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1. Introduction

We live in an ever-changing sensory world. As we
move our eyes and move through the environment, new
images are continuously presented to the brain. Given such
constantly changing input, it is remarkable how easily we
are able to keep track of where things are. We can reach
for an object, or look at it, or even kick it without making
a conscious effort to assess its location in space.

The traditional view of spatial perception, strongly sup-
ported by subjective experience, is that we know where
things are in some absolute, world-based frame of refer-
ence and use this spatial information to guide our move-
ments. In this standard and intuitively plausible view,
spatial perception is a monolithic process: the brain forms
a single spatial representation of each object regardiess of
what action is going to be performed in relation to that
object.

A new and somewhat counterintuitive view is that the
brain represents the spatial location of an object many
times over in different cortical areas and each representa-
tion is suited to certain kinds of behavioral responses
[7,15,23]. Neurophysiological research carried out in mon-
keys indicates that in areas responsible for controlling head
movements, visually sensitive neurons encode the location
of an object relative to the head [7-9,31]. In contrast, areas
involved in limb movement have neurons which encode
object location relative to limb position [16—18,22,32] and,
in areas controlling eye movements, visually sensitive
neurons encode the location of an object relative to the
center of gaze [14,20,21].
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Three cortical areas with distinctive spatial representa-
tions have been discovered in the intraparietal sulcus of
rhesus monkeys [7]. Neurons in each area are selective for
particular stimulus dimensions and particular regions of
space. They signal not only where an object is but how to
act on it. The representation of space in a given area
reflects a particular motor output by which a stimulus can
be acquired or avoided. These results suggest that parietal
cortex contains multiple action-based spatial representa-
tions. In the scheme emerging from these studies, spatial
perception is a modular process. A single object may be
multiply represented in terms of the actions that can be
performed on it. While this new view seems implausible at
first glance, it is analogous to current views of visual
perception. When we see a red bouncing ball, we perceive
a single object, even though its shape, color and direction
of motion are analyzed separately. Likewise, beneath the
apparent unity of subjective spatial experience, may lie a
diversity of spatial representations, each with specific
knowledge of how to act on an object.

2. Visual areas of the intraparietal sulcus

Posterior parietal cortex is divided into a number of
separate areas. Unlike lower level extrastriate visual areas,
these parietal areas do not typically contain simple retino-
topic maps and their borders cannot be defined with
reference to ventral or horizontal meridian representations.
Parietal areas have instead been initially identified on the
basis of their connections with other cortical areas
[1,2,10,29]. Connections alone, however, are not sufficient
to define an area. For instance, both the lateral and the
ventral intraparietal areas (LIP and VIP) receive strong
projections from area MT, in the superior temporal sulcus
[34]. The most reliable guide to areal boundaries in parietal
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cortex is the response properties of the neurons. Because
many features of parietal neurons are observable only in
alert animals [4,6,30,33] we did a behavioral mapping of
parietal cortex in which neural activity was examined in
relation to a large set of tasks. Our standard protocol
included tests for visual and somatosensory responsive-
ness, attentional modulation of these responses, and for
oculomotor and somatomotor activity. Previous efforts to
map parietal cortex have also used alert animals and
shown clear evidence for a regional distribution of distinct
functional cell types [26]. In the current experiments, we
controlled the monkey’s behavior by rewarding the animal
for fixation or eye movements or selective attention to
particular stimuli. A second advance over previous map-
ping experiments was the use of a recording grid which
allowed us to record from identified locations repeatedly
and allowed precise reconstruction of the location of
recording sites [11]. This reconstruction is especially im-
portant because recordings were carried out over a long
period of time and because these mapping experiments
have focused on cortex buried in the intraparietal sulcus.
Accurate reconstruction of recording sites is critical for
establishing the location of borders between physio-
logically defined areas.

An overall view of the functional organization of intra-
parietal sulcus is presented in Fig. 1. Of the many different
kinds of cells observed, each has a restricted distribution
within the sulcus. In moving from one region of the sulcus
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to the next, the probability of encountering any particular
cell type changes systematically. In some regions of the
sulcus, such as that near the fundus, the borders between
areas are sharply defined by sudden changes in the pre-
dominant cell type. In other regions, such as on the medial
bank, the boundaries are apparently less sharp and there is
a more gradual shift in the response characteristics of the
cells. The following sections will describe response proper-
ties of neurons in three intraparietal areas and how they
contribute to a different spatial representations.

3. Spatial representation in area LIP

Neurons in the lateral intraparietal area are active in
relation to both visual and oculomotor events [8,9,19,21].
They discharge when a visual stimulus appears in the
receptive field and, for about half the population, discharge
again when the monkey executes a saccade to the location
cued by the stimulus (Fig. 2). The strength of the visual
response is modulated by the behavioral set induced by the
task. When the monkey must attend to the stimulus, the
amplitude of the visual response is enhanced, compared to
the response seen when the stimulus is irrelevant for the
monkey’s behavior [4,21,33]. In addition to these visual,
attentional and presaccadic signals, many LIP neurons also
carry a memory signal [7,19]. These tonically active neu-
rons continue to respond to a visual stimulus in the remem-
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Fig. 1. Distribution of neuronal response properties in rhesus monkey intraparietal sulcus. Each column represents a single 10 mm penetration along the
lateral or medial bank of the sulcus. Two rows of penetrations spaced 1 mm apart are shown for each bank. The anterior part of the sulcus is shown at the
top of the figure. The posterior portion of the sulcus is shown at the bottom of the figure, where the banks of the sulcus have been separated.
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bered saccade task during the interval between the appear-
ance of the stimulus and the onset of the saccade. There is
no visual stimulus present in the receptive field during this
interval. In order to perform the task accurately, the mon-
key must retain an image of the stimulus location during
the delay interval. Tonic activity during the delay reflects a
memory trace of stimulus location.

These results on multiple sources of activation in LIP
underscore the importance of studying single neurons in
different behavioral tasks. The results from multiple tasks
indicate that the responses of LIP neurons do not depend
exclusively on either vision or movement. The single point
of intersection of the various activations observed is the
receptive field itself. We hypothesize that LIP neurons
encode spatial locations. Further, their activity is modu-
lated by attention to a spatial locus that is defined not by a
stimulus or by a movement, but by the spatial vector that
could describe either. In essence, the activity of an LIP
neuron encodes an attended spatial location.

If LIP is encoding space, rather than visual perception
or specific behaviors, it is important to understand the
coordinate system in which it operates. There are three
plausible coordinate frames for representing stimulus posi-
tion. For a neuron operating in retinal coordinates, neural

activity signals where the stimulus is on the retina. In a
head-centered coordinate frame, neural activity signals
where the stimulus is relative to the head, regardless of
where the eyes are looking. In oculocentric coordinates,
neural activity signals the saccade necessary to foveate the
stimulus. We have been able to discriminate among these
three possibilities by observing what happens to memory-
related activity in LIP when the monkey makes a saccade
[14].

Every time an eye movement occurs, the projection of
the visual world changes on the retina and, by implication,
in all the retinotopically mapped areas of the brain. If it is
to be useful, visual information currently being processed
in LIP must be remapped in conjunction with each sac-
cade. We have discovered that LIP neurons remap the
memory trace of a previous stimulus event (Fig. 3). While
the monkey fixates, a stimulus is briefly presented (50 ms)
at a location well outside the receptive field of the neuron
(Fig. 3B). A new fixation point appears, and the monkey
makes a saccade to it. Because the stimulus flash is so
brief, the stimulus is no longer present at the time of the
saccade. The effect of the saccade is to bring the receptive
field to the location that was previously stimulated. If the
neuron had continued to encode events at the original
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Fig. 2. Response of an LIP neuron in a remembered saccade task. The cartoon above each diagram shows the relative locations of the fixation point (FP)
and the receptive field (RF). The time lines show vertical eye position (V) and the onset and offset of a stimulus in the RF. Each tick mark in the raster
diagram signifies a single action potential. Successive trials are shown on successive lines, synchronized (vertical line) on the event indicated below the
histogram. The calibration bar at left signifies a response rate of 100 spikes/s. In this task, the monkey must fixate while a stimulus is briefly presented in
the RF. After a variable delay, the fixation point is extinguished and the monkey saccades to the location where the stimulus appeared. Separate visual and
motor bursts are seen in each trial, as well as tonic activity during the memory period.
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receptive field location (i.e., in head-centered coordinates),
it would remain silent after the saccade because there was
never any stimulus at that location. Likewise, if the neuron
had access only to retinal information (retinal coordinates)
it would also remain silent, since no stimulus appeared in
its retinal receptive field. The results show instead that LIP
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neurons do respond when the receptive field is brought to
land on a previously stimulated location (Fig. 3B). There is
no stimulus present on the screen, so the neuron can only
be responding to a memory trace of the stimulus. Control
experiments confirm that neither the stimulus alone (Fig.
3C) nor the saccade alone (Fig. 3D) can drive the neuron.
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Fig. 3. LIP neuron response to the memory trace of a stimulus. A: fixation condition — neuron responds to a stimulus in the RF. B: memory trace condition
— the stimulus is flashed outside the RF and is gone before the saccade to FP2 begins. C: stimulus control condition — a stimulus presented outside the RF
does not drive the cell in the absence of a saccade. D: saccade control condition — the saccade alone does not drive the cell in the absence of a stimulus.
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We conclude that the neuron is responding to a remapped
memory trace of the stimulus which is encoded in oculo-
centric coordinates.

The specific spatial problem which LIP must solve is
how to signal a spatial location with reference to the
current position of the fovea. By remapping memory traces,
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parietal cortex constructs a spatial representation that en-
codes stimulus location in terms of distance and direction
from the current center of gaze. While neurons in LIP have
retinotopic receptive fields, visual information in LIP is
dynamically updated in conjunction with eye movements
to produce an oculocentric representation: stimuli are coded
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Fig. 4. Predictive remapping. A: fixation condition — LIP neuron responds to a stimulus in the RF. B: saccadic remapping condition — while the monkey
fixates, a stimulus appears outside the RF as well as a new fixation point (FP2) to which the monkey must saccade. The neuron responds to the stimulus
even before the saccade begins. C: stimulus control condition — a stimulus presented outside the RF does not drive the neuron. D: saccade control

condition — the saccade alone does not drive the neuron.
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in terms of their distance and direction from the fovea. LIP
neurons maintain an oculocentric representation of target
position by using a corollary discharge from the eye
movement command to update retinotopic visual informa-
tion. This remapping of stimulus location serves to main-
tain an alignment between the external world and the
internal representation of it.

Psychophysical evidence for remapping has been pre-
sented by Hikosaka et al. [24,25]. They have shown that
the locus of attention can remain stationary with respect to
the environment even when the eyes move. In their
paradigm, a light flash draws attention to a single location.
When a stationary bar is subsequently presented on one
side of the cued location, the observer sees a line moving
out from the spot. This illusory motion is unchanged by an
intervening saccade, indicating that attention remains at the
original spatial location. Remapping of a memory trace
could be the mechanism underlying this illusion: the cue is
perceived as remaining at the same location despite the
saccade because the memory trace of the flashed cue is
remapped. These psychophysical results suggest that
remapping has perceptual consequences as well as con-
tributing to the specific spatial representation used for
oculomotor behavior. With regard to spatial representation
for action, remapping provides the oculomotor system with
continuously accurate information about the vector of the
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saccadic eye movement necessary to acquire the stimulated
location. Remapping is the means by which a coordinate
transformation is effected from retinotopic to oculocentric
coordinates.

In a further set of experiments, we found that the
intention to make a saccade is itself sufficient to shift the
receptive field of an LIP neuron, that is, LIP neurons can
predict the sensory consequences of an impending saccade.
They respond to a stimulus that will be brought into the
receptive field as if the stimulus were already present in it.
This remapping occurs with every saccade, whether or not
the stimulus will be the target of a later saccade. An
example of this phenomenon is shown in Fig. 4. In the
fixation task (Fig. 4A) this LIP neuron responds to the
appearance of stimulus in its receptive field with a latency
of 70 ms. When the stimulus is presented outside the
receptive field, and the monkey is required to make the
specific saccade that will bring the stimulus into the
receptive field, the neuron begins to respond even before
the saccade is initiated (Fig. 4B). Control experiments
confirm that this activity is a predictive visual response.
The first control condition shows that the stimulus is in
fact outside the receptive field when the monkey looks at
the original fixation point (Fig. 4C). The second control
condition shows that the saccade to the new fixation point
is not associated with neural activity by itself (Fig. 4D).
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Fig. 5. Distance selectivity in a VIP neuron. Each panel shows the response to a stimulus presented at a different distance from the monkey. Stimuli were
equated for size and luminance. In all conditions the monkey had to maintain fixation on a point on the tangent screen at 57 cm.
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Many LIP neurons with predictive responses, like the one
illustrated here, have visual responses but no saccade
related activity in the remembered saccade task, indicating
that the predictive response must be visual and not related
to motor planning. In predictive remapping, the area of
retina that is capable of stimulating the cell transiently
shifts, so that the cell responds to stimuli that will be in its
receptive field after the saccade. This phenomenon enables
accurate localization of visual objects without the process-
ing delay inherent in relying on reafferent information
following a saccade.

In summary, neurons in LIP encode events at specific
spatial locations. Their activity is not uniquely related to
either sensory or motor events. Rather, they signal the
location at which an event occurred. The spatial coordinate
frame used by LIP neurons is oculocentric: locations are
specified in terms of their distance and direction from the
fovea. This representation is of prime usefulness for the
oculomotor system which must program movements not to
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a target in absolute space but relative to the current center
of gaze.

4. Spatial representation in area VIP

The ventral intraparietal area is located in the fundus of
the intraparietal sulcus and has been defined on the basis
of its distinctive visual response properties [9]. Cortex
dorsal to VIP in the anterior portion of the medial bank is
purely somatosensory with an emphasis on hand represen-
tation (Fig. 1). Near the fundus of the sulcus, there is a
sudden transition to a region of strong visual responsive-
ness. This visual area extends from the medial bank across
the fundus to the lateral bank. VIP neurons are well driven
by moving visual stimuli and most are selective for direc-
tion of stimulus motion. Other properties similar to those
found in areas MT and MST, such as speed tuning and
responsiveness to whole-field motion, are also observed,

201

20

Fig. 6. Trajectory selectivity in a VIP neuron. Top row: stimuli are moved toward the monkey’s brow while the monkey fixates a central FP on the tangent
screen. Bottom row: the same stimuli are moved toward the monkey’s chin, evoking a much larger response. The projected point of contact of the stimulus
is more strongly related to response rate than either the absolute direction of motion (straight toward vs. down and toward) or the portion of the visual field

stimulated (upper vs. lower).
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consistent with its inputs from these areas [3,34]. These
visual response properties set VIP apart from the surround-
ing cortex.

Two special types of VIP neurons are of interest with
regard to spatial representation. The first is the ultranear
cells. These visual neurons respond only to stimuli pre-
sented very close to the animal, within a few centimeters
of the face (Fig. 5). These neurons may signal the presence
of a stimulus that can be acquired by reaching with the
mouth. The second special type is trajectory neurons.
These cells respond selectively to a stimulus moving to-
wards or away from the animal. For these neurons, the
absolute direction of stimulus motion is less important than
the anticipated point of contact of the stimulus. In the
example shown, a stimulus moved toward the chin elicited
a much stronger response than the same stimulus moved
toward the brow (Fig. 6). This result suggests that some-
thing other than a simple retinal coordinate frame is used
to represent space in VIP. This suggestion was confirmed
by having the monkey change its gaze direction (Fig. 7).
The neuron continued to respond best to a stimulus mov-
ing towards the chin regardless of eye position. This
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Fig. 7. Head-centered spatial coordinates in VIP. Changes in eye position
do not change selectivity for stimuli moving towards the chin.

insensitivity to eye position indicates that the stimulus is
encoded in head-centered coordinates and not retinal coor-
dinates.

A surprising feature of VIP is that most neurons can be
independently driven by somatosensory stimulation [12,13].
The somatosensory receptive fields are found primarily on
the face and head. The visual and somatosensory receptive
fields correspond to one another in location, in size and in
directional selectivity, as illustrated in Fig. 8. This neuron
responds both to a peripheral visual stimulus moved to-
ward the fovea and to a cutaneous stimulus moved across
the face toward the mouth. VIP neurons with visual recep-
tive fields in the upper hemifield have somatosensory
receptive fields on the upper part of the face and brow,
while neurons with lower field visual receptive fields have
somatosensory receptive fields on the lower part of the
face. Strikingly, VIP neurons with foveal visual receptive
fields have somatosensory receptive fields around the
mouth, as though the mouth were the ‘fovea’ of the facial
somatosensory system. For bimodal trajectory sensitive
neurons, the visual response is tied to the location of the
somatosensory receptive field. Finally, some VIP neurons
with very large visual receptive fields have somatosensory
receptive fields that include the hand and arm as well as
the head.

These findings on VIP response properties are consis-
tent with a spatial representation in head-centered coordi-
nates. Both the ultranear and the trajectory sensitive neu-
rons appear to encode stimulus location in a head-centered
coordinate frame. The bimodal neurons may have a special
role in hand, eye and mouth coordination. Overall, visual
targets may in coded in VIP in terms of how they can be
acquired by reaching with the head and mouth.

5. Spatial representation in area MIP

The medial intraparietal area (MIP) is located in the
posterior portion of the medial bank. As shown in Fig. 1, a
regular sequence of different cell types is encountered in
penetrations parallel to the cortical surface. Near the shoul-
der of the sulcus, adjacent to convexity cortex, neurons
respond well to passive somatosensory stimulation. Recep-
tive fields are generally found on the limbs and are com-
monly restricted to the contralateral hand. Slightly deeper
in the sulcus, cells are most active during reaching move-
ments. These cells may still be purely somatosensory: the
monkey may provide himself with somatosensory stimula-
tion during active reach that we are unable to duplicate
during passive stimulation. Midway down the sulcus, cells
with bimodal responses become common. These neurons
respond both to somatosensory and to visual stimuli pre-
sented while the monkey is maintaining fixation. Most of
these cells can be driven independently by either stimulus
alone, as is also the case for bimodal neurons in area 7
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[33]. Some of these bimodal cells exhibit additivity in their
responsiveness: simultaneous visual and somatosensory
stimulation evokes a stronger response than either stimulus
alone. Others of these bimodal neurons are responsive only
during active reaching and looking. The neuron illustrated
in Fig. 9 has virtually no response when the monkey
saccades to a visual target and has only a moderate re-
sponse when the monkey reaches towards the target in the
dark but fires strongly during the same eye and hand
movement when performed in the light.

Deep in the posterior portion of the medial bank is a
purely visual region. Cells here respond well to visual
stimuli, especially those presented in the peripheral con-
tralateral visual field and are not responsive to somatosen-
sory stimulation. A minority of these visual cells are
selective for the distance at which a visual stimulus ap-
pears: stimuli within reaching distance elicit stronger re-
sponses than those presented on the standard tangent screen
at 57 cm from the animal. The observation of visual
responsiveness in these medial bank neurons is surprising
given the traditional assignation of this cortex to area 3,
somatosensory association cortex, but is in accord with
both the anatomical demonstration of connections with
visual area PO [10] and previous physiological results
indicating visual activity in this region [28]. This visual
area corresponds in location to the medial intraparietal area
(MIP), a region connected with visual area PO. There is a
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gradual shift from purely somatosensory to bimodal to
purely visual responsiveness in this posterior part of the
medial bank and it is not clear whether MIP has sharp
borders like VIP. Such borders may yet be revealed by use
of particular stimuli or particular behavioral conditions.

The existence of visual neurons in MIP selective for
stimuli within reaching distance suggests that area MIP
may have yet another kind of spatial representation, one
designed to contribute to the control of arm movements.
This region of the medial bank projects selectively to the
arm region of premotor cortex [27] where neurons encode
targets in arm-centered coordinates [5]. Area MIP may be
the source of the visual information which guides arm
movements.

6. Summary

Parietal cortex contains multiple representations of vi-
sual space. Single neurons in area LIP encode attended
locations relative to the fovea, while some VIP neurons
encode stimulus location relative to the head and some
MIP neurons may encode location relative to the arm.
These multiple representations are tailored to guide spe-
cific kinds of actions: eye movements, head movements
and arm movements, respectively. The function of parietal
cortex is to signal the location of attended objects relative
to the observer. It does so in order to allow the organism to
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Fig. 8. Bimodal sensory responsiveness in a VIP neuron. Top panel shows the location of the visual RF and a directionally selective response to a stimulus
moved through the RF. Bottom panel shows the location of the somatosensory RF for the same single neuron and a directionally selective response to a

somatosensory stimulus moved across the RF (tested with eyes closed).
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Fig. 9. Visual and somatosensory activity in an MIP neuron. In each panel, time lines show the onset and offset of a visual stimulus presented on a reach
panel. A: reaching with the contralateral hand under visual gnidance produces consistent and strong activation. B: the same hand and eye movements
produce less activation when done in the dark. C: reaching with the ipsilateral hand produces little activation. D: the saccade alone does not activate the

neuron.

act on its environment. The many different kinds of actions
that can be performed are likely to be supported by these
very different kinds of spatial representations.
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