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Although the cerebral cortex is thought to be composed of
functionally distinct areas, the actual parcellation of area and
assignment of function are still highly controversial. An example is
the much-studied lateral intraparietal cortex (LIP). Despite the
general agreement that LIP plays an important role in visual-
oculomotor transformation, it remains unclear whether the area is
primary sensory- or motor-related (the attention-intention debate).
Although LIP has been considered as a functionally unitary area, its
dorsal (LIPd) and ventral (LIPv) parts differ in local morphology and
long-distance connectivity. In particular, LIPv has much stronger
connections with two oculomotor centers, the frontal eye field and
the deep layers of the superior colliculus, than does LIPd. Such
anatomical distinctions imply that compared with LIPd, LIPv might
be more involved in oculomotor processing. We tested this
hypothesis physiologically with a memory saccade task and a gap
saccade task. We found that LIP neurons with persistent memory
activities in memory saccade are primarily provoked either by visual
stimulation (vision-related) or by both visual and saccadic events
(vision-saccade-related) in gap saccade. The distribution changes
from predominantly vision-related to predominantly vision-saccade—
related as the recording depth increases along the dorsal-ventral
dimension. Consistently, the simultaneously recorded local field po-
tential also changes from visual evoked to saccade evoked. Finally,
local injection of muscimol (GABA agonist) in LIPv, but not in LIPd,
dramatically decreases the proportion of express saccades. With
these results, we conclude that LIPd and LIPv are more involved in
visual and visual-saccadic processing, respectively.
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visuomotor control

he lateral intraparietal cortex (LIP), a subregion of the posterior
parietal cortex in humans and macaques, is a node connecting
the visual and saccadic circuits (1, 2). Neurons in LIP discharge
during visually evoked saccadic eye movements (3, 4). In particular,
many LIP neurons persistently discharge throughout the delay in-
terval during the memory-guided saccades (5-7). Such persistent
activity has been associated with visuomotor transformation (8),
working memory (8, 9), visual attention (10), saccadic intention (6),
and other cognitive functions (11-17). The involvement of the
persistent activity in many cognitive functions has hindered our
understanding of LIP’s role in processing vision- and saccade-
related information. For instance, a large body of evidence has in-
dicated that the persistent activity reflects selective spatial attention
and priority map formation (4, 7, 10, 18). In contrast, a similar
amount of evidence has suggested that the persistent activity
represents motor plans for the impending saccades (3, 6, 19).
We attempted to resolve this long-standing controversy by
considering the physiology of LIP in the context of its anatomical
structure.
Although LIP is usually considered as a functionally unitary area,
it is actually composed of two anatomically distinct subdivisions:
dorsal LIP (LIPd) and ventral LIP (LIPv) (20-24). The anatomical
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differences between LIPd and LIPv include morphological struc-
ture (20-22, 25) and anatomical connections (25, 26). In particu-
lar, LIPv has a much stronger connection with two saccadic
centers, the frontal eye field (25, 26) and the deeper layers of
superior colliculus (21). Such anatomical distinctions imply that
LIPd and LIPv might play different roles in processing visual and
oculomotor information. Supportively, single-neuron recordings
from the nonhuman primates show that LIPd and LIPv represent
central and peripheral vision, respectively (23, 27). Also, it has
been argued recently that LIPv seems to be involved in more
complex cognitive functions (28, 29). In addition, brain imaging
(24, 30-32) and local inactivation (33) studies suggest different
functions of LIPd and LIPv in processing cognitive information.
However, no study, to date, has directly compared the neuronal
discharge between the two subdivisions in processing visuomotor
signals. The objective of the present study is to assess whether the
LIPd and LIPv neurons that persistently discharge during mem-
ory-guided saccades function differently in processing vision- and
saccade-related information.

We simultaneously recorded the activity of single neurons and
the local field potentials (LFPs) from two rhesus monkeys while
they were performing a memory-guided saccade task and a gap
saccade task (Fig. 14). We used the memory-guided saccades to
localize LIP and classify the recorded neurons as visual, saccadic,
and persistent based on their spatiotemporal response charac-
teristics (34). The gap saccade task produced a bimodal distribution
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of saccadic latency, (i.e., the shorter latency “express” saccades
and the longer latency “regular” saccades) (35). This behavioral
dichotomy was used in the present study as an experimental tool
to assess the degree of visual or saccadic processing in neurons
with persistent activity (discussed below). We found that the
persistent neurons during the memory-guided saccades fired
differently in the gap saccade task. These persistent neurons
could be classified into two types: those neurons primarily ac-
tivated by visual stimulation (vision-related) and those neurons
activated by both visual and saccadic events (vision-saccade-related).
Although these two neuron types were found throughout LIP,
their distribution patterns varied along the dorsal-ventral di-
mension. While the vision-related neurons were primarily local-
ized in LIPd, the vision-saccade-related neurons gradually
increased in number with increasing depth and eventually be-
came more common than the vision-related type. Consistently,
we found that the LFP changed from visual evoked potential to
saccadic evoked potential with increasing recording depth. Fi-
nally, we tested the functional significance of the electrophysio-
logical data by local injection of muscimol (GABA agonist).
Briefly after LIPv inactivation, but not LIPd inactivation, the
proportion of express saccades in the contralateral direction
dramatically decreased. Taken together, our results indicate that
LIPd primarily participates in the processing of vision-related
information, whereas LIPv is more involved in the processing of
saccade-related information. This functional distinction between
LIPd and LIPv may help resolve some apparent discrepancies
between previous studies.

Results

A significant feature of the gap saccade task is that identical visual
stimulation can lead to two distinct behavioral responses (i.e.,
shorter latency express saccades and longer latency regular sac-
cades) (35-38). The saccadic latency of our two monkeys showed a
bimodal distribution during gap saccades (Fig. 1B), consistent with
previous reports (35-38). This bimodality of saccadic latency
provides a useful behavioral marker to investigate whether the
activity of a neuron is correlated with the onset of the visual target
or with the onset of saccades; in other words, whether the neuron’s
activity codes for visual, motor, or visuomotor processing. In the
first case (primary visual), a neuron’s discharge is well aligned with
the appearance of a visual target in both express and regular
saccades, regardless of the latency difference between them. In
the second case (primary saccadic), a neuron’s discharge is well
aligned with saccade onset in both express and regular saccades,
regardless of the time of visual target onset. In the last case (mixed
visual and saccadic), a neuron’s discharge shows similar alignment
with the onset of a visual target and the onset of saccades in both
express and regular saccades.
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Fig. 1. Behavioral tasks and distribution of saccadic latency. (A) Schematic
illustration of the memory-guided saccade (MGS) and gap saccade (Gap
saccade) tasks. (B) Bimodal distribution of the saccadic latency in the gap
saccade task.
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Neurons with Persistent Activation During Memory-Guided Saccades
Exhibited Two Different Kinds of Activation During Gap Saccades.
Two example neurons, recorded from LIPd (Fig. 24, 4.07-mm
depth relative to the tip of the guide tube) and LIPv (Fig. 2D,
6.87-mm depth), respectively, showed persistent activity during
memory-guided saccades when the visual target appeared in, and
saccade was directed to, the response field (Fig. 2 B and E).
However, these two neurons were activated differently in the gap
saccade task. For the LIPd neuron, the spike density histograms
of express and regular saccades overlapped closely when activity
was aligned at the visual target onset (Fig. 2C, Left), but not
when activity was aligned at saccade onset (Fig. 2C, Right). In
contrast, for the LIPv neuron, the spike density histograms were
largely overlapped under both alignments (Fig. 2F).

We used a correlation analysis to assess the degree of visual or
saccadic processing during the gap saccade task in each persistent
neuron. We first sorted trials according to whether the saccade
was express or regular. For each saccade type, we aligned spike
trains from repeated trials either at visual target onset or at sac-
cade onset. Then, for each saccade type and alignment type, we
determined the spike density as a function of time. Finally, for
each alignment type, we calculated the correlation coefficient
(CC) between the spike density functions of the two saccade types.
For visual target onset alignment, we used the spike densities from
50 to 150 ms after the target onset (Fig. 2 C and F, Left, gray
patch). For saccade onset alignment, we used the spike densities
from 50 ms before to 50 ms after the saccade onset (Fig. 2 C and
F, Right, gray patch). If a neuron’s CC was close to 1 when the
trials were aligned at the target onset, but was close to 0 or neg-
ative when the trials were aligned at the saccade onset, this neuron
was elicited by the appearance of a visual target (vision-related).
Inversely, a neuron’s activity was elicited by the saccades (saccade-
related). Finally, if a neuron’s CC was close to 0.5 in both align-
ments, the neuron’s activity was elicited by both visual and saccadic
events (vision-saccade-related).

For the LIPd neuron, the CC was 0.839 (P = 0.002) when the
activity was aligned at the target onset and the CC was —0.557
(P = 0.075) when activity was aligned at the saccade onset. For
the LIPv neuron, the CC was 0.503 (P = 0.138) when the activity
was aligned at the target onset and the CC was 0.620 (P = 0.042)
when the activity alignment was at the saccade onset. Such re-
sults indicated that the LIPd neuron’s activity was primarily
evoked by the onset of the visual target (vision-related neuron)
but not by the onset of the saccade, whereas the LIPv neuron’s
activity was provoked by the onset of both the visual target and
saccade (vision-saccade-related).

In total, we recorded complete datasets from 78 persistent
neurons (39 from monkey S and 39 from monkey P) and calcu-
lated their CCs between the express and regular saccades. The
direct comparison of the CCs between the two alignments of the
single neurons is shown as a scatter plot in Fig. 3 4 and C for each
monkey. The data seem to form two separate clusters for each
monkey, and this separation was further confirmed by the two-
group k-means clustering analysis, which revealed one cluster in the
lower right quadrant (red triangles in Fig. 3 A and C), with greater
CCs under alignment of visual target onset than under alignment of
saccade onset, and the second cluster along the diagonal line (blue
squares in Fig. 3 A and C), with similar CCs between the two
alignments. The centroids of the two clusters were located in the
lower right corner (black circle in Fig. 3 A and C) and on the di-
agonal line (gray circle in Fig. 3 4 and C), respectively. We further
examined statistically how well these two clusters separated from
each other by the methods of two-group k-means clustering and the
silhouette values (39, 40). The computed silhouette values showed
that for each monkey, only two of the 39 data points had negative
silhouette values (gray dots in Fig. 3 B and D), which were not
confidently classified to either cluster. Based on these analyses, we
concluded that the persistent neurons could be separated into two
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Fig. 2. Recording sites and response of two example neurons in the MGS and Gap saccade tasks. (A) MRI image shows the recording location of an example
LIP neuron. The arrow indicates that the tip of the electrode is in LIPd. (B) This neuron showed persistent activity in the MGS task. (C) Activity of an example
LIPd neuron in the Gap saccade task with alignment at the visual target onset (Left) and the saccade onset (Right). The raster represents the spike train (Top),
the spike density histogram is plotted (Center), and horizontal and vertical eye positions are plotted (Bottom). Red and green dots in the raster indicate the
time of saccade start and visual target onset, respectively. Gray patches denote the time interval for analysis of the CC between activity in express and regular
saccades. (D) MRI image shows that the recording location of the second example neuron is in LIPv (arrow). (E and F) Activity of the second example neuron in
the MGS and Gap saccade tasks with the same format as in the first example neuron. sp/s, spikes per second.

groups in the gap saccade task: the primarily vision-related neu-
rons (red triangles in Fig. 3 4 and C) and the vision-saccade—
related neurons (blue squares in Fig. 3 4 and C).

The normalized population activity of the vision-related neu-
rons from two monkeys (Fig. 3 E and F) was very similar to the
activity of the exemplified LIPd neuron (Fig. 2C). The pop-
ulation activities of these neurons in express and regular sac-
cades largely overlapped together under the alignment of visual
target onset: a CC value of 0.838 (P < 0.001). However, under
the alignment of saccade onset, the activity in express saccades
dramatically shifted leftward (~60 ms) compared with regular
saccades: a CC value of 0.084 (P = 0.131). Alternatively, the
population activity profile of the vision-saccade-related neurons
(Fig. 3 G and H) was very similar to the activity of the exem-
plified LIPv neuron (Fig. 2F). The population activities of these
neurons largely overlapped together irrespective of the align-

ment being at the visual target onset or saccade onset. The CC
value was 0. 656 (P < 0.001) in the alignment of visual target
onset and 0.639 (P < 0.001) in the alignment of saccade onset.

The Vision-Related and Vision-Saccade-Related Neurons Exhibited
Different Responses During Memory-Guided Saccades. Because the
persistent response neurons could be separated into two groups
based on their activity in a gap saccade task, we wondered
whether these two groups of neurons also discharged differently
in the memory-guided saccade task. To address this question, we
compared the population activity of the two groups of neurons.
We analyzed the activity of each individual neuron in the pre-
ferred direction. For each neuron, the activity was normalized
with its baseline activity (0-200 ms before target onset).

The average population activity with +1 SEM of vision-related
neurons (red) and vision-saccade-related neurons (blue) in the
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Fig. 3. Distribution of the compared CC values of single neurons and population activity of two types of neurons. (A) Comparison of CC values between two
alignments (i.e., aligned at target onset versus aligned at saccade onset) of single persistent neurons from monkey P. The two group k-means clustering analysis
resulted in two separate clusters: One was distributed in the right lower quadrant (red triangles), with greater CC values under alignment of visual target onset
than under alignment of saccade onset, and the second was dispersed along the diagonal line (blue squares), with similar CC values between two alignments. The
automatically generated two centroids of the two clusters were located in the right lower corner (black circle) and on the diagonal line (gray circle), respectively.
(B) Computed silhouette values showed that for monkey P, only two of 39 data points had negative silhouette values (gray dots), which were not confidently
classified to either cluster. (C and D) Data from monkey S showed similar results. The population activity of vision-related neurons under alignment to visual target
onset (E) and to saccade onset (F) is shown. (G and H) Population activity of vision-saccade-related neurons with same format as in £ and F.
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memory-guided saccade task was superimposed in Fig. S14, Top.
The three panels in Fig. S14, Bottom show the activity during
three periods. First, during the visual period (0-100 ms after target
onset), the normalized activity of vision-related neurons rose
earlier and higher than the normalized activity of vision-saccade—
related neurons. The averaged normalized activity was signifi-
cantly higher than the averaged normalized activity of vision-sac-
cade-related neurons (Fig. S1B; P < 0.001, ¢ test). Second, during
the memory period (100400 ms after target offset), the normal-
ized activity of the two groups of neurons was similar (Fig. S1C;
P =0.886, t test). Finally, during the saccadic period (—50 to 50 ms
of saccade onset), the normalized activity of vision-saccade-related
neurons was significantly higher than the normalized activity of
vision-related neurons (Fig. S1D; P = 0.004, ¢ test).

The Locations of Vision-Related and Vision-Saccade-Related Neurons
Were Distributed Asymmetrically in LIPd and LIPv. In addition to the
MRI evidence of the recording sites of the two example neurons
(Fig. 24, a vision-related neuron in LIPd with a recording depth
of 4.07 mm; Fig. 2D, a vision-saccade-related neuron in LIPv
with a recording depth of 6.87 mm), we calculated the recording
depth (measured from the tip of the guide tube) of each studied
neuron. The depth distribution of the recording sites is shown as
a bar plot in Fig. 4 4 and B for each monkey. The x axis rep-
resents the recording depth with a bin width of 1.5 mm and 2 mm
for monkey P and monkey S respectively, whereas the y axis
represents the number of neurons. The range of recording depth
was 2.56-7.65 mm for monkey P and 2.90-9.49 mm for monkey
S. The vision-related neurons (red bars) were primarily localized
in LIPd, whereas the vision-saccade-related neurons (blue bars)
gradually increased in number with increasing recording depth.
The incidence ratio difference between these two groups of
neurons eventually changed from vision-related dominant to
vision-saccade-related dominant (Fig. 4C). The distribution of
the recording sites was consistent between the two monkeys. On
average, the recording sites of vision-saccade-related neurons
were deeper than the recording sites of vision-related neurons in
both monkeys (Fig. 4 A and B, Inset, bar plot; P = 0.005 for
monkey P and P = 0.177 for monkey S, ¢ test).

The LFP Changed from Visual Evoked to Saccadic Evoked Following
the Increase of Recording Depth. It is commonly believed that
spiking activities reflect the output signals from neuron(s),
whereas the LFP reflects the sum of input signals (an integral of
synaptic potentials within millimeters around the recording site)
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Fig. 4. Distribution of recording sites and change of the ratio between two
types of neurons as a function of recording depth. (A and B) Distribution of
vision-related neurons (red) and vision-saccade-related neurons (blue) is
shown in bar plots for monkey P and monkey S, respectively. The vision-
related neurons were primarily localized in LIPd, whereas the vision-saccade-
related neurons gradually increased in number following the increase of the
recording depth. (Insets) Averaged recording depth of the two types of
neurons. Obviously, on average, the recording depth of vision-saccade-
related neurons was deeper than for vision-related neurons (**P = 0.005 for
monkey P, P = 0.177 for monkey S, t test). (C) Incidence ratio difference
between these two groups of neurons revised from vision-related dominant
to vision-saccade-related dominant.
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(41, 42). To test whether the input signals to LIPd and LIPv were
different during gap saccades, we analyzed the amplitude and the
power spectrum of the LFP at each recording site. We first sub-
tracted vision- or saccade-related potentials from the original LFP
data in an attempt to dissociate them (details are provided in
Methods) due to the partial temporal overlap between the vision-
and saccade-related activities during gap saccades. The post-
subtracted LFP of the two example recording sites (same sites as
the two example neurons in Fig. 2) are shown in Fig. 5. When the
activity was aligned at the visual target onset, the postsubtracted
LFP associated with the example LIPd neuron quickly increased
its amplitude shortly after the onset of the visual target (Fig. 5A4);
in contrast, the postsubtracted LFP associated with the LIPv
neuron increased amplitude only slightly (Fig. SE). The time-fre-
quency energy analysis showed a large increase in lower frequency
power after the visual target onset in the LIPd (Fig. 5C), but not in
the LIPv (Fig. 5F). When the activity was aligned at the saccade
onset, the postsubtracted LFP increased in amplitude greater
in the LIPv (Fig. 5F) than in the LIPd (Fig. 5B), and the time-
frequency energy analysis showed a larger increase in lower fre-
quency power after saccade onset in the LIPv (Fig. 5H) than in the
LIPd (Fig. 5D). Consistently, the averaged LFP data that were
associated with the recordings of vision-related and vision-saccade—
related neurons showed similar results as the two examples, re-
spectively. When activity was aligned with the visual target onset,
the averaged postsubtracted LFP, which was associated with vision-
related neurons, showed greater amplitude and higher energy in
the theta (8-15 Hz) than were associated with vision-saccade—
related neurons (Fig. S2). In contrast, when activity was aligned
at the saccade onset, the averaged postsubtracted LFP associated
with vision-saccade-related neurons showed greater amplitude
and higher energy in lower frequency than were associated with
vision-related neurons (Fig. S3).

To see how visual and saccadic events affected the LFP in
LIPd and LIPv, we calculated the normalized power of the lower
frequencies (8-15 Hz) of 78 recording sites as a function of the
recording depth under two alignments: aligned at the visual
target onset (Fig. 6 A and B, Left) and aligned at the saccade
onset (Fig. 6 A and B, Right). Data from both monkeys showed
that following the increase of recording depth, the visual evoked
potential decreased (Fig. 6 A and B, Left), whereas the saccade
evoked potential increased (Fig. 6 A4 and B, Right). Also, the
linear regression analysis of the averaged change in energy power
of the lower frequency showed a negative correlation between
visual evoked potential and recording depth (Fig. 6C; slope =
—-0.667, R = —0.325, P = 0.004), and showed a positive correla-
tion between saccade evoked potential and recording depth (Fig.
6D; slope = 0.517, R = 0.224, P = 0.048). These LFP data sug-
gested that the LIPd received more vision-related inputs, whereas
the LIPv received more saccade-related inputs.

Inactivation of LIPv Decreased the Proportion of Express Saccades.
To examine the functional significance of the electrophysiolog-
ical data, we performed local inactivation experiments in both
monkeys by microinjection of a mixture of muscimol (GABAA
agonist) and manganese (MRI contrast agent) either in LIPd or
in LIPv as estimated physiologically. The injection sites were
confirmed by MRI scans after each injection. In monkey P, three
injections were localized in LIPd and LIPv each. In monkey S,
three and five injections were localized in LIPd and LIPv, re-
spectively. The MRI scans confirmed the loci of injections (Fig.
7A4 for monkey P and Fig. 7C for monkey S). After the in-
activation of LIPd, the proportions of express saccades were not
changed in both contralateral and ipsilateral directions (Fig. 7B,
Upper for monkey P and Fig. 7D, Upper for monkey S). In con-
trast, after the inactivation of LIPv, the proportions of express
saccades dramatically decreased in the contralateral direction,
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the exemplified vision-related neuron (Fig. 2A). When activity was aligned at visual target onset, shortly after the appearance of the target, the LFP sig-
nificantly increased in amplitude (A) and in lower frequency power (C). In contrast, when activity was aligned at saccade onset, both the amplitude (B) and the
lower frequency power (D) increased slightly. (E-H) LFP associated with the exemplified vision-saccade-related neuron (Fig. 2B). When activity was aligned at
visual target onset, the LFP barely changed in amplitude (E) and in the frequency power spectrum (G). When activity was aligned at saccade onset, both the

amplitude (F) and the lower frequency power (H) increased significantly.

but not in the ipsilateral direction (Fig. 7B, Bottom for monkey P
and Fig. 7D, Bottom for monkey S).

Similar results were also observed at all injection sites. In-
activation of LIPd did not significantly change the proportion of
express saccades in both contralateral and ipsilateral directions
(Fig. 84, Upper for monkey P and Fig. 8B, Upper for monkey P)
compared with the no-injection condition. The Wilcoxon signed
rank test for the data in each of these panels resulted in the
smallest P value of 0.25. In contrast, after the inactivation of
LIPv, the proportions of express saccades dramatically decreased
when saccades were made in the contralateral direction (Fig. 84,
Left Bottom for monkey P and Fig. 8B, Left Bottom for monkey S;
P =9.770 x 10~* and P = 0.039, respectively, Wilcoxon signed
rank test), but the proportions of express saccades were not
significantly changed when saccades were made in the ipsilateral
direction (Fig. 84, Right Bottom for monkey P and Fig. 8B, Right
Bottom for monkey S; P = 0.765 and P = 1.000, Wilcoxon signed
rank test). Thus, the inactivation experiments confirmed the
physiological finding that LIPv was more involved in the gener-
ation of express saccades than LIPd.

Discussion

In the present study, we recorded single-unit activity and LFP
from LIP during memory-guided and gap saccades. The distinct
functions of the two subdivisions of LIP (LIPd and LIPv) in
visuomotor control were characterized by their neural activity
(spike and LFP) and the effect of local inactivation on express
saccade generation.

Our data showed that the persistent response neurons during
memory-guided saccades were distinctly separated into two
groups in a gap saccade task: neurons that were primarily pro-
voked by visual stimulus (vision-related) and neurons that were
provoked by both visual and saccadic events (vision-saccade—
related) (Figs. 2 and 3). The question of whether a persistent
neuron in LIP codes visual or saccadic information has been
explored previously in the memory-guided antisaccades (9), in
which the visual and saccadic events were separated in time and
space. Such double separation between vision and saccade pro-
vided a useful model with which to assess the encoded in-
formation by a persistent neuron. Based on intensity of response
during the visual, memory, and perisaccadic periods, LIP per-
sistent neurons could be grouped into three subsets: primary
vision, primary saccade, and a mixture of vision and saccade. The
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reported type of vision-saccade-related neurons in the present
study is composed of the primary saccade and the mixture of
vision and saccade neurons in the study of memory-guided
antisaccade. One possible reason that might have caused the
different classification of neurons between these two studies is
the fact that the latency difference between express and regular
saccades is only ~50 ms. Such a short separation in time is not
sufficient to separate the vision-saccade-related neurons into
further subgroups, unlike the memory-guided antisaccades.
Nonetheless, the separation of persistent neurons into two sub-
groups in the gap saccade task (i.e., the vision-related and the
vision-saccade-related) provides compelling evidence to indicate
the different coding of visual and saccadic information among
LIP persistent neurons.

Moreover, we found that the distributions of vision-related and
vision-saccade-related neurons in LIP were anatomically clus-
tered: The vision-related neurons were primarily localized in
LIPd, whereas the vision-saccade-related neurons were grouped
in LIPv. Eventually, the ratio between these two groups of neurons
reversed from vision-related dominant to vision-saccade-related
dominant following the deeper we explored (Fig. 4C). Consis-
tently, the simultaneously recorded LFP also changed from vision-
related potential (43—-45) to saccade-related potential as the re-
cording depth increased (Figs. 5 and 6). Because it is commonly
believed that the LFP mainly reflects the sum of the synaptic in-
puts of a group of neurons within a range of a few millimeters (41,
42, 46, 47), our LFP results suggest that the vision-related and
vision-saccade-related neurons are likely clustered separately.
Such results are consistent with findings of previous studies, where
neurons, reported to share similar retinotopic visual receptive
fields, were localized together in LIP (23). The change of LFP from
vision-related potential to saccade-related potential as a function of
recording depth suggests that LIPd receives more vision-related
inputs, whereas LIPv receives more saccade-related inputs (48).

The functional significance of our electrophysiological re-
cording data was supported by the local inactivation experi-
ments. In the gap saccade task, shortly after inactivating LIPyv,
the proportion of express saccades in the contralateral direction
dramatically decreased (Figs. 7 and 8 ). The consistency between
the results of the electrophysiology and inactivation experiments
indicated that only LIPv was involved in the generation of ex-
press saccades. The functional difference between LIPd and
LIPv in saccade generation might help us to understand the
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Fig. 6. Change of the LFP power as a function of recording depth. (A and B)
Normalized LFP data (8-15 Hz) with alignment at target onset (Left) and saccade
onset (Right) for monkey P and monkey S, respectively. The LFP data from both
monkeys showed that following the increase of recording depth, the visual
evoked potential decreased (A and B, Left), whereas the saccade evoked po-
tential increased (A and B, Right). The linear regression analysis of the averaged
change of energy power of the lower frequency showed a negative correlation
between visual evoked potential and recording depth (C; slope = —0.667, R =
—0.325, P = 0.004) and a positive correlation between saccade evoked potential
and recording depth (D; slope = 0.517, R = 0.224, P = 0.048).

controversial findings among previous LIP inactivation studies.
For instance, some studies reported that single (49) and multiple
muscimol injections in LIP (50) failed to produce any change in
the latency for saccades to the single stimulus, whereas others
reported a small but reliable increase in saccadic latency (33, 51).
The reliable increase in saccadic latency following LIP inacti-
vation was observed when monkeys performed complicated
tasks, such as alternative choice tasks (33, 50). The increase in
saccadic latency was also found in patients with lesions in the
posterior parietal cortex (52). Our study suggests that the dif-
ferent results from previous findings are likely due to the in-
activation of different subregions in LIP.

More recently, the respective roles of LIPd and LIPv in repre-
senting attention and intention were investigated with local in-
activation experiments in behaving monkeys (33). In that study,
either LIPd or LIPv was reversibly inactivated by the local injection
of muscimol. Two behavioral tasks were tested: a memory-guided
saccade task for probing saccadic intention and a visual search task
for probing visual attention. The increase of saccadic latency after
the inactivation of the LIPd was only associated with the memory-
guided saccade task, whereas the inactivation of the LIPv increased
saccadic latency was associated with both tasks. Thus, Liu et al. (33)
argued that LIPd was involved in intention to make saccades,
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whereas LIPv was involved in both visual attention and saccadic in-
tention. However, LIP is a node that connects the visual and ocu-
lomotor systems. It has been found that LIP is involved in many
cognitive functions, such as attention, intention, decision making, and
object categorization. Because performing a memory-guided saccade
task requires the involvement of both visual attention and saccadic
intention, it is not clear whether the increased saccadic latency after
the inactivation of LIPd was only caused by the impairment of sac-
cadic intention and not visual attention. In contrast, our inactivation
data show that the decrease of the proportion of express saccades
(i.e., the increase of saccadic latency) only occurs after inactivation of
LIPv, but not LIPd. Such results are consistent with the findings of
anatomical studies: LIPv has many more intensive projections to the
intermediate layers of superior colliculus than LIPd does.
Compared with memory-guided saccade and visual search tasks,
the gap saccade task is relatively simpler and requires less in-
volvement of cognitive functions. Nonetheless, even very simple be-
havioral tasks might require the involvement of a combination
of perceptual, motor, and cognitive elements. Therefore, we carefully
interpreted our electrophysiological and inactivation data, in terms
of LIP’s function, as “vision-related” and “vision-saccade-related”
rather than visual attention and saccadic intention. Although the
present study of the gap saccade task could not provide a whole
picture about the function of LIPd and LIPv, our results clearly show
distinct roles of LIPd and LIPv in processing visuomotor information.
In summary, through comparing the activity characteristics of
single neurons, LFP, and local inactivation of LIPd and LIPv, we
found distinctly different functions between these two subdivisions
in processing visual-oculomotor information. Specifically, LIPd is
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Fig. 7. Examples of the effect of inactivation in LIPd and LIPv on the pro-
portion of express saccades. (A) Coronal MRI images of monkey P confirmed
that the two example injections were in LIPd and LIPv, respectively. (B) Com-
parison of the distribution of saccadic latency between no-injection (black) and
injection (red) conditions. The gray-shaded area represents +1 SEM in no-
injection data. (B, Left Bottom) Proportion of express saccades was significantly
decreased only in the contralateral direction after the inactivation of LIPv.
(Cand D) Inactivation data from monkey S showed similar results as monkey P.
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primarily used for processing vision-related information, whereas
LIPv processes both vision- and saccade-related information.

Methods

Animal Preparation. Two macaque monkeys were implanted with chronic-recording
chambers over their posterior parietal lobules and scleral search coils for eye-position
measurements (53). The experimental procedures followed the guidelines of the
US NIH guidelines and were approved by the Animal Care and Use Committee of
the Shanghai Institute for Biological Sciences, Chinese Academy of Sciences.

Behavioral Paradigms.

Memory-guided saccade task. The memory-guided saccade task was used to find
LIP and to classify the recorded neurons (34, 54) (Fig. 1A, Left). Trials began
with the appearance of a cross [fixation point (FP)] on the center of the
screen. Monkeys were trained to fixate on the FP for as long as it was pre-
sent. Following a 500-ms fixation, a visual target briefly appeared (200 ms) at
one of eight possible locations, evenly separated and positioned at equal
eccentricity (12°). Monkeys had to maintain fixation until FP offset, after
which they made a single saccade toward the remembered target location.
Successful trials were rewarded with a drop of juice.

Gap saccade task. Monkeys were trained to fixate on the FP for 500-1,000 ms until
it was extinguished (Fig. 1A, Right). Before the target appearance, there was a
blank interval (gap, 100-400 ms) during which the animals had to maintain
fixation on the center of the blank screen. Within a session, the gap duration
was constant. The target appeared randomly (50:50) at two possible locations,
where one was in the neuron'’s response field and the other was 180° away
across the hemifield. Monkeys had to make a saccade within 500 ms, and then
maintain fixation in the target location for 400 ms before receiving a reward.

Neural Data Analysis.

Criteria for persistent neurons. The recorded neurons were first selected by their
activity property in the memory-guided saccade task. The 1,000-ms memory
interval was divided into three subintervals (333 ms each). The criterion for
defining persistent activity was that the activity was significantly greater (P <
0.05, t test) in all three subintervals during the memory period than in the
baseline interval (0-400 ms before target onset).

CC analysis. The CC analysis assesses the activity similarity of a persistent
neuron between express saccades and regular saccades. It compares the
temporal correlation of the spike density between express and regular sac-
cades under two alignments. When the neuronal activity was aligned to
target onset, a 50-150-ms window after target onset was chosen; when the
neuronal activity was aligned to saccade onset, a —50 to 50-ms window
around saccade onset was chosen. The formula is as follows:

e =R, -7) il
VI =07y -9)?

where x and y are the spike density functions in express and regular trials,
respectively. The CC was calculated mainly under two alignments: visual
target onset and saccade onset.
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K-means clustering analysis. The distribution of the comparison of single
neuron'’s CC values between two alignments was tested by using the k-means
clustering analysis (MATLAB version 7.9.0; MathWorks) (40). To evaluate ob-
jectively how well the clustering analysis fits with the experimental data, the
silhouette value of each data point, which measures the confidence level of a
data point belonging to a cluster, was computed. The mathematic formula of
the silhouette value is as follows:

. b(i)—a(i)
0= maxiah, by =
where a(i) is the average distance from point i to other points in a cluster and b(i)
is the lowest average distance of point j to any other cluster. The silhouette value
ranges from +1 to —1, and a negative value indicates potential misclassification.
Analysis of LFP. The LFP was recorded simultaneously with the spike recording
through a tungsten electrode with a resistance of 0.4-1.0 MQ per 1 KHz, and
was filtered with a low-pass frequency of 300 Hz (Cerebus recording system;
Blackrock). To eliminate the interference between vision-related and sac-
cade-related potentials, we used the following normalization method: To
compute the vision-related potential, the LFP data were first aligned at
saccade onset, and the average LFP was computed, followed by subtraction
of the average LFP from LFP (aligned at target onset) of each trial to obtain
the visual residual. Conversely, to compute the saccade-related potential,
the LFP data were first aligned at target onset, and the average LFP was
computed, followed by subtraction of the average LFP from LFP (aligned at
saccade onset) of each trial to obtain the saccadic residual.

The power spectra of the residual LFPs were averaged across all trials for
each condition and then constructed by performing the wavelet transform
using MATLAB version 7.9.0. The wavelet transform convolves the LFP with a
complex Morlet’s wavelet w(t, fo):

w(t, fo) =n~"2exp(~t?)exp(2infot). [31

Selective Inactivation of LIP. A solution (1.5-3 pL) of a mixture of muscimol
(8.0 mg/mL) and MnCl, (19.8 mg/mL) was injected into the LIPd or the LIPv
(33). After behavioral data collection, about 3 h later, the monkey was
anesthetized with 1-2% (vol/vol) isoflurane in O, to perform an MRI (Sie-
mens 3T) scan for locating the position of injection.

Behavior data analysis. On each day, the monkey performed several sessions of
the gap saccade task with different gap durations, (i.e., 0-250 ms) and with
two saccade directions. We considered each session as an independent
sample. We excluded sessions with a correct rate lower than 70% or a fix-
ation break rate higher than 16%. In total, 14.12% (12 of 85) of sessions
were excluded from the data of monkey P and 8.51% (eight of 94) of ses-
sions were excluded from data of monkey S. The proportion of express
saccades was compared between sessions with the same gap duration, under
both injection and no-injection conditions. No-injection sessions were se-
lected from 4 days around the day of injection: 2 days before and after
the injection.

Analysis of saccadic latency. The distribution of saccadic latency was calculated
as the probability density in each time bin, by convolution with a 6-ms-wide
window of Gaussian function. The bimodal distribution of saccadic latency for
each session was fitted by using a similar method as previously reported (37),
but with the summation of a lognormal (LOGN) function and a generalized
extreme value (GEV) function:

f(X; P, py, 01, 13,62, &) = P-froan (X py, 01) + (1=P)-faev (X pp, 02, &), [4]

where the LOGN distribution is:

froan (X; 1, 0) = e 2, [5]
where the GEV distribution is:

foru(xih,0,8)= © 10, f6]
where t is:

if €40
if £=0.

ﬂm:(1+g§i%7%,

t(x)= e~ (xw/o,

[71

The crossing point of two models was defined as the boundary between
express saccades and regular saccades. The mean values of the crossing points
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were 130.3 ms (contralateral field) and 129.8 ms (ipsilateral field) for monkey P and
99.0 ms (contralateral field) and 102.1 ms (ipsilateral field) for monkey S.
Comparison between no-injection and injection conditions. The proportion of
express saccades was compared between no-injection and injection condi-
tions for contralateral and ipsilateral fields, respectively. The statistic sig-
nificance was tested by the Wilcoxon signed rank test, because the
comparison was performed under gap tasks that have the same parameters
between injection and no-injection conditions.
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