
Behavioral/Systems/Cognitive
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Neurons in the motor areas of cortex play a key role in associating sensory instructions with movements. However, their ability to acquire
and maintain representations of novel stimulus features, especially when these features are behaviorally relevant, remains unknown. We
investigated neuronal changes in these areas during and after associative learning, by training monkeys on a novel reaching task that
required associating target colors with movement directions. Before and after learning, the monkeys performed a well known center-out
task. We found that during learning, up to 48% of the neurons developed learning-related responses, differentiating between the asso-
ciative task and the center-out task, although movement kinematics were the same. After learning, on returning to the center-out task in
which color was irrelevant, many of these neurons maintained their response to the associative task; they displayed novel sensitivity to the
color of the target that was relevant during learning. These neuronal responses prevailed in both the primary motor cortex and the ventral
and dorsal premotor cortices, without degrading the information that the neurons firing carried about movement direction. Our results
show that motor cortical neurons can rapidly develop and maintain sensitivities to novel arbitrary sensory features such as color, when
such features are behaviorally relevant.
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Introduction
The primary motor cortex (M1) and the premotor areas are
known to be involved in sensorimotor transformations and sen-
sorimotor associations between spatial targets and the motor
outputs required to achieve them (Kalaska et al., 1997; Georgo-
poulos, 2000). Efficient sensorimotor control also involves learn-
ing to adapt to novel environments. In this study, we examined
the changes accompanying learning novel sensorimotor
associations.

Many studies have reported involvement of these motor cor-
tices in motor adaptation, learning, and consolidation of motor
tasks after learning. The activation of M1 during learning has
been shown using magnetic resonance imaging (MRI) (Karni et
al., 1995, 1998) and mimicked by cortical microstimulation stud-
ies (Jackson et al., 2006). In addition, single neuron activity shows
learning-related changes in the motor cortices (Mitz et al., 1991;
Wise et al., 1998; Costa et al., 2004; Paz et al., 2005). However, we
have little knowledge as to the extent of these changes; in partic-
ular, are learning-related responses in the motor cortices re-
stricted to altering existing representations, or could novel pa-
rameters be represented as well? For example, in other primary

cortices such as the primary visual cortex, there have been reports
of specific changes in response properties corresponding to
learning-specific perceptual discriminations (Schoups et al.,
2001), but also reports of neuronal representations of novel fea-
tures, especially if they are behaviorally relevant (Gilbert et al.,
2001).

Several studies suggested that the motor and premotor corti-
ces also undergo postlearning representational changes. For ex-
ample, after adaptation to visuomotor rotations, neurons im-
prove their coding of the direction used during the adaptation
(Paz et al., 2003; Paz and Vaadia, 2004). In another study, after
force-field adaptation, neurons change their preferred direction
(Gandolfo et al., 2000; Li et al., 2001). Furthermore, studies using
MRI and transcranial magnetic stimulation (TMS) methodologies
have reported that the motor cortices are involved in consolidation
of motor tasks after learning (Shadmehr and Holcomb, 1997; Muell-
bacher et al., 2002; Bütefisch et al., 2004; Robertson et al., 2004).
However, the extent of these postlearning changes and their effect on
baseline motor cortical representation remains unclear.

In this study, we explored the neuronal changes taking place
during associative learning in which target color instructs move-
ment direction. We found that a large fraction of M1 and premo-
tor neurons exhibited responses specific to the learning task
(“learning-related responses”). Moreover, these responses were
maintained after learning, leading to manifestation of novel neu-
ronal representations of arbitrary features such as the color of the
target, in parallel to the ongoing representation of movement
direction.
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Materials and Methods
Two female monkeys (Macaca fascicularis, �3
kg) were trained on an eight-direction center-
out reaching task. They held a two-joint ma-
nipulandum at their elbow level with their left
(dominant) hand, while their right hand was
restrained. A horizontal plate concealed the
arm and manipulandum from the monkey’s
sight. Animal care was in accordance with Na-
tional Institutes of Health guidelines and was
approved and supervised by the Hebrew Uni-
versity committee on animal experiments.

Recording
Recording sessions started after training on the
center-out task. Signals from 32 moveable elec-
trodes placed in the motor cortices (see Fig. 4)
on the monkey’s right hemisphere were sorted
and sampled at 25 kHz (Alpha Omega).

Trial flow
As shown in Figure 1, each trial began with the
screen display of an “origin” (a white circle)
(Fig. 1a, left, depicted as gray). The monkey had
to use the manipulandum to position a cursor
(a white dot) (Fig. 1a, depicted as black) within
this circle (0.7 cm radius), for 750 –1500 ms
(varied randomly). Then, at target onset (TO),
eight evenly spaced circles (0.7 cm radius) ap-
peared. All circles were white (Fig. 1a, depicted
in gray), with the exception of one colored cir-
cle (for example, Fig. 1a, the circle depicted in
red). During the center-out task, the colored
circle (red, green, blue, or magenta, selected
pseudorandomly) served as the target. After a
second delay of 750 –1500 ms, the origin disap-
peared, cueing the monkeys to move (“GO sig-
nal”). The monkeys were rewarded with fruit
puree if they moved in a straight trajectory (lim-
ited by an invisible corridor 1.4 cm in width),
reached the target within 1 s, and held the ma-
nipulandum there for an additional second.
Performance was assessed using success rate
(for bins of 10 trials) and several movement pa-
rameters, as follows: (1) reaction time, time
from GO signal to movement onset (MO); (2)
directional error, the angular distance between
hand trajectory at peak velocity and the ex-
pected hand trajectory (averaged over center-
out trials performed before learning); and (3)
width and amplitude of velocity profiles. These
parameters were compared before, during, and
after learning.

Session flow
During recording, each session included three
blocks. There was no cue to indicate block
switching. The first and the third blocks con-
sisted of the center-out task (eight targets, four
colors, a total of 224 trials for each block). In the
second (middle) block, we presented our main manipulation. We used
two types of manipulations: the first was termed the “repetition block”
and the second, the “learning block.”

Repetition blocks
Before the monkeys had ever been exposed to the arbitrary association
task (see Learning blocks, below), they were presented with control ses-
sions in which they performed two blocks of the center-out task, before
and after a repetition block. During the repetition block, the monkeys
performed trials similar to those in the center-out task, except that only

two of the eight possible movement directions and two of the four pos-
sible colors for the colored circle (target) were presented. These move-
ment directions and target colors matched those that would later be used
in the learning blocks. Repetition blocks included a total of 200 trials
(randomized for circle colors and locations).

Learning blocks
After several days of recordings of repetition sessions, the monkeys began
to perform the novel arbitrary association task. As in the repetition blocks
described above, they performed two blocks of the center-out task, before

Figure 1. Experimental design and behavioral results. a, Trial flow during the center-out task. Left to right: Each trial started by
holding a cursor in a central origin (black dot and gray circle). After a 750 –1500 ms delay, 8 circles appeared, 1 colored (TO). After
a second 750 –1500 ms delay, the origin disappeared, instructing the monkey to initiate movement (Go signal). The monkeys had
to use the manipulandum to place the cursor in the target within 1000 ms, and hold it there for 1000 ms. b, Arbitrary association
task. The colored circle appeared pseudorandomly in one of two locations and in one of two colors. In contrast to the center-out
task, the monkeys were not required to move into the colored circle. Rather, movement direction was instructed by the circle color
(red, 90°; blue, 135°). c– e, Performance before (blue), during (black), and after (red) learning, showing examples of average
movement trajectories (c) and velocity profiles (d) from one learning session (100 trials before, during, and after learning) and
cumulative distributions of reaction times (e) for all sessions. f, g, Retention of arbitrary association across learning sessions, as
measured by the number of trials required to reach plateau performance of 75 and 100% success rates (stable for 20 trials) for
monkeys M (f ) and K (g).
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and after a learning block. During the learning block, the monkeys
learned an “arbitrary association task” (Fig. 1b), in which the color of the
circle, not its location, specified the desired movement direction. A red
circle instructed a movement (up) to a target at 90° (Fig. 1b), whether it
appeared at 45° or 90°. The blue circle instructed a movement to a target
at 135° (up and to the left), also regardless of its location. In each learning
block, the circles appeared in only two locations (45° or 90°) as illustrated
in Figure 1b. The monkeys had to learn to regard color as the relevant
parameter and to find the two specific color– direction associations by
trial and error. The learning block comprised 200 trials (randomized for
circle colors and locations).

The monkeys were presented with this task day after day, with the same
colors and locations, until there was no day to day improvement in
performance. Improvement in performance was assessed by the number
of trials required to reach stable (plateau) performance (for at least 20
consecutive trials). Therefore, all data in this paper relate to those learn-
ing sessions in which performance improved on the following day. Mon-
key K required six recording sessions to reach this level of performance,
whereas monkey M required only 2 d. Distributions of movement pa-
rameters (directional error, width, and amplitude of velocity profile and
reaction times) were compared separately either for all trials (correct and
errors) or for correct trials alone. Comparison was made using ANOVA (the
Bonferroni correction for multiple comparisons was used for all calcula-
tions), and the distributions were compared using the Kolmogorov–
Smirnov test.

Data analysis
Analyses of neuronal data were performed on the first 100 correct trials of
each block of trials, using bins of 200 ms with a 50 ms interval, i.e.,
analysis of firing rates in the epoch of 0 –200, then 50 –250, etc., for the
epochs from 0 to 750 ms after TO, and from 250 ms before to 500 ms after
MO. To quantify the sensitivity of neurons to target colors and move-
ment directions, we looked at the firing rate for each neuron and time bin
in each block separately, and compared conditions using ANOVA, mu-
tual information, and preferred direction (PD) analyses. All analyses
were performed using the same neurons and the same number of trials
before, during, and after learning.

ANOVA. We used multi-way ANOVA for target color, movement
direction, and interactions, before and after learning. We also used
ANOVA and a “discrimination ratio” to compare responses of neurons
to the different blocks of trials (center-out as opposed to learning). The
Bonferroni correction for multiple comparisons was used for all calcula-
tions. The discrimination ratio measures representations at the popula-
tion level. It was defined as the number of discriminating neurons during
each time bin (as calculated by ANOVA; significance threshold p � 0.01)
divided by the number of discriminating neurons expected by chance
(using a bootstrap method with 500 repetitions of random shuffling).
Significance was determined using Student’s t test ( p � 0.01) between
the observed discrimination and the discrimination expected by chance
(the distribution of chance discriminations was produced using the boot-
strap method). The discrimination ratio for target colors was termed
“color sensitivity,” the discrimination ratio for movement directions was
termed “direction discrimination,” and the discrimination ratio for in-
teraction between movement directions and target colors was termed the
“interaction ratio”. The discrimination ratio for the different tasks was
termed the learning-related response.

Mutual information. Mutual information was used to further assess
discrimination between tasks, and was calculated using the standard for-
mula (Papoulis 1984):

I� x,y� � �
x

�
y

P� x,y�log� P�x,y�

P�x�P�y��,

where x is the firing rate and y is either the type of task, the type of
association, or the target color. P(x y) was calculated by assuming a Pois-
son distribution (the Poisson model well approximated the firing distri-
bution for most cells), the mean of which was calculated across all trials
(100 correct trials per block). The significance of mutual information for
each neuron and each time bin was estimated using a bootstrap method

(as in the ANOVA analysis). The significance of the change in mutual
information of the entire neuronal population was compared before and
after learning using ANOVA and the Kolmogorov–Smirnov test ( p �
0.01).

Correlations between behavioral performance and the neuronal re-
sponses were evaluated in the following way. The discrimination ratios
for learning-related responses (discrimination between tasks) or for
color sensitivity (discrimination of target color after learning) were as-
sessed separately for each time bin in each learning session. These mea-
sures were then correlated, either to (1) the level of acquisition of the
arbitrary association task (the number of trials required to reach stable
performance for 20 trials) (Fig. 1f,g) or to (2) the retention of the arbi-
trary association task (the day-to-day changes in the number of trials
required for stable performance) (the slope of Fig. 1f,g).

PD was calculated by fitting a cosine to the tuning curve of the re-
sponses of each cell for the eight possible movement directions (Georgo-
poulos et al., 1988) during the first 100 correct trials of the center-out
block (before any learning was presented). To ensure validity of the PDs,
only cells with R 2 � 0.55 to a cosine were included in this analysis (R 2 as
described by Paz et al., 2003; Paz and Vaadia, 2004). The uniformity of
the PD distribution was evaluated by a Rayleigh test and homogeneity by
Rao’s spacing test ( p � 0.01). The significance of the PD shift was deter-
mined by a bootstrap method with 500 repetitions of random shuffling
(significance was determined using Student’s t test, p � 0.01).

Correlations between firing rate changes during and after learning
were performed the following way. (1) The magnitude of firing rate
changes was calculated for each neuron during learning and after learn-
ing. Firing rate changes during and after learning were calculated only for
trials in which movement directions and target colors matched those
presented during learning (red, 90°; blue, 135°). (2) Firing rate changes
were normalized by the magnitude of firing rates of that same neuron
before learning (during the same trial types, red, 90°; and blue, 135°). (3)
Correlations were calculated between the normalized response of each
neuron during learning and its normalized response after learning. Cor-
relations were computed separately for the TO and MO epochs.

Tuning curves and firing rate changes were calculated for a single time
bin during each epoch: 350 –550 ms after TO and �50 to �150 ms
relative to MO, because these were the time bins in which most cells were
active. Similar results were obtained for other time bins as well.

Results
To investigate neuronal changes during associative learning,
monkeys were presented with sessions comprising three blocks of
trials: a block of a well known eight-direction center-out task,
followed by a block of a novel arbitrary association task (learning
block), and then another block of center-out task (see Materials
and Methods). The associative task required moving in accor-
dance with the target color (see Fig. 1b and Materials and Meth-
ods). We examined changes in neuronal activity before, during,
and after learning the novel task. All analyses were made on the
same neurons, recorded throughout the entire session.

Behavioral results
Movement parameters
Figure 1, c– e, shows behavioral performance before, during, and
after learning of the arbitrary association task. The analysis in-
cludes all trials in which the monkeys made movements, either
correct or erroneous. We found that the learning process did not
involve any changes in the movement parameters tested. The
directional errors were similar before, during, and after learning
in number and extent (Fig. 1c shows average trajectories for one
exemplary session, session III of monkey K. Full trajectories dur-
ing three other exemplary sessions are shown in supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
The width and amplitude of velocity profiles were similar in the
three blocks of trials (Fig. 1d shows the average velocity profile for
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one exemplary session, session III of monkey K). Reaction times
(RTs) (measured from onset of the GO signal) for monkey K were
200 � 12 ms (SEM), 212 � 14 ms, and 203 � 10 ms before,
during, and after learning, respectively. For monkey M, RTs were
195 � 8 ms, 209 � 15 ms, and 200 � 11 ms, respectively. Figure
1e shows the cumulative histograms of RTs (combined for all
learning sessions).

ANOVA and the Kolmogorov–Smirnov test were used to
compare these three parameters before, during, and after learn-
ing and showed that movement parameters did not differ ( p �
0.3 for all comparisons: all movement parameters, all blocks of
trials, and all trials). This was also true when only the first 100
correct trials were compared [the trials for which neuronal activ-
ity was analyzed (see below); p � 0.3 for all comparisons]. Also,
we compared movement parameters during learning to move-
ment parameters during the control repetition task (see Materials
and Methods; comparison was made for all trials), but there were
no distinguishable differences ( p � 0.25).

Acquisition of the arbitrary associations
Although there were no changes in any of the movement param-
eters, performance on the arbitrary association task improved
within and across sessions. The monkeys began each day by mak-
ing many errors and progressed during each learning session to
reach a plateau in the level of performance faster and at a higher
level of performance. Supplemental Figure 1, available at www.
jneurosci.org as supplemental material, shows learning curves for
sessions I, IV, and VI of monkey K (learning blocks are depicted
in the middle section). They show improvement in success rate,
as well as rapid reduction of “perseveration errors” (errors caused
by responses that followed the rules of the previous center-out
task). Specifically, because one of the four possible trial types
during associative learning (red target at 90° indicating move-
ment to 90°) was also identical to one of the center-out trials, we
compared movement parameters during these trials to the other
three types of learning trials. For a brief period of time at the
beginning of the first learning session, the success rate was higher
for this trial type, because of perseveration errors. On later trials
and sessions, the success rate and movement parameters were
similar in all four trial types presented during learning (t test, p �
0.3).

Day-to-day changes were quantified by calculating the num-
ber of trials required to reach plateau performance on each ses-
sion. Figure 1, f and g, presents the day-to-day changes in this
measure (two sessions for monkey M and six sessions for monkey
K). These improvements indicate that during the recording ses-
sions, the task was in the process of being learned and consoli-
dated in long-term memory (Brashers-Krug et al., 1996; Shad-
mehr and Brashers-Krug, 1997). The monkeys may have learned
the task locally, for these particular colors, spatial locations, and
associations. Alternatively, they could have learned the general
rule “color instructs movement”. We did not attempt to explore
these possibilities.

Performance of center-out task after learning
Because an important goal of the study was to compare neuronal
activity during performance of the center-out task before and
after learning, special care was taken to compare behavior during
these two blocks. For both monkeys, during the first two trials of
the first postlearning block of the first learning session, there were
occurrences of perseveration errors (as mentioned above, result-
ing from responding in accordance with the learned task that had
just terminated). This is similar to the results of a human psycho-

physics study of associative learning (Zach et al., 2005). These
trials were excluded from analysis of neuronal activity. Such per-
severation errors were not observed in the rest of the sessions (see
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material).

Beyond perseveration, learning may also affect movement pa-
rameters, as in the case of visuomotor rotation and force-field
adaptation, which manipulate the movement itself. After learn-
ing such tasks, there are short-lasting alterations (aftereffects)
that may be reflected in curved trajectories of the arm. To exam-
ine the possible occurrences of aftereffects, we looked at direc-
tional errors for the directions used during learning, compared
with directions not used during learning. Supplemental Figure 2,
available at www.jneurosci.org as supplemental material, shows
directional errors for the first postlearning trial for each target
color and movement direction for three exemplary sessions. It
shows that besides a perseveration error on the first session, the
degree of directional errors in movement directions or target
colors that were used during learning was not significantly greater
than the extent of directional errors of movements in other di-
rections and colors. This is also in line with human psychophysics
results (Zach et al., 2005), suggesting that learning a color– direc-
tion association task does not affect movement parameters. This
can be explained by the nature of the arbitrary association task,
which does not involve manipulation of movement parameters
such as direction.

In sum, although the monkeys learned the association task,
movement parameters did not show statistically significant
changes across blocks, recording sessions, movement directions,
or target colors. These findings indicate that movements during
learning were indistinguishable from ones made during the
center-out task. Also, postlearning performance of the center-out
task was similar to prelearning performance.

Neuronal activity
The data included 256 cells, with 140 cells (104 from monkey K,
36 from monkey M; eight different sessions) recorded during
learning sessions and 116 cells recorded during repetition ses-
sions (n 	 88 for monkey M, n 	 28 for monkey K). Neuronal
activity was recorded in the upper surface of M1 and in two
premotor areas [premotor dorsal (PMd) and premotor ventral
(PMv)] (Fig. 4, see surface map for monkey K). The activity of
these neurons in the first 100 correct trials during each block was
examined using 200 ms time bins in two main epochs of each
trial: from 0 to 750 ms after target onset (this epoch is referred to
as TO) and from 250 ms before movement onset to 500 ms after
movement onset (this epoch is referred to as MO) (see Materials
and Methods).

All neurons included in this analysis had (1) a stable firing rate
throughout the entire session, measured by comparing responses
during the hold period (750 ms before TO) throughout the three
blocks of each session; (2) a firing rate of �1 Hz during that hold
period; and (3) a significant response (firing rate changes) during
both the TO epoch and the MO epoch, compared with the hold
period. Because there were no differences in firing rate, variabil-
ity, or any neural parameter tested, the neurons of the two mon-
keys were pooled.

Learning-related responses
To illustrate the neuronal activity discriminating the center-out
task and the learning task, Figure 2 shows exemplary peri-event
time histograms for two neurons, one during TO (top; recorded
from PMv) and the second during MO (bottom; recorded from
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M1) before, during, and after learning. Raster plots of these neu-
rons are shown in supplemental Figure 3, available at www.
jneurosci.org as supplemental material. The histograms show re-
sponses to the different target colors before, during, and after
learning. Responses during the center-out task are shown specif-
ically for the directions that were used during learning (red and
magenta at 90°, green and blue at 135°). In other words, in all
parts of the figure, red lines depict trials in which target color was
red and movement was made to 90°, and blue lines depict trials in
which target color was blue and movement was made to 135°.
However, responses during the center-out task before learning
were largely different from responses during learning; although
movement directions and target colors were similar, the re-
sponses distinguished between the center-out task and the learn-
ing task. These discriminative responses were termed learning-
related responses.

We assessed learning-related responses of all of the cells re-
corded during the learning sessions (n 	 140 cells), by comparing
responses during the arbitrary association and center-out tasks.
Responses were compared for each neuron, for trials with the
same target colors and movement directions (i.e., red, 90° and
blue, 135°), either on the center-out task or on the novel arbitrary
association task, using ANOVA. A neuron having responses that
discriminated between the two tasks was classified as a neuron
showing learning-related responses. Note that all neurons that
responded differently to the two tasks did so while maintaining
the same background firing rate throughout the session (neurons
that failed to meet these criteria were considered instable and
were excluded from further analysis; see above). Also, note that
responses were made to the same target colors and movement

directions. After computing the discrimination for each cell, we
calculated a discrimination ratio for the entire neuronal popula-
tion (the ratio of the number of cells classified as learning related
by the ANOVA to the number expected by chance; see Materials
and Methods). The discrimination ratio was calculated separately
for each 200 ms time bin.

As shown in Figure 3a, the population showed a significant
increase in discrimination ratios ( p � 0.01), across all time bins,
reaching up to 18-fold more than chance level during both TO
and MO. The numbers indicate that up to 49% of the neurons
showed significant learning-related responses (51 of 104 for
monkey K, 17 of 36 for monkey M).

We validated the results by several post hoc analyses. First, we
compared the level of learning-related responses on the different
learning sessions and found them to be similar ( p � 0.5). Also,
we assessed whether there were any observable changes in the
amount of learning-related responses throughout the learning
block, by calculating discrimination ratios separately for the two
halves of the learning block (comparing the first 50 trials of the
learning block to the last 50 trials of the learning block). No such
changes were observed ( p � 0.5).

A more specific test of the learning-related responses was per-
formed by looking at learning trials in which the target location,
its color, and the required response were identical to that of
center-out trials (red at 90° instructed movement to 90°, one of
the four possible trial types during learning, as shown in Fig. 1b).
We compared the responses during those trials to responses dur-
ing other learning trials or during the matching center-out trials.
We found that of 68 learning-related neurons, 66 (97%) re-
sponded during this trial type in accordance with their learning-

Figure 2. a, b, Examples of two neurons showing learning-related responses and color sensitivity. The responses of one cell are shown around TO (a) and the other cell, around MO (b). Responses
were smoothed using bins of 50 ms. Left, Responses to different target colors before learning (red and blue, the colors that would be presented in the learning task; black and gray, representing
magenta and green, respectively, colors presented in the center-out but not the learning task). Responses to the target colors red and magenta (depicted as black) are shown only for trials in which
movement was made to 90°, and responses to the target colors blue and green (depicted as gray) are shown only for trials in which movement was made to 135°. Middle, Responses during learning
of color– direction associations (red, 90°; and blue, 135°). Note the differences in these responses from the responses to the same movement directions and target colors during the center-out task.
Right, Responses to target colors after learning of the color– direction association task. Note the maintenance of the elevated response for the target colors that were relevant during learning (this
response was termed color sensitivity). Inset, Tuning curves for the different target colors after learning. Arrows mark the movement directions used during the arbitrary association task. Note that
color sensitivity was similar across all movement directions. The cell in a was recorded from PMv and the cell in b from M1.
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related responses and not their center-out responses. This result
strongly supports the notion that learning-related responses in-
deed reflect the context of the task rather than specific task
parameters.

To further validate these results, we compared them to results
obtained in sessions of a control task, called “repetition sessions”
(n 	 116 cells, four sessions; see Materials and Methods). Repe-
tition sessions were conducted before the monkeys had any ex-
posure to the arbitrary association task. All procedures and anal-
yses were as described above, except that instead of a block of the
arbitrary association task, the monkeys performed a repetition
task: a center-out task with the same two target colors and two
movement directions that were later used during learning of the
arbitrary association task. We compared neuronal activity for the
same movement directions and target colors during the center-
out task versus the repetition task. We found that the number of
neurons discriminating the repetition task from the center-out
task never rose above a chance level (Fig. 3a, black dashed lines) (t
test, p � 0.01 from arbitrary association sessions). These results
show that learning-related responses cannot be ascribed to the
mere presentation of only two movement directions rather than
eight directions in the center-out task.

To further validate these results, we also computed the mutual
information (Papoulis, 1984; Hatsopoulos et al., 1998) between
neural activity and the task performed. Whereas ANOVA is used
to determine discriminative responses in general, the mutual in-

formation approach provides more precise information about
the reliability of the discriminative responses. Indeed, the mutual
information regarding the type of task being performed was high
(see supplemental Fig. 4a, available at www.jneurosci.org as sup-
plemental material), showing that the learning-related responses
were consistent and reliable.

To conclude, although movements during center-out and ar-
bitrary association tasks were made to the same directions with
the same target colors, many neurons in the motor and premotor
cortices responded to them differentially during the different
tasks, showing learning-related responses.

Sensitivity to target color after learning
As shown in Figure 2 (right column), after learning, on returning
to the well known center-out task, some of the neurons with the
learning-related responses maintained a trace of these responses
by evolving a novel representation of target colors. These neurons
responded differently to the target colors that were used during
learning (red and blue) as opposed to the colors not used during
learning (the colors that were only used during the center-out
task). We termed this response color sensitivity, because the neu-
rons responded to the instructive properties of the target color.
Directional tuning curves, shown in the insets of Figure 2 (right),
indicate that color sensitivity was evident across all movement
directions.

To evaluate the nature of this color sensitivity, we first per-

Figure 3. Learning-related responses and color sensitivity of the neuronal population. a, b, Learning-related responses (a) (solid lines) were quantified by discrimination ratios (discrimination
between tasks for the entire neuronal population, relative to chance levels, n 	 140 cells) (see Materials and Methods), calculated for 200 ms time bins, relative to TO (left) and MO (right). Error bars
are � SEM. Stars indicate significance ( p � 0.01). The numbers mark the percentage of neurons responding discriminatively to the same movement directions and target colors when presented
in the learning task as opposed to center-out task. Dashed lines depict discrimination ratios calculated during the control repetition sessions (n 	 116 cells) (see Materials and Methods). b, Color
sensitivity after learning. Color sensitivity was quantified by discrimination ratios (discrimination between target colors for the entire neuronal population, relative to chance levels, n 	 140 cells)
(see Materials and Methods) before learning (blue), after learning (red), and after the control repetition session (gray). The numbers mark the percentage of neurons responding discriminatively to
the different target colors after learning. Notation is the same as in a. c– e, Evidence showing that color sensitivity is a continuation of the learning-related responses after learning has ended. c,
Discrimination ratios for learning-related responses (as in a) calculated for the specific subpopulation of neurons that showed color sensitivity after learning (depicted in b). Notation is as in a. Note
that almost all color-sensitive neurons also showed learning-related responses. d, e, Correlations between each neuron’s learning-related responses and color sensitivity, during the TO (d) and MO
(e) epochs. x-Axis, Learning-related responses (firing rate changes for the same movement directions and target colors during learning, normalized by firing rate to these trial types before learning).
y-Axis, Color sensitivity (firing rate changes to these target colors and movement directions after learning, normalized by firing rate to these trial types before learning). Note that the two phenomena
were highly correlated.

9550 • J. Neurosci., September 17, 2008 • 28(38):9545–9556 Zach et al. • Learning-Induced Representations in Motor Cortices



formed an ANOVA, comparing the responses of the neurons to
the four possible target colors before and after learning. As shown
in Figure 3b, after learning the color– direction association, the
neurons discriminated colors: before learning, the discrimina-
tion ratio never rose above chance levels (blue lines). However,
after learning (red lines), there was a significant increase in the
discrimination ratios. The discrimination of target color reached
as high as sixfold more than expected by chance during TO (up to
20% of the neurons; 24 of 104 for monkey K, 4 of 36 for monkey
M), and up to a tenfold increase during MO (up to 21% of neu-
rons; 23 of 104 for monkey K, 7 of 36 for monkey M).

As a control, we also compared discrimination of target color
before and after performing the repetition task. We found that
the after-repetition discrimination ratios did not rise above a
chance level (Fig. 3b, dashed red lines), showing that neurons
became sensitive to the target colors only if these features were
used during the association learning. To further verify these re-
sults, we computed mutual information between neuronal activ-
ity and target color. The results of this analysis are shown in
supplemental Figure 4, available at www.jneurosci.org as supple-
mental material, demonstrating that neuronal activity after
learning, but not before, was informative regarding target colors.

As shown in the examples in Figure 2, color sensitivity stemmed
from responses discriminating the colors used during the task from
the colors not used during learning (used only during the center-out
task). This result holds for the vast majority of color-sensitive cells; a
post hoc t test analysis determined that in all time bins, 65–100% of
the color-sensitive neurons in fact discriminated the colors used dur-
ing learning (red and blue) from the colors not used during learning
(green and magenta). Also, note that as in the case of the learning-
related responses, there was no tendency to respond differently to
red as opposed to blue, the two colors associated to different move-
ments. Finally, we calculated the discrimination ratio separately for
the first and second halves of the block of the center-out task after
learning, for each of the different learning sessions, and found that
color sensitivity was maintained at the same level throughout the
postlearning block ( p � 0.5) (results not shown). These results sup-
port the notion that color sensitivity was maintenance of the
learning-related responses.

To further test this possibility, we assessed the relationship
between learning-related activity and postlearning color sensitiv-
ity. As shown in Figure 3c, most (75–90%) of the color-sensitive
neurons also showed learning-related responses. Furthermore,
we assessed the correlation between the magnitude of learning-
related responses by each neuron (firing rates during learning,
normalized by responses to same movements and colors before
learning) to the magnitude of its color sensitivity (firing rates
after learning, normalized by responses to these target colors and
movement directions before learning). As shown in Figure 3, d
and e, the firing rate of each neuron during learning predicted its
responses after learning well (R 2 	 0.5884 and R 2 	 0.6861 dur-
ing TO and MO, respectively). These results suggest again that
color sensitivity was in fact maintenance of the learning-related
responses.

We conclude that traces of learning-related responses were
maintained after learning, during performance of the center-out
task, in which the colors were task-irrelevant. This shows that
motor and premotor neurons can maintain responses to features
relevant to behavior, even sensory features such as colors that are
not normally represented in the motor cortex.

Cortical location of discriminative neurons
Neurons with learning-related responses and color sensitivity
were found in both M1 and premotor areas of the two monkeys.
Figure 4a shows, for monkey K, the recording sites in which cells
with learning-related responses were found (black dots; n 	 55
sites) and in which color-sensitive cells were found (red dots; n 	
23 sites). Gray dots mark sites in which no discrimination was
found (n 	 41 sites). Note that the total number of sites in the
figure is smaller than the number of neurons (n 	 104 for mon-
key K) because each electrode recorded up to two neurons simul-
taneously, and some locations were repeated in more than one
session.

Figure 4b shows sites in which intracortical microstimulations
induced movements around the shoulder or elbow at �20 �A of
current (n 	 36 sites). These sites were considered to be within
M1; the more rostral sites were classified as being within the
premotor cortex. Among them, sites that were located medial to
the genu of the arcuate sulcus were considered as PMd sites, and
sites residing laterally to the genu were considered PMv sites. The
borders between areas are marked by dashed black lines in Figure
4, a and b. As shown in Figure 4a, learning-related responses and
color sensitivity prevailed in all three regions. This was also true
for monkey M: there were 22 sites with neurons that showed
learning-related responses and 7 sites with color-sensitive neu-
rons, all distributed across M1 and premotor areas (results not
shown).

To further examine any differences between the areas, we re-
calculated the discrimination ratio for the learning-related re-
sponses and color sensitivity separately for neurons in each site
(M1, n 	 60 cells; PMv, n 	 63 cells; PMd, n 	 17 cells from the
two monkeys). The results are shown in Figure 4c for learning-
related responses and Figure 4d for color sensitivity, with dashed
lines representing the discrimination ratios for a single cortical
area, versus solid lines representing the discrimination ratios of
the entire neuronal population (same as Fig. 3a,b). In all compar-
isons, there were no differences between the magnitude of dis-
crimination ratios in one brain area compared with the entire
neuronal population (ANOVA, p � 0.2). Also, there were no
differences when comparing the three areas to each other ( p �
0.2) This shows that learning-related responses and color sensi-
tivity were widely distributed, extending from the central sulcus
to the arcuate sulcus and including both the ventral and dorsal
premotor areas.

Representation of movement direction is unaffected
We examined whether learning novel associations between target
colors and specific movement directions had any effects on the
representation of movement directions by M1 and premotor cor-
tex. We measured direction representation using ANOVA and
the discrimination ratio for the different movement directions,
before and after learning, and for a possible interaction between
movement direction and target color. As shown in Figure 5a, the
discrimination ratios for the different movement directions were
similar, before and after learning, for both the TO and MO ep-
ochs ( p � 0.2). In addition, there were no interactions between
color and direction (Fig. 5a, inset). This shows that representa-
tion of direction was not affected by the emergence of color
sensitivity.

To further probe the direction representation of the cells, we
calculated the cells’ directional tuning and PD. Figure 5b shows
the PDs of cells with cosine fit of �0.55 (as described by Paz et al.,
2003, Paz and Vaadia, 2004) (see Materials and Methods), before
(blue lines) and after (red lines) learning. The direction of each
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line represents the PD of one tuned cell, and its length represents
R 2 to cosine. The distribution of PDs was uniform and homoge-
neous during both epochs (Raleigh p 	 0.37 and p 	 0.41, Rao
p 	 0.42 and p 	 0.35 for TO and MO, respectively). Also, there
was no difference in the number of neurons with cosine-like
directional tuning (n 	 47 cells before vs n 	 46 cells after learn-
ing for the TO epoch, n 	 45 before and after learning for MO)
and no significant PD shift (n 	 3 cells with significant PD change
during TO, n 	 5 during MO). Thus, learning a color-associative
task did not induce changes in the representation of direction in
the motor areas studied.

Learning-related response and its maintenance are
independent of movement direction
As shown above (Fig. 1c– e), trajectories were not affected by
learning, and color sensitivity was apparent across all movement
directions (see examples in Fig. 2 right, inset). This raises the
possibility that learning-related responses and color sensitivity
were direction independent. Therefore, we explored the connec-
tion of these neuronal responses to movement directions and to
the cells’ PD. Of the entire population of tuned cells depicted in
Figure 5, b and c, Figure 6a shows the PD distributions of two
subgroups of tuned cells: tuned cells that showed learning-related
responses (black lines) and tuned cells that showed both
learning-related responses and color sensitivity (red lines). PDs

are shown separately for the TO epoch (left, n 	 38 and 15 cells,
respectively) and MO epoch (right, n 	 41 and 21 cells, respec-
tively). The PDs of the two groups were uniformly and homoge-
neously distributed (for learning-related responses, Raleigh test
p 	 0.68 and p 	 0.51, Rao p 	 0.56 and p 	 0.53 for TO and MO,
respectively; for color sensitivity, Rayleigh p 	 0.23 for TO, p 	
0.31 for the MO epoch, and Rao’s spacing test p 	 0.3 and p 	
0.37, respectively). Also, there were virtually no shifts in PD after
learning in comparison with before learning (only two learning-
related cells showed a significant change of their PD during TO,
and three learning-related cells during MO). This shows that
learning-related responses and color sensitivity were not specific
to cells with particular PDs.

We also explored whether color sensitivity was more prevalent
for movement directions that were used during learning. To do
so, we recalculated discrimination ratios for color sensitivity dur-
ing the postlearning center-out task, omitting the trials in which
movements were made to one of the two movement directions
that were used during learning (discrimination ratios were calcu-
lated for six of eight directions and all four possible target colors).
As shown in Figure 6b, color sensitivity after the exclusion
(dashed lines) was indistinguishable from color sensitivity calcu-
lated for all trials (solid lines). This shows that color sensitivity
was generalized well beyond the movement directions presented
during learning.

Figure 4. a, b, Locations of neurons showing learning-related responses or color sensitivity, across M1 and premotor cortex. Cortical locations of recording sites (a) and microstimulation (b), both
from monkey K, are superimposed on a surface map, extracted from MRI analysis (BioSpec 4.7 T; Bruker) and verified by skull endocast analysis. as, Arcuate sulcus; ps, principal sulcus; sd, superior
precentral dimple. Dashed lines classify areas as M1, PMd, or PMv. a, Locations of neurons showing learning-related responses (black dots; n 	 53 sites), neurons showing color sensitivity after
learning (red dots; n 	 21), and nondiscriminative neurons (gray dots; n 	 41). b, Microstimulation map. Black dots, Locations in which intracortical microstimulation of �20 �A induced
movements around the shoulder or elbow (n 	 36). c, d, Learning-related responses (c) and color sensitivity (d), recalculated separately for neurons recorded from M1 (n 	 60 cells), PMv (n 	 63),
and PMd (n 	 17) of both monkeys. Responses are marked by dashed lines and compared with responses of the entire neuronal population (marked by solid lines; n 	 140) (same as Fig. 3a,b).
c, Learning-related responses for neurons recorded from the different areas. Notation is as in Figure 3a. d, Color sensitivity for neurons recorded from the different areas. Notation is as in Figure 3b.
Note that the learning-related responses and color sensitivity were distributed evenly across M1 and premotor cortex.
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To further elucidate any connection to the cells’ PD, we recal-
culated discrimination ratios for learning-related responses and
color sensitivity for specific subpopulations of neurons (Fig.
6c– e). Dashed lines show the recalculated discrimination ratio,
compared with the solid lines representing the discrimination
ratio of the entire population (same as Fig. 3a,b). Discrimination
ratios were recalculated specifically for cells that were tuned in the
prelearning block (n 	 47 and 45 cells for TO and MO, respec-
tively) versus specifically for nontuned cells (n 	 93 and 95 cells
respectively) (Fig. 6c) or specifically for tuned cells having a PD
that was close to the movement direction used during learning
(n 	 12 and 11 cells, respectively) (Fig. 6d). In all of these sub-
populations, discrimination ratios were indistinguishable from
that of the entire neuronal population or from each other
(ANOVA, p � 0.25). Finally, we recalculated the discrimination
ratios for tuned cells, only during trials in which movements were
made to directions far from the cells’ PD (�22°) (Fig. 6e). Again,
discrimination ratios were similar to those found for all trials.
This shows that learning-related responses and color sensitivity
were not specific to any of the subgroups of neurons tested here.
Note that this is also in line with the examples in Figure 2 and
supplemental Figure 3, available at www.jneurosci.org as supple-
mental material, showing two nontuned cells with learning-
related responses and color sensitivity.

Together, these results suggest that learning of the arbitrary

association task, in which the movement
direction itself is not manipulated, did not
affect the cells’ directional tuning, and the
neural responses (learning-related re-
sponses and color sensitivity) were unre-
lated to the cells’ PD.

Discussion
The results show that neurons in M1 and
premotor cortex can rapidly become sen-
sitive to various novel features such as
color, if such features are relevant for en-
coding an upcoming movement. More-
over, these motor neurons maintained
their novel representations after learning,
even when they were no longer relevant in
instructing movement. Specifically, we
found that neurons in these areas showed
learning-related responses; i.e., they re-
sponded differentially during the learning
task as opposed to the center-out task ex-
ecuted before learning. On returning to
the center-out task, many neurons main-
tained some of the learning-related re-
sponses by responding differently to the
target colors that were relevant during
learning (although the learning block was
terminated and target colors were irrele-
vant to successful completion of the task).

Learning-related responses
There have been reports showing changes
in single neuron firing rate during learning
for both M1 (Gandolfo et al., 2000; Li et al.,
2001; Paz et al., 2003) and nonprimary
motor areas (Paz et al., 2003; Padoa-
Schioppa et al., 2004). These recordings
were obtained during nongeneralized
tasks such as visuomotor rotation, and in-

deed, the neuronal responses were specific, exclusive to a re-
stricted subpopulation of neurons, for example, neurons having a
PD that was close to the directions used in a rotation task (Paz et
al., 2003). This is similar to results from primary sensory areas
showing highly specific changes in their basic discriminative
properties during learning of highly specific perceptual tasks
(Gilbert et al., 2001; Schoups et al., 2001; Paz et al., 2004).

However, in the primary sensory areas, there are also reports
of rapid large-scale and general representational changes (Crist et
al., 2001; Gilbert et al., 2001; Blake et al., 2002; Li et al., 2004)
during performance of more complex tasks such as responding to
complex stimulus configurations. Such responses were contex-
tual and task dependent, and did not affect the basic tuning of the
relevant neurons. The learning-related responses reported here
parallel these findings in the motor cortices; as expected from
contextual responses, they were found in a large portion of M1
and premotor neurons, they appeared regardless of the cells’ ba-
sic tuning (Fig. 6), and they did not hinder the basic direction
representation of the motor cortical neurons (Fig. 5). These re-
sults demonstrate that the motor cortices have the ability to form
novel representations of arbitrary features, if they are behavior-
ally relevant.

The apparent difference between our results and the specific
neural changes found in M1 in the past can be explained by the

Figure 5. Representation of movement direction is unaffected by learning. a, Discrimination of movement directions was
quantified by discrimination ratios (discrimination between different movement directions relative to chance level, n 	 140 cells)
(see Materials and Methods) before and after learning. Inset, Interaction ratio (ratio of number of cells responding discriminatively
to specific combination of movement directions and target colors, relative to chance levels; n 	 140) between movement
directions, before and after learning. Notation is as in Figure 3b. b, Distribution of PDs before (blue lines) and after (red lines)
learning, during TO (left) and MO (right) epochs. The direction of each line represents a cell’s PD, and its length is proportional to
the R 2 for a fit to a cosine function (the radius of the black circle is the maximal possible value of R 2 	 1). Only cells with cosine fit
of R 2 �0.55 during the center-out trials before learning were considered tuned and included in this analysis (n 	 47 and 45 cells
for TO and MO, respectively).
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different types of learning involved. The tasks used in these pre-
vious studies required manipulation of movement direction, a
parameter that is well represented in motor cortices before learn-
ing. Therefore, the main observed effect was subtle and specific
adjustments of the existing directional representations of specific
cells. In contrast, the color– direction association task used in our
study included novel information regarding target colors (that
are not normally represented in the motor cortices). Therefore,
changes are less specific and affect larger populations of neurons.

Our results are congruent with additional previous reports of
the primary motor cortex representing parameters beyond
movement dynamics and kinematics, such as serial order or
movement context (Carpenter et al., 1999; Matsuzaka et al.,
2007). In the ventral premotor cortex there have been reports of

neurons discriminating sensory stimuli when such stimuli in-
structed movement (Romo et al., 2004). Also, during associative
learning, there were reports of firing rate changes in this area
(although not representing the task parameters) (Mitz et al.,
1991). Furthermore, there is agreement with psychophysical
studies showing that the motor system can use contextual infor-
mation (for example, for rapid task switching) (Krouchev and
Kalaska, 2003; Wada et al., 2003; Mistry and Contreras-Vidal,
2004).

Contextual responses have been reported in prefrontal and
posterior parietal cortices during learning (Chen and Wise, 1995;
Asaad et al., 2000; Assad, 2003). Top-down modulation from
these areas may play a role in formation of the contextual re-
sponses reported here. Other possible candidates for the origin of

Figure 6. a– e, Learning-related responses and color sensitivity are independent of movement direction. a, Distribution of PDs for neurons that were tuned before learning and also showed
learning-related responses (black lines), during the TO (left; n 	 38 cells) and MO (right; n 	 41) epochs. Red lines indicate neurons that were also color sensitive after learning (n 	 15 during TO,
n	21 during MO). Notation is as in Figure 5b. Note that PDs of learning-related and color-sensitive neurons are distributed evenly (see Results for statistics). b, Color sensitivity calculated specifically
for the movement directions that were not used during the learning block (dashed red lines), compared with color sensitivity calculated over all movement directions (solid lines) (same as Fig. 3b).
Notation is as in Figure 3b. c– e, Relations between neuronal responses and PDs. Dashed lines represent learning-related responses and color sensitivity recalculated for a specific subpopulation of
the cells or behavioral trials. Solid lines represent learning-related responses and color sensitivity calculated for the entire neuronal population and all trials (same as Fig. 3a,b). Notation is as in Figure
3, a and b. c, Learning-related responses (top) and color sensitivity (bottom), calculated separately for directionally tuned cells (solid line) versus nontuned cells (dashed lines) (n 	 47 and 45 tuned
cells, n 	 93 and 95 nontuned cells, for TO and MO, respectively). d, Learning-related responses (top) and color sensitivity (bottom), calculated specifically for tuned cells having a PD (�22°) close
to directions used during the learning block (n 	 12 and 11, for TO and MO, respectively). e, Learning-related responses (top) and color sensitivity (bottom), calculated only for tuned cells (n 	 47
and 45 for TO and MO, respectively), only for movement directions away (�22°) from their PD.
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learning-related changes in the motor cortices are the horizontal
connections within a given region (Li et al., 2004; Stettler et al.,
2002; Gilbert and Sigman, 2007). In M1, the horizontal connec-
tions affect a large population of neurons (Georgopoulos et al.,
2007) and have been shown to be modulated in the adult brain
during and after learning (Rioult-Pedotti et al., 1998, 2000; Sanes
and Donoghue, 2000). Future studies might attempt to isolate the
source of the large-scale plastic changes observed in this study.

Color sensitivity
Traces of the learning-related responses were maintained after
learning through the appearance of novel color sensitivity. It is
important to note that the term color sensitivity does not imply
visual-like selectivity to colors. Rather, it involves selectivity to
colors (features) that served to instruct movement (as opposed to
colors that were never relevant for movement preparation). We
suggest that color sensitivity is a maintenance of the learning-
related responses, because most (�80%) of the neurons that
show color sensitivity after learning also show learning-related
responses (Fig. 3c), and there is a correlation between each cell’s
learning-related response and its color sensitivity (Fig. 3d,e).

The appearance of color sensitivity after learning a color– di-
rection task demonstrates the extent of the representational rep-
ertoire of the primary motor and premotor cortices: during the
postlearning center-out task, color is no longer relevant, and cor-
rect performance requires responses to target direction alone.
Yet, in parallel to the well documented direction representation
of these motor cortices, they exhibited rapidly emerging re-
sponses to sensory features such as color, owing only to the in-
volvement of these features in guiding behavior on the previous
associative task. These responses suggest that the motor cortices
represent general features instructing movement, although they
are not related to the specifics of the required motor output.
Furthermore, they show that such representations can appear
rapidly during learning and can be maintained beyond their im-
mediate relevance.

Relation to motor memory
What is the function of these novel responses? The learning-
related responses and color sensitivity are unlikely candidates as
neural correlates for learning the specifics of the arbitrary associ-
ations used. First, the task required discriminating between the
two associations; however, the neurons did not provide the in-
formation needed for such discrimination but, rather, only dis-
criminated the associative task from the center-out task. Second,
both responses were independent of movement direction and not
specific to cells of a certain PD or to cells that have cosine-like
tuning curves, whereas the arbitrary association task requires as-
sociating color to one specific movement direction. Third, they
were maintained after learning, when associations were no longer
relevant, although the monkeys’ performance showed a clear
switch to the center-out task (their behavior was indistinguish-
able from the center-out task preceding learning). To test this
possibility directly, we assessed the correlation between the neu-
ronal responses (learning-related responses and color sensitivity)
in each session and task acquisition (the number of trials required
to reach plateau) (see Materials and Methods) during that ses-
sion. The neuronal responses were not correlated to acquisition
during either TO or MO.

Continuation of the representation of a task after it is termi-
nated might imply attentional modulation, and there have been
reports of attentional modulation in the premotor cortex (Bous-
saoud, 2001; Binkofski et al., 2002; Rowe et al., 2002). Our results

do not fit with attention in its strictest form, because color sensi-
tivity is maintained throughout the postlearning block without
diminishing, and has no visible effect on the postlearning perfor-
mance of the center-out task (Fig. 1c– e). However, they are in line
with increased saliency of stimuli after they gain behavioral
relevance.

Another possible role of the maintained color sensitivity is in
consolidation of the task into long-term memory. Previous stud-
ies further support this suggestion by showing, for example, that
inhibition of protein synthesis in M1, or application of TMS to
M1, interferes with improved retention on the following day
(Muellbacher et al., 2002; Luft et al., 2004; Robertson et al., 2004;
Richardson et al., 2006), and that synchronous TMS to M1 im-
proved this retention (Bütefisch et al., 2004). Molecular studies
showed long-term changes in M1 activity emerging after several
days of training on a novel task (Rioult-Pedotti et al., 1998, 2000;
Sanes and Donoghue, 2000; Kleim et al., 2004; Jackson et al.,
2006). We tested this possibility by assessing the correlation be-
tween the neuronal responses (learning-related responses and
color sensitivity) in each session and the improvement in perfor-
mance on the following session (see Materials and Methods and
supplemental Fig. 5, available at www.jneurosci.org as supple-
mental material). Color sensitivity was found to be well corre-
lated to consolidation during both TO and MO. Therefore, we
suggest that color-sensitive neurons might serve as part of the
neuronal network involved in consolidation of the task into long
term memory. Further studies, observing the same neurons over
prolonged periods of time, might be useful in addressing this
hypothesis.

Overall, the data presented here suggest that a large portion of
motor cortical cells show, in parallel to their representation of
movement direction, rapid task-dependent changes both during
and after associative learning, including rapid emergence of novel
responses to various sensory features, when such features are
behaviorally relevant.
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