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Area PE of macaques has traditionally been considered a so-
matosensory association cortex. Recent studies, however, sug-
gest that neurons of this and neighboring areas are involved in
the visual control of movement, especially arm movement. We
investigated the neuronal sensitivity to local visual stimuli of this
region by recording neuronal activity in two behaving macaque
monkeys trained in a simple visual fixation task. Recordings
were performed from the dorsal surface of the caudal pole of
the superior parietal lobule (SPL). Classical receptive fields
(RFs) were mapped by using conventional static or moving
luminous figures. We found that many neurons in this area were
selectively activated by moving visual stimuli. Cell responses
were tuned to the movement direction. RFs were usually large;

their mean surface covered some 30 X 30° of the visual field.
The fovea was often included into RF, in many cases it was
along a RF side. The center of RFs was mainly located in the
contralateral hemifield, although RFs having the center ipsilat-
erally sited were also found. No evident retinotopy was found.
Visual neurons were especially concentrated in a region of the
SPL likely corresponding to area PEc. These results suggest
that the caudal part of area PE contains neuronal populations
specifically signaling local visual motion, possibly encoding the
direction of moving objects. These signals might well be suited
for sensorimotor integration mechanisms aimed at motor acts.
Key words: extrastriate cortex; superior parietal lobule; area
PEc; visual motion; visuomotor integration; macaque monkey

Monkey’s area PE (Brodmann’s area 5), classically known as a
somatic sensorimotor association area, has been suggested to be
involved in egocentric representation of reaching in the monkey
(for review, see Lacquaniti et al., 1995; Kalaska, 1996). More
specifically, the caudal pole of the superior parietal lobule (SPL),
including anatomically and/or physiologically recognized areas
V6A (Galletti et al., 1996), PEc (Pandya and Seltzer, 1982), and
7m (Cavada and Goldman-Rakic, 1989) also labeled as PGm
(Pandya and Seltzer, 1982), is currently described as a key region
in a dorsal stream of signals linking somatosensory, as well as
visual, inputs to motor commands for body movements, especially
arm movements (Caminiti et al., 1996, 1998; Battaglia-Mayer et
al., 2000). Although pure visual responses have been recorded
from neurons of area V6A (Galletti et al., 1999), and retinal input
also influences motor-related neurons in area PGm/7m (Ferraina
et al., 1997), classical visual responses from PE neurons have not
been reported until now. Nevertheless, sensorimotor coordination
functions, like those occurring in the SPL, including area PE,
require some neuronal coding of visual signals. Moreover, visual
sensitivity of area PEc can be predicted by the fact that this area
is a target of direct projections from visual area V6A (Shipp et al.,
1998). Within the context of a basic study aimed at assessing
functional visual properties of the SPL in monkeys, we have
found that a substantial number of neurons in area PEc possess
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visual properties, being especially sensitive, among other, to local
visual motion, with direction selectivity and direction tuning.

MATERIALS AND METHODS

Two macaque monkeys (Macaca fascicularis) were trained to perform
steady gaze fixation in a behavioral task in which they had to look, for
several seconds each trial, at a small target displayed in the middle of a
19 inch computer monitor placed 28.5 cm from the eyes, ignoring
conventional visual stimuli that were moved across the visual field.

Once the performance criterion was reached, during daily experimen-
tal sessions with the animal’s head fixed, the activity of single cortical
neurons was recorded extracellularly during the periods of gaze fixation,
in the dark. Glass-coated elgiloy microelectrodes were driven through the
intact dura by a remotely controlled stepping motor fixed on top of an 18
mm in-diameter metal chamber, previously cemented to the skull over
the caudalmost portion of the dorsal SPL, along the midline. The cham-
ber was centered at stereotaxic coordinates anteroposterior —14 for both
animals, and, laterally, left 3.5 in one animal, zero in the other. Any
surgery procedure was done under deep thiopental anesthesia (15 mg/kg,
Lv.).

For every isolated unit, responsiveness to conventional visual stimuli
was studied during steady fixation, by manually moving white solid bars
around the screen, on foveal as well as parafoveal and peripheral loca-
tions. When visual responses were detected, the stimulus was adjusted, as
to orientation, size, direction, and speed of movement, for the best
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response, and the borders and center of the receptive field (RF) were
outlined. Trials were then begun with the stimulus flashing (with equal
phases ON and OFF of 1 sec) on the RF, or moving across it at constant
speed (20 or 30 °/sec) along eight standard directions, at 45° angular
interval. Usually eight replications were collected for each direction.

Eye position was continuously monitored, monocularly, with an opto-
electronic system that uses the corneal reflection of an infrared light
beam. The maximum fixation window was 5°.

At the end of all recording sessions, the animals were killed with an
overdose of anesthetic. The brains were then removed, and the block of
brain beneath the chamber was serially cut (60-um-thick). Every other
section was stained with toluidine blue and examined for architectonic
analysis. The cutting plane was defined so that the track of each electrode
would lie in one or closely adjacent sections. Electrode tracks were then
reconstructed with the help of the coordinates of each penetration and
previously placed electrolytic microlesions.

RESULTS

The cortical region referred to in this paper is included in the
dorsomedial aspect of SPL, limited to the gray matter of the
superior parietal gyrus, and never extending for >2 mm along
the medial surface of the hemispheres. Laterally, this region
never exceeded the middle of the dorsal part of the SPL and
extended rostrally not >5 mm from the lip of the parieto-occipital
sulcus (POS). Caudally, the region did not extend to the anterior
bank of POS. Figure 1 shows the details of the recording region
and some exemplary electrode tracks. The architectonic features
of this region, determined according to the criteria of Pandya and
Seltzer (1982), were those of area PEc.

We made 147 successful electrode penetrations in three hemi-
spheres (two left and one right). Approximately 211 single-unit
sites were recorded. We collected 133 and studied them quanti-
tatively. The other 78 were discarded from collection and quan-
titative analysis because the preliminary subjective test with vi-
sual stimuli gave no detectable sign of visual-related driving.
Because very few cells were excited by the steady presentation of
the stimulus within the receptive field, the data collection was
made by testing the cells with a local visual stimulus made of a
luminous bar (usually 2.6 cd/m?), whose geometrical features had
been selected during the preliminary subjective test, moving
across the RF in several directions. Of the 133 neurons tested in
such a way, 86 resulted in a significant difference (p < 0.05 to
two-tailed ¢ test) in mean firing rate during the stimulus presen-
tation over the RF, in at least one direction, compared to the
discharge during steady fixation without stimulation [spontaneous
activity (SA)], implying that their activity was related to visual
input. Among these, 83 units presented an excitatory response,
and three were inhibited.

RF sizes were usually rather large, often covering a quadrant or
an entire hemifield. Indeed, their limits were often not clear,
because the discharge increased gradually above SA as the stim-
ulus reached the RF center, and afterward the firing decreased
slowly. For this reason RF shapes were often difficult to outline.
For the sake of simplicity, we assumed square-shaped RFs whose
side was measured by the response duration along the preferred
direction, corrected for the mean latency of the area (this was
assessed in a subset of units in which the stimulus started at
approximately the middle of the RF). Measured this way, RF
sides on the whole sample of excitatory visual-sensitive cells (n =
83) ranged from 10 to 50°. Average side was 30° (SD 11.10°).
Because of this large RF size, it was very common (41 of 83; 50%)
that the fovea was included within the RF. In other instances (15
of 83; 18%) the fovea was along one of the RF sides, and for 32%
(27 of 83) of the cases, the RF spared the fovea. Nevertheless, in
almost all the cases the layout of the RF was asymmetrical with
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Figure 1. Recording region. 4, Sketch of caudal half of macaque brain,
showing the region of electrode penetrations within the superior parietal
lobule. The dots indicate the entry points of electrodes perpendicular to
the cortex. The drawing represents the brain of one of the two animals
used in the experiments. On the left hemisphere the penetrations of the
second monkey are superimposed (only the left side was used in this
second animal). Horizontal lines indicate the levels of sections displayed in
the bottom panel. B, Exemplary sections showing selected electrode
tracks (vertical lines) with recording sites of visual cells (horizontal tacks).
The plane of cut is perpendicular to the dorsal surface of the cortex at the
anteroposterior level of POS. Electrode tracks were reported lying on the
nearest serial section. Dotted lines mark the approximate limits of area
PEc, recognized on the basis of architectonics. /PS, Intraparietal sulcus;
LS, lunate sulcus; POM, medial parieto-occipital sulcus; POS, parieto-
occipital sulcus; ST, superior temporal sulcus.

respect to the vertical or the horizontal meridian. Given this
asymmetry of the RFs, we searched for laterality preferences. We
grouped the RFs of each hemisphere in rightward or leftward
skewed on the basis of the position of the RF center with respect
to the vertical meridian. The great majority of RFs (65%; 54 of
83) were contralaterally skewed (Fig. 2). Only 13% (11 of 83)
were ipsilaterally centered, whereas another 22% (18 of 83) had
the center along the vertical meridian. As for the distribution with
respect to the horizontal meridian, 18 RFs were centered in the
upper hemifield, 40 in the lower one, and 25 along the horizontal
meridian.

Most often (n = 65) the RF structure was excitatory. Occasion-
ally (n = 15) the RF consisted in side-by-side excitatory—inhibi-
tory separate regions. In few cases (n = 2) visual neurons pre-
sented opponent vector organization features, as described by
Motter and Mountcastle (1981) in the inferior parietal lobule.

Other parameters of visual stimuli, such as size, orientation,
and luminous contrast, were tested during the preliminary assess-
ment of response features of the neuron. Tested bar sizes ranged
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Figure 2. Receptive field spatial distribution. Top panels show the scatter
of RF center positions of 83 units with excitatory responses to visual
motion, subdivided by cerebral hemisphere. Bottom histograms report the
frequency distribution of RF centers grouped by visual hemifield or
vertical meridian (VM).

from 0.1 X 0.1° of arc, up to 4 X 1° of arc, whereas bar orienta-
tions different from the one perpendicular to the preferred direc-
tion were also tried. No subjectively detectable discharge modu-
lation was found in these tests. Thus, specific systematic
stimulation series aimed at quantitatively studying these effects
were not performed. As for the luminous contrast, occasionally it
was changed by large steps (e.g., doubling or halving the figure
luminous intensity). Inverted contrast stimulations (dark bars on
white background) were also tried. In none of these tests evident
discharge changes were detected. However, no study aimed at
evaluating contrast thresholds was performed on these neurons.

We looked for retinotopic order of RFs along the surface of
area PEc. For this we plotted, for each hemisphere, the RF center
coordinates on the visual field against anatomical coordinates
(anteroposterior and mediolateral axes) on a dorsal view of the
SPL. No correlation was found between the two sorts of coordi-
nates. Thus, although in each hemisphere the contralateral visual
field is preferentially represented in PEc, visual RFs do not
appear retinotopically ordered in this area.

The most evident feature of the visual neurons of the PEc was
their selectivity for the direction of local visual motion. Usually
the discharge rate during stimulus movement was best for few
directions and equal to or below that of the SA for the opposite
(null) directions. Figure 3 shows an example of this type of
activation.

The analysis of directionality was performed on a subset of 73
units with all eight directions reliably tested. The other 10 units
were discarded because only four to six collected directions were
usable. Direction selectivity was first assessed by computing, for
each unit, a one-way ANOVA across the eight directions. Almost
all (71 of 73) tested neurons resulted with a p < 0.005 to this test,
implying they were direction-selective.

To assess the directional modulation of these neurons, we used
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Figure 3. Direction tuning. Example of visual motion selectivity, and
direction tuning, of a neuron from area PEc. The fop sketch in the middle
of the figure outlines the visual field covered by the screen in front of the
animal. Scales of x- and y-axes are in degrees of arc. FP is the fixation
target, a square made of two 0.17° wide vertical bars with a 0.17° gap. RF
outlines the visual receptive field of the neuron illustrated here. The
arrowed bar represents a luminous figure moving across RF. Each periph-
eral figurine, made of paired raster dot and peristimulus time histogram
(PSTH), reports the cell discharge during both steady fixation without
visual stimulation (K-S) and stimulus movement across the RF (S-1) of
each of eight standard directions. Each direction is indicated by the
arrowed bar below period S-1. Vertical scale on PSTHs represents the
cumulative number of spikes in 20 msec bins in seven trials. The polar plot
in the bottom middle of the figure charts the mean firing rates (+SEM) of
the eight responses to local visual motion with different directions.

the cosine tuning function with adjustable width described in
Battaglia-Mayer et al. (2000). Neural activity, described as func-
tion of the direction « of stimulus motion, was fitted by:

A + K cos (x *5),
Y(a):{ A—-K

In this model x = arccos [cos (@ — C)]. 4, K C, and § are
regression coefficients determined by a least-squares method. C
represents the “preferred direction”, and S is a parameter defin-
ing the angular interval in which y(«) is cosine-modulated. The
results gave a high degree of directional tuning, because the
coefficient of determination used to assess the goodness of fit of
the cosine function was on average rather high (R* = 0.90). Only
four units (of 71) gave an R* <0.7. The peak-to-peak amplitude of
the tuning curves were assessed by a directionality index com-
puted by the formula: 1 — (null response/preferred response),
SA-subtracted (Maunsel and Van Essen, 1983). The great major-
ity of direction-tuned neurons resulted in indexes >0.5, stressing

if e * S| < ar
elsewhere.
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Figure 4. Directionality analysis. The analysis refers to a sample of 71
units, in which eight directions have been tested, and for which p < 0.005
to ANOVA across the eight directions. 4, Scatter plot of directionality
index [d index = 1 — (null response/preferred response), SA-subtracted]
versus R? of cosine modulation analysis, as described in Battaglia-Mayer
et al. (2000). The graph emphasizes how most of the direction-selective
cells presented also a strong directionality, and this is related to the
direction modulation. B, Rose diagram reporting the distribution of
preferred directions, in 30° bins, with respect to the side of the recording
hemisphere. The preferred direction of each unit has been assessed by the
cosine modulation analysis.

the strong directionality of these neurons. Figure 44 shows a
scatter plot of these indexes versus the R2. Here it is evident how
most of the visual responsive neurons with R? >(0.7 have also
directional index >0.5, which means at least an increase by 100%
of the response in the preferred direction with respect to the null
direction.

The preferred directions resulting from the cosine analysis
distributed around the 360°. No significant preferences for ipsi-
lateral or contralateral directions, with regard to the hemisphere
of recording were found (Fig. 4B). A slight preference for ipsi-
lateral directions apparent from the rose diagram is not signifi-
cant to the Rayleigh test of uniformity, performed on all the
preferred directions. These findings suggest a vector coding of
local visual motion direction by cell populations of caudal PE.
Possible relationships between preferred direction of local mo-
tion within the RF and position of RF center with respect to the
fixation point were searched by measuring the angle formed by
the preferred direction and the axis joining the RF center to the
fixation point. These angles distributed evenly around the 360°,
suggesting a lack of any biases for centrifugal or centripetal
directions.

DISCUSSION

The caudal pole of area PE, formerly reported as area 5b (Vogt
and Vogt, 1919) or PEp (Von Bonin and Bailey, 1947) has been
recognized as a uniform architectonic field, called area PEc, by
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Pandya and Seltzer (1982). This area borders caudally on area
V6A, at the anterior lip of POS, and medially on area PGm/7m,
within the mesial bank of the hemisphere. According to these
architectonic criteria, our recording sites characterized by visual
motion sensitivity could be assigned to area PEc.

It might be argued that the region from which we recorded
partially overlapped area MDP described by Colby et al. (1988)
and suggested as a possible relay of visual information between
area PO and inferior parietal cortex. However, Colby’s area MDP
is entirely located on the medial surface of the hemisphere, and
it appears to be coextensive rather with area PGm/7m than with
PEc (Matelli et al., 1998; Shipp et al., 1998). Furthermore, the
functional feature of a rapid habituation to visual stimulation,
reported for neurons in MDP, does not agree with the visual
responses reported in this work.

Present results do not agree with the statement by Galletti et al.
(1999) that none of the cells in area PEc are responsive to visual
stimuli. Indeed they use this criterion to define the dorsal limit of
area V6A, a visual and oculomotor-related area lying on the
anterior bank of POS. It seems unlikely that the recording region
described in the present paper is a dorsal extension of area VOA,
because our electrode penetrations, especially the most rich in
visual neurons, are much more rostral with respect to the anterior
lip of POS, where the dorsal limit of area V6A is commonly
placed (Matelli et al., 1998; Shipp et al., 1998; Galletti et al.,
1999), and they clearly fall within the dorsal aspect of the superior
parietal gyrus (Fig. 1). Occasional recording sites located into the
dorsal end of anterior bank of POS, possibly belonging to area
V6A, were discarded from the database of the present work. It
might be possible that the failure in finding visually sensitive
neurons in PEc by Galletti et al. (1999) could be attributable to a
partial electrode probing of this area in their experiments or to
differences in the experimental conditions. A testable hypothesis
is that visual neurons are not evenly distributed along the dorsal
surface of the superior parietal gyrus, so that there might be some
gap in the scattering of visual cells between area V6A and the
region of PEc rich in visual cells. Our observations seem to
suggest a detectable decrease in visual neurons in the most caudal
penetrations. Nevertheless, the distribution of our penetrations
was not uniform enough to significantly test this hypothesis. In the
light of present results, the criterion of a lack of neurons with visual
properties might not suffice to distinguish area PEc from V6A.

Despite the general role attributed to the caudal pole of the
dorsal aspect of SPL, namely area PEc, as a high order somato-
sensory area (Matelli et al., 1998), there are no reports on func-
tional properties of its neurons. The experiments reported in this
paper demonstrate that a considerable analysis of local visual
motion, especially with respect to the direction of stimulus move-
ment, is performed by neurons of PEc. Thus, besides its possible
involvement in other neuronal operations, this area should be
included within the cortical network that processes visual motion.

As for the anatomical routes by which caudal PE can receive
visual signals, there is no evidence, to our knowledge, of direct
projections from areas V1-V3, or MT, to this area. Rather, visual
signals may reach PEc trough areas VO6A (Shipp et al., 1998), 7a,
MIP, and MST (our unpublished results).

The dynamic features of PEc neurons reported above, such as
the large RFs and the lack of a clear retinotopy, resemble more
those of neurons in areas 7a and MST than those of cells in areas
V1-V3 or MT. The functional similarity between PEc and MST,
with regard to the processing of visual information, is confirmed
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also by the finding that PEc, like MSTd, may be a site of analysis
of global visual motion such as optic flow, with selectivity for the
position of the focus of expansion with respect to the fovea (Raffi
et al., 1999). This sort of motion analysis is believed to be related
to the visual perception of self-motion. Whether the local motion
sensitivity demonstrated in the present study is functional to the
optic flow selectivity or it is purposeful to the perception of object
motion cannot be decided on the basis of actual results.

On the other hand, the role of the caudal pole of SPL, including
areas V6A, PGm/7m, and possibly PEc in visual control of
movement, particularly in visual reaching, is emphasized by re-
cent physiological works (Caminiti et al., 1996, 1998; Battaglia-
Mayer et al., 2000) (R. Caminiti, personal communication) and
also predicted by the reciprocal association connections linking
this region with dorsocaudal premotor cortex (Johnson et al.,
1996; Wise et al., 1997; Matelli et al., 1998). These observations
altogether suggest that the visual motion analysis, both local and
global, performed in this region may serve for the combination of
information about the movement of object or body in space with
those concerning limb position for the composition of motor
commands for reaching. Furthermore, these integration mecha-
nisms might be crucial for the execution and control of motor acts
such as object intercept and/or avoidance.
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