage) of cortical sessions that produced an arm movement that was recorded by
the accelerometer out of the total number of cortical stimulating sessions, in both normal and MPTP states. We
defined a session with a clear and robust response to at least a single frequency test as a session that produced
movement.

min of her death. Brains were removed and cryoprotected in increasing
gradients of sucrose (10, 20, and finally 30%). Adjacent serial sections of
50 m, from both control animals and MPTP-treated animals, were
processed for either a Nissl stain or immunocytochemistry for tyrosine
hydroxylase (TH). Sections were incubated with antisera to TH (mouse
anti-TH, 1:20,000; Eugene Tech, Allendale, NJ) in 0.1 M phosphate buffer
with 0.3% Triton X-100 and 10% normal goat serum (Incstar, Stillwater,
MN) for 4 nights at 4°C and further processed using the avidin– biotin
method (rabbit Elite Vectastain ABC kit; Vector Laboratories, Burlingame, CA).

Results
Animals’ clinical states
We recorded from the arm area of the primary motor cortex and
the globus pallidus of two vervet monkeys (T and W). After 24
and 19 recording days in the normal state for monkeys T and W,
respectively, the monkeys were systemically treated with the neurotoxin MPTP.
The first signs of Parkinsonism appeared within 5 d from
initiation of the MPTP treatment in monkey T, and included
muscle rigidity, akinesia and bradykinesia. Five days later, the
monkey developed a low-frequency episodic tremor, mainly in
the distal limb muscles. We started the recordings of monkey T in
the MPTP state on the 11th day after the first MPTP injection and
the monkey remained in a stable condition of severe Parkinsonism during all recording days with an average Parkinsonism score
of 19.7/25 (Benazzouz et al., 1995). Dopamine replacement therapy started 21 d after the last MPTP injection and the first response to therapy was seen within 24 h. The dopamine therapy
effects included the resumption of the ability to self-feed,
straightening of posture, and an increase in the amount and velocity of movement. The dense TH immunoreactivity throughout the striatum of the control monkey (Fig. 1 D) was not observed in the striatum of Monkey T, with the exception of the
shell of the ventral striatum (Fig. 1 E). Cell loss in the midbrain
was almost complete in the ventral tier and the lateral portions of
the substantia nigra pars compacta. As expected (Song and
Haber, 2000), the cells in the ventral tegmental area of the midbrain dopamine system remained relatively spared.
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Table 3. Summary of average firing rates in the cortex and pallidum before and after MPTP treatment
CTX
GPe
Normal
Monkey T
Monkey W

5.3 ⫾ 6.2
(n ⫽ 384)
5.3 ⫾ 7.0
(n ⫽ 381)

MPTP
7.1 ⫾ 9.0
(n ⫽ 425)**
4.3 ⫾ 6.4
(n ⫽ 195)

Normal
64.5 ⫾ 30.9
(n ⫽ 103)
68.3 ⫾ 33.7
(n ⫽ 146)

GPi

MPTP
49.7 ⫾ 28.9
(n ⫽ 247)***
51.7 ⫾ 27.4
(n ⫽ 134)***

Normal
69.1 ⫾ 27.4
(n ⫽ 12)
71.8 ⫾ 32.6
(n ⫽ 63)

MPTP
66.8 ⫾ 28.5
(n ⫽ 76)
59.8 ⫾ 20.8
(n ⫽ 13)

Discharge rates (spikes/s) are given as mean ⫾ SD for MI, GPe, and GPi neurons. The rates are calculated based on the IStimI periods between the different frequency tests. We used the 10 s epochs that start 5 s after the last burst of the
stimulation. n stands for the number of neurons on which the values are based. **p ⬍ 0.01, ***p ⬍ 0.001 significant differences of MPTP values versus corresponding normal values.

Monkey W developed akinesia and bradykinesia, as well as
prolonged episodes of low-frequency tremor within 5 d from the
first MPTP injection. On the eighth day, monkey W was moderately rigid. Recordings from monkey W in the MPTP state started
on the seventh day after the first injection. The average Parkinsonism score of monkey W was 15.1/25 during the MPTP recording days. We lost monkey W unexpectedly 11 d after the start of
the MPTP injections, after 5 d of recordings.
Experimental protocols
During the experiment, we stimulated either in MI or in the GP in
each stimulation session, while recording the evoked neural activity in those areas as well as the contralateral arm movements.
The stimulation pattern consisted of 35 ms bursts (8 pulses at 200
Hz) given at different frequencies (for details, see Materials and
Methods). Table 1 summarizes the number of stimulating sessions and the number of recorded neurons in each monkey, state
and area. Table 2 summarizes the total number and the fraction
of MI stimulation sessions that led to arm movement.
Table 3 summarizes the average firing rates of the neurons
calculated at the periods between the stimulations (IStimI). In
line with previous studies, after MPTP a significant (Student’s t
test, p ⬍ 0.001) decrease in the discharge frequency of GPe neurons, but not in GPi neurons, was observed (Bergman et al., 1994;
Boraud et al., 1998; Raz et al., 2000; Heimer et al., 2002). We did
not observe a significant difference in the discharge rate of monkey W’s MI neurons [also consistent with previous studies
(Doudet et al., 1990; Goldberg et al., 2002)], although the discharge rate of MI neurons of monkey T increased slightly after
MPTP ( p ⬍ 0.01).
Responses of single neurons in the frequency domain
Many of the MI and GP neurons responded to MI and/or GP
stimulation. Some examples of single neuron responses to the
different frequency tests are depicted in Figures 2 and 3.
Figure 2 A shows the response of a single neuron in the arm
related area of the primary motor cortex to stimulation in that
area in the normal state. Examples of the analog traces (bandpass
filtered) containing the responses to single bursts in the different
frequency tests appear in the upper three rows. The raster plots
and the PSTHs are shown in the lower two rows for each of the
frequency tests. The neuron responded to each burst by a strong
inhibition that lasted ⬎200 ms. As a result, in the 5 Hz and in
higher frequency tests the cell hardly produced any action potentials in the interburst periods. Many MI neurons responded to MI
stimulation with decreases in their firing rates that often resulted
in zero spikes for a certain period. Naturally, the duration of this
silent period determined the stimulation frequency at which MI
neurons stopped firing action potentials.
Another MI neuron that was recorded in the MPTP state (Fig.
2 B) demonstrated a triphasic response to MI stimulation bursts:
an initial short phase of elevation of the firing rate, followed by a

⬃200 ms of suppression of discharge rate, and a rebound excitation. The rebound excitation phase was attenuated in frequencies
of 5 Hz and higher. Moreover, the first phase of excitation was
also reduced as the frequency of stimulation increased, despite its
short latency.
An example of the response of an MI neuron to GP stimulation in the MPTP state is illustrated in Figure 2 D. The neuron
responded by a sharp increase in firing rate that occurred ⬃200
ms after the end of the burst. As in the case shown in Figure 2 B,
the response was not seen in the 5 Hz and higher frequency tests.
Figure 3 depicts examples of GP responses to GP stimulation
(Fig. 3 A, B) and to MI stimulation (Fig. 3C,D). For example, the
GPe neuron in Figure 3A tended to increase its firing rate immediately after the GP microstimulation burst. In contrast with the
long duration cortical responses, the response of this GPe neuron
lasted ⬍50 ms after the burst, after which the neuron resumed its
original firing rate. Furthermore, in contrast to the first excitation
phase of the MI neuron (Fig. 2 B) the increase in the firing rate of
this GPe neuron did not change between the 1 Hz frequency test
and the 10 Hz frequency test. The decrease seen in the PSTH of
the 15 Hz frequency test is the result of the smoothing which was
performed for purposes of illustration of the single cell PSTH (for
this reason we did not use smoothing in the calculation of the
population PSTH, see below). Indeed, the spike density as seen in
the examples of the analog traces did not seem to decrease in the
15 Hz frequency test. This suggests that the responses of the GPe
neuron in this example were not frequency dependent.
MI population response to stimulation in the MI: normal
and MPTP
Figure 4 A shows the population response of neurons in the arm
related area of the primary motor cortex to microstimulation in
that area in the normal and MPTP states. The normalized population PSTH in both states shows that the response is attenuated
as the frequency is increased (as in the single cell examples) (Fig.
2 A, B). The main difference between the normal and the MPTP
states is the rebound excitation phase that occurs at the low frequencies (1 and 2 Hz stimulations) and is apparent only in the
parkinsonian population.
The decrease–increase analysis revealed that different MI neurons did not tend to simultaneously increase or decrease their
firing rate. Rather, the first bin in the decrease–increase plots
reveals a small fraction of MI neurons with increases in firing rate,
whereas decreases become dominant from the second bin on
(Fig. 4 A, bottom) (see Table 5). In the 1–2 Hz tests of the MPTP
state, in which the rebound excitation is apparent (⬃250 ms after
the burst), the fraction of decreases drops as the fraction of increases rises. The mean diversity index of the population (see
Materials and Methods) was 0.15 and 0.35 in the normal and
MPTP states, respectively (Table 4). These values indicate a relatively similar temporal profile of neuronal responses compared
with the more divergent responses found in the GP neurons (see
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Figure 2. Responses of single primary motor cortex (MI) neurons to stimulation. A, MI neuron response to MI stimulation in the normal state. Three top rows, The bandpass filtered analog data
recorded from an electrode located in MI while stimulating through another MI electrode in monkey W. First, second, and third rows show the response to the 2nd, 10th, and 20th bursts in each
frequency test, respectively. All periods of stimulation bursts (40 ms per burst, to enable recovery from the last stimulus artifact) were off-line deleted and are marked by red lines. Fourth row, Raster
displays of the neuron. Each dot in the raster represents an action potential of the neuron. For illustration purposes, in conditions with ⬎20 trials (i.e., for 2 Hz and higher-frequency tests), only a
subset of 20 equally distributed trials is shown in the raster plots. Bottom, The mean firing rates aligned on the stimulation bursts (PSTH). Bin size, 5 ms. PSTHs are smoothed with a Gaussian window,
 ⫽ 15 ms. Note that the analog data recorded from the electrode reveal action potentials from more than a single neuron (see burst 2 of the 2 Hz frequency test), but here we focused on the cell
with the highest signal-to-noise ratio. B, MI neuron response to stimulation in MI in the MPTP state of monkey T, same convention as A. C, D, Responses of MI neurons to stimulation in GP in the
normal and MPTP states, monkey T, same convention as A.

below). Note that the fraction of increases in the early excitation
phase is underestimated because of the 25 ms binning that blends
the short period of increase in the firing rate (a few milliseconds)
with the decrease that follows it. However, early excitation was
found only in a small fraction of MI neurons and the majority of
MI neurons in the normal state responded to MI stimulation with
suppression of their discharge rate after the stimulation burst
(Fig. 2 A).

MI population response to stimulation in the GP: normal
and MPTP
In the normal state, MI neurons were not affected by GP microstimulation (see example in Fig. 2C). This is confirmed by the
population PSTH that does not change as a result of the stimulation bursts in the GP in the normal state (Fig. 4 B, top, green line).
The decrease–increase analysis indicates very small percentages
of neurons that significantly modified their firing rates as a result
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Figure 3. Responses of single pallidal neurons to stimulation. A, GPe neuron response to stimulation in GP in the normal state of monkey W. B, GPi neuron response to stimulation in GP in the
MPTP state of monkey W. C, GPi neuron response to stimulation in MI in the normal state of monkey T. D, GPe neuron response to stimulation in MI in the MPTP state of monkey W. Conventions as
in Figure 2 A.

of the stimulation bursts (Fig. 4 B, bottom, green line). Nonetheless, in the MPTP state, the efficacy of the functional connectivity
between GP and MI appears to increase, and the MI neuron
shown in the example (Fig. 2 D), as well as the population as a
whole (Fig. 4 B, top, black line), do respond to the GP stimulation
bursts. Although the MI neurons of both monkeys elevated their
discharge rate after the GP stimulation, we noted a difference in
the timing of these rate modulations (Table 5). The populations
from the two monkeys in the MPTP state are therefore plotted separately. In both monkeys, this cortical response was attenuated from
the 5 Hz frequency test and up. The decrease–increase analysis reveals that the MI population did not tend to opposing modulations
in the firing rate in the MPTP state in response to the GP stimulation
(Fig. 4B, bottom, black line). In accordance, the mean diversity in-

dex demonstrates low values for both monkeys (0.26 and 0.31 for
monkeys T and W, respectively, vs 0.48 in the normal state) (Table
4). Despite the substantial cortical response observed in the population PSTHs of 1 and 2 Hz stimulations, the maximal fraction of
neurons that responded with significant increases in the firing rate
was ⬃13%. This may indicate that a small cortical area was activated
by the microstimulation, and that despite the increase in the functional connectivity between the GP and the MI, a state of all-to-all
connectivity was not attained.
GP population response to stimulation in the GP: normal
and MPTP
The GP stimulation in both states produced various responses in
the neurons of the GP. When examining the populations as a
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Figure 4. MI population response to stimulations. A, MI population response to stimulation in MI in the normal and MPTP states. Top, The population PSTH of all recorded cortical neurons in
response to cortical stimulation. PSTHs were normalized by the spontaneous firing rate of the cell (see Materials and Methods). Mean PSTH is shown as a green line for the normal state and as a black
line for the MPTP state. Bottom, Fraction of cells with significant modulations in firing rate around the stimulation burst. The ordinate is the fraction of cells that had a significant response at each
time bin (bin size was 25 ms in all frequencies except 10 Hz stimulation, in which bin size was 10 ms). The values above 0 are the fraction of cells that increased their firing rate, and the values below
0 are the fraction of cells that decreased their firing rate. The total number of recorded neurons in each of the states is given in the legend, and the numbers in parentheses detail the number of
neurons recorded from monkeys T and W separately. B, MI population response to stimulation in GP in the normal and MPTP states. The green line represents the population of both monkeys in the
normal state, black solid line represents the population of monkey T in the MPTP state, and dotted black line represents the population of monkey W in the MPTP state. All other conventions as in A.

whole, GPe neurons responded with short increases in their firing
rate (as in the example in Fig. 3A), but the decrease–increase
analysis also reveals decreases of discharge rate (Fig. 5A; Table 5).
The values of the diversity index were indeed higher than those in
the cortex (mean values 0.79 and 0.77 for the normal and MPTP
states, respectively) (Table 4). The different types of responses in
the nonhomogenous GPe neural population counteract, and
thus lead to the relatively small elevation seen in the averaged
PSTH population. There was no noticeable change between the
GPe response to GP stimulation in the normal and in the MPTP
states. In both states the responses of the GPe neurons, increases as
well as decreases, were independent of the frequency of the stimulation burst (see also the single GPe neuron example in Fig. 3A).
In contrast to the short and frequency-independent GPe responses, GPi neurons revealed a mixed frequency response in the
normal state. The GPi neurons tended to have long decreases in
their firing rates immediately after the stimulation burst, as well
as delayed increases in the lower frequency tests (Fig. 5B, green
lines; Table 5). As opposed to the GPe population, in which increases and decreases appeared simultaneously, the increases and

decreases in the GPi were rarely coincident, as is reflected as well
by the diversity index (mean value, 0.29) (Table 4). In the parkinsonian state, the responses of GPi neurons became more divergent, and early increases were observed together with decreases
(Fig. 3B) in all frequency tests (Fig. 5B, black lines), and mean
diversity index rose to 0.57 (Table 4). Nevertheless, GPi neurons
showed prolonged responses to GP stimulation in the MPTP
state, as in the normal state.
The divergent responses of the GP neurons relative to the MI
neurons could be attributed to their high frequency tonic discharge
rate, enabling them to respond either by an increase or a decrease of
their discharge rate. Such response diversity is in line with intrinsic
neuronal mechanisms directed at maximizing the information capacity of the pallidal network (Bar-Gad et al., 2003), whereas the
cortical network is more redundant (Ben Shaul et al., 2003).
GP population response to stimulation in the MI: normal
and MPTP
Figure 5, C and D, illustrates the population response of GPe and
GPi neurons to stimulation in the MI. Consistent with the
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absence of effect of GP stimulation on MI Table 4. The diversity index
neurons in the normal state, the populaMean (index)
1 Hz
2 Hz
5 Hz
10 Hz
tion PSTH confirms that in the normal
CTX3 CTX
state GP neurons in both segments did not
Normal
0.15
0.41 ⫾ 0.34
0.16 ⫾ 0.17
0.04 ⫾ 0.07
015 ⫾ 0.00
change their discharge rate as a result of
MPTP
0.35
0.61 ⫾ 0.33
0.34 ⫾ 0.27
0.13 ⫾ 0.22
0.32 ⫾ 0.18
microstimulation in MI (see the single cell GP3 CTX
example in Fig. 3C; population analysis in
Normal
0.48
0.33 ⫾ 0.18
0.26 ⫾ 0.14
0.63 ⫾ 0.08
0.7 ⫾ 0.2
Fig. 5C,D, green lines). The decrease–inMPTP (T)
0.26
0.19 ⫾ 0.20
0.29 ⫾ 0.24
0.54 ⫾ 0.32
0 ⫾ 0.00
MPTP (W)
0.31
0.03 ⫾ 0.12
0.45 ⫾ 0.37
0.75 ⫾ 0.21
0 ⫾ 0.00
crease analysis confirms that the flat GP
responses are not attributable to balanced GP3 GPe
Normal
0.79
0.61 ⫾ 0.31
0.87 ⫾ 0.12
0.79 ⫾ 0.14
0.89 ⫾ 0.11
positive and negative responses. However,
MPTP
0.77
0.56 ⫾ 0.28
0.89 ⫾ 0.11
0.88 ⫾ 0.10
0.73 ⫾ 0.07
minor changes that include both increases
GP3 GPi
and decreases are seen mainly in the 5 Hz
Normal
0.29
0.3 ⫾ 0.36
0.36 ⫾ 0.32
0.46 ⫾ 0.39
0.02 ⫾ 0.04
test, which might reflect some resonance
MPTP
0.57
0.46 ⫾ 0.38
0.58 ⫾ 0.29
0.72 ⫾ 0.18
0.53 ⫾ 0.21
properties of this pathway at this fre- CTX3 GPe
quency. In the MPTP state, cortical microNormal
0.63
0.51 ⫾ 0.36
0.55 ⫾ 0.28
0.71 ⫾ 0.12
0.73 ⫾ 0.17
stimulation did affect the discharge of GP
MPTP
0.41
0.37 ⫾ 0.31
0.51 ⫾ 0.24
0.67 ⫾ 0.18
0.1 ⫾ 0.19
neurons. Although the GPe population CTX3 GPi
Normal
0.63
0.67 ⫾ 0.58
0.58 ⫾ 0.42
0.59 ⫾ 0.37
0.69 ⫾ 0.47
PSTH did not significantly differ from the
MPTP
0.44
0.2 ⫾ 0.32
0.6 ⫾ 0.37
0.38 ⫾ 0.42
0.58 ⫾ 0.42
normal state (Fig. 5C, black lines), a small
fraction of the recorded GPe cells did re- Diversity index values, representing the diversity of the neuronal responses to stimulation, are given as mean ⫾ SD in each frequency test. The average over
spond to the MI stimulation (Fig. 3D). frequencies of all indexes is given in the Mean (index) column. Diversity index values range from 0 (nondivergent) to 1 (maximal divergence).
Moreover, the GPi neuronal population
Muscle response to stimulation in GP: normal and MPTP
exhibited enhanced functional connectivity with the MI as reThere was no muscle response to stimulation in the GP in the
vealed by the increases in its mean firing rates as a result of MI
normal state (in agreement with Horak and Anderson, 1984).
microstimulation at 1 and 2 Hz (Fig. 5D, black lines; Table 5). The
However, in the MPTP state, a small reaction was seen in the
mean diversity indexes had similar values for both segments of the
population average in frequency tests of 1 and 2 Hz, for both
GP in each of the states (Table 4), and a reduction in the diversity of
monkeys (data not shown). This movement could have been the
GP responses to MI stimulation was observed after the MPTP treatoutcome of the stronger connectivity between GP and MI in the
ment. We did not observe phase-locking of the discharge of pallidal
MPTP state, as derived from the cortical neural response to GP
neurons as a result of the cortical stimulation. This contrasts with the
stimulation (Figs. 2 D, 4 B).
long-lasting oscillatory GPi activity observed after striatal stimulation (albeit with a much higher current, 500 A) in the MPTPtreated monkey (Tremblay et al., 1989).
The temporal profile of the neural and muscle responses to
stimulation bursts
Muscle response to stimulation in MI: normal and MPTP
The duration of each frequency test was 20 s, resulting in a difMany of the cortical microstimulations produced forearm, wrist
ferent number of bursts for each of the frequency tests. Our findor finger movements (Table 2). Whether a movement occurred
ings indicate low-pass filter properties in the cortex and GPi, in
was a function of many factors, including the exact X-Y coordiwhich the responses decay with the increasing frequency stimunates of the stimulation (center of the arm related motor cortex
lation. However, this decrease may be the outcome of the growing
or periphery), electrode depth, the current amplitude (ranged
number of stimulations rather than the stimulation frequency.
40 – 60 A for each stimulating electrode), and the alertness of the
For this reason, we averaged the responses of the populations to
animal [a stimulation that has been shown to elicit a response in an
each burst separately in each of the frequency tests, and looked at
animal while alert may not elicit any response when the animal is
the mean normalized firing rate in the 25 ms epoch that followed
drowsy (Alexander and DeLong, 1985)]. A few stimulations led to
the burst as a function of the number of bursts. We chose a period
small thumb movements that were not recorded by the acceleromof 25 ms because this is the minimal common period between
eter which was located on the back of the wrist. These stimulations
bursts (determined by the 15 Hz frequency test, after removing
were categorized as no-movement stimulations.
the stimulation period) for all frequency tests. The results of this
Figure 6, A and B, shows examples of the recorded acceleraanalysis are shown in Figure 7. The neuronal responses to the
tion of the hand in response to microstimulation in the MI in the
different frequency tests of almost all pathways studied were innormal and MPTP states. A reduction in the movement amplidependent of the number of bursts. An exception is the MI poptude is seen in both examples in the frequency tests of 10 Hz and
ulation whose responses to the first 20 stimulations in the MI
higher. The single burst examples reveal that although there was
differed for the low- (1, 2 Hz) and high- (5, 10, and 15 Hz)
movement at the beginning of stimulation test (burst 2) in these
frequency tests. The latter show a considerable elevation of their
frequencies, it rapidly decayed. The 2 and 5 Hz frequency tests, on
initial responses that decayed immediately (within the first 20 –30
the contrary, produced a movement that became stronger with
bursts), as opposed to the stable response in the low frequencies.
time, as can be seen by comparing the single bursts with the
A similar analysis of the arm acceleration revealed that the muscle
normalized mean of all bursts (ACC PSTH). These examples are
responses to the high-frequency tests but not to the lowin line with the population average, which exhibited a substantial
frequency tests also decayed with the number of the bursts (Fig.
response for the 1 Hz stimulation, and greater response for the 2
6 A, B, responses to bursts 10 and 20 vs response to burst 2 in the
and 5 Hz stimulations. A steep decay is seen in the 10 Hz fre10 and 15 Hz frequency tests). However, the slope of the arm
quency test, and there was no movement in response to the 15 Hz
acceleration curve was more moderate than the slope of the MI
MI frequency test (Fig. 6C).
population, especially in the 5 Hz stimulation. To summarize, MI
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Table 5. Main effects of microstimulation
1 Hz
Dec
CTX 3 CTX
Normal
%Respond
Latency (ms)
Duration (ms)
MPTP
%Respond
Latency (ms)
Duration (ms)
GP 3 CTX
Normal
MPTP
%Respond
Latency (ms)
Duration (ms)
GP 3 GPe
Normal
%Respond
Latency (ms)
Duration (ms)
MPTP
%Respond
Latency (ms)
Duration (ms)
GP 3 GPi
Normal
%Respond
Latency (ms)
Duration (ms)
MPTP
%Respond
Latency (ms)
Duration (ms)
CTX 3 GPe
CTX 3 GPi
Normal
MPTP
%Respond
Latency (ms)
Duration (ms)
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2 Hz
Inc

5 Hz

Dec

Inc

Dec

10 Hz
Inc

Dec

Inc

12.5
125
200

2.3
75
50

29.9
125
225

5.3
75
50

49.6
100
⬎200

3.4
75
50

19.7
60
⬎100

0.4
60
30

16.6
150
200

6.9/10.1a
75/250a
50/275a

31.8
125
250

6.5/9.7a
75/275a
50/100a

45.6
125
⬎200

10.6
75
50

20.2
90
⬎100

5.5
60
30

16.1/15.3b
250/175b
100/75b

16.1/10.6b
225/175b
100/100b

19.4
60
110

32.3
60
90

26.9
60
70

31.2
60
120

33.3
60
10

33.3
60
60

24.7
60
⬎100

29.0
70
⬎100

24.3
60
40

22.4
90
140

38.1
60
90

25.0
80
140

44.7
60
90

27.0
90
110

38.9
60
⬎100

27.0
60
⬎100

60
70
70

13.3
250
30

66.7
60
80

16.7
230
140

76.7
60
60

26.7
190
⬎200

73.3
60
⬎100

3.3
⬎100
⬎100

64.4
60
50

26.7
150
360

66.7
60
50

31.1
120
230

57.8
60
50

24.4
180
⬎200

40
70
⬎100

22.2
60
⬎100

15.9
120
90

13.6
120
140

A summary of the main effects of microstimulation, including percentages of neurons responding by decrease (Dec) and by increase (Inc) in the firing rate, latencies (from beginning of the stimulation burst until the peak response), and
durations of the responses. The values are given for each neural population and frequency stimulation, in each of the states (normal and MPTP). Details are given only for structures and stimulation frequencies with a significant number of
responses, and populations that had no significant response in any of the frequencies are in bold.
a
First and second values (separated by /) refer to the first excitation phase and to the rebound excitation phase, respectively.
b
First and second values refer to monkeys T and W, respectively. In all other cases, no significant differences were found between monkeys T and W, and their results are grouped.

neurons, as well as muscles, present a response that depends on the
number of bursts when stimulating the MI with high-frequency
bursts. This attenuation is in line with the low-pass properties of
these pathways (see below). The responses of all other recorded populations were independent of the number of bursts and therefore are
only dependent on the frequency of stimulation.
Frequency-domain analysis of the basal
ganglia– cortex–muscle pathways
Figure 8 summarizes the frequency dependency of the responses
of MI, GPe and GPi neurons to stimulation in each of the structures (MI and GP) in the frequency range tested in this study
(1–15 Hz). The figure depicts the maximum value of the normalized population PSTH (Figs. 4, 5) as a function of the stimulating
frequency. The maximum absolute value of the normalized arm
acceleration to MI stimulation (Fig. 6) is also depicted.
The responses of the GPe population to microstimulations in
both MI and GP are independent of the frequency of the stimulation
bursts (Figs. 5A,C, 8A). In contrast, GPi neurons changed their

responses as a function of the frequency. In particular, in the parkinsonian state, their firing rate was elevated in response to 1 and 2 Hz
frequency tests, but not in the higher frequency tests (Figs. 5B,D,
8A). MI neurons revealed more robust low-pass filter responses to
their inputs. The response of the cortical neurons to MI stimulations
decayed with frequency, such that hardly any activation was seen
with burst stimulations of 10 and 15 Hz (Fig. 4A, 8A). The responses
of the cortical neurons to stimulations in the GP had a lower cutoff
frequency and responses to stimulations were no longer observed as
of the 5 Hz frequency test (Figs. 4B, 8A). Furthermore, MI stimulations of 10 Hz and higher frequencies were not transferred to the
periphery, at least not at the level of movements recorded by the wrist
accelerometer (Figs. 6, 8B).

Discussion
In this study, we explored the functional microconnectivity
within the cortex–BG and cortex–periphery loops throughout
the normal state and in MPTP-induced Parkinsonism. We recorded simultaneously the acceleration of the arm and the spik-
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Figure 5. GP population response to stimulations. A, GPe population response to stimulation in GP in the normal (green) and MPTP (black) states. B, GPi population response to stimulation in GP
in the normal and MPTP states. C, GPe population response to stimulation in MI in the normal and MPTP states. D, GPi population response to stimulation in MI in the normal and MPTP states.
Conventions as in Figure 4 A, except bin size, which was 10 ms for all frequencies.
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Figure 6. Arm acceleration as a result of MI microstimulation. A, An example of the acceleration recorded from an accelerometer located on the back of the wrist while stimulating through an
electrode in the contralateral motor cortex of monkey W in the normal state. First, second, and third lines show the responses to the 2nd, 10th, and 20th bursts in each frequency, respectively. All
periods of stimulation bursts (40 ms per burst) are marked by red lines. Bottom, Mean acceleration values of the session aligned on the stimulation bursts. Ordinate units are arbitrary (A/D values).
B, An example of arm acceleration recorded during MI stimulations in monkey T in the MPTP state. Conventions as in A. C, The normalized population PSTH of the absolute acceleration values in
response to MI stimulation in the normal and MPTP states. Only sessions in which MI stimulation evoked movements are included. The average of the normalized responses is shown in green for the
normal state and in black for the MPTP state. Other conventions as in Figures 4 and 5.

ing activity from the contralateral MI arm related area and the GP
of two vervet monkeys while microstimulating in one of the
structures. To understand the role of oscillatory bursts encountered in the parkinsonian brain (Heimer et al., 2006; Weinberger
et al., 2006) and the relationship between the GP, MI, and the
periphery in the frequency domain, we mimicked the parkinsonian oscillatory activity using a stimulation pattern that contained 35 ms bursts delivered at different (1–15 Hz) frequencies.
Because cortical neurons demonstrate bursting activity during
normal movements (Georgopoulos et al., 1986; Evarts, 1966;
Goldberg et al., 2002), the stimulation pattern also enabled us to
characterize the transfer function between the MI and muscles.
We report two main findings: first, the functional connectivity
between the MI and the GP are greatly enhanced in the MPTP
state. Second, in both the normal and the MPTP states, the BG–
MI–muscle circuit demonstrates low-pass filter properties.
Functional connectivity between MI and GP
The functional microconnectivity between MI and both segments of the GP is weak in the normal state. A comparison of our
findings and previous reports of extensive GP activation by macrostimulation of MI (Nambu et al., 2000) suggests that in the
normal monkey the MI to GP functional connectivity is either

very specific or that converging inputs from many MI areas are
needed to activate GP neurons. Had we focused on the hand
related area of the GP, it is plausible that the results would have
demonstrated stronger connections between the structures. Nevertheless, the MI–GP reciprocal connections are strengthened in
the MPTP state. These findings are not attributable to increased
excitability of the parkinsonian MI, because cortical discharge
rate and the fraction of stimulating sessions that produced movement did not increase after MPTP treatment. Rather, this enhancement in connectivity may have been caused by the reduction in the specificity of pallidal neurons (Filion et al., 1988), as
well as by the increased synchronization of BG neurons in the
dopamine depleted state (Bar-Gad et al., 2003; Strafella et al.,
2005; Heimer et al., 2006), leading to widespread activation of the
local effects of microstimulation.
Low-pass filter properties of the
BG– cortical–muscle network
The cortex–BG–periphery loops demonstrate low-pass filter
properties to the microstimulation pattern. The finding that MI
does not follow high-frequency stimulations given in the GP is
not surprising because of the multisynaptic pathway between the
structures, especially because it contains inhibitory components
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Figure 7. The neuronal response of most BG– cortex pathways to the different frequency tests are not affected by the number of bursts in the test. The mean normalized firing rate [mean
response (MR)] in the 25 ms that follow each burst as a function of the sequential number of burst. For illustration purposes, only up to the first 100 bursts are shown. The last row illustrates the
average of the maximum amplitude in the normalized absolute arm acceleration as a function of the number of burst. All curves were smoothed using a moving average of five bursts. Green and
black lines represent normal and MPTP states, respectively.

(e.g., GPi to thalamus, and thalamus to inhibitory interneurons
in the cortex). It has been suggested that BG ␤- and ␥-band
oscillatory activity may arise in cortex (Hammond et al., 2007).
The results of this study do not negate this possibility, because we
did not find evidence for a prominent low-pass filter between MI
and the two pallidal segments. Similarly, we do not expect the
STN to demonstrate any substantial filtration properties.

The exact cutoff frequency of the different neuronal populations studied here is not known because we did not try all possible
frequencies. Moreover, the cutoff frequency may change with the
stimulation burst parameters [e.g., burst duration and frequency
and number of the pulses/burst (McIntyre and Grill, 2002)]. Recent studies indicate a relationship between ␤-band oscillations
and akinesia (Chen et al., 2007). Because the GP oscillatory bursts
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Figure 8. Frequency domain analysis of the BG– cortex–muscle network. A, The maximum value of the normalized population PSTH of MI, GPi, and GPe neurons as a function of the stimulation
frequency given in each of the structures (MI and GP). B, The maximum normalized absolute amplitude of the arm acceleration (ACC) as a function of the stimulation frequency in MI. A value of 1
stands for the mean ACC value in the “no movement” periods (when no stimulation occurred). Green and black bars correspond to the normal and MPTP states, respectively.

are non-stereotypical, their different characteristics may determine their filtration properties as well as their role in the generation of PD symptoms.
Low-pass filtering was also found between MI and the periphery level, in which MI stimulations of 10 Hz and higher did not
evoke movement. Because we only recorded arm movements, we
cannot rule out the possibility that this filtering is performed in
muscle electrical-to-mechanical transfer. Indeed, many studies
have reported significant coherence between MI and muscle
EMG activity in the ␤ and even higher frequency ranges (Grosse
et al., 2002). However, this cortex–EMG synchronization has
mainly been detected during static motor tasks, and is reduced or
abolished during movement (Baker et al., 1997; Kilner et al.,
1999; Salenius and Hari, 2003). The low-pass filter properties of
the entire network are in line with natural frequencies of movement (⬃2 Hz) (Freund and Hefter, 1993), low-pass filter properties of striato-pallidal pathway (Rav-Acha et al., 2005) and
nerve to muscle transmission (Baratta et al., 1998).
DBS mechanisms in view of the low-pass filter properties of
the network
The low-pass properties of the GP–MI–periphery axis shed new
light on the ongoing controversy regarding the mechanisms of
high frequency (⬃130 Hz) DBS in the treatment of advanced PD.
There is considerable debate as to whether DBS mimics lesion
and inactivates its targets (Wu et al., 2001; Filali et al., 2004;
Maltete et al., 2007), or whether it drives them continuously at
short latencies and higher frequencies (Hashimoto et al., 2003;
Garcia et al., 2005). Because the bursts used in this study contained pulses given at 200 Hz, we can view the 10 and 15 Hz
frequency tests as a fragmented DBS stimulation pattern, enabling us to examine the effect of DBS without the distortion of
stimulation artifact. Our results suggest that the continuous DBS
mechanism would similarly be filtered in the cortex or in previous levels. Although filtered, DBS indirectly alleviates the parkin-

sonian symptoms, probably by stopping (jamming) the abnormal oscillations of the BG (Benabid, 2003).
Frequency dependency of tremor evoked by
cortical stimulation
A transcranial magnetic stimulation (TMS) study in which trains
of repetitive stimulations at 10 –30 Hz were delivered to the MI of
normal subjects revealed that the subjects developed an oscillatory movement (tremor) (Topka et al., 1999). Interestingly, the
tremor frequency (4 –7 Hz) was independent of the TMS frequency. In addition, an earlier study showed that electrical stimulation of MI during neurosurgery at a frequency of 60 Hz evoked
a 5 Hz tremor, whereas 1–7.8 Hz macrostimulation of the cortex
resulted in movements of the same frequency as the stimulation
(Alberts, 1972). Thus, movement evoked by ⬍10 Hz stimulation
may directly originate in the MI, whereas the tremulous movement
that appears after higher frequencies of magnetic or electricalstimulation of the cortex may be attributable to the abnormal synchronous activity of the cortex. We assume that this abnormal synchronization indirectly causes tremulous movements that are the
result of diminished cortical control, and probably reflect resonance
properties of brainstem–spinal and muscle networks.
The relationship between PD tremor and BG oscillations
The low-pass filter properties of the GP–MI–muscle networks
described above have implications for our understanding of the
pathophysiology of PD. Many previous studies have described
oscillations in similar, or higher than, tremor frequencies in the
BG of MPTP monkeys (Bergman et al., 1994; Raz et al., 1996,
2000, 2001) and in human patients (Timmermann et al., 2003;
Brown, 2006; Weinberger et al., 2006). However, the correlations
between the BG oscillations and the tremor are transient and
intermittent (Hurtado et al., 1999; Lemstra et al., 1999; Raz et al.,
2000; Hurtado et al., 2005; Heimer et al., 2006). Based on the
results of the present study, we suggest that the high-frequency
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oscillations in the BG do not directly drive the PD tremor. Rather,
these BG oscillations should be considered as disrupting the normal motor processing of the MI (and motor brainstem centers)
leading to the main core negative symptoms of PD, akinesia and
bradykinesia. As in many other cases of motor dysfunction and
weakness (Elble and Koller, 1990), PD tremor emerges, perhaps
as part of the compensatory mechanisms of the nervous system.
According to this hypothesis, therapeutic DBS procedures may
stop the tremor because they block the abnormal neural activity
of the BG. Nevertheless, we are aware that artificial, nonspecific
electrical stimulation at tremor frequencies may not adequately
mimic the signals generated by tremor cells that comprise only a
subset of the population of BG neurons. In addition, the filter
properties in the BG network of human PD patients after many
years of disease evolution and therapy may differ from those
observed in the vervet MPTP model within only a few days after
the degeneration of dopaminergic neurons (Langston et al., 1984;
Di Paolo et al., 1986; Hara et al., 1987; Sundstrom et al., 1988).
Clinical studies define two extreme subtypes of PD: the
akinetic-rigid and tremor-dominant (Jankovic et al., 1990). Similarly, MPTP-treated macaques develop only short episodes of
high-frequency action/postural tremor (Burns et al., 1983) beyond akinesia and rigidity, whereas vervets commonly develop
prolonged episodes of low-frequency tremor (Raz et al., 2000;
Heimer et al., 2006). Previous studies of the pathological correlates of these clinical subtypes have failed to reach a consensus
(Paulus and Jellinger, 1991; Hirsch et al., 1992). Our finding of
low-pass filter properties of MI–muscle pathways, and the working hypothesis of a PD tremor generation downstream to the BG
network, indicates that future research on the pathological correlates of the clinical subtypes of PD should be directed toward
the brainstem and spinal cord motor systems.
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