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To generate a coherent action sequence, it is essential to integrate all component movements beforehand, and such sequence-related informa-
tion has been observed in numerous brain regions. However, this high-level sequential plan encompassing multiple motor elements in parallel
ultimately must be decomposed into serial motor commands to be executed by the musculoskeletal system. In the present study, we recorded
single-neuron activity from dorsal parietal area 5 (area 5d) while monkeys performed a double-reach task, and found that area 5d conveys the
immediate upcoming reach, but not the subsequent movement, as opposed to the entire movement sequence being encoded as in other cortical
sensorimotor areas. The elementary movement coded in area 5d suggests that unfolding of the motor sequence begins in the parietal-frontal
cortex, instead of being exclusively implemented by downstream subcortical and spinal circuits.

Introduction
Our successful interaction with complex environments largely
relies on the ability to perform temporally coordinated concate-
nations of multiple elementary movements. The neural basis of
sequential behaviors has been extensively studied (Tanji, 2001;
Keele et al., 2003), and information related to serial actions has
been revealed in numerous cortical (Ohbayashi et al., 2003; Aver-
beck et al., 2006; Histed and Miller, 2006; Shima et al., 2007) and
subcortical (Hikosaka et al., 1999; Ivry and Spencer, 2004) brain
regions. Apparently, distinct areas are involved in different stages
and aspects of assembling simple actions into richer repertoires of
complex behaviors (Mushiake et al., 1991; Tanji and Shima, 1994;
Fujii and Graybiel, 2003).

To produce a coherent action sequence without interruption,
it is efficient to first integrate information regarding all compo-
nent movements and form a high-level plan that simultaneously
encodes multiple motor elements (Massey et al., 1986; Cisek and
Kalaska, 2010; Baldauf, 2011). However, sequenced actions rep-
resented in parallel must ultimately be decomposed into serial
motor commands to drive the musculoskeletal system. It remains
unclear where and how the chunked motor sequence is unfolded
into its serial motor elements.

Most sensorimotor areas have been found to convey information
beyond the immediate next movement during sequential planning.

Even in the primary motor cortex (M1) with direct projections to the
spinal motor apparatus (He et al., 1993; Wise et al., 1997; Rathelot
and Strick, 2006), many neurons have been found to strongly reflect
sensory inputs (Carpenter et al., 1999; Hatsopoulos and Suminski,
2011) and serial motor outputs (Kettner et al., 1996a,b; Lu and Ashe,
2005), in contrast to the traditional view of these cells as “upper
motor neurons.” In the parietal cortex, the parietal reach region
(PRR) has also been found to encompass both goals in the prepara-
tory period during double-reach movements (Baldauf et al., 2008).
Together, converging evidence suggests that the cortical sensorimo-
tor circuits might work as a dynamical machine (Churchland et al.,
2010) to initiate a whole motor sequence, whereas unfolding might
be implemented by descending corticosubcortical and corticospinal
circuits.

Here we recorded single-neuron activity from another area in the
posterior parietal cortex, dorsal area 5 (area 5d), which is located
caudal to the primary somatosensory cortex and medial to the intra-
parietal sulcus (IPS). Although both the PRR and area 5d have been
found to be involved in reach planning, converging evidence ob-
tained from single-cell recording (Cui and Andersen, 2011) and hu-
man imaging (Medendorp et al., 2005; Filimon et al., 2009; Heed et
al., 2011) indicates that they might play distinct roles in planning and
control of reach at different stages of the sensorimotor transforma-
tion. Our results show that area 5d activity is tightly coupled only to
the immediate upcoming movement during double reach, suggest-
ing that it plays a unique role in elementary movement preparation
and online control, and indicating that unfolding of the motor se-
quence involves cortical sensorimotor circuits rather than taking
place exclusively at subcortical and spinal levels.

Materials and Methods
Experimental preparation. Two male rhesus monkeys (Macaca mulatta,
7–10 kg) participated. After acclimatization, the animals sat in a primate
chair 23 cm in front of a touch screen (Elo Touchsystems; sampling rate
100 Hz, spatial resolution �0.1 mm) and an LCD monitor (383.5 �
308.0 mm, refresh rate 60 Hz, 800 � 600), and were trained to perform
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visually guided single- and double-arm reaching tasks. Near the end of
training, a head-post and recording chamber (inside diameter � 19 mm)
were implanted under anesthesia (premedicated by ketamine 10 mg/kg,
induced with 2–3% isoflurane then maintained by 1% isoflurane). Eye
movements were monitored by an infrared eye-tracker (ISCAN, 120 Hz),
and the animals were trained to maintain eye-fixation when performing
the arm movement tasks. All procedures were in accordance with NIH
guidelines and were approved by the Institutional Animal Care and Use
Committee of Georgia Regents University.

Behavioral paradigms. At the beginning of the trial, a green circle and a
red circle were displayed on the center of the screen, and the monkey was
required to touch the green circle and visually fixate the red circle for
300 – 800 ms. Then, in 50% of trials (single-reach trials; Fig. 1A, bottom),
the central red and green circles remained on, and a second green circle
was presented as a reaching goal for 400 ms (cue period) at one of eight
peripheral locations distributed evenly along the circumference of a cir-
cle around the central green circle. After the cue was extinguished, the
monkey had to keep his hand on the central green circle for a delay period
of 600 ms before the central green circle was turned off (GO signal), and
the monkey was then required to reach to the previously cued location to
obtain a reward. In the other 50% of trials (double-reach trials; Fig. 1A,
top), a green square and a green triangle were displayed simultaneously
during the cue period, with the triangle always placed at a location 135°
counter-clockwise from the square. After the 600 ms delay, the monkey
was required to reach the remembered square location first, and then to
reach the remembered triangle location. In both the single- and double-
reach conditions, the monkey was required to fixate the central red circle,
which remained on throughout each trial. Visual feedback was given: the
green square reappeared after a successful first touch in double-reach
trials, and the circle or the triangle reappeared and turned purple for a
successful final touch in single and double reaching trials, respectively.
The 16 trial types (eight for single reach and eight for double reach) were
pseudo-randomly interleaved.

In the free-view condition (Fig. 1B), monkeys were required to per-
form tasks with arm movements identical to those of the main tasks
illustrated in Figure 1A, except that there was no central red circle in the
display, and the monkey was allowed to move his eyes freely. All neural
data in this free-view condition were collected before any eye movement-
related training.

In the reach 2-from-3 task (Fig. 1C), a monkey was trained to reach to
the square and triangle in the correct order while maintaining central
fixation, similar to the behavioral paradigm described in Figure 1A.
However, there were three differences: (1) reach targets appeared at one

Figure 1. Behavioral tasks. A, The main task: interleaved double- (top) and single-reach
(bottom) trials in which the monkeys were required to maintain the central fixation throughout
each trial. B, Free-view condition: monkeys performed the same arm movements as in Figure 1A
but were allowed to look anywhere. C, Reach 2-from-3 condition: three targets (a square, a
triangle, and a circle) were simultaneously presented at three peripheral locations spaced 120°
apart, and the monkey was trained to reach the square and triangle in correct order. The second
target (triangle) could be either �120° or �120° to the first target (square). The peripheral
circle was presented as distracter in a half the trials, but absent in the other half.

Figure 2. Temporal profile of area 5d cells. Each colored line indicates one cell’s normalized mean firing rate across all trials in single (A) and double (B) reaches. The cells are sorted by time of the
peak firing rate in single-reach trials, while the activity is aligned to the GO signal and reach onset in A and the GO signal, first reach onset, and second reach onset in B.
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of six locations evenly distributed (every 60°) along the circumference;
(2) in double-reach trials the second target was pseudo-randomly pre-
sented either 120° clockwise or 120° counter-clockwise to the first target;
(3) in 50% of trials a third peripheral target (a green circle) appeared 120°
apart from both the first and second reach target, so the three targets were
evenly distributed along the circumference. However, the third target
was a distracter, and the animal was trained to ignore it while making the
double reach. Therefore there were a total of 30 trial conditions: six

single-reach conditions and 24 double-reach conditions [6 � 2 (second
target location) � 2 (with or without distracter)]. Because the response
properties were very similar for the conditions with and without a dis-
tracter, for simplicity we only present the results for conditions without a
distracter.

The diameter of all the targets was 1.0 cm (corresponding to �2.5° in
visual angle), and the distance from the central circle to the peripheral
target was 8.0 cm (�20° in the visual field). After a successful trial, a small
amount of liquid food (blended from monkey biscuits, bananas, apple
sauce, and water) was delivered after a 500 ms delay. Aborted trials were
pseudo-randomly repeated until success. In a typical day, a monkey per-
formed �1000 trials, and 8 –12 trials were collected for each condition in

each recording session. Visual stimuli were
generated by VisionEgg (Straw, 2008). Labview
(National Instrument) was used to monitor/
control the animals’ behavioral performance.
All information about the visual stimuli and
eye/hand variables was synchronized with the
neuronal recording data, and stored in an inte-
grated manner for post hoc analysis.

Data collection. Glass-coated tungsten elec-
trodes (Alpha-Omega, �1 M� impedance at 1
kHz) were driven by an Alpha-Omega elec-
trode positioning system through a grid matrix
attached to the chamber into the gyral surface
of the superior parietal lobule (referred to as PE
by Matelli and Luppino, 2001) and recording
depths were restricted to within 2 mm from the
first encountered neuronal activity. The re-
cording sites were located between 0 and 3 mm
anterior/medial to the IPS, and between 7 and
11 mm from the midline, and were verified by
postmortem examination of the brain for
monkey A. Single-unit recordings were made
from area 5d while monkeys performed one of
the three tasks shown in Figure 1 with their
contralateral hands, and electrode placement
was confirmed by responses to passive somatic
stimulation of the limbs. Extracellular activ-
ity was recorded with the AlphaMap system
(Alpha-Omega), sampled at 50 kHz, band-
passed through a 300 –10k Hz filter and dig-
itally stored for post hoc analysis. Spikes were
extracted and sorted off-line using open
source software Wave Clus by Quian
Quiroga et al. (2004).

Results
Figure 2 shows the temporal dynamics of
the sample of 119 well isolated neurons
(76 from monkey A and 43 from monkey
P). Activity of all movement directions in
single-reach trials was pooled for each cell,
normalized by the peak firing rate, and
sorted by the timing of the peak (Fig. 2A).
For double-reach trials, the pooled ac-
tivity was normalized and sorted by
the firing rate and time of the peak in
the single-reach trials, respectively (Fig.
2B). Of these 119 neurons, 33 (28%), 87

(73%), and 72 (61%) exhibited significant directional tuning
(one-way ANOVA, p � 0.05) in the delay (�400 – 0 ms before
GO), premovement (�200 – 0 ms before movement onset), or
perimovement (0 –200 ms after movement onset) periods dur-
ing the single-reach trials, respectively. Note that this classifi-
cation was not exclusive because some cells showed tuning in
multiple periods. The temporal profile and directional tuning

Figure 3. Three typical area 5d cells. Blue and red indicate results from single-reach trials and double-reach trials, respectively.
Each panel presents activity during one single reach (blue) and one double reach (red) for the reach directions indicated by arrows
on the left. Each raster shows spike train in each single- (blue) and double-reach (red) trials. The black, green, and cyan dots mark
the GO signal time, the first movement onset, and the second movement onset, respectively. The curves are PSTHs, smoothed using
a Gaussian kernel (SD � 50 ms).

Table 1. Numbers of cells showing significant directional tuning for delay, pre
movement, and perimovement periods during single- and double-reach trials

Delay Premovement Perimovement

SR 33 87 72
1st in DR 33 82 82
2nd in DR — 78 81
SR & 1st in DR 16 69 61
SR & 2nd in DR — 64 61
1st & 2nd in DR — 69 67
SR, 1st & 2nd in DR — 59 58

SR, Single reach; DR, double reach.
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of the firing rate were well preserved in double-reach trials
(Fig. 2; Table 1).

Figure 3 illustrates three representative cells, with each col-
umn showing activity of a typical neuron with significant direc-
tional tuning during the delay (Cell 1), premovement (Cell 2), or
perimovement (Cell 3) period. The eight panels in each column
show spike rasters and peristimulus time histograms (PSTHs) for
activity when the monkey reached in directions indicated by the
arrows during single- (blue) and double-reach (red) trials. For
the delay neuron (Cell 1), the spike trains are aligned to the GO
signal, and the cue period is indicated by the black bar. Before the
GO signal, this cell increased its firing rate only when the first
(immediate) reaching target was in the preferred direction (up-
leftward), whereas it exhibited little response when the cue for the
first reach was presented in the nonpreferred direction, re-
gardless of the location of the second reach goal. The middle
and right columns show activity for a pre- (Cell 2) and peri-
movement (Cell 3) neuron, respectively, and the spike trains
are aligned to movement onset. Similar to the delay cell, both
the pre- and perimovement neurons increased firing rate only
when the first (immediate) reaching target was in the preferred
direction (mainly right-downward for the premovement cell and

upward for the perimovement cell). For all three cells, if the sec-
ond reach was in an appropriate direction, but the cue for the first
reach was presented in a nonpreferred direction, activity started
to increase after the first reach was completed and the second was
immediately impending.

To further characterize the neurons’ activity in double reach,
we examined firing rates in the following two conditions: the first
target was in the preferred direction and the second target was in
the nonpreferred direction (thick red line, referred as Inside-
Out); the first target was in a nonpreferred direction and the
second target was in the preferred direction (thin red line, re-
ferred as Outside-In). Two control conditions were the single-
reach trials in which the target was in the preferred direction and
those in which the target was in a nonpreferred direction (thick

Figure 4. Population activity of area 5d cells. Top, Firing rate averaged across the 33 cells
with significant directional tuning during the delay period (400 ms before GO), aligned to the GO
signal. Middle, Bottom, The mean firing rates for the 87 premovement cells and 72 perimove-
ment cells, respectively, both aligning to the first movement onset. Each panel plots the popu-
lation activity for Single-In (blue thick line), Single-Out (blue thin line), Inside-Out (red thick
line), and Outside-In (red thin line) conditions.

Figure 5. PD in single-reach trials versus that of the first movement in double-reach trials.
Scatter plots comparing the PDs of single- and double-reach trials in delay, premovement, and
perimovement periods, respectively. The length of the bar on each circle represents the SE
estimated with bootstrap method (n � 5000). The data points in all three plots are scattered
along the unity line, indicating that PDs of area 5d neurons before the first reach were not
systematically modulated by the second movement.
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and thin blue lines, referred to as Single-In and Single-Out, re-
spectively). For example, for Cell 1 in Figure 3, the firing rate was
elevated during the delay period in the Inside-Out condition, but
not in the Outside-In condition. Cell 2 in Figure 3 showed a burst
of activity before the first movement onset in the Inside-Out
condition, whereas it fired a burst before the second movement
onset in the Outside-In condition.

Figure 4 plots the population-averaged PSTHs in the Single-
In, Single-Out, Inside-Out, and Outside-In conditions for the
groups of cells with significant direction tuning in the delay (Fig.
4, top), the pre- (Fig. 4, middle), and perimovement (Fig. 4,
bottom) periods. Similar to the individual cells shown in Figure 3,
for the overall population of area 5d cells the Single-In and
Inside-Out conditions resulted in the similar pattern of activity
through the completion of the first movement. For double-reach
trials, the population activity was strongly elevated for Inside-
Out, but not for the Outside-In condition before the first reach,
whereas it was not elevated until the second movement became
immediate impending for the Outside-In condition.

To compare directional tuning between the single- and
double-reach trials, we calculated the preferred direction (PD)
for each neuron determined by fitting a cosine function (Geor-
gopoulos et al., 1988): r � A � B � cos(� � �0), where R is the

mean firing rate across all trials in one
movement direction, A is the baseline fir-
ing rate, B is the directional modulation
amplitude, � is the movement direction,
and �0 is the PD of the neuron. In Figure
5, each dot indicates the paired PDs of a
neuron in single- versus double-reach tri-
als for all three periods of interest. In the
delay period, the mean PD difference
between single and double reaching was
2.1° [95% confidence interval �(�27.1°
31.3°); p 	 0.5, circular t test]. In the pre-
movement period of the first movement,
it was 0.1° [95% confidence interval �
(�8.1° 8.2°); p 	 0.5]. In the perimove-
ment period (Fig. 5, bottom), the PDs
slightly shifted toward the second reach
direction (mean difference in PDs �
9.2°), which might reflect a preparatory
activity component related to the second
reach in some cells. However, this shift
was not statistically significant [95% con-
fidence interval � (�2.9° 21.3°); p 	 0.1].

Because arm movements are often
accompanied by coordinated eye move-
ments in natural behavior, training a
monkey to maintain central fixation dur-
ing the double reach as in Fig. 1A might
influence the normal sequencing of serial
movements. To eliminate effects of over-
trained eye-hand dissociation, we re-
corded 139 area 5d cells (69 from monkey
A and 70 from monkey P) under a free-
viewing condition before the monkeys
were exposed to any tasks in which eye
movements were controlled. In the free-
view condition, monkeys performed the
same arm movements as in Figure 1A, but
were allowed to look anywhere they wanted
during each trial (Fig. 1B). Examples of ac-

tivity for three typical cells, population activity, and PDs are shown
in Figures 6, 7A, and 8A in the same conventions as Figures 3, 4, and
5, respectively. Clearly, results in the free-view condition are very
similar to the central fixation condition.

In the main task in Figure 1A, the second target was always
135° counter-clockwise to the first, so one might argue that there
was no real sequencing because of the fixed link between two
targets. To eliminate this confounding issue and establish a flex-
ible sequencing condition, we recorded 89 area 5d cells from
monkey A for the reach 2-from-3 condition (Fig. 1C), in which
the second target (triangle) could be either counter-clockwise
(�120°) or clockwise (�120°) to the first (square). The results
(Figs. 7B, 8B) also suggest that area 5d activity is only dependent
on the immediate next reach, and is insensitive to the subsequent
movement or the visual distracter (data not shown).

To examine how the encoding of movement direction evolved
during single- and double-reach trials, we adopted a population
vector analysis algorithm proposed by Georgopoulos et al.
(1988): the PD of each neuron was calculated by fitting the mean
firing rate from �200 to 200 ms relative to movement onset
during the single-reach trials. The resulting PDs and the instan-
taneous firing rates (bin � 50 ms) were used to construct a time
series of population vectors for each trial condition. Specifically,

Figure 6. Three typical area 5d cells recorded in free-view condition. Same conventions as Figure 3.
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the weight of each neuron in a time point
was calculated as the baseline-subtracted fir-
ing rate in a 50 ms time window sliding with
50 ms step. The resulting vector sum of all
neurons’ weights (baseline-subtracted firing
rate) multiplied by the unit vector along
their PDs was calculated as the instanta-
neous population vector.

The population vectors were com-
puted separately for the two monkeys in
all three conditions (Fig. 9A–C). Before
movement initiation, the population vec-
tor gradually grew and pointed to the first
reaching goal �200 ms before the first
movement onset. After the initiation of
the first movement, the population vector
shortened to near zero. Then, it grew
again, but aimed at the second target right
before the second movement onset. In
other words, the time-evolving popula-
tion vector suggests that the spatiotempo-
ral pattern of activity in area 5d neurons
carries directional information concern-
ing the current unfolding reaching com-
ponent in an arm movement sequence,
whereas the encoded direction remains
virtually invariant during the planning
and execution of each elementary move-
ment. Interestingly, not only was the pop-
ulation vector direction well preserved in
double-reach trials, but so was the tempo-
ral profile of its amplitude. Because our
sample size was too small to obtain suffi-
cient and uniform PDs around each of the
eight directions, the eight series of popu-
lation vectors were collapsed into one
(Pearce and Moran, 2012), as shown by
the bold arrows on the left of Figure 9.
Although collapsing the data might av-
erage out effects of second movement
directions on activity before the first
movements, if such effects were ran-
domly distributed across cells, the population vectors should
be shortened because of the counterbalanced components re-
lated to second reaches. However, the virtually identical
amplitudes of the population vectors for single- and double-
reach trials demonstrate that this is not the case.

In principle, it is possible that the two participating monkeys
might have adopted a special strategy to sequentially plan single
reaches rather than a coherent double reach, which might also
explain the cortical presentation of immediate movement ob-
served in the present study. To ensure that the monkeys actually
prepared a sequential reach rather than planning the movements
one reach at a time, we compared the end-point variability of the
first and second reaches. The results demonstrate that the end-
point variability of the second reach (SD � 9.1°, n � 3234 for
monkey A; SD � 7.7°, n � 3208 for monkey P) was even smaller
than for the first reach (SD � 9.6° and 9.9° for monkeys A and P,
respectively; p � 0.001 for both monkeys, F test), although both
are larger than the single-reach trials (SD � 8.3°; n � 3217 for
monkey A; SD � 6.3°, n � 3221 for monkey P; p � 0.001 for both
monkeys, F test), consistent with the expectation of suboptimal
performance during sequential movements (Wu et al., 2009). If

two reaches were individually planned one after the other, the
end-point variability should have accumulated. Furthermore,
because both targets disappeared before the motor execution, it is
highly unlikely that the second reaching goal was accurately
memorized, but not used for guiding movement until the first
reach was completed. Therefore, the behavioral analysis strongly
suggests that the whole reaching sequence was planned in a co-
ordinated manner before the movement initiation.

Although the second reach began from a different limb posi-
tion and had a larger amplitude than the first and single reaches,
the characteristics of the related activity are still of interest. Fig-
ures 10 and 11 compare single-neuron and population activity
around the second reach with that during single reaches aiming at
the same locations. Clearly, both the representative single cells
and the entire population exhibited markedly increased activity
when the second movement was directed toward the PD of the
neurons. To determine whether activity at the moment encodes
the component movement vector or the goal location in extra-
personal space, we directly compared the PDs of single reach with
the second movement in double reach (Fig. 12). Because the
second movement direction was always rotated 22.5° from the

Figure 7. Population activity of area 5d cells recorded in the free-view condition (A) and reach-2-from-3 condition (B). Top,
Firing rate averaged across the cells with significant directional tuning during the delay period, aligned to the GO signal. Middle,
Bottom, The mean firing rates for the premovement cells and perimovement cells, respectively, both aligning to the first move-
ment onset. Each panel plots the population activity for Single-In (blue thick line), Single-Out (blue thin line), counter-clockwise
(CCW), Inside-Out (red thick line), CCW Outside-In (red thin line), clockwise (CW) Inside-Out (green thick line), and CW Outside-In
(green thin line) conditions.
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single reach (Fig. 10, left), the PDs should be shifted accordingly
at the population level if the reach vector was constantly encoded.
However, our results reveal no such shift with the movement
vector.

Discussion
In the present study, we examined neuronal activity in area 5d
while the monkeys performed a memory-guided double reach
task requiring them to approach two simultaneously presented
targets in a specified order. The results suggest that at any given
time during the task, responses in area 5d only convey informa-
tion regarding the immediate next reach, and not about the entire
sequence of movements. The directional tuning of area 5d cells
during the delay period only reflected the first reach goal, regard-
less of the location of the second goal. In the temporal domain,
the directional tuning of area 5d cells to the first and second

reaching goals rose sequentially with the
unfolding of the motor sequence, and
the population vector constructed from
the assemble activity of area 5d neurons
pointed to the direction of the immediate
upcoming reach. The remarkably congru-
ent activity between single reaches and the
first reach of double reaches suggests that
area 5d is closely coupled to the planning
of discrete reaching arm movements, as
opposed to the motor sequence encoded
in other cortical sensorimotor areas. Be-
cause it has been previously demonstrated
that elevated area 5 activity occurs far be-
fore the earliest increase in electromyo-
graphic activity, which rules out feedback
from proprioceptors or motoneurons
(Kalaska and Crammond, 1995), area 5d
is likely involved in motor planning. The
elementary movement encoded in area
5d suggests that decomposition of the
motor sequence might emerge within
the parietal-frontal network, instead of
being exclusively implemented by de-
scending corticosubcortical and cortico-
spinal circuits. Nevertheless, our current
results do not prove that area 5d is the
only cortical area conveying component
movement, or that the unfolding of the
motor sequence occurs in area 5d. The ap-
parent difference between area 5d and
other brain regions requires further vali-
dation by simultaneous recordings from
the same animals to eliminate confound-
ing factors such as training history, behav-
ioral strategy, level of performance, etc.

Before the second reach, we found no
movement–vector-based shift in direc-
tional tuning of area 5d cells, which is con-
sistent with coding of goal location. Of
course, this interpretation is based on the
assumption that directional tuning is
invariant with movement distance and
starting point, but in fact, both factors
have been found to strikingly influence di-
rectional selectivity in sensorimotor cor-
tex. For example, directional tuning of M1
cells has been reported to vary with reach

distance (Churchland and Shenoy, 2007). Even though some re-
cent evidence supports the idea that area 5d encodes hand-
centered reach vectors, activity is still strongly affected by initial
hand position (Bremner and Andersen, 2012). If area 5d activity
is gain-modulated by hand position in a systematic manner, as
reported for other areas (Pesaran et al., 2006; Chang et al., 2009),
its directional tuning might also be distorted profoundly. Thus,
the essential characteristics of the activity related to the second
reach remain uncertain.

As an important sensorimotor interface, the PPC has received
surprisingly little attention in sequential planning, although it
presumably is involved in serial behaviors. Damage to the left
parietal lobe in the human can cause a neurological disorder
called ideational apraxia. Patients so impaired have no problem
in performing elementary movements, but lose the ability to con-

Figure 8. PDs in single-reach trials versus those of the first movement in double-reach trials for area 5d cells recorded in the
free-view condition (A) and Reach-2-from-3 condition (B). Scatter plots comparing the PDs of single- and double-reach trials in
delay, premovement, and perimovement periods, respectively. The red dots indicate that the second target was CCW to the first
target, while the green dots represent CW displacement. The length of the bar on each circle represents the SE.
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ceptualize utilization of objects, and to plan and execute complex
series of motor actions to manipulate these objects (Buxbaum,
1998; Zadikoff and Lang, 2005), indicating that the PPC might
play a key role in transforming multiple targets into a sequential
motor response. At the early stage of transforming visual infor-
mation into motor intention, the PRR encodes high-level reach
plans in visual coordinates (Batista et al., 1999), and has been
found to carry information of both immediate and subsequent
goals for sequential reaching arm movements (Baldauf et al.,
2008). To activate muscle synergies, an abstract action sequence
must be decomposed into serial motor commands while visual
targets must be integrated with information about hand position
and intrinsic arm posture (Kalaska et al., 1997), because accurate
motor control must take into account intrinsic biomechanics of
the musculoskeletal system via both efference copy and sensory
feedback to implement an optimal state estimation (Wolpert and
Kawato, 1998; Körding and Wolpert, 2004; Shadmehr and Wise,
2005; Sober and Sabes, 2005). In contrast to the PRR, area 5d
incorporates proprioceptive information in conjunction with vi-
sual inputs (Shi et al., 2013) to form a hand- or body-related
reaching plan (Ferraina and Bianchi, 1994; Lacquaniti et al., 1995;
Buneo et al., 2002; Bremner and Andersen, 2012). Our present
study demonstrates that area 5d activity is tightly coupled only to
the next upcoming movement, suggesting it might play a key role
in integrating the abstract goal with the physical limb to imple-
ment inverse kinematics and form an internal model. The differ-
ences between area 5d and the PRR/LIP (lateral intraparietal
area) in sequential planning, as well as in effector choice (Cui and
Andersen, 2007, 2011) and proactive movement (Maimon and
Assad, 2006), indicate that the PPC is involved in sensorimotor

integration at multiple levels, instead of providing a unified asso-
ciative map. However, sequential behavior engages a highly dis-
tributed network within the cortical-subcortical circuitry
(Hikosaka et al., 1999; Tanji, 2001), so it remains an open ques-
tion how the PPC interacts with frontal areas and subcortical
structures.

As with frontal motor areas, a large body of evidence indicates
that area 5d activity is also influenced by hand velocity, arm pos-
ture (Georgopoulos et al., 1984; Ferraina and Bianchi, 1994; Scott
et al., 1997), approach style, and anticipated physical characters
of objects, etc. (Ashe and Georgopoulos, 1994; Averbeck et al.,
2005; Chen et al., 2009; Grafton, 2010). In addition, it has been
observed that area 5 activity conveys behavioral context information
such as the number of self-movement repetitions (Sawamura et al.,
2002). Moreover, although abstract and effector-specific sequential
representations have been revealed in separate brain areas, and se-
quential timing is independent of muscle commands (Grafton et al.,
1998), timing structure might still modulate movement (Korny-
sheva et al., 2013). Both the first and second movement in double
reach are inherently different from single reach in many kinematic
(e.g., speed and accuracy etc.) and cognitive (e.g., temporal order,
cost, and reward etc.) factors, which might cause slight differences
both in activity and population vectors between single- and double-
reach trials.

Area 5d receives major cortical inputs from somatosensory
areas (Jones et al., 1978; Pearson and Powell, 1985), and is recip-
rocally interconnected with M1 and premotor cortex (PM; Strick
and Kim, 1978). Neural activity in area 5 and motor cortex ex-
hibits similar correlations with kinematic variables (Ashe and
Georgopoulos, 1994). Compared with M1, area 5d cells start to

Figure 9. Time series of population vectors. A, Population vector decoded from cells sampled from monkey A and P in single- (blue) and double-reaches (red) under the central-fixation condition
(Fig. 1A). B, Population vector decoded from cells sampled from monkey A and P in single (blue) and double-reaches (red) under the free-view condition (Fig. 1B). C, Population vector decoded from
cells sampled from monkey A in single (blue), CW double- (green), and CCW double-reaches (red) in the reach 2-from-3 condition (Fig. 1C).
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fire later (Kalaska et al., 1983) and are insensitive to the kinetic
characteristics of movements (Kalaska et al., 1990; Hamel-Pâquet
et al., 2006). At first glance, it seems plausible that area 5d simply
receives efference copy information from M1. However, the pres-
ent study reveals compelling evidence that area 5d activity is only
related to the immediate reach, and not subsequent movements
as in M1 (Kettner et al., 1996a,b; Lu and Ashe, 2005) and PM
(Mushiake et al., 1991; Shanechi et al., 2012). When monkeys
moved their arms to approach targets with a mentally calculated
“L” shape orthogonal bend, the population vector of M1 cells was
found to point first to the final goal location, and then to rotate
toward the initial movement direction (Ashe et al., 1993). More-
over, unlike markedly oscillatory activity in M1 (Churchland et
al., 2012), area 5d activity exhibits virtually no rhythmic compo-
nent (Buneo et al., 2003), but instead provides reliable firing rate
information (Maimon and Assad, 2009). Together, these obser-
vations suggest that area 5d does not simply mirror M1 and/or
PM, but instead plays an active role as an internal feedforward
model in joint/muscle coordinates and/or provides an optimal

state estimation of the limb for online
control (Wolpert et al., 1998; Desmurget
and Grafton, 2000; Mulliken et al., 2008;
Archambault et al., 2009). On the other
hand, the encoding of component move-
ments in area 5d implies neither that the
motor sequence is decomposed in area 5d,
nor that it is hierarchically downstream to
M1. As the primary origin of descending
projections to the spinal cord and brains-
tem (Wise et al., 1997; Alstermark and Isa,
2012), M1 presumably plays a predomi-
nate role in issuing motor commands,
whereas area 5d probably functions in
parallel with M1, providing feedforward
limb state estimations for the component
reaches to guide and correct subsequent
movements. Of course, it is premature to
designate specific roles across brain areas
based on results obtained under different
behavioral conditions. For example, the
apparent difference in population vectors
between the present study and Ashe et al.
(1993) might also be explained by differ-
ences in the tasks: both reaching goals
were explicitly presented at the beginning
of each trial in this study, whereas the
monkeys had to mentally calculate the
launching direction from the final goal lo-
cation in Ashe et al. (1993). A more defin-
itive answer to the question of how M1
and area 5d interact during sequential be-
havior will require studies that use the
same animals and behavioral paradigms.
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