J Neurophysiol 110: 2247-2256, 2013.
First published August 21, 2013; doi:10.1152/jn.00968.2012.

Neuronal responses to target onset in oculomotor and somatomotor parietal

circuits differ markedly in a choice task

J. Kubanek,"? C. Wang,! and L. H. Snyder'”

'Department of Anatomy and Neurobiology, Washington University School of Medicine, St. Louis, Missouri; and *Department

of Biomedical Engineering, Washington University, St. Louis, Missouri

Submitted 6 November 2012; accepted in final form 16 August 2013

Kubanek J, Wang C, Snyder LH. Neuronal responses to target
onset in oculomotor and somatomotor parietal circuits differ markedly
in a choice task. J Neurophysiol 110: 2247-2256, 2013. First pub-
lished August 21, 2013; doi:10.1152/jn.00968.2012.—We often look
at and sometimes reach for visible targets. Looking at a target is fast
and relatively easy. By comparison, reaching for an object is slower
and is associated with a larger cost. We hypothesized that, as a result
of these differences, abrupt visual onsets may drive the circuits
involved in saccade planning more directly and with less intermediate
regulation than the circuits involved in reach planning. To test this
hypothesis, we recorded discharge activity of neurons in the parietal
oculomotor system (area LIP) and in the parietal somatomotor system
(area PRR) while monkeys performed a visually guided movement
task and a choice task. We found that in the visually guided movement
task LIP neurons show a prominent transient response to target onset.
PRR neurons also show a transient response, although this response is
reduced in amplitude, is delayed, and has a slower rise time compared
with LIP. A more striking difference is observed in the choice task.
The transient response of PRR neurons is almost completely abolished
and replaced with a slow buildup of activity, while the LIP response
is merely delayed and reduced in amplitude. Our findings suggest that
the oculomotor system is more closely and obligatorily coupled to the
visual system, whereas the somatomotor system operates in a more
discriminating manner.

LIP; decision; parietal reach region; reward; transient

BEHAVIOR IS OFTEN GUIDED OR influenced by objects appearing on
the visual scene. The appearance or movement of an object
often elicits a rapid eye movement, or saccade, to that object.
The benefit of this behavior is to bring the object onto the fovea
to acquire more detailed visual information about it. Saccades
can be deployed quickly and therefore are relatively inexpen-
sive. In comparison, the appearance or movement of an object
rarely elicits an immediate reach, although a subject may
choose to reach after a delay. Reaching is slower and requires
a greater commitment of resources and more involved plan-
ning, including the trajectory to follow and what the hand will
do when it arrives. In general, we are much more likely to
immediately look at a new visual target than we are to imme-
diately reach for it.

Targets of visually guided saccades and reaches are encoded
by many neurons in posterior parietal cortex. Specifically,
neurons in the lateral intraparietal area (LIP) and the parietal
reach region (PRR) respond to the appearance of a task-
relevant visual target in their response field (RF) with a
transient increase in activity (Goldberg and Bruce 1985; Blatt
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et al. 1990; Colby et al. 1996; Gottlieb et al. 1998; Colby and
Goldberg 1999; Snyder et al. 1997, 2000; Calton et al. 2002;
Scherberger and Andersen 2007; Cui and Andersen 2007,
2011; Pesaran et al. 2008). The parietal regions LIP and PRR
might thus be thought of as equivalent in regard to their
response to target onset.

However, LIP and PRR also exhibit some differences. LIP
activity appears to be more tightly linked to attentional and
saccadic oculomotor systems, whereas PRR activity might be
more tightly linked to the somatomotor system (Colby et al.
1993, 1996; Snyder et al. 1997; Calton et al. 2002; Dickinson
et al. 2003; Quian Quiroga et al. 2006). Furthermore, an
inspection of data in a visually guided task (Snyder et al. 2000,
their Fig. 4) suggests that the onset of a single target results in
earlier, crisper responses in LIP compared with PRR. None-
theless, other studies recording from LIP or from PRR in
visually guided tasks do not suggest a marked difference
between the responses to target onset in the two regions
(Goldberg and Bruce 1985; Blatt et al. 1990; Colby et al. 1996;
Gottlieb et al. 1998; Colby and Goldberg 1999; Snyder et al.
1997; Calton et al. 2002; Scherberger and Andersen 2007; Cui
and Andersen 2007; Pesaran et al. 2008; Cui and Andersen
2011). An interpretation of these inconclusive data is compli-
cated by the fact that no study to date has compared neuronal
responses in the two regions in the same animals and in the
same tasks.

We hypothesize that an attentional and oculomotor node-like
LIP might receive relatively unprocessed visual inputs that are
suitable for supporting the putative role of LIP in the rapid
deployment of eye movements. In contrast, as part of the
somatomotor network, PRR might receive relatively more
processed information about the visual world, suitable for
supporting a more deliberative role in deciding whether and
where to reach. To test whether transient responses following
abrupt visual onsets are of similar natures in LIP and PRR, we
recorded from these two regions while monkeys performed a
visually guided movement task and a reward-based choice
task. We first replicate previous results that suggest that the
transient responses of PRR neurons are reduced in amplitude
and delayed in time compared with the transient responses in
LIP. We then show that this effect is substantially greater in a
reward-based choice task. We find that in this task, PRR
neurons do not show a visual transient and instead exhibit a
gradual build up of activity. These markedly distinct target-
related responses in the two parietal regions, particularly prom-
inent in a choice task, suggest that the two regions have
different functional roles within their respective oculomotor
and somatomotor networks.
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MATERIALS AND METHODS

Subjects. We trained two male rhesus monkeys (macaca mulatta, 7
kg and 8 kg) to make a saccade or a reach to a target (visually guided
task) or to one of two targets (choice task). In both monkeys, we
recorded from the hemisphere that is contralateral to the reaching arm.
All procedures conformed to the Guide for the Care and Use of
Laboratory Animals and were approved by the Washington University
Institutional Animal Care and Use Committee. The animals sat head-
fixed in a custom designed monkey chair (Crist Instrument) in a
completely dark room. Visual stimuli were back projected by a CRT
projector onto a custom touch panel positioned 25 cm in front of the
animals’ eyes. Eye position was monitored by a scleral search coil
system (CNC Engineering).

Choice task. In the choice task, the animal first fixates on and puts
his hand on a purple central target (a square of 1 by 1 visual degrees).
After 120 ms, two white targets appear, one in the RF of the recorded
neuron and one at the opposite location. At the same time, the central
target changes color randomly to either red or blue. After a variable
delay of 800—1,600 ms, the central target disappears, thus cueing the
animal to move. To receive a drop of liquid reward, the animal must
make a saccade or a reach (if the central target is red or blue,
respectively) to within 6 visual degrees of the chosen target. Trials in
which the animal moved the wrong effector, moved prematurely, or
moved inaccurately were aborted and not subsequently analyzed. In
this task, each target is associated with a reward on each trial. The
reward consists of a drop of water, delivered by the opening of a valve
for a particular length of time. The associated rewards have a ratio of
either 3:1 or 1.5:1. The ratio is held constant in blocks of 7-17 trials
(exponentially distributed with a mean of 11) and then changed to
either 1:3 or 1:1.5. The time that the reward valve is held open is
drawn from a truncated exponential distribution that ranges from 20 to
400 ms. The mean of the exponential distribution differs for each
target and depends on the reward ratio for that block. For reward ratios
of 1.5:1 (3:1), the means for the richer and poorer target are 140 and
70 ms (250 and 35 ms), respectively. This randomization prevented
the animals from stereotypically choosing the more valuable option.
To help prevent animals from overlearning the specific distributions
of reward durations, we further randomized reward delivery by
multiplying valve open times by a value between 80% and 120%. This
value was changed on average every 70 trials (exponential distribution
truncated to between 50 and 100). An auditory cue was presented to
the monkeys during the time the valve was open.

In this task, although one target was worth on average only 50 or
33% as much as the other, since rewards are drawn from truncated
exponential distributions that changed every 7 to 17 trials, animals
successfully chose the more valuable target on only 63% of trials.
Interestingly, in this task, in about three to four trials following a
switch of a reward ratio, the animals’ behavior converges to a level
dictated by the strict matching law (i.e., the proportion of choices of
a given option is equal to the proportion of the average reward
obtained for that option). We analyze this interesting behavior in a
separate study.

Visually guided task. The visually guided task was identical to the
choice task except that only one white target appears randomly either
inside the RF or at the opposite location, and the target is extinguished
after 150 ms following its appearance. To receive a drop of liquid
reward in this task, the animal must make a saccade or a reach (if the
central target is red or blue, respectively) to within 6 visual degrees of
the remembered location of the white target. The reward in the
visually guided task was fixed and equal to the mean reward in the
choice task. Trials in which the animal moved the wrong effector,
moved prematurely, or moved inaccurately were aborted and not
subsequently analyzed.

Electrophysiological recordings. We lowered glass-coated tung-
sten electrodes (Alpha Omega, impedance 0.5-3 M at 1 kHz)
2.8—-10.8 mm below the dura into LIP, and 2.1-11.6 mm below the
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dura into PRR. We detected individual action potentials using a
dual-window discriminator (BAK Electronics). A custom program ran
the task and collected the neural and behavioral data. Anatomical MR
scans were used to localize the lateral and medial bank of the
intraparietal sulcus. We next identified a region midway along the
lateral bank containing a high proportion of neurons with transient
responses to visual stimulation, strong perisaccadic responses, and
sustained activity on saccade trials that was greater or equal to that on
reach trials (LIP); and a second region towards the posterior end of the
medial bank containing a high proportion of neurons with transient
responses to visual stimulation and sustained activity that was greater
on reach than saccade trials (PRR). The requirement of sustained
activity was considered as one of the defining properties of areas LIP
and PRR. Once a cell was isolated, we characterized its response RF.
Specifically, we tested responses to targets at one of eight equally
spaced polar angles and two radial eccentricities (12 or 18 visual
degrees) and defined the RF by the direction and eccentricity that
elicited the maximal transient response from a given neuron. We
recorded from cells that showed maintained activity during the delay
period for either a saccade or a reach (about half of all cells in LIP and
in PRR). Next, we recorded neural data in the visually guided task [at
least 10 valid trials for each movement (saccades, reaches, into RF,
out of RF), that is, at least valid 40 trials overall; 52 trials on average].
We then recorded as many trials as possible using the choice task
(average of 340 valid trials).

Measurement of neuronal activity. We quantified neuronal effects
in the visually guided and choice tasks by counting, separately for
each cell, the number of spikes occurring in the interval from 100 to
200 ms following target onset and converting to a firing rate by
dividing by the duration, i.e., 100 ms. In all analyses, neuronal activity
was assessed relative to baseline firing rate (mean 21.5 sp/s in LIP and
15.8 sp/s in PRR) measured in the interval 50 ms before to 20 ms after
target onset. This baseline interval was chosen to avoid contamination
from any residual movement-related activity that follows the acqui-
sition of the central target during the short period (120 ms) between
the acquisition of the central target and peripheral target onset. We
chose this relatively short period because robust visual responses were
elicited regardless of whether we used a longer or the shorter interval.
Similar results were obtained using raw firing rates, i.e., when firing
rates were not measured relative to a baseline. The difference between
target-related responses in the two regions is marked and does not
depend on a particular choice of the interval in which neural activity
is measured. For instance, a significant difference in target-related
responses in the two regions is observed also when responses are
quantified in an earlier interval from the time of target onset to 100 ms
following target onset.

Analysis of response latency. We detected the latency of the
response to target onset in each cell (see Fig. 8) using two methods:
the Poisson spike train analysis and the Poisson fit analysis. In the
Poisson fit approach (e.g., Maunsell and Gibson 1992), spike data are
cumulated into consecutive bins of 20-ms time windows, overlapping
by 1 ms. The spike count rates in each bin (i.e., the number of spikes
in each bin divided by the bin width and the number of trials) are then
tested against the Poisson distribution with the mean equal to the spike
count rate determined over a baseline period spanning the interval
from 250 ms preceding target onset to the time of target onset. The time
of response onset is then taken as the first time bin in which the
probability that the bin spike rate of a given bin is drawn from the
baseline Poisson distribution is lower than a threshold (P = 0.01); this
requirement must be fulfilled also for all the consecutive bins up to a
certain time point (50 ms in our case).

The Poisson spike train analysis (e.g., Legendy and Salcman 1985;
Hanes et al. 1995; Thompson et al. 1996; Schmolesky et al. 1998;
Pouget et al. 2005) compares the interspike intervals (ISI) between
individual pairs of spikes against an ISI distribution the mean of
which is estimated over the entire trial period. The time of response
onset is then detected as the first time in which the probability that a
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VISUALLY-GUIDED TASK
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Fig. 1. Visually guided task. A single target is flashed inside or outside of the
neuronal response field (RF). After a delay, the animal makes a movement to
that target and receives a reward. Ccolor of a central cue (red or blue) instructs
the animal to move a particular effector (a saccade or a reach, respectively).

given ISI is shorter than that of the background distribution drops
below a predefined threshold. We used the p_burst() implementation
of the Schall lab available at http://www.psy.vanderbilt.edu/faculty/
schall/scientific-tools/ with default settings (threshold P = 0.01). We
found that the method gives more robust results when spike times are
cumulated from each trial and when latency is computed over this
cumulated spike train, compared with when latency is computed for
each trial with the results averaged over the individual trials.

Both methods report the same principal effects. In particular, in the
visually guided task, which gives rise to prominent neural responses
to target onset, the median latencies established using the two methods
are statistically indistinguishable [median latency in LIP: 74 and 76
ms for the Poisson fit and for the Poisson spike train method,
respectively, difference in the medians P = 0.95 (Wilcoxon signed
rank test); PRR: 193 and 200 ms, P = 0.57]. Therefore, for simplicity,
we report the neuronal response latencies using just the former
method.

Visualization of time course. For visual purposes, we estimated the
time course of neuronal firing rate in each region. Peristimulus time
histograms, evaluated in 1-ms bins, were low-pass filtered using a
181-point low-pass digital filter with a transition band from 2 to 15 Hz
and a —3 dB point at 9 Hz. The filter was not applied to quantify the
differences between target-related responses in LIP and PRR, i.e., the
filter was applied neither in the measurement of neural activity in an
interval of interest (Measurement of neuronal activity) nor in the
analysis of response latency in each cell (Analysis of response la-
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tency). In these quantitative analyses, we work with the raw spike
times data.

RESULTS

We compared the responses of 60 LIP and 65 PRR neurons
to abrupt visual onsets in a visually guided task and in a choice
task. In the first part of the article we briefly present neuronal
responses in the often used visually guided task. We then
compare these data to the responses observed in a reward-
based choice task.

In the visually guided task (Fig. 1), animals are instructed to
move, after a short delay period, to a single visual target placed
either inside the neuronal RF or in the opposite location.
Animals were cued to make either an eye movement or an arm
movement on each trial. Unless specified otherwise, we focus
on responses to saccade trials in LIP and reach trials in PRR.
Further in the article, we show that our findings hold also for
reaches in LIP and saccades in PRR. We also specifically
analyze, unless stated otherwise, all trials in which a movement
is made to a target in the RF of the recorded cell.

The responses of an LIP neuron for saccades into the RF and a
PRR neuron for reaches into the RF in the visually guided task are
given in Fig. 2A. Both the LIP and the PRR cell show a brisk
response to the onset of the target in the RF, significantly diverg-
ing from the baseline (see MATERIALS AND METHODS) at 41 and 65
ms following target onset, respectively.

The time course of the responses of the populations of 60
LIP and 65 PRR neurons to target onset in the visually guided
task are shown in Fig. 2B. Figure 2B demonstrates that both
LIP and PRR neurons show a prominent transient response to
target onset, in accord with previous studies (Goldberg and
Bruce 1985; Colby et al. 1996; Dickinson et al. 2003; Snyder
et al. 1997; Calton et al. 2002; Cui and Andersen 2007, 2011).
In this task, LIP cells respond with a median latency (see
MATERIALS AND METHODS) of 74 ms following target onset. Such
a brisk response is in line with previous findings (Bisley and
Goldberg 2003; Bisley et al. 2004; Gottlieb et al. 2005; Ipata et
al. 2006, 2009). In comparison, PRR neurons show a slower

Fig. 2. Responses of lateral intraparietal area
(LIP) and parietal reach region (PRR) neurons
in the visually guided task. A: responses of an
LIP and a PRR neuron. Shown are mean
responses in the first 15 trials in which the
animal makes a saccade (LIP) or a reach
(PRR) into the neuron RF. Activity is aligned
to the onset of the target (left) and to move-
ment onset (right). Top: raster plot indicates
the times of the cell discharge during each
trial. Bottom: average eye (LIP) and arm
(PRR) position traces. B: response of the LIP
and PRR neuronal populations. All trials from
each neuron in which the animal makes a
saccade (LIP) or a reach (PRR) into the RF are
included. Time course of the averaged re-
sponses in LIP (green, n = 60 cells) and PRR

| (brown, n = 65 cells) are given. Activity is
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400 aligned to target onset. Peristimulus time his-
togram was smoothed with a low-pass filter
(see MATERIALS AND METHODS). Responses are
plotted relative to a baseline in the interval
from 50 ms preceding target onset to 20 ms
following target onset (see MATERIALS AND
METHODS).
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LIP PRR

v 34.1 (p < 0.0001) v 15.2 (p < 0.0001)

Fig. 3. Responses of each cell in the visually
guided task. All trials from each neuron in
which the animal makes a saccade (LIP) or a
reach (PRR) into the RF are included. Data
are given separately for LIP (leff) and PRR
(right) and are measured relative to a base-
line interval from 50 ms preceding the onset
of the target to 20 ms following the onset.
Responses are taken in an early interval
(100-200 ms after target onset, fop), and a
late interval (400—500 ms after target onset,
middle). Bottom: difference in the early and
late responses. In each histogram, the dark
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response, with a median latency of 193 ms following target
onset.

We quantified these responses in an early interval (100—200
ms following target onset) and in a late interval (400-500 ms
following target onset), relative to the baseline. Figure 3 shows
the responses in the two intervals separately for each cell, for
saccades into RF in LIP and reaches into RF in PRR. Figure 3,
top, demonstrates that both LIP and PRR neurons respond
prominently to target onset. Specifically, in the early interval,
LIP and PRR neurons, respectively, show a 34.1 and 15.2 sp/s
increase in activity relative to the baseline (P < 0.0001 and
P < 0.0001, two-tailed r-test, n = 60 and n = 65). The
target-related increase is significant (P < 0.05, two-tailed
t-test) in 87% of cells in LIP and in 60% of cells in PRR.
Previous studies report that LIP neurons show a stronger
transient response to target onset compared with PRR neurons
(Goldberg and Bruce 1985; Colby et al. 1996; Dickinson et al.
2003; Snyder et al. 1997; Calton et al. 2002; Cui and Andersen
2007, 2011). Indeed, we found that the difference in the early
response in LIP and PRR is significant (P < 0.0001, two-tailed
t-test, n; = 60, n, = 65; monkey 1, P = 0.0067, n; ;p = 40,
nprr = 34; monkey 2, P < 0.001, n;p = 20, npgg = 31).
Furthermore, previous studies demonstrate that shortly follow-
ing the initial transient, LIP neurons decrease their activity
(Goldberg and Bruce 1985; Colby et al. 1996; Dickinson et al.
2003), whereas PRR neurons do not show a marked decrease
(Snyder et al. 1997; Calton et al. 2002). Indeed, in the late
interval compared with the early interval, LIP neurons showed
a decrease from 34.1 to 11.8 sp/s (Fig. 3, left middle), and the
difference of 22.3 sp/s is significant (P < 0.0001, Fig. 3, left
bottom). In comparison, the response of PRR neurons in the
late interval, 15.9 sp/s (Fig. 3, right middle), is statistically
indistinguishable from the early response 15.2 sp/s (difference
—0.7 sp/s not significant, P = 0.76; Fig. 3, right bottom).

The data in the visually guided task reproduce the findings of
previous studies. Crucially, we next investigated how the same
populations of parietal neurons respond to target onset during
choice. In the choice task (Fig. 4), animals select, after a short
delay period, between two targets, one placed inside the RF
and one in the opposite location. One target offers, on average,
a higher amount of liquid reward than the other target. The
precise amount of liquid reward delivered on each trial is
subject to exponentially distributed noise (see MATERIALS AND
METHODs for details), and the assignment of the more valuable
target flipped frequently and unpredictably. As a result, our
animals switched frequently in their choices between the two
targets (30.8% of trials in one monkey and 31.0% in the other).

The responses of the same LIP and PRR example cells in the
choice task, compared with the visually guided task, are pre-
sented in Fig. 5A, for saccades into RF in LIP and reaches into
RF in PRR. The LIP cell exhibits a prominent transient re-

CHOICE TASK
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Fig. 4. Choice task. Animal chooses to move to either a RF target or an
opposite target based on the recent history of rewards associated with each
target (see MATERIALS AND METHODS for details). Color of a central cue (red or
blue) instructs the animal to move a particular effector (a saccade or a reach,
respectively).
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Fig. 5. Responses of LIP and PRR neurons in
the choice task. A: responses of the same LIP
and PRR neurons in the choice task, com-
pared with the visually guided task. Same
format as in Fig. 2A, with thick (thin) traces
and rasters representing data in the choice
task (visually guided task). B: responses of
the LIP and PRR neuronal populations in the
choice task. Same format as in Fig. 2B, for the
choice task.
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sponse to target onset in the choice task, with response latency
of 47 ms (compared to 41 ms in the visually guided task). In a
striking contrast, the PRR cell in the choice task shows effec-
tively no transient; its activity significantly deviates from the
baseline first after more than a second following target onset, at
1161 ms (compared with 65 ms in the visually guided task).
The responses of the LIP and PRR populations to target
onset in the choice task are given in Fig. 5B. This figure reveals
that LIP neurons respond vigorously to target onset. The
median response latency is 109 ms. In a striking contrast, no

such response is observed in PRR. Activity in PRR builds up
much more gradually, with a median response latency 468 ms.

We quantify the responses in the choice task for each
individual cell in Fig. 6 in the same way as in Fig. 3. This
figure confirms the impression of Fig. 5B that target onset in
the choice task evokes a robust transient response in LIP (Fig.
6, top left) but not in PRR (Fig. 6, top right). The mean
response in LIP is a 13.3 sp/s increase in firing (P < 0.0001,
two-tailed #-test, n = 60), and a substantial proportion of cells
(83%; P < 0.05, two-tailed r-test, response vs. baseline) shows
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a significant increase in response to target onset. In compari-
son, the mean response in PRR (Fig. 6, top right) is a nonsig-
nificant 1.1 sp/s increase in firing (P = 0.36, two-tailed 7-test,
n = 65), and 45% of cells show a significant increase. The
effect in LIP is substantially and significantly stronger than the
effect in PRR, both at the population level and when the data from
each individual monkey are considered separately (P < 0.0001,
two-tailed r-test, n; ;p = 60 cells, npgrgr = 65 cells; monkey 1, P <
0.0001, ny ;p = 40, npgg = 34; monkey 2, P < 0.001, n; p = 20,
nprr = 31). The striking absence of a transient in the choice
task in PRR is specific to the early interval; in the late interval
(Fig. 6, middle right), PRR neurons show a robust response
(10.4 sp/s, P < 0.0001). The difference of —9.3 sp/s is
significant (P < 0.0001; Fig. 6, bottom right). In LIP, the late
response (14.3 sp/s; Fig. 6, middle left) is indistinguishable
from the early response (P = 0.5).
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It is possible that the reduced responses to target onset in
PRR compared with LIP are in part due to a generally lower
rate of neural discharge in PRR compared with LIP. The
responses of LIP neurons significantly differ from the re-
sponses of PRR neurons in both the visually guided task (mean
response in LIP 34.1 sp/s; in PRR: 15.2 sp/s; difference P <
0.0001, two-tailed #-test) and in the choice task (mean response
in LIP 13.3 sp/s; in PRR: 1.1 sp/s; difference P < 0.0001,
two-tailed #-test). However, later in the trial, the responses in
LIP and PRR are comparable in both the visually guided task
(mean response in LIP 11.8 sp/s; in PRR: 15.9 sp/s; difference
P = 0.06, two-tailed r-test) and in the choice task (mean
response in LIP 14.3 sp/s; in PRR: 10.4 sp/s; difference P =
0.12, two-tailed #-test). Thus, later in the trial, the two regions
show statistically indistinguishable responses. The marked dif-
ference between LIP and PRR in the choice task is therefore
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Fig. 7. Comparison of responses of LIP and PRR neurons in the visually guided and the choice tasks. All trials from each neuron in which the animal makes
a saccade (LIP) or a reach (PRR) into the RF are included. Plots give the response of each LIP (leff) and PRR (right) cell in the interval from 100 to 200 ms

after target onset (early response, fop), and 400 to 500 ms after target onset (late response, bottom), relative to the baseline. Histograms quantify the number of

cells in each bin of response magnitude. Dark triangle gives the mean. P value is the outcome of the associated two-tailed 7-test. While LIP neurons show
substantial early responses in both the visually guided and choice tasks, PRR neurons show early responses only in the visually guided task. In the choice task,
the early response in PRR is absent. As a control, PRR neurons exhibit a robust response in the choice task in the late period (bottom).
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Fig. 8. Latency of neuronal responses to target onset. The curves give the
cumulative distribution of the response latency of each neuron (60 neurons in
LIP and 65 neurons in PRR) relatively to target onset (time 0). The analysis
includes all saccades into RF (LIP) and all reaches into RF (PRR). Data are
displayed separately for LIP neurons (green traces) and PRR neurons (brown
traces), for the visually guided task (fop) and the choice task (bottom). This
analysis reveals that PRR neurons have substantially longer response latencies
compared with LIP neurons. The effect is particularly pronounced in the choice
task (bottom). Not all neurons show a significant response relative to the
baseline and so the cumulative traces fall short of the 100% of neurons.

specific to the early time window following target onset. Next,
we compared the responses in the visually guided and the
choice tasks for each cell (Fig. 7). The early responses are
higher in the visually guided task compared with the choice
task (difference 20.8 10 sp/s, P < 0.0001 in LIP; 14.1 sp/s,
P < 0.0001 in PRR). In the late period, the difference between the
responses in the two tasks vanishes in LIP (difference 2.5 sp/s,
P = 0.30) and is reduced but significant in PRR (difference 5.5
sp/s, P = 0.0057). Two recent studies (Hwang and Andersen
2011, 2012) suggest the existence of two classes of neurons
within PRR. The visuo-motor class shows both an early tran-
sient response and a movement-related response, whereas the
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motor class exhibits only movement-related build up of activ-
ity. In other words, the two classes of neurons differ in the
magnitude of their early response. Figure 7 allows us to assess
whether our dataset can distinguish distinct classes of neurons
based on the early response in the visually guided and choice
tasks. The figure does not provide evidence for distinct sub-
populations of neurons within PRR or LIP in our tasks.

Next, we compared the distributions of response onsets
(latencies) for each cell in the two areas and in each task. We
computed response latency by counting the number of spikes
occurring within 20-ms bins overlapping by 1 ms. For each of
the bins, we then computed the probability that the spike count
rate for the bin is drawn from the Poisson distribution whose
mean equals the spike count rate over a 250-ms baseline period
(Maunsell and Gibson 1992; see MATERIALS AND METHODS). The
time of response onset then corresponds to the time of the first
bin in which the probability drops below a predefined threshold
(P < 0.01) and stays low for a predefined number of consec-
utive bins (for 50 ms).

The analysis of response latency (Fig. 8) reveals that LIP
neurons show in the visually guided task (green top trace) a
crisp transient response. The median latency of the LIP popu-
lation in this task is 74 ms. Such brisk response is in line with
previous studies (Goldberg and Bruce 1985; Bisley et al.
2004). A clear transient in LIP is notable also in the choice task
(green bottom trace; median latency 109 ms). In contrast, PRR
neurons respond substantially later compared with LIP. The
effect is noticeable in the visually guided task (brown top
trace; median latency 193 ms compared with 74 ms in LIP,
P < 0.0001, Wilcoxon rank sum test), and is particularly
pronounced in the choice task (Fig. 8, brown bottom trace;
median latency 468 ms compared with 109 ms in LIP, P <
0.0001) in which the PRR population shows effectively no
early transient. This analysis corroborates the results of the
analysis of the differences in the early discharge activity in the
two regions. Both analyses indicate that in the choice task PRR
neurons are activated much more gradually than LIP neurons.

We tested whether the transient response of parietal neurons
is a function of which target the animal chooses in the choice
task (Fig. 9). When animals move to the RF or the opposite
direction, respectively, the mean early LIP responses relative to
baseline are 13.3 sp/s (P < 0.0001, #-test, n = 60) and 10.3 sp/s
(P < 0.0001, r-test, n = 60 cells). The difference (2.9 sp/s) is
small but significant (paired two-tailed #-test P = 0.0011, n =
60). In contrast, PRR neurons fail to show an early visual
transient when animals choose the RF target (mean 1.1 sp/s,
P = 0.36, t-test, n = 65 cells) and also fail to show an early
visual transient when animals choose the opposite target (mean
—2.7 sp/s, P = 0.0073, t-test, n = 65). The difference (3.8

Fig. 9. Target-related response difference be-
tween LIP and PRR is independent of ani-
mals’ choice. A: responses of LIP and PRR
neurons in the choice task, separately for
choices of the RF target and choices of the
opposite target. Saccade trials in LIP and
reach trials in PRR are included. B: responses
of each cell in each area during RF and
antiRF choices, separately for the early and
late periods.
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sp/s) is small but significant (paired two-tailed ¢-test P = 0.014,
n = 65) In both areas, as expected, the animals’ choice has a
substantial effect later in the trial (LIP: RF choice, 14.3 sp/s,
antiRF choice, 5.9 sp/s; difference P < 0.0001; PRR: RF
choice, 10.4 sp/s, antiRF choice, —3.4 sp/s; difference P <
0.0001). Early in the trial, however, the difference between
early transient responses in LIP and PRR is largely indepen-
dent of the animals’ choice.

The reduction in response magnitude by LIP neurons in the
choice task compared with the visually guided task could be
related to the different reward structures in the two tasks.
Responses of LIP neurons are modulated by reward size (Platt
and Glimcher 1999; Sugrue et al. 2004; Dorris and Glimcher
2004; Seo et al. 2009). However, since the mean reward sizes
in the visually guided task and in the choice task were fixed at
110 ms of valve opening time, mean reward size cannot
explain the difference in the neuronal responses in the two
tasks. We also considered whether LIP neurons might respond
in the choice task more vigorously on those trials in which the
monkey might expect a large reward. To test this, we condi-
tioned the neuronal responses in the interval 100-200 ms
following target onset on the size of the reward received on the
preceding trial. For choices into the RF, trials that followed the
top 50% of rewards obtained for RF choices on the previous
trial were associated with a mean response of only 0.2 sp/s
more than trials that followed the bottom 50% of rewards. This
difference is minimal compared with the 20.8 sp/s difference in
early neuronal response between the choice and visually
guided tasks. Using more complex models to estimate the
animals’ expectation of reward resulted in no more than a 4
sp/s reward-based modulation, an amount that is still too small
to explain the observed 20.8 sp/s drop in activity between the
visually guided and the choice tasks.

Finally, we investigated whether the transient response is a
function of the effector animals choose with. In particular, we
tested whether the observations made for saccades in LIP and
reaches in PRR (Fig. 5B) also hold for saccades in PRR and
reaches in LIP. Indeed, this is the case (Fig. 10). In the early
period, the mean LIP response for reaches relative to baseline
is 13.7 sp/s, indistinguishable from the responses for saccades
(P = 0.83, paired r-test, n = 60). The mean PRR response for
saccades relative to baseline is 3.0 sp/s, similar to the response
for reaches (P = 0.039, paired f¢-test, n = 65). In the late
period, the movement effector has a substantial effect on firing
rate in both areas (LIP: saccades, 14.3 sp/s, reaches, 11.2 sp/s,
difference P < 0.001; PRR: reaches, 10.4 sp/s, saccades, 2.8
sp/s, difference P < 0.0001).
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Fig. 10. Target-related response difference
between LIP and PRR is independent of
movement effector. A: same format as in Fig.
5B, with data shown separately for each
effector. B: early and late responses of each
cell in each area during choices made using
the preferred effector (saccades in LIP and
reaches in PRR) and the nonpreferred effec-
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DISCUSSION

In this study, we compared the early transient responses of
LIP and PRR neurons to target onset while monkeys performed
a visually guided movement task and a reward-based choice
task. We based our investigation on an inspection of data in a
visually guided task (Snyder et al. 2000, their Fig. 4) that
suggest that LIP and PRR neurons may respond differently to
the onset of task-relevant stimuli. Figure 4 suggests that the
early response of PRR neurons is lower in amplitude and
occurs later in time compared with the brisker response ob-
served in LIP. This effect has not been systematically investi-
gated. Data in other studies that assessed responses to target
onset separately in LIP or in PRR suggest that the difference
between the early responses of LIP and PRR neurons is subtle
(Goldberg and Bruce 1985; Blatt et al. 1990; Colby et al. 1996;
Gottlieb et al. 1998; Colby and Goldberg 1999; Snyder et al.
1997; Calton et al. 2002; Scherberger and Andersen 2007; Cui
and Andersen 2007; Pesaran et al. 2008; Cui and Andersen
2011). Indeed, we found that the difference in the visual task
was relatively slight. However, in a reward-based choice task,
PRR neurons strikingly show no transient to target onset. The
PRR transient that has been consistently observed in visually
guided tasks (Snyder et al. 1997; Calton et al. 2002; Scher-
berger and Andersen 2007; Cui and Andersen 2007; Pesaran et
al. 2008; Cui and Andersen 2011 and in the present study) is in
this choice task instead replaced with a gradual build up of
activity. This contrasts the responses of LIP neurons which
show a clear transient in the choice task.

A possibly simple explanation that may account for this
difference between LIP and PRR is that information from
visual cortex arrives to PRR through an intermediate node,
such as LIP itself, which causes a delay in the PRR response.
In this case, one would expect the response in PRR, compared
with LIP, to be delayed by a small multiple of the synaptic
transmission delay, i.e., by up to a few tens of milliseconds
(Lin and Faber 2002). However, we found (Fig. 8 bottom) that
the difference in median latency between LIP and PRR
amounts to 350 ms. This long delay is unlikely to be explained
through a simple synaptic delay in information flow. It is to
note that our data do not exclude the possibility that informa-
tion arrives into PRR from LIP; our data only suggest that there
is substantial intermediate processing of information before its
reaching PRR.

We propose that the difference between the transient re-
sponses of LIP and PRR neurons, respectively, reflects the
different computations the oculomotor and the somatomotor
systems perform during the animal’s interaction with visual
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objects in the environment. While it is possible to rapidly scan
a visual scene by making multiple saccades to visual targets
within a second, it is likely undesirable and sometimes impos-
sible to make limb or bodily movements at such a rapid pace.
In particular, there is a higher cost to making multiple rapid
arm movements compared with multiple saccades. A rapid
sequence of arm movements takes more time than the same
sequence of eye movements, requires much more energy, is
likely more distracting, and could even lead to injury. Thus,
unless there is just a single clear target in sight, the animal
should carefully assess whether a given visual object is worth
reaching for. A neural consequence may be that there is more
processing in the visual pathways leading into early somato-
motor circuits compared with oculomotor circuits and hence
less autonomy in response to target onset in PRR compared
with LIP neurons.

Behavioral experiments also suggest that saccades and
reaches to visual targets involve different computations. Hick’s
law states that, in general, reaction time increases with the
number of possible choices (Hick 1952; Hyman 1953). How-
ever, for visually guided saccades, Hick’s law is violated:
response time does not change or is even reduced when the
number of possible targets is increased (Kveraga et al. 2002;
Lawrence et al. 2008). Thus the mechanism of programming
saccades to a suddenly appearing target is not substantially
taxed by the number of possible saccade alternatives, that is, by
the predictability of the target location. One way the nervous
system might achieve such an efficient sensory to motor
transformation is to closely link the visual and saccadic path-
ways. That is, the system may be configured such that the
sudden appearance of a target may more or less automatically
introduce a transient into the oculomotor circuitry, as observed
in LIP.

In contrast to the case of visually guided saccades, Hick’s
law is obeyed for visually guided reaches. Reach reaction times
vary inversely with the number of potential targets (Kveraga
et al. 2002; Lawrence et al. 2008; Lawrence and Gardella
2009). This suggests that choosing a target for a reach is a more
deliberate process than choosing a target for a saccade. This
more deliberate process may be reflected in the slower rise of
activity in PRR neurons observed in our study.

Furthermore, the amount of processing that occurs before
the appearance of a visually evoked transient response in PRR
may depend on the demands of the task at hand. There may be
more processing for a task that requires a choice between two
targets compared with a task in which only a single salient
stimulus is presented, and this difference may explain why the
transient response in PRR is more reduced and more delayed in
time in the choice task compared with the PRR transient in the
visually guided movement task. There are discrepancies in the
literature in the extent to which the earliest portion of the transient
in PRR is modifiable by cognitive factors (Snyder et al. 1997,
2000; Scherberger and Andersen 2007; Pesaran et al. 2008; Cui
and Andersen 2011). We now report that in a demanding reward-
based choice task, there is no transient. The lack of the transient
suggests that the input to this parietal region reflects the
involvement of a higher order cognitive process likely related
to the animal’s decision of whether and where to reach. This
process may incorporate a combination of one or more sub-
processes, including behavioral relevance, valuation, attention,
and movement selection. Our data encourage future investiga-

tors to vary task demands and to attempt to isolate the indi-
vidual factors that give rise to the prominent modulation of
PRR activity observed in our study.

In summary, we found that in a visually guided task and in
a choice task, the response to target onset in parietal oculomo-
tor circuits differs dramatically from the response to target
onset in parietal somatomotor circuits. While LIP neurons
show crisp transient responses to target onsets, PRR neurons
respond much more sluggishly or deliberately. The difference
in responses in the two areas is greater in a more difficult task.
The differences in the timing and slope of the transient re-
sponse suggest that the oculomotor and somatomotor parietal
systems are differentially coupled to visual input. The oculo-
motor system is tightly coupled while the somatomotor system
is more loosely coupled. We propose that this neural architec-
ture supports the performance of distinct computations in the
two systems. The tight coupling of the oculomotor system to
visual input is suitable to support the rapid deployment of eye
movements to visual targets. In contrast, the relatively loose
coupling of the somatomotor system to visual input supports a
more deliberative operation of this system reflecting the deci-
sions of whether and where to reach.
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