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Primary motor cortex of the parkinsonian
monkey: altered encoding of active movement

Benjamin Pasquereau,' Mahlon R. DeLong” and Robert S. Turner'

Abnormalities in the movement-related activation of the primary motor cortex (M1) are thought to be a major contributor to the
motor signs of Parkinson’s disease. The existing evidence, however, variably indicates that M1 is under-activated with movement,
overactivated (due to a loss of functional specificity) or activated with abnormal timing. In addition, few models consider the
possibility that distinct cortical neuron subtypes may be affected differently. Those gaps in knowledge were addressed by studying
the extracellular activity of antidromically-identified lamina 5b pyramidal-tract type neurons (7 = 153) and intratelencephalic-type
corticostriatal neurons (7 = 126) in the M1 of two monkeys as they performed a step-tracking arm movement task. We compared
movement-related discharge before and after the induction of parkinsonism by administration of MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) and quantified the spike rate encoding of specific kinematic parameters of movement using a general-
ized linear model. The fraction of M1 neurons with movement-related activity declined following MPTP but only marginally. The
strength of neuronal encoding of parameters of movement was reduced markedly (mean 29% reduction in the coefficients from the
generalized linear model). This relative decoupling of M1 activity from kinematics was attributable to reductions in the coefficients
that estimated the spike rate encoding of movement direction (—22%), speed (—40%), acceleration (—49%) and hand position
(—33%). After controlling for MPTP-induced changes in motor performance, M1 activity related to movement itself was reduced
markedly (mean 36% hypoactivation). This reduced activation was strong in pyramidal tract-type neurons (—50%) but essentially
absent in corticostriatal neurons. The timing of M1 activation was also abnormal, with earlier onset times, prolonged response
durations, and a 43% reduction in the prevalence of movement-related changes beginning in the 150-ms period that immediately
preceded movement. Overall, the results are consistent with proposals that under-activation and abnormal timing of movement-
related activity in M1 contribute to parkinsonian motor signs but are not consistent with the idea that a loss of functional
specificity plays an important role. Given that pyramidal tract-type neurons form the primary efferent pathway that conveys
motor commands to the spinal cord, the dysfunction of movement-related activity in pyramidal tract-type neurons is likely to
be a central factor in the pathophysiology of parkinsonian motor signs.
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Introduction

Dysfunction of the primary motor cortex (M1) has long
been thought to play a central role in the impairments of
voluntary movement associated with Parkinson’s disease
(Berardelli ez al., 2001; Wu et al., 2011). As a principal
source of corticospinal projections, M1 is essential for the
generation of skilled movement (Porter and Lemon, 1993;
Dum and Strick, 2002). In addition, M1 is an important
site of termination for basal ganglia-thalamocortical projec-
tions (Nambu et al., 1988; Hoover and Strick, 1993). Thus,
M1 may be a site where the abnormal basal ganglia activity
known to be a correlate of parkinsonism (Miller and
Delong, 1987; Filion and Tremblay, 1991; Hutchison
et al., 1994; Vila et al., 1997; Wichmann et al., 1999;
Raz et al., 2000; Soares et al., 2004) is translated into ab-
errant motor commands, which result in signs such as im-
paired (akinesia),
(bradykinesia), and hypometria. Note that the focus here
is on abnormalities in the movement-related activity of M1.
Abnormalities in M1 activity in subjects at rest have been
addressed in-depth elsewhere (Eidelberg et al., 1994; Steiner
and Kitai, 2000; Goldberg et al., 2002; Pasquereau and
Turner, 2011; de Hemptinne et al., 2013).

The question of what specific dysfunctions of M1 activity
contribute to the impairments of voluntary movement seen
in parkinsonism has received considerable attention.
Existing evidence, for the most part, is supportive of
three possibilities (Fig. 1). First, motor commands are
reduced in magnitude compared with those produced by
a normal M1. Such a ‘hypoactivation’ of M1 might result
from, for example, excessive inhibitory outflow from the
parkinsonian basal ganglia (DeLong, 1990; Mink, 1996)
or an impairment of the scaling of movement (Berardelli
et al., 2001; Desmurget and Turner, 2008) or of the impli-
cit motivation to move (Mazzoni et al., 2007; Baraduc
et al., 2013). Second, a loss of functional specificity (‘loss
of specificity’) throughout the basal ganglia-thalamo-cor-
tical circuit (Zold ef al., 2007; Beck and Hallett, 2011;
Bronfeld and Bar-Gad, 2011; Kojovic et al, 2012) may
lead to a co-activation in M1 of competing motor pro-
grams (Albin et al., 1989; Mink, 1996) and thus motor
impairments. Finally, the timing of motor commands in
M1 may be altered or dispersed (‘abnormal timing’,
Watts and Mandir, 1992; Chen et al., 2001; Hiraoka
et al., 2010).

Observations from patients with Parkinson’s disease sup-
port each of the three proposed classes of dysfunction.
Several imaging studies have reported that the movement-
related activation of M1 is abnormally-low in Parkinson’s
disease (Rascol et al., 1992; Catalan et al., 1999; Turner
et al., 2003; Tessa et al., 2010, 2012). Others, however,
reported no difference from normal subjects (Jenkins et al.,
1992) or an abnormally-increased activation of M1
(Sabatini et al., 2000; Haslinger et al., 2001; Yu et al.,
2007). Studies using transcranial magnetic stimulation
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have provided support for both a loss of specificity (Shin
et al., 2007; Derejko et al., 2013) and increased temporal
dispersion of the movement-related activation of M1
(Chen et al., 2001; Hiraoka et al., 2010). What these re-
sults imply for the spiking activity of individual cortical
neurons remains unclear.

Few studies have investigated movement-related activity
in the parkinsonian M1 at the single-unit level (Doudet
et al., 1990; Watts and Mandir, 1992; Parr-Brownlie and
Hyland, 2005) and those reached different conclusions re-
garding the primary dysfunction: two studies reported a
reduction in the magnitude of activation (i.e. hypoactiva-
tion; Watts and Mandir, 1992; Parr-Brownlie and Hyland,
2005), one described a significant loss of specificity in the
encoding of a single movement parameter (e.g. of move-
ment direction; Doudet et al., 1990), and one described a
marked increase in the temporal dispersion of movement-
related activity (Watts and Mandir, 1992). The relatively
sparse and inconsistent data on this topic can be traced to
at least two complicating factors. First, parkinsonian ani-
mals are reluctant to move (Goldberg et al., 2002), particu-
larly under the operant conditions commonly used for
single unit recording (Leblois et al., 2006; Emborg,
2007). We addressed that issue by inducing a hemiparkin-
sonian syndrome in which appetitive behaviours are par-
tially preserved (Bankiewicz et al., 2001). Second, because
M1 activity is known to encode the kinematics of active
movement (Fromm and Evarts, 1981; Schwartz et al.,
1988; Georgopoulos, 1991; Kalaska and Crammond,
1992; Sergio et al., 2005) and proprioceptive feedback
(Rosen and Asanuma, 1972; Lemon and Porter, 1976;
Fetz et al., 1980), some of the observed abnormalities in
M1 activity may be secondary to rather than a cause of
bradykinesia.

To address the second issue, we used a generalized linear
model (GLM) to quantify two dissociable components of
M1 activity, the spike-rate encoding of kinematics and the
‘residual’ activity reflecting a neuron’s sensitivity to move-
ment per se (i.e. independent of variations in performance).
This approach allowed us to compare our results against
predictions from the hypoactivation, loss of specificity, and
abnormal timing hypotheses (Fig. 1). Hypoactivation might
manifest as reduced firing rates at rest (i.e. a general under-
activation of M1), reduced spike-rate encoding of param-
eters of movement, smaller-than-normal residual peri-
movement modulations, and/or an overall decline in the
fraction of neurons showing movement-related activity
(i.e. reduced prevalence). A loss of specificity, in contrast,
may increase firing rates at rest (Bronfeld and Bar-Gad,
2011), reduce the selectivity of encoding by individual
M1 neurons (a greater fraction of neurons respond, e.g.
to all directions of movement rather than selectively to
one direction), increase the magnitude of M1 responses to
movement per se, and increase the fraction of neurons that
respond during any one movement. Finally, the abnormal
timing hypothesis predicts an increase in the dispersion of
response onset times but makes no other predictions.
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Figure | Hypothetical Parkinson’s-related abnormalities in Ml motor signalling. We tested three general theories concerning the
specific dysfunctions in cortical signaling that contribute to abnormal movement in parkinsonism. (i) M| could be under-activated (i.e.
‘Hypoactivation’), resulting in lower firing rates at rest, a reduced encoding of parameters of movement, smaller-than-normal residual peri-
movement activity, and/or an overall decline in the prevalence of movement-related activity. (ii) A loss of functional specificity (‘Loss of Specificity’)
could lead to a co-activation in M| of competing motor programs, inducing increased firing rates at rest, a reduced response selectivity (weaker
encoding) and a general increase in the movement-related activation of M| (i.e. a greater-than-normal residual peri-movement activity and a
higher prevalence). (iii) The timing of motor commands in M| could be dispersed. In that case, response latencies of residual activity relative to

movement onset may be altered.

In addition, there is growing recognition that different
neuronal subtypes in M1 are affected differently in the
parkinsonian state (Lefaucheur, 2005; Pasquereau and
Turner, 2011, 2013; Brazhnik et al., 2012; Shepherd,
2013). We have shown that lamina 5b pyramidal tract-
type neurons (PTNs) are affected strongly by the induction
of parkinsonism: PTN activity at rest is depressed, more
bursty, and more likely to be rhythmic in the beta fre-
quency range (Pasquereau and Turner, 2011), and PTNs
respond to proprioceptive stimulation at shorter latencies
with reduced directional specificity (Pasquereau and
Turner, 2013). Surprisingly, nearby intratelencephalic-
projecting corticostriatal neurons (CSNs; a distinct class
of cortical pyramidal neuron; Shepherd, 2013) were largely
unaffected by the induction of parkinsonism (Pasquereau
and Turner, 2011, 2013). We hypothesized that the move-
ment-related activity of PTNs is also affected differentially
with the induction of parkinsonism.

To test these hypotheses, we studied the movement-
related activity of identified PTNs and adjacent CSNs in
the arm area of M1 in two rhesus monkeys performing a

visuomotor step-tracking task. The prevalence of move-
ment-related activity, neural encoding of motor parameters
and of movement per se, and the latencies of movement-
related activity were compared between normal and MPTP
states.

Materials and methods

Animals, apparatus and tasks

Two female monkeys (Macaca mulatta) were used for these
experiments [Monkeys V (4.8kg) and L (6kg)]. Procedures
were approved by the Institutional Animal Care and Use
Committee and complied with the Public Health Service
Policy on the humane care and use of laboratory animals
(amended 2002). Other data from the same animals were
used in recent publications describing post-MPTP changes in
resting M1 activity (Pasquereau and Turner, 2011) and in
neuronal responses to muscle stretch (Pasquereau and
Turner, 2013). Many aspects of the experimental approach
are described in detail in those reports.
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Figure 2 The visuomotor step-tracking task and EMG examples. (A) Flexion and extension movements rotated the manipulandum in
the horizontal plane and thereby controlled the horizontal position of an onscreen cursor. On each behavioural trial, after a start-position hold
period (random duration, 2-5s), the animal was required to move the cursor toward one lateral target (left or right direction chosen at random).
Examples of angular velocity (B) and muscle activity (C) observed during voluntary movements before (black) and after (red) MPTP adminis-
tration. Single trial velocity traces are plotted relative to the computed time of movement onset (vertical dashed line). Note the accurate
detection of movement onset in both pre- and post-MPTP data. In C, peri-movement means of the digitized EMG signals are shows for two
muscles for all valid extension (EXT) and flexion (FLX) movements. Note that the y-scale is inverted for FLX movements in B and C.

The animals were trained to perform a visuomotor step-
tracking task similar to one used in previous studies of cortical
and basal ganglia activity (Alexander, 1987; Alexander and
Crutcher, 1990; Turner and DeLong, 2000). The animal sat
in a primate chair and faced a computer monitor. The right
wrist (Monkey L) or elbow (Monkey V) joint was aligned with
the axis of rotation of a one-dimensional torquable manipu-
landum. Flexion and extension movements rotated the manip-
ulandum in the horizontal plane, thereby controlling the
horizontal position of an onscreen cursor (Fig. 2A). A trial
began when a centre target appeared on the monitor and the
monkey aligned the cursor with the target. After holding the
cursor at this position for a start-position hold period (2-5's,
uniform random distribution), the target jumped to the left or
right (chosen at random), and the animal moved the cursor
to capture the lateral target. After a target hold interval
(0.75-1.5s), the animal received a drop of juice or food fol-
lowed by an intertrial interval (1.2-1.7s). After MPTP admin-
istration, a computer-controlled torque motor (TQ40W,
Aerotech Inc.) assisted the repositioning of the manipulandum
to the central start position during intertrial intervals.

Surgery

After training, each monkey was prepared for recording by
aseptic surgery under isoflurane inhalation anaesthesia. A cy-
lindrical stainless steel chamber was implanted with stereotaxic

guidance over a burr hole allowing access to the arm-related
regions of the left M1 and the putamen. The chamber was
oriented parallel to the coronal plane at an angle of 35° so
that electrode penetrations were orthogonal to the cortical sur-
face. The chamber was fixed to the skull with bone screws and
dental acrylic. Bolts were embedded in the acrylic to allow
fixation of the head during recording sessions.

For EMG recording, pairs of Teflon-insulated multistranded
stainless steel wires were implanted into: flexor carpi ulnaris,
flexor carpi radialis, biceps longus, brachioradialis and triceps
lateralis in Monkey L; and posterior deltoid, trapezius, triceps
longus, triceps lateralis and brachioradialis in Monkey V. The
wires were led subcutaneously to a connector fixed to the skull
implant.

Placement of electrodes for antidromic
identification

The method used to implant chronically-indwelling stimulation
electrodes has been described previously (Turner and DeLong,
2000; Pasquereau and Turner, 2011). In brief, PTNs and
CSNs were identified by antidromic activation from electrodes
implanted in the cerebral peduncle and posteriolateral stri-
atum, respectively. Sites for implantation were identified
using standard electrophysiological mapping techniques.
Three custom-built Ptlr microwire electrodes were implanted



MPTP effects on movement encoding in M|

in the posterior putamen and one electrode was implanted in
the arm-responsive portion of the pre-pontine peduncle (for
details, see Turner and DeLong, 2000). Histological recon-
struction confirmed that the striatal and peduncle electrodes
were at sites known to receive the bulk of M1 CSN and
PTN projections, respectively (Brodal, 1978; Flaherty and
Graybiel, 1991; Takada et al., 1998).

Data acquisition

Areas of M1 related to the primary joint used in the task were
identified using microstimulation (<40 pA, 10 biphasic pulses
at 300Hz) and sensorimotor mapping. We preformed trans-
dural extracellular recording using glass-insulated Ptlr micro-
electrodes mounted in a hydraulic microdrive (MO-935,
Narishige Intl.). Microelectrode penetrations were performed
throughout the targeted cortical area using sequential stimula-
tion of each putamen and peduncle stimulating site as search
stimuli (700 uA, 0.2ms biphasic pulses, >1.5s between suc-
cessive shocks). Neurons were selected for collection if they
were activated antidromically or were located nearby (see de-
tailed selection criteria below). Standard tests for antidromic
identification were used: constant latency (<0.2 ms jitter), re-
liable following of high-frequency stimuli (three shocks at
200Hz), and collision with spontaneously occurring spikes
(Fuller and Schlag, 1976). Note that responsiveness of a
neuron within the behavioural task was not a criterion for
selection.

Neuronal activity was collected while the animal performed
the step-tracking task. The microelectrode signal was amplified
x10% and bandpass filtered (0.3-10-KHz, DAM-80, WPI
Inc.). Action potentials were discriminated on-line using tem-
plate-based spike-sorting (MultiSpike Detector, Alpha Omega
Engineering, Nazareth, Israel). The timing of sorted spikes and
task events was digitized (1-kHz) and stored for offline ana-
lysis. EMG signals were amplified differentially (gain =10 000),
filtered (0.2-5kHz), rectified and then low-pass filtered
(100Hz). EMG data were collected during only a subset of
data recording sessions (n =20 pre-MPTP; 1 = 8 post-MPTP).
Analog voltages reflecting joint angle and EMGs were digitized
at either 200-Hz (monkey L) or 500-Hz (monkey V).

Administration of MPTP

On completion of sampling from the neurologically-normal
animal, hemiparkinsonism was induced by infusion of MPTP
into the left internal carotid artery (0.5 mg/kg; Bankiewicz
et al., 1986; Wu et al., 2007). This procedure was performed
under general anaesthesia (1-3% isoflurane) and antibiotics
and analgesics were administered prophylactically. Both ani-
mals developed stable parkinsonian signs on the right side of
the body. Analyses of the severity of parkinsonism and its
stability across time are documented in a previous report
(Pasquereau and Turner, 2011). Post-MPTP recording sessions
started >30 days after MPTP administration. Dopamine re-
placement therapy was not administered at any time during
the post-MPTP recording period.

Histology

After the last recording session, each monkey was given a
lethal dose of sodium pentobarbital and was perfused
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transcardially with saline followed by 10% formalin in phos-
phate buffer and then sucrose. The brains were processed his-
tologically to localize microelectrode tracks (cresyl violet) and
to document the loss of dopaminergic cells in the substantia
nigra pars compacta [tyrosine hydroxylase (TH) immunochem-
istry]. A stereological comparison of the numbers of TH-
positive neurons in the substantia nigra pars compacta of
MPTP-treated and untreated hemispheres was performed in
tissue from Monkey L [see Pasquereau and Turner (2011)
for detailed histological results]. Faulty processing of the TH
staining prevented quantification in the tissue from monkey V.

Analysis of behavioural data

Digitized signals reflecting manipulandum position were fil-
tered and differentiated (low-pass 25 Hz; Hamming, 1983).
Movement initiation, peak velocity, and movement termin-
ation were detected automatically using position, velocity,
and duration criteria. These criteria were adjusted to work
equally well on pre- and post-MPTP movement data (e.g.
Fig. 2B). Reaction time (RT), movement duration (MD),
peak velocity (Vel,,;.), movement amplitude (Ampl), and
movement acceleration (Acc) were computed. Session-by-
session means were entered into two-way ANOVAs to test
for effects of MPTP administration and movement direction.

Analysis of neuronal data

Neuronal data were accepted for analysis if they met the fol-
lowing criteria: (i) the recording was obtained from a location
within 3-mm of the anterior bank of the central sulcus from
which movements of the task-involved part of the arm were
evoked by microstimulation (i.e. <40pA, 10 pulses at
300Hz); (ii) adequate single unit isolation was maintained
throughout the recording; (iii) neurons were either antidromi-
cally identified or were encountered along the same track
within 0.5 mm of an antidromically activated neuron; and
(iv) five or more successful trials for each movement direction
were performed while the neuron was being recorded from.

For each trial, a continuous neuronal activation function
[spike density function (SDF)] was generated by convolving
each discriminated action potential with a Gaussian kernel
(20-ms variance). Mean peri-movement SDFs (averaged
across trials) were constructed for each task condition
(£1000ms relative to movement onset). A neuron’s baseline
firing rate was calculated as the mean of the SDFs across a
500-ms epoch beginning 800ms before movement onset.
Movement-related changes in firing rate were detected by
comparing SDF values (millisecond-by-millisecond) during a
peri-movement epoch (500-ms centred on movement onset)
relative to the cell’s baseline firing rate (P < 0.002, 2-tailed
t-test). A neuron was judged to have movement-related activity
if a significant increase or decrease in firing rate was found for
at least one movement direction. Response onset and offset
were defined as the times at which the SDF first and last
crossed the P=0.002 threshold, respectively. The relative
time to peak was measured as the time interval between re-
sponse onset and maximal firing rate deviation. Response mag-
nitude was defined as the absolute difference between maximal
deviation and the mean resting firing rate.

We used a GLM approach to quantify: (i) M1 encoding of
multiple parameters of motor performance; and (ii) the
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‘residual’ activity after regressing out all activity attributable to
motor performance. A sliding window procedure determined
the strength and peri-movement timing of neuronal encoding
of direction (Dir), position (Pos), speed, acceleration (Acc) and
reaction time (RT). For each neuron, we counted the spikes
trial-by-trial that fell within a 200-ms test window that was
stepped in 25-ms increments from —500ms to + 800 ms rela-
tive to movement onset. For each bin, we applied the following
model:

E(SGi) = exp(B;Dir; + B,Pos; + B;3Speed; + ByAcc; + BsRT;),
1

where SC; is the number of spikes for the i™ time bin, and E(x)
is the expected value for x. The exponential function reflects
an assumption that spike counts were distributed according to
a Poisson distribution (Hatsopoulos et al., 2007). Kinematic
data, including position, speed and acceleration, was sampled
every 25ms from —500ms to +800ms relative to movement
onset. Movement directions were represented by dummy vari-
ables (1 and —1). All variables were normalized (Z-scored in
standard deviation units) to allow comparison of the strength
of encoding between variables. The B coefficients were esti-
mated using the ‘glmfit’ function in Matlab 7 (Mathworks).
To test whether individual coefficients were significant, we
shuffled spike counts 1000 times across trials and compared
actual coefficients to the confidence intervals yielded by shuf-
fling [P =0.05/(52 independent time bins) to compensate for
multiple comparisons].

The residual spike count for the i time bin (RSC;) was
calculated as the difference between the observed and GLM-
predicted discharge rates. In other words,

RSC; = SC; — E(SC)). 2)

Only neurons showing a significant peri-movement change in
residual activity [determined using the same method as used
with SDFs (P < 0.002)] were included in the analysis of re-
sidual activity.

Results
Behavioural effects of MPTP

Intracarotid administration of MPTP rendered the animals
moderately hemiparkinsonian as evidenced by the presence
of bradykinesia, rigidity and abnormal posture in the limbs
contralateral to the affected hemisphere. Both animals also
displayed strong biases to turn to the left, toward the side
of the MPTP-lesioned hemisphere (Bankiewicz et al., 2001).
These signs were observed during clinical examinations that
were performed at regular intervals throughout the post-
MPTP data collection period. No sign of tremor was
observed at any time post-MPTP in either animal, as
would be predicted from previous reports that macaques
seldom exhibit parkinsonian tremor following MPTP treat-
ment (Bankiewicz et al., 2001).

The number of TH-positive neurons in the substantia
nigra pars compacta was reduced by 67% in the MPTP-
treated hemisphere of the animal for which TH staining
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was available. Performance of the step-tracking task was
consistently impaired following MPTP administration
(Supplementary Table 1). Reaction times and movement
durations were lengthened in both animals (two-way
ANOVA; F> 180, P <0.001). Movement velocities
(Fig. 2B) and amplitudes were also altered post-MPTP
(F>15 and P <0.001). These impairments persisted
throughout the post-MPTP recording period, although a
subset of measures showed relative recovery over time
(for details, see Pasquereau and Turner, 2011).

Recording of EMG from the normal state exhibited the
characteristic triphasic pattern of activation (Basmajian and
De Luca, 1985) (Fig. 2B). After MPTP-administration,
EMG activity showed a slower rate of rise and a later
peak in activity during movement. For example, with ex-
tension movements (EXT in Fig. 2C top, positive-going
traces) activation of the triceps longus, the agonist
muscle, began at approximately —100 ms before movement
onset in both the neurologically normal and parkinsonian
states (black and red traces, respectively). Before MPTP,
triceps activity ramped up steeply to peak sharply
at +70ms after movement onset whereas after MPTP tri-
ceps activity increased slowly to a lower but long-lasting
activation that continued >500-ms after movement onset.
A nearly identical pattern was observed in EMG from the
brachioradialis when it acted as an agonist during flexion
movements (FLX in Fig. 2C bottom, negative-going traces)
except that the maximal level of brachioradialis activation
was greater following MPTP than before. In addition, the
directional pattern of EMG activity was altered, such that
peri-movement signals tended to be similar for both move-
ment directions.

Neuronal database

Single unit recordings were obtained from the arm-related
areas of the left M1 of two monkeys (Table 1). A total of
325 neurons were studied in the neurologically normal
state. Of these, 93 were identified as PTNs (z =73 and
20 in Monkeys V and L) and 73 were CSNs (7 =50 and
23 in Monkeys V and L). Among the 192 neurons collected
during the post-MPTP period, 60 were PTNs (7 =42 and
18 in Monkeys V and L) and 53 were CSNs (7 =44 and 9
in Monkeys V and L). Only three cells were activated anti-
dromically from both the putamen and the peduncle (0.6%
of neurons studied). These three were excluded from ‘PTN’
and ‘CSN’ categories but were included in the ‘general M1’
category (i.e. all cells studied including PTNs, CSNs, and
‘non-activated neurons’). Non-activated neurons (7 =159
pre-MPTP and 79 post-MPTP) were not activated antidro-
mically but were recorded at the same time as an antidro-
mically activated neuron or were sampled within 0.5 mm of
one along the same microelectrode track. The population of
non-activated neurons was likely a heterogeneous mixture
of cortical cell types that included interneurons and pyram-
idal projection neurons that happened to not be activated
from any of the implanted stimulating electrodes.
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Table | Effects of MPTP on distinct populations of M1 cells

Mi PTN CNS
Number of cells Pre-MPTP 325 93 73
Post-MPTP 192 60 53
Firing rate at rest (spikes/s) Pre-MPTP 11.6 £9.7 182 +£75 3.0£3.1
Post-MPTP 9.7 £ 10.9% 14.2 £+ 10.3%%F 39+4.6
Movement-related cells Pre-MPTP 263 (81%) 87 (94%) 36 (49%)
Post-MPTP 143 (74%) 55 (92%) 25 (47%)
Kinematic-encoding cells Pre-MPTP 137 (52%) 51 (59%) 8 (22%)
Post-MPTP 61 (43%) 25 (45%) 5 (20%)
Movement-related residual Pre-MPTP 162 69 9
Post-MPTP 106 45 I
Residual increases Pre-MPTP 122 (75%) 35 (51%) 9 (100%)
Post-MPTP 73 (69%) 21 (47%) 9 (82%)

Mean values & SD before and after MPTP treatment were calculated for all M1 cells (left), for PTNs (middle), and for CSNs (right). Movement-related cells = the number of cells (and
percentage of total sample) that showed a significant peri-movement modulation in firing. Kinematic-encoding cells = the number of cells (and percentage of movement-related cells)
that showed a significant encoding of one or more measure of motor performance. Movement-related residuals = the numbers of cells with significant increases or decreases in
residual peri-movement activity (i.e. after regressing out relations to kinematics). Residual increases = the number (and percentage) of cells in which the movement-related residual
was an increase in firing. Statistical comparisons are between pre- and post-MPTP populations: *P < 0.05, **P < 0.001 (Mann-Whitney U-test).

Movement-related activity

Consistent with previous findings in normal primates
(Turner and Delong, 2000), modulation of activity
around the time of movement onset was much more
common among antidromically-identified PTNs than
CSNs (x*=68.7, P < 0.001). In neurologically-normal ani-
mals, peri-movement changes in activity were found in
94% of PTNs and 49% of CSNs (Table 1 and Fig. 3).
The activity of both cell types was influenced by parameters
of motor performance such as movement direction
(Fig. 3A) and speed (Fig. 3B).

To clarify how M1 neurons encode multiple facets of
movement around the time of movement onset, we calcu-
lated time-resolved GLMs (Equation 1) for each movement-
related cell (72 = 263 in the normal state, Fig. 4). Consistent
with previous studies of non-identified M1 neurons
(Georgopoulos et al., 1982; Georgopoulos, 1991; Kalaska
and Crammond, 1992), movement direction was the major
parameter encoded, as evidenced by the fraction of neurons
encoding (46% of M1 neurons, P < 0.05/52; Fig. 4B) and
the standardized regression coefficients (B-coefficients, green
trace in Fig. 4C). Other movement variables were encoded
by fewer than 12% of M1 neurons. Also consistent with
previous reports (Bauswein et al, 1989; Turner and
Delong, 2000), PTNs encoded parameters of performance
more frequently than did CSNs (x*=13.52, P < 0.001).
Fully 59% of PTNs encoded one or more performance par-
ameter whereas only 22% of CSNs did so (Table 1). The
spike count encoding of movement kinematics was also
stronger in PTNs than in CNS. Specifically, PTNs had
peak B-coefficients that were 51% larger, on average,
than those of CSNs (Mann-Whitney U-test, P < 0.05/52).
Movement direction dominated the encoding in both neur-
onal subpopulations (52% of PTNs and 22% of CSN).

After regressing away these performance-related compo-
nents of peri-movement activity, a substantial residual
modulation in activity remained (Fig. 4D). This

kinematics-independent modulation in activity was con-
sidered to reflect a neuron’s sensitivity to movement per se.

MPTP effects on rest and peri-
movement activity

The mean baseline firing rate of general M1 cells was
decreased by 16% after MPTP treatment (Mann-Whitney
U-test, P < 0.05). MPTP had markedly different effects on
the two antidromically-identified populations (Table 1).
The resting rate of PTNs was reduced by 22% following
MPTP treatment (Mann-Whitney U-test, P < 0.001)
whereas that of CSNs remained unchanged (Mann-
Whitney U-test, P =0.5). These results confirm previous
comparisons using different analysis epochs from the
same general dataset (Pasquereau and Turner, 2011, 2013).

The fraction of M1 neurons with significant movement-
related activity declined slightly following MPTP administra-
tion (a change of —6.4%; Table 1). The size of this change did
not reach statistical significance (x> = 4.9, P = 0.08) but also
did not permit definitive rejection of the hypothesis that
MPTP reduced the prevalence of movement-related activity.
There was 95% confidence that the change in prevalence laid
between —14.4% and +0.8% (as estimated using the proced-
ure outlined in Newcombe (1998). Thus, any change in the
overall prevalence of movement-related activity, if present,
was unlikely to be an increase or to be a large decrease (i.e.
a >14.4% reduction). For both PTN and CSN populations,
the proportions of neurons with peri-movement activity
declined only slightly following MPTP (—2% in each popu-
lation; x> < 0.8, P > 0.6).

MPTP effects on encoding of
movement kinematics

Next, we tested whether the induction of parkinsonism
altered the neuronal encoding of kinematic parameters of
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Figure 3 Representative examples of peri-movement activity in PTNs and CSNs. Mean spike density functions (top), raster diagrams
(middle) and overlaid traces of single-trial angular velocities (bottom) were constructed around movement onset (dashed line). The motor-related
activity of these exemplar neurons was sorted according to (A) movement direction (flexion versus extension) or (B) movement speed (slow
versus fast). In the spike density functions, the horizontal lines represent the baseline firing rate =+ threshold for response detection (P = 0.002),
and the vertical solid line corresponds to the detected response onset. Inset illustrate the antidromic activation and collision tests performed using
stimulating electrodes in the peduncle (PTN) and striatum (CSN). Antidromically elicited action potentials (asterisks) occurred at a constant
latency after stimulation (inverted triangle). Antidromic spikes collided (downward arrow) with spontaneous spikes when stimulation was
delivered after a spontaneous spike at any delay shorter that the cell’s antidromic latency plus the refractory period.

movement (Fig. 5). Although the fraction of M1 neurons
with kinematics-related activity remained unmodified fol-
lowing MPTP (~50% of M1 neurons, Table 1), the
strength of encoding decreased significantly (mean —29%
change in B-coefficients; Mann-Whitney U-test, P < 0.05/
52). In neurologically-normal animals, the general M1
population showed a mean B-coefficient of 0.52, whereas
that index dropped to 0.31 in the equivalent population
post-MPTP. This decoupling of M1 activity and motor par-
ameters was attributable to a weakened encoding of move-
ment direction (—22%), position (—33%), speed (—40%),
and acceleration (—49%; Mann-Whitney U-test, P < 0.05/
52; Fig. 5 left column). Consistent with previous work

(Riehle and Requin, 1989; Merchant et al., 2004), M1
encoding of reaction times was infrequent, appearing in
only 7% of all neurons studied and at nearly identical
rates in both states (20/263 neurons pre-MPTP and 10/
143 neurons post-MPTP; x*=0.39, P=0.8). Among these
few neurons, the B-coefficients were small (Fig. 5, bottom)
and did not differ between pre- and post-MPTP conditions
(P > 0.05/52).

Overall, MPTP affected encoding more strongly in PTNs
than in CSNs (Fig. 5). For PTNs, the encoding of perform-
ance was weakened markedly (mean —37% change in stan-
dardized B’s; 95% confidence: —32% to —42%) and
significant GLM

reductions were observed for all



MPTP effects on movement encoding in M|

>

Flexion

) 40
—
v
o
o 20 -

- —

0
-400 0 400
Time relative to movement
onset (ms)

N
o

Normal condition
n=263

% neurons W

800

20 4
0 -
g 2
(@]
[&]
L*®)
b}
N 11
e
[0}
8
c
S ol i : ;
n -400 0 400
Time relative to movement
onset (ms)

800

BRAIN 2016: 139; 127-143 | 135

Extension

40|
201
0
-400 0 400 800
Time relative to movement
onset (ms)

=== Direction == Position

== Speed mmm Acceleration

RT

Residual activity

o 401}

—

é L

" 20} ‘/K
0 - = : .

-400 0 400 800
Time relative to movement
onset (ms)

Figure 4 Time course of kinematic encoding in the neurologically-normal state. (A) Population-averaged spike density functions

were aligned on the movement onset (flexion or extension) for all of the movement-related M| neurons. (B) The fraction of M| neurons that
modulated their activity (permutation test, P < 0.05/54; Equation |) according to movement direction, hand position, movement speed, accel-
eration, and reaction time (RT). (C) The population averages of the standardized regression coefficients (f,s) at different lags relative to the time
of movement onset. The vertical width of each curve represents its standard error of the mean (SEM). (D) The population-averaged residual
activity for all movement-related M| neurons. Residual activity reflects a neuron’s kinematic-independent relationship to movement per se.

coefficients except that for reaction time (Mann-Whitney U-
test, P < 0.05/52; Fig. 5 centre column). For CSNs, encod-
ing of performance was also attenuated following MPTP
but to a lesser degree than in PTNs (mean —18%
change; 95% confidence: —12% to —24%) and only sig-
nificantly for the encoding of movement direction (Fig. 5
right column). Despite the differential attenuation of encod-
ing in PTNs, PTNs continued to encode kinematics more
strongly than did CSNs (i.e. following MPTP, mean peak

B’s were 30% larger in PTNs than in CSNs; Mann-Whitney
U-test, P < 0.05/52).

MPTP effects on kinematics-
independent M1 activity

We then examined how parkinsonism altered the neuronal

encoding of movement itself, independent of the
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Figure 5 MPTP effects on neuronal encoding of task performance. The time-dependent neuronal encoding of motor performance (i.e.
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was performed separately for the general population of M| cells, and then for the PTNs and the CSNs. Grey-shaded boxes indicate time periods
in which the coefficients differed significantly between states (Mann-Whitney U-test, P < 0.05/52).

MPTP-induced changes in kinematics. The components of a
neuron’s peri-movement activity attributable to kinematics
were regressed out and the residual modulations in firing
rate were compared between neurons sampled before and
after MPTP administration (Fig. 6). Significant (z-test,
P < 0.002) modulations in residual activity were found in
66% of all movement-related M1 neurons (Table 1).
Notably, the incidence of increases and decreases in

residual activity did not change with the induction of par-
kinsonism (all %< 0.5, P> 0.05; ‘Residual increases’ in
Table 1). Thus, the balance of peri-movement increases
versus decreases in M1 activity was not altered with the
induction of parkinsonism.

Movement-related increases in (residual) activity were
smaller in magnitude and altered in timing following the
induction of parkinsonism. For the general M1 population,
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for neurons sampled before (black) and after (red) MPTP administration. Peri-movement residual responses are shown separately for the general
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the mean magnitude of peri-movement increases was
reduced by 36% following MPTP (—8 spikes/s; Mann-
Whitney U-test, P < 0.01; Fig. 7 left column). This effect
was accentuated in PTNs, in which increases were reduced
by 50% (—12 spikes/s; Mann-Whitney U-test, P < 0.001;
Fig. 7 centre column). In contrast, in CSNs the mean mag-
nitude of increases was statistically unchanged (Mann-
Whitney U-test, P = 0.38; Fig. 7 right column).

Movement-related increases in activity also began earlier
relative to movement onset and lasted longer following
MPTP. For general M1 cells, increases in firing began ear-
lier (—42ms change in mean onset latencies; Mann-
Whitney U-test, P < 0.01; Fig. 7 left column), increased
more gradually (+87ms change in mean time to peak;
Mann-Whitney U-test, P < 0.01; Fig. 7 left column), and
lasted longer in the parkinsonian state than the normal
condition, resulting in an overall broadening of the popu-
lation-averaged SDFs (Fig. 6). There was no evidence for an
altered latency of M1 response onsets relative to appear-
ance of the movement trigger signal (+16ms change;
Mann-Whitney U-test, P > 0.5). A roughly similar pattern
was observed in PTNs, where the mean time to peak was
increased by 42% following MPTP (+75ms change;
Mann-Whitney U-test, P < 0.05; Fig. 7). PTN responses
also tended to begin earlier relative to movement onset fol-
lowing MPTP administration (-28 ms) although this shift in
mean timing was not significant.

The onset latencies for increases also developed a clear
bimodal distribution following MPTP administration. More

specifically, the fraction of neurons with response onsets
during the 150-ms period immediately preceding movement
onset (Fig. 7) was reduced markedly following MPTP ad-
ministration. This was true both for general M1 neurons
(x*=16.8, P < 0.001; Fig. 7 left) and for PTNs (x> =19.7,
P < 0.001; Fig. 7 centre). Fully 51% (18/35) of responses
began during this period in the pre-MPTP PTN population,
while that fraction fell to 8% (2/24) in the post-MPTP
population.

A parallel analysis of peri-movement decreases revealed
only a significant shift in onset latencies in general M1
neurons (Supplementary Fig. 1). The magnitudes of de-
creases did not differ significantly between pre- and post-
MPTP conditions for M1 neurons in general or the PTN
subpopulation (Mann-Whitney U-test, all P’s > 0.05).
Decreases began earlier relative to movement onset for gen-
eral M1 neurons (—53 ms change in mean onset latencies;
Mann-Whitney U-test, P < 0.05; Supplementary Fig. 1). A
similar, yet non-significant, shift in onset latencies was
observed for the PTN subpopulation (—47ms; Mann-
Whitney U-test, P > 0.05). The relative time to peak did
not differ between pre- and post-MPTP conditions for
either M1 or PTN populations (Mann-Whitney U-test,
P> 0.05).

Recall that few CSNs showed any significant movement-
related residual activity and in only two CSNs, both re-
corded post-MPTP, was that change a decrease in firing
(Table 1). Thus, comparisons of the timing of CSN in-
creases in activity (e.g. Figs 6 and 7, right column) were
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Figure 7 MPTP effects on kinematic-independent (‘residual’) increases in firing. The distributions of response magnitude (top), onset
latency (middle) and relative time to peak (bottom) are plotted for increase-type response residuals sampled before (black) and after (red) MPTP
administration. Inset plots show the means (£ SEM) and significance of each pre- versus post-MPTP comparison (*P < 0.05, **P < 0.01,

##P < 0.001, Mann-Whitney U-test). Horizontal box plots show the middle two quartiles of the distributions. The central white line within each
box corresponds to the median value and horizontal ‘whiskers’ outside each box show the extent of the overall distribution (excluding outliers).
n-values indicate the numbers of neurons included in each comparison as determined by presence of a significant increase in peri-movement
residual activity (P < 0.002, t-test). Results are shown separately for all M| neurons, PTNs, and CSNs. Grey shaded boxes in the onset latency
plots indicate the 150-ms time window immediately preceding movement onset during which few response onsets were found in the post-MPTP

neuronal populations.

unreliable because of small numbers and a comparison of
the timing of CSN decreases was impossible.

Discussion

In these studies we investigated the effects of MPTP-
induced parkinsonism on the movement-related activity of
neurons in the primate M1 including antidromically identi-
fied PTNs and CSNs. We found that parkinsonism was
associated with a weakened encoding of movement kine-
matics, a reduction in neural signalling of movement per se,
and a modification of the temporal organization of move-
ment-related activity. These abnormalities were found

almost solely in the PTN population and largely spared
the CSNs. Given that the primary efferent pathway that
conveys motor commands from M1 to segmental motor
centres originates in PTNs, the dysfunction of movement-
related activity in PTNs may be an important factor in the
pathophysiology of motor symptoms in Parkinson’s
disease.

Resting and movement-related
activity in parkinsonism

We observed a 16% reduction in the resting firing rate of
the general population of M1 neurons (Table 1; i.e. during
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the period of immobility that immediately preceded arm
movement). This result agrees with previous analyses of
other time epochs from the same dataset (Pasquereau and
Turner, 2011, 2013) and is consistent with classical patho-
physiological models (Albin et al., 1989; Delong, 1990;
Wichmann and DeLong, 1996). The results were equivocal
on whether the prevalence of movement-related activity
decreased slightly or did not change. There was no support
for the idea that MPTP increased the prevalence of
movement-related activity. The potential implications of
these findings for theories of M1 dysfunction in
Parkinson’s disease are discussed below.

Kinematic encoding in the
parkinsonian M|

It is a well-established fact that individual M1 neurons can
encode in their firing rates a variety of kinematic param-
eters including movement direction, position, speed, accel-
eration, and distance (Georgopoulos et al., 1982, 1984; Fu
et al., 1993; Ashe and Georgopoulos, 1994; Moran and
Schwartz, 1999). No study to date, however, has investi-
gated whether that form of encoding is disturbed in par-
kinsonism. A major finding of the current study is that
parkinsonism is associated with a widespread weakening
of the encoding of kinematics in M1 (Fig. 5). The standar-
dized B-coefficients, which estimate the strength of the re-
lationship between firing rate and kinematic parameters,
were reduced by a mean of 29% for the general M1 popu-
lation. The weakened encoding of movement direction
observed here (—22% for By; Fig. 5) is consistent with
Doudet et al. (1990) who reported a marked decrease in
the fraction of neurons showing a reciprocal encoding of
movement direction. Significant reductions in encoding,
however, were also observed for other kinematic measures
such as position, speed, and acceleration.

Reductions in kinematics encoding were observed in both
PTN and CSN subpopulations, but encoding by PTNs was
affected far greater than by CSNs. The mean reduction in
B’s was greater for PTNs than for CSNs (—37% versus
—18%, respectively), and significant reductions in f’s
were found for a greater number of kinematic parameters
(four of five parameters for PTNs versus one of five for
CSNs). This observation reinforces the idea that PTNs are
affected more severely in parkinsonism than are other neur-
onal subtypes (e.g. CSNs, Pasquereau and Turner, 2011,
2013) and extends that concept to the encoding of move-
ment parameters. Implications of these observations for
theories of M1 dysfunction in parkinsonism are discussed
below.

Motor commands in the parkinsonian
MI

There is little consensus on how movement-related activity
in M1 is altered in parkinsonism. Of the three previous
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single unit recording studies, two demonstrated significantly
reduced movement-related activity (Watts and Mandir,
1992; Parr-Brownlie and Hyland, 2005), while another
described only a broadening of the motor response dur-
ation (Doudet et al., 1990). The lack of consistency might
be explained by differences between studies in the severity
of motor symptoms induced, in combination with the
known sensitivity of M1 neurons to parameters of move-
ment. An MPTP-induced reduction in M1 activity may be
either a consequence of motor slowing (via proprioceptive
feedback to M1) or a cause of that slowing (via attenuation
of efferent motor commands).

The present study controlled for differences in motor per-
formance between normal and parkinsonian states by use
of a GLM, thereby allowing us to compare kinematics-in-
dependent residual activities between the neurologically
normal and parkinsonian states. A second major finding
of the current study is that this kinematics-independent ac-
tivity is reduced significantly in the parkinsonian state
(Fig. 6). More specifically, the mean magnitude of move-
ment-related signals was decreased by 36% for the general
population of M1 neurons. In addition, kinematics-
independent motor commands were attenuated strongly in
PTNs (-50%) but were not affected in CSNs. This result
adds further support for the functional distinction between
PTNs and CSNs in M1 (Pasquereau and Turner, 2011;
Shepherd, 2013; Li et al., 2015) and emphasizes the im-
portance of PTN activity in the pathophysiology of
Parkinson’s disease.

It is important to acknowledge that our parsing of M1
activity into two relatively simplistic component categories,
‘kinematics-related” and ‘kinematics-independent’, likely
glosses over many of the subtleties of how M1 activity is
thought to both recruit and reflect movement (Churchland
et al., 2012; Scott, 2012; Sadtler et al., 2014). The specific
abnormalities in M1 activity that cause impaired movement
are a subject of future work.

Timing of Ml motor commands in
parkinsonism

A third major finding of the current study is that the timing
of M1 movement-related activity was altered with the in-
duction of parkinsonism (Fig. 7). In the general population
of M1 cells, motor commands began earlier, on average,
increased more gradually, and lasted longer in parkinso-
nian state than in normal condition. Similar changes in
response timing were observed in the PTN subpopulation,
although the shift in latencies did not reach significance.
These changes resulted in an increased total duration of
movement-related activity in M1 (Fig. 6). Similar abnorm-
alities in the timing of movement-related activity have been
described previously for the parkinsonian M1 (Doudet
et al., 1990) and globus pallidus interna (Leblois et al.,
2006).
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Importantly, following MPTP, a reduced fraction of
motor commands began during the 150-ms long window
that immediately preceded movement onset (Fig. 7). For
instance, the fraction of PTN responses that began during
this epoch fell from 51% before MPTP to only 8% follow-
ing MPTP administration. This led to distinctly bimodal
distributions for the onset latencies of responses in the gen-
eral population of M1 neurons and in PTNs (Fig. 7). What
mechanism(s) cause such an effect is a matter of conjecture.
One possibility is that an exaggerated movement-related
activation of basal ganglia output neurons, which has
been described for parkinsonian animals (Leblois et al.,
2006), causes excessive inhibition of the motor thalamo-
cortical circuit during this time window.

Implications for theories of Ml
dysfunction in parkinsonism

Our results speak to general theories of M1 dysfunction in
parkinsonism (see ‘Introduction’ section and Fig. 1). The
hypoactivation hypothesis was upheld in three of four of
its predictions: we observed reductions in resting firing
rates (Table 1), in kinematic encoding (Fig. 5) and in re-
sidual movement-related activity (Figs 6 and 7). Results
were equivocal on whether the fraction of cells with move-
ment-related activity was reduced (Table 1). In contrast, the
loss of specificity hypothesis was not supported in any of its
four predictions; we did not observe increases in resting
rates, in residual activity, or in the prevalence of move-
ment-related or residual activity. Finally, our results are
consistent with the sole prediction of the abnormal timing
hypothesis: the onset times and durations of movement-
related responses were indeed altered significantly in the
parkinsonian condition.

Our findings are largely consistent with the concept of
hypoactivation (i.e. that in Parkinson’s disease, M1 receives
reduced excitatory drive and thus generates deficient com-
mands for voluntary movements) (Albin et al., 1989;
DelLong, 1990; Berardelli et al., 2001; Wichmann and
Delong, 2003). What might cause this reduced excitatory
drive? Abnormal output from the parkinsonian basal gang-
lia is a likely proximate cause (DeLong and Wichmann,
2007; Rubin et al., 2012). The original impetus for the
hypoactivation hypothesis came from observations of ele-
vated firing rates in the (inhibitory) output neurons of the
parkinsonian basal ganglia (Crossman et al., 1985; Miller
and Delong, 1987; Albin et al., 1989; Filion and
Tremblay, 1991). More recent work, however, has empha-
sized abnormalities in the pattern or rhythm of basal gang-
lia activity instead (Nini et al., 1995; Raz et al., 2000;
Sanders et al., 2013). Regardless of the specific abnormal-
ity, the non-linear characteristics of basal ganglia-thalamo-
cortical communication (Kojima et al., 1997; Person and
Perkel, 2007; Nakamura et al., 2014) make it possible that
abnormally-patterned basal ganglia output is translated
into reduced excitatory drive at the cortical level. Note

B. Pasquereau et al.

that abnormalities in the peri-movement activity of basal
ganglia output neurons are a potentially-key contributor to
M1 hypoactivation, but these have rarely been investigated
[however, see Leblois et al. (2006) and below].

Pathological changes in cortex itself may also contribute
to the abnormalities described here (Jan et al., 2003; Moore
et al., 2008). Future studies are required to determine the
importance of these local changes, which include reduced
dopaminergic innervation of M1 (Pifl et al, 1990; Jan
et al., 2003; Hosp et al., 2009), reorganization of intrinsic
cortical circuits (Ferrer, 2009; Guo et al., 2015) and altered
cortical plasticity (Molina-Luna et al., 2009; Suppa et al.,
2010; Huang et al., 2011; Kojovic et al., 2012).

Many studies have described a loss of specificity in the
responses of cortical and subcortical neurons to proprio-
ceptive stimulation in MPTP-intoxicated monkeys (Filion
et al., 1988; Boraud et al., 2000; Goldberg et al., 2002;
Pessiglione et al., 2005). Increased fractions of cells respond
to experimenter-imposed limb movements and often to
movements at multiple joints of more than one body seg-
ment. Some investigators have hypothesized that a similar
loss of specificity in the motor commands issued from M1
contributes to the genesis of parkinsonian bradykinesia,
presumably by way of a co-selection of antagonist or com-
peting commands (Mink, 1996; Bergman et al., 1998; Beck
and Hallett, 2011; Bronfeld and Bar-Gad, 2011). Our re-
sults, as summarized above, are not consistent with that
idea. It appears unlikely that a loss of specificity in the
motor commands issued from M1 contributed to the im-
pairments in voluntary movement observed in our MPTP
model of parkinsonism.

Our results also support predictions of the abnormal
timing hypothesis, but they provide little insight to the po-
tential causal mechanisms. The one known study of move-
ment-related activity in the parkinsonian basal ganglia
(Leblois et al., 2006) also described earlier than normal
onset latencies and extended movement-related response
durations. It remains to be determined whether the
deranged timing of motor commands at the cortical level
is a product or a cause of the abnormally-timed movement-
related signals in the basal ganglia. Our results suggest that
parkinsonism is associated with a temporal de-coupling be-
tween the occurrence of motor commands in M1 and the
onset of movement. Abnormalities in the timing of M1
activity like the ones described here may be central deter-
minants of the impairments in timing of agonist and antag-
onist EMG activity that have been described for patients
with Parkinson’s disease (Hallett and Khoshbin, 1980;
Pfann et al., 2001).

Conclusion

In summary, our results are consistent with the idea that
the movement deficits of Parkinson’s disease are mediated
by a hypoactivation and abnormal timing of motor
commands in M1. This conclusion must be accompanied
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with the significant caveat that MPTP-induced hemi-parkin-
sonism, however useful (Bankiewicz et al., 2001; Emborg,
2007), is an imperfect model of the slow, progressive, and
widespread process of neurodegeneration that constitutes
idiopathic Parkinson’s disease (Braak et al., 2003). We
found that MPTP-induced hemi-parkinsonism is associated
with a weakened encoding of kinematics, reduced encoding
of movement per se, and a derangement in the timing of
movement-related activity in M1. Loss of specificity ap-
pears unlikely to play a major role. As a population,
PTNs were affected far more severely than were CSNs.
The activity of PTNs is closely tied to and predictive of
motor performance, unlike the activity of other cortical
neuron subtypes such as CSNs (Turner and Delong,
2000; Li et al., 2015). Consequently, an under-modulation
and temporal dispersion of PTN movement-related activity
may be a central factor in the pathophysiology of parkin-
sonian bradykinesia.
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