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INTRODUCTION

The view of the functioning of the posterior
parietal cortex (PPC) has evolved over time.
In the 19th century this area of cortex was be-
lieved to be an “association area,” responsible
for associating different sensory modalities.
In this conceptual framework the PPC was
considered to have a purely sensory role. Fur-
ther refinement of the sensory role of PPC oc-
curred in the last century based on observa-
tions of deficits following lesions in humans
and nonhuman primates. This and other re-
search led to the influential proposal of
Ungerleider and Mishkin (1) that there are
two functional pathways in visual cortex, a
dorsal pathway that includes the PPC and is
involved in spatial perception, and a ventral
pathway involved in object perception.

Parallel neurophysiologic studies of behav-
ing monkeys by Mountcastle and colleagues
(2), identified correlations between single cell
activity and the behaviors of the animals, in-
cluding reaching, fixation, saccades, and
smooth pursuit eye movements. They pro-
posed that PPC was involved in programming
motor behaviors. This view was challenged at
the time by Goldberg and colleagues (3,4),
who found similar results to Mountcastle and
associates, but interpreted the neural activity
concomitant with movement as resulting from
sensory or attentional processes, rather than
motor processes.

Examination of cell activity during control
experiments that separated sensory- from be-
havior-related activity determined that both
are found in PPC (5). This finding led to the
proposal that PPC is neither strictly sensory
nor motor in function, but rather is important
for sensorimotor integration. More recent
clinical data from humans also support this
view. For example, Goodale, Milner, and col-
leagues (6) have shown that shape is repre-
sented in the PPC specifically for action plan-
ning. They refined the dichotomy of
Ungerleider and Mishkin, proposing that the
dorsal pathway is involved in sensorimotor
processing, with spatial processing being one
aspect of action planning.

Thus, the concept that PPC is important for -
sensorimotor integration is generally ac-
cepted. The main points of contention now re-
late to where the area sits along this sensori-
motor continuum (7,8). The goal of the
current chapter is to examine four partially
overlapping views of the PPC and its role in
sensorimotor integration. One view posits
that there exists a high degree of functional
specificity within the PPC, and that this
specificity is in the form of separate cortical
fields or subregions. A second proposes that,
in regard to the issue of position along the
sensorimotor continuum, PPC occupies a
largely intermediate position. The third pro-
poses that the different functional subdivi-
sions within PPC are nodes in specific, dis-

159



160

tributed networks, and share features in com-
mon with nodes located in the PPC and
frontal lobe. The final view holds that PPC
exhibits functions that are represented
throughout the cerebral cortex, including at-
tention and learning. However, this view also
holds that a role in these functions is only ev-
ident during processes specific to the particu-
lar function of individual cortical areas. Thus,
attention and learning in PPC are related to
sensorimotor processes, whereas these same
functions in the ventral pathway are related to
object recognition.

This chapter examines these four views by
concentrating largely on two subregions of the
PPC that have been the focus of many studies,
the lateral intraparietal area (LIP) and the
parietal reach region (PRR), although studies
from most parts of PPC are considered as
well. At the end of the chapter we attempt to
synthesize these four views of PPC function
using LIP and PRR as examples. All four
views are insightful and complementary av-
enues for understanding how the PPC per-
forms sensorimotor transformations.

SPECIFICITY

The posterior parietal cortex was originally
recognized, based on cytoarchitectural crite-
ria, to contain three different cortical areas,
Brodmann’s areas 5, 7a, and 7b (9), or areas
PE, PG, and PF of von Economo and Koski-
nas (10), and von Bonin and Bailey (11). In
recent years these areas have been further
parceled based on anatomic, clinical, and
physiologic criteria (12-19). An emerging
view is that PPC follows the same rules as
sensory and motor cortices, containing a large
number of specialized regions (Fig. 10-1). We
review evidence for functional specialization
within PPC in the following.

Functional Subdivisions of the Posterior
Parietal Cortex in Macaque Monkeys

A most remarkable observation is the
specificity of connections of different parts of
the PPC. Small regions of cortex, often adja-
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cent to one another and no bigger than one
fourth of the area of one’s small fingernail,
can have very different patterns of connectiv-
ity (12). In recent years it has become appar-
ent that cells within several of the anatomi-
cally defined subregions of the PPC also have
very different response properties. The com-
bination of these findings has led to the recog-
nition of a number of cortical areas within the
PPC, several of which are described herein.

Perhaps the most studied subregion of the
PPC is area LIP, which is specialized for sac-
cadic eye movements (20-27). This area was
initially identified anatomically as an eye
movement area based on its strong connec-
tions to other saccade regions, including the
frontal eye fields (FEF) and the superior col-
liculus (SC) (12,28-30). LIP has been divided
into ventral and dorsal subdivisions on mye-
loarchitectural and connectional grounds
(15,29). Cells in both subdivisions have sac-
cade related responses that precede eye move-
ments (29). In instructed-delay tasks LIP neu-
rons typically have stronger activity when
monkeys are planning saccades rather than
reaches, indicating that a large component of
this delay activity is related to saccade plan-
ning (26). A similar area has been identified
in a number of functional magnetic resonance
imaging (fMRI) experiments in humans
(31,32). Reversible inactivation of this area
produces eye movement deficits in memory
saccade tasks (23), and biases decisions to-
ward the healthy field in eye movement tasks
(33). Finally, electrical stimulation of this area
generates saccades (27). .

The cells in LIP represent primarily the con-
tralateral visual field in retinal coordinates
(21). These response fields are gain modulated
by other body position signals, including eye
position signals and proprioceptively derived
head position signals (34,35). Thus, this area
can conceivably represent other coordinate
frames in a distributed fashion (see. Gain
Fields). Neurons in LIP are also sensitive to au-
ditory stimuli, but generally only when the au-
ditory stimuli are targets for saccades (36,37).
The activity of LIP neurons also code decision
variables related to eye movements (38).
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A second eye field, the medial parietal area
(MP) has also been identified in PPC (39).
This region is located on the medial surface of
the hemisphere, above the cingulate sulcus,
and has been much less studied than LIP. It
appears to be coextensive with anatomically
defined area 7ip (40) (also called PGm) (16).
The cells in this region show delay and sac-
cade-related responses similar to LIP neu-
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FIG. 10-1. A: Diagram of the cerebral
cortex of a macaque monkey, with the in-
traparietal sulcus (IPS) opened up 1o re-
veal the approximate locations of the lat-
eral intraparietal area (LIP), the parietal
reach region (PRR), and the anterior in-
traparietal area (AIP). (Adapted from: Co-
hen YE, Andersen RA. A common refer-
ence frame for movement pians in the
posterior parietal cortex. Nat Aev Neu-
rosci 2002;3:553-562, with permission.)
B: Flat map representation of the cortex
in and near the IPS of a single macaque
monkey. Seventeen architectonically de-
fined subregions are shown, including the
dorsal and ventral subdivisions of LIP
(LIPd and LIPv, respectively), the medial
and lateral subdivisions of the ventral in-
fraparietal area (VIPm and VIPI, respec-
tively), and AIP. The PRR consists of the
subdivision labeled MIP (medial intrapari-
etal area) and also possibly parts of those
labeled PO (parieto-occipital area) and 5v
(ventral subdivision of area 5). (Adapted
from Lewis JW, Van Essen DC. Mapping
of architectonic subdivisions in the
macaque monkey, with emphasis on pari-
eto-occipital cortex. J Comp Neurol 2000;
428:79-111, with permission.)

rons, and electrical stimulation of this region
also provokes eye movements (39).

Several subregions of the PPC have been
shown to be active during arm movements in-
cluding dorsal area 5 (PE), PEc, V6A, 7a, and
7m (41-45). The PRR is a newly described
arm movement area of the PPC that includes
area MIP and parts of V6A and area 5 resid-
ing within the anterior bank of the intrapari-
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etal sulcus. Area MIP receives input from ar-
eas V6A and 7m, which have direct connec-
tions to cortical visual areas, and projects to
ateas of the prefrontal and frontal cortex that
process limb moverments (46). Cells in this re-
gion have delay activity related to plans for
limb movements, but not eye movements
(26). A striking feature of this area is that the
coding of these limb movements is in eye, not
limb, coordinates (47,48).

Area VIP lies in the floor of the intraparietal
sulcus. This region appears to be highly multi-
modal, even for sensory stimuli that are not
task relevant (49,50). In particular, many neu-
rons have somatosensory fields on the head,
and respond when visual stimuli approach
those head locations (50). The visual responses
of cells in VIP are found in head and retinal
coordinates, with a substantial population be-
ing intermediate between the two (51).

Studies by Sakata and colleagues (52,53)
point to the anterior intraparietal area (AIP)
being specialized for grasping. Cells in this
area respond to the shapes of objects and the
configuration of the hand for grasping the ob-
jects. Reversible inactivations of AIP produce
deficits in shaping the hand prior to grasping
in monkeys. This deficit is reminiscent of
problems in shaping the hands found in hu-
mans with parietal lobe damage (54).

The medial superior temporal area (MST)
appears to play a specialized role in smooth
pursuit eye movements. Cells in this: area are
active for pursuit, even during brief periods
when the pursuit target is extinguished (55). In-
activations of this area produce pursuit errors
that are not a result of sensory deficits (56). The
cells in this cortical area are sensitive to optic
flow stimuli (57), and compensate for visual
motion during smooth pursuit eye movements
and head movements to maintain invariant rep-
resentations of heading direction (58,59). These
studies suggest that MST plays not only a role
in pursuit eye movements, but also a role in
navigation using visual motion cues.

Human fMRI experiments suggest the
functional anatomy of the human and monkey
PPC is similar. Rushworth and colleagues
(32) reported that peripheral attention tasks
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activate the lateral bank of the intraparietal
sulcus, whereas planning manual movemerits
activates the medial bank. They concluded
that their results have strong similarities to
those fouind in monkey studies, with the me-
dial bank of the human intraparietal sulcus
specialized for manual movements and the
lateral bank for aitention and eye movements.
An area specialized for grasping has also been
identified in the anterior aspect of the intra-
parietal sulcus in humans (31,60), which may
be homologous to monkey AIP.

INTERMEDIATE PROPERTIES

A second, and very natural view of the PPC
is that, given its intermediate anatomic posi-
tion between sensory and motor cortices, it oc-
cupies an intermediate stage in the sensorimo-
tor transformation process. It also appears to
be the location where different sensory modal-
ities are combined, again implying an interme-
diate stage in the sensorimotor pathway.

An issue that has proven tractable for study
in sensorimotor corteéx is the transformation
between coordinate frames. Sensory stimuli
are gathered and represented in early parts of
the nervous system in coordinate frames that
are different from the eventual motor refer-
ence frames required to execute movements.
For instance, visual stimuli are initially repre-
sented in retinal coordinates, but to reach to a
visual target requires a transformation to mus-
cle coordinates to move the limb. Studies of
this issue in PPC suggest that this area occu-
pies an intermediate processing stage during
sensorimotor transformations. We use the
topic of coordinate transformations to illus-
trate the intermediate nature of PPC in the
next section. However, other sensorimotor
processes also appear intermediate in nature
in PPC. For instance, movement plans appear
more cognitive and abstract in PPC than at
subsequent stages in motor cortex.

Gain Fields

Gain fields represent a form of intermedi-
ate representation used to compute transfor-
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mations between reference frames. For in-
stance, in many of the areas within the PPC
cells have eye-centered response fields, but
are also gain modulated by body position sig-
nals (Fig. 10-2B). These “gain field” effects
are found throughout the PPC and include
modulation of retinotopic fields by eye, head,
body, and limb position signals (34,35,
61-63). Although referred to as gain fields,
the modulation effects can be additive as well
as multiplicative (64). Theoretical studies
suggest that gain fields are a computational
mechanism for transforming information be-
tween coordinate frames (65,66). In fact,
small populations of neurons with retinal re-
sponse fields, modulated by various body part
position signals, can be read out in multiple
frames of reference (67,68) as would be
needed to direct movements of the eyes, head,
or hands. These results suggest that the PPC
represents space in a distributed fashion, with
groups of cells potentially representing multi-
ple reference frames.

Although originally identified in areas of
the PPC, gain effects have been subsequently
identified throughout the brain, including the
dorsal premotor cortex, V1, V4, and the SC
(69-72). These findings suggest that multi-
plicative and additive interactions between
different inputs to neurons may reflect a gen-
eral method of neural computation. Although
the role of gain fields in coordinate transfor-
mations has been highlighted in this chapter,
gain fields appear to play a role in many other
functions, including attention, navigation, de-
cision making, and object recognition. These
other functions have been reviewed by Salinas
and Thier (73).

Multisensory Integration

Several areas of PPC are considered to be
primarily visual in terms of sensory inputs
(e.g., areas MST, 7a, PO, and LIP), whereas
others are considered primarily somatosen-
sory (e.g., dorsal area 5), or somatosensory
and visual (e.g., 7b and VIP). Interestingly,
area PRR has been shown recently to code lo-
cations in eye-centered coordinates, which is
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surprising given the area’s major role in limb
movements (47). However, recent experi-
ments have demonstrated that many neurons
in area 5 and VIP have response fields that are
partially shifted between eye and limb-cen-
tered representations (for area 5) (74) or eye-
and head-centered representations (for VIP)
(51). These types of responses can be inter-
preted as reflecting an encoding of spatial lo-
cation in both reference frames (74,75), or as
reflecting the existence of a single but am-
biguously defined “intermediate” reference
frame (Fig. 10-2D). Regardless, these results
suggest that vision exerts a strong influence
over spatial behaviors, which is perhaps not
surprising given its superior spatial acuity.

Both areas LIP and PRR respond to audi-
tory stimuli if the animal is planning a sac-
cade (in LIP) (36,37,76) or a reach (in PRR)
(77) to the auditory target. Interestingly, in
both areas many cells encode sound locations
in eye-centered coordinates, whereas others
encode them in head-centered coordinates, or
in coordinates intermediate between these two
reference frames (77). Area LIP appears to re-
spond poorly, if at all, to auditory targets
when the targets do not have behavioral sig-
nificance to the animal (36,76). Similarly, LIP
neurons only appear to show color selectivity
if the color is relevant to eye movement plan-
ning (78). These results suggest the areas are
visual by default, but other sensory modalities
can be gated into them depending on the re-
quirements of the task.

Neural network models that perform multi-
sensory integration typically have an interme-
diate step in which units have receptive fields
that are gain modulated by eye and other body
position signals (68,75,79). Often these re-
ceptive fields show intermediate coding, for
instance, with the integration of auditory and
visual signals some intermediate units
demonstrate response fields midway between
eye-centered and head-centered coordinates.
The finding of gain fields and intermediate
coordinate frames in PPC is suggestive that
multisensory integration and coordinate
transformations are taking place in this corti-
cal area. In particular, this seems to be the
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case for transformations of auditory receptive
fields from head-centered coordinates, which
is typical of lower levels of the auditory sys-
tem, to eye-centered coordinates, which are
found in LIP and PRR. This can be surmised
from the recent finding that an auditory corti-
cal area that provides major projections into
PPC (area Tpt) has auditory fields in head-
centered coordinates that are gain modulated
by eye position (80). On the other hand, LIP
and PRR have auditory response fields in
head, intermediate, and eye-centered coordi-
nates, as well as gain field effects, suggesting
that the sites of integration and transforma-
tion include these two parietal areas.

Direct Transformations

Although the preceding results suggest that
there are intermediate steps in coordinate
transformations, the number of steps may be
limited. An example considered here is that of
visually guided reaching movements. In trans-
forming the location of a visual target for a
reach from retinal to limb-centered coordi-
nates, must the brain also use intermediate
representations in head and body-centered co-
ordinates, or can this transformation be per-
formed more directly?

A scenario that uses explicit head- and
body-centered representations, which we call
the sequential model, is illustrated in Figure
10-3A. First visual signals in retinal coordi-
nates are combined with eye position signals
to represent targets in head-centered coordi-
nates. Next, head position is combined with
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the representation of target location in head-
centered coordinates to form a target repre-

“sentation in body-centered coordinates. In the

last step, the current location of the limb, in
body-centered coordinates, is subtracted from
the location of the target, in body-centered co-
ordinates, to generate the motor vector, in
limb-centered coordinates. A drawback of this
approach is that it requires several stages and
separate computations, which would likely re-
quire a large number of neurons and cortical
areas. Moreover, although there are some re-
ports of cells in the PPC coding visual targets
in extraretinal, perhaps head-centered, coordi-
nates (51,81), the vast majority of PPC cells
code visual targets in eye-centered coordi-
nates or coordinates intermediate between eye
and other reference frames (47,74,77).

One alternative scenario that uses only a
single intermediate step is referred to as the
combinatorial model (41). In this model (Fig.
10-3B), retinal target location, eye, head, limb
position, and other body position signals are
all combined at once, and the target location
in limb-centered coordinates is then read out
from this representation. A potential problem
with this model is the “curse of dimensional-
ity,” which results from a combinatorial ex-
plosion when tiling a space for a large number
of parameters. For example, if it takes 10 cells
to tile each dimension in visual space, and 10
for each dimension of eye position, head po-
sition, and so on, the number of cells required
to represent all possible combinations of such
signals quickly becomes larger than the num-
ber of cells in PPC. One method the PPC ap-

—
-

FIG. 10-2. A-D: Responses of idealized posterior parietal cortex neurons. In the left column,
responses are plotted for a range of target locations (x-axis) and initial limb locations (y-axis)
along the horizontal, in eye-centered coordinates. In the right column, two tuning curves are
shown, representing slices though each response field at initial hand locations of 0 degrees
and 10 degrees. A: Responses of a neuron encoding target location in eye-centered coordi-
nates. The tuning curves corresponding to the different starting locations are identical. B: Re-
sponses of a neuron encoding target location and limb location in eye-centered coordinates.
The tuning curves are gain-modulated, but this gain effect is also represented in eye coordi-
nates. C: Neuron encoding target location in hand-centered coordinates. The tuning curves are
shifted with respect to one another, with the magnitude of the shift corresponding to the dif-
ference between the two starting locations. No gain modulation is observed. D: Neuron en-
coding target location in hand-centered and eye-centered coordinates. Tuning curves are par-

tially shifted and gain-modulated.
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parently used to avoid this curse of dimen-
sionality is to code only a limited number of
variables in each of its subdivisions (35). In
fact, knowledge of the set of variables en-
coded by an area may provide clues to its spe-
cific functions.

Another scenario that also uses one inter-
mediate step is the direct model. Figure 10-
3C,D shows how this model can produce a
transformation in one step by vector subtrac-
tion: The current position of the hand, in eye
coordinates is subtracted from the position of
the target, also in eye coordinates, to directly
generate the movement vector in limb coordi-
nates. This computation is accomplished with
neural circuits by representing a limited num-
ber of parameters in the same coordinate
frame, and by multiplying them together (i.e.,

gain fields). An advantage of this approach
over the sequential method is that it requires
fewer computational stages. In addition, the
computation is restricted to only dimensions
in eye coordinates, and does not suffer the
“curse of dimensionality” of the combinator-
ial approach.

A recent study provides evidence for the di-
rect transformation mechanism. Single cells
in area 5 of PPC, classically considered a so-
matomotor region, were found to code target
locations simultaneously in eye- and limb-
centered coordinates (74). This result is con-
sistent with the PPC transforming target loca-
tions directly between these two frames of
reference. Moreover, cells in the adjacent
PRR code target location in eye-centered co-
ordinates, and there is gain modulation by ini-
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tial hand position, also coded in eye-centered
coordinates (62). These two findings suggest
a simple gain field mechanism underlies the
transformation from eye- to limb-centered co-
ordinates. A convergence of input from gain-
modulated cells in PRR onto area 5 neurons
can perform such a transformation directly
without having to resort to additional stages
or to a large combination of retinal, eye, head,
and limb position signals (65). Note that, al-
though explicit head- and body-centered rep-
resentations are not needed in this scheme,
eye and head position information would still
be needed at later stages to convert the move-
ment vector into muscle coordinates. It re-
mains to be seen whether these signals are
carried by cells in PRR and/or area 5, or by
different populations of neurons.

Psychophysical evidence supporting a se-
quential-type model has been provided by
Flanders et al. (82) and MclIntyre et al. (83,
84). These results, as well as the physiologic
study of Buneo et al. (74) supporting an alter-
native direct scheme, may reflect an underly-
ing context dependence in the coordinate
transformations that subserve visually guided
reaching (85). For instance, direct transfor-
mations may be the preferred scheme when
both target location and the current hand po-
sition are simultanecously visible, even for a
brief instant. On the other hand, a sequential
scheme may be used when visual information
about the current position of the hand is not
available.

Lesions

The deficits observed following lesions of
the PPC are consistent with the area playing
an intermediate role in sensorimotor integra-
tion. Patients with PPC lesions do not suffer
from primary sensory or motor deficits. How-
ever, numerous defects become apparent
when they attempt to connect perception with
action, for instance, during sensory-guided
movements. Such patients often suffer from
optic ataxia, a difficulty in estimating the lo-
cation of stimuli in three-dimensional space.
This deficit results in pronounced errors in
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reaching movements (86,87). Patients with
PPC lesions often show one or more of the
apraxias, a class of deficits characterized by
the inability to plan movements (88). These
defects can range from a complete inability to
follow verbal commands for simple move-
ments, to difficulty in performing sequences
of movements. Patients with PPC damage
also bhave difficulty correctly shaping their
hands in preparation to grasp objects. This
grasp deficit again points to a disconnection
between the visual sensory apparatus that reg-
isters the shape of objects, and the motor sys-
tems that shape the configuration of the hand
(6,54). A most thorough review detailing the
neurologic deficits following parietal lobe
damage can be found in Macdonald Critch-
ley’s classic book on the subject, The Parietal
Lobes (89).

Lesions do produce different deficits de-
pending on the location of the damage. These
results provide evidence for specificity within
the PPC, as outlined in the preceding. For in-
stance, extinction (the lack of awareness of
objects in the unhealthy side of the visual
field when there are competing stimuli toward
the healthy side) is more common with le-
sions of the superior parietal lobule, whereas
profound neglect is more common with le-
sions of the inferior parietal lobule (90). How-
ever, lesions are often large and, of course, the
product of accident and not experiment; as a
result, it is difficult to precisely differentiate
different parts of PPC based on patient data.
In fact, there is even now some debate regard-
ing whether neglect is the result of inferior
parietal lobule or superior temporal gyrus
damage (91).

NETWORK PROPERTIES

Parietal and frontal cortical areas are
strongly interconnected via cortical—cortical
connections, and via loops through subcorti-
cal structures (92). Laboratories that have di-
rectly compared the response selectivity of ar-
eas LIP and FEF in saccadic eye movement
tasks have noted a surprising similarity be-
tween these two areas. This similarity has led
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to the proposal that they are best understood
as being parts of a network, rather than sepa-
rate stages in neural processing (92,93).
Moreover, the parieto-frontal circuits in-
volved in eye movements, reaching, and
grasping appear to be parallel and at least par-
tially separated, leading to the proposal of
separate networks for different movement be-
haviors (94).

As an example of network behaviors we ex-
amine the similarities between areas LIP and
PRR. These two areas are anatomically inter-
connected by reciprocal corticocortical con-
nections (29), and as such form a part of a
network. LIP and PRR seem to use a number
of the same operational rules, even though
they are involved in very different behaviors
(i.e., eye and arm movements). This similarity
in operations may facilitate cooperation be-
tween these areas during behaviors requiring

coordinated movements of the eyes and -

hands.

Coordinates

Eye and limb movements require very dif-
ferent coordinate frames near the output stage
of a sensorimotor transformation, because of
the unique mechanical and geometric proper-
ties of the different end effectors. However,
neurons in both LIP and PRR encode visual
targets using the same, eye-centered coordi-
nate frame (47,48,77,95). Interestingly, the re-
sponse fields of LIP and PRR neurons remain
eye-centered during the sensory, delay and
movement epochs of memory-saccade and
memory-reach tasks, indicating that the coor-
dinate frame remains fixed over the course of
the sensorimotor transformation for these
neurons.

Both areas also have response fields for au-
ditory targets that are similar. A large propor-
tion of cells encode auditory responses in eye-
centered coordinates, whereas others encode
locations in some other coordinate frame
(77,95). Because head positions were not var-
ied in these experiments, it cannot be estab-
lished whether the “other” coordinate frame
was a head-centered one, the most likely re-
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sult for these auditory targets, or some addi-
tional reference frame (e.g., body- or world-
centered). Although visual response fields,
and many auditory response fields, are eye-
centered in both LIP and PRR, they are also
gain modulated by eye and body position sig-
nals in both areas. LIP neurons are gain mod-
ulated by eye position and neck propriocep-
tive signals but generally not by vestibularly
derived head position signals (unlike 7a cells,
which do have vestibular gain fields) (34,35).
PRR neurons are gain modulated by eye and
limb position signals (62,63,74). LIP has not
yet been tested for limb position gain fields,
nor has PRR been tested for head position
gain fields.

Delay Activity

A striking feature of both LIP and PRR is
strong, persistent activity when animals have
planned movements but are withholding their
responses. This phenomenon was first ob-
served in LIP using a “memory” saccade par-
adigm (22) designed to separate sensory from
movement-related activity (96). Snyder et al.
(26) subsequently demonstrated that the pres-
ence of delay period activity in both LIP and
PRR depends on the type of movement being
planned. Delay period activity is strong in LIP
when eye movements are being planned and
weak or nonexistent for planned limb move-
ments and vice versa for PRR.

Next Planned Movement

The activity of LIP and PRR neurons in the
delay period reflects the next movement the
animal plans, and not the memory of a sen-
sory location. This next-movement feature
has been demonstrated with sequential move-
ment tasks, in which the animal is required to
remember two target locations, and then make
sequential movements to the two targets after
a GO instruction. In both LIP and PRR, cells
are not active when the animal is planning a
movement outside the response field of the
cell, even though the subsequent movement

N
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target location is within the cell’s response
field (97,98).

Compensation for Eye Movements

Encoding saccade and reach plans in eye-
centered coordinates could be problematic in
instances where a movement plan is formed
and an intervening saccade is made before the
movement is executed. In such cases, particu-
larly when movements are planned to remem-
bered locations in the dark, movements could
be inaccurate if no compensation for the in-
tervening saccade occurs, with the size of the
error being directly related to the size of the
eye movement. Mays and Sparks (99) were
the first to probe the effects of intervening
saccades on eye movements and perceptual
stability while recording in the superior col-
liculus (SC), which contains an eye move-
ment map in retinal coordinates (100). They
found that, under these circumstances, activ-
ity shifts within the eye movement map of the
SC to compensate for the intervening saccade
and still codes the correct motor vector. Gnadt
and Andersen (22) reported a similar result
for saccade planning in area LIP. Duhamel et
al. (101) extended the LIP results by showing
that it is not necessary to make an eye move-
ment for this updating to take place.

The same compensation for intervening
saccades has been observed during reach
planning in PRR also (47). When monkeys
plan a reach to a remembered location in the
dark, and the animals are required in the task
to make an intervening saccade prior to the
reach, all PRR cells recorded showed a shift
in activity within the eye-centered map to
compensate for the eye movement. A remap-
ping of reach plans in eye coordinates has
been demonstrated psychophysically in hu-
mans as well (102), consistent with this phys-
iologic finding.

Intention

A number of studies have demonstrated
that a significant component of both LIP and
PRR activity is related to the intention to
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make a movement, an eye movement in the
case of LIP, and a reach movement in the case
of PRR. Evidence for an intentional role for
LIP and PRR activity (as opposed to purely
sensory or attentional roles) comes from stud-
ies employing “antireach” tasks, in which an-
imals are trained to make a reach in the oppo-
site direction to the location of a visual
stimulus. Such tasks have revealed that activ-
ity within area MIP (a part of PRR) is related
mostly the direction of the movement, and not
the location of the stimulus (44,103). Gottlieb
et al. (104) reported that the reverse is true in
the lateral intraparietal area (LIP) for “anti-
saccade” tasks; that is, LIP neurons re-
sponded to the stimulus and not the direction
of planned movement. However, a subsequent
report by Zhang and Barash (105) indicated
that, after a brief transient linked to the stim-
ulus, most LIP neurons code the direction of
the planned eye movement.

Experiments have been specifically de-
signed to separate the effects of spatial atten-
tion from those of intention also (26,106,
107). In one experiment, recordings were
made from areas LIP and PRR while animals
attended to a flashed target and planned a
movement to it during a delay period; how-
ever, in one case they were instructed to plan
a saccade and in the other a reach. If neurons
are selective for attention, then they should be
active in both conditions; but if they are se-
lective for intention, then they should be ac-
tive in only one of the two conditions. Snyder
et al. (26) found that the latter was true; the
large majority of PRR neurons were active in
the delay only when the monkeys were plan-
ning reaches, and conversely LIP neurons
were active only when planning saccades. A
subsequent experiment showed that activity in
the PPC is also related to the shifting of
movement plans, when spatial attention is
held constant (107). Cells with a preference
for a particular type of movement (reach or
saccade) showed increased activity if a plan
was changed from the nonpreferred to the
preferred movement type (for the same target
location) but not when the nonpreferred (or
preferred) plan was simply reaffirmed. This



170

result is reminiscent of proposals that the PPC
plays a role in shifting attention (108), but in
this case it is the intended movement that
shifts, and not the spatial locus of attention.
Finally, when a monkey is cued as to whether
an upcoming trial will be a reach or a saccade,
activity in LIP and PRR increases selectively
for saccades (LIP) and reaches (PRR) (106).
Thus, these two areas show differential re-
sponses depending on the type of movement
that is planned, even before the location of the
target has been specified.

Default Planning

Both areas LIP and PRR show default or
covert planning; that is, stimuli that are often
behaviorally relevant can result in planning
activity, even though this plan may not be ex-
ecuted or may change. This issue was directly
addressed in the study of Snyder et al. (26),
which, found a high degree of movement
specificity for LIP and PRR, as mentioned.
However, this specificity was not complete—
68% of recorded neurons were significantly
modulated in the delay period by one move-
ment plan (reach or saccade) but not the other.
(Interestingly, even during the cue period 44%
showed this specificity.) We reasoned that the
remaining cells showing significant activity
for both movement plans might reflect covert
plans for movement, because it is very natural
to look to where you reach. To control for this
possibility the animals also performed a “dis-
sociation” task, in which they simultaneously
planned an eye and an arm movement in dif-
ferent directions, with one movement into the
response field and the other outside. Sixty-
two percent of the cells that were not specific
for single movements were specific in the dis-
sociation task, bringing to 84% the number of
cells that showed movement planning speci-
ficity in the delay period. Interestingly, more
cells also revealed specificity for the cue re-
sponse as well in the dissociation task, with a
total of 45% being specific for reaches and
62% for saccades. These results suggest that,
when given a single target for a reach (or sac-
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cade), a proportion of activity in LIP (and
PRR) reflects a default plan to also make a
saccade (or reach) to the target.

Default planning may explain activity that
is seen in GO/NO-GO tasks. In these tasks a
stimulus appears in the response field and the
animal is later cued whether to make a move-
ment to it or not. Reach activity in area 5
(109), and saccade activity in LIP (110) con-
tinues when the animal is cued not to move.
This result is not consistent with attention or
intention activity, because the target is no
longer important to the animal’s behavior
(110). However, it is consistent with a covert
or default plan, which remains if no new
movement plans are being formed. Evidence
for this alternative explanation comes from
experiments where the plan is canceled, but a
new movement plan is put in place (111).
When an eye movement plan is canceled by
instructing that the target location has
changed, LIP neurons that coded the canceled
plan fall silent, unlike the NO-GO results, and
cells coding the new plan become active. A
similar result is found even when the location
of the planned movement is held constant, but
the type of movement (from reach to saccade
or saccade to reach) is changed (107). The
data from these various studies indicate that
default plans are formed in'both PRR and LIP
to stimuli of behavioral significance when no
alternative plan is provided, but are erased if
alternative plans are formed.

Movement Decisions

Both LIP and PRR show activity related to
the decisions of an animal. Experiments in
LIP by Platt and Glimcher (112) and by
Shadlen and colleagues (113,114) have found
activity related to the decision of a monkey to
make eye movements. Both the prior proba-
bility and the amount of reward influence the
effectiveness of visual stimuli in LIP, consis-
tent with a role for this area in decision mak-
ing. As monkeys accumulate sensory infor-
mation to make a movement plan, activity
increases for neurons in LIP and the pre-
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frontal cortex (113—115). Similar results have
been found in PRR recently, where the activ-
ity of cells reflects which of two targets mon-
keys select for a reach (38). The fact that de-
cision-related activity is found in LIP for
saccades, and in PRR for reaches, suggests
that decisions are not made by a single brain
area, but rather that decision making is a more
distributed phenomenon with different net-
works and areas responsible for different de-
cisions.

Dynamic Evolution of Intention Activity

LIP and PRR activity evolves dynamically,
reflecting sensory, cognitive, and motor vari-
ables as the demands of a task change. For in-
stance, the temporal dynamics of PRR activ-
ity differ depending on whether monkeys plan
reaches to auditory targets or visual targets in
a memory-reach task (116). At cue onset, ac-
tivity for visually cued trials carried more in-
formation about spatial location than activity
for auditory cued trials. However, as the trials
progressed and the animal was preparing a
movement, the amount of information regard-
ing spatial location increased for the auditory
cued trials, so that by the time of the reach
movement it was not significantly different
from information carried during visually cued
trials. This result suggests that the spatial lo-
cation of the target is represented in the early
phases in the task, and is more poorly speci-
fied for auditory compared to visual targets
(which is consistent with poorer sound local-
ization compared to visual localization in pri-
mates). Later in the task, activity reflects the
plan of the animal, which is the same for both
sensory types, and thus explains the similarity
in spatial information at this later period.

In another study, animals were trained to
make saccades to a specific location cued on
an object. After the presentation of the cue,
and before the onset of the saccade, the orien-
tation of the object was changed. Early in the
task area LIP cells carried information about
the location of the cue and the orientation of
the object, both pieces of information being
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important for solving the task. However, near
the time of the eye movement the same neu-
rons coded primarily the direction of the in-
tended movement (117).

Platt and Glimcher (112) showed in a de-
layed eye movement task that the early activ-
ity of LIP neurons varied as a function of the
expected probability that a stimulus was a tar-
get for a saccade, as well as the amount of re-
ward previously associated with the target.
However, during later periods of the trial the
cells coded only the direction of the planned
eye movement. A similar evolution of activity
has been shown in LIP and dorsal prefrontal
cortex in eye movement tasks instructed by
motion signals. The strength of the motion
signal is an important determinant of activity
at the beginning of the trial, but at the end of
the trial the activity codes the decision or
movement plan of the animal (114,115). The
preceding studies show that activity in LIP
and PRR evolves in time to reflect sensory,
cognitive, and movement components of be-
havior.

GENERAL FUNCTIONS: LEARNING
AND ATTENTION

Learning

Few neuroscientists would argue for the ex-
istence of a single center in the brain that di-
rects all learning. Rather, learning is a func-

_tion that is distributed throughout the nervous

system. What appears to distinguish different
types of learning, at least at the cognitive
level, is where it occurs in the nervous sys-
tem. Consistent with this viewpoint, recent
prism adaptation studies have shown that vi-
suomotor learning occurs in the PPC. As
demonstrated initially by Held and Hein
(118), when human subjects reach to visual
targets while wearing displacing prisms, they
initially miss-reach in the direction of target
displacement but gradually recover and reach
correctly if provided with appropriate feed-
back about their errors. Using positron emis-
sion tomography (PET) to monitor changes in
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cerebral blood flow, Clower and colleagues
(119) showed that this prism adaptation
process results in selective activation of the
PPC contralateral to the reaching arm, when
confounding sensory, motor, and cognitive ef-
fects are ruled out.

Similarly, it has been found that hemispa-
tial neglect resulting from damage to the right
hemisphere can be at least partially amelio-
rated by first having affected patients make
reaching movements in the presence of a pris-
matic shift, then removing the prisms. These
effects are as resulting from the stimulation of
neural structures responsible for sensorimotor
transformations, including the PPC as well as
the cerebellum. A recent electrophysiologic
study employing a prism adaptation paradigm
suggests that the ventral premotor cortex
plays a role in this process as well (120).

Another example of the effects of learning
in the PPC was revealed in a recent electro-
physiologic study of LIP (36). The responses
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of LIP neurons to auditory stimuli in a passive
fixation task were examined before and after
animals were trained to make saccades to au-
ditory targets. Before such training, the num-
ber of cells responding to auditory stimuli in
LIP was statistically insignificant. After train-
ing, however, 12% showed significant re-
sponses to auditory stimuli. This indicates
that at least some LIP neurons become active
for auditory stimuli only after an animal has
learned that these stimuli are important for
oculomotor behavior. As with the learning ef-
fects discussed in the preceding, effects of
this nature have been reported in other areas
of cortex (e.g., area 3a for tactile discrimina-
tion, and the FEF for visual search training)

(121,122), highlighting the distributed nature

of learning in cortex.

Recently, rapid learning effects have been
observed in PRR in experiments where the ac-
tivity of a single cell is used to position a cur-
sor on a computer screen, in the absence of

Think about moving hand
to flashed target

Position
cursor
using

thought

Decode intended arm

Record
single
cell
activity
i

movement

FIG. 10-4. Schematic of an experiment in “closing the loop.” In the “baseline” phase, the activity of a
single parietal reach region neuron is isolated and a database is constructed of the neuron’s re-
sponses for reaches in the preferred and nonpreferred direction. In the “cursor-control” phase, the
animal fixates and touches a central cursor on a display screen and a target is then presented either
in the preferred or nonpreferred direction of the cell. Based on the response of the neuron for this
one trial, and the statistics of the previously constructed database, we then predict whether the an-
imal is intending to reach in either the preferred or nonpreferred direction. Importantly, the animal
never actually makes the intended movement on these trials. A cursor moves to the location pre-
dicted from the cell activity and the animal is rewarded if the prediction corresponds to the cued lo-
cation. (Adapted from: Andersen RA, Buneo CA. Intentional maps in posterior parietal cortex. Annu

Rev Neurosci 2002;25:189-220, with permission.)
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any arm movement (123). In this experiment,
a database of the tuning properties of a neuron
is first established while the animal performs
reaching movements in the cell’s preferred and
nonpreferred directions (“baseline” phase).
This database is then used in a subsequent
“cursor control” phase to predict, on single tri-
als, where the monkey is intending to reach,
even though no reach actually occurs (Fig. 10-
4). Once the cursor was put under control of
the monkey’s neural activity, it was found that
about one half of the PRR neurons improved
their selectivity within 10 to 50 trials, presum-
ably to optimize performance in the task. This
rapid learning did not occur in the baseline
phase, because the animal was always being
rewarded for the correct reach. It was only
during the cursor control phase of the task that
learning was observed, and this learning was
of a similar, rapid time scale as that seen in
prismatic adaptation experiments. These ex-
periments suggest that the PPC operates to
align and calibrate sensory and motor inputs
as part of the sensorimotor transformation
process, and that rapid learning occurs in this
area in order to maintain these alignments,

Attention

Although learning is largely recognized to
be a general property of cortex, the idea of at-
tention as a general property, at least for sen-
sory cortex, is a concept that remains unre-
solved. The alternative possibility is that a
single center for attention exists that resides
in the posterior parietal or parietal-prefrontal
cortex. The idea that a central attention mech-
anism resides in PPC may result from the
rather dramatic results of lesions to this re-
gion, which produce neglect in humans. Pa-
tients with neglect appear as if they have a pri-
mary deficit in attention, and are completely
unaware of the space contralateral to the le-
sion (89). In addition, experiments manipulat-
ing attention produce strong activation of PPC
in human fMRI studies (124) and tasks that
require attention in monkeys lead to an in-
crease in the discharge of PPC neurons (re-
viewed in detail in Chapter 7). All of these ob-
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servations lend support to the idea of PPC be-
ing a center for attention, and in directing ac-
tivity in other cortical areas. On the other
hand, attention tasks tailored to the presumed
functional role of areas outside the PPC have
revealed attentional effects that cannot be eas-
ily attributed to PPC. For instance, attention
tasks that involve fine spatial scales and con-
tour analysis activate area V1, and tasks that
examine feature and object perception show
attentional modulation in areas V4 and the in-
ferotemporal cortex (125-128).

Thus, it is possible that attention is similar
to learning in that it is a general phenomenon
that obtains its specificity only through the
underlying functional specificity of the par-
ticular brain areas in which it is observed. In
this view, attention in PPC would operate in
the context of sensorimotor processes, for ex-
ample, during target selection for movements.
More research is required to determine if at-
tention in PPC is restricted to the functions of
this region, or if it has a more pararnount role
for all of sensory cortex.

SYNTHESIS

The two cortical areas focused on in this
chapter, areas LIP and PRR, appear to em-
body the traits of task specificity and inter-
mediate coding while also exhibiting proper-
ties consistent with being nodes of a
distributed network. It is likely that these
properties will generalize to other cortical re-
gions within the PPC. Perhaps the most ap-
parent attribute in the literature is specificity,
in part because neuroscientists tend to adapt
an approach of “dividing and conquering”
different cortical areas in their investigations.
Thus, numerous studies reviewed in this chap-
ter point to LIP as specialized for saccades,
and PRR for reaches. Within each of these ar-
eas is a map of visual space that can be con-
sidered a map of potential movements to
those locations (i.e., intentional maps).

However, considerable research also points
to the intermediate nature of these two corti-
cal fields in sensorimotor transformation. Re-
sponse fields are gain modulated by body po-
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sition signals, and can even represent spatial
locations in two distinct reference frames,
suggesting that these areas occupy an inter-
mediate stage in coordinate transformations
and multisensory integration (34,35,62,63,
74). Moreover, Barash and colleagues found a
small class of neurons in LIP that code both
the location of a stimulus and the location of
a planned movement in antisaccade tasks
where the cue and the movement are opposite
to one another. They proposed that these cells
play an intermediate role in the transforma-
tion process in this informative task (105). Fi-
nally, even plans appear to be intermediate in
PPC, being cognitive and high level at this
stage and requiring further elaboration in mo-
tor areas prior to execution. One seminal indi-
cation of the cognitive nature of the PPC
plans is the finding that reaches are coded in
visual coordinates (47).

The similarity of coding strategies in PRR
and LIP are very dramatic, considering these
two areas process very different types of
movements. These similarities suggest that
they are parts of a single network, with the
two areas speaking a common language for
the purpose of coordinating movements of the
hands and eyes.

Finally, attention and learning play a major
role in sensorimotor processing in PPC. Per-
haps because most behaviors have a spatial
component and require orienting by the subject
(e.g., eye movements) the PPC may be engaged
in most behaviors, accounting for its apparent
universal activation in fMRI experiments
(124). In fact, sensorimotor transformations
can be considered one of the major and essen-
tial functions of all nervous systems. With
hand-eye coordination, along with language,
being one of the main specializations to con-
tribute to the success of humans as a species, it
is no wonder that we have such elaborate
neural structures for this exquisite ability.
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