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ow do neurons in motor cortex encode movement? Georgopoulos and colleagues (1, 2) studied monkeys performing
a reaching task and found that each neuron was tuned to a
preferred direction of reach. Subsequent studies suggested that
direction tuning is only one part of a more complex tuning
function. For most neurons, when the initial position of the hand
was shifted to different parts of the workspace, or when the
posture of the arm was altered, the preferred direction changed
(3–5). Thus, a single preferred direction could not account for
the behavior of the neurons, and other variables such as joint
angle and arm posture must have contributed. Neural correlates
have been found for a range of variables including force, static
hand position, distance, speed, curvature of hand path, joint
angle, and muscle activity (6–17). It seems increasingly likely
that the neurons are tuned to combinations of movement
parameters that are of use to the animal.
One limitation of these previous experiments in exploring the
complexity of neuronal tuning is that they typically used a
restricted, simplified movement set, such as a set of reach
directions, a set of directions of isometric force on a lever, a set
of hand movements confined to a 2D plane, or a directional
movement of the wrist. This restriction on the movement set
limits the kinds of neuronal responses and tuning functions that
can be obtained. Models of neuronal tuning that fit the data well
in a restricted condition may not account for much of the
neuronal behavior in a more naturalistic condition.
Here we examined neuronal activity in primary motor cortex
of two monkeys while simultaneously measuring eight degrees of
freedom of the arm. The monkey moved its limb freely, reaching
for pieces of fruit, manipulating objects, putting items in its
mouth, scratching and grooming itself, and engaging in other
spontaneous behavior. After recording neuronal activity during
this varied movement set, we tested the extent to which the firing
of each neuron could be explained by (i) a preferred direction of
the hand through space, (ii) a preferred end point of the hand
in space, and (iii) a preferred, multijoint end posture of the arm.
Electrical stimulation of motor cortex can cause the arm to
move to a specific, complex posture typically involving many
joints (18–20). We therefore also compared the response prop-
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erties of neurons to the postures evoked by stimulation of the
same cortical site to determine whether there was a significant
match.
Results
Direction Tuning. Fig. 1A shows a front view of a set of 683 hand

movements made by the monkey over 15 min. As described in
greater detail in the supporting information, which is published
on the PNAS web site, movements were individuated on the basis
of the distinctive rising and falling speed profile of the hand. As
shown in Fig. 1 A, the movements densely sampled a large
portion of the space around the monkey. Details of the degree
of curvature of movements, mean length, mean speed, range of
different directions, and extent of the workspace covered are
given in the supporting information.
During these movements we recorded from a neuron in
primary motor cortex, and a mean firing rate for the neuron was
computed for each movement. As detailed in the supporting
information, the neuron was located in the arm and hand
representation in primary motor cortex, in which most neurons
(89%) responded significantly in relation to simple movement of
the shoulder or elbow.
In the preferred direction model (1, 2) a neuron fires most
during hand movement in a particular, preferred direction. The
firing rate is proportional to the cosine of the angle between the
actual hand direction and the preferred hand direction. A
regression analysis (see supporting information) was used to
obtain the preferred direction that best fit the neuronal data and
to obtain an R2 value indicating how much of the variance in
neuronal activity could be attributed to the cosine tuning to the
preferred direction. Fig. 1B shows the cosine fit to the data for
this example neuron. The R2 value is 0.03, indicating that the
direction tuning model accounted for almost none of the variance in neuronal activity. Sixty-three neurons were tested in this
fashion. The black bars in Fig. 2A show the distribution of R2
values for all neurons. Almost all values were ⬍0.1. The direction
tuning model explained almost none of the variance in the
sample of neurons. These results do not show that neurons in
motor cortex are not direction-tuned. Rather, they show that,
during free movement, when many movement parameters presumably contribute to the activity of neurons, direction tuning
makes a vanishingly small contribution.
Neurons in motor cortex have a consistent preferred direction
when tested on a center-out task (1, 2). Changing the start
position of the hand or the start posture of the arm, however, can
alter the preferred direction (3–5). In our study, the lack of a
clear preferred direction might have resulted from our use of a
diverse movement set including a variety of start positions. To
test this hypothesis we analyzed a restricted subset of the
movements that more closely resembled a center-out task. Fig.
1C shows selected movements from Fig. 1 A that originated
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Motor cortex neurons in the monkey brain were tested with a
diverse and naturalistic arm movement set. Over this global set of
movements, the neurons showed a limited but significant degree
of tuning to the multijoint posture attained by the arm at the end
of each movement. Further supporting the hypothesis that the
neurons are partially tuned to end posture, the postures preferred
by the neurons significantly matched the postures evoked by
electrical stimulation of the same cortical sites. However, much of
the variance in neuronal activity remained unexplained even by
the end-posture model, and thus other variables must have contributed to the response profile of the neurons. One possibility is
that motor cortex neurons become tuned to the wide variety of
movement parameters that are relevant to the animal’s normal
behavioral repertoire, and, therefore, any one parameter accounts
for only a limited amount of neuronal variance.

Fig. 1. Example of a motor cortex neuron that is locally but not globally direction tuned. (A) Front view of 683 hand movements made during 15 min. Each
trail of dots represents one movement measured at 14.3-ms intervals. The monkey drawing shows the approximate scale and location of the animal. (B) Firing
rate of the neuron during each movement vs. angular deviation (⌬) between movement vector and preferred vector. Fit line is cosine fit. R2 ⫽ 0.03; P ⬎ 0.05.
(C) Seventy-three selected movements that originated within a 5-cm radius sphere and were between 6 and 15 cm in length. (D) Direction tuning over the limited
movement set. R2 ⫽ 0.40; P ⬍ 0.0001.

within a 5-cm radius sphere and that were between 6 and 15 cm
in length. Fig. 1D shows the cosine tuning of the example neuron
over this subset. The cosine fit has an R2 value of 0.40 (P ⬍
0.0001). Thus, over the limited movement set, a significant
component of direction tuning can be extracted, accounting for
⬇40% of the neuron’s variance.
As shown in Fig. 2 A for the population of neurons, the limited
movement set had a significantly higher distribution of R2 values
than the unrestricted movement set (F ⫽ 192.00; P ⬍ 0.0001).
Tuning to a single preferred direction can therefore account for
much of the behavior of the neurons over a restricted movement
set, but not over a complete movement set. The neurons
appeared to be locally but not globally direction-tuned.
End-Point Tuning. What tuning function, if any, might account for a

cell’s global behavior across a full range of movements? If a cell is
end-point-tuned, then it should fire most during movements that
end with the hand near a preferred point in space. It should fire less
during movements that end with the hand far from that preferred
point. To test for end-point tuning, we modeled the firing rate of the
neuron as a Gaussian function of end point, in which the Gaussian
was peaked at a preferred spatial location (see supporting information). For each neuron, we obtained an R2 value indicating how
well this end-point model fit the neuronal data. Fig. 2B shows the
distribution of R2 values for the population of neurons. The R2
values were slightly higher for the preferred end-point model than
for the preferred direction model. However, neither model accounted for much of the variance. For more than half of the
neurons, the R2 value was ⬍0.1.
End-Posture Tuning. Electrical stimulation of sites in motor cortex
can evoke movement of the arm to a specific final joint config2910 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0511139103

uration or posture (18–20). We therefore tested whether the
neurons were tuned to the end posture of a movement. Eight
degrees of freedom of the arm were monitored, including grip
aperture and seven joint angles. These degrees of freedom define
an 8D posture space. We modeled neuronal firing rate as a
Gaussian surface in 8D space whose peak corresponds to the
preferred end posture. Movements that terminate at a posture
near the peak of the Gaussian should be associated with a high
neuronal firing rate, and movements that terminate at a posture
far from the peak of the Gaussian should be associated with a low
neuronal firing rate. For each neuron, we obtained an R2 value
indicating how well this model fit the neuronal data. The
distribution of R2 values across the population of neurons was
significantly higher for the end-posture model than for the
end-point model or the direction model (see Fig. 2B; F ⫽ 63.71;
P ⬍ 0.0001). However, much of the variance remained unexplained even by the end-posture model. These results therefore
do not show that neurons in motor cortex are primarily endposture-tuned. Rather, they show that, during free movement,
when many movement parameters presumably contribute to the
activity of neurons, end-posture tuning makes a significant
contribution. It is important to note that even a relatively small
R2 value can represent a statistically significant contribution to
the total but suggests that other factors also contribute.
In a second variant to end-posture tuning, in addition to
considering the final posture of each movement, we considered
the trajectory of the movement through 8D posture space. In this
posture-plus-trajectory model, if the movement is aimed directly
at the preferred posture, the neuron should fire more, and if the
movement is aimed away from the preferred posture, the neuron
should fire less, with firing rate proportional to the cosine of the
Aflalo and Graziano

angular error (see supporting information). Using this directional factor as an additional regressor, we obtained R2 values
that were slightly higher than for the end-posture model alone.
Thus, of the models of neuronal tuning tested here, the one that
accounted for the largest fraction of neuronal behavior over the
global range of movement was an end-posture model in which
each neuron fired most during movements that (i) were aimed
toward the preferred posture and (ii) terminated near the
preferred posture.
The different models of neuronal tuning involved different
analysis steps and different numbers of regressors. One possibility is that models with more regressors might be inherently
able to extract higher R2 values, regardless of the actual manner
in which the neurons are tuned. We addressed this concern in
three ways. First, and most directly, we used an R2 value that was
corrected for the number of regressors (21). In theory this
method corrects for the potential statistical bias.
Second, we analyzed a randomized data set using the same
models. The data set included the same movements, but the
firing rates assigned to the movements were randomized. Will
the models with a greater number of regressors be able to extract
higher R2 values from this noise, thus demonstrating that the
number of regressors per se was a significant factor in the results?
As shown in Fig. 2C, the R2 values were near zero and the
different models were not significantly different from each other
(F ⫽ 0.92; P ⫽ 0.43).
Third, we created artificial neurons that were tuned to a
specific direction of the hand, to a specific final location of the
hand, or to a specific final posture of the arm. The data for these
artificial neurons contained an actual, recorded movement set,
but the firing rate of each neuron was artificially generated
according to the three fitting functions, with randomized noise
added. An artificial direction-tuned neuron is expected to show
a high R2 value when tested on a direction-tuned model. But will
the end-point model and the end-posture model, with their
greater number of regressors, extract an even higher R2 value
from the artificial direction-tuned neuron? As detailed in the
Aflalo and Graziano

supporting information, an artificial neuron that was directiontuned showed a high R2 value only when tested on the directional
model and showed a near zero R2 value when tested on the
end-point or end-posture models. Similarly, an artificial neuron
that was end-point-tuned and an artificial neuron that was
end-posture-tuned showed high R2 values only when tested on
their appropriate regression models. In this test on the artificial
neurons, the analysis technique correctly identified each neuron’s tuning function. In particular, the models that had greater
numbers of regressors did not simply extract higher R2 values
from all neurons regardless of their tuning, but rather extracted
high R2 values from neurons appropriately tuned to the model
being tested.
Comparison Between Neurons and Stimulation. Fig. 3A shows data
from an example neuron. First the end-posture tuning was found
by using the regression analysis described above. This analysis
obtained a Gaussian surface in 8D posture space for which the
peak of the Gaussian corresponded to the neuron’s preferred
posture. In this graph, the x axis represents the distance in
posture space between the final posture of each movement and
the preferred posture of the neuron. It is important to note that
this distance is not the distance of the hand from a preferred
location in space, but rather the distance of the arm from a
preferred configuration in posture space. Thus, the units cannot
be in Cartesian centimeters. Instead, we have expressed the units
in standard deviations of the Gaussian fitting function. In this
fashion, all eight dimensions of posture space can be expressed
in the same units, and a 1D graph can be presented. The
advantage of the 1D graph is that it shows the Gaussian fit to the
data: on average, movements that terminated near the preferred
posture (within a standard deviation of the peak of the Gaussian)
had higher firing rates, and movements that terminated progressively farther from the preferred posture had progressively lower
firing rates. Approximately 40% of this neuron’s variance was
attributable to the Gaussian tuning to the preferred posture
PNAS 兩 February 21, 2006 兩 vol. 103 兩 no. 8 兩 2911
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Fig. 2. Group data comparing different models of neuronal tuning. (A) Direction tuning on a complete movement set (global) resulted in low R2 values for
most neurons; direction tuning on a limited movement set (local) resulted in significantly higher R2 values (ANOVA, F ⫽ 192.00, P ⬍ 0.0001). (B) Comparison of
four models tested on the complete movement set. The four distributions of R2 values are significantly different (ANOVA, F ⫽ 63.71, P ⬍ 0.0001). (C) Same four
models as in B but applied to randomized data. The four distributions of R2 values are not significantly different (F ⫽ 0.92; P ⫽ 0.43).

shown on the same graph as vertical black lines. They are all
farther from the neuron’s preferred posture (⬎1 SD away from
the preferred posture). Thus, the neuron’s preferred posture
matched best to the posture obtained on stimulation of the same
cortical site and matched less well to postures obtained on
stimulation of all other sites. This result shows a specific correspondence between the properties of the neuron and the results
of stimulating the same site in cortex.
To parameterize this result, we ranked the concordant stimulation site (stimulation site at the same cortical location as the
neuron) in comparison to the discordant stimulation sites (stimulation sites at different cortical locations from the neuron) in
terms of how closely they matched the preferred posture of the
neuron. For the example neuron in Fig. 3A, the concordant
stimulation site ranked first, in the 90th-to-100th percentile
range. For each neuron, we obtained a percentile in this fashion.
If there was no overall match between neuron properties and
stimulation results, then the percentiles should be randomly
distributed between 0 and 100. If there was a match between
neuron properties and stimulation results, then the percentiles
should be skewed to the high end. As shown in the population
data in Fig. 3B, the percentiles are not randomly distributed.
They are skewed to the high end, with the distribution significantly above the 50th percentile (binomial test, P ⬍ 0.0001).
Indeed, half of the neurons are above the 80th percentile.
These results indicate that there is a significant degree of
match between the postures preferred by neurons as determined
by the regression analysis and the postures evoked by electrical
stimulation of the same sites in cortex. However, the match is not
absolute, with neurons showing a range of other percentiles.
Discussion
Contribution of Different Types of Tuning to Overall Variance. In
Fig. 3. Comparison of neuronal tuning and stimulation-evoked postures. (A)
Data from an example neuron. The preferred final posture was determined by
regression analysis. The final posture of each movement was compared to the
preferred posture. The distance between them was calculated in 8D posture
space. Distance was measured in units of standard deviations of the Gaussian
tuning function to express all eight dimensions in posture space in equivalent
units. This distance is plotted on the x axis, and firing rate during the movement is plotted on the y axis. The data fit the Gaussian tuning function with
an R2 value of 0.38 (P ⬍ 0.0001). Electrical stimulation of the same cortical site
evoked a final posture. The mean stimulation-evoked posture is plotted (red
vertical line) and was near the preferred posture of the neuron. The mean
stimulation-evoked postures from other cortical sites (black vertical bars) were
farther from the preferred posture of this neuron. (B) For each neuron a
percentile was computed indicating how closely the neuron’s preferred posture matched the posture evoked by stimulation of the same cortical site as
compared to stimulation of other cortical sites. This distribution is not uniform; it is significantly greater than 50% (binomial test, P ⬍ 0.0001).

(R2 ⫽ 0.38; P ⬍ 0.0001). (Additional group data on neuronal
tuning to end posture are given in the supporting information.)
After recording from this neuron, before withdrawing the
electrode, we electrically stimulated the same site in cortex with
a 500-ms train of biphasic pulses (0.2 ms per phase, negative
phase leading, 200 Hz, 50 A), and the arm moved to a final
posture. Such stimulation-evoked postures were detailed in a
previous study (20). In the present example, data were collected
from 30 stimulation trials, and the mean final posture was
obtained. The red vertical line in Fig. 3A shows the location of
this stimulation-evoked posture relative to the neuron’s preferred posture. The stimulation-evoked posture was near the
peak of the neuron’s Gaussian tuning function, 0.4 SD away from
the neuron’s preferred posture.
The postures evoked at all other cortical sites tested are also
2912 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0511139103

many experiments on motor cortex neurons, a movement set is
used in which the direction of the hand in space is varied
systematically among conditions (1, 2, 7–9). The speed and
curvature of the reach and posture of the arm may vary naturally
from trial to trial, but this variability is small in a trained monkey
making stereotyped movements. Thus, the variance in neuronal
firing rate can be ascribed mainly to the direction of the hand in
space. Regression analysis can result in R2 values that are ⬎0.5
and sometimes as high as 0.9 (11). Such experiments ask whether
direction tuning is statistically reliable when isolated. Other
experiments have asked whether speed tuning (11), distance
tuning (9), or hand position tuning (6) are statistically reliable
when isolated.
The present experiment addressed a fundamentally different
question. Given the ‘‘free movement’’ of the arm, in which many
movement parameters are at play in a more naturalistic fashion,
how much of the total neuronal variance can be attributed to
direction tuning, tuning for a preferred hand location in space,
or tuning for a preferred multijoint arm posture?
We found that direction tuning generally accounted for ⬍10%
of the variance in neuronal activity over the global movement set.
Tuning to a preferred location of the hand in space also
accounted for little of the variance. Tuning to a preferred
posture of the arm accounted for significantly more of the
variance. Because the postures preferred by the neurons showed
a significant match to the postures evoked by electrical stimulation, the study provides evidence that neuronal tuning to final
posture exists and plays a role in the control of movement.
However, the results also indicate that posture tuning is only
one contributing source of variance in neuronal activity. The
remainder of the variance is likely to be caused by a combination
of movement and contextual variables such as hand speed (11),
curvature of hand path (12), distance of movement (9), force (8,
15), and probably other variables.
Aflalo and Graziano

Distinction Between Posture and Hand Position. Previous studies
examined neuronal activity when the hand moved to a single final
position from multiple starting positions or when the hand
applied isometric force toward particular locations in space (3,
5, 7). These studies did not find neuronal tuning to a goal hand
position. It is worth noting that these studies generally looked at
population averages. It is possible that motor cortex contains
some neurons with some degree of tuning to goal hand positions
that is lost in the population average. However, the results
consistently show that tuning to a final hand position is at least
not a prominent influence.
In the present study we tested whether neurons were tuned to
a particular final hand position in space. The R2 values were
typically ⬍0.1, indicating little tuning for goal hand positions.
These results are consistent with previous work.
In our previous stimulation experiments (18–20) we found
that electrical stimulation of a site in cortex tended to drive the
hand to a specific final location regardless of starting location.
This effect of stimulation at first appears to be at odds with the
neuronal data. However, it is crucial to recognize the difference
between arm posture and hand position. For example, upon
stimulation of some sites the hand moved to the mouth and the
mouth opened. Yet the stimulation did not merely specify a hand
position; it specified an arm posture. There are many possible
arm postures consistent with a hand location near the mouth, but
the stimulation evoked a posture in which the elbow was in lower
space, the shoulder was slightly internally rotated, the forearm
was supinated, the wrist was straight, and the grip aperture was
closed. This posture resembled the monkey’s natural feeding
posture. Are neurons in motor cortex tuned to complex postures
of the arm? The present study shows that there is a significant
degree of tuning to the final posture of a movement and that the
postures preferred by neurons show a significant match to the
postures obtained upon stimulation.
If neurons in motor cortex are tuned to a preferred posture,
then why does this tuning not manifest itself in studies that test
hand location in space? The arm contains so many degrees of
joint rotation that posture space and hand position space do not
correspond in a simple fashion. Note that two very different
postures might involve similar hand locations in space and that
two very different hand locations in space might involve similar
postures that differ from each other only in the angle of one joint.
Thus, it is unlikely that posture coding would be detected in
studies that examine hand position and movement. As described
in the supporting information, we constructed ‘‘artificial’’ neuAflalo and Graziano

rons tuned to specific postures. These neurons, when tested for
tuning to a hand location in space, resulted in low R2 values and
no clear preference for hand location. Yet each of these artificial
neurons was tuned to a posture, and the preferred posture was
necessarily associated with a hand position in space. These
results on the artificial neurons show particularly clearly how a
posture-tuned neuron would go undetected in experiments that
measure only hand position or hand movement. The entire
configuration of the arm must be measured to detect posture
tuning.
Partial Match Between Neurons and Stimulation. Our results show a

significant degree of match between the postures preferred by
neurons and postures evoked by electrical stimulation of the
same cortical site. Yet the match is not absolute. The mismatch
may have a variety of sources. First, many neurons in motor
cortex may simply not be posture-tuned. Indeed, some of the
neurons showed low R2 values for posture tuning, ⬍0.2. Second,
even the neurons that are posture-tuned are noisy, and thus the
estimate of their preferred posture may not be precise. Third,
stimulation directly activates a ball of neighboring neurons that
might have a diversity of properties; thus, stimulation may cause
an averaging or summing of these properties. These sources of
error are likely to have diluted the match between neuronal
properties and stimulation effects.
It has long been known that stimulation is helpful in discovering basic motor or sensory properties encoded in cortex,
especially because the technique is causal rather than correlational (22–26). But because of the limitations of the technique,
especially the direct stimulation of nearby neurons with diverse
properties, the strongest evidence is always provided by a
convergence of different techniques on a similar answer. In the
present case a convergence of stimulation effects and singleneuron properties strongly supports the hypothesis that motor
cortex neurons control movement partly by specifying a final
posture.
Partial Coding of Final Posture. Motor cortex neurons correlate
with many movement parameters (1–17). It seems increasingly
clear that tuning to a single movement parameter is too simple
a model to account for the behavior of these neurons. Rather,
the neurons appear to be tuned in a complex, multidimensional
space, and some degree of tuning to specific parameters can be
extracted from that multidimensional tuning profile. Given
different tasks and different movement sets, different types of
tuning are obtained.
In the past we suggested that the postures evoked by electrical
stimulation of motor cortex might reflect a fundamentally
posture-based strategy for movement control (19). Such posturebased control strategies, in which movements are coordinated by
first determining the desired final posture and then planning the
trajectory to that posture, have been proposed by many others
(27–30). However, given the diversity of movements in the
animal’s repertoire, it seems unlikely that the motor cortex uses
one control strategy. The present results suggest that, although
motor cortex neurons include some degree of posture tuning,
this type of tuning does not account for the full range of neuronal
behavior, and other variables must be at play. The results are
more consistent with the hypothesis that a posture-based control
strategy is one part of a more diverse and complex movement
control system. For example, a recent study has identified what
may be partially segregated neuronal populations for maintaining a steady arm posture and controlling a directional arm
movement (31).
Recently it has been proposed that the motor system uses an
‘‘optimal control’’ method (32, 33). In this hypothesis the system
optimizes the control of task-relevant parameters, often leaving
other parameters to vary. In one type of task, the relevant
PNAS 兩 February 21, 2006 兩 vol. 103 兩 no. 8 兩 2913
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Local vs. Global Direction Tuning. We found significant direction
tuning over a limited movement set. This limited set resembled
the more typically studied center-out paradigm in that the
movements began from a central location and radiated outward
in all directions for a limited distance. This finding of a more
consistent direction tuning for the local movement set than for
the global movement set is in agreement with experiments
showing that a neuron’s preferred direction changes when the
starting position and posture of the arm are changed (3–5). In
such experiments, the preferred direction rotates when the
starting configuration of the arm is changed, and this alteration
in preferred direction occurs in a direction and by an amount that
are idiosyncratic and different from one starting configuration of
the arm to the next and from one neuron to the next. A
population average suggested that the preferred directions tend
to rotate partially with the shoulder joint (3), but at the single
neuron level the change in preferred direction is variable. Such
results indicate that a neuron cannot be characterized by a single
preferred direction. Our results are consistent with these previous findings, suggesting that cells are tuned to a preferred
direction mainly locally and that a single preferred direction does
not apply globally.

parameter may be hand direction; in another task, the relevant
parameter may be quite different, e.g., the final striking position
of the head of a hammer. One suggestion, therefore, is that there
is no single, preferred parameter (such as direction, speed, force,
or end point) used for all tasks, but instead the parameters being
specified by the optimal control strategy depend on the task
being performed. Studies involving a directional reaching task
might tend to reveal a directional control strategy, whereas
studies involving more posture-based tasks might tend to reveal
a more postural control strategy. We suggest that the reason why
neurons in motor cortex show some degree of end-posture
coding is that monkeys normally spend a high proportion of time
maintaining specific, complex arm postures to stabilize and
orient the hand during hand actions (34). In this hypothesis, the
neuronal tuning reflects common aspects of the monkey’s behavioral repertoire.
Methods
All procedures were approved by the Princeton University
Institutional Animal Care and Use Committee and the attendant
veterinarian and were in accordance with National Institutes of
Health and U.S. Department of Agriculture guidelines. We
studied two adult male Macaca fascicularis. Detailed methods
are presented in the supporting information.
A varnish-coated tungsten microelectrode (Frederick Haer,
impedance 0.5–2 M⍀) was used to obtain neural signals that
were amplified (A-M Systems amplifier, model 1800) filtered
(300–5,000 Hz), and recorded at 25,000 Hz. An offline spikesorting algorithm was used to assign spikes to individual neurons.
Typically one to three neurons could be reliably isolated on the
electrode at one time.
At each cortical site, after recording neuronal activity, we
tested the effect of electrical stimulation (Grass S88 stimulator
and two SIU6 stimulus isolation units). Stimulation consisted of
a 500-ms, 200-Hz train of biphasic pulses, each phase 0.2 ms in
duration, negative phase leading. Current was measured by
means of the voltage drop across a 1 K⍀ resistor in series with
the return lead of the stimulus isolation units. The current level
was adjusted until a clear, consistent, multijoint movement of the
arm was obtained, typically between 25 and 100 A.
Detailed methods for measurement of arm movement are
provided in the supporting information. Briefly, the 3D positions
of points on the limb were measured by means of an Optotrak
3020 system (Northern Digital). This system tracked infrared
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