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Primary motor cortex (MI) neurons discharge vigorously during
voluntary movement. A cardinal symptom of Parkinson’s dis-
ease (PD) is poverty of movement (akinesia). Current models of
PD thus hypothesize that increased inhibitory pallidal output
reduces firing rates in frontal cortex, including MI, resulting in
akinesia and muscle rigidity. We recorded the simultaneous
spontaneous discharge of several neurons in the arm-related
area of MI of two monkeys and in the globus pallidus (GP) of
one of the two. Accelerometers were fastened to the forelimbs
to detect movement, and surface electromyograms were re-
corded from the contralateral arm of one monkey. The record-
ings were conducted before and after systemic treatment with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), render-
ing the animals severely akinetic and rigid with little or no
tremor. The mean spontaneous MI rates during periods of
immobility (four to five spikes/sec) did not change after MPTP;

however, in this parkinsonian state, MI neurons discharged in
long bursts (sometimes �2 sec long). These bursts were syn-
chronized across many cells but failed to elicit detectable
movement, indicating that even robust synchronous MI dis-
charge need not result in movement. These synchronized pop-
ulation bursts were absent from the GP and were on a larger
timescale than oscillatory synchrony found in the GP of trem-
ulous MPTP primates, suggesting that MI parkinsonian syn-
chrony arises independently of basal ganglia dynamics. After
MPTP, MI neurons responded more vigorously and with less
specificity to passive limb movement. Abnormal MI firing pat-
terns and synchronization, rather than reduced firing rates, may
underlie PD akinesia and persistent muscle rigidity.
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The normal execution of voluntary movement is correlated with
an increase in the synchronous discharge of primary motor cortex
(MI) neurons (Evarts, 1965; Porter and Lemon, 1993; Ohara et
al., 2001). Many Parkinson’s disease (PD) patients suffer from a
deficit of voluntary movement, termed akinesia, as well as in-
creased muscle rigidity. These facts have been incorporated suc-
cinctly into current physiological models of PD (Albin et al., 1989;
DeLong, 1990). They hypothesize that the loss of midbrain do-
paminergic cells leads to changes in firing rates throughout the
basal ganglia (BG) that ultimately decrease motor cortical output,
resulting in akinesia and rigidity. It follows that the predicted
suppression of motor cortical discharge should be evident in MI,
because it is the area of frontal cortex that is most closely related
to spinal cord output and to the final execution of movement
(Asanuma, 1989; Porter and Lemon, 1993).

Evidence from various human studies, including regional cere-
bral blood flow (Playford et al., 1992; Rascol et al., 1994), func-

tional magnetic resonance imaging (fMRI) (Sabatini et al., 2000;
Haslinger et al., 2001), and transcranial magnetic stimulation
(Ridding et al., 1995; Kleine et al., 2001), fails to support the
notion that MI activation or excitability is decreased in PD.
Similarly, direct measurement of single-unit discharge (Doudet et
al., 1990; Watts and Mandir, 1992) and cerebral metabolic studies
(Porrino et al., 1987; Schwartzman et al., 1988) in primates
rendered parkinsonian by 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) lesions have shown no evidence of a lasting
decrease in MI activity. However, most of these studies focused on
task- or movement-related discharge, and the animal studies were
conducted on mildly affected or recovered animals. The enduring
symptoms of severe akinesia and rigidity suggest that the presumed
suppression of firing rates should be present in the spontaneous
activity of MI neurons (i.e., during periods of immobility).

Physiological studies in tremulous parkinsonian subjects have
found prominent changes in neuronal discharge patterns and in
synchronization between neurons throughout the BG (Nini et al.,
1995; Levy et al., 2000; Raz et al., 2000). This increased synchro-
nization in the BG is accompanied by a loss of neuronal speci-
ficity in the globus pallidus (GP) in response to passive joint
manipulation (Filion et al., 1988; Boraud et al., 2000) and striatal
microstimulation (Tremblay et al., 1989). Because BG circuits are
closely tied to the cortex (Gerfen and Wilson, 1996; Hoover and
Strick, 1999; Bolam et al., 2000), it is likely that changes in neuronal
synchronization and specificity will arise in the cortex as well.

The aims of this study were (1) to directly test the hypothesis
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that the mean spontaneous discharge in MI is reduced after
MPTP treatment; (2) to characterize the population activity of
MI neurons as revealed by the multiple electrode recording
technique and compare it with the population activity of BG
neurons; (3) to test whether MPTP treatment induces changes in
the specificity of joint representation in MI; and (4) to determine
whether MI micro-excitability is altered by MPTP treatment, as
reflected in the responses to intracortical microstimulation
(ICMS).

MATERIALS AND METHODS
Experimental design. Two monkeys (monkey S: Cercopithecus aethiops
aethiops, female, weight 3.5 kg; monkey Z: Macaca fascicularis, female, 2
kg) were trained to perform a self-initiated button-pressing task with
their dominant hand. With each monkey we used a slightly different
design to address the issue of spontaneous MI activity. Monkey S
performed the task throughout the whole recording session in the normal
state. In this monkey, the spontaneous activity was defined as the neu-
ronal activity during periods of the monkey’s immobility determined by
use of accelerometry (see below). The average duration of the periods of
immobility was on the order of a few seconds long. In contrast, monkey
Z was trained to sit quietly until given a liquid reward that signaled it to
commence the motor task. Thus, in this monkey we were able to record
spontaneous activity for several (�15) minutes while the monkey was at
rest. Nevertheless, we again used accelerometry to exclude segments of
data that included movements. Both monkeys were rendered parkinso-
nian by systemic treatment with the MPTP neurotoxin (see below). In
the MPTP-treated state, the monkeys were akinetic and did not perform
the task. Throughout the whole recording sessions in both states, the
examiners verified regularly that the monkeys were awake. An additional
monkey (monkey G: Macaca mulatta, female, 3.5 kg) that participated in
another study and was not treated with MPTP was used as control for the
histology.

The monkeys’ health was monitored by a veterinarian, and their fluid
consumption, diet, and weight were monitored daily. The monkeys’ care
and surgical procedures were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals (1996) and the Hebrew University
guidelines for the use and care of laboratory animals in research, super-
vised by the institutional committee for animal care and use.

Surg ical and neuronal recording procedures. After training, a square
recording chamber with a 27 mm (inner) side was attached to the skull
under deep ketamine–xylazine anesthesia in aseptic conditions. Location
of the chamber was determined with the aid of MRI (Biospec Bruker 4.7
tesla animal system; fast-spin echo sequence; effective echo time � 80
msec and repetition time � 2.5 sec; 13 coronal slices, 2 mm wide). The
sides of the chamber were aligned with the coronal and sagittal planes.
The chamber was placed such that its center lay in the stereotactic A10
plane. Thus the central and arcuate sulci were within the chamber, and,
in monkey S, good access to striatum and GP was available in the anterior
part of the chamber. In this monkey, the recording chamber was tilted 45°
laterally in the coronal plane to optimize access to GP. In each recording
day, eight glass-coated tungsten (0.2–1.2 M� at 1 kHz) electrodes,
confined to a 1.65 mm inner diameter guide tube, were inserted into the
brain in the following manner. For cortical penetrations (Fig. 1), the

electrodes were first lowered manually to �3 mm above the dura mater.
Then a mechanical micro-drive (EPS 1.28, Alpha-Omega Engineering,
Nazareth, Israel) was used to lower each electrode individually through
the dura to the cortex while tracking its depth. All recording sites were
within a 6 mm (mediolateral) by 5 mm (anteroposterior) region of the
precentral gyrus in both monkeys. For GP penetrations, the guide tube
with the eight electrodes was advanced �9 mm into the brain, and then
each electrode was individually driven through the striatum to the
vicinity of GP cells. Striatal neurons were often encountered during the
GP sessions and were recorded as well. The output of the electrodes was
amplified �10 4, bandpass filtered (0.3–6 kHz, four-pole Butterworth
filter), and fed to a template-matching device to isolate the extracellular
activity of 1–3 units per electrode. The timing of the detected spikes was
sampled at 12 kHz (MCP�, MSD2.1, AlphaMap 4.8, Alpha-Omega
Engineering). Neurons were selected by isolation quality and recording
stability only. The number of recording sessions (and days) used for the
analysis is listed in Table 1.

Somatosensory examination and intracortical microstimulation. Somato-
sensory examination and ICMS were used to verify the location of the
electrodes within the arm area of MI. At the end of every recording day
we assessed the responsiveness of each recording site to passive manip-
ulation of six joints in the contralateral limbs (shoulder, elbow, wrist, hip,
knee, and ankle). The strength of responsiveness of a site was graded
according to the multiunit activity it elicited: 0 � no response; ? �
questionable response; 1 � background/hash response; 2 � response of
cells at foreground. In cortical sessions, after somatosensory examina-
tion, we injected 100 msec, 300 Hz trains of 0.2 msec cathodic current
pulses with amplitudes ranging from 5 to 40 �A through each of the
recording electrodes. Two to three examiners visually monitored the
monkeys and determined the threshold current for eliciting movement of
the contralateral arm. This protocol (using one to two electrodes) was
used also during standard mapping sessions conducted before the com-

Table 1. The neuronal database

Monkey S Monkey Z

GP and striatum MI MI

Normal MPTP Normal MPTP Normal MPTP

Number of recording sessions (days)a 16 (9) 22 (6) 10 (7) 19 (7) 7 (3) 11 (5)
Median number of units recorded per session 9.5 9.5 17.5 18 18 18
Duration of recording sessions (minutes) (mean � SD) 55 � 17 26.7 � 3.7 80 � 26 51.8 � 2.3 32.3 � 3.4 31.8 � 3.3
Median number of well-isolated and stable units per session 6.5 5 11 11 12 14
Duration of recording from the stable and well-isolated units

(minutes)b (mean � SD) 21 � 12 22 � 8 31 � 16 25 � 13 13.5 � 6.5 24 � 8

aMultiple sessions per day were conducted at progressively deeper depths of the same penetration.
bIn the normal state the duration includes only the periods of immobility.

Figure 1. Experimental setup: simultaneous recording of multiple elec-
trodes, accelerometers, and surface EMGs. Monkeys were trained to
execute a self-initiated button-pressing task. Eight electrodes were low-
ered to the brain (cortical penetrations depicted). Accelerometers were
fastened to both wrists (contralateral working hand depicted) to detect
movement. In monkey Z, surface EMG was recorded from the biceps and
triceps of the working arm.
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Figure 2. Photomicrographs of tyrosine hydroxylase (TH) (rows 1-4 ) and Nissl staining (row 5) through the striatum and midbrain of a normal control (A)
and the two MPTP-treated animals (B–C); rostral striatum (row 1); central striatum (row 2); and midbrain (rows 3 and 4 ). Row 5 depicts the adjacent
sections stained for Nissl. The asterisks in rows 4 and 5 mark corresponding blood vessels. Note the lack of TH-positive staining throughout most of the
striatum in the MPTP-treated animals. The shell region of the ventral striatum, however, is selectively spared (rows 1 and 2). TH-positive cells are selectively
lost in the ventral tier (vt, 3A, in white). In contrast, cells in the dorsal tier (dt) are selectively spared (row 3). Row 4 depicts the magnified views of the boxed
areas in row 3. Each region is taken at the border between TH-positive cells and the lack of cells. The photomicrographs from the MPTP-treated animals
are taken at a more dorsal level, at the junction between the dorsal and ventral tier cells. The photomicrograph from the normal control animal was taken
at the junction between the ventral tier cells and the pars reticulata. The Nissl-stained sections (row 5) demonstrate the lack of neurons in the ventral tier
of the MPTP-treated animals. Although in the control animal Nissl-stained neurons are clearly evident, in the MPTP-treated animals a massive glial
infiltration has largely replaced the compacta cells.
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mencement of the recording sessions to determine the location of the
arm area of MI within the recording chamber. In monkey S, mapping
sessions (including somatosensory examination) were conducted to lo-
calize GP within the chamber as well.

MPTP treatment. MPTP-HCl (Sigma, St. Louis, MO) was injected
systemically five times over a period of 4 d (0.4 mg/kg per injection, i.m.)
under mild ketamine anesthesia. After the first MPTP injection, both
monkeys were clinically assessed on a regular basis using the Hoehn and
Yahr (1967) clinical staging scale (0–5). Monkey Z was also clinically
rated using a primate rating scale (Benazzouz et al., 1995) with the
following items: tremor (0–3), body posture (0–3), general activity (0–3),
vocalization (0–2), freezing (0–2) rigidity (0–3 for each side), and
frequency of arm movement (0–3 for each upper limb). The maximum
disability score is 25. The threshold for severe parkinsonism is defined at
15 (Imbert et al., 2000).

Accelerometer and Electromyogram data collection and analysis. Two
uni-axial accelerometers (8630C5, Kistler, Amherst, NY) were fastened
to the wrists of each of the monkeys (Fig. 1). In monkey S, two additional
accelerometers were attached to the ankles. The output of the acceler-
ometers was sampled at 0.8 kHz. During the recording sessions in the
MPTP state, the monkeys were generally immobile and did not perform
the task. Therefore, to make a valid comparison between the normal and
MPTP states, it was necessary to discriminate between periods of limb
movements (“active periods”) and periods of immobility (“immobile
periods”) in the normal state. We used the accelerometer on the con-
tralateral (working) arm to make this classification. The output of the
accelerometers was zero-phase bandpass filtered (1–30 Hz) and a root
mean square (rms) version of the signal was calculated (averages were
estimated over running windows of 0.8 sec). When a segment of the rms
signal from the contralateral wrist exceeded a predetermined threshold
of 0.05 g (�25 cm � sec � 2) it was defined as an active period. Visual
inspection of the other accelerometer traces proved that the output of
this single accelerometer was a reliable measure of whether the monkey
was active. The comparison between the normal and the MPTP states
was conducted only for the periods of immobility.

In monkey Z, surface EMG electrodes were attached to the bellies of
the triceps and biceps of the contralateral arm (Fig. 1). The electromyo-
gram (EMG) was amplified and rectified, and its rms was sampled at
0.8 kHz.

Neuronal data analysis. Only spike trains judged during the real-time
sorting to be emitted by a single cell were subjected to rate stability
analysis. In the rate stability analysis, a smoothed estimate of the instan-
taneous rate of a neuron as a function of time was displayed for the whole
period of recording. Then the largest segment of data for which the
following criteria were met was kept for further analysis: (1) the statistics
of the rate of the unit within the segment were judged visually to be
stationary (e.g., no abrupt changes or trends in instantaneous rate), and

(2) the interspike interval (ISI) histogram of the unit calculated over this
segment was judged visually to increase monotonically from zero at bin
zero [indicating that the unit displays a refractory period and hence is
well isolated (Fee et al., 1996)]. Table 1 lists the median number of units
per session that were originally detected, followed by those that met the
above criteria. It also indicates the duration of recording from these
stable and well isolated units.

After stability analysis, the firing rates, autocorrelograms (ACs), and
pairwise cross-correlograms (CCs) of the cells were calculated. The CCs
were calculated only for pairs of cells recorded by different electrodes to
avoid artifacts caused by sorting shading (Bar-Gad et al., 2001). The
correlograms were calculated as follows: coincidence histograms at 1
msec resolution were estimated over periods of immobility that were at
least 2 sec long (twice the maximum lag-shift). A smoothed coincidence
histogram (SCH) was created using a K � 81 bin (msec) moving average
and was then normalized to units of rate (spikes per second) to generate
the correlograms (the zero lag of the ACs was set to zero before
smoothing). The ACs were calculated only for cells with segments of
stable recording and isolation that contained at least 400 spikes. Simi-
larly, CCs were calculated only for pairs in which each cell fired at least
400 spikes during their joint period of stable recording and isolation. We
estimated the SD of the SCH at lag shift t by:

SD	t
 �
1

�K
�HSCH	t
 ,

where HSCH is a heavily smoothed version of the coincidence histogram
(using a 251 bin moving average). SD(�) thus accounts for the local
variability of the SCH(�). Confidence intervals for the correlograms were
set to 4.5 SDs normalized to units of rate around the expected value of
the CC(�) estimated at the flanks (absolute lag shift �900 msec). This
conservative threshold was used because it efficiently removed what were
visually judged to be spurious excursions of the correlograms. However,
performing the analysis with less conservative confidence intervals did
not change the results.

To quantify the strength of the association between neurons, we
defined for each pair an association index (AI) as the relative increase in
the number of spikes fired as a result of the association between the cells.
The AI is defined as follows:

AI � �� 1
R � 	t2 � t1


�
t�t1

t2

CC	t
�� 1�� 100%,

where CC(t) is the cross-correlogram value at lag shift t in spikes per
second, [t1,t2] is the range of lag shifts where the CC exceeds its upper
confidence level, and R is the expected value of CC(�) estimated at the

Figure 3. Activation patterns of antagonistic muscles in the normal and MPTP states of Monkey Z. A, Normal; B, MPTP. Top, Output of accelerometer
attached to the wrist of the working arm. Bottom, EMG recording from biceps and triceps of the working arm. Calibration: horizontal, 1 sec; vertical
(accelerometer traces), 0.5 g (�490 cm � sec � 2). Scale of EMG is arbitrary. Note the tri-phasic pattern of muscle activation (biceps leading) in the
normal voluntary movement, in contrast to the completely overlapping co-contraction in the MPTP movements.
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flanks of the CCs. Thus AI is the percentage of additional spikes (relative
to the expected number) fired by one cell because of its association with
the other and is independent of which of the two cells is tagged as the
reference cell [this is essentially the same as the “mean percent increase”
used by Murthy and Fetz (1996)]. The auto-association index (AAI) of a

single neuron was defined in the same manner with CC(�) replaced by
AC(�). When a correlogram did not exceed the upper confidence level at
any lag shift, the AI or AAI was set to zero percent. When the AI value
exceeded 50% we defined the pair of cells as “strongly synchronized.”

To further quantify the degree of “burstiness” at the single-unit level

Figure 4. Neuronal discharge in the arm area of MI and contralateral arm movements in the normal and MPTP states of Monkey S. A, Normal; B, MPTP.
A, B, Top traces, Extracellular activity recorded from eight electrodes simultaneously. Bottom, Output of accelerometer attached to the contralateral wrist.
Bars below the accelerometer trace in A represent active periods of the monkey. Calibration: horizontal, 1 sec; vertical (accelerometer traces), 1 g.
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in the MPTP versus the normal state, we used a test motivated by the
Kaneoke–Vitek algorithm (Kaneoke and Vitek, 1996). For a given spike
train we first calculated the duration of its mean ISI and then rebinned
the spike train into segments of this duration. We thus create a stochastic
process of the number of spikes per bin, denoted by Pt. The mean of this
process is unity, by construction. We used the following statistic L to
quantify the degree of burstiness of a spike train: L is the number of
distinct values taken on by the rebinned process Pt. If a cell is bursty its
Pt will attain large values (many spikes per mean ISI). To test whether
there is a change in burstiness in MI after MPTP we compared the
distribution of L between the normal immobile and the MPTP states.
We preferred to use the L statistic rather than the range of values taken
on by Pt, because the former is insensitive to outliers. However, using the
range statistic gave the same statistical results. Obviously, the value of
both these statistics depends on the duration of the recording. However,
in monkey S the mean duration was longer in the normal state, and in
monkey Z the mean duration was longer in the MPTP state (see Table
1), so a consistent result across monkeys regarding these statistics would
indicate that it is not an artifact caused by the duration of recordings.

Histology. After the last recording session (days 57 and 22 from last
injection to monkeys S and Z, respectively), the monkeys were deeply
anesthetized with a lethal dose of pentobarbital and killed by perfusion
through the heart with saline followed by a 4% paraformaldehyde solu-
tion in 0.1 M phosphate buffer, pH 7.4. The brains were removed and
cryoprotected in increasing gradients of sucrose (10, 20, and finally 30%).
Serial sections of 50 �m were cut on a freezing microtome, and every
eighth section was processed for either immunocytochemistry for ty-
rosine hydroxylase (TH) or a Nissl stain.

Tissue processed for TH immunocytochemistry was incubated with
antisera to TH (1:20,000; Eugene Tech, Inc.) in 0.1 M phosphate buffer
with 0.3% Triton X-100 and 10% normal goat serum (Incstar) for four
nights at 4°C and further processed using the avidin–biotin method
(rabbit Elite Vectastain ABC Kit, Vector Labs). Sections were rinsed
first in PBS and then in Tris buffer (0.05 M, pH 7.6) and preincubated in
a filtered 0.05% 3,3�-diaminobenzidine tetra-hydrochloride solution in
Tris buffer for 10 min, before adding 0.01% H2O2.

RESULTS
Clinical and histological effects of the MPTP treatment
Systemic MPTP treatment rendered the monkeys severely aki-
netic and rigid with abnormal flexed posture. The parkinsonian
symptoms stabilized in both monkeys 8 d after the first MPTP
injection and remained stable up to the conclusion of the exper-
iment. Examination of the output of the accelerometers showed
that the monkeys displayed no (monkey S) or very infrequent
(monkey Z) episodes of tremor after MPTP treatment. Both
monkeys rated stage 5 on the Hoehn and Yahr Scale (Hoehn and
Yahr, 1967). Monkey Z rated 17.3 � 1.0 (mean � SD; n � 7 d)
on the primate rating scale (Benazzouz et al., 1995; Imbert et al.,
2000).

In the control animal, there was dense TH immunoreactivity
throughout the striatum (Fig. 2, rows 1 and 2). The intensity of
staining for TH immunoreactivity was heterogeneous, with a
patchy and uneven pattern. Consistent with the behavioral defi-
cits, both MPTP-treated animals showed an almost complete loss
of TH staining throughout the caudate nucleus and the putamen.
In contrast to the lack of staining in the dorsal striatum, there
were patches of TH immunoreactivity in the ventral striatum. In
particular, the shell of the nucleus accumbens remained TH
positive (Fig. 2, row 1). There are two groups of midbrain dopa-
mine cells, a dorsal tier (ventral tegmental area and the ret-
rorubral group) and a ventral tier (substantia nigra, pars compac-
ta), that have different vulnerabilities to the toxic effects of MPTP
(Lavoie and Parent, 1991; Song and Haber, 2000) and different
projection patterns (Lynd and Haber, 1994). The dorsal tier is less
vulnerable to toxic insult and projects to the ventral striatum,
whereas the ventral tier is more vulnerable to toxic insult and
projects to the dorsal striatum. The pattern of striatal loss of TH
immunoreactivity in monkeys S and Z is consistent with these
characteristics of the dorsal and ventral tier midbrain dopamine
cells. The TH cell loss was concentrated in the ventral tier,
whereas in the dorsal tier the cells were selectively spared (Fig. 2,
rows 3 and 4). The Nissl-stained sections further demonstrate the
loss of neurons in the ventral tier, compared with control. Instead,
a massive microglia reaction infiltrates the area previously occu-
pied by neurons (Fig. 2, row 5).

Effects of MPTP as reflected in the EMG and
accelerometer traces
In monkey Z, the EMG recordings in the normal state often
exhibited the characteristic tri-phasic pattern of muscle activation
(agonist–antagonist–agonist) (Basmajian and De Luca, 1985)
during movement (Fig. 3A). In contrast, the accelerometer and
EMG traces showed very little modulation throughout the MPTP

Figure 5. Raster plots of simultaneous spontaneous discharge of 9 units
in the normal (A) and MPTP (B) states of monkey Z. In each panel 2
contiguous minutes of data (12 rows of 10 sec each) are depicted. Each
tick is a spike of one cell. Nine cells are depicted in each row. In A, the 2
min are from a period at the beginning of the session wherein the normal
monkey sat restfully before the commencement of the behavioral task. In
B, data are shown from the akinetic MPTP-treated monkey. Long pop-
ulation bursts (sometimes �2 sec long) separated by relatively quiescent
periods are evident in the MPTP state. Calibration: 2 sec.
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sessions and failed to show any obvious temporal relationship to
the neuronal bursts (Fig. 4B). On the rare occasions when spo-
radic movements were detected in the MPTP state, the EMG
revealed coactivation of the antagonistic muscles (Fig. 3B)
(Doudet et al., 1990; Benazzouz et al., 1992).

To quantif y the paucity of movement, we calculated the
percentage of time that the accelerometers spent above the
0.05 g threshold during the MI recording sessions (Table 1).
The total duration of these active periods decreased signifi-
cantly after MPTP. In monkey S it decreased from 40.0 �
5.2% (mean � SEM) in the normal state to 5.4 � 1.6% ( p �
10 � 4) after MPTP, and in monkey Z it decreased from 12.7 �
2.3% to 2.5 � 0.8% ( p � 10 � 3; two-sided two-sample t test).
The difference between the monkeys in the normal state results
from the different experimental designs used in the two ani-
mals. In monkey S the periods of immobility were interleaved
among the self-initiated movements, whereas in monkey Z they
were taken from the �15 min period before the animal began
the motor task.

Effects of MPTP on firing rates of single MI cells
In the normal state, increases in MI firing rates that covary
among neurons were typically confined to periods of movement
(Fig. 4A). In contrast, in the MPTP state, MI cells exhibited long
volleys (sometimes �2 sec long) of synchronized bursts recorded
across most electrodes, although no movement could be detected
(Fig. 4B, raw data; 5, raster plots).

Parsing the MI data from the normal state into active and
immobile periods revealed, as expected, that the firing rates were
significantly higher in the active periods than in the immobile
ones (Table 2A). Comparison of overall mean firing rates be-
tween the normal immobile and MPTP states revealed no signif-
icant difference (Table 2A, Fig. 6). Figure 5 demonstrates how
this is possible. Although monkey Z sat restfully in the normal
state, the cells had a rather constant firing rate; however, after

MPTP treatment, several cells seem to fire in clusters separated
by extended periods of silence (see also Fig. 4B).

Effects of MPTP on firing patterns of MI cells
The appearance of bursts in the MPTP state is reflected in the
autocorrelograms of the cells. As illustrated in Figure 7, the

Figure 6. Frequency distributions of the mean spontaneous firing rates
of MI neurons in the normal immobile (A, C) and the MPTP (B, D)
states. A, B, Monkey S; C, D, Monkey Z. Abscissa, spikes per second;
ordinate, percentage; n, number of neurons; mean, mean � SEM of firing
rates in spikes per second. There is no significant difference in the
population mean spontaneous rate between the normal immobile and the
MPTP states (two-sided two-sample t test; p � 0.45, monkey S; p � 0.5,
monkey Z).

Table 2. Firing rates and synchronization of neurons in the arm area of MI in the normal and MPTP states

Monkey S Monkey Z

Normal MPTPa Normal MPTPa

A. Firing rates (spikes per second)
n (cells) 75 145 62 106
During “active periods”b (mean � SEM) 5.9 � 0.8 8.5 � 1.3
During “immobile periods”c (mean � SEM) 3.8 � 0.5 4.3 � 0.5 5.0 � 0.8 4.5 � 0.5

B. Firing patternsd

n (cells) 65 124 51 104
% (n) peaked autocorrelogramse 100% (65) 96% (119) 100% (51) 92% (96)*
Auto-association index (%)c,f (mean � SEM) 28 � 3 42 � 4* 12 � 2 28 � 3**

C. Synchronizationd

n (pairs) 128 435 136 372
% (n) synchronizede 52% (67) 57% (246) 29% (40) 36% (135)
Association index (%)c,f (mean � SEM) 34 � 2 50 � 2*** 36 � 3 50 � 3**
% (n) of strongly synchronized pairsf,g 12% (8) 43% (106)*** 10% (4) 41% (56)***

aAll tests compare between the normal immobile and the MPTP states. p values: * �0.05; ** �0.01; *** �0.001.
bMean firing rates were significantly higher in the active periods relative to the immobile ones in the normal state ( p � 0.001; one-sided paired t test).
cTwo-sided two-sample t test.
dThe threshold to determine whether the autocorrelograms or cross-correlograms were significantly peaked was set to the upper confidence level of the estimated correlogram.
Shifting the threshold did not qualitatively change the results concerning the differences between the normal immobile and MPTP states vis-à-vis the percentage of peaked
autocorrelograms and cross-correlograms or the distribution of their indices.
eTwo-sided Fisher exact test /�2 test.
fOnly pairs with significant peaks (AI or AAI larger than 0%) were included.
gPairs with AI �50% were considered strongly synchronized.
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autocorrelograms in the MPTP state tend to have larger and
wider peaks, indicative of the increase in bursting discharge in
this state compared with the immobile periods in the normal
state. To quantify this increase, we calculated the AAI of each
cell. There was a significant shift in the distribution of AAIs
toward larger values in the MPTP state relative to the normal
immobile state (Fig. 8A,B). Similarly, the mean value of the AAI
was significantly larger in the MPTP state (Table 2B). The L
statistic [based on the Kaneoke–Vitek algorithm (Kaneoke and
Vitek, 1996)] was also shifted significantly toward larger values,
indicating a stronger tendency to burst after MPTP (Fig. 8C,D).
This tendency was evident throughout all recording sessions and
was not confined to certain penetration depths. Finally, no peri-
odicities (in the 2–500 Hz range) were observed in any of the MI
auto-coincidence histograms after MPTP.

Effects of MPTP on the synchronization of MI cells
The level of synchrony in MI is reflected in the cross-
correlograms of simultaneously recorded neurons (Fig. 9, monkey
S; Fig. 10, monkey Z). Although the cross-correlograms were
relatively flat in the normal immobile state (Murthy and Fetz,
1996), they had broad (on the order of 1 sec long) pronounced
peaks in the MPTP state. These peaks were centered on time 0
and were rather symmetrical. An enhancement of synchroniza-
tion on such a broad timescale is more aptly described as a
covariation of firing rates among neurons. The noisy character of
the cross-coincidence histograms calculated between MI pairs
with low firing rates precluded detection of a finer form of
synchrony on the timescale of tens of milliseconds. The increase
in the percentage of cross-correlograms with significant peaks in
the MPTP state was not significant (Table 2C), indicating that

pairs of neurons in the normal immobile state were as likely to be
coupled as in the MPTP state. However, there was a significant
shift in the distribution of AIs toward larger values (Fig. 11) in the
MPTP state. Similarly, there was a significant increase in the
mean AI and in the percentage of strongly synchronized pairs in
this state (Table 2C). This implies that the association between
pairs is larger in the MPTP state and that there is a significantly
larger subset of neuronal pairs that are abnormally coupled in this
state. The enhancement of synchronization was evident in all
recording sessions. As with the auto-coincidence histograms, no
periodicities were observed in the MI cross-coincidence histo-
grams after MPTP.

Effects of MPTP on the discharge of pallidal and
striatal cells
All pallidal cells recorded were encountered within a 2 mm depth
from the border between striatum and GP. This along with the
typical firing patterns of the cells (DeLong, 1971) indicates that
our pallidal sample was composed only of neurons from the
external segment of the globus pallidus (GPe). The mean firing
rates of GPe (n � 80) and striatal (n � 17) neurons in the normal
state of monkey S were not augmented during the monkeys’ active
periods relative to the immobile periods ( p � 0.15; one-sided
paired t test). There was no significant difference between the
mean spontaneous GPe firing rates before (36.1 � 2.6 spikes/sec;
mean � SEM; n � 80) and after (32.5 � 1.6 spikes/sec; n � 105)
MPTP treatment, or between the mean spontaneous firing rates
of striatal neurons before (5.2 � 0.9 spikes/sec; n � 17) and after
(6.8 � 0.9 spikes/sec; n � 18) treatment ( p � 0.2; two-sided
two-sample t test). Interestingly, the cross-correlograms of GPe
pairs were completely flat in both states (Fig. 12A). The AIs were

Figure 7. Autocorrelograms of spontaneous dis-
charge of MI neurons in the normal immobile and
MPTP states. Solid line, Estimate of the auto-
intensity function; dashed line, confidence intervals.
Abscissa, Lag shift in milliseconds; range, �1000
msec; ordinate, conditional discharge rate in spikes
per second. The absence of the typical refractory
period around time 0 is attributable to the smooth-
ing used.
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identically zero for all pairs both before (n � 185) and after (n �
233) treatment. In contrast, 94% of cross-correlograms (15 of 16)
among striatal neurons showed 10 Hz oscillatory synchronization
after MPTP (Fig. 12B). Judging by their electrophysiological
properties, most striatal neurons we recorded both before and
after MPTP treatment were probably tonically active neurons,
although we did not verify their responsiveness to reward
(Kimura et al., 1984; Graybiel et al., 1994; Raz et al., 1996).

Somatosensory examination and
intracortical microstimulation
The results of somatosensory examination and ICMS are sum-
marized in Table 3. There was no significant difference between
the normal and the MPTP state in the percentage of MI pene-
tration sites whose stimulation elicited movement of the contralat-
eral arm. The mean threshold for eliciting movement did not
differ significantly after MPTP treatment in monkey S but did
significantly increase in monkey Z (Table 3A). However, even in
monkey Z after MPTP, ICMS often elicited strong responses and
the threshold current sometimes reached as low as 5 �A, which is
in the lower range of normal MI micro-excitability (Murthy and
Fetz, 1996; Tokuno and Nambu, 2000).

Analysis of the responses from MI recording sites to the
passive manipulation of the three contralateral arm joints reveals

that the specificity of motor representation in MI significantly
decreased after MPTP. The number of positive responses in-
creased (Table 3B), and there was a shift toward stronger re-
sponses, i.e., relatively more responses included cells in the fore-
ground and relatively less were composed of hash only (Fig. 13).
The median number of joints whose passive manipulation elicited
multiunit activity in MI recording sites increased significantly
after MPTP treatment (Table 3C). In GPe we discerned no
significant difference in neuronal specificity between the normal
and the MPTP states.

DISCUSSION
We recorded the spontaneous discharge of several neurons in the
arm area of the primate MI before and after systemic MPTP
treatment. We chose to first study the effects of MPTP on MI,
because it is the cortical structure whose activity is classically
considered to be most closely related to muscle activation and the
final execution of movement (Evarts, 1965; Porter and Lemon,
1993). After MPTP treatment the monkeys became severely
akinetic, with enhanced muscle rigidity. Tremor was either absent
or minimal. Our results show that these clinical effects were not
accompanied by a change in the mean spontaneous firing rates of
the MI neurons, which remained in the normal range of four to
five spikes per second. However, there were marked changes in
firing patterns of single cells and in synchronization among cells.
Typically, the neurons discharged in long volleys of spikes (bursts,
sometimes �2 sec long). Moreover, the bursts of different neu-
rons occurred in synchrony. The synchronous bursts were ob-
served at all depths along the recording tracts. Interestingly, these
MI population bursts in the MPTP state failed to elicit transient
muscle activation or arm movement.

Comparison with physiological and imaging studies of
the parkinsonian MI
Previous single-electrode studies in parkinsonian primates have
demonstrated that mean task- or movement-related MI firing
rates do not change after electrolytic or MPTP nigral lesions
(Gross et al., 1983; Doudet et al., 1990; Watts and Mandir, 1992).
Doudet et al. (1990) also reported no significant change in the
spontaneous (non-task-related) mean firing rate of MI neurons.
However, their monkeys underwent a rapid and almost complete
behavioral recovery after MPTP and were able to perform
trained and self-initiated movements. In contrast, our monkeys
were severely affected during the period of recordings. Previous
studies of MPTP-recovered cats have shown that all electrophys-
iological measures of neuronal discharge in BG returned to levels
resembling those seen in normal animals (Rothblat and Schnei-
der, 1993; Rothblat and Schneider, 1995). Thus, our study that
focused on spontaneous MI discharge (in the absence of move-
ment) demonstrates that the mean spontaneous firing rates re-
main unchanged even in severely akinetic primates.

Experimental methods that indirectly measure MI activity in
the parkinsonian state have yielded contradictory results. Brown
and collaborators (Brown et al., 1998; Brown and Marsden, 1999;
Wang et al., 1999; Brown, 2000) have studied the spectra of
macroscopic cortical signals and EMG to demonstrate differences
between PD patients and healthy controls during the execution of
voluntary movements. Studies of 2-[14C]deoxyglucose metabo-
lism in MPTP primates have found transient changes in glucose
utilization in MI (Porrino et al., 1987; Schwartzman et al., 1988).
Emission tomography studies of MI in PD patients have shown
that the metabolic activity remains mostly unchanged relative to

Figure 8. Spontaneous neuronal bursting in MI in the normal immobile
and MPTP states. A, C, Monkey S; B, D, Monkey Z. A, B, Cumulative
frequency distribution of the auto-association index (AAI ) of neurons
with significant peaks in their autocorrelograms. Dashed line, Normal;
solid line, MPTP (abscissa, AAI; ordinate: percentage). The distribution
in the MPTP state is shifted to the right, indicating that the AAIs are
stochastically greater in this state than in the normal immobile one
(two-sided Wilcoxon rank-sum test; monkey S, normal: n � 65, MPTP:
n � 119, p � 0.02; monkey Z, normal: n � 51, MPTP: n � 96, p � 10 � 4).
C, D, Cumulative frequency distribution of the L statistic. L is the size of
the set of distinct values attained by the process of rebinning the spike
train at its mean ISI. Dashed line, normal; solid line, MPTP (abscissa, L;
ordinate, percentage). The distribution in the MPTP state is shifted to the
right, indicating that the L values are stochastically greater in this state
than in the normal immobile one (two-sided Wilcoxon rank-sum test;
monkey S, normal: n � 71, MPTP: n � 125, p � 10 � 4; monkey Z,
normal: n � 57, MPTP: n � 106, p � 2 � 10 � 3).
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controls during both rest and movement (Playford et al., 1992;
Rascol et al., 1994; Jahanshahi et al., 1995; Samuel et al., 1997a).
There is no consensus regarding the effect on MI activity of (1)
pallidal inactivation during rest (Eidelberg et al., 1996; Hensel-
mans et al., 2000; Fukuda et al., 2001) or movement (Ceballos-
Baumann et al., 1994; Grafton et al., 1995; Samuel et al., 1997b),
(2) subthalamic nucleus stimulation (Limousin et al., 1997;
Ceballos-Baumann et al., 1999), or (3) levodopa therapy (Rascol
et al., 1994). In contrast, fMRI studies have consistently shown
increased task-related blood–oxygen-level-dependent (BOLD)
responses in MI relative to controls (Sabatini et al., 2000;
Haslinger et al., 2001) and return to normal levels after levodopa
(Haslinger et al., 2001).

What aspects of neuronal activity are reflected in these indirect
measures of cortical metabolism is still under debate (Jueptner
and Weiller, 1995; Heeger et al., 2000; Logothetis et al., 2001).
Some of these studies may be more sensitive to mean firing rates,
whereas others may reflect the level of population synchrony. For
example, it has been proposed that the fMRI BOLD signal may
reflect changes in neuronal firing patterns and synchrony
(Arthurs and Boniface, 2002). Our demonstration of an enhanced
bursting synchrony in MI may explain why the fMRI studies of
PD patients show an enhanced BOLD signal.

Changes in mean firing rates in the
cortical–BG circuits
The above-mentioned studies alongside our results fail to dem-
onstrate that MI is deactivated in PD as hypothesized by the
current model of the BG. How can these data be reconciled with
the observed changes in pallidal firing rates in parkinsonism
(Miller and DeLong, 1987; Filion and Tremblay, 1991; Boraud et
al., 1998) that presumably inhibit frontal cortex? Perhaps the

pallidal receiving areas in the ventrolateral thalamus or frontal
cortex possess compensatory mechanisms that regulate the over-
all mean firing rates in MI (Sabatini et al., 2000; Thobois et al.,
2000). Alternatively, this inhibition may differentially affect dif-
ferent subclasses of cortical neurons (Bauswein et al., 1989; Gur et
al., 1999; Turner and DeLong, 2000). However, the changes in
MI firing patterns and synchronization at various depths along
the penetration tracts indicate that these changes are not confined
to any specific cortical layer. Finally, we found no change in the
mean firing rate of GPe neurons after MPTP. This result joins
growing evidence that pallidal firing rates do not change in all
monkeys as described in the current model of PD (Bergman et al.,
1994; Bezard et al., 1999; Wichmann et al., 1999; Raz et al., 2000;
Boraud et al., 2001). It thus appears that what underlies parkin-
sonian akinesia is not necessarily the hypothesized changes in
firing rates in the cortical–BG circuits (Boraud et al., 2002).

Changes in synchrony in the cortical–BG circuits
Studies of the cortico–BG circuitry have shown its propensity to
oscillate synchronously (Plenz and Kitai, 1999; Magill et al.,
2000). Several studies of parkinsonism have shown an increase in
synchronization within the cortico–BG circuitry (Bergman et al.,
1998; Hurtado et al., 1999; Levy et al., 2000; Raz et al., 2000;
Brown et al., 2001; Marsden et al., 2001). Collectively, these
studies suggest a loss of functional segregation among parallel
corticobasal ganglia circuits (Alexander et al., 1986; DeLong,
1990), leading to loss of neuronal specificity in response to passive
joint manipulation (Filion et al., 1988; Boraud et al., 2000). We
too found a decrease in MI specificity after MPTP in both the
number and strength of the responses to passive arm manipula-
tion; however, we failed to reveal a loss of specificity in GPe. Our
ability to detect the changes only in MI but not in GPe probably

Figure 9. Cross-correlograms of spontaneous dis-
charge of five simultaneously recorded MI neurons
in the normal immobile and MPTP states of monkey
S. Above diagonal, Normal; below diagonal, MPTP.
Solid line, Estimate of conditional rate of the refer-
ence cell; dashed line, confidence intervals. Numbers
at top of each column, reference cell; numbers to the
right of each row, trigger cell. Abscissa, Lag shift in
milliseconds; range, �1000 msec; ordinate, condi-
tional discharge rate in spikes per second.
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had to do with the weaker modulation of pallidal activity in
response to passive limb movements relative to MI.

Previous multiple-electrode primate studies found abnormal
oscillatory synchronization among the tonically active neurons of
the striatum (Raz et al., 1996) and among pallidal neurons (Nini
et al., 1995; Raz et al., 2000). The temporal width of this patho-
logical synchronization is on the order of tens to hundreds of
milliseconds, similar to what we observed among the striatal

neurons of monkey S (Fig. 12B); however, we did not find such
synchronous oscillations in our pallidal recording. The salient
difference between the animals of the previous studies and mon-
key S is that the latter exhibited no tremor. Thus, it is possible
that oscillatory correlation in GP appears only in tremulous
primates. This suggestion is in line with a recent study of the
subthalamic nucleus in PD patients that found oscillatory activity
and high-frequency synchronization only among neurons of trem-
ulous patients and not among those of nontremulous ones (Levy
et al., 2000). Still, we see that even in akinetic monkey S striatal
neurons display oscillatory synchronization after MPTP, indicat-
ing that enhanced synchrony and loss of neuronal specificity in
cortico–BG circuits is not only a property of tremulous subjects
(Brown et al., 2001; Marsden et al., 2001). In summary, our
findings that (1) the pathological MI synchrony is on a larger
timescale than that found in the BG and that (2) GPe neurons in
monkey S remain uncorrelated after MPTP indicate that cortical
synchrony cannot result simply from BG dynamics. It therefore
seems that parkinsonian MI synchrony represents an intrinsic
reorganization of cortical dynamics in response to the MPTP
insult. The depletion of dopamine in frontal cortex or in the
thalamus (Freeman et al., 2001) in response to this insult may play
a role in this reorganization.

The relationship between MI activity and movement
Surface EMG detects transient changes in muscle activation;
however, during the MI bursts in the MPTP state, we found no
such transients in the EMG recording from monkey Z. Similarly,
the accelerometer traces from both monkeys indicated that these

Figure 10. Cross-correlograms of the
spontaneous discharge of five simulta-
neously recorded MI neurons in the nor-
mal immobile and MPTP states of mon-
key Z. Format same as in Figure 9.

Figure 11. Synchronization in arm area of MI in the normal immobile
and MPTP states. A, Monkey S. B, Monkey Z. Shown is the cumulative
frequency distribution of the association index (AI ) of pairs of neurons
with significant peaks in their cross-correlograms. Dashed line, Normal;
solid line, MPTP (abscissa, AI; ordinate, percentage). The distribution in
the MPTP state is shifted to the right, indicating that the AIs are
stochastically greater in this state than in the normal immobile one
(two-sided Wilcoxon rank-sum test; monkey S, normal: n � 67, MPTP: n �
246, p � 10 � 4; monkey Z, normal: n � 40, MPTP: n � 135, p � 0.02).
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bursts elicited no movement. This is surprising because similar
population bursts in the normal monkeys usually appeared with
movement (Fig. 4). A faulty corticospinal transmission, as may be
indicated by the increased mean ICMS threshold current in
monkey Z, could resolve this paradox. However, because ICMS
threshold currents were often quite low (well below 50 �A)
(Murthy and Fetz, 1996; Tokuno and Nambu, 2000) in the MPTP
state of monkey Z and because in monkey S there was no change
in ICMS threshold currents, our opinion is that cortical micro-

excitability was not dramatically affected by the MPTP. This is in
line with human studies showing that the corticospinal motor
pathway remains intact in parkinsonism (Dick et al., 1984; Rid-
ding et al., 1995; Rothwell, 1999; Kleine et al., 2001). The ability
of EMG to detect changes in “baseline” muscle tone (in contrast
to transient activations) is questionable. Still, we hypothesize that
the excessive MI synchronization may underlie muscle rigidity by
causing a persistent co-contraction of antagonistic muscles that
may result in the observed rigidity (Goldberg et al., 2002). Alter-

Figure 12. Synchronization in the BG of monkey S in the normal immobile and MPTP states. Format same as in Figure 9. A, Examples of
cross-correlograms from the GPe. All cross-correlograms, both before and after MPTP, are flat. B, Examples of cross-correlograms from the striatum.
Note the 10 Hz oscillatory associations after MPTP (the oscillatory coincidence histograms were smoothed by a 21 msec moving average).

Table 3. Excitability and responsiveness to passive movement of the arm area of MI in the normal and MPTP states

Monkey S Monkey Z

Normal MPTPa Normal MPTPa

A. Intracortical microstimulation
n (stimulation sites) 71 55 74 61
% (n) eliciting movement of the contralateral armb 94% (67) 100% (55) 74% (55) 59% (36)
Threshold (�A)c (mean � SEM) 19.5 � 1.2 18.4 � 0.7 23 � 2 31 � 2**

B. Somatosensory examination: responsiveness
n (pooled responses to three arm joints) 180 147 200 174
% (n) positive responsesb 69% (124) 82% (121)** 56% (112) 70% (122)**

C. Somatosensory examination: specificity
n (recording sites) 72 56 80 64
Median number of contralateral arm joints eliciting

multiunit responsesd 2 3* 1 2*
Median number of contralateral arm and leg joints

eliciting multiunit responsesd 2 3* 1.5 3.5***

aAll tests compare between the normal and the MPTP states. p values: * �0.05; ** �0.01; *** �0.001.
bTwo-sided �2 test. “Questionable” responses removed.
cTwo-sided two-sample t test.
dTwo-sided Wilcoxon rank-sum test.
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natively, changes in BG activity in parkinsonism may induce
changes in the activity of descending pathway structures, such as
the pedunculopontine nucleus (Munro-Davies et al., 1999; Pahap-
ill and Lozano, 2000), whose influence on the spinal cord may
shunt the cortical bursts.

A possible decoupling of MI discharge and movement has been
described in previous single-unit studies (Evarts, 1964; Muir and
Lemon, 1983; Carpenter et al., 1999). It was suggested that this
decoupling may result from insufficient synchronous activity in
MI (Phillips and Porter, 1977). Our multiple electrode results
demonstrate that even robust synchronous activation of MI need
not result in movement.

Clinical implications
Although the current physiological model of the basal ganglia
circuitry has been invaluable for the development of neurosurgi-
cal therapies of PD (Gross et al., 1999), it has become the target
of much criticism (Marsden and Obeso, 1994; Obeso et al., 2000;
Vitek and Giroux, 2000). Our findings reveal yet another over-
sight of the model regarding motor cortical involvement in par-
kinsonism. However, they raise the possibility that noninvasive
transcranial therapies aimed at the disruption of pathological
synchronization in MI could some day ameliorate PD symptoms.
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