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The Place Code of Saccade Metrics in the Lateral Bank of the
Intraparietal Sulcus
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Thelateral intraparietal area (LIP) of monkeys is known to participate in the guidance of rapid eye movements (saccades), but the means
it uses to specify movement variables are poorly understood. To determine whether area LIP devotes neural space to encode saccade
metrics spatially, we used the quantitative [ '*C]deoxyglucose method to obtain images of the distribution of metabolic activity in the
intraparietal sulcus (IPs) of rhesus monkeys trained to repeatedly execute saccades of the same amplitude and direction for the duration
of the experiment. Different monkeys were trained to perform saccades of different sizes and in different directions. A clear topography
of saccade metrics was found in the cytoarchitectonically identified area LIP ventral (LIPv) contralateral to the direction of the eye
movements. We demonstrate that the representation of the vertical meridian runs parallel to the fundus of the IPs and that it is not
orthogonal to the representation of the horizontal meridian. Instead, the latter runs through the middle of LIPv parallel to its border with
area LIP dorsal (LIPd). The upper part of oculomotor space is represented rostrally and dorsally relative to the horizontal meridian
toward the LIPv-LIPd border, whereas the lower part of oculomotor space is represented caudally and ventrally toward the caudal edge

of the IPs. Saccade amplitude is also represented in an orderly manner.

Introduction

One of the central goals of the neurosciences is to understand
how the brain specifies movement variables. Realization of this
goal is more likely to succeed first in the case of saccades because
of their lawful time course and the relative simplicity of the me-
chanical apparatus that executes them. Their metrics are now
known to be computed by a complex circuit made of several
classes of neurons distributed through several brain regions.
Close to system output, premotoneurons of the reticular forma-
tion use a time (and frequency) code to specify saccade amplitude
and direction (Moschovakis et al., 1996). Such neurons discharge
for all movements within 90° of their on direction (left, right, up,
or down), and it is the intensity and duration of their discharge
that specifies movement size. In contrast, higher order structures
such as the superior colliculus (SC) use a labeled line code to
specify movement metrics. The deeper layers of the SC contain
cells that discharge maximally for contraversive saccades of par-
ticular amplitude and direction (collectively defining the move-
ment field of the neuron). It is only those SC neurons whose
movement field contains the movement in question that are ac-
tivated for its execution. The retinotopic coordinates of move-
ment fields are further reflected in the territories of SC space
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occupied by the cells they belong to. Cells that prefer small sac-
cades are located in the rostral SC, and cells preferring large sac-
cades are located more caudally. Also, cells that discharge before
upward saccades are located medially and cells discharging before
downward saccades are located laterally (Wurtz and Goldberg,
1972). Accordingly, the SC can be said to use a place code to
represent a movement variable (the vector of desired saccades).

The use of neural space to represent movement variables be-
comes less evident for structures upstream of the SC. For exam-
ple, the frontal eye field (FEF) encodes saccade size in terms of the
location of the active population within a small (~6-mm-long)
region of the anterior bank of the arcuate sulcus (As); small sac-
cades are represented laterally and ventrally toward its inferior
limb, whereas large saccades are represented medially and dor-
sally toward its superior limb (Sommer and Wurtz, 2000). How-
ever, no topographic map of direction has been found in this
portion of the FEF; nor is there any information about the spatial
representation of movement variables within the much bigger
area in the posterior bank of the As that also houses the FEF
(Moschovakis et al., 2004).

The lateral intraparietal (LIP) area is a second case in point. It
contains a representation of both the central and the peripheral
visual field, but only its coarse topography has been described to
date (Blatt et al., 1990; Ben Hamed et al., 2001). Neighboring
neurons in it are said to display response fields with neighboring
centers, but occasional abrupt discontinuities lead to uncertainty
about its topographic organization (Schluppeck et al., 2005). To
examine whether populations of LIP neurons encode movement
variables spatially, in terms of the space they occupy, we sought to
visualize their aggregate activity in rhesus monkeys perform-
ing saccades of a specific amplitude and direction with the
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Figure 1.  Behavioral tasks. a, Monkey H1 performed a sequence of visually guided horizontal saccades 5° (from the

fixation point, fp to t1), 10° (from t1 to t2), and 15° (from t2 to t3) to the left, then two saccades 30° to the right (from t3
to fp and from fp to t4), and finally a saccade 30° to the left (from t4 to fp). Monkey H2 performed a sequence of horizontal
saccades 5° (from fp to t1), 10° (from t1 to t2), and 15° (from t2 to t3) to the left, then one saccade 30° to the right (from
t3 to fp), then a sequence of saccades 5° (from fp to t4), 10° (from t4 to t5), and 15° (from t5 to t6) to the right, and finally
a saccade 30° to the left (from t6 to fp). b, A monkey performed a sequence of vertical upward saccades 5° (from fp to t1),
10° (from t1 to t2), and 15° (from t2 to t3) in size, then one downward saccade 30° in size (from t3 to fp), then a sequence
of downward saccades 5° (from fp to t4), 10° (from t4 to t5), and 15° (from t5 to t6) in size, and finally an upward saccade
30°in size (from t6 to fp). ¢, Monkeys 01 and 02 performed single oblique up—left (135°in direction) saccades, 30 and 20°
in amplitude, respectively (from fp to t1). Monkey 03 executed a sequence of two down—right (10° in amplitude and
315%in direction) saccades (from fp to t1and from t1 to t2). Monkey 04 executed an up—left saccade, 20°in amplitude and
135%in direction (from fp to t1) followed by a sequence of two down—right saccades, 10°in amplitude and 315°in direction
(from t1 to t2 and from t2 to fp). Monkey 05 executed two up—left visually guided saccades, 10°in amplitude and 135°in
direction (from fp tot1and from t1to t2) followed by one down-right saccade, 20°in amplitude and 315°in direction (from
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["*C]deoxyglucose (['*C]DG) quantita-
tive autoradiographic method (Sokoloff
et al., 1977). The present report describes
our findings in the lateral bank of the in-
traparietal sulcus (IPs).

Materials and Methods

Subjects. Twelve head-fixed adult female mon-
keys (Macaca mulatta) weighing between 3 and
5 kg were used in experiments complying with
European Council Directive 86/609/EEC and
in accordance with a protocol approved by the
Animal Use Committee of the Foundation for
Research and Technology—Hellas. Surgical
procedures for implanting a head-holding
metal bolt and a scleral search coil for moni-
toring the instantaneous position of the eyes
were performed in sterile conditions and under
general anesthesia as described previously (Mos-
chovakis et al., 2001). Antibiotics and analge-
sics were administered systemically before and
after surgery, and the monkeys were allowed to
recover for ~4 weeks. Training lasted for 1 h
per day during 3—6 months until the monkeys
perfected their performance (~95% success
rate). Successful completion of trials was re-
warded with water delivered through a tube
attached close to their mouth. Monkeys had
their arms restrained on a primate chair

t2 to fp). Targets are shown as gray circles and saccades as black arrows.

Table 1. Saccades executed by each monkey

Saccade amplitude (°) Direction No. of saccades
Horizontal saccades
Monkey H1 5 180 127
10 180 m
15 180 112
30 0 191
30 180 100
Monkey H2 5 180 72
10 180 53
15 180 61
30 0 50
5 0 90
10 0 75
15 0 67
30 180 62
Vertical saccades 5 90 74
10 90 74
15 90 65
30 270 62
5 270 105
10 270 81
15 270 63
30 90 63
Oblique saccades
Monkey 01 30 135 217
Monkey 02 20 135 19
Monkey 03 10 315 212
Monkey 04 20 135 130
10 315 331
Monkey 05 10 135 323
20 315 156

(CRIST Instrument) for the duration of the
["*C]DG experiment (45 min). All experimen-
tal tasks were performed in darkness. Eye posi-
tion was sampled at a rate of 500 Hz using the
Spike2 software (Cambridge Electronics De-
sign). Only movements that obeyed the main sequence curve of the mon-
key were considered to represent saccades (Van Gisbergen et al., 1981).

Tasks. The behavioral apparatus was a video monitor placed 23 cm in
front of the monkeys. Saccade targets were red circles, 1.5° in diameter.
Monkeys executing saccades to visual targets were required to hold eye
position within a circular window (2.5° in diameter) centered on the
target. Each trial was initiated with the appearance of a central fixa-
tion target. The animals had to fixate it until it disappeared and a periph-
eral target was turned on signaling that a saccade to it should be executed
within 1 s. The minimum latency to move the eyes after the onset of each
target was set to 0.1 s to discourage anticipatory movements. Monkeys
had to fixate the peripheral target for 0.3-0.8 s until it disappeared.
Animals were free to move their eyes spontaneously during the intertrial
interval, which lasted for 0.2—1 s.

Figure 1 provides a pictorial summary of the saccade vectors that our
monkeys were trained to execute, whereas Table 1 lists the number of
saccades each animal executed to each target during the first 10 min of the
["*C]DG experiment. This time period is critical because ~85% of the
radiolabeled DG is taken up before it ends (Sokoloff et al., 1977). Briefly,
two animals were trained to execute horizontal saccades (H1 and H2),
one made vertical saccades, three made oblique saccades of 10, 20, or 30°
amplitude, respectively (O1, O2, and O3), two (04 and O5) made
oblique saccades of mixed amplitude (10 and 20°), two were trained to
fixate a central fixation point (Cf), and two animals were free to move
their eyes in the dark (Cd). Three of these monkeys (one Cd, one Cf, and
monkey O2) were used in the previous study by Bakola et al. (2006).
Since the LIP participates in the execution of contraversive saccades
(Gnadt and Andersen, 1988; Blatt et al., 1990), the hemispheres we stud-
ied (N = 21) were grouped separately depending on the direction of
contralateral saccades.

One of the two monkeys executing horizontal saccades (Fig. 1a, mon-
key H1) was required to perform a sequence of 5, 10, and 15° movements
to the left, followed by two consecutive 30° movements to the right and a
30° movement to the left. Within the critical first 10 min of the [ "*C]DG
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Table 2. Effects of saccade direction in LIPv

LIPv subregion « f Experimental Difference Difference
representing (n) LCGU == SD LCGU =SD LCGU =SD  %Cd 9%(f

484 +38 488 =34 53240 9.9 9.0
Vertical meridian (44) 506 =22 499 +31 58141 149 16.5
Oblique up saccades (70) ~ 49.2 = 1.9 53525 58.0+=20 179 8.4
Oblique down saccades (39) 50.2 = 1.8 49.7 =28 59.9 =44 19.3 20.5

LCGU values (mean = SD) in micromoles - 100g ~" - minute ~ " in different parts of LIPv activated for horizontal,
vertical, oblique up, and oblique down saccades, respectively. n, Number of sets of five adjacent horizontal sections
used to evaluate mean LCGU values. Difference %(d, Percentage difference relative to Cd monkeys, measured as
follows: (experimental — Cd)/Cd*100. Difference %(f, Percentage difference relative to Cf monkeys, measured as
follows: (experimental — Cf)/Cf*100. Values in bold indicate statistically significant differences tested with
Student’s unpaired t test ( p << 0.001).

Horizontal meridian (52)

Table 3. Effects of fixation in LIPd

LIPd (fix) (46)  LIPd (all) (92)  LIPd (fix) ~LIPd (fix) ~LIPd (all) LIPd (all)
Group LGU=SD  LGU=SD  %Cd %(f %Cd %Cf
(d 486+09 484%13
(f 575*+19  548*32 183 13.2
Horizontal 59.5*+43  572*39 224 35 18.2 4.4
Vertical 55509 543*x16 142 —35 12.2 —09
Up 56719  543*28  16.7 —14 12.2 —09
Down 579 17  545%34 191 0.7 12.6 —05

LIPd (fix), LCGU values in the region of LIPd activated for fixation (area specified by (f-Cd effect). LIPd (all), LCGU
values in the entire LIPd area. The other conventions are as in Table 2.

experiment, this monkey executed 100—127 saccades to each of the left-
ward targets (5, 10, 15, and 30°) and 191 saccades to the 30° rightward
target (Table 1). Only the right hemisphere of this monkey (contralateral
to leftward saccades) was used to study the representation of the hori-
zontal meridian, whereas the left was used to study the representation of
30° horizontal movements. The second monkey executing saccades along
the horizontal meridian (Fig. 1a, monkey H2) was required to perform a
sequence of 5, 10, and 15° movements to the left, followed by a 30°
movement to the right, then a sequence of 5, 10, and 15° movements to
the right, followed by a 30° movement to the left. It performed 50-90
saccades to each target during the critical first 10 min of the experiment
(Table 1). Both of its hemispheres were used to study the representation
of the horizontal meridian in area LIP.

The monkey executing vertical saccades (Fig. 1b) was required to per-
form a sequence of 5, 10, and 15° upward movements, followed by a 30°
downward movement, then a sequence of 5, 10, and 15° downward
movements, followed by a 30° upward movement. This animal per-
formed 62-105 saccades to each of the upward and downward targets
within the critical first 10 min of the experiment (Table 1), and both of its
hemispheres were used to study the representation of the vertical
meridian.

Five monkeys (O1-O5) were trained to perform oblique saccades (Fig.
1¢, Table 1). Two of them (O1, O2) were trained to execute up-left
saccades, 30 and 20° in amplitude, respectively. During the critical 10 first
minutes of the experiment, these monkeys executed 217 and 119 saccades
to the peripheral target, respectively. Since both animals had to foveate
the fixation point to begin a new trial and since this was always to the
right of the target of the previous trial, they would need to execute a
combination of spontaneous and visually guided rightward saccades pre-
sumably controlled by the left hemisphere. If these were evenly distrib-
uted, the left IPs might have been homogeneously activated and could
thus have served as a control case in our study. However, the rightward
saccades of these two animals were neither concentrated enough in ocu-
lomotor space to allow their crisp representation in IPs space nor were
they distributed evenly enough for the left IPs of these animals to serve as
controls in our study. Thus, only the right hemispheres of O1 and O2
monkeys (contralateral to leftward saccades) were used to study the rep-
resentation of oblique up saccades. For the same reason, only the left
hemisphere was used from the third monkey (O3), who had to perform a
sequence of two down-right 10° saccades, and who executed 212 of these
during the critical 10 first minutes of the experiment. However, the three
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Figure 2.  Outlines of the lateral bank of IPs drawn from all of the hemispheres we studied
(N'= 21) and aligned on the center of the LIPv/LIPd border. Outlines from the left hemisphere
are reflected to match those from the right. Blue, Crown of the IPs; red, LIPv/LIPd border; green,
posterior border of LIPv. The horizontal straight black line indicates the intersection of the IPs
with the POs, and the vertical straight black line represents the fundus of the IPs.

hemispheres of monkeys O1, 02, and O3, ipsilaterally to the executed
saccades, allowed us to evaluate and reject the possibility that area LIP
might be affected by ipsiversive saccades. Otherwise, these three hemi-
spheres will not be further considered. The fourth monkey (O4) had to
execute a sequence of a 20° up-left saccade followed by two down-right
10° saccades. During the critical 10 first minutes of the experiment, this
monkey performed 130 up-left saccades and 331 down-right saccades
and thus contributed one hemisphere contralateral to oblique up, and
one contralateral to oblique down saccades. The same was true of another
monkey (O5) that was required to perform a sequence of two 10° up—left
saccades followed by one 20° down-right saccade. During the first 10 min
of the experiment, this animal performed 323 up-left and 156 down—
right saccades.

In addition to generating 5-30° visually guided saccades, our monkeys
also executed several small (<2°) saccades to the target and fixation
points (fixational saccades). Accordingly, and to disambiguate effects
caused by large visually guided saccades from those caused by fixation,
activation of the IPs of monkeys executing saccades was compared with
four hemispheres from two fixation-control monkeys (Cf). These ani-
mals were trained to maintain fixation of a central target located straight
ahead for the duration of the trial (4 s). Intertrial intervals ranged be-
tween 0.2 and 0.3 s. The Cf monkeys maintained fixation for 75% of the
["*C]DG experimental time including intertrial intervals. They also ex-
ecuted small fixational saccades that were as numerous as those of the
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scribed (Gregoriou and Savaki, 2001). The
metabolic activity in local cerebral glucose uti-
lization (LCGU) values (in micromoles - 100 g ~* +

minute ') was calculated from the original
operational equation of the method (Sokoloff
et al., 1977) using the appropriate kinetic con-
stants for the monkey (Kennedy et al., 1978).
The full extent of the IPs was analyzed in both
hemispheres of each animal, each extending
through ~550 serial horizontal sections of 20 wm
thickness. One section of every 25 was stained
with thionin for cytoarchitectonic identification
of areas LIP ventral (LIPv) and LIP dorsal
(LIPd) within area 7 of the lateral bank of the
IPs, according to the criteria of Medalla and
Barbas (2006). The spatial distribution of met-
abolic activity within the rostrocaudal and dor-
soventral extent of each IPS was reconstructed
in two-dimensional maps as previously de-
scribed (Savaki et al., 1997; Bakola et al., 2006).
Briefly, for each horizontal, 20-um-thick, sec-
tion through the IPs, a data array was generated
by sampling LCGU values (at a resolution of 50
pum/pixel) along a line that ran parallel to the
surface of the cortex and whose thickness was
equal to that of the cortical gray matter. LCGU
values were averaged every five adjacent sec-
tions to avoid cutting artifacts. Accordingly,
each two-dimensional reconstruction of the
IPs is made of 110 lines (550 sections divided
by five sections per line), and each line repre-
sents the average of five adjacent serial sections.
The dorsoventral plotting resolution of our
two-dimensional maps of the IPs thus equals
100 wm, a resolution we also adopted for the
anteroposterior axis of the same maps. The in-
tersection of the IPs with the parieto-occipital
sulcus (POs) was used for the alignment of ad-

g

VERTICAL

g

OBLIQUE DOWN

view of the partially dissected right hemisphere of a monkey brain. The IPs was unfolded after the inferior parietal lobule was cut
away below the posterior (lateral) crown of the IPs, and the occipital lobe was cut away at the fundus of parietoccipital and lunate
sulci. The shaded area represents the reconstructed lateral (lower) bank of the IPs. b, Two-dimensional map of activity in the cortex
of the reconstructed lateral bank of the IPs, averaged from the four hemispheres of the two control monkeys in the dark (Cd). The
solid black line on the right represents the crown of IPs; the vertical dotted black line on the left depicts its fundus. The solid white lines
correspond to the cytoarchitectonically identified borders of area LIPv. The dashed white line corresponds to the functionally identified
border between LIPd and AIP (Evangeliou et al., 2009). ¢, Two-dimensional map of the lateral bank of IPs, averaged from the four hemi-
spheres of the two control fixating monkeys (Cf). d, Averaged map from three hemispheres of monkeys executing contraversive horizontal
saccadesof5, 10,15,and 30°amplitude. e, Averaged map from two hemispheres of the monkey executing vertical saccades of 5,10, 15,and
30° amplitude up and down. f, Averaged map from four hemispheres of monkeys executing contraversive saccades of 10, 20, and 30°
amplitude from straight ahead in an oblique direction 135° up. g, Averaged map from three hemispheres of monkeys executing contra-
versive saccades of 10 and 20° amplitude from straight ahead in an oblique direction 315° down. Gray-scale bar indicates LCGU values in
micromoles - 100g ~" - minute . A, Anterior; AIP, anterior intraparietal area; D, dorsal; P, posterior.

jacent data arrays (Bakola et al., 2006). To nor-
malize metabolic activity (Bakola et al., 2006),
LCGU values were multiplied with a factor that
was separately determined for each hemi-
sphere. This factor is equal to the ratio of the
mean LCGU value found in the unaffected me-
dial bank of the IPs of the hemisphere in ques-
tion over the mean LCGU value obtained from
the same bank after pooling all hemispheres
from all monkeys. Very similar normalization
factors were found when LCGU values from
other unaffected cortical areas (such as the

other monkeys, and some large spontaneous saccades spread throughout
their oculomotor range. Thus, in addition to removing visual effects
caused by fixation, subtraction of metabolic effects found in the Cf mon-
keys from those of the monkeys executing saccades removes effects
caused by fixational saccades. To reveal effects induced by fixation, glu-
cose utilization values obtained from the Cf monkeys were compared
with those obtained from four hemispheres from two monkeys (Cd) that
were seated in the dark in front of the idle apparatus for the duration of
the experiment. To achieve darkness, the primate chair was enclosed
within black curtains together with the idle video monitor. Reward was
delivered at random intervals, so that the total number of rewards
matched that of monkeys rewarded for executing visually guided sac-
cades. These monkeys were alert during the whole 45 min of the [ "*C]DG
experiment as demonstrated by the execution of spontaneous saccades
evenly spread throughout the oculomotor range of the animals.
Quantitative cortical maps. The [ "*C]DG experiments, brain section-
ing, and quantitative autoradiography were performed as previously de-

limb and body representations of the primary

motor and somatosensory cortices in the central

sulcus) were used instead. Percentage LCGU dif-
ferences between experimental and control subjects were calculated as fol-
lows: (experimental — control)/control*100. To determine statistical
significance (Tables 2, 3, bold), we relied on Student’s unpaired ¢ test (Bakola
etal,, 2007).

The size of the IPs, the length and the depth of area LIP, as well as the
precise location of the LIPv/LIPd border and therefore the size of LIPv
and LIPd varied considerably from animal to animal (Fig. 2). To com-
pensate for this variability, individual two-dimensional functional re-
constructions of LIPv and LIPd were geometrically normalized together
with their cytoarchitectonically identified borders, thus allowing the di-
rect comparison of the sites of activation. In each horizontal section, we
measured the distances between the intersection of the IPs with the POs
and the posterior border of LIPv (I;) (Fig. 2, green), between the poste-
rior and the anterior border of LIPv (I,) (Fig. 2, red), and between the
anterior border of LIPv and the crown of the IPs (I5) (Fig. 2, blue).
Averages of these lengths were separately estimated from all of the hemi-
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Figure4. Representation of the horizontal meridian in area LIPv. a, Cumulative scatterplot of the endpoints of all saccade vectors (plotted relative to eye position at the start of each
saccade) executed by two monkeys during the critical first 10 min of the [ "*C]DG experiment to visual targets lying along a straight horizontal line through the primary eye position, 5,
10, 15, and 30° away from straight ahead. b-d, Rightward saccades of monkey H2 were reflected and are shown as leftward. Individual quantitative two-dimensional maps of the
distribution of metabolic activity in area LIPv in the right hemisphere of monkey H1 (H1r) and both hemispheres of monkey H2 (H2r, H2l). e, Two-dimensional map of metabolic activity
in area LIPv averaged over the three hemispheresillustrated in b— d. f, Two-dimensional reconstruction of percentage differences in LIPv obtained from the map in e after subtracting the
corresponding activity in the fixating control (Cf) monkeys. The location and orientation of LIPv relative to other portions of the lateral bank of the IPs is shown in Figure 3. The vertical straight yellow

dotted line, on the left, represents the fundus of the IPs. The solid yellow lines correspond to the cytoarchitectonically identified borders of area LIPv. The red/white/blue color bar indicates LCGU

values in micromoles - 100 g ~" - minute ~ . The yellow/red color bar indicates LCGU difference from the fixation control in micromoles - 100

V, ventral.

spheres to construct a reference surface landmark map. The two-
dimensional reconstruction of each hemisphere was then fit to this
reference map using linear transformations of the plane (Moschovakis et
al., 1990, 2004) with the help of custom-designed routines in the Matlab
environment (Mathworks). With this procedure, we created a geometri-
cally normalized map of area LIP containing a standard number of pixels.
Data from different geometrically normalized maps were combined to
obtain the average- and difference-LCGU maps we illustrate. To generate
average maps, the LCGU value found in a certain pixel in one of the
geometrically normalized maps was added to the value found in the pixel
occupying the same position in one or more other similar maps and the
result was divided by the number of maps used. Similarly, to generate a
difference map, the LCGU value found in a certain pixel of a geometri-
cally normalized map of a control hemisphere was subtracted from the
value found in the pixel occupying the same position in a similar map
obtained from an experimental animal.

Results

Area LIP has been subdivided into a dorsal and a ventral part on
the basis of neuroanatomical criteria. Its dorsal part (LIPd) is
located superficially (closer to the crown), whereas the ventral
(LIPv) is more extensive and lies closer to the fundus. LIPv is
heavily myelinated (Medalla and Barbas, 2006) and its connec-
tions with the FEF and the SC are stronger than those of LIPd
(Lynch etal., 1985; Blatt et al., 1990; Schall et al., 1995). Since area

~- minute ~". A, Anterior; D, dorsal; P, posterior;

LIPv harbors the representation of oculomotor space in area 7IP
(Bakola et al., 2006), the former is the primary object of this
study.

We found its cytoarchitectonic boundaries in sections stained
for Nissl following the criteria previously established by others
(Medalla and Barbas, 2006). We reconstructed the cytoarchitec-
tonically identified borders in two-dimensional anatomical
maps, in a manner similar to the one we used for the two-
dimensional functional maps (see Materials and Methods, Quan-
titative cortical maps), so that functional and anatomical
reconstructions could be superimposed. Because area LIP is
known to represent the contralateral one-half of visual space
(Gnadt and Andersen, 1988; Blatt et al., 1990), and its micro-
stimulation to evoke contraversive saccades (Mushiake et al.,
1999), we report only saccades contraversive to the reconstructed
IPs. Figure 3 shows quantitative two-dimensional maps of the
spatiointensive distribution of metabolic activity (in micro-
moles - 100 g~ - minute ~' of glucose consumption) within the
lateral bank of the IPs of control monkeys (Cd and Cf) and of
monkeys executing saccades in different directions (horizontal,
vertical, oblique up or down), along with the cytoarchitectoni-
cally identified borders of LIPv. Each map is from a separate
group of hemispheres and illustrates the spatial distribution of
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activity in a geometrically normalized map of the lateral bank of
the IPs averaged across all members of the group. In this and the
following figures, reconstructions from the left hemisphere are
reflected to match those from the right, whereas anterior is up
and posterior is down.

Figure 4a is the cumulative scatterplot of the endpoints of the
vectors of all horizontal visually guided saccades executed by
monkey H2 and the leftward ones executed by monkey H1 in the
critical 10 first minutes of the experiment. Because these were
executed in sequences of saccades measuring 5, 10, 15, and 30°
toward a series of appropriately spaced targets, the three hemi-
spheres contralateral to the movements might allow us to discern
the representation of the horizontal meridian. Figure 4b—d illustrates
two-dimensional reconstructions of the metabolic activity found
in the LIPv of individual hemispheres, and Figure 4e is their
average. As shown here, the horizontal meridian is represented as
an almost contiguous zone of increased metabolic activity (red—
yellow) running through the center of the LIPv, parallel to its
border with LIPd. This pattern of activation becomes even more
evident (Fig. 4f) after subtracting the pattern of activation in the
LIPv of the two control animals (Cf) that were rewarded for
maintaining fixation of a target presented straight ahead (Fig. 3¢).
The representation of the 30° rightward horizontal saccades in
the left hemisphere of H1 occupied part of the representation of
the horizontal meridian in area LIPv.

Similarly, to visualize the representation of the vertical merid-
ian in the LIPv, another rhesus monkey performed 5, 10, 15, and
30° upward and downward visually guided saccades. Figure 5a is
the cumulative scatterplot of the endpoints of the vectors of all

LCGU difference (umol/100g/min)

Representation of the vertical meridian in LIPv. a, Scatterplot of the endpoints of all saccade vectors (plotted relative
to eye position at the start of each saccade) executed by amonkey during the critical first 10 min of the [ (DG experiment to visual
targets located on a vertical line 5, 10, 15, and 30° away from straight ahead. b, Quantitative two-dimensional map of activity in
area LIPv averaged over both hemispheres, after subtracting the map of activity averaged over the same area in the (f monkeys.
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vertical saccades generated by this animal
in the critical 10 first minutes of the exper-
iment. The two-dimensional reconstruc-
tion of the average metabolic activity
pattern in the lateral bank of IPs of the two
hemispheres of this animal is shown in
Figure 3e. The pattern of activation in its
LIPv after subtracting the average pattern
of activation in the two Cf control mon-
keys (Fig. 3¢) displays an almost contigu-
ous zone of increased metabolic activity
(red—yellow) running parallel to the fun-
dus of the IPs (Fig. 5b).

Figure 6a illustrates the cumulative
scatterplot of the endpoints of saccades
executed by four animals that were re-
warded for performing up-left oblique
saccades: the first one (O1) to a target 30°
away from straight ahead in an oblique
direction 45° up and to the left, two others
(02 and O4) to a target 20° and the re-
maining one (O5) to a target 10° away
from straight ahead in the same up-left
direction. The two-dimensional distribu-
tion of metabolic activity in the lateral
bank of the IPs of their right hemispheres,
averaged over all four subjects, is shown in
Figure 3f. Subtraction of the LIPv map av-
eraged over the four hemispheres of the Cf
control animals from the LIPv map aver-
aged over the four hemispheres of animals
performing up-left oblique saccades
demonstrates that oblique upward sac-
cades increased metabolic activity in the
rostral LIPv toward its border with the LIPd (Fig. 6b).

In turn, oblique downward saccades would be expected to
activate a region in the contralateral LIPv caudal to the represen-
tations of the horizontal meridian toward the caudal borders of
the IPs. This is indeed the case as shown by the average two-
dimensional reconstruction of the spatial distribution of meta-
bolic activity in the left LIPv of three animals that executed
down-right saccades, before (Fig. 3g) and after (Fig. 6¢) subtrac-
tion of the corresponding Cf map. As illustrated in Figure 6d, one
of these monkeys (O5) executed saccades to a target 20° away
from straight ahead in an oblique direction 45° down and to the
right, and two other monkeys (O3 and O4) to a target in the same
down-right direction but 10° away from straight ahead.

To explore whether neural space is also used to represent sac-
cade size in the IPs, we compared the activation found in two
animals (O2 and O4) for upward saccades of ~20° to that for
bigger upward saccades (~30°) found in another animal (O1) as
well as to that for upward saccades of ~10° in a fourth animal (O5).
Figure 7a illustrates the average endpoint of all upward saccades
executed toward the targets by these four animals (10°, triangle; 20°,
circle and diamond; 30°, square) during the critical 10 first minutes
of the [ "*C]DG experiment. We found saccades of large amplitude
(30°) represented close to the crown (Fig. 7b), smaller ones (10°)
close to the fundus (Fig. 7d), whereas saccades of intermediate size
(20°) are represented at intermediate sites in the LIPv (Fig. 7¢).

LCGU values measured in LIPv subregions representing the
horizontal meridian, the vertical meridian, oblique upward, and
oblique downward saccades (shown in Figs. 4—6) are separately
reported in Table 2. Because the number of saccades toward a
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target was not the same in all animals (Ta- a
ble 1) nor was the intensity of the saccade-
related activation in LIPv the same in all
hemispheres, we examined whether LIPv
activation is correlated with the number
of saccades executed. To this end, we esti-
mated the percentage LCGU difference
(%Dif) between the activated and sur-
rounding areas of LIPv separately for each
of the hemispheres we examined. For each
monkey, we defined the activated LIPv re-
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gion as the set of pixels whose values sur- —

passed the mean LIPv activation by at least -30
1 SD and expressed their average activa-
tion (A) as the mean of their LCGU val-
ues. We also estimated the average
background activity of surrounding areas
(B) as the mean of the LCGU values of the
remaining pixels (i.e., those with LCGU
values smaller than the mean + 1 SD of
the mean) and expressed the %Dif be-
tween the activated and surrounding areas
of LIPv as 100*(A — B)/B. A plot of LIPv
%Dif against the number of contraver-
sive, visually guided saccades performed
during the critical 10 first minutes of the
experiment indicates a statistically signif-
icant correlation between the two vari-
ables (r = 0.62; p < 0.05). However, LIPv
%Dif was even better correlated (r = 0.77;
p < 0.005) with saccade density (defined
as the number of saccades toward a target
divided by the area they collectively oc-
cupy), such that in this case the indepen-
dent variable accounts for 59% of the
variance of the dependent variable (Fig.
8). This should not come as a surprise if
the representation of saccades in area LIP
is topographically organized. Conceiv-
ably, diffusely dispersed saccades could be
represented in a larger, albeit less intensely
activated, area than that representing
movements focused in space. The slope of
the relationship is rather shallow demonstrating that a more than
ninefold (>900%) difference in behavior (the range of saccades/
deg?, 2-19) leads to differences in glucose consumption <50%
(the range of percentage LCGU difference, 23-33).

As expected from our previous observations (Gregoriou and
Savaki, 2001; Bakola et al., 2006), the LIPd of our monkeys was
also activated (Fig. 9, Table 3), but in this case its intensity de-
pended on the presence of visual targets and their fixation. To
reveal the pattern of fixation-related activation in the IPs, we had
to use animals other than the fixating ones (Cf) as a control. Here,
we used the Cd monkeys instead. When the map of LCGU values
obtained from the Cd monkeys was subtracted from the map of
the Cf monkeys, the resulting fixation-related activation was
found at the border of LIPd and LIPv extending mainly in LIPd
(Fig. 9¢, Cf~Cd). The same region of LIPd was found activated
when the functional maps of Cd monkeys were subtracted from
those of monkeys executing horizontal, vertical, oblique up, and
oblique down saccades (Fig. 9a—d, respectively). In contrast, little of
area LIPd remained activated when functional maps of Cf monkeys
were subtracted from those of monkeys executing horizontal, verti-
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Quantitative maps of activity in area LIPv accompanying oblique saccades. a, Cumulative scatterplot of all up—left
saccade vectors (plotted relative to eye position at the start of each saccade) executed by four monkeys during the critical first 10
min of the [ "*CIDG experiment. b, Reconstructed two-dimensional map of activity in the right LIPv of four monkeys executing
up—left oblique saccades, averaged over all four hemispheres and after subtracting the map of LIPv activation averaged over four
hemispheres of the C(f monkeys. ¢, Two-dimensional map of activity in the left LIPv (reflected to the right to enable comparisons)
of three monkeys executing down—right oblique saccades, averaged over all three hemispheres (minus the Cf control map).
d, Cumulative scatterplot of all down—right saccades executed by the three monkeys in ¢ during the critical first 10 min of the
[ "C]DG experiment. Layout is as in Figure 4.

cal, oblique up, and oblique down saccades (Fig. 9f—i, respectively),
thus confirming our previous observation that LIPd activation de-
pends on the presence of visual targets and their fixation (Bakola et
al., 2006).

Discussion

The present report is the first to provide high-resolution quanti-
tative functional images of the representation of saccade metrics
in the lateral bank of the IPs. Our major findings are summarized
in Figure 10, which illustrates geometrically normalized LIPv
maps from all 21 of the hemispheres we studied. As shown in
Figure 10a, the representation of the vertical meridian (in blue)
runs mostly parallel to the fundus of the IPs. Rather than being
orthogonal to it, the representation of the horizontal meridian
(red) runs through the middle of LIPv parallel to its border with
LIPd. Also, oblique downward saccades (violet) are represented
in a region of the LIPv that lies behind the representation of the
horizontal meridian toward the caudal edge of the IPs, whereas
oblique upward saccades (green) are represented in front of the
representation of the horizontal meridian toward the border be-
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Quantitative maps of activity in area LIPv accompanying oblique up—left saccades of three different sizes. a, Average location of the endpoints of all saccade vectors (plotted relative to

eye position at the start of each saccade) executed during the critical first 10 min of the [ "*CIDG experiment. Each symbol is from a different animal. Triangle, 10° saccades; circle and diamond, 20°
saccades; square, 30° saccades. b, Reconstructed two-dimensional map of activity in the right LIPv of the animal executing 30° saccades up—left, after subtracting the Cf control map.
¢, Two-dimensional map of the average activity in the right LIPv of the two monkeys executing 20° saccades up—left (minus the Cf control map). d, Reconstructed two-dimensional map of activity

in the right LIPv of the animal executing 10° saccades up—left (minus the Cf control map).
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Figure 8.  Relationship between saccade density and glucose consumption in LIPv. Plot of

percentage (%) LCGU difference between the LIPv region that was activated and the tissue
surrounding the activation (ordinate) against the density of contraversive visually guided sac-
cades (abscissa). Each data point is from a different hemisphere. The solid line is the linear
regression line through the data and obeys the equation displayed.

tween LIPv and LIPd. Finally, as shown in Figure 100, size is also
represented in an orderly manner in the LIPv, at least in the
region devoted to upward saccades, which is extensive enough to
be explored with our method. The smallest saccades (red) are
represented close to the fundus of the IPs near the intersection of
the horizontal with the vertical meridian, bigger saccades (green)
are represented toward the crown of the sulcus, and saccades of
intermediate size (blue) are represented in between.

To our knowledge, this study is the first to demonstrate that
saccade metrics are topographically organized in area LIP of the
monkey and, in particular, its ventral portion (area LIPv). Previ-
ous attempts to establish the topographic organization of area
LIP and its relationship to the representation of space did not
focus on LIPv and relied on visual rather than motor-related
neuronal responses or properties. For example, the encounter
frequency of neurons with central visual field was found to in-
crease rostrally and that of neurons with peripheral visual field to
increase caudally in area LIP (Ben Hamed et al., 2001). These data
can be interpreted in light of the method we used, which allowed
us to discern the cytoarchitectonic boundaries of the intraparietal
areas that were activated. Judging from these, it is tempting to
speculate that the central visual field representation of Ben
Hamed et al. (2001) extends into area LIPd of the present study,
whereas their representation of peripheral visual stimuli occupies
much of our LIPv. Past efforts to explore the representation of
space in the IPs also relied on functional magnetic resonance
imaging techniques in humans (Sereno et al., 2001; Silver et al.,
2005; Swisher et al., 2007). However, the data reported herein
appear to be much more orderly and repeatable than any results

so far reported in humans. To a large extent, this is attributable to
the advantages of the [ "*C]DG method: (1) direct assessment of
brain activity (in glucose consumption), rather than the indirect
estimates obtained from other imaging techniques (e.g., via
blood flow); (2) quantitative measurement of local cerebral glu-
cose utilization, instead of the qualitative or semiquantitative es-
timates provided by other brain imaging methods; (3) plotting
resolution of 100 um (i.e., spatial resolution one order of magni-
tude or more than other imaging methods); and (4) cytoarchitec-
tonic identification of cortical areas in sections adjacent to the
autoradiographic ones, allowing the accurate anatomical local-
ization of functional activations.

The relative sizes and locations of LIPd and LIPv in our maps
are mostly in agreement with previous descriptions (Lewis and
Van Essen, 2000; Medalla and Barbas, 2006). For example, the
LIPv of Medalla and Barbas (2006) occupies approximately the
deep one-half of the lateral intraparietal bank, whereas area LIPd
is located more superficially and occupies approximately one-
fourth to one-third of the bank. Also, the reconstructed maps in
the study by Lewis and Van Essen (2000), their Figures 4b, 11a—d,
14, and 15, illustrate the LIPd—LIPv border at an acute angle
relative to the fundus of the IPs. There are, however, striking
differences in shape. LIPv has been previously presented as a
strip-like structure [Lewis and Van Essen (2000), their Fig. 11],
whereas in our maps it is triangular or wedge-like, narrow at both
anterior and posterior ends and thick in the middle. These
discrepancies are most probably attributable to methodologi-
cal differences. The maps of Lewis and Van Essen (2000) result
from the tessellation of the cortex and are based on immuno-
histochemistry and the myelination patterns observed in fron-
tal sections, whereas ours are based on cytoarchitectonic criteria
and result from the unfolding (anteroposteriorly) and projection
(dorsoventrally) of the IPs onto the sagittal plane. In the plane of
sectioning that we used, we could reliably identify the cytoarchi-
tectonic border between LIPd and LIPv. The same is true of the
border of 7a with LIPd at the lateral crown of the IPs, as shown in
one of our previous studies (Bakola et al., 2006). To our knowl-
edge, no cytoarchitectonic definition of the ventral intraparietal
area (VIP) has been published to date. Instead, descriptions of the
borders of area VIP are based on myelin staining or SMI-32 im-
munohistochemistry. Unfortunately, these staining methods
require perfused and fixed preparations and are thus not com-
patible with the [ "*C]DG method. Accordingly, the representa-
tion of the vertical meridian could extend into area VIP. This is
consistent with the fact that saccade zones extend toward the
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Figure9.  Effectsin LIPd, expressed as LCGU differences relative to (d and to (f monkeys. @, Quantitative two-dimensional map of activity in the LIPd of monkeys executing horizontal saccades, averaged over the three
hemispheres of monkeys H1and H2 shown in Figure 4, after subtracting the average of the four hemispheres of the Cd monkeys. b, Reconstructed two-dimensional map of activity in the LIPd averaged over both hemispheres
of a monkey executing vertical saccades, minus the Cd control map. ¢, Two-dimensional map of the average activity in the LIPd of four monkeys executing oblique upward saccades averaged over all four contralateral
hemispheres, minus the (d control map. d, Reconstructed two-dimensional map of the average activity in the LIPd of three monkeys executing oblique downward saccades, averaged over all three contralateral hemispheres,
minusthe Cd control map. e, Reconstructed two-dimensional map of the activity in the LIPd of Cfmonkeys averaged over four hemispheres, minus the Cd control map. f, Quantitative two-dimensional map of activityin the LIPd
of monkeys executing horizontal saccades, after subtracting the average of the four hemispheres of the Cf monkeys. g, Reconstructed two-dimensional map of activity in the LIPd averaged over both hemispheres of amonkey
executing vertical saccades, minus the (fmap. h, Two-dimensional map of the average activity in the LIPd of four monkeys executing oblique upward saccades, minus the (fmap. , Reconstructed two-dimensional map of the
average activity in the LIPd of three monkeys executing oblique downward saccades, minus the Cfmap. The color barindicates LCGU differences from the control (Cd or Cf) in micromoles - 100g " - minute . The location
and orientation of LIPd relative to other portions of the lateral bank of the IPsis shown in Figure 4. The vertical straight yellow line on the left s the fundus of the IPs. The upper solid yellow line on the right s the crown of the IPs,
the lower solid yellow line s the cytoarchitectonically identified border between LIPvand LIPd, and the dashed yellow line s the functionally identified border between LIPd and AIP (Evangeliou et al., 2009).

fundus of the IPs sharing territory with area VIP (Thier and
Andersen, 1998).

In conclusion, the present study demonstrates that the repre-
sentation of saccade metrics is topographically organized in the
primate LIP. The vertical meridian is represented along a line
running mostly parallel to the fundus of the IPs, the horizontal
meridian along a line that runs through the middle of LIPv and
approximately parallel to its borders with LIPd, the upward part
of oculomotor space is represented in front of the representation
of the horizontal meridian toward the border between LIPv and
LIPd, and the downward part of oculomotor space in a region of
the LIPv that lies behind the representation of the horizontal
meridian toward the caudal edge of the IPs. Small-amplitude
upward saccades are represented at the intersection of horizontal
and vertical meridians toward the fundus of IPs, whereas bigger
upward saccades are represented toward the crown of the IPs.

direction amplitude

Figure10.  Mapssummarizing the topography of saccade metricsin areaLIPv. a, Effects of direction.

To be given a certain color, a pixel had to display activation significantly higher than that of the same pixelin References

theaveraged geometrically normalized (fmap forsaccadesin one of four directions: vertical (blue), horizontal
(red), oblique up (green), or oblique down (violet). Note that this map carries no information regarding the
intensity of effects. b, Effects of amplitude. Outlines of the main effects of three sizes of upward saccades are
illustrated: small (~10° red), big (~30°; green), and intermediate (~20°; blue).
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