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ABSTRACT OF THE DISSERTATION

The general aim of this thesis was to better characterize anatomical
connections of cortical areas of the intraparietal sulcus (IPS) in the macaque
monkey, which is a region implicated in visual and somatosensory integration
and motor intention. The anatomical organization of the IPS and regions with
which it is connected was investigated with structural and connectional
methods. The structure of the IPS and most other portions of the cortical
hemisphere were analyzed with myelin and Nissl stains, plus
immunohistochemical staining with the SMI-32 antibody.  Primarily utilizing
architectonic criteria defined in previous studies (with some refinements),
parcellation maps were derived including up to 90 distinct cortical areas and
zones. Retrograde tracers were injected into selected areas of the IPS (LIP,
VIP, and AIP), superior temporal sulcus (MT and MST) and parietal lobule (7a
and 7b), and the distribution of labeled cells was charted in relation to the
architectonic parcellation maps.  These data, together with geographical
landmarks (sulcal curvature) were all displayed on computer-generated three-
dimensional reconstructions and on cortical flat maps.

The analysis of architecture in the IPS revealed two newly identified
regions: the lateral occipito-parictal zone, LOP, previously considered part of
V3A; plus 7t, chdracterized by strong SMI-32 immunoreactivity (previously
considered part of area 7b or area 2). Additionally, medial and lateral
subdivisions of area VIP are proposed (VIPm and VIPl), and significant
modifications were introduced along portions of the superior temporal sulcus,
and for somatosensory area 2.

Injections centered in visual area LIPv led to connections mainly with

extrastriate visual areas, whereas injections centered in neighboring area VIP
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(VIP1 and VIPm) led to stronger connections with somatosensory, polysensory,
and motor areas. The visual-related connections of VIPl largely overlapped
the patterns seen in LIPv injections.  Sensorimotor projections to VIP included
several somatotopically organized areas or regions, predominantly from the
estimated hand, arm, and to a lesser extent the face representations.  Strong
connections originated from several bimodal and polysensory areas,
supporting its involvement in multiple highly distributed hierarchical
networks relating to the integration of visual, somatosensory (sensorimotor),

vestibular, and possibly auditory information.
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ABBREVIATIONS
Cortical Areas:
Al primary auditory cortex
AIP anterior intraparietal area
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ER entorhinal cortex
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G gustatory cortex
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IPa area IPa from Cusick et al., (1995)
LIPd lateral intraparietal (dorsal)
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M2 " motor area 2 (also supplementary motor cortex)
MDP medial dorsal parietal area
MIP medial intraparietal area
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R auditory area R
Ri retroinsula
S2 cx second somatosensory area (complex)
SMA supplementary motor area
TAa area TAa from Cusick et al., (1995)
TEad antero-dorsal division of TE
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TF temporal area F
TH temporal area H
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TPOr temporal parietal occipital (rostral)
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V1 visual area 1
V2 visual area 2
V3 visual area 3
V3A visual area V3A
V4 visual area 4
V4t V4 transitional area
VOT ventral occipitotemporal area
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2 somatosensory area 2
3a somatosensory area 3a
3b somatosensory area 3b
4 primary motor cortex
5 somatosensory area 5

7b somatosensory region 7b
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Chapter 1. General Introduction

The function of parietal cortex in primates is thought to be largely
involved with maintaining a spatial reference system that is in part used for
guiding movements of the eyes, limbs, and head (for review, see Hyvirinen,
1982; Andersen, 1995). Additionally, the projections of parietal cortex onto
motor and premotor cortex may be involved with on-line sensory feedback of
arm, face, and body movements that are made in the environment. The
parietal cortex has mainly been studied with regard to the visual and
somatosensory modalities, and to its relationship with motor function.
Integration of auditory and vestibular-related inputs may also occur based on
lesion studies both in humans and monkeys. Since the cortex of the monkey is
better understood and more accessible with regard to analysis of architecture,
patterns of connections, and physiological response properties, the monkey
serves as an excellent model for furthering our understanding of the basic

organization of parietal cortex and multimodal integration in primates.

Clinical studies

Much of our understanding of the function of parietal cortex in humans
is derived from studies of lesions. Bilateral damage to parietal cortex (i.e.
strokes or gunshot wounds) have resulted in variety of deficits first described
by Balint (1909). The deficit of Balint's syndrome includes three main
characteristics: psychic paralysis, which is characterized by a patients
inability to look toward a point in the peripheral visual field; optic ataxia,
which is manifested as dift'iculty or an inability to direct the hand toward

visually presented targets; and spatial attention deficits, where no defect is
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present in the vision of a patient per se, but he or she would be inclined to
attend visual stimuli in the right periphery rather than straight ahead. Other
symptoms of parietal lesions include difficulty in avoiding obstacles when
walking, counting, drawing maps or pictures as a whole. Additionally, patients
tend not to see the whole of a picture or scene, but rather viewing the world in
a piecemeal fashion (Holmes, 1918).

Unilateral lesions of right parietal cortex result in neglect of the
contralateral visual field and body half, such that a person may not dress,
shave, or lénd to the left half of their body, denying that it belongs to them
(Denny-Brown and Chambers, 1958). The deficits resulting from left versus
right parietal cortex have much in common, in that each hemisphere largely
represents the contralateral space.  However, the right hemisphere is more
involved with spatial analysis and body movements, while the left is more
concerned with the mechanisms of language (Critchley, 1953; Denny-Brown

and Banker, 1954).
Behavioral studies in monkey

In monkeys, lesions of parietal cortex (areas 5 and 7) produce similar
symptoms to those in humans, though are generally less pronounced, and
have not been found to have any hemispheric asymmetry.  The resulting
deficits largely implicate somatosensory/motor and visual integration, but also
vestibular and possibly auditory modalities. Sensorimotor-related symptoms
resulting from unilateral lesions include reaching deficits characterized by
slowness in movement, general clumsiness in the use of the animal's
contralateral limbs and arm projection on both sides of the midline (with and

without visual guidance), and modification in the shaping of the hand and



3
fingers upon approaching a target (Peele, 1944; Fleming and Crosby, 1955;

Hartje and Ettlinger, 1973; Lamotte and Acuna, 1978).

Visual-related symptoms of parietal lesions or cooling include
visuospatial disorientation (characterized by difficulty in assessing the
location of a target relative to other targets), eye movement deficits that
impair visual search (Latto, 1978), and visual extinction, where if two stimuli
are presented, one in each hemifield, the animal will ignore the one
contralateral to the lesion (Stein, 1978). Unilateral neglect has also been noted
in monkeys‘ with lesions of areas 5 and 7, wherein the animal is disinclined to
use the contralateral limbs, and is less reactive to tactile and painful stimuli

(Peele, 1944).
Organization of parietal cortex in monkey.

Historically, parietal cortex of the macaque monkey was comprised of
areas 5 and 7 (cf. Brodmann, 1907). These regions have undergone multiple
re-parcellations, and currently include nearly a dozen distinct areas, many of
which are buried within the intraparietal sulcus (IPS). Criteria for
delineating these areas are derived from combinations of architecture,
physiology, and patterns of connections.  Cortex extending along postero-
lateral portions of the IPS is dominated by areas high in the visual hierarchy
(classic area 7). It is part of the dorsal or "where" stream (Desimone and
Ungerleider, 1989), being largely involved in spatial analysis as opposed to
object recognition (the "what" stream). Antero-medial portions of the IPS are
occupied by high order somatosensory cortex, especially involving the arm
(classic area 5). For instance, cells in area 5 have complex receptive fields,

such as multiple joint interaction, bilateral interactions of the forelimbs and
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body, and a wide range of limb movements (Sakata et al., 1973). Thus, this
region is thought to be a site that represents the position and form of the body
and limbs, and of tactile objects in three-dimensional space.

In between the predominantly visual and somatosensory regions lies a
long and nearly contiguous stretch of cortex that is known or suspected to
contain cells with bimodal or polymodal response properties. This includes the
fundus of the IPS, and extends both to the medial wall and to parieto-temporal
cortex: Specifically areas MIP and possibly MDP (7m) (Colby and Duhamel,
1991; Cavada and Goldman-Rakic, 1989), the ventral intraparietal area (VIP)
(Duhamel et al., 1997), 7b (Hyvirinen and Poranen, 1974, Leinonen and
Nyman, 1979), and Tpt (Leinonen et al.,, 1980). Bimodal area VIP lies along the
fundus of the IPS, which served as a focus in this study. Detailing the
connections of VIP relative to the surrounding architectonically defined areas
in parietal cortex and other portions of the cerebral hemisphere offers a

chance for exploring the circuitry underlying multimodal integration.
Background of area VIP

Area VIP appears to be a physiologically distinct area, yet anatomically is
not well understood, primarily for two reasons. First, it is a small area buried
deep in cortex, residing along the middle third of the fundus of the
intraparietal sulcus.  Therefore, the standard method of visually guiding a
pipet to a target site to inject neuronal tracers is not possible. Instead, one
must utilize alternative methods such as physiological mapping or removing
obstructing cortex. The second reason is that VIP is high in the visual and

somatosensory hierarchy, 6 to 9 levels up from its sensory inputs, and thus
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mainly connected with areas which themselves are not well understood (and
lack sharply defined borders).

Seltzer and Pandya (1986) have described an architectonic region
extending across most of the fundus of the IPS (area IPd), which appears to
include area VIP of this study, in addition to cortex further anterior and
posterior. Area VIP was originally defined by its connections with area MT
(Maunsell and Van Essen, 1983), which revealed a projection zone located in
and around the middle third of the fundus of the intraparietal sulcus.
Although t.h'c architectonic borders of VIP were not examined in their study,
the connectivity features were considered distinctive enough to warrant
calling the projection zone a separate cortical area.

In subsequent studies, the issue has been raised that the MT projection
zone of the IPS may include more than one architectonically and
physiologically distinct area. For instance, Ungerleider and Desimone (1986)
observed connections between MT and a densely myelinated area they termed
VIP*, located on the lateral wall of the IPS, in addition to the region along the
floor of the fundus. This densely myelinated area has subsequently been
identified as area LIPv by Blatt et al., (1990), who also reported connections
with this area and MT (also see Colby and Duhamel, 1991). Thus, the MT
projection zone in the IPS is likely to include at least two distinct cortical

areas.

Connectivity of estimated VIP. Previous connectivity studies have
demonstrated that the fundal region of the IPS is connected with both visual
and somatosensory areas (Pandya and Kuypers, 1969; Pandya and Seltzer, 1982;
Seltzer and Pandya, 1980). Though area VIP was not explicitly mapped in

earlier studies, the estimated location of VIP was found to connect with visual-
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related areas V2 and V4 (Seltzer and Pandya, 1980), V3 and VP (Felleman et al.,

1997), PO (Seltzer and Pandya, 1980; Colby et al., 1988), MDP (7m) and 7a
(Pandya and Seltzer, 1982; Seltzer and Pandya, 1986), plus saccade-related areas
LIPd and LIPv (Blatt et al., 1990). Connections with visual motion-related areas
in the posterior half of the STS include MT (as described above), FST and
various subdivisions of MST (Ungerleider and Desimone, 1986; Boussaoud et al.,
1990), and polysensory areca TPOc (TPO-4, Seltzer and Pandya, 1991).

From sensorimotor-related cortex, moderate connections with the
estimated lo‘cation of VIP include cortex near the tip of the IPS (Pandya and
Seltzer, 1982), area 5 and 7b (Seltzer and Pandya, 1986), and premotor cortex
(Tanné et al., 1995). Lighter connections may include the hand and arm
representations of somatosensory areas 1 and 2 (Burton and Fabri, 1995;
Pearson and Powell, 1985; Seltzer and Pandya, 1980), and of primary motor

cortex (area 4, Leichnetz, 1986).

Physiology of VIP. The visual response properties of VIP neurons
were characterized by Colby et al., (1993). They describe VIP as containing a
high incidence of selectivity for the direction of a moving stimulus. Also, VIP
cells are selective for speed of stimulus motion, and are responsive to whole-
field motion.  These response properties distinguish VIP from the surrounding
cortex (areas 5, LIPv, AIP, and PIP), and are similar to the response properties
of areas MT, MST and other regions of the superior temporal sulcus (STS).
Additionally, some VIP neurons respond best to a stimulus moving toward the
animal, particularly when the anticipated point of contact of the stimulus is on
the animal's face. A minority of VIP cells are selective for the distance at
which a stimulus is presented, often preferring "ultra-near" stimuli, within 5

centimeters of the animal's face. This response property is consistent with the
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behavior resulting from a unilateral lesion of VIP, which includes a deficit
selective for near stimuli (Duhamel et al., 1997), such as drinking from a water
bottle with only the ipsilateral side of the mouth (Dr. Colby, personal
communication).

VIP cells differ markedly from cells in the STS and from neighboring
area LIP (and PIP) in that VIP has somatosensory-related response properties
(Colby and Duhamel, 1991). Roughly three quarters of VIP neurons can be
independently driven by stimulation of somatosensory receptive fields found
primarily ()11‘ the face and head, ranging in size from 1 to 8 cm?2 (Duhamel et
al., 1997). Cells respond to passive superficial stimulation of the skin surface
and hair, and many show a preference for the direction of the tactile
stimulation.  Small tactile receptive fields are typically centered near the lips
and nose (the somatosensory "fovea"), while larger receptive fields are located
on the top or side of the head, or neck. Some cells are responsive to joint
rotation of the hand and upper limb, though are minor in number relative to
cells with a face or head representation.

More striking is that many VIP neurons have visual and somatosensory
receptive fields that tend to correlate with one another in size and location, as
described by the above authors. For instance, the top of the face corresponds
with upper visual field representations, and the lower face and sometimes arm
or hand tactile receptive fields correspond with the lower visual field.
Together, the above properties led the above authors to propose that VIP has a
role in subserving eye/hand and mouth coordination, such as with feeding

behaviors (Colby et al., 1993).



Networks that may involve VIP.

Other regions of the macaque brain show visual plus somatosensory
(bimodal) response properties similar to those of VIP, including 7b
(Hyvidrinen and Poranen, 1974; Leinonen and Nyman, 1979), premotor cortex
(peri-arcuate area 6, Rizzolatti et al., 1981a,b), the putamen (Graziano and
Gross, 1994), and possibly temporal cortex along the STS (TPO, Mistlin and
Perrett, 1990). Areas 7b, premotor cortex, and the putamen are known to
contain sorhat.ot.opic maps (including at least arm/hand representations in
addition to the face), and together with VIP may represent the animal's
extrapersonal space in a somatotopic fashion (Graziano and Gross, 1994).

Studies of premotor cortex have suggested separate networks for visually
guided reaching versus grasping, which is supported by connections with
parietal cortex (Tanné et al., 1995). Specifically, areca VIP, together with visual
areas LIP, PO, 7a, and MDP, were found to be connected with dorsal premotor
cortex, which is involved with visually guided reaching network. In contrast,
neighboring somatosensory-related arecas AIP and portions of area 5 are
connected with ventral premotor cortex, which is involved with grasping-
related behaviors (Tanné et al., 1996). The region of cortex in the vicinity of
VIP, AIP, and LIP contains cells responsive to hand movements (Taira et al.,

1990), though the connections of this region are not well understood.

A vestibular network? Currently, there does not appear to be a
discrete vestibular sensation, but vestibular cortical afferents are integrated
with other sensory modalities concerning, for instance, the spatial relations of
our head and body with the environment (c¢f. Akbarian et al., 1994). Parietal

cortex (both in human and monkey) may integrate vestibular information to
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the extent that lesions result in defects in recognition of posture (spatial
orientation with respect to the body) and also in tactile localization
(orientation in the extrapersonal space) (Head, 1920; Schwarz and Fredrickson,
1974). Graf et al., (1996) found that roughly a third of VIP neurons show
vestibular sensitivity, and that the preferred directions for vestibular and
optokinetic activation are in the same direction (non-complementary).  They
concluded that VIP may be signaling overcompensation of eye or head
movement responses, and/or detecting constant spatial coordinates.  This
finding raisés the possibility that VIP may be connected with a network of
vestibular-related cortical areas, such as those known to connect directly with
vestibular nuclei shown by Akbarian et al., (1994). Such a pattern is likely to

emerge in the analysis of VIP connectivity patterns.

An auditory network? Immediately dorsal to area VIP lies area LIP,
which is predominantly visuo-motor in function though appears to be
involved with integrating information from auditory stimuli. For instance,
LIP neurons are responsive to auditory cues, pertaining to "remembering" the
location of an auditory target to which the animal must make a saccade
(Andersen, 1995; Linden et al., 1996). Since LIP and VIP appear to have a
similar roles in representing the three-dimensional space around the animal
(possibly encoding intention for eye and somatic movements, respectively), it
seems likely that VIP too might integrate auditory information. However,

auditory-related connections with LIP or VIP remain to be established.
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Summary

Clinical, behavioral and electrophysiological data indicate that parietal
cortex is involved with maintaining a spatial reference system with regard to
visual, somatosensory and vestibular-related modalities, motor function, and
possibly the auditory modality.  Several distinct parietal areas are thought to
play different roles in the process of sensory integration, one of which is area
VIP. The cortico-cortical connections of VIP are presently not well
understood.‘ This thesis addresses the architecture and connections of the
intraparietal sulcus so as to serve as a guide for more precise behavioral and

electrophysiological investigation.
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CHAPTER 2:  Architectonic Parcellation of
Parieto-occipital Cortex and Interconnected

Cortical Regions in the Macaque Monkey

ABSTRACT

The intraparietal sulcus (IPS) of the macaque monkey contains numerous
areas that .are associated with different aspects of cortical function, including
motor control as well as visual, somatosensory, and perhaps auditory
processing.  This study analyzes the architectonic organization of areas within
the IPS and regions with which it is connected. Cortical areas plus gyral and
sulcal geography were visualized on computationally generated flat maps,
which facilitated the analysis of consistent as well as variable aspects of the
sizes and relative positions of areas across cases.

Using myelin and Nissl stains, plus immunohistochemical staining with the
SMI-32 antibody, 17 architectonic subdivisions were identified that are largely
or entirely contained in the intraparietal and parieto-occipital sulci.  This
includes four newly identified regions: a heavily myelinated lateral occipito-
parietal zone, termed LOP (previously considered part of V3A); a small, strongly
SMI-32 immunoreactive zone termed 7t (previously considered part of area 7b);
plus VIPm and VIPI, which are the medial and lateral subdivisions of VIP,
respectively (previously regarded as a single area). Additionally, we identified
areas V3, V3A, PIP, PO, MIP, LIPd, LIPv, 5V (PEa), 5D, MDP, 7a (PG), 7b (PF), and
AIP.

Our analysis of architecture in other regions of the hemisphere confirmed
many previously identified subdivisions, identified some new ones, and

provided revised or supplemental criteria for identifying many others. Within
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the superior temporal sulcus, this includes a newly identified subdivision
MSTdp, (dorsal and posterior to areas MT and MST), and a dorsal inferotemporal
region, ITd, along the ventral bank. The borders of somatosensory area 2 near
the IPS were revised based on combined architectonics and physiological
recordings. Altogether, we were able to chart the full or partial extent of up to
90 areas and architectonic zones over a region covering most of the cortical

hemisphere.
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INTRODUCTION

Cerebral cortex of the macaque monkey is a complex mosaic of many
distinct areas that can be distinguished on the basis of architecture, patterns
of connectivity, topography, and physiological properties. The strongest cases
for defining an area exist when two or more criteria support the same
partitioning, and other criteria do not overtly conflict. However, the
literature is replete with competing partitioning schemes, and includes many
"areas" that.‘ were identified using only a single type of criterion. For example,
the borders of areas MDP and CITd are based on patterns of connections alone
(Colby et al., 1988; Van Essen et al.,, 1990), while the borders of area 31 are
largely based on architecture alone (Vogt et al.,, 1987).

Each of the above approaches to defining an area can be ambiguous,
especially architectonics, because of intrinsic heterogeneity known to exist
within the boundaries of well defined areas, such as the thick and thin stripes
of V2 (cf. Livingstone and Hubel, 1984; DeYoe et al., 1990). This is especially
problematic in regions physically further from primary areas (at more
advanced stages of processing), which tend to show more ambiguous
architectonic features. Higher areas also tend to be smaller than primary and
secondary sensory areas, yet the modularity reported within an area is coarser
in at least some cases (Carmichael and Price, 1994). This makes it difficult to
distinguish unambiguously between different areas versus subdivisions of a
single area.  Another problem arises from variability in the robustness and
consistency of architectonic boundaries from animal to animal. Despite these
caveats, architectonic analysis remains an invaluable guide for assessing the
overall layout of cortical areas and landmarks, especially in the face of

individual variability. Regardless of the semantics of how regions are labeled,
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consistently identifiable architectonic landmarks or zones are likely to have
functional significance, and hence be useful for furthering our
understanding of cortical organization.

In the parietal lobe, multiple partitioning schemes have been described,
based largely on cytoarchitectonic and myeloarchitectonic criteria (von
Bonin and Bailey, 1947; Jones et al., 1978; Pandya and Seltzer, 1982; Seltzer and
Pandya, 1986; Colby et al., 1988; Blatt et al.,, 1990; Preuss and Goldman-Rakic,
1991b). Within and near the intraparictal sulcus (IPS), nearly a dozen areas
have been identified or proposed. Together, these areas comprise a major site
where visual, somatosensory, and possibly other modalities (sensory and
motor) integrate. The lateral bank of the IPS receives inputs predominantly
from the dorsal stream of the visual system (Ungerleider and Mishkin, 1982),
while the medial bank receives predominantly somatosensory inputs,
including cells responsive to complex hand and arm movements (Sakata et al.,
1973; Mountcastle et al., 1975; Iwamura et al., 1994). Some of the
architectonically defined arecas of the IPS are further distinguished by
differential patterns of connections and/or by physiologically defined
transitions (Colby and Duhamel, 1991; Colby et al., 1993; Blatt et al., 1990; Seltzer
and Pandya, 1986). However, the number and areal extent of many areas and
putative subdivisions of the IPS are still unclear or poorly characterized both
in architecture and patterns of connectivity.

In the present study, we re-examined the architecture of cortex in and
near the IPS, and of regions throughout the hemisphere which are connected
with intraparietal cortex (Chapter 3). In addition to cyto- and
myeloarchitectonic parcellation, our analysis was aided by
immunohistochemical techniques, including the SMI-32 immunoreactivity

and CAT-301 immunoreactivity. The SMI-32 antibody has been shown to
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differentiate numerous areas of visual cortex (cf. Hof and Morrison, 1995;
Cusick et al.,, 1995) and frontal cortex (Carmichael and Price, 1994). Similarly,
the CAT-301 antibody differentially stains regions of visual and somatosensory
cortex (McGuire et al., 1989; DeYoe et al.,, 1990). With the combined analysis of
these four techniques, several newly defined regions and some significant
modifications from previous studies are presented, involving regions
throughout all lobes of the hemisphere.

To reduce confusion in how distinct architectonic regions are labeled, we
distinguish ;'arcas” from "zones." The term "area" is applied to cortical regions
that are largely consistent with distinct areas identified in previous studies
(especially when supported by independent criteria). We use the term "zone"
to denote a region that can consistently be identified in our architectonic
analysis, but where our data are insufficient to determine whether it is a
distinct cortical area, part of a larger architectonically heterogeneous area, or
may itself contain multiple subdivisions.

As a tool for analyzing and representing the architectonically derived
areal boundaries of cortex, we use computationally derived two-dimensional
maps (flat maps) of nearly the entire hemisphere (Drury et al., 1996a). This
application facilitates analysis of the total extent of areal boundaries relative
to three dimensional sulcal patterns.

Some of these results have been presented as abstracts (Lewis and Van

Essen, 1994, 1996).
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MATERIALS AND METHODS

Animals

Results were obtained from 10 juvenile-adult Macaque fascicularis monkeys
(6 females and 4 males) weighing between 2.0 and 3.8 kg. Prior to perfusion,
retrograde tracers had been injected into two or three sites in or near parietal
cortex in each case (one hemisphere only), as part of a companion study of the
connections of intraparietal areas (Chapter 3). Also, in 3 cases, somatosensory
cortex in and near the postcentral gyrus was mapped electrophysiologically to
identify the digit and face representations.  All procedures were performed
according to protocols approved by the Animal Study Committee at Washington

University or the California Institute of Technology.

Intracardial perfusion

Prior to perfusion, animals were sedated with ketamine (i.m., 10 mg/kg),
and xylazine (i.m., 0.1 ml/kg). Heparin sulfate (i.v., 25,000 units) was injected,
and after 5 to 10 minutes, an overdose of sodium pentobarbital was injected
(i.p., 30 mg/kg and i.v., 30 mg/kg). Once deep anesthesia was attained,
intracardial perfusion was initiated with a solution of 0.1M phosphate buffer,
pH 7.4, with 10,000 Units/I. Heparin sulfate and 40 mg/L. Lidocaine (30 - 50
ml/min for 20 minutes). There followed perfusion with 4% paraformaldehyde
in 0.1M phosphate buffer at pH 7.4-7.5 (15 min), buffered 4%
paraformaldehyde with added increments of 10% sucrose (8 - 10 min), 20%
sucrose (4 - 5 min), and 30% sucrose (optional, 2 - 5 min), and finally, 200 ml of
30% sucrose in 0.1M phosphate buffer. Brains were removed and stored until

sinking at 49C in a series of ascending sucrose solutions (10%, 20%, and 30%)
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in 0.1 M phosphate buffer (total 3-5 days). The hemispheres were blocked and
photographed during the 20% or 30% sucrose solution phase of sucrose

equilibration.

Histological processing

Prior to sectioning, fiducial alignment marks used in subsequent 3D
computer reconstructions were generated by impaling each block of cortex
with clect.rodes or pins coated with India ink perpendicular to the plane of
sectioning.  Sections were cut at 60 pm thickness on a freezing microtome, and
stored refrigerated in 0.1M phosphate buffer. Blocks were cut in the coronal
plane (10 hemispheres), or orthogonal to the IPS (3 hemispheres) or
parasagittally plane (1 hemisphere). One-in-six series of sections were used
for Nissl (Thionin) staining, Myelin staining (Gallyas, 1979), SMI-32
immunoreacted staining, and CAT-301 immunoreacted staining. In some cases,
acetylcholinesterase staining (Bear et al., 1985) was performed on sections
expected to contain primary auditory cortex. Low-power micrographs of
histologically stained sections were obtained from a Zeiss microscope

(Axioplan) and from a macrophotography system by Nikon.

SMI-32 immunoreaction. Immediately after sectioning, free-floating
sections were washed at room temperature twice for 10 to 30 minutes in 0.1M
Phosphate buffer. The diluent for SMI-32 antibody staining was 0.1 M
phosphate buffer, 0.3% Triton X-100, 0.5 mg/ml BSA fraction V, 2% (v/v) Goat
or Horse Serum. The usual working dilution of the primary antibody, SMI-32,
was 1:8,000 (Sternberger Monoclonals, Inc.). Sections were then incubated

with the primary antibody ranging from 1 to 4 days (typically 2 days), gently
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shaken at 4°C. Sections were thoroughly washed (3X, 10 min each) in buffer
and then incubated with biotinylated secondary antibody (1:100) for 1 to 2
hours, and gently shaken at room temperature. Following thorough rinsing
in buffer, sections were incubated with avidin-biotin-peroxidase complex
reagent (ABC elite kit: Vector Labs, Berlingame, CA) for roughly 1 hour, and
again thoroughly rinsed. Sections were stained by one of two chromagens for
5 to 30 minutes. The most sensitive chromagen was, coincidentally, VIP
(Vector Inc., VIP kit), which stained cells and dendrites a deep maroon.
Alternatively, Vectastain (Vector Inc.) was also very sensitive, and stained cell
bodies black and dendrites a dark gray. The SMI-32 monoclonal antibody,
which binds to a non-phosphorylated epitope on medium and heavy chains of
the neurofilament protein (Lee et al., 1988), mainly labeled cell bodies and
proximal portions of basal and apical dendrites (Campbell and Morrison, 1989;
Hof and Morrison, 1995).

In general, the SMI-32 immunoreactivity in our tissue appeared to be less
sensitive for the smaller pyramidal cells throughout the cortical ribbon
compared to other studies (Lee et al., 1988; Campbell and Morrison, 1989;
Carmichael and Price, 1994; Hof and Morrison, 1995; Cusick et al., 1995).
However, the differential staining patterns described herein were

reproducible across multiple cases.

CAT-301 immunoreaction. The diluent for CAT-301 antibody staining
was 0.1M Phosphate buffer, 3% Triton X-100, 2.5% (v/v) Horse serum. The
working antibody dilution was [:3 in 0.1M phosphate buffer of a stock solution
kindly provided by Dr. Susan Hockfield. Immediately after sectioning, free-
floating sections were washed in 0.IM Phosphate buffer (2X, 10 min at room

temperature), then incubated in the primary antibody for 2 days, at 4°C and
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gently shaken. Sections were thoroughly washed in buffer (3X, 10 min), and
then incubated for 1 to 2 hours with 1:25 dilution of peroxidase-conjugated
secondary antibody (Sigma Co. or Cappel). Sections were thoroughly rinsed in
buffer and then incubated for 5 to 30 minutes with 0.02 - 0.05% 3,3'-
diaminobenzidine tetrahydrochloride (DAB), 0.1% nickel ammonium sulfate,
0.03% hydrogen peroxide. The patterns of CAT-301 immunoreactive label were
remarkably similar to those of SMI-32 antibody staining, both in overall
distribution as well as relative intensities of label throughout the hemisphere
(ctf. McGuire et al., 1989; DeYoe et al.,, 1990). However, architectonic transitions
in the CAT-301 processed sections were generally not as sharply defined as
with SMI-32 processed sections.  Thus, they supplemented and further verified

architectonic transitions rather than defined them per se.

Computerized reconstructions and neuroanatomical analyses

Reconstructions of the cortical surface were based on tracings of cortical
layer 4 (or the boundary between layers 3 and 5) in a one-in-six series of
sections used for scoring retrograde tracer in the companion chapter.  Using
the computerized neuroanatomy software MDPlot (version 3.0, Minnesota
DataMetrics), the pial and layer 4 surface contours, and fiducial alignment
marks were plotted. The borders of architectonic areas, zones, and transition
regions identifiable on individual histological sections were transferred to a
printout of the nearest corresponding section plotted for the layer 4 contour.
The extent of transition regions ranged widely, from as little as 0.2 mm to as
much as 6 mm along the cortical ribbon, depending on the sectioning angle,
variations in staining quality, and the inherent robustness of the particular

architectonic border. In sections stained for myelinated fibers, areas varied
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in the degree of radial or tangentially oriented fiber bundles versus matted
appearances, and in the presence of inner (mainly layer 5) and outer (mainly
layer 3) bands of fiber plexi ("bands of Baillarger"). SMI-32 immunoreactive
(SMI-32-ir) cell label differentially stained many cortical areas, based on
different cell sizes, laminar distribution, and overall density of labeled cells, as
reported elsewhere (Lee et al.,, 1988; Campbell and Morrison, 1989; Carmichael
and Price, 1994; Hof and Morrison, 1995; Cusick et al.,, 1995).

Architectonic transitions from all staining methods were taken into
consideration when producing final areal boundary estimates, though
preference was given to the stain(s) that best define a given area according to
previous studies, unless indicated otherwise. In cortical regions with
conflicting architectonic criteria, we adopted the definitions that appeared the
most robust in our tissue across the 14 hemispheres used in this study. The
collective set of architectonic boundary estimates for each hemisphere or
cortical block were translated to a rudimentary flat map on paper, which
served as a means for organizing all areal boundaries.

The resulting set of areal boundary estimates were entered as points
along the layer 4 contour of the nearest corresponding plotted sections in
MDPlot. Data sections were then transferred from the personal computer to
UNIX workstations (Silicon Graphics R4400 Indigo 2, Mountain View, CA).
Using the software package CARET (Computerized Anatomical Reconstruction
and Editing Tool kit, http://vl.wustl.edu), neighboring sections were aligned
by global translation and rotation, with reference to the fiducial alignment
marks and layer 4 contours. During the initial reconstruction phase, not all
portions of a section could be precisely aligned to its neighboring sections
using simple translations and rotations, due to local tissue distortions from the

original slide mounted tissue sections. Thus, a smoothing procedure was used
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to reduce the presence of small scale "ripples" in the reconstruction and
ensuing flat map. Wire-frame surface reconstructions of layer 4 were
generated using a public-domain software program (Nuages) that allows the
three-dimensional reconstruction of complex shapes from the contours
contained in a series of sections (Boissonnat, 1988; also see Drury et al., 1996a).

Three-dimensional reconstructions were converted into topographically
correct and minimally distorted flat maps using the FLATTEN software (Drury
et al.,, 1996a). One or two cuts were introduced extending out from the corpus
callosum to facilitate the flattening process, similar to previous cortical flat
maps produced in this lab (Van Essen and Maunsell, 1980; Drury et al., 1996a).
Minimizing distortions (multiresolution morphing) was an iterative process,
and a flat map was considered sufficiently undistorted when two criteria were
met. The first was that subsequent morphing iterations no longer produced
significant changes, the second involved inspection of the resulting distortion
maps for each case to verify that no excessively distorted regions were
present. The mean distortion average of tiles ranged from 4 to 13%,
comparable to values from other computer generated flat maps in our lab
(ibid.). These overall distortion values were assessed by comparing the area of
each tile that made up the layer 4 surface in the three-dimensional
reconstruction (roughly 90,000 tiles for large cortical blocks) with the area of
the corresponding tile in the two-dimensional map. Because the flat maps
necessarily contain some distortions, linear distances on the flat maps are
denoted as "map-cm." They correspond to actual 3D distances only where there
is no linear distortion on the map.

The mean curvature of each map was calculated and used to reveal cortical
geography.  Briefly, the mean curvature was determined by averaging the

maximum curvature value associated with each node (such as the rounded
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portion of a cylinder) with a curvature value for that same node in the
direction orthogonal to the maximum (i.e. along the height of the cylinder). A
gray-level representation of curvature was generated by interpolating
between adjacent nodes (Drury et al., 1996a).

Areal boundary points (described above) were assigned 3D coordinates and
an identity. Each point was projected to the nearest tile in the 3D surface
reconstruction of layer 4. By preserving this geometrical relationship,
architectonic boundary points could then be positioned on the flat maps
relative to the nearest tile.  Architectonic boundary outlines were entered
manually on the flat maps in CARET with reference to the architectonic
boundary marks. The collection of areal boundary marks, however, rarely
defined a smooth outline, and thus a smoothed contour running close to the
innermost set of points was. drawn (see Fig. 2). Outlines were used to represent
the cores of architectonically defined arecas or zones that have been described
in previous studies or could be consistently identified across multiple cases.
Transition regions and cortex of uncertain identification were excluded from
these core outlines. In maps that include most of the cortical hemisphere,
several thousand architectonic border transitions contributed to the outlines
of core areas and zones in the final cortical map. Descriptions of each
architectonic area and zone distinguished in this study are presented in

Appendix A, and at our WWW site (http://vl.wustl.edu).

Electrophysiological recording

In three experiments, post-central somatosensory cortex was

electrophysiologically mapped to identify the digit and face representations

and physiologically identifiable areal boundaries in the vicinity.  Animals
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were initially anesthetized with ketamine (10 mg/kg i.m.), and administered
glycopyrolate (11 mg/kg i.v.) and dexamethasone (0.27 mg/kg i.v.). Surgery
was carried out under isofluorane anesthesia (2-5% with air), and animals
were artificially respirated and monitored for expired CO2, heart rate, and core
temperature. A unilateral craniotomy was made over the post-central gyrus,
and the exposed cortex was covered with siloxane. For electrophysiological
recording, anesthesia was switched to Sufentanil (4 - 8 pg/kg/hr) in an
intravenous solution including Sufentanil Citrate, 0.02 mg/ml Dexamethasone,
0.9% NaCl, and 2.5 - 5% glucose.

Multiunit responses were recorded with Tungsten electrodes (A-M Systems,
Inc.). Tactile receptive fields were characterized and assigned to
somatosensory areas using criteria similar to those described by Pons et al.,
(1985) and Burton and Fabri, (1995). Area 1 responses were characterized by
cutaneous responses on the digits by using a fine paint brush stimulus. Area 2
was responsive to deeper stimulation (gently prodding with the back end of
the paint brush), and was less responsive or not responsive to cutaneous
stimulation.  Cortex posterior to area 2 (probably area 5), near and along the
anterior bank of the IPS, was characterized by cells that were best driven with
fast movements or joint movement, and were not driven by cutaneous or
prodding stimulation. Electrodes were coated near the tip with India ink to
mark their tracks. Electrolytic microlesions were placed at a few recorded

regions to further assist in track reconstruction.
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RESULTS

In each hemisphere, we identified up to 90 areas and zones throughout
most of the cortical hemisphere, including several previously unreported
zones and subdivisions.  Our analysis starts with the intraparietal/parieto-
occipital region, which was studied the most intensively, and also used to
illustrate the multiple formats in which data are represented and analyzed.
Five other geographic regions are then discussed, including temporal cortex,
the lateral sulcus, somatosensory cortex, premotor and prefrontal cortex, and
cingulate cortex.  Architectonic features of each area and zone are further

detailed in Appendix A.

Architectonic organization of the intraparietal sulcus

Our criteria for architectonic parcellation of cortex in and near the
intraparietal sulcus (IPS) were based largely on the descriptions by Blatt et al.,
(1990) for areas of the lateral bank of the IPS, including LIPv, LIPd, and 7a, by
Colby et al., (1988) for posterior areas MIP, PO, PIP, V3A, and MDP, by Van Essen
et al., (1986) for V3, by Preuss and Goldman-Rakic, (1991b) for AIP, and Jones
et al., (1978) for area 5.

Figure 1 shows myelin and SMI-32 processed coronal sections at two
antero-posterior levels of the IPS of case 95DR. In both pairs of sections there
is a strong correlation between the density of myelination in a given region
(particularly in layers 3-5) and the density of SMI-32 immunoreactive (SMI-
32-ir) cell label in layers 3 and 5. For example, in coronal sections midway
along the IPS (Figs. 1A and 1B), there were two heavily myelinated regions,

one corresponding to LIPv (Blatt et al., 1990) on the lateral bank, and another
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that we identify as zone VIPm (the medial portion of area VIP), on the medial
bank. Both of these subdivisions showed strong SMI-32 immunoreactivity in
this section (Fig. 1B), though this tended to be more robust and consistent in
LIPv than in VIPm. Cortex along the fundus, zone VIPl, appeared lighter both
in myelin stains and SMI-32-ir cell density. Area LIPd was also more lightly
myelinated (dorsal to LIPv on the lateral bank), typically showing well
separated bands of Baillarger. The ventral-most portion of area 5, termed zone
5V (dorsal to VIPm on the medial bank) showed myelination and SMI-32-ir cell
label that was lighter than VIPm, though the relative density of each stain was
variable along the antero-posterior axis (typically denser overall in area 5 in
sections further anterior, as addressed below).

In addition to the more salient staining features evident in Figures 1A and
1B, several additional characteristics of each area helped in identifying
boundaries. For example, zone 5V had pronounced inner and outer bands of
Baillarger that were well separated from each other along the antero-
posterior extent of the IPS, whereas VIPm was characterized by a single thick
and matted band of myelination in layers 3 through 5. This laminar
distinction was more reliable as a cortical transition marker than the overall
density alone. Another important distinction evident in Figure 1A, is that the
gray matter of LIPv tends to be thicker than in neighboring areas LIPd and
VIPI, giving it a bulged appearance. This feature, which is most prominent in
posterior portions, is unlikely to be an artifact of cortical folding per se (cf.

Blatt et al., 1990), and thus also served as a useful marker.
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Figure 1. Coronal sections through middle and posterior portions of the IPS
of case 1 (95DR), stained for myelinated fibers (A, C) and stained with the SMI-
32 antibody (B, D). Bars along white matter indicate transition regions
between cortical areas and zonmes. Dorsal is up and lateral to the right. Panel
scale bar is 1 mm. Left inset shows a drawing of the brain, indicating the
approximate location of the pairs of sections. Middle and right insets are
drawings of the coronal sections nearest the sections in panels C and A,
respectively. The box indicates the location of the photographs. Inset scales

are 1 cm.
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Figure 2. Illustration of the transition from coronal sections with
architectonic data to the flat map representation. (A, B) Drawings of coronal
sections showing several architectonic boundaries. @ The pial surface and
boundary between gray and white matter are indicated by solid lines. Dashed
lines represent layer 4 or the boundary between layers 3 and 5, and is the
contour used for generating reconstructions of cortical blocks. Shaded
regions indicate transitional architecture. @ The final border estimates
indicated were derived from the combined analysis of four histological stains,
and thus may differ from the transitions indicated in any one section from
Figure 1. Scale bar is 1 cm. (C) Lateral view of right hemisphere of case 95DR.
(D) A slightly smoothed three-dimensional computer reconstruction of 95
coronal sections spaced 360 micrometers apart, with the sections in panels A
and B indicated. (E) A highly smoothed version of the same cortical block,
revealing much of the buried cortex. (F) Unfolded map of cortex produced
according to method of Drury et al.,, (1996a). The curvature map reveals the
sulcal pattern evident in panels D and E. To reduce surface distortions, one cut
(dashed lines) was introduced along the medial wall, posterior to the corpus
callosum. In all flat maps, anterior is to the right, and dorsal and medial are
roughly up. (G) Illustration of transitional cortex ("error bars") surrounding
cortical area LIPv. (H) Distortion map illustrating regions of expansibn
(lighter shades) and contraction (darker) (refer to methods). The residual
distortions tend to lie along the perimeter of the map (for example the white
region in lower right edge of map). Minor local compressions are common
along the fundi and expansions along the sulcal ridges. The scale cross for the
flat maps is 1 map-cm, and is accurate for portions of the map that are

undistorted.
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Figure 3. Present and previous parcellations of parieto-occipital cortex (all
oriented as right hemispheres to facilitate comparisons. (A) flat map of case
95DR with curvature from Figure 2F. (B) Expanded view of the parieto-
occipital region, with seventeen architectonically identified areas. The total
extent of V3 proper and V3A proper may fall outside the expanded region
illustrated, based on geography. White contours indicate location of sections
illustrated in this report. Scale bar and cross are 1 map-cm. Other
conventions as in Figure 2. (C) Seltzer and Pandya (1986) defined IPd along the
fundus, which overlaps AIP, VIP, and possibly portions of PIP in the present
study. PEa overlaps much of 5V, and POa overlaps LIPv and LIPd. (D) Preuss
and Goldman-Rakic (1991b) introduced area AIP and refinements on area 7.
(E) Colby et al., (1988) introduced areas PO and MIP (dotted outlines) which
were adopted in this study. The dotted outline of VIP and LIP probably
correspond with LIPv of the present study. Dashed lines represent fundi, and

broad lines represent the sulcal ridges.
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Figures 1C and 1D illustrate a different set of architectonic subdivisions in
more posterior portions of the IPS. On the medial bank, area PO was
characterized by relatively heavy myelination with a strong radial component
(Colby et al.,, 1988) and strong SMI-32-ir cell label with a relatively broad layer
3 (Hof and Morrison, 1995). On the lateral bank, a newly designated zone LOP
(lateral occipital parietal) was also characterized by its relatively dense
myelination and by a correspondingly dense pattern of SMI-32-ir label,
especially in layer 3. Cortex along the fundus (Fig. 1C) was more lightly
myelinated than either PO or LOP, but was scored as transitional because it was
not identifiable as part of adjoining arcas V3A or PIP. Dorsal to PO on the
medial bank, is a lightly myelinated area identified as MIP, also distinguished
by a thin, prominent inner band of Baillarger (Colby et al., 1988). Cortex
dorsal to LOP on the lateral bank was designated as transitional in this section,
probably belonging to LIP or DP.

In Figure 1, the pattern of myelination and SMI-32-ir label in LOP appears
similar to that seen in LIPv. However, the two were separated by a narrow
region of sparser SMI-32-ir cell label on intervening sections, and LOP
extended further posterior than the location of the posterior border for LIPv
(Blatt et al., 1990). Additionally, LIPv generally had a stronger radial
component as compared with the more matted appearance in LOP (also see Figs.
8 and 9). Differences in connections also support this subdivision (cf. Chapter
3).

Flat map representation. Starting with the sections shown in Figure 1,
Figure 2 illustrates the progression from individual coronal sections to a
three-dimensional reconstruction, and from there to a cortical flat map of case
95DR. Panels A and B show section drawings of the two levels illustrated in

Figure 1 (3.6 mm separation), with the dashed line indicating the contour of
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layer 4. In both sections, several architectonically distinct zones and areas
(labels) and transition regions (gray wedges) are indicated along the IPS.

Figure 2C shows a photo of the right hemisphere, and Figure 2D shows a
corresponding layer 4 computer reconstruction of most of that hemisphere,
excluding a portion of the frontal lobe and the tip of the temporal pole that
were in a different tissue block, and all of area V1 (deleted from the
reconstruction to reduce distortions upon flattening). The location of the
coronal sections shown in panels A and B are indicated. Figure 2E shows the
same reconstruction after extensively smoothing the surface, thereby
revealing much of the cortex buried within sulci. The original surface
geometry is represented using a gray-level map of mean curvature, in which
darker shades represent "inward folds", where the crease occurs along the
fundus of a sulcus, and lighter shades represent "outward folds", where the
crease occurs along the sulcal ridges (Drury et al., 1996a).

Figure 2F illustrates the two-dimensional map (flat map) for the cortical
block in panels D and E. Cortical geography is represented by the mean
curvature, allowing easy matching of corresponding sulci in all three display
formats. To facilitate comparisons across all flat maps (left or right
hemisphere), cingulate cortex is positioned along the top (corpus callosum at
top center), frontal cortex is to the right, ventral temporal cortex is along the
bottom, occipital cortex to the left (V2 being the left most area), and parietal
cortex lies in the upper left quadrant. The contours from the sections in
panels A and B are indicated, and the areal boundaries of architectonically
defined VIPm, LIPv, and LOP are illustrated to facilitate visualization of the
relationship between coronal sections and the flat map representation.  Figure
2G shows the extent of the transition region surrounding the core outline of

area LIPv. The innermost set of points are used to define a relatively smooth
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contour (though some post-flattening adjustments in border delineation have
been made). Figure 2H shows a map of areal distortion, in which darker shades
represent compressions, and lighter shades represent expansions.

In Figure 3, panels A and B show the location of seventeen architectonic
areas and zones in this study that were identifiable in the IPS, POS, and
neighboring gyral regions of parieto-occipital cortex in case 95DR. Panels C
through E represent three alternative parcellations of this same region
proposed previously by Seltzer and Pandya (1986) (Fig. 3C), Preuss and
Goldman-Rakic (1991b) (Fig. 3D), and Colby et al., (1988) (Fig. 3E). Overall,
there is agreement in the location of several architectonic transitions along
the IPS (despite differences in nomenclature).

In the present study, the core of a given area or zone is enclosed by a black
outline, indicating a region of cortex that was confidently identified by
architectonic criteria.  Heavy lines outline areas whose boundaries overall
were particularly robust in this hemisphere, whereas finer lines denote areas
or zones characterized by more subtle architectonic transitions. The gap
separating the outlines of any two regions ranged from 0.5 mm, where
transitions are sharp and consistent between sections, to 5 mm in regions
where transitions were subtle and compounded by oblique sectioning or
irregular folding. Most areas were delineated by completely enclosing core
regions, though some contained internal heterogeneity, such as zone 5D. The
boundary between areas 7a and 7b was difficult to distinguish in most
hemispheres (especially with coronal sections), and was often left without an
explicit border marking.

Of the seventeen areas and zones identified in case 95DR, eight are in
regions known from physiological studies to be largely or entirely visual (V3,

V3A, PIP, LOP, PO) or visuomotor (7a, LIPd, LIPv) (cf. Felleman and Van Essen,
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1991); three are predominantly somatosensory-related (5V, 5D, AIP: cf. Preuss
and Goldman-Rakic, (1991b); and six are known or suspected to be multimodal,
including visual and somatosensory response properties (VIPm, VIPl, and MIP:
Colby and Duhamel (1991); MDP (7m) Cavada and Goldman-Rakic, (1989); 7b,
Leinonen et al., (1979); and possibly 7t, Leinonen and Nyman, (1979)). Most of
these core regions had an elongated shape with the long axis paralleling the
folding of the sulci. For example, zones VIPm and VIPl, and areas LIPv and
LIPd all had an elongated axis that lay roughly parallel to the fundus of the
IPS. Figure 3B shows the location of the two contours representing the
sections illustrated in Figure 1, and two contours that contain the

architectonic boundaries illustrated in Figures 4 and 5 below.

Figure 4 shows two coronal sections from the parietal-occipital confluence
including PO, PIP, V3, V3A, and LOP, again from case 95DR. Areas PO, V3, and
zone LOP were characterized by relatively dense myelination and SMI-32
immunoreactivity.  Area V3 appcared matted and densely myelinated (Van
Essen et al., 1986), which correlated well with the broad and dense band of
SMI-32-ir label in layer 3. Area V3A was characterized by relatively light
myelination with thin bands, and a strong tangential fiber component (Colby
et al., 1988). This feature correlated with light SMI-32-ir cell label, and often a
distinctive, thin band of SMI-32-ir label in layer 3 (also see Fig. 9). Along the
medial fundus, area PIP was characterized by lighter myelination (Colby et al.,
1988) and lighter SMI-32-ir cell label than areas V3 and PO.

Figure 5 shows a coronal section through the anterior portion of the IPS
illustrating a newly identified zone designated as 7t, which occupies the
ventro-lateral shoulder of the IPS near its tip (hence 7t). This region may
correspond to a vestibular-sensitive region termed 2v (Schwarz and

Fredrickson, 1971, 1974; Akbarian et al., 1994), though due to its
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Figure 4. Coronal sections from parieto-occipital-lunate confluence of case
95DR stained for myelinated fibers (A) and SMI-32-ir cells (B). The panels
illustrate PO, PIP, V3, V3A, and LOP. Inset scales are 1 cm, panel scale is 1 mm.

Other conventions as in Figure 1.
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Figure 5. Coronal sections through the anterior portion of the IPS (case
95DR) stained for myelinated fibers (A) and stained with the SMI-32 antibody
(B). The panels illustrate zone 7t, in addition to areas 7b, 5, and 2. Inset scale is

1 cm, panel scales are 1 mm. Other conventions as in Figure 1.
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Figure 6. Coronal sections through anterior potions of the IPS (case 93IR)
stained for myelinated fibers (A) and SMI-32-ir cells (B), illustrating area AIP

relative to areas 5 (5V) and 7b. Panel scale is 1 mm, and inset scales are 1 cm.
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