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Medial Frontal Cortex Motivates But Does Not Control
Movement Initiation in the Countermanding Task
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Voluntary control of behavior implies the ability to select what action is performed. The supplementary motor area (SMA) and pre-SMA
are widely considered to be of central importance for this ability because of their role in movement initiation and inhibition. To test this
hypothesis, we recorded from neurons in SMA and pre-SMA of monkeys performing an arm countermanding task. Temporal analysis of
neural activity and behavior in this task allowed us to test whether neural activity is sufficient to control movement initiation or
inhibition. Surprisingly, 99% (242 of 243) of movement-related neurons in SMA and pre-SMA failed to exhibit time-locked activity
changes predictive of movement initiation in this task. We also found a second group of neurons that was more active during successful
response cancelation. Of these putative inhibitory cells, 18% (7 of 40) responded early enough to be able to influence the cancelation of the
movement. Thus, when tested with the countermanding task, the SMA/pre-SMA region may play a role in movement inhibition but does
not appear to control movement initiation. However, the activity of 76% (202 of 267) of movement-related neurons was contingent on the
expectation of reward and 42% of them reflected the amount of expected reward. These findings suggest that the movement-related
activity in pre-SMA and SMA might represent the motivation for a specific action but does not determine whether or not that action is
performed. This motivational signal in pre-SMA and SMA could provide an essential link between reward expectation and motor

execution.

Introduction
Voluntary control over behavior depends on the ability to initiate
or inhibit goal-directed actions. The supplementary motor area
(SMA) and pre-SMA are widely considered to play a central role
in movement initiation and inhibition (Eccles, 1982; Goldberg,
1985; Sumner et al., 2007; Haggard, 2008). This hypothesis was
first formulated after the discovery of the “readiness potential”
(RP), a slow negative scalp potential that precedes self-initiated
movements in humans (Kornhuber and Deecke, 1965) and
whose source has been localized to the pre-SMA (Lang et al,,
1991; Ikeda et al., 1999; Yazawa et al., 2000). Single-unit record-
ings in monkeys have shown that the pre-SMA and SMA contain
“long-lead” neurons that become active up to 2 s before the ini-
tiation of self-paced movements (Okano and Tanji, 1987) and
that pre-SMA neurons signal the initiation of action in a time-
selective manner (Mita et al., 2009). Although these experiments
have demonstrated that the earliest activity related to movements
arises in the pre-SMA and SMA, it remains unknown whether
this activity plays a causal role in the decision of whether or not a
movement will be made.

In humans, lesion and electrical stimulation experiments also
suggest a causal role for pre-SMA and SMA in movement initia-
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tion and inhibition. It has been reported that electrical stimula-
tion of pre-SMA and SMA generates the urge to perform
particular actions (Fried et al., 1991). In other experiments, pre-
SMA stimulation leads to blocking and arrest of ongoing move-
ments (Liiders et al., 1995). Lesions of the SMA often initially
abolish spontaneous limb movements (Laplane et al., 1977). In
other cases, lesions of pre-SMA and SMA also affect the auto-
matic effector-specific inhibition of motor plans (Sumner et al.,
2007). This disruption can lead to spontaneous uncontrolled
movements that interfere with normal behavior, such as in the
“alien hand” syndrome (Goldberg and Bloom, 1990). An impor-
tant recent study in rhesus monkeys suggests that a class of pre-
SMA neurons suppresses automatic unwanted actions and
facilitates voluntary desired actions (Isoda and Hikosaka, 2007).

Thus, a large number of experiments support the hypothesis
that pre-SMA and SMA are responsible for the initiation and
inhibition of actions. However, this assumption has yet to be
formally tested. Here, we test this proposed causal link directly by
recording from neurons in SMA and pre-SMA of monkeys per-
forming a countermanding task. This task allows us to distin-
guish activity that is only correlated with movement from activity
that plays a causal role in the decision of whether or not a move-
ment will be made (Logan and Cowan, 1984; Hanes et al., 1998;
Verbruggen and Logan, 2008). We found that movement-related
activity in the pre-SMA and SMA is not sufficient to control
movement initiation. Instead, we found evidence that it might
represent the motivation for specific actions. A second, smaller
group of cells appears to be involved in controlling the inhibition
of movements that are no longer relevant.
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variable-reward version and the fixed version
of the task were performed in separate sessions.
The SSD levels were the same for both tasks. At
each experimental session, we also performed a
visually guided saccade task. It began with the
onset of a central fixation point. A target cue
then appeared to one of eight concentric posi-
tions around the central cue. To obtain reward,
the monkey had to make a saccade to the target.

Behavioral analysis. The relevant behavioral
data for describing the inhibitory process in the
countermanding task are (1) the inhibition
function and (2) the reaction time distribution
for the movements on trials with no-stop sig-
nals. The inhibition function plots the propor-
tion of stop signal trials in which the subject
generates a movement as a function of the de-
lay between target onset and stop signal onset
(the stop signal delay). The probability of erro-
neous initiation of the movement increases as

stop signal delay increases. Performance on the
countermanding task can be modeled as a race

Corrected
Trial

Figure1.

high or low reward if performed correctly.

Materials and Methods

General. Two rhesus monkeys were trained to perform the tasks used in
this study. All animal care and experimental procedures were approved
by The Johns Hopkins University Animal Care and Use Committee.
During the experimental sessions, each monkey was seated in a primate
chair, with its head restrained, facing a video screen. A handlebar was
placed in front of the monkey that moved 12 cm in either direction along
the horizontal axis. The bar controlled a rectangular cursor on the video
screen. The right arm was used for the task. Handlebar position was
recorded with the Plexon system at a sampling rate of 1000 Hz. Eye
movement was monitored with an infrared corneal reflection system
(EyeLink) at a sampling rate of 1000 Hz. On a subset of experimental
sessions, electromyographic (EMG) activity was recorded using surface
electrodes on six different muscles [pectoralis, deltoid, biceps, triceps,
flexor carpi radialis (FCR), and extensor carpi radialis (ECR)].
Behavioral tasks. The countermanding task began with the onset of a
yellow center box in the middle of the screen (Fig. 1), instructing the
monkey to move the cursor into the box. After a variable delay (200—-400
ms), the center box disappeared and a target box simultaneously ap-
peared 16 visual degrees to the right or left of center, which cued the
monkey to move the cursor into the target box within 700 ms to receive
a liquid reward (no-stop signal trials). On 25-35% of trials, the center
box reappeared after a delay, referred to as the stop signal delay (SSD),
and instructed the monkey to withhold movement initiation to receive
reward (stop trials). The reward was delivered 400—800 ms after the stop
signal onset. In contrast to previously reported countermanding para-
digms, if the monkey started to make a movement toward the target but
was able to interrupt this movement before the target was reached, he had
the opportunity to return the cursor back to the center for a reward. Four
stop signal delays were selected through baseline training sessions so the
monkey could withhold movement on ~10, 35, 65, and 90% of the stop
trials. The SSDs ranged from 120 to 420 ms. In the variable reward
version of the countermanding task, the color of the initial center box
(green vs yellow) signaled whether a correct trial would result in a high or
low reward. The high reward was always twice as large as the low reward.
High-reward trials were presented at random on 25-30% of trials. The

The arm countermanding task. Each trial begins when the cursor is positioned inside the center box. After a delay, the
target box appears to one side of the screen and the center box disappears, instructing the monkey to move the cursor into the
target box. On stop signal trials, the center box reappears after the SSD signaling that the monkey should cancel the planned
movement. On the variable-reward version of the paradigm, the color of the center box indicates whether the trial will result in a

between a stochastic process that generates the
movement (GO process) and a stochastic pro-
cess that inhibits the movement (STOP pro-
cess) (Logan and Cowan, 1984). The two
processes race independently toward their re-
spective thresholds. If the STOP process fin-
ishes before the GO process, the movement is
not generated (canceled trials). However, if the
GO process finishes before the STOP process,
the movement is generated (noncanceled tri-
als). This race model provides an estimate of
the stop signal reaction time (SSRT), which is the time needed to cancel
the planned movement. We estimated the SSRT using methods detailed
previously (Hanes and Schall, 1995; Hanes et al., 1998). First, we used the
method of integration, based on the assumption that SSRT is constant.
We took the mean of the SSRTs calculated individually for each SSD.
Second, we used a method based on the mean of the inhibition function.
We calculated one SSRT estimate based on the raw behavioral data (i.e.,
the frequency of noncanceled trials for each SSD). We calculated two
more estimates based on different fits of the inhibition function, using a
Weibull function and a monotonic spline function. We obtained an
overall estimate of SSRT by averaging over the four different estimates.
The difficulty of controlling the movement generation can be adjusted
parametrically by changing the stop signal delay. As a result, the monkey
is fully engaged in the task but still generates a similar number of non-
canceled, corrected, and canceled stop signal trials overall. The propor-
tion of each type of stop trial will vary by SSD, however, which forms the
basis of the inhibition function. In our calculations of the inhibition
function, noncanceled and corrected trials are counted as incorrect, since
the monkey incorrectly makes a movement in both of these trial types.
Single-unit recording. After training, we placed a square chamber (20 X
20 mm) centered over the midline, 25 mm (monkey B) or 21 mm (mon-
key E) anterior of the interaural line. Single units were recorded using
tungsten microelectrodes with an impedance of 2—4 M(). Data were
collected using the Plexon system. Up to four template spikes were iden-
tified using principal component analysis, and the time stamps were then
collected at a sampling rate of 1000 Hz. Data were subsequently analyzed
off-line to ensure only single units were included in consequent analyses.
Cortical localization. To determine the locations of the pre-SMA and
SMA, we obtained magnetic resonance images (MRIs) for both monkeys
(1.5 T). A three-dimensional model of the brain was constructed using
Brain Voyager (Brain Innovation) and Rhinoceros (McNeel North
America) (Fig. 2). The border of the SMA and pre-SMA was defined by
the location of the branch of the arcuate sulcus. Neurons within the
region 6 mm posterior to the arcuate branch and within 3.5 mm of the
longitudinal fissure were designated as belonging to the SMA. Neurons
within the region 5 mm anterior to the arcuate branch and within 3.5 mm
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of the longitudinal fissure were designated as A
belonging to the pre-SMA. The location of

neuronal recording sites and the number of
movement-related neurons is shown to the

right of Figure 2. In monkey B, note the two

clusters of arm movement-related neurons

above and below the anterior—posterior level of

the arcuate branch corresponding to pre-SMA

and SMA, respectively (Fig. 2A).

Identification of arm and eye movements. The
analog data from the handlebar was analyzed
to find the beginning and end of arm move-
ments. First, the position signal was smoothed
by taking the average of every five data points.

To determine movement onset, we first identi-

fied locations where there were five changes in

handlebar position that were at most 25 ms

away from one another. Movement onset was

defined as the time at which the first of the 5 B
handlebar position changes occurred. We used
this method instead of a velocity cutoff, since it
allowed us to examine the velocity without re-
quiring a specific speed to be reached. We
found that the method very consistently iden-
tified the beginning of movement. Movement
end was defined as the first point after move-
ment onset where the position stayed constant
for >40 ms. The analog data from the eye were
much noisier than those from the handlebar.
Data were smoothed by taking the average of
every 20 data points and the velocity was exam-
ined. First, position changes over 150°/s were
identified. Movement onset and end were then
determined by moving backwards and forward
in time from this maximum until a position
change of <5°s was identified. We visually in-
spected the movement start and end times for
eye and arm movements that were found using
these algorithms to ensure their accuracy.

Spike density functions. To represent neural
activity as a continuous function, we calculated
spike density functions by convolving the spike train with a growth-decay
exponential function that resembled a postsynaptic potential. Each spike
therefore exerts influence only forward in time. The equation describes
rate (R) as a function of time (#): R(¢) = (1 — exp(—t/Tg)) - exp(—t/Ty),
where 7, is the time constant for the growth phase of the potential and 74
is the time constant for the decay phase. Based on physiological data from
excitatory synapses, we used 1 ms for the value of 7, and 20 ms for the
value of 7, (Sayer et al., 1990).

Classification of neural signals. We analyzed neural activity in three
different epochs of the trial. For each period, t tests were performed on
the spike rates in 20 ms intervals throughout the epoch time period,
compared with a baseline period that consisted of the 500 ms before
target onset. If values of p < 0.05 for three or more intervals during the
time period, the cell was deemed to have activity significantly different
from baseline. The first epoch consisted of the time between target onset
and movement onset. The second epoch began 200 ms before movement
onset and continued for 250 ms after movement onset. The third epoch
was from 200 ms before movement end to 500 ms after the time reward
was received. The activity of all cells was examined separately for move-
ments to the right and left directions. Cells from each epoch were then
further examined to allow for specific classification.

Movement-related cells contained activity that was significantly
greater than baseline for three consecutive 20 ms intervals during the
second task epoch. Activity changes on trials with movements to the right
and left targets were analyzed separately. For a subset of these cells, the
activity burst began to decline before movement onset. These cells were
identified by visual inspection and were labeled as “early-onset” cells. A
second group had movement onset times that occurred after the move-

Figure2.
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Localization of recording sites. A, Amodel of the brain for monkey B constructed from MRI slices showing the pre-SMA
region highlighted in blue and the SMA region highlighted in green (left). Major sulci are outlined in yellow. The black box indicates
the location of the recording chamber, and the yellow grid indicates the recording sites. A magnified version of the recording grid
is shown to the right. The red circles indicate the position of movement-related neurons. The circle sizes indicate the number of
neurons (large, 9—12 cells; medium, 5- 8 cells; small, 1-4 cells). Penetrations that yielded no movement-related neurons are
indicated by black dots. The horizontal black line indicates the location of the branch of the arcuate sulcus. B, Chamber location and
recording sites from monkey E.

ment began in one or both directions. These cell directions were removed
from the countermanding analysis, as they are unlikely to control the
initiation of movement and, if included, would bias the percentage of
neurons that fail to meet the criteria for controlling movement. A third
group of movement-related cells decreased their activity during arm
movements (suppressed cells) as indicated by a dip in activity during the
movement period accompanied by three significant p values. Activity on
the visually guided saccade task was also analyzed in a similar manner.
Saccade cells had a burst of activity with two significant serial p values
during the saccade period in at least one direction. Cells with saccade
activity were removed from the potential movement-related group to
ensure saccade-related activity did not bias arm movement-related re-
sponses. Visual cells had significant activity during the first task epoch on
the saccade task when trials from all directions were combined. In all
cases, we define the time of response onset as the middle time value of the
first time bin that showed a significant difference.

Relationship to response generation and inhibition. The logic of the stop
signal paradigm sets two criteria a neuron must meet to play a causally
sufficient role in the control of action. First, the neuron must discharge
differently when a movement is initiated versus when it is canceled.
Second, the difference in activity in response to the stop signal must
occur before the stop signal reaction time. Thus, recording the activity of
single neurons in this task allows us to determine whether these neurons
generate signals that are sufficient to control the initiation or suppression
of movements. Activity related to response initiation should decrease for
successful cancelations, whereas activity related to inhibition should in-
crease (Hanes et al., 1998).
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Activity on corrected trials, in which return
movements result in a reward, was also exam-
ined. Trials with an overlapping velocity distri-
bution were used and activity during the
movement period was compared with the
baseline period. As the trial number was re-
duced, two p values were required to deem an
activity difference significant.
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Figure 3.

functions of each recording session for monkey B (D) and monkey E (E).

The activity when a movement is canceled can be compared with the
activity when a movement is produced, but would have been canceled if
the stop signal had been presented. This comparison consists of success-
fully canceled trials and no-stop signal trials with reaction times greater
than the stop signal reaction time added to the stop signal delay (latency-
matched trials). The rationale is that the no-stop signal trials with reac-
tion times exceeding the SSRT are those that afford enough time for the
STOP process to finish before the GO process and on which the planned
movement therefore would be canceled. We compared the spike rate on
canceled and no-stop signal trials for movements to the right and left for
each SSD. For the first SSD, we examined the time period from target
onset to 500 ms after target onset in 20 ms time bins. For each subsequent
SSD, we extended the time period by 100 ms to ensure modulation after
all stop signals was detected. In particular, for longer stop signal delays,
the number of canceled trials rapidly decreases. In order not to miss a
potential activity difference despite the resulting reduction in statistical
power, we lowered the criteria for a significant overall difference to at
least two out of three consecutive 20 ms bins with a p < 0.05. For neurons
with significant activity differences, we define the onset of this difference
as the middle of the first bin that shows a significant difference. We refer
to this time as the cancelation time. For each cell, cancelation times were
identified for each SSD for movements in each direction separately. If the
cancelation time occurred before the SSRT for any of these comparisons,
the cell was deemed to have sufficient activity to play a causal role in
initiation. Neurons tested with the variable reward version of the task
were included in the analysis of the neuronal cancelation times.
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Behavior. A, The behavioral data from an example session from monkey B: response time distribution (left), the
inhibition function for this recording session (middle; estimation based on a Weibull fit indicated by a dotted line, and estimation
based on a monotonic spline fit indicated by a solid line), and the velocity distribution aligned on movement onset (right;
movements to the right indicated by a positive deflection, and movements to the left indicated by a negative deflection). B, C, The
behavioral data across all recording sessions for monkey B (B) and monkey E (C): the response time distributions (left), inhibition
functions (middle), and mean proportion of each type of stop trial by SSD (right; red, canceled trials; blue, corrected trials; green,
noncanceled trials). D, E, The distribution of overall SSRT estimates obtained from the response time distributions and inhibition

In addition, we computed two indices to
quantify the influence of reward on movement-
related activity. The first index compared activ-
ity on rewarded movements (out to the target)
with activity on nonrewarded movements
(back to the center), during no-stop signal tri-
als. We measured the mean neural activity dur-
ing the outward movements (O) and during

00 the return movement (R) from the opposite

target that has the same direction as the out-
ward movement and calculated the following
contrast index: (O — R)/(O + R).

The second index compared activity of
neurons on return movements that are re-
warded (corrected trials) with activity on
return movements that are not rewarded
(no-stop signal trials). We measured the
mean neural activity during the correction
movements (C) and during the return move-
ment (R) in the same direction and calculated
the following contrast index: (C — R)/(C + R).
For both reward contingency indices, positive
values indicate greater activity during rewarded movements than nonre-
warded movements.

EMG signals. For all EMG recordings, 60 Hz noise was removed and
activity was then filtered using a fourth-order Butterworth filter with a
low-pass filter at 30 Hz. Muscle activity was analyzed in the same manner
as the neurons using the mean filtered activity across trials for each
recording session. Activity onset times for movements in both directions
were computed based on a comparison of activity during the movement
and baseline periods.

Results

Behavior

The behavioral findings from the countermanding paradigm are
shown in Figure 3. Figure 3A shows the response time distribu-
tion from an example session from monkey B (left; mean re-
sponse time, 410 ms; SD, 68 ms) and the inhibition function for
this recording session (middle). The SSRT obtained from these
data was 141 ms. The velocity distribution aligned on movement
onset is also shown for the recording session for movements to
the right and left targets (Fig. 34, right; movements to the right
indicated by a positive deflection, and movements to the left
indicated by a negative deflection). The response time distribu-
tions and inhibition functions across all recording sessions are
shown in Figure 3, B (monkey B) and C (monkey E). The mean
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Table 1. Average stop signal reaction times for the two monkeys

Scangos and Stuphorn e Voluntary Action Is Not Initiated by Pre-SMA/SMA

Integration Mean of the inhibition function
Subject 15t SSD (ms) 2nd SSD (ms) 3rd SSD (ms) 4th SSD (ms) Mean (ms) Raw (ms) Weibull (ms) Spline (ms)
Monkey B 174 159 142 95.7 142.7 92.8 147 146
Monkey E 201 169 147 106 155.8 106 164 163

The first five columns relate to the method of integration. They list the SSRT calculated individually from the first four stop signal delays and their mean value. The next three columns relate to three different estimates based on the mean
of the inhibition function. They list the SSRTs calculated from the raw behavioral data, from fitting the data with a Weibull function and from fitting the data with a monotonic spline.

response time across all sessions was 400 ms (SD, 40 ms) for
monkey B and 430 ms (SD, 66 ms) for monkey E. The mean SSDs
used for monkey B were 126 ms (range, 120—-130 ms), 215 ms
(205-220 ms), 299 ms (290-310 ms), and 285 ms (375—400 ms).
The SSDs used for monkey E were 150, 240, 330, and 420 ms and
remained the same across all sessions. On the far right of Figure 3,
Band C, is shown the mean proportion of each type of stop trial
by SSD for monkey B (Fig. 3B) and monkey E (Fig. 3C) (red,
canceled trials; blue, corrected trials; green, noncanceled trials;
monkey B: canceled, 0.92, 0.73, 0.28, 0.11; noncanceled, 0.04,
0.08, 0.25, 0.69; corrected, 0.04, 0.19, 0.47, 0.20; monkey E: can-
celed, 0.94, 0.60, 0.21, 0.10; noncanceled, 0.01, 0.08, 0.37, 0.66;
corrected, 0.05; 0.33, 0.42, 0.24). The dis-

tribution of overall SSRT estimates A

obtained from the response time distribu-
tions and inhibition functions of each re-
cording session are shown in Figure 3, D
(monkey B) and E (monkey E). Table 1
indicates the average SSRT estimates of
the four different methods for both mon-
keys. The mean SSRT for monkey B was
139 ms, and for monkey E was 138 ms.
These numbers are slightly longer than
the mean SSRT (90 ms) obtained in sac-
cade versions of the countermanding task.

25 Target
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I~D
Move End

Table 2. Neuron types in recording sample

Movement related
Area Increased (ancelation related
Regular  Earlyonset  (Tbefore SSRT ~ Decreased Al (Tafter SSRT ~ All
Pre-SMA 73 31 13 Mn7 5 17 22
SMA m 22 17 150 2 16 18

Movement-related neurons have activity that is significantly different from baseline during the movement period.
Cancelation-related neurons have higher activity during canceled trials than noncanceled trials. We divided them by
whether their cancelation time (CT) was before or after the SSRT. Some movement-related neurons with decreasing
activity were also classified as cancelation related.
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Neuronal data set s
The activity of 414 neurons was recorded )
from the SMA and pre-SMA in the left 2
hemispheres of two rhesus monkeys while <
they performed an arm movement coun- °
termanding task (Fig. 1). We recorded the 2
activity of 158 pre-SMA and 197 SMA <

Time from Move Onset (ms)

B

35

Move End

10
Time from Move Onset (ms)

Target Move End
T

cells that had activity related to atleast one
task epoch (see Materials and Methods).
Of these, 74% (117 of 158) of pre-SMA
cells and 76% (150 of 197) of SMA cells
were found to have activity that was sig-
nificantly different from baseline during
the movement period, and did not show
saccadic activity on a simple saccade task.
We will refer to these 267 SMA and pre-
SMA neurons as movement-related cells.
A similar number of SMA neurons were recorded in each of the
two monkeys (monkey B, 87; monkey E, 63), but the majority of
pre-SMA neurons were recorded in one of the animals (monkey
B, 105; monkey E, 12). In addition, we found 12 SMA and pre-
SMA neurons that showed no significant activity modulation
during movements but that had higher activity during canceled

Time from Move Onset (ms)

Figure4. Movement-related cells. 4, Spike density function for a movement-related cell from the SMA active for movements to
the right target, but not for movements to the left target. Spike density functions are shown overlaying raster plots. Results of t
tests performed on movement-related activity compared with baseline activity in 20 ms intervals are shown below each spike
density function. The dotted horizontal line indicates p = 0.05 boundary. B, Movement-related cell from the SMA with bidirec-
tional activity. C, Spike density function for a pre-SMA cell showing early-onset activity. The arrowheads mark the average time of
target onset and movement end. The black box above each plot indicates the movement direction.

trials. Together, these 279 neurons form the data set for the anal-
yses described in this paper.

Movement-related activity in the pre-SMA and SMA

The majority of the movement-related cells showed an increase in
activity during the movement period (pre-SMA: 89%, 104 of 117;
SMA: 89%, 133 of 150). There was no significant difference in the
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had significantly more activity in one di-
rection. The bidirectional cell in Figure
4 Bisan example of a cell that exhibits this
directional effect (pre-SMA: 66%, 77 of
117; SMA: 68%, 102 of 150). Thus, over-

— 45, Move Start Move End Mlove Start Move End
2 5: E. 2 Ol P all, the majority of cells are directionally
% 10 : ! % : tuned, although many cells are active for
\:/ P % movements in both directions. A subset of
g5 s the movement-related cells exhibited ac-
g o g o tivity peaks that were closely tied to move-
0 500 1000 2 1000 ment onset but occurred before the arm
gm0 SO A 1OV movement began. This was not a visual
2 B 2 . . response, as the cells did not show activity
< ¢ ! 16 ! : 10 ! before eye movements in the simple sac-
Time from Target Onset (ms) Time from Target Onset (ms) cade task. We refer to these neurons as
28 . 1 early-onset movement cells (Fig. 4C).
= 4 g There were significantly more early-onset
o 3 205 cells in the pre-SMA (26% of movement-
£ 2 T related cells; 31 of 117) than in the SMA
31 (15%; 22 of 150; x2 p < 0.01). In addi-
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Movement-related activity on canceled trials. 4, Spike density functions for canceled trials (red) and latency-matched
no-stop signal trials (black) showing no significant difference for one SMA cell for movements to the right and left targets. The first
dotted line represents the SSD. The second dashed line represents the SSRT. B, Activity from a pre-SMA cell showing a difference in
activity on latency-matched no-stop signal and canceled trials for the first SSD for movements to the right and left. Cancelation

tion, the onset of movement-related activ-
ity in the pre-SMA was significantly
earlier than that in the SMA (pre-SMA,
158 ms before movement onset; SMA, 116
ms before movement onset; t test, p >
0.05).

300 400

time occurs after the SSRT boundary for both plots. The response time distribution and inhibition function for the recording session

are shown below. The inhibition function is estimated using a Weibull (dotted line) and monotonic spline (solid line) fit. Mean
response time, 448 ms; SSRT, 150 ms. The arrowheads mark the average time of movement start and end. The range is indicated
by the gray bar. The red and black boxes above each plot indicate the type of trial, the target location, and the movement direction

(for no-stop signal trials).
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Figure 6.  Control for small movements during canceled trials. Spike density functions for
canceled trials (red) and latency-matched no-stop signal trials (black) for the first SSD (left). The
neuron is the same pre-SMA neuron as llustrated in Figure 5B. Even when small movements are
removed (right), the cancelation time still occurs after the SSRT boundary (dotted line). Con-
ventions are as in Figure 5.

number of movement-related cells in the two areas (x> test, p = 0.95).
Some neurons showed a decrease in activity during the time of
movement (pre-SMA: 11%, 13 of 117; SMA: 11%, 17 of 150)
(Table 2). We found many neurons that showed significant
changes in activity for movements only in one direction (pre-
SMA: 30%, 35 of 117; SMA: 22%, 33 of 150) (Fig. 4A). The
majority of cells, however, showed significant changes in activity
for movements both to the right and left. We refer to these as
bidirectional movement cells (pre-SMA: 70%, 82 of 117; SMA:
78%, 117 of 150) (Fig. 4B). A number of the bidirectional cells

Movement-related activity is not
sufficient to control arm
movement initiation
It has been suggested that neuronal activ-
ity in pre-SMA and SMA plays a critical
role in the initiation or suppression of goal-directed movements.
Here, we test this hypothesis directly by examining the time
course of the movement-related activity in the countermanding
task. This task provides two criteria that allow for the identifica-
tion of neural activity that is sufficient to control movement ini-
tiation or inhibition. First, neurons must show an activity
difference when a movement is initiated versus when it is sup-
pressed. In the countermanding task, the neuron must therefore
change its activity when a movement that is in preparation is
successfully canceled. Second, this change in activity must occur
before the SSRT, which represents an estimate of the time that is
necessary to complete the cancelation. We compared activity on
canceled trials to that on the latency-matched no-stop signal tri-
als. Activity was aligned on the time at which the go signal (the
target box) appeared. Because the stop signal appears at different
times, we analyzed the activity on canceled trials separately for
each SSD and movement direction. For each SSD, we identified
no-stop signal trials with a reaction time greater than the SSD
added to the SSRT. These trials, which we termed latency-
matched no-stop signal trials, could have been canceled if a stop
signal had been presented, because movement was initiated after
the estimated amount of time it took the STOP process to finish.
For this analysis, we included only neurons whose activity
onset on no-stop signal trials and canceled trials preceded move-
ment onset (pre-SMA, 107 cells; SMA, 136 cells). To our surprise,
we found that almost none of these pre-SMA and SMA cells
carried a signal that was sufficient to control movement initia-
tion. The majority of cells did not change their activity when the
arm movement was canceled. In the pre-SMA, 74% of this group
of movement-related cells (79 of 107) did not show a significant
difference on latency-matched no-stop signal trials and canceled
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Inhibition neurons. A, SMA cell with a possible role in stopping movement. Activity on canceled trials (red) and latency-matched no-stop signal trials (black) is shown demonstrating

alarger canceled response. Response becomes significant after the SSRT. Mean response time, 406 ms; SSRT, 126 ms. B, Pre-SMA cell that could be involved ininhibiting movement. Cancelation time
falls before the SSRT boundary. Cancelation time occurs before the SSRT boundary for leftward movements. Mean response time, 433 ms; SSRT, 116 ms. Conventions are as in Figure 5.

trials. In the SMA, 83% of cells (113 of 136) failed to show a
significant difference. The SMA neuron shown in Figure 5A is an
example of this activity pattern. The reaction time distribution
and inhibition function for the recording session are shown be-
low (mean response time, 388 ms; SSRT, 155 ms).

Second, except for one SMA cell, all the neurons that did show
an activity difference when movements were canceled, exhibited
this change after the SSRT. The pre-SMA neuron shown in Figure
5Bis an example of this activity pattern. This cell slowly increased
its activity on no-stop signal trials (black line). On canceled trials
(red line), this buildup of activity stopped and the activity de-
creased. We will refer to the time when this difference first
reaches significance as the cancelation time. The cancelation time
follows the SSRT (dashed line) for all SSDs (dotted line). Results
for the first SSD for movements to the right and left are shown in
Figure 5B along with the reaction time distribution and inhibi-
tion function for the recording session (mean response time, 448
ms; SSRT, 150 ms). Across all pre-SMA and SMA movement-
related neurons, the cancelation time occurred on average 132 ms
(SD, 60 ms) after the SSRT. According to the countermanding
paradigm, the conclusion we can draw is that the activity of these
cells is not sufficient to determine whether a movement is initi-
ated or not.

In contrast to saccades, skeletomotor movements are not bal-
listic. In our analysis, a movement was considered canceled if the
cursor did not exit the center box. We thus considered the possi-
bility that very small movements might be made on canceled
trials that biased the cancelation time. The comparison of activity
on no-stop signal and canceled trials was therefore repeated with
only those canceled trials in which there was no change in han-
dlebar position (Fig. 6). None of the neurons had a cancelation
time that was before the SSRT when small movements were elim-
inated. We required at least five remaining canceled trials for the
adjusted comparison. There were enough trials to perform this

analysis on 211 movement-related cells (96 pre-SMA and 115
SMA). Only 6% of cells (13 of 211) showed a difference on no-
stop signal trials and canceled trials and the cancelation time was
on average 187 ms (SD, 48 ms), 55 ms later than the average
cancelation time in the previous analysis. Thus, very small move-
ments made on canceled trials do not appear to explain the late
cancelation time.

In addition, we also recorded some cells in the arm counter-
manding task that showed saccade-related activity in the visually
guided saccade task (9 pre-SMA and 13 SMA). None of these
neurons showed activity that was sufficient to control arm move-
ment initiation or inhibition.

Movement-related activity and the control of arm

movement inhibition

Some neurons showed significantly higher activity on canceled
trials than on no-stop signal trials (pre-SMA: 14% task related, 22
of 158; SMA: 9%, 18 of 197) and thus could play a role in stopping
movement (Fig. 7). The majority of these neurons showed a sig-
nificant decrease of activity during movements and was also
classified as movement-related cells (16 of 22 overlapped in pre-
SMA; 10 of 18 in the SMA). We examined these cells to determine
whether they exhibited activity that was causally sufficient to con-
trol movement inhibition. For the majority of single pre-SMA
(77%; 17 of 22) and SMA (89%; 16 of 18) neurons, the activity
increase followed the SSRT (Fig. 7A). These neurons cannot be
causally responsible for the suppression of the arm movement on
canceled trials, but we cannot rule out an inhibitory function of
these neurons in general. For example, they might be recruited at
a later stage to sustain the inhibition of particular responses. Al-
ternatively, they may play an evaluative role, signaling conflict
because of competing go and stop demands (Stuphorn et al.,
2000). Future work will help distinguish potential roles. A small
subset of cells with higher activity on canceled trials appeared to
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Figure8. Muscle activity. A, Average activity for deltoid for one recording session. The solid
line indicates activity for movements toward the right target, and the dotted line indicates
activity for movements toward the left target. B, Pectoralis activity showing large leftward
response. (—F, Activity of ECR, FCR, biceps, and triceps showing activity for preferred and non-
preferred directions. The solid and dotted boxes above each plot indicate the movement
direction.

have activity that was sufficient to play a causal role in movement
inhibition. In the pre-SMA, 23% (5 of 22) of the cells with higher
activity on canceled trials had cancelation times before the SSRT,
and in the SMA, 11% (2 of 18) showed this early difference time
(Fig. 7B). All neurons that showed the early difference did so only
for one of the two movement directions. Thus, the pre-SMA/
SMA region may play a role in response inhibition.

Muscle activity in the countermanding paradigm

We recorded EMG activity from six different arm muscles: two
shoulder muscles (pectoralis, deltoid), two arm muscles (biceps,
triceps), and two wrist muscles (ECR, FCR). The two shoulder
muscles acted as an agonist/antagonist pair. The deltoid was ac-
tive for movements to the right, but not for movements to the left
(Fig. 8A), whereas the pectoralis is active for movements to the
left, but not the right (Fig. 8 B). The ECR and FCR showed a
similar agonist/antagonist pattern (Fig. 8C,D). In contrast, the
triceps and biceps both showed predominant activity for leftward
movements in this task (Fig. 8E, F).

For aneuron to be causally involved in initiating movement, it
must activate either directly or indirectly the muscles needed to
carry out the movement, and thus, by definition, the neural ac-
tivity must precede the muscle activity. EMG activity for the six
different muscles was therefore examined on a subset of record-
ing sessions to compare the timing of the onset of movement
activity with the onset of muscle activity. On average, the pre-
SMA activity began 4 ms before the muscle activity, whereas the
SMA activity followed the muscle activity by 38 ms (muscles, 154
ms; pre-SMA, 158 ms; SMA, 116 ms before movement onset)
(Fig. 9). However, the subset of movement-related neurons that
became active before movement onset preceded the muscle ac-
tivity onset (pre-SMA, 201 ms; SMA, 158 ms before movement
onset). Onset times of the individual muscles ranged from 95 to
185 ms before movement onset (Table 3). The triceps and biceps

J. Neurosci., February 3, 2010 - 30(5):1968 —1982 « 1975
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Figure9.  Onset time distribution of neural and muscle activity. The thin solid line indicates
onset times of movement-related pre-SMA neurons (mean, 245 ms before movement onset).
The thin dashed line indicates onset times of movement-related SMA neurons (mean, 188 ms

before movement onset). The thick line indicates onset times of all muscles (mean, 154 ms
before movement onset).

Table 3. Muscle onset times

Muscle Onset time (ms) n=
Biceps —106 N
Triceps —95 8
Pectoralis —159 1
Deltoid —185 10
Flexor carpi radialis —137 15
Extensor carpi radialis —165 15

Onset times for the muscle activity of six different arm muscles relative to the time of cursor movement onset. The
number of recording sessions is shown to the right ().

were the last two muscles to be active. These two muscles seem to
be mostly responsible for supporting the ongoing arm movement
by increasing arm stiffness.

We applied the same countermanding analysis to the EMG
recordings that we used to analyze the activity of movement-
related neurons. All muscles showed either decreased activity on
canceled trials or were never activated at all. Across all muscles,
the cancelation time occurred on average 0.3 ms after the SSRT.
In principle, there are two different ways in which an arm move-
ment could be canceled. One possibility is that the excitatory
drive of agonist muscles is reduced, so that the force levels are
insufficient to move the arm. In this case, the neurons that drive
the muscles would also stop their activity increase and instead
decrease their activity, in a manner similar to saccadic movement
cells in the frontal eye field and superior colliculus (Hanes et al.,
1998; Paré and Hanes, 2003). Alternatively, antagonist muscles
could be activated to block the effect of agonist muscle activation.
In this case, the neurons that drive the agonist muscles would not
have to reduce their activity, but neurons that drive antagonist
muscles would increase their activity. The EMG recordings
clearly show that, in our task, movement generation is stopped by
relaxing the agonist muscle before it reaches an activity level suf-
ficient for movement initiation. There is no evidence for cocon-
traction of antagonist muscles to prevent the arm movement.
Figure 10 shows the response of the two agonist/antagonist mus-
cle pairs on no-stop signal trials and canceled trials for move-
ments to the right and to the left. For each pair, we see activity on
movements only in one direction and little or no response on
canceled trials. It is therefore very unlikely that the early increase
in neural activity observed for some neurons on canceled trials is
attributable to the activation of a muscle antagonist.



1976 - J. Neurosci., February 3, 2010 - 30(5):1968 —1982

Comparison of cancelation time for neurons and muscles
Next, we compared the cancelation times of neurons and muscles
to determine the relative timing of their respective activity
changes. This comparison allowed us to circumvent uncertainty
in the estimation of the SSRT, since the same estimate was used
for both populations. For this comparison, we excluded the re-
cordings from biceps and triceps, since these two muscles did not
appear to belong to the primary drivers of the arm movement we
used in our experiment. The EMG activity of the remaining ago-
nist/antagonist pairs typically showed a rapid rise immediately
before movement onset (see Fig. 12). However, the sum of short
SSDs and SSRT was often so early relative to movement onset
that, on canceled trials, the muscle never showed any significant
activation. During such trials, the cancelation could only mani-
fest itself late in the trial when the EMG activity that normally
would have occurred was absent, as illustrated in the panels on
the left of Figure 11. In this situation, the cancelation time was
erroneously determined to be after the SSRT. To avoid such ar-
tifacts, we only calculated the cancelation time for those SSDs in
which there was significant EMG activity on canceled trials. To
ensure a fair comparison, we used the same activity criterion in
the case of neural activity.

In some recordings, the EMG activity begins to show differ-
ences at the very onset of activation, as illustrated in the panels on
the right of Figure 11. In those cases, the muscle cancelation time
is calculated to coincide with the beginning of muscle activity.
This likely reflects some early inhibitory process that suppresses
the recruitment of motor neurons and thus prevents the muscle
from exerting sufficient force to initiate the movement. It is pos-
sible that the onset of this inhibitory process is even earlier than
the onset of muscle activity. In this case, our estimation of muscle
cancelation time would be later than the actual one. However,
such a shift would not affect a direct comparison of muscle and
neuronal cancelation times.

A comparison of the muscle and neuron cancelation times
across SSDs and sessions is shown in Fig-
ure 12. The neural activity change clearly
occurred after the SSRT and followed the
muscle activity change. The average can-
celation time for the muscles was 25 ms
before the SSRT, whereas the average can- 1507
celation time for the neurons was 132 ms
after the SSRT (pre-SMA: 152 ms; SD, 43
ms; SMA: 106 ms; SD, 69 ms). The major-
ity of muscle cancelation times (68%; 49
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Muscle activity on canceled trials with different SSD. Activity for the extensor carpi radialis muscle on latency-

matched no-stop signal trials (black) and canceled trials (red) for three SSDs. The cancelation time becomes progressively earlier for

Reward-contingent movement neurons
A fundamental aspect of goal-directed
behavior is the expected outcome of the behavior. We observed
that many movement-related cells were only active during move-
ments toward a target that would result in a potential reward.
Return movements made back to the center location did not elicit
a burst of activity. An example of this pattern of activity is shown
in Figure 13A. The majority of movement-related neurons in
pre-SMA (100 of 117 cells; 85%) and SMA (102 of 150 cells; 68%)
had activity only on movements directed toward a rewarded tar-

each SSD. The SSRT boundary is shown as a dotted line. Conventions are as in Figure 5.

get but did not exhibit activity significantly different from base-
line when movements were made back to the center box. We refer
to these cells as reward-contingent movement neurons. The num-
ber of reward-contingent movement cells was significantly higher
in the pre-SMA than in the SMA (x? test, p < 0.001).
Movements toward the target and back to the center were
not always made with equal velocities. To control for the pos-
sibility that activity differences were attributable to differences in
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Figure 12.  Comparison of muscle and neural cancelation times. Cumulative proportion of
recording sessions from pre-SMA neurons (solid thin line), SMA neurons (dashed thin line), and
muscles (thick line) with cancelation times relative to the SSRT boundary. The red arrow points
to the proportion of muscle cancelation times before the SSRT (0.68). For the pre-SMA neurons
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Figure 13.

velocity, we selectively compared target driven and return move-
ments from trials with an overlapping velocity distribution. Fig-
ure 13B shows the difference in activity for the same neuron
shown in Figure 13A on trials from on overlapping velocity dis-
tribution for movements toward the left target and back from the
right target to the center location.

500 -500

Reward-contingent movement cell. 4, Movement-related cell from the SMA showing activity for rightward move-
ments to the target (black; top left) but no activity for movements back to the center (gray; top right). This cell also has activity for
movements toward the left target (black; bottom left) but again has no return movement activity (gray; bottom right). B, Activity
for the same cell for movements to the left target (black) and back from the right target (gray) from an overlapping velocity range.
€, Activity for return movements for no-stop signal trials (gray) and corrected trials (blue) showing that the cell has return activity
only for rewarded movements. Activity from an overlapping velocity distribution is shown on the right. The arrowhead marks the
average time of movement end. The black, gray, and blue boxes above the plots show the type and direction of movement.
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We next examined how these cells responded on corrected
trials, in which the return movement does result in reward. No-
tably, significant return activity was observed on corrected trials
for 31% of reward-contingent pre-SMA neurons (31 of 100 cells)
and 21% (21 of 102) of reward-contingent SMA neurons. In
Figure 13C, left, activity for the same example cell is shown dem-
onstrating no rise in activity for return movements from the left
target back to the center location (gray), but a rise in activity for
the same movement on corrected trials (blue). The difference in
response is maintained when only activity on trials from an over-
lapping velocity distribution is compared (Fig. 13C, right).

The majority of reward-contingent cells in both the pre-SMA
(66 of 100; 66%) and SMA (66 of 102; 65%) had directional
movement-related activity. The proportion of directional cells
was not significantly different for reward-contingent and non-
reward-contingent neurons across all pre-SMA and SMA neu-
rons (Table 4) (x> tests: pre-SMA, p =
0.92; SMA, p = 0.63). Thus, most reward-
contingent movement cells are not likely
to represent a general arousal or motiva-
tion signal. Instead, they seem to carry a
signal that is selective for arm movements
in specific directions.

These findings were in contrast to the
behavior of the muscles. When EMG ac-
tivity was examined for movements to and
from the targets, we observe directional
activity independent of reward expecta-
tion. Figure 14A shows an example re-
cording from the deltoid muscle, which
was active for rightward movements to
the target (top, left, black) (Fig. 8A). In
contrast to the reward-contingent neu-
rons, the muscle was also active for right-
ward movements back from the left target
(bottom, right, gray). A direct compari-
son of EMG activity from trials with an
overlapping velocity distribution indicates a
similar, but not identical activation pattern
of the muscle for movements in the same
direction, but in different parts of the work-
space (Fig. 14 B). Likewise, the EMG activity
for rightward return movements is similar
for corrected trials (blue) and for no-stop
signal trials (gray) (Fig. 14C).

To further examine how reward af-
fected movement-related activity across
the population of movement neurons, we
calculated two indices. The first index
(Fig. 15A) looked at the difference in ac-
tivity for outward rewarded movements
(0O) and return movements that are unre-
warded (R): (O — R/O + R). The reward-
contingent movement cells (white bars),
which have no significant return move-
ment activity, had a significant positive
mean index (mean index value, 0.30; SD,
0.27; ttest, p < 10 ~>°). This indicated that they were much more
active for rewarded than for nonrewarded movements. In con-
trast, the movement-related cells (black bars) that also showed
significant activity for nonrewarded movements had a mean in-
dex that was not significantly different from zero (mean index
value, 0.05; SD, 0.25; t test, p = 0.16). The difference in means

0 500
Time from Move Onset (ms)
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between the two distributions was highly significant (¢ test, p <
10 ~®). We therefore concluded that the reward-contingent neu-
rons could be treated as a separate population of cells. The second
index (Fig. 15B) compared the return movement activity of the
reward-contingent cells on rewarded corrected trials (C) and
nonrewarded no-stop signal trials (R): (C — R/R + C). As ex-
pected, the neurons that showed significant activity on corrected
trials (dark gray bars) had a significant
positive mean index value (mean index
value, 0.27; SD, 0.23; ¢ test, p < 107°).
However, the neurons that showed no sig-
nificant activity on either type of return
movement (white bars) had a much larger
variance and a mean index close to but
still significantly different from zero
(mean index value, 0.04; SD, 0.34; f test,
p = 0.01). These values likely reflect the

A

150, 1arget

Scangos and Stuphorn e Voluntary Action Is Not Initiated by Pre-SMA/SMA

Table 4. Distribution of directionality and reward contingency across pre-SMA
and SMA

Reward contingent Not reward contingent

Directional Nondirectional Directional Nondirectional Total
Pre-SMA 66 34 9 8 17
SMA 66 36 35 13 150
Total 132 70 44 21 267
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higher noise levels inherent in the activi-
ties on which the index calculation is
based. The difference in means between
the two distributions was significant (¢
test, p < 0.001).

For comparison, we also computed the
two indices for the muscle activity (light
gray bars). In the case of the first index

Activity (LV)

150; v

i
[

-

A

(Fig. 15C), the mean index value of the -500

muscles was significantly positive (mean
index value, 0.17; SD, 0.14; ¢ test, p <
10 ~'*). The positivity of the index likely
reflects the finding that the muscle activity
during outward movements tends to be
higher than that during return movement
(Fig. 14 B). Nevertheless, the mean index
of the reward-contingent neurons was sig-
nificantly larger than the one for the mus-
cles (¢ test, p < 0.001). In contrast, the
return movement activity on corrected
trials (which is rewarded) was similar to
that on no-stop signal trials (which is not
rewarded) (Fig. 14C). Accordingly, in the
case of the second index (Fig. 15D), the
mean index value of the muscles was not
significantly different from zero (mean
index value, 0.01; SD, 0.08; t test, p = 0.35)
and significantly smaller than the index
value of the reward-contingent neurons
with significant activity on corrected trials (¢ test, p < 10~'?).
Together, the two indices of reward modulation confirmed our
classification based on the significance tests.

If the movement-related activity were contingent on the out-
come of the movement, we should also see a difference in activity
for trials when the monkeys made an erroneous movement to the
target. Specifically, we predicted that activity on noncanceled tri-
als would extinguish earlier than activity on no-stop signal trials
because the monkeys are cued by the appearance of the stop
signal that they are making a movement that will not result in
reward. We therefore examined the time when the movement-
related activity ended on no-stop signal trials and noncanceled
trials for each of the reward-contingent movement neurons. The
movement response was significant on noncanceled trials for 83
of 100 pre-SMA reward-contingent cells and 85 of 102 SMA cells.
As predicted, we found that the movement-related activity for the
majority of these pre-SMA (69 of 83; 83%) and SMA (71 of 85;
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activityin Figure 11. 4, Activity for movements to (black) and from (gray) the right target (top row) and movements to and from the
left target (bottom row) illustrating direction-specific activity. B, Activity for movements to the right target (black) and back from
the left target (gray) from an overlapping velocity range. C, Activity for return movements for no-stop signal trials (gray) and
corrected trials (blue) showing return activity for both types of trials. Activity from an overlapping velocity distribution is shown on
the right. Conventions are as in Figure 13.

84%) neurons ended earlier on noncanceled trials than on no-
stop signal trials. The mean difference between the end of
movement-related activity on noncanceled and no-stop signal
trials was 74 and 89 ms, respectively, for the pre-SMA and SMA.
In contrast, the mean difference in end times for the actual move-
ment, measured by the position of the handlebar on no-stop
signal and noncanceled trials, was 12 ms. A t test showed that the
neural activity difference times were significantly different from
the handlebar difference times (t test, p << 0.0001). There is no
significant difference of the mean velocity on noncanceled and
no-stop signal trials ( test, p = 0.36), although movements on
noncanceled trials are slightly faster. Figure 16 A shows an exam-
ple from a single cell showing an end activity difference time of
100 ms for noncanceled trials (green) and no-stop signal trials
(black) for movements toward the right target. Figure 16 B shows
the population responses for all reward-driven movement cells in
the pre-SMA (top) and SMA (bottom) on noncanceled and no-
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(p = 0.06 for velocity and 0.051 for reac-
tion time). In contrast, we found signifi-
cantly longer SSRTs for high-reward trials
(monkey 1: SSRT low-reward trials, 135
ms; high-reward trials, 161 ms; difference,
26 ms; ¢ test, p < 0.001; monkey 2: SSRT
low-reward trials, 136 ms; high-reward
trials, 158 ms; difference, 22 ms; f test, p <
0.001). We recorded the activity of 86
movement-related neurons during the al-
tered countermanding task. First, we de-
termined the cancelation time of these
neurons separately for high- and low-
reward trials. We confirmed that the can-
celation time of all pre-SMA and SMA
neurons followed the SSRT [mean can-
celation time, low-reward trials: 137 ms
after SSRT (range, 56—224 ms); mean

cancelation time, high-reward trials:
—L 186 ms after SSRT (range, 121-260 ms)].

0 r—||_|_|ﬂjl—r—| 0 j
-1 0 1

-1

Index Value Index Value

Subsequently, we examined the movement-
related activity to determine whether it
was affected by reward size. Figure 17A

Figure15.  Effect ofreward on movement-related activity. 4, Distribution of index values that describe the relative differencein ¢}y yws an example movement neuron in

activity for movements in the same direction that are made toward a target (rewarded movement) and back to the center
(nonrewarded movement). Positive values indicate greater activity for rewarded movements. Each movement-related neuron
contributes one index value. Index values for neurons with significant activity only for rewarded movements are shown in white.
B, Distribution ofindex values that describe the relative difference for return movements that are not rewarded (no-stop signal trial
return movements) and return movements that are rewarded (corrected trial return movements). Only reward-contingent move-

the SMA exhibiting elevated activity on
high-reward trials (gray) over low-reward
trials (black). We found that 25% (7 of 28)
of pre-SMA movement-related cells ex-

ment cells are shown. Positive values indicate greater activity for rewarded movements. Cells with significant activity for return hibited significantly different activity on
movements on corrected trials are shown in dark gray. €, Same index as shown in A for muscle activity. D, Same indexas shownin  high- and low-reward trials. In contrast,

B for muscle activity.

stop signal trials, clearly demonstrating that movement-related
activity on noncanceled trials extinguishes earlier than that on
no-stop signal trials. The vertical dashed line indicates the mean
SSD time (i.e., the reappearance of the start box at the center of
the screen). This happened between 16 and 30 ms before move-
ment onset. In contrast, the neuronal activity difference devel-
oped ~200 ms after movement onset. Such a long delay makes it
unlikely that the activity difference is in response to the changed
visual stimulation. Mean velocity trajectories show that there was
little difference in the way the movement was made. Our findings
show that the majority of movement-related neuronal activity in
the pre-SMA and SMA is contingent on the expected reward
outcome of the trial.

Movement-related activity is modified by size of

expected reward

To obtain a better understanding of how reward modifies the
observed movement-related responses, we altered the counter-
manding task so that on 25-50% of trials the monkey received
twice the normal reward amount for making the same move-
ment. A high-reward trial was indicated to the animal at the start
of the trial by the color of the initial center box. No significant
change in either the velocity or the reaction time was observed for
high- and low-reward trials [mean velocity: low-reward trials,
20.5 (*+2.14) cm/s (monkey 1), and 15.6 (£2.1) cm/s (monkey
2); high-reward trials, 20.4 (*£2.19) cm/s (monkey 1), and 15.9
(%£2.7) cm/s (monkey 2); mean reaction time: low-reward trials,
416.4 (£59) ms (monkey 1), and 410.1 (£56) ms (monkey 2);
high-reward trials, 418.5 (£61) ms (monkey 1), and 400.6 (£55)
ms (monkey 2)]. f tests revealed p values that were just above 0.05

52% (30 of 58) of movement-related cells

in the SMA showed this difference, which

is a significantly higher proportion of cells
(x? test, p < 0.05). Most of the early-onset cells in the pre-SMA
(42%; 5 of 12) showed differential activity on high- and low-
reward trials. Neither of the two early-onset cells found in the
SMA showed a significant activity difference, but the number of
neurons that we could test was too small to draw any meaningful
conclusion from this finding. To examine the collective response
of movement-related cells in the region, we pooled neural activity
across groups of neurons. We first normalized the spike density
function of each individual neuron by dividing it by the maxi-
mum neural activity and then took the average of the normalized
spike density functions. Cells with significantly higher activity
on low-reward trials (six cells for rightward and seven cells for
leftward movements) were excluded for this analysis. At a
population level, movement-related cells from both the pre-
SMA and SMA exhibited significantly higher activity increases
on high-reward trials (¢ test, p < 0.01) (Fig. 17B,C). Early-
onset cells from the pre-SMA, but not the SMA, showed a
similar significant increase (pre-SMA: t test, p < 0.01 for
rightward and leftward movement directions; SMA: t test, p >
0.05).

Discussion

The SMA and pre-SMA are widely considered to play a central
role in movement initiation and inhibition because of their acti-
vation long before movement onset. However, it has never been
examined whether this activity is only correlated with the move-
ment or whether it determines whether or not a movement is
carried out. We examined this question using a countermanding
paradigm. Our findings suggest that the SMA and pre-SMA rep-
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Figure 16.  Movement-related activity on noncanceled trials ends earlier than activity on
no-stop signal trials. A, Movement-related activity from a single cell in the pre-SMA with activ-
ity on no-stop signal trials (black) and on noncanceled trials (green). Activity on noncanceled
trials ends earlier than it does on the no-stop signal trials (100 ms difference for movements to
the right). The mean time the stop signal is presented is indicated by the dotted line (44.5 ms
before movement onset). The velocity trajectory for each trial is shown above plot of neural data
(gray, no-stop signal trials; green, noncanceled trials) along with the mean trajectory (heavy
lines). B, Combined normalized activity across pre-SMA neurons (top) and SMA neurons (bot-
tom) for movements to the right and left showing that noncanceled trial activity ends earlier
than no-stop signal trial activity across populations. The mean time the stop signal is presented
is indicated by the dotted line (pre-SMA: 17.8 ms before movement onset right, 29.3 ms left;
SMA: 16.6 ms right, 17.9 ms left). Mean velocity trajectories across days are shown above each
plot of the neural data (black, no-stop signal trials; green, noncanceled trials). Movements in
both directions are indicated with a positive deflection.

resent the motivation for specific actions but do not control
whether or not these actions are made.

Movement initiation and inhibition

Our finding that pre-SMA and SMA do not seem to control
movement initiation is unexpected, given the close connections of
these areas to other motor areas (Luppino et al., 1993; Rizzolatti and
Luppino, 2001; Dum and Strick, 2002). Thus, we have to consider
how generally our results might apply. In particular, activity in
the pre-SMA and SMA is often highly context dependent
(Nachev et al., 2008) and might be more involved in motor con-
trol under difficult task conditions. Thus, pre-SMA and SMA
might simply not be necessary to control responses in the coun-
termanding task. We think this unlikely to be the case. One mea-
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Figure 17.  Pre-SMA and SMA movement activity modified by high and low reward. A, Ac-
tivity for single SMA cell on high-reward (gray) and low-reward (black) trials. B, Mean spike
density functions of all pre-SMA movement cells under high (gray)- and low (black)-reward
conditions. C, Mean spike density functions for SMA movement cells. The movement direction is
indicated by the boxes above the plots.

sure of task difficulty is the degree to which its contingencies
encourage the preparation of different, mutually exclusive ac-
tions (Botvinick et al., 2001). The behavioral rules of the coun-
termanding task encourage two opposite response tendencies.
On the one hand, movements should be executed as fast as pos-
sible to receive the reward. On the other hand, movement initia-
tion should be delayed, to wait for the occurrence of a possible
stop signal. These two motivations compete with each other and
create conflict on all trials, independent of the presence of an
actual stop signal. On each single trial, the brain can only select
one of the two responses, but over time it has to balance the
competing interests. Given this assessment, it seems that the
countermanding task contains the basic elements of a complex
motor control task, which should engage the medial frontal cor-
tex. Indeed, functional MRI experiments in humans show strong
activation of SMA and pre-SMA during the countermanding task
(Aron and Poldrack, 2006; Aron et al., 2007). There are other
possible objections to the generality of our findings (see supple-
mental material, available at www.jneurosci.org). Future experi-
ments will be necessary to test whether our findings can be
extended to movements generated in other conditions that might
differ from the ones in the countermanding paradigm.

The final decision as to whether or not a planned movement is
performed must be made downstream of pre-SMA or SMA. It
will be important to test other cortical and subcortical motor
areas across the skeletomotor system to determine where this
decision is finally made (see supplemental material, available at
WWW.jneurosci.org).
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Our experiment has provided evidence for the existence of
putative inhibitory neurons in the pre-SMA and SMA. The in-
hibitory cells could play an important role in vetoing goal-
directed behavior (Brass and Haggard, 2007; Kithn et al., 2009) or
in suppressing automatic behavior (Isoda and Hikosaka, 2007;
Sumner et al., 2007). These neurons resemble a group of pre-
SMA neurons that are selectively active when the monkey needs
to suppress an automatic unwanted action and to facilitate a
voluntary desired action (Isoda and Hikosaka, 2007). Like our
inhibition neurons, these so-called switch neurons are direc-
tional and thus seem to control specific actions. However, a larger
fraction of switch neurons was active early enough to be able to
influence behavior (switch neurons: 29 of 50, 58%; inhibition
neurons: 7 of 40, 18%). This could be attributable to differences
in the behavioral measurements in the two studies. The length of
the switch process was estimated based on a single behavioral
data point (the midpoint between the reaction time distribution
for correct and incorrect switch trials). In contrast, the SSRT
estimate was based on the average of four independent methods
using up to four behavioral data points and therefore was less
noisy. This might have led to a more stringent criterion for ac-
cessing the ability of a neuron to influence motor behavior. Al-
ternatively, the difference might reflect a real difference in the
degree to which pre-SMA and SMA are involved in suppressing
an action versus switching from one action to another. It will be
important to test neurons in both types of tasks.

Motivation for specific actions

Although our findings make it unlikely that pre-SMA and SMA
play a causal role in initiating movements, lesions in these areas
do have a profound influence on behavior. We found that the
activity of most movement-related neurons was reward contin-
gent. Thus, pre-SMA and SMA might represent the urge to act
in a specific way rather than the commitment to do so (for
alternative interpretations, see supplemental material, avail-
able at www.jneurosci.org).

This interpretation of motor-related pre-SMA and SMA ac-
tivity as a motivation signal fits with a large number of lesion and
recording studies in humans and monkeys that indicate that the
medial frontal cortex, in particular pre-SMA, is responsible for
self-generated, voluntary actions (Papa et al., 1991; Romo and
Schultz, 1992; Deiber et al., 1999) and reflects the reward ob-
tained by these actions (Stuphorn et al., 2000; Ito et al., 2003;
Roesch and Olson, 2003, 2004; Campos et al., 2005; Sohn and
Lee, 2007). Voluntary behavior is characterized by the motivation
to act to obtain a particular goal. Lesions of the pre-SMA and
SMA may lead to apathy, because the motivational drive that
normally links reward expectation with specific actions is absent.
However, since the motor system is still functional, external stim-
uli may still trigger automatic or habitual movements. This is, in
fact, what is observed for SMA lesions in monkeys (Thaler et al.,
1988, 1995) and humans (Levy and Dubois, 2006; Schmidt et al.,
2008).

We observe motivational signals in pre-SMA and SMA during
movement generation. In contrast, activity in the orbitofrontal
cortex appears earlier, immediately after a cue indicating poten-
tial reward is revealed (Tremblay and Schultz, 1999; Roesch and
Olson, 2003, 2004; Padoa-Schioppa and Assad, 2006), but it does
not encode the action necessary to obtain the reward (Wallis and
Miller, 2003; Padoa-Schioppa and Assad, 2006). Lateral prefrontal
cortex activity reflects reward size and preference in the delay period
before a response is made (Kobayashi et al., 2006; Sakagami and
Watanabe, 2007). Striatal activity arises after a cue is presented and
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remains high until reward is delivered (Hikosaka, 1989; Hollerman
et al,, 1998). Thus, early reward-related signals from other brain
areas might feed into the SMA and pre-SMA where they are trans-
formed into incentive signals for specific actions.

Comparison with the oculomotor system

The countermanding task was previously used to investigate the
control of eye movements. Unlike saccades, arm movements can
be stopped at any point along their path (De Jong et al., 1990).
The nonballistic nature of the arm movements resulted in some
behavioral findings that were different from those in the oculo-
motor studies. First, we observed some arm movements that were
stopped in midflight. Such aborted arm movements likely repre-
sented cases in which the STOP process finished too late to sup-
press the early stages of the arm movement, but early enough to
suppress the later stages. This interpretation is supported by the
reaction time of these aborted arm movements, which was longer
than average, and the fact that they occurred most frequently for
SSDs of medium length. Second, on some canceled trials, we
observed EMG activation of agonist muscles, similar to findings
in human countermanding experiments (De Jong et al., 1990).
This activity was weaker than on no-stop signal trials and was not
accompanied by overt movements of the handle. Only muscle
activity that was sufficiently strong to overcome the inertia of the
arm and of the handle itself led to the initiation of the arm move-
ment. Therefore, the subthreshold muscle activity (Fig. 8) did not
invalidate the race model. However, it illustrates that for nonbal-
listic movements there is no “point of no return” after which a
movement preparation process becomes uncontrollable. There-
fore, there is also no unique natural equivalent for the crossing of
the threshold in the race model. In our experiment, movement
initiation was defined as the moment when the cursor left the
starting zone. We could have defined a different threshold, such
as the onset of EMG activity. This would have changed how in-
dividual trials would have been classified, but it would not have
changed the underlying logic of the race model analysis. We set a
specific threshold in our experiment and the monkeys learned to
control their behavior accordingly.

The frontal eye field and superior colliculus contain neurons
that are directly involved in movement inhibition and initiation
(Hanes et al., 1998; Paré and Hanes, 2003). Cells in the supple-
mentary eye field (SEF) and anterior cingulate cortex do not
(Stuphorn et al., 2009). Instead, they evaluate motor responses
and may influence the activity in motor regions (Stuphorn et al.,
2000; Ito et al., 2003; Stuphorn and Schall, 2006). Given the dif-
ferences between eyes and arm motor control, it is remarkable
how similar the findings are in SEF and pre-SMA/SMA. This
suggests that the functional organization of the medial frontal
motor control system follows broadly parallel principles.

Conclusions

In summary, our findings show that pre-SMA and SMA play a
role in the suppression of prepared arm movements, but they do
not seem to control the initiation of arm movements. Instead,
they may represent the urge to act in a specific way. This signal
would provide an essential bridge between expected reward in-
formation and motor execution.
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