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ABSTRACT
We studied the corticocortical connections of architectonically defined areas of parietal
and temporoparietal cortex, with emphasis on areas in the intraparietal sulcus (IPS) that are
implicated in visual and somatosensory integration. Retrograde tracers were injected into
selected areas of the IPS, superior temporal sulcus, and parietal lobule. The distribution of
labeled cells was charted in relation to architectonically defined borders throughout the
hemisphere and displayed on computer-generated three-dimensional reconstructions and on
cortical flat maps. Injections centered in the ventral intraparietal area (VIP) revealed a
complex pattern of inputs from numerous visual, somatosensory, motor, and polysensory
areas, and from presumed vestibular- and auditory-related areas. Sensorimotor projections
were predominantly from the upper body representations of at least six somatotopically
organized areas. In contrast, injections centered in the neighboring ventral lateral intraparietal area (LIPv) revealed inputs mainly from extrastriate visual areas, consistent with
previous studies. The pattern of inputs to LIPv largely overlapped those to zone MSTdp, a
newly described subdivision of the medial superior temporal area. These results, in conjunction with those from injections into other parietal areas (7a, 7b, and anterior intraparietal
area), support the fine-grained architectonic partitioning of cortical areas described in the
preceding study. They also support and extend previous evidence for multiple distributed
networks that are implicated in multimodal integration, especially with regard to area VIP.
J. Comp. Neurol. 428:112–137, 2000. © 2000 Wiley-Liss, Inc.
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A major proposed role of parietal cortex in primates is to
establish and maintain a spatial reference system derived
from multiple sensory sources, in order to guide eye, limb,
and/or body movements (for review, see Hyvärinen, 1982;
Andersen, 1987; Mesulam, 1998; Colby and Goldberg,
1999). Within parietal cortex of the macaque, the intraparietal sulcus (IPS) contains several functionally distinct
domains that are implicated in different aspects of sensory, polysensory, and sensorimotor function, and also in
spatial attention (Andersen et al., 1985b; Colby and Duhamel, 1991; Andersen, 1995; Bremmer et al., 1997; Duhamel et al., 1998; Snyder et al., 1998). Given the evidence
from the preceding study (Lewis and Van Essen, 2000)
that the architectonic subdivisions of the IPS are even
more numerous than previously appreciated, it is important to understand the detailed connectivity of the constituent areas and architectonically distinct zones of the IPS.
© 2000 WILEY-LISS, INC.

The present study examines the connectivity of several
subdivisions, concentrating on those in and near the fundus of the IPS, where multimodal integration appears to
be strongest.
Previous connectivity studies have demonstrated that:
(1) the lateral bank of the IPS is extensively interconnected with known visual areas (Maunsell and Van Essen,
1983; Colby et al., 1988; Boussaoud et al., 1990); (2) the
medial bank is connected with known somatosensory and
somatomotor areas (Jones et al., 1978; Vogt and Pandya,
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1978; Pearson and Powell, 1985; Pons and Kaas, 1986;
Burton and Fabri, 1995); and (3) the fundus of the IPS has
connections with both visual and somatosensory areas,
suggestive of a major integrative role (Pandya and
Kuypers, 1969; Jones and Powell, 1970; Seltzer and Pandya, 1980; Pandya and Seltzer, 1982). In addition, IPS
connections with motor and premotor areas in the frontal
lobe suggest involvement in eye and upper limb movements (Leichnetz, 1986; Andersen et al., 1990; Blatt et al.,
1990; Tanné et al., 1995). Although many of these published connections have been assigned to particular source
and target areas (cf. Felleman and Van Essen, 1991),
many others cannot be specifically linked to recently identified architectonic subdivisions, including those reported
in the preceding study. Thus, we have only a fragmentary
understanding of the relative strengths and precise distributions of connections between architectonically defined
regions of the IPS and the numerous different areas
throughout the hemisphere.
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Interest in understanding the detailed connectivity (and
architecture) of the IPS is heightened by physiological
studies that reveal significant functional specializations
within different regions of the IPS. Previous studies suggest that the middle to anterior thirds of the IPS have a
role in visually guided reaching and grasping movements
(Leinonen and Nyman, 1979; Taira et al., 1990; Tanné et
al., 1995), complex arm and hand movements (Sakata et
al., 1973, 1992; Mountcastle et al., 1975), reaching-related
movements with the head and lips (Leinonen and Nyman,
1979), visual and vestibular integration that involve comparisons of eye and head movements (Graf et al., 1996;
Bremmer et al., 1997), the analysis of stimulus motion of
objects in the near extrapersonal space (Colby and Duhamel, 1991; Duhamel et al., 1998), and perhaps eye-hand
or eye-hand and mouth coordination, as occurs during
feeding behaviors (Colby et al., 1993a).
Many of the visual and somatosensory inputs to the IPS
are from areas that contain topographically organized

Abbreviations

Cortical areas
A1
primary auditory cortex
AIP
anterior intraparietal area
ER
entorhinal cortex
FST
floor of superior temporal area
G
gustatory cortex
Ia
agranular insular cortex
Id
dysgranular insular cortex
Ig
granular insular cortex
IPa
area IPa from Cusick et al. (1995)
LIPd
lateral intraparietal (dorsal)
LIPv
lateral intraparietal (ventral)
M2
motor area 2
MDP
medial dorsal parietal area
MIP
medial intraparietal area
MST
medial superior temporal (complex)
MT
middle temporal area
Pi
parainsular area
PIP
posterior intraparietal area
PO
parietal-occipital area
PrCO
precentral opercular cortex
ProS
prostriate cortex
R
auditory area R
Ri
retroinsula
S2cx
second somatosensory area (complex)
SMA
supplementary motor area
TAa
area TAa from Cusick et al. (1995)
TEa/m
area TEa plus TEm of Seltzer and Pandya (1978)
TE1-3
subdivisions TE1, TE2, and TE3 (Seltzer and Pandya,
1978)
TF, TH
temporal areas F and H
Tpt
temporoparietal area
TPOc
temporal parietal occipital (caudal)
TPOi
temporal parietal occipital (intermediate)
TPOr
temporal parietal occipital (rostral)
V1
visual area 1
V2
visual area 2
V3
visual area 3
V3A
visual area V3A
V4
visual area 4
V4t
V4 transitional area (complex)
VIP
ventral intraparietal (complex)
VOT
ventral occipitotemporal area
VP
ventral posterior area
1, 2
somatosensory areas 1 and 2
3a, 3b
somatosensory areas 3a and 3b
4
primary motor cortex
5
somatosensory area 5 (complex)
7a
visual area 7a

7b
somatosensory area 7b
7op
operculator area 7
8 –14
areas 8 thru 14 from Carmichael and Price (1994)
23, 24
cingulate areas 23 and 24
29, 30
cingulate areas 29 and 30
35, 36
perirhinal areas 35 and 36
45
Walker area 45
46
visual area 46
Cortical zones
DP
dorsal prelunate area
LOP
lateral occipital parietal
MSTda
medial superior temporal area (dorsal, anterior)
MSTdp
medial superior temporal area (dorsal, posterior)
MSTm
medial superior temporal (medial)
RS
retrosplenial cortex
ST
superior temporal cortical region
TE1-3(d)
dorsal subdivision of TE1, TE2, plus TE3
TE1-3(v)
ventral subdivision of TE1, TE2, plus TE3
Toc
temporal opercular caudal
VIPI
ventral intraparietal (lateral)
VIPm
ventral intraparietal (medial)
V4ta
V4 transitional area (anterior)
V4tp
V4 transitional area (posterior)
4C
4C of Barbas and Pandya (1987)
5V
area 5 (ventral)
5D
area 5 (dorsal)
6D
subdivision of area 6D
6Ds
subdivision of area 6D
6DC
subdivision of area 6D
6Val
area 6Va (lateral)
6Vam
area 6Va (medial)
7t
subdivision of 7 near tip of IPS
8Am,s
subdivisions of area 8 from PGR (1991a)
46v,p
ventral and posterior subdivisions of 46
Cortical sulci
ASd
arcuate sulcus, dorsal limb
ASv
arcuate sulcus, ventral limb
CaS
calcarine sulcus
CgS
cingulate sulcus
CeS
central sulcus
IOS
inferior occipital sulcus
IPS
intraparietal sulcus
LaS
lateral (Sylvian) sulcus
LuS
lunate sulcus
OTS
occipital temporal sulcus
POS
parieto-occipital sulcus
PS
principal sulcus
STS
superior temporal sulcus
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TABLE 1. Data on Tracer Injections (19 Injection Sites in 11 Hemispheres)1

Cases illustrated
A (95DR)

B (94CR)

C (94IR)

D (93IR)
E (94EL)
Cases not illustrated
F (93GR)
G (94GR)
H (95AR)
I (95BR)
J (95CR)
K (95GR)

Tracer

Core inj.
(mm3)

Estimated
inj. size

Layers

FB
DY
AG
FB
DY
AG
FB
DY
AG
FB
DY
FB
DY

0.7
0.5
1.6
1.5
2.0
1.5
0.7
0.2
0.2
0.6
1.6
6.12
4.62

md
md
lg
sm
lg
3⫻ md
md
md
md
md
lg
lg
lg

All
All
1–3
3–5
1–4
All
All:2–3
1–4
1–4
3–6
1–4
All
All

AIP (70), 7b (?)
VIPm (90), VIP1 (10)
MSTdp (85)
LIPv (95)
VIP1 (80), LIPv (20)
7b (95)
VIP1 (50), LIPv (50)
VIP (80), AIP (?)
7a/7b (100)
LIPv (85), VIP1 (15)
LIPd (60), 7a/7b (40)
MT (100)
MT (90), MSTdp (10)

19

FB
FB
DY
DY
DY
FB

0.7
1.0
0.5
0.9
0.2
—

md
lg
md
lg
sm
sm

All
2–6
All
4–6
All
1–5

VIPm (50), 5V (50)
VIP (45), LIPv (45), LIPd (10)
AIP (80), 7b (20)
MT (95)
MT (95)
VIP1 (60), LIPv (40)

11
13
21
17
16
15

Estimated uptake zones
(%)

Survival
(days)

Figure
no.3

19

9
2, 3
9
7
4, 5
7

14

6
14
17

8
8
10
10

1

DY, Diamidino Yellow; FB, Fast Blue; AG, WGAapoHRP-Gold; sm, small (90 to 140 nl); md, medium (140 to 190 nl); lg, large (200 to 300 nl).
Volume estimates affected by compromised tissue or tissue quality.
The last column indicates figures where the corresponding injection data are illustrated. See text for other details. For other abbreviations, see list.

2
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maps of the retina and body surface, respectively (Maunsell and Van Essen, 1983; Godschalk et al., 1984; Pearson
and Powell, 1985; Ungerleider and Desimone, 1986b). Additionally, the ventral intraparietal area (VIP) is known to
contain cells with distinct polysensory receptive fields,
responsive to visual and somatosensory (Colby and Duhamel, 1991) or visual and vestibular sensation (Graf et
al., 1996). However, it is unclear whether or how these
inputs are organized within the IPS with regard to topography. Tactile response properties of VIP cells, which predominantly include the head and face (Colby and Duhamel, 1991; Colby and Goldberg, 1999), are often
correlated with visual receptive fields in their respective
location, size, and direction selectivity (Duhamel et al.,
1998). For instance, cells with visual receptive fields in the
superior hemifield often have tactile receptive fields on
upper portions of the head and face, whereas the cells with
inferior visual receptive fields have tactile receptive fields
on lower portions of the face and neck, and/or the arm and
hand. Visual and vestibular receptive fields are also correlated in terms of direction selectivity (Graf et al., 1996).
Beyond these physiological correlations, no clear topographical organization within VIP has been reported.
A number of technical factors have impeded the attainment of a more detailed understanding of the connectivity
of area VIP and other intraparietal areas in the macaque.
One is the general difficulty of making restricted injections in areas that are small in dimensions and buried
deep in sulci that often contain irregular folds. Cortical
folds also hinder analysis and visualization of the distribution of complex connectivity patterns. Additionally, posterior parietal areas are most strongly connected with
areas which themselves have been incompletely charted
and often lack robust architectonic boundaries (Andersen
et al., 1990; Blatt et al., 1990; Van Essen et al., 1990;
Felleman and Van Essen, 1991).
The analysis of corticocortical connectivity presented
here capitalizes on the use of multiple retrograde tracers
plus the revised and refined architectonic partitioning
scheme for parietal cortex and other regions of the hemisphere described in the previous study (Lewis and Van

Essen, 2000). In addition, we have analyzed connections
by using computerized surface reconstructions that allow
interchangeable visualization in multiple formats, including slices, three-dimensional reconstructions, and flat
maps, which facilitates comparisons across animals. With
this approach, we studied the corticocortical connections
of area VIP and newly identified architectonic zone
MSTdp, and also provide a more detailed and/or supplemental analysis of the connections of areas previously
studied, including the ventral lateral intraparietal area
(LIPv), the anterior intraparietal area (AIP), the middle
temporal area (MT), and areas 7a and 7b. Some of these
results have been presented as abstracts (Lewis and Van
Essen, 1994, 1996).

MATERIALS AND METHODS
Results from six cases were analyzed in detail (each
with multiple injections) and were supplemented by results from an additional five cases. All were from juvenile
macaque fascicularis monkeys (6 females and 5 males)
weighing 2.0 to 3.8 kg. After mapping the sulcal geometry
of the IPS and/or STS with recording electrodes, restricted
injections of two or three retrograde neuronal tracers were
placed into separate locations, with most of the injections
aimed at buried cortical areas VIP and LIPv, and/or MT
(see Table 1 below). The location of injection sites and
corresponding labeled cells throughout the ipsilateral
hemisphere and portions of the contralateral hemisphere
were charted in relation to architectonic subdivisions
identified in nearby sections stained for myelin, Nissl, and
CAT-301 and SMI-32 immunoreactivity (Lewis and Van
Essen, 2000).

Surgical procedures
Invasive procedures included an initial chamber implant, physiological mapping of cortical gray matter plus
the injection of tracers, and in some cases electrophysiological mapping of portions of somatosensory cortex (see
Lewis et al., 1999). All recovery surgical procedures were
conducted with strict aseptic techniques. For surgical
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preparations, animals were tranquilized with an initial
dose of ketamine HCl (10 mg/kg i.m.), and premedicated
with atropine (27 g/kg i.m.) or glycopyrolate (11 g/kg
i.v.), dexamethasone (0.27 mg/kg i.v.), and cephalothin (25
mg/kg i.m.). Surgical anesthesia was induced with isofluorane (2–5%) in air containing 2.5% CO2. The heart rate,
expired CO2, and rectal temperature were monitored and
maintained within appropriate physiological limits for
surgical anesthesia throughout operative procedures. Following recovery surgeries, animals were maintained for
approximately 1 week on a regimen of antibiotics (cephalexin 25 mg/kg twice daily) and analgesics (buprenex, 0.1
mg/kg, and then aspirin). All procedures were performed
according to protocols approved by the Animal Study Committees at the California Institute of Technology and at
the Washington University School of Medicine.

Chamber implant and tracer injections.
A stainless steel chamber was implanted over the parietal lobe of one or both hemispheres, centered 1–2 cm
lateral to the midline and 2–3 cm anterior to the occipital
ridge (approximately over the IPS). In a separate surgery
(after a 1-week recovery), cortex overlying the IPS, and in
some cases the superior temporal sulcus (STS), was exposed with one to three skull openings (1–2 cm2 total).
Upon reflecting the dura, the cortical surface was photographed to facilitate cortical mapping. A custom-made
manipulator and microdrive were secured to the chamber.
The chamber was filled with mineral oil and sealed to
reduce brain pulsations. The sulcal folds of the IPS and/or
STS were mapped by electrophysiological recording of
spontaneous, multiunit activity, by using tungsten electrodes (A-M Systems, Inc., Everett, WA). This mapping
allowed the determination of structural boundaries including gray versus white matter and lumen gaps in the
sulci. After estimating the locations of desired cortical
target sites, two or three retrograde tracers were injected
at separate locations in each animal. The retrograde tracers were Fast Blue (FB, Sigma Co., St. Louis, MO, 5% aq.),
Diamidino Yellow (DY, Sigma Co. 3% aq.), and wheat
germ agglutinin (WGA) apo horseradish peroxidase
(HRP)-Gold (AG, 0.7% aq., cf. Menetrey, 1985), which was
prepared as described by Basbaum and Menetrey (1987).
Labeled cells and injections in all flat map figures are
color-coded, with blue corresponding to FB-labeled cells,
green for DY, and red for AG.
Tracers were injected by using customized triplebarreled glass pipets (A-M Systems). One barrel was
loaded with a tracer, and the other two with 0.5 M NaCl,
which allowed physiological recording to verify the location of the pipet tip in cortex. Injection volumes ranged
from 90 to 300 nl for each tracer. To reduce tracer leakage
along the pipet track, the glass pipet was held in place at
the cortical target site for 15–30 minutes prior to injection.
Tracer was then slowly injected with an air pressure system (PV830 Pneumatic Picopump, World Precision Instruments, New Haven, CT), and allowed to stand for an
additional 30 minutes before retracting the pipet. Animals
recovered for an 11- to 21-day period following the tracer
injections. In some cases an electrophysiological mapping
experiment (see Lewis et al., 1999) preceded euthanasia
and intracardial perfusion (refer to Lewis and Van Essen,
2000).
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Data analysis, architectonics, and unfolding
Sections were cut at 60-m thickness on a freezing
microtome, and stored refrigerated in 0.1 M phosphate
buffer at pH 7.4. Blocks were cut orthogonal to the IPS (3
hemispheres) or approximately in the coronal plane (8
hemispheres ipsilateral to injections, and 2 hemispheres
contralateral). Every sixth section was used for viewing
the WGAapoHRP-Gold and fluorescent tracer labeling.
The remaining sections were used for histological processing, as described in the accompanying paper.
In sections analyzed for labeled cells, gold particles from
the WGAapoHRP-Gold tracer were developed in one or
two cycles with a silver enhancement kit (Ted Pella Inc.,
Redding, CA, silver enhancing kit). Free-floating sections
were washed in distilled H2O (5 to 10 minutes), incubated
in the silver enhancement solution (10 to 30 minutes),
washed again, returned to 0.1 M phosphate buffer, and
mounted onto glass slides coated with gelatin-chrome
alum. This development procedure did not interfere with
the fluorescent tracers, allowing all three tracers to be
viewed in the same tissue sections.
Retrogradely labeled cells were viewed by using a fluorescence microscope (Zeiss, Axioplan, Thornwood, NY). By
using the computerized neuroanatomy software MDPlot
(Minnesota DataMetrics, St. Paul, MN, version 3.0), data
were plotted onto a one-in-six set of sections (tracer sections), including fiducial alignment marks, approximate
sulcal and fundal boundaries, pial and layer 4 (viewed
under darkfield illumination) contours, retrogradely labeled cells, and injection sites. Methods for transferring
architectonic borders and generating three-dimensional
(3-D) surface reconstructions and flat maps are described
in Lewis and Van Essen (2000). Retrogradely labeled cells
were assigned 3-D coordinates and an identity according
to the type of label. Each cell was projected to the nearest
tile in the three-dimensional surface reconstruction of
layer 4 (cortical blocks were represented by up to 90,000
tiles). By preserving this geometrical relationship, cells
could be positioned on the flat maps relative to the nearest
tile. In some regions of cortex, labeled fields from two or
three tracers would overlap, obscuring some labeled cell
types. For illustrations, the positions of cells over the
cortical flat maps were layered, such that the cells of one
identity (e.g., the FB-labeled cells in Fig. 7, blue) could lie
above all the cells of another identity (e.g., the AG-labeled
cells in Fig. 7, red). Additionally, cells lying below cortical
layer 4 (i.e., in infragranular layers) were raised above
this surface to make them visible on the flat maps.
In Tables 2 and 3, a projection was considered “strong”
if the densest region of labeling within a core region had
more than 20 cells per mm2, typically saturating a portion
of an area or zone on the flat maps (e.g., DY label in the
medial intraparietal area, MIP, of Figs. 4F and 5A). Moderate projections contained fewer than 20 cells per mm2,
and typically contained several dozen cells in a cluster
(e.g., DY label in the medial dorsal parietal area, MDP, of
Fig. 4F). Light projections either had more than 10 cells
within a core region or had at least one small patch of
labeled cells with a density greater than 2 cells per mm2.
A questionable designation (“?”) was applied when an even
lower density of label fell within a core region or the
cortical area had compromised tissue and architectonic
identification. In some instances, a significant labeled field
straddled a border outline (⫹?), indicating that the pro-
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jection zone may have a stronger assignment than that
based just on the core region.

Tracer injection analysis
Table 1 summarizes the 19 tracer injections of this
study. The core injection volumes (column 3) are based on
serial reconstructions of tracer present in the processed
tissue sections. In most cases, this quantitative estimate
was positively correlated with our qualitative estimates
(column 4), which are based on both the intended tracer
volumes injected (see legend) and the resulting relative
size of the injection core plus the surrounding halo of
intense diffuse labeling. Table 1 also denotes the cortical
layers containing the injection core, the cortical subdivision(s) included in the estimated effective uptake regions
(including possible tracer leakage along pipet tracks), survival times for each case, and figures in which the injections are represented.
For illustration on flat maps, outlines of the extent of
the injection core, halo, and the pipet track damage were
projected to the nearest layer 4 contour and processed in
the same manner as described for architectonic boundaries. Tracks passing through white matter were not projected onto the cortical flat maps, but rather are implied
by the presence of a gap between the point of entry and the
injection site (e.g., Fig. 2E).

RESULTS
Overview
Most of the desired target zones in this study are
small (1- to 3-mm-wide), making it difficult to obtain
injections entirely restricted to a single architectonic
subdivision, even though preinjection physiological
mapping aided in centering the injections within cortical gray matter. As indicated in Table 1, the results are
derived from 7 injections in which the estimated extent
of effective uptake was restricted to one architectonic
area or zone (at least 90%), plus 5 injections largely
restricted to one area (estimated 80 –90%) and 7 tracer
injections that substantially involved more than one
area or zone. Our analysis concentrates on comparing
the corticocortical connections of deep lying areas of the
IPS (notably area VIP) with those of other parietal or
visual areas. Five cases including 11 tracer injections
are illustrated below (Table 1: Cases A–E), each yielding a complex pattern of label across large portions of
the hemisphere. We present these injections in relation
to overall cortical geography, and with respect to architectonically identified subdivisions, with emphasis on
connections that were robust, consistent, or were informative with regard to issues of topography or overlapping connections. As in the companion paper (Lewis and
Van Essen, 2000), our terminological convention is to
reserve the term “area” for domains whose distinctness
is warranted by the aggregate evidence available
(typically including criteria other than just architectonics). A “zone” is an architectonically distinct region
whose status as a separate area or as a portion of a
larger area awaits further evidence. A “subdivision”
encompasses both areas and zones.
To aid in assimilating the complex pattern of connectivity revealed in this study, it is useful to briefly summarize
our major findings. First, area VIP had widespread con-

nections, including the upper body representation of motor and somatosensory cortex (arm, hand, digit, and face
representations), multiple visual areas (with indications
of a patchy visuotopic organization), vestibular-related
cortex (supporting recent physiological findings), other bimodal or polysensory areas, plus light connections with
auditory areas. Second, area LIPv had many visualrelated connections similar to those of neighboring area
VIP, except for stronger connections with visual area 3
(V3), but few connections with somatosensory and motor
areas. Additionally, the connections of LIPv were strikingly similar to those of the newly described zone MSTdp.
Third, area AIP had connections with many sensorimotorrelated cortical areas, similar but not identical to those of
neighboring area VIP, but AIP received little visualrelated input, except from higher visual areas and possibly bimodal or polysensory areas.
Many of the connections reported below involved topographically organized sensory or motor areas whose visuotopic, somatotopic, or tonotopic organization has been reported in other studies. To facilitate comparisons of
labeled fields with the internal organization of these areas, Figure 1 shows topographically organized subdivisions on lateral and medial 3-D views of most of the
hemisphere (Fig. 1A,B) and on a cortical flat map (Fig. 1C)
that includes areal boundaries superimposed on a map of
cortical folding (gyral crowns in white, sulcal fundi dark).
Known patterns of sensory or motor topography are displayed on the flat map as estimated from publications
cited in the figure legend. Visual topography is indicated
as central (C) or peripheral (P) and upper (⫹) and lower (-)
field. Somatotopy is indicated by body parts as shown in
the key.
We first present three injections (from three different
hemispheres) placed along the fundus of the IPS, in or
near area VIP. Subsequent figures illustrate additional
injections that were made in these three cases, plus two
other cases, allowing for a comparative analysis with areas LIPv, AIP, 7a, 7b, MT, and MSTdp. These injections
were useful for assessing reciprocal connections and addressing issues of tracer leakage. All the connections illustrated below are also summarized in Table 3 for examination of trends in connectivity in the last section.

Connections of area VIP
Case A. Figures 2 and 3 illustrate the pattern of label
resulting from a DY injection that was restricted to area
VIP, and included all cortical layers. The injection core
was centered in the medial portion of VIP (VIPm), and the
injection halo extended into supragranular layers of lateral portion of VIP (VIPl), as illustrated in a micrograph of
a myelin-stained section (Fig. 2A), on coronal sections
(Figs. 2B, 3F,G), and on a flat map of the IPS region (Fig.
2E). The gray wedges in Figure 2B indicate architectonic
transition regions between zone 5V (medial bank), area
VIP (along the fundus), and areas LIPv and LIPd (lateral
bank). The anteroposterior level of the DY injection site is
indicated on lateral and medial views (vertical line) of a
3-D reconstruction of much of the right hemisphere (Fig.
2C,D), which also shows labeled cells visible in each view.
Multiple clusters of labeled cells are evident, including
extensive labeling in parieto-occipital cortex, plus label in
occipitotemporal cortex and in frontal cortex. Labeled cells
in buried regions can be readily seen on the flat map (Fig.
2F), which shows cells from infragranular as well as su-
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Fig. 1. Summary representation of topographically organized sensory and motor areas. Lateral (A) and medial (B) three-dimensional
(3-D) views of a right hemisphere depicting 22 (filled white regions) of
the 35 core architectonic outlines of subdivisions that are depicted on
the cortical flat map (C). The hemisphere is that of case B (cf. Fig. 4:
also see Lewis and Van Essen, 2000 for map details). Symbols indicate
the estimated locations of visuotopic, tonotopic, somatotopic, and motor maps based on architecture and geography. Visuotopic maps were

derived from Van Essen et al. (1990). Somatosensory and motor maps
were derived from Woolsey et al. (1952), Leinonen et al. (1979),
Leinonen and Nyman (1979), Sessle and Wiesendanger (1982), Pons
et al. (1985), Luppino et al. (1993), Iwamura et al. (1994), Burton and
Fabri (1995), Krubitzer et al. (1995), and Manger et al. (1996). Tonotopic map derived from Morel et al. (1993). For abbreviations in this
and subsequent figures, see list.

pragranular layers projected onto the map. Figure 3 illustrates label in 13 coronal sections, which illustrates the
laminar distribution of some of the labeled fields, and
facilitates orientation between labeled fields in coronal
sections and the flat map representation.
The overall pattern of DY label included a large swath of
labeled cells in occipitoparietal cortex (middle and upper
left on flat map), which included both banks of the IPS,
plus moderate labeling along the medial wall, and extending into the parietal operculum of the lateral sulcus (Sylvian fissure). A moderate swath of label was present in
frontal cortex around the arcuate sulcus (upper right), and
a lighter swath in occipitotemporal cortex along the posterior STS (lower center).
In relation to major architectonic subdivisions detailed
in the previous study (Lewis and Van Essen, 2000), the
labeled fields involved many areas of sensory, polysensory
and motor function. Heavy to moderate label resulting
from the VIP injection included subdivisions known or
presumed to be visual (LIPv, LIPd, PO, LOP, MSTda, and

MSTdp), polysensory (MIP, MDP, 7b, Toc, TPOc, and
TPOi), somatosensory (5V, 7op, and light label in area 2),
and premotor related subdivisions (4C, M2, 24d, and 8Ac).
(See Abbreviations list for full names.)
Among topographically organized visual areas (refer to
Fig. 1), there were moderate connections with area PO,
mainly from the estimated upper peripheral visual field
representations (Colby et al., 1988), and light connections
in ventral extrastriate cortex, perhaps area VP (Newsome
et al., 1986). Visual-related inputs also originated from
the parieto-occipital confluence (near LOP and PIP), and
from the posterior STS (especially the MST complex).
Within somatotopically organized areas, labeled cells
were predominantly located in regions of estimated upper
body representations (hand, arm, and possibly the face
representation). This included zone 4C and the surrounding motor-related cortex (Woolsey et al., 1952; Rizzolatti et
al., 1981a,b; Gentilucci et al., 1988), the anterior half of
M2 (see Fig. 3M: F3 of Luppino et al., 1991, 1993), and
lighter label in the posterior tip of 24d (Luppino et al.,

Fig. 2. Case A: Diamidino Yellow (DY) injection centered in medial
portion of VIP (VIPm). A: Myelin stained section containing the DY
core, and showing the LIPv/VIP boundary. B: Drawing of coronal
section containing the DY injection core (green), depicting a superimposition of the core from nearby sections. Gray wedges depict transition regions separating 5V, VIP, and LIPv. C,D: Lateral and medial
views of three-dimensional (3-D) layer 4 surface reconstruction showing supragranular labeled cells. E: Flat map showing injection core
(dark green), halo (medium green), and track damage (light green).
F: Flat map showing the distribution of retrogradely labeled cells

(supra- plus infragranular layers). Each dot corresponds to one labeled neuron (19,397 cells plotted). White oval indicates injection core
location. Physiological recording sites in area 2 (blue dots), and areas
1 and 5 (red dots) depict digit representations (digits 2 and 3– 4).
Yellow corresponds to microlesions at the posterior boundary of physiologically defined area 2. Light gray outlines near 7a and V4 depict
tissue compromised by skull opening. Refer to text and Lewis and Van
Essen (2000; Fig. 14) for other map details. G: Label in IPS and STS
of the contralateral hemisphere (1,809 cells), on a flat map oriented as
right hemisphere to facilitate comparison.
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Fig. 3. Case A: Distribution of cells projecting to VIP (VIPm:
Diamidino Yellow [DY] injection) shown on coronal sections. Upper
left inset corresponds to Figure 2C, and shows the approximate
location of 13 sections (A–M) plus the distribution of DY label. Solid
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lines represent the pial surface and gray/white matter boundary, and
dashed lines represent layer 4. Each dot corresponds to one retrogradely labeled cell. Some areal boundaries are indicated by bars in
the white matter (others excluded for clarity). Scale bar ⫽ 1 cm.

TABLE 2. Connections for Two VIP Injections (Cases A and B)1

1
Strength of connections range from strong (⫹⫹⫹) to light (⫹), or absent (⫺). Laminar distribution of labeled cells were either predominantly supragranular (S), infragranular
(I), or bilaminar (B). Bold text indicates consistent and newly described pathways.
(***) represent sites of core tracer injection. See text for other details. For other abbreviations, see text.
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Fig. 4. Case B: Diamidino Yellow (DY) injection centered in lateral
portion of area VIP (VIPl). A: Nissl-stained section including the
injection core. B: Section outline containing the DY injection core.
C,D: three-dimensional (3-D) maps showing distribution of supragranular labeled cells. E: Flat map illustrating injection site. Light
gray outline near area 7b depicts compromised tissue. F: Flat map
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showing the distribution of retrogradely labeled DY cells (21,326
cells). In the STS: da, MSTda; and m, MSTm. In the arcuate sulcus: m,
8Am; s, 8As. See text and Lewis and Van Essen (2000; Fig. 16) for
other map details. G: Distribution of contralateral DY label near IPS
and STS. The map is oriented as a right hemisphere. Other conventions as in Figure 2.
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Fig. 5. Case B: Distribution of cells projecting to VIP (VIPl: Diamidino Yellow [DY] injection) shown
on coronal sections. Upper left inset corresponds to Figure 4C, and shows the approximate location of the
9 sections (A–I). Scale bar ⫽ 1 cm. Other conventions as in Figure 3.

1991). Light label was present in two portions of area 2 (cf.
Fig 3H–J). In this hemisphere, parts of the digit representation of areas 1 and 2 were mapped physiologically as
part of another study (Lewis et al., 1999). The mapped
region indicated by blue, red, and yellow dots in Figure 3E
and F represent recordings of digits 2– 4; thus, the DY cell
label ventral to this site is near the boundary of the first
digit and face representation, and the labeled cells in
dorsal portions of area 2 are in the approximate location of
the arm representation (cf. Pons et al., 1985). Light label
was also present along the S2 complex (within and outside
the core outline), though the somatotopy was unclear.
Strong projections to VIP originated from a number of
polysensory related areas in the posterior half of the
brain. This included a nearly continuous swath of cortex
involving areas MDP, MIP, VIP itself, 7b, and TPOc,
which together are closely positioned in three-dimensional
space, lying between visual and somatosensory cortex.
Table 2 summarizes the projections to VIP identified in
case A, and also case B (see below). In case A, projections
originated from 32 architectonic subdivisions (refer to Ma-

terials and Methods). We scored 4 projections as dense
(⫹⫹⫹), 9 as moderate (⫹⫹), 19 as light (⫹) or (⫹?), and 5
as sparse (fewer than 10 cells) or uncertain (both indicated
as “?”). The bold type indicates pathways that have not
previously been reported (or were uncertain from the literature) yet were consistent across most other injections
that included VIP in this study (also see Table 3). Three
characteristic laminar patterns of retrograde label were
distinguished, several of which are illustrated in Figure 3.
An “S” designates labeled fields that were concentrated
predominantly in supragranular layers (⬎70%), characteristic of feed-forward projections (Rockland and Pandya,
1979; Maunsell and Van Essen, 1983). These included PO
(Fig. 3A,B) and area 2 (Fig. 3H–J), LOP (Fig. 3C), the VP
region, and possibly zone 7t. An “I” designates labeled
fields predominantly in infragranular layers (⬎70%),
characteristic of feed-back projections, which included M2
(Fig. 3M), the S2 complex, 6Vam, 46p, 24a/b, and TPOr.
Most of the labeled fields shown in Figures 2 and 3 had a
bilaminar distribution, denoted by a “B,” with 30 –70% of
the cells in superficial layers and the rest in deep layers,
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which is ambiguous with respect to hierarchical relationship (Felleman and Van Essen, 1991). In some areas the
laminar distribution was uncertain (?), either due to
sparse data or inconsistencies of the pattern inside versus
just outside the core region.
In the contralateral hemisphere of case A (Fig. 2G), the
distribution of DY label was heaviest in cortex geographically and architectonically homotopic with the injection
site, spanning VIPm and VIPl. The heterotopic labeled
fields included MDP, 7a/7b, LIPv, LIPd, TPOc (and sparse
label in Toc), but none from early visual area PO, despite
its strong ipsilateral projection.
Case B. Figures 4 and 5 illustrate the pattern of label
resulting from a relatively large DY injection centered in
lateral portions of VIP (VIPl). The core was centered near
the fundus of the IPS in supragranular layers, as shown in
a micrograph of a Nissl-stained section (Fig. 4A), on coronal section drawings (Figs. 4B and 5F,G), and on a flat
map of the IPS region (Fig. 4E). Though the injection core
was restricted to VIP, a portion of the halo was present in
the transition region between VIPl and LIPv, and to a
minor degree along the injection track through LIPv.
The patterns of label for the VIP injection of case B was
largely similar to that of the VIP injection of case A. For
instance, labeled fields common to both VIP injections
included multiple visual (LIPv, LIPd, PO, LOP, MSTda,
and MSTdp), polysensory (MIP, MDP, 7b, Toc, TPOc, and
TPOi), somatosensory (5V, 7op, area 2), and premotorrelated subdivisions (4C, M2, 24d, and 8Ac). However, the
VIPl injection of case B also resulted in several light to
moderate projections from visual cortex (V2, PIP, V4, V4t,
MT, TEa/m), some of which might have resulted from
tracer uptake in the VIPl/LIPv transition region. Additional projections originated from sensorimotor-related
areas 4, 3a, and the S2 complex, which were unlikely to
result from tracer uptake from LIPv.
From visuotopically organized cortex, the projections to
VIPl largely originated from the lower peripheral visual
field representations, which contrasted with the upper
visual field input to VIP in case A. This included moderate
label in lateral portions of area PO (Colby et al., 1988),
light label in medial V2 and dorsal V4 (Gattass et al.,
1981,1988). Light label was also present just ventral to
the architectonic core of MT in or near its central field
representation (Desimone and Ungerleider, 1986; Maunsell and Van Essen, 1987). Moderate label was present in
8Ac and 6Vam, which are subdivisions of the frontal eye
fields (Schall et al., 1995).
Within somatotopically organized cortex, labeled cells
were predominantly located in regions of estimated upper
body representations as with the VIP injection of case A.
This included zone 4C and the surrounding motor-related
cortex plus area 4 (cf. Sessle and Wiesendanger, 1982;
Godschalk et al., 1984), the anterior half of M2, and the
posterior portion of 24d. The sparse to light label in areas
3a, 1, and 2 was mainly in the estimated digit representation (Pons et al., 1985). Label in the vicinity of the S2
complex included a small patch in the posterior half of the
core region (cf. Fig. 5I), in the approximate location of the
digit and hand representation (Burton et al., 1995), plus
scattered label anterior to the core. However, unlike the
VIPm injection of case A, projections to the VIPl injection
suggest a bias toward stronger label in the estimated
hand/arm representation of 24d, the S2 complex, and M2,
and lighter label in the estimated face representation of
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M2. This difference, together with the more robust differences in upper versus lower visual field connections between these two cases, might relate to the correlated visual and somatosensory receptive fields of VIP cells
observed physiologically (Duhamel et al., 1998).
Table 2 summarizes the projections and laminar distribution from 42 architectonic subdivisions to cortex in or
near VIP of case B (also see Fig. 5). The laminar organization was largely consistent with the VIP injection of
case A, even though the case B injection core was restricted to supragranular layers. Both VIP injections revealed a feed-forward pattern (S in Table 2) of label for
areas 2 and PO, and common feed-back pattern (I) from
area M2, the S2 complex, and possibly TPOr.
In the contralateral hemisphere (Fig. 4G), the distribution of DY label in occipito-parietal cortex was similar to
that observed in the ipsilateral hemisphere, though less
dense overall. The heaviest label was in the anterior half
of VIPl, geographically homotopic to the injection site.
Strong to moderate label was present in the anterior portions of VIPm, LIPv, and LIPd. Light to moderate label
was also present in TPOc, MSTdp, MIP, PO, ventral area
5, LIPd, the 7a/7b region and the S2 complex, plus MDP
and TPOi/r (not shown).
Case C. Figure 6 illustrates a DY injection that was
located along the fundus of the IPS, near the estimated
anterior border of VIP (and/or the transition region between VIP and AIP). The resulting pattern of label was
most similar to that shown for the VIPm injection of case
A (Fig. 2), but with a stronger emphasis on sensorimotor
inputs than visual-related inputs. Labeled fields in visualrelated cortex included light to moderate cell density in
MSTda, MSTdp, MSTm, LIPd, LIPv, and polysensory area
MIP. Unlike the other VIP injection cases, label was
sparse in MDP, LOP, and PO, and sparse or absent from
other early visual areas. In sensorimotor cortex, light to
moderate connections with somatotopically organized cortex was similar as in the previous two cases, including
label in the estimated upper body representations of area
4, zone 4C, M2, and possibly the S2 complex, and the
estimated arm and/or hand representation of 3a, 1, 2, and
24d. Additionally labeled fields included four regions implicated in vestibular processing (cf. Fig. 14 of Akbarian et
al., 1994). In particular, there was dense label in zone 7t
near the tip of the IPS (overlapping their 2v) and zone 4C
(their 6pa), plus light label near the Ri/S2 transition region (approximately their PIVC, also see Grüsser et al.,
1990) and area 3a (their 3aV). A similar pattern of connections with vestibular-related cortex was also evident in
the VIP injection of case B, and to a lesser extent in case
A. All three VIP injections also resulted in light label in
and near caudal temporoparietal cortex (Toc, Tpt, and
TPOc), a region implicated in auditory processing (see
Discussion).

Connections of other parietal areas
and the posterior STS
The ensuing four figures each illustrate two tracer injections, where the color identifies the tracer type (see
Table 1). Emphasis is placed on comparing labeling patterns with other injections, especially with area VIP.
Connections of LIPv and 7b (case B). Figure 7 illustrates label resulting from a relatively small FB injection
(blue) centered within area LIPv, located 2–3 mm posterior to the VIPl injection of case B (cf. Fig. 7F), and a

CORTICAL CONNECTIONS OF PARIETAL CORTEX
triplet of AG injections (red) in area 7b. In contrast to the
polymodal nature of VIP connections (cf. Fig. 4), the inputs to neighboring area LIPv were mostly from visual
related cortex, consistent with connections reported by
Blatt et al. (1990). Label in topographically organized
visual areas was predominantly located in lower peripheral visual field representations (V2, V3, PO, V4, but
throughout most of MT). Other visual-related inputs were
from ventral MIP, MSTdp, and MSTda (but not the intervening MSTm), plus light inputs from FST and IPa. Compared to the VIP inputs in this case, LIPv inputs were
stronger with areas V3 and MT, and weaker with LOP and
polymodal areas TPOc and MIP. Very little FB label was
present in somatosensory- and motor-related areas, with
the exception of moderate label in and around 8Ac (frontal
eye fields) and sparse label in a few subdivisions such as
5V and AIP.
The pattern of label resulting from the 7b injections in
Figure 7 (red) was consistent with those reported in earlier studies (Stanton et al., 1977; Neal et al., 1986, 1987;
Cavada and Goldman-Rakic, 1989b). Area 7b inputs originated from sensorimotor and polymodal cortex, with little
involvement of visual-related cortex. There was little overlap between label associated with the 7b injections (red
dots) and the LIPv injection (blue dots) of this case, though
each pattern overlapped markedly with inputs to the VIP
injection from the same case (cf. Figs. 4F and 7E).
Both 7b and VIP were strongly interconnected in this
case, and both areas received moderate to strong overlapping inputs from MDP, LIPv, 7op, zone 4C, and other
portions of the arcuate sulcus (cf. Figs. 4F and 7E).
Sparser overlap included estimated upper body representations of area 2 and the S2 complex. Projections to 7b but
not VIP arose from 6Vb, PrCO, and the anterior extent of
IPa. Moderate AG label (7b inputs) overlapped sparse and
scattered DY label (VIP inputs) in portions of Ig/Id and
TPOr/TAa that were not found with other VIP injections.
Thus, these inputs are likely to result from modest tracer
uptake at the initial penetration site for the DY injection
(i.e., area 7b in Fig. 7F).
Overlap of all three tracers in case B included the anterolateral bank of the IPS (AIP, LIP, and VIP), the dorsal
half of the STS (TPOi and IPa), and cortex of or near the
frontal eye fields (8Ac, 6Vam). All three tracers were also
present in polysensory area TPOc, though the FB (LIPv)
and AG (7b) labeled fields did not overlap. This is consistent with the clustering by modality reported physiologically for area cSTP (Hikosaka et al., 1988), which overlaps
much of architectonically defined area TPOc (Cusick et al.,
1995).
Connections of LIPv and LIPd/7a (case D). Figure 8
shows a FB injection core (blue) that was located within
LIPv, though the injection halo extended into layers 1 and
2 of the transition region between LIPv and VIP. The
distribution of label was similar to that of the LIPv injection of case B, though the injection in case D produced a
greater number of labeled cells (see figure legend). Label
was present in the peripheral representation of a number
of visuotopically organized areas, including V2 and V3A as
well as the areas identified in the other LIPv injection
(case B). The prominent projections from V2 implicate a
pathway (feed-forward pattern of label) to LIPv or the
LIPv/VIP transition region. FB label was denser and more
extensive throughout area VIP in case D than in case B,
perhaps owing to tissue damage from the DY injection of
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VIP in case B. FB label in both cases was present in all of
the MST complex, but was densest in zone MSTdp.
Figure 8 also shows results from a DY injection (green)
that included areas LIPd plus cortex within the outline of
7a and 7b, revealing a pattern of label largely consistent
with earlier studies (Mesulam et al., 1977; Stanton et al.,
1977; Cavada and Goldman-Rakic, 1989a; Blatt et al.,
1990; area PFG of Matelli et al., 1997). In contrast with
the LIPv injection (blue), which was strongly connected
with V3, PIP, and PO, label from the DY injection was
nearly absent from these areas. Additionally, the DY injection resulted in moderate to strong inputs from V4, V4t,
TEa/m, TPOr, and 45, which were weaker or absent for
LIPv (and other injections of 7a and 7b). Together these
results suggest that LIPv and LIPd are considerably different in their connectivity.
Another notable difference in labeled fields in case D is
the segregation of DY (green) and FB (blue) label, which
may relate to the organization of the saccade system. For
instance, the DY injection included label largely from central visual field representations (i.e., V4) and ventral frontal eye fields (45, 6Vam), consistent with connectivity of a
small-amplitude saccade system, whereas the FB injection (blue) included peripheral visual field inputs (i.e., V2)
and dorsal frontal eye fields (8Ac, 8As), consistent with a
large-amplitude saccadic system (Bruce et al., 1985;
Schall et al., 1995). Another result from the DY injection
(green) was that it produced two large, separated labeled
fields within the outline of areas TEa/m, which may correspond to the anatomically defined areas PITd and CITd
(Van Essen et al., 1990; DeYoe et al., 1994).
Connections of AIP and MSTdp (case A). Figure 9
illustrates connections of somatosensory area AIP (blue),
and visual-related zone MSTdp (red). Projections to AIP
were predominantly from somatosensory and motorrelated areas, directly overlapping some of the VIP projection zones from this same case (cf. Fig. 2). The AIP
injection produced strong label within anterior and medial
portions of the IPS and moderate label along the lateral
sulcus and the posterior ridge of the arcuate sulcus. In
contrast to VIP injections, visual-related inputs to AIP
were only modest, including sparse to light inputs from
VIP, LIPd, and LIPv near the injection site, plus cortex in
and near area MIP, perhaps overlapping area V6A of
Galletti et al. (1996a).
Projections to AIP from anterior portions of the hemisphere were concentrated along the posterior ridge of
the arcuate sulcus (6Val, 4C, and 6Ds), which partially
overlapped the VIP projecting zones. VIP received
stronger inputs from the dorsal arcuate region (e.g.,
6Ds), whereas AIP received stronger inputs from ventral arcuate cortex (e.g., 6Val). This organization may
relate to networks involved in arm reaching versus
grasping (see Discussion).
In somatosensory-related cortex, the heaviest label outside of AIP was present in 5V, 7t, and 7b, with moderate
label in 5D. The label in 7t and 7b overlapped the associated face area described by Leinonen and Nyman (1979).
In the lateral sulcus, moderate label was present along the
dorsal bank of the S2 complex, which included estimated
upper body (digit and arm) representations (Burton et al.,
1995). Curiously, contralateral projections from the S2
complex to AIP (Fig. 9G) were absent despite its strong
ipsilateral projections.

124

Fig. 6. Case C: Diamidino Yellow (DY) injection centered near the
anterior extent of VIP. A,B: Three-dimensional (3-D) maps showing
distribution of supragranular labeled cells. C: Section outline depicting the DY injection core. D: Flat map illustrating injection site. Light
gray outline in 7a, 2, and 5 depicts compromised tissue. E: Flat map
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showing the distribution of retrogradely labeled DY cells (13,392
cells). The architectonic boundaries of LIPv were divided into two
portions (see D), wherein the posterior half included a cortical bulge,
whereas the anterior half did not. In the STS, i, TPOi. Other conventions as in Figures 2 and 4.

CORTICAL CONNECTIONS OF PARIETAL CORTEX

Fig. 7. Case B: Fast Blue (FB) injection (blue) centered in LIPv
and three WGAapoHRP-Gold (AG) injections (red) centered in 7b. The
three-dimensional (3-D) maps show the supragranular distribution of
FB- (A) and AG- (C) labeled cells, and section drawings depict the FB
(B) and (D) injection cores. E: Flat map showing the distribution of
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cells retrogradely labeled with FB (4,115 cells) and AG (10,899 cells).
Blue (FB) occludes the red (AG) in regions of overlap. F: Flat map
illustrating FB, AG, and DY injection sites of this case. The FB
injection was centered 2–3 mm away from the DY injection core (cf.
Fig. 4). Other conventions as in Figure 2.
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Fig. 8. Case D: Fast Blue (FB) injection (blue) centered in LIPv
and Diamidino Yellow (DY) injection (green) centered in LIPd/7a. The
three-dimensional (3-D) maps show the supragranular distribution of
FB (A,B) and DY (C,D) retrograde cell label. E,F: Section outlines
depicting FB and DY injection cores. Gray wedges in F depict borders
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of LIPv, LIPd, and 7a. G: Distribution of FB- (13,542 cells) and DY(19,986 cells) labeled cells on a flat map. Blue dots occlude green dots
in regions of overlap. Refer to Lewis and Van Essen (2000; their Fig.
15) for map details. H: Flat map illustrating injection sites. Other
conventions as in Figure 2.
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Fig. 9. Case A: Fast Blue (FB) injection (blue) centered in AIP, and
WGAapoHRP-Gold (AG) injection (red) centered in MSTdp. A,C: Threedimensional (3-D) maps showing supragranular FB and AG label,
respectively. B,D: Respective drawings depicting FB and AG injection
cores. E: Flat map depicting the FB, AG, and DY (cf. Fig. 2) injections.
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F: Flat map showing distribution of cells labeled with FB (11,330
cells) and AG (30,704 cells). Blue dots occludes the red in regions of
overlap. G: Distribution of contralateral cell label from FB (348 cells)
and AG (1,152 cells) injections, oriented as a right hemisphere. Other
conventions as in Figure 2.
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The AG injection of case A (Fig. 9; red) was centered in
the newly defined architectonic zone MSTdp. Label was
present predominantly in visual-related regions of cortex,
but was absent from all of area V1 (V1 not included on
map), indicating that there was no significant tracer uptake into area MT (Maunsell and Van Essen, 1983; Ungerleider and Desimone, 1986a). Additionally, the pattern
of label was largely similar to results from MST injections
previously reported (cf. Boussaoud et al., 1990).
Projections to MSTdp included regions representing
both upper and lower fields of the visual periphery (V2,
V3, V3A, dorsal V4, and the region near estimated ventral
V4 and VP). Curiously, label in area PO was restricted to
its lateral tip, indicative of inputs from its lower-field but
not upper-field representation (Colby et al., 1988). In the
STS, a notably strong projection from FST almost completely filled the core extent of this area.
Projections from the IPS were largely restricted to areas
VIP (including two clusters of label at the anterior and
posterior ends of VIPm) and LIPv. The overall patterns of
MSTdp inputs and LIPv inputs were strikingly similar (cf.
Fig. 9; red vs. Fig. 8; blue). One major difference was the
presence of strong inputs to MSTdp from ventral occipitotemporal regions (upper visual field representations), including VP and cortex near V4/VOT, and feed-back projections from TF/TH.
Cell label from all three tracers of case A was intermixed in anterior portions of VIPm and LIPv, in the vicinity of cortex implicated in visual guidance of hand
movements (Taira et al., 1990; Jeannerod et al., 1995),
and sparse overlap was present along the posterior bank
of the arcuate sulcus, and in 24b. An interdigitated pattern of label was evident in area MIP: projections to somatosensory area AIP (blue) were concentrated along the
dorsal core boundary of MIP (top portion on map); those to
visual area MSTdp (red) were concentrated in ventral
portions; and those to bimodal area VIP (green) included
both dorsal and ventral portions, consistent with the reported dorsoventral functional gradient within area MIP
(Colby and Duhamel, 1991).
Connections of MT (case E). We were interested in
analyzing the pattern of MT connections in the IPS, given
that area VIP was originally defined based on its connections with area MT (Maunsell and Van Essen, 1983),
whereas more recent studies reported that MT was also
connected with LIPv (Ungerleider and Desimone, 1986b;
Blatt et al., 1990). Case E involved a pair of tracer injections centered in area MT, as illustrated in Figure 10. The
FB injection was restricted to posterior portions of MT
(peripheral visual field representation, mainly lower
field); the nearby DY injection included an even more
peripheral representation in MT and probably encroached
into zone MSTdp.
The global pattern of connections from both MT injections was consistent with the studies mentioned above,
including topographically organized projections from layer
4B of V1, confirming that both injections included area MT
(Maunsell and Van Essen, 1983). Topographic projections
also originated from areas V2, V3, and VP, and possibly
PO. Tracer uptake near the estimated boundary of MT
and MSTdp (architecture was compromised by track damage) may account for the relatively stronger DY label in
regions such as PO, cortex dorsal to MIP, and the presence
of DY label (but not FB label) in 7op, 24d, and zone Toc.
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This adds to the evidence that MSTdp is a zone distinct
from area MT.
Figure 10F and 10G shows an expanded view of the IPS,
illustrating the distributions of DY- and FB-labeled cells,
respectively. In LIPv, DY- and FB-labeled cells were intermixed and distributed over most of its extent. A heavy
DY-labeled patch was present in the posterior half of
VIPm, and a strong FB-labeled patch included VIPl but
was centered on the LIPv/VIPl transition zone. Beyond
this, MT projections to the IPS did not show any obvious
topographic relationship (including two other MT injections, summarized in Table 3), though were suggestive of
a patchy topography. The consistent presence of label in
LIPv and absence of significant label in LIPd adds to the
evidence that these are distinct areas (see Discussion).

Summary of cortical connections
Results from the 11 injections illustrated above are
summarized in Table 3, along with results from six other
deep IPS injections and two additional MT injections.
These latter cases supported the main results illustrated
above and were useful for analyzing trends and consistencies in labeling patterns. This table is organized along
geographic lines according to the injection sites (columns)
and the labeled subdivisions (rows). The progression of
injection sites starts with injections of anterior portions of
the IPS (columns 1, 2, somatosensory dominated cortex),
and is fofolfollowed by injections along midportions of the
fundus of the IPS involving area VIP (columns 3–9,
multimodal-dominated), injections of the lateral IPS and
inferior parietal lobule (columns 10,11 involving LIPv,
columns 12–14 involving 7a/7b), and injections within the
STS (columns 15–19 involving MT or MSTdp). The rows
include 63 architectonically distinct zones (highlighted),
areas or areal complexes, and are arranged in 11 groups:
dorsal and ventral occipital visual cortical areas or regions; areas of the STS; visual-related parietal cortex;
somatosensory areas within the IPS and of parietal cortex;
areas of the lateral sulcus; motor plus dorsal premotor
areas; ventral premotor areas; cingulate cortex; and prefrontal cortex.
The injection sites are depicted in each row by black
entries, with the estimated effective uptake strength for
the injected subdivision(s) indicated, ranging from strong
(***) to light (*). Question marks in black boxes denote
sites of possible tracer uptake (generally obfuscated by
tissue damage along the pipet track). The remaining entries represent the strength of each projection, and range
in shading from dark gray (strong projection) to light gray
(light projection). Projection strength is represented symbolically as well, for strong (⫹⫹⫹), moderate (⫹⫹), and
light (⫹) connections (refer to Materials and Methods). A
distinction is also made between connections that were
demonstrably absent (-) and those that were not examined
in the tissue blocks available (blank entries).
In general, Table 3 provides a lower bound for the
connectivity associated with a given injection, taking
into account the sampling of sections, exclusion of some
label lying outside core outlines, and exclusion of regions not analyzed due to compromised tissue. On the
other hand, many injection sites involved more than one
subdivision, and are thus likely to overestimate the
connectivity of a single area or zone. Below, we summarize the connections of VIP, LIPv (vs LOP), AIP, and the
STS, taking into consideration all 19 tracer injections
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Fig. 10. Case E: Fast Blue (FB) injection (blue) centered in posterior MT, and Diamidino Yellow (DY) injection (green) in posterior MT
that encroached upon MSTdp. A,B: Three-dimensional (3-D) maps
showing supragranular DY and FB cell label, respectively. C: Section
outline (cut orthogonal to the IPS) depicting the FB and DY injection
cores relative to MSTm, MSTdp, MT, and V4t. D: Flat map showing
the distribution of cells labeled with FB (11,230 cells) and DY (15,047

cells). Unlike previous maps, most of area V1 is included in the map,
excluding tip of the occipital pole. E: Flat map depicting the injection
sites. The architectonic border at the MT/MSTdp transition was compromised by the DY injection. F,G: Expanded view of the IPS showing
the distribution of DY- and FB-labeled cells, respectively. Other conventions as in Figure 2.

(including reciprocal connections) and issues of uncertainty pertaining to tracer uptake into more than one
core region.
Connections of VIP. The significant and consistent
cortical connections of area VIP (zones VIPm plus VIPl)

included at least 26 (possibly up to 35) architectonically
distinct subdivisions (Table 3, columns 3–9), spanning
several functional divisions (also see Fig. 11 in Discussion). Consistent connections of the VIP complex not previously reported or well established included (roughly in
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TABLE 3. Summary of Ipsilateral Projections for 19 Injections of Parietal Cortex and the STS1

1
Relative strengths are indicated by shading and icons (see text). Injections restricted to one architectonic subdivision are indicated by densely bordered columns. Estimated size
of injections from Table 1: S, small; M, medium; L, large. Vm, VIPm; Vl, VIPl; Lv, LIPv; Ld, LIPd. Note that some rows include two or more subdivisions, and some subdivisions
depicted in the flat maps were excluded from this table.
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order of robustness) subdivisions MIP, MDP, TPOc, 4C,
MSTdp, TPOi, the S2 complex, 24d, 7t, LOP, Toc, M2, area
4, and area 2. Connections with more variability included
areas 7op, PIP, TPOr, and 3a. Somatotopic inputs to VIP
involved the upper, as opposed to lower, body representation. This included the estimated digit, hand, or arm representation of the S2 complex, 24d, M2, areas 2, 1, and
possibly 3a, and the estimated face/head representation of
M2, and possibly the S2 complex, area 4, and 3a. Most of
the injections involving VIP also resulted in sparse to light
label in cingulate area 24b.
Previous anatomical studies have identified areas that
receive at least light projections from the fundus of the
IPS near its middle one-third (i.e., near estimated area
VIP), further suggesting that most of the pathways we
observed are reciprocal. This included 12 visual-related
areas, V2 (Seltzer and Pandya, 1980), V3 and VP (Felleman et al., 1997), PO (Seltzer and Pandya, 1980; Colby et
al., 1988), MT (Van Essen et al., 1980; Maunsell and Van
Essen, 1983; Ungerleider and Desimone, 1986b), MSTda
(DMZ), zone MSTm and possibly FST (Boussaoud et al.,
1990), LIPd and LIPv (Blatt et al., 1990), MDP (7m) and
7a (Stanton et al., 1977; Pandya and Seltzer, 1982; Seltzer
and Pandya, 1986), polysensory area TPOc (TPO-4 of Seltzer and Pandya, 1991); and eight sensorimotor-related
areas, including 1 and 2 (area 1 hand representation,
Burton and Fabri, 1995; arm representation of 1 and 2,
Seltzer and Pandya, 1980; Pearson and Powell, 1985; also
see Jones and Powell, 1969), zone 7t (Pandya and Seltzer,
1982), 5V and 7b (Seltzer and Pandya, 1986; Neal et al.,
1990), area 4 (Künzle, 1978; Leichnetz, 1986), and premotor subdivisions 6Val and 4C (Godschalk et al., 1984).
Whether all connections are indeed reciprocal and
whether there are pronounced or consistent differences in
connection strengths in opposite directions awaits further
investigation using combined anterograde and retrograde
tracer injections.
Connections of LIPv. To the list of previously reported LIPv connections (Blatt et al., 1990), we can add
inputs from LOP, TPOc, and FST (Table 3, columns
10,11). In some cases, additional sparse to moderate
connections with LIPv included V2, TPOi, 4C, M2, 24b,
and 6Vam, but the consistency of these pathways awaits
further verification. Area V2 projections to the IPS were
only observed with injections that included the VIPl/
LIPv transition region (columns 6 –10), consistent with
a study by Baizer et al. (1991). LIPv connections with
visuotopically organized areas predominantly involved
peripheral visual field representations (V2, V3, PO, and
V4), with a strong bias towards lower peripheral visual
field inputs (compare top two clusters of rows in Table 3,
columns 8 –11). However, this pattern might relate to
where the injections were located within LIPv rather
than the area as a whole.
Area LIPv had strong, reciprocal connections with area
MT and zone MSTdp. In contrast, neighboring zone LOP,
whose architecture is similar to LIPv (Lewis and Van
Essen, 2000), sent few projections, if any, to the portions of
MT or MSTdp we injected (cf. Table 3, row “LOP” vs.
“LIPv,” columns 15–19). Additionally, area LIPv and zone
LOP differed in their connections with the inferior parietal lobule (areas LIPd, 7a/7b) and area AIP.
Connections of AIP. In contrast with area VIP, connections of the anterior IPS (columns 1,2: mostly area
AIP) were largely devoid of visual-related inputs, with the
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exception of areas VIP, LIP, and possibly MIP. Otherwise,
injections of the anterior IPS showed a similar range of
sensorimotor connections to those of VIP, but with relatively stronger connections with zones 5V, 5D, 7t, 6Val,
area 7b, and the S2 complex.
Connections of the STS. The connections of MT (Table 3, columns 16 –19) were consistent with previous studies (Maunsell and Van Essen, 1983; Ungerleider and Desimone, 1986b), but also included light projections
originating from IPa in most cases. Of the three architectonic subdivisions of the IPS that projected to MT, connections were strongest with LIPv, intermediate with VIPl,
and sparsest with VIPm. The MT to LIPv pathway is
notable (and puzzling) in the view of physiological evidence reported, suggesting that direction selectivity is
prominent in MT and VIP, but not in LIPv (Colby et al.,
1993a,b). The MST complex was heavily interconnected
with VIP and LIPv, consistent with earlier studies (Boussaoud et al., 1990), and consistent with the similar response properties to optic flow for MSTdp and VIP
(Schaafsma and Duysens, 1996).

DISCUSSION
Given the tremendous complexity of cortical circuitry, it
is important to seek underlying principles of information
processing that are related to overall patterns of connectivity, rather than just the presence of one or another
particular pathway. The present study has provided information relevant to four broad issues. One issue is the
degree to which connectivity data can be used as a guide to
partitioning the cortex. A second issue concerns the overall degree of connectivity and possible regional differences
in the statistics of connectivity patterns. A third issue
involves the concept of hierarchical organization (intraand interhemispheric) based on laminar patterns of inputs and outputs. A final issue regards the presence of
distinct yet intertwined processing streams within sensory and motor systems. Our findings support the involvement of the VIP complex in several functional streams,
including networks related to visual, vestibular, somatomotor, and auditory processing, and possibly a network
related to spatial attention.

Areal partitioning
Connectivity patterns provide an important basis for
identifying distinct cortical areas and determining
whether neighboring regions belong to the same or different areas. Complexities such as tracer leakage and the
inherent variability of connectivity patterns are routinely
observed (cf. Perkel et al., 1986; Van Essen et al., 1986;
Felleman and Van Essen, 1991), but despite these caveats,
our data lend support for the distinctness of architectonically defined area VIP, a distinction between areas LIPv,
LIPd, and zone LOP, and between zone MSTdp and area
MT.
Area VIP. The pattern of inputs to architectonically defined area VIP differed markedly from those of neighboring
areas LIPv and AIP. Additionally, injections placed in visual
subdivisions MT, MSTdp, and LIPv consistently produced
moderate to strong label in area VIP with little or no label in
neighboring subdivisions 5V and AIP, thereby respecting the
medial and anterior architectonic boundaries of VIP. Together, these results strongly support the architectonic (and
physiological) evidence summarized in the preceding study
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(Lewis and Van Essen, 2000) for the distinctness of area VIP
from surrounding areas.
The results of the present study, along with the companion study, raise but do not resolve the issue of whether
the medial and lateral architectonic zones within VIP
(VIPm and VIPl) are sufficiently distinct to be considered
separate areas. VIPl tends to have stronger connections
with visual-related areas, whereas VIPm is more strongly
connected with sensorimotor-related areas. However,
given the small number of injections and tracer leakage
issues, the significance of the heterogeneity of VIP will
need to be resolved by future studies.
LIPv, LIPd, and zone LOP. LIPv has several connections with motion processing pathways, including MT,
whereas LIPd is connected more with “featural” processing
pathways in inferotemporal cortex. This pattern is consistent with LIPv representing peripheral visual fields and
LIPd representing central visual fields as reported by Blatt
et al. (1990) and Ben Hamed et al. (1999). It is also consistent
with physiological distinctions noted by Ben Hamed et al.
(1999) and supports our overall conclusion that LIPd and
LIPv warrant classification as distinct areas.
In the companion article, a distinction was made between area LIPv and neighboring zone LOP, though the
architectonic differences are modest (Lewis and Van Essen, 2000). Connectivity patterns supported this distinction, in that injections of MT and MSTdp consistently
produced moderate to strong label in LIPv, but little or no
label in zone LOP. Schall et al. (1995) reported connections between the frontal eye fields (FEF) and LIPv, which
included what we consider to be LIPv plus zone LOP. They
reported differences in connections between rostral and
caudal portions of their boundaries for LIPv, and showed
examples of labeled fields that respected or were discontinuous near the estimated boundary between LOP and
LIPv of the present study. Finally, Sakata et al. (1997)
have reported a high concentration of cells selective for
3-D surface orientation in the caudal intraparietal sulcus
(their “cIPS”), a region that appears to overlap substantially with LOP. Although the aggregate evidence is suggestive, we do not feel that it is strong enough to designate
LOP unequivocally as a distinct area.
MST complex. The companion article identified architectonic distinctions between area MT and zone MSTdp
that are strongly supported by the present connectivity
data. For instance, an injection of MSTdp (Fig. 9, red)
resulted in a wide range of dense label in early visual
cortex comparable to MT (Fig. 10), with the notable exception of area V1 (Van Essen et al., 1981; Ungerleider and
Desimone, 1986a). MSTdp appears to overlap the “peripheral V2-recipient zone” adjacent to MT described by Ungerleider and Desimone (1986a; their Fig. 11), and partially overlaps physiologically described MSTd (Komatsu
and Wurtz, 1988).

timodal areas may have an intrinsically greater degree of
connectivity in terms of number of subdivisions (though
this would not imply that the total density of inputs and
outputs differs across areas). The fact that VIP lies along
a fundus and is widely interconnected relative to cortex
along the banks of the IPS appears consistent with two
earlier hypotheses regarding the relationship between
cortical function and geography. One is a tension-based
theory of morphogenesis (Van Essen, 1997), which predicts that mechanical tension generated along axons of
corticocortical pathways is responsible for determining
cortical folding patterns. Specifically, VIP is heavily connected with both posterolateral and anteromedial portions
of the hemisphere (cf. yellow and blue in Fig. 11), and its
position along a fundus makes it well situated geographically (in 3-D space) to have relatively low aggregate axonal connection lengths with both regions. Another hypothesis is that of “fundal cognition,” which proposes that
the fundi of the cortex, serving as “hubs of cross-cortical
traffic,” might be particularly suitable for higher cognitive
processing, including multimodal integration (Markowitsch and Tulving, 1994).

Hierarchical relationships
By using similar criteria for hierarchical placement, our
results largely support the placement of VIP at the seventh level of the cortical hierarchy proposed by Van Essen
et al. (1990; also see Felleman and Van Essen, 1991), and
they are also consistent with the various alternate hierarchical schemes reported by Hilgetag et al. (1996). However, the S2 complex (both ipsilateral and contralateral)
consistently showed a feed-back pattern of connection
with VIP, suggesting that it is higher than VIP rather
than lower in the hierarchy. This is at odds with the
placement of S2 by Van Essen et al. (1990) but is consistent with a more recent somatosensory hierarchical
scheme (H. Burton, personal communication; also see Burton et al., 1996).

Interhemispheric connections

Degrees of connectivity

Interhemispheric connections were generally strongest
in regions that were geographically and architectonically
homotopic to each injection site, consistent with earlier
studies of parietal cortex (Hedreen and Yin, 1981; Cavada
and Goldman-Rakic, 1989a,b; for review see Kennedy et
al., 1990). However, in other species, the densest callosal
connections can occur in anatomically heterotopic portions
of the corresponding areas in the contralateral hemisphere (rat, Lewis and Olavarria, 1995; cat, Shatz, 1977).
Thus, we did not use callosal connection patterns to infer
the precise location of injection sites. As expected, the
heterotopic patterns of contralateral label generally involved a subset of the labeled regions found in the ipsilateral hemisphere, though with considerably lower density
of labeled cells (Pandya and Vignolo, 1969; Andersen et
al., 1985a; Cavada and Goldman-Rakic, 1989a,b).

A striking aspect of connectivity patterns in our data set
is the wide range in the total number of architectonic
subdivisions labeled after different injections (see Table 3,
bottom row). Even after accounting for various tracer uptake issues (i.e., leakage along the pipet track, injection
size and spread into neighboring areas), injections into
area VIP consistently revealed more labeled cortical pathways than did the injections of largely unimodal areas
LIPv, AIP, and MT. An intriguing possibility is that mul-

Physiological studies suggest that area VIP is involved
in a variety of functions, including multisensory analysis
of stimulus location and motion; the construction of a
multisensory, head-centered representation of near extrapersonal space; and perhaps eye/hand and mouth coordination (Colby et al., 1993a; Duhamel et al., 1997, 1998).
Consistent with this diversity of functions, the wide range

Functional streams involving VIP
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Fig. 11. Schematic summary of proposed cortical networks involving area VIP. Sulci are labeled and colored gray (buried cortex), and a
select set of core architectonic areas (from case B) are indicated.
Colored areas, ovals, and text depict regions projecting to VIP, and are
coded according to presumed function (see Figure key and text).
Multiple colors in LOP, 7b, TPO, 4C depict possible involvement in
multiple networks. LOP was partially included in the oculomotor
network based on a connectivity study by Schall et al. (1995). Hatched

oval in area 24b may be related to a spatial attention network (see
text). Bimodal or polymodal areas colored green include 4C (Rizzolatti
et al., 1981a,b; Fogassi et al., 1996), MIP (Colby and Duhamel, 1991),
MDP (PEc/PGm of Pandya and Seltzer, 1982), 7b (Leinonen et al.,
1979; Hyvärinen, 1981; Dong et al., 1994), and TPOc (Bruce et al.,
1981). S2cx, S2 complex (cf. Burton et al., 1995; Krubitzer et al.,
1995). Refer to text for other details.

of connections observed in the present study implicates
VIP in multiple cortical networks that are known or suspected to have distinct functional specializations. These
are summarized in Figure 11, by using an expanded portion of the cortical map for case B, but drawing on results
across several cases. Colored regions represent consistent
projections to area VIP observed in the present study,
with each color corresponding to a different proposed functional network. Filled areas represent relatively stronger
and/or more consistent connections, whereas ovals and
colored text represent lighter connections. The visual spa-

tial analysis network (yellow) and related oculomotor network (orange), are largely consistent with earlier studies
describing the “dorsal stream” pathway pertaining to visual spatial analysis (Ungerleider and Mishkin, 1982;
Andersen, 1987; Felleman and Van Essen, 1991). Polysensory areas (visual and somatosensory response properties
or inputs) are colored green; these include several of the
strongest and most consistent connections of VIP. In addition, there is evidence for a somatosensory- and motorrelated network involving the upper body representations
(blue), a vestibular-related network (purple), an auditory-
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related network (red), and possibly an attention-related
network, each of which merits brief discussion.
Topography of VIP. Inputs to VIP from visuotopically organized areas generally involved lower field, and to
a lesser extent upper field representations of the visual
periphery. However, across the core extent of VIP there
was no obvious visuotopy, consistent with physiological
observations (Colby and Duhamel, 1991; Duhamel et al.,
1998). Inputs from somatotopically organized areas generally originate from the upper body (digits, arm, and face)
representations, but without any obvious somatotopic organization in VIP. Interestingly, VIP connections with
some subdivisions (e.g., MT, MSTdp, area 4, TPOr, 5D,
and zone 7t) were moderate or strong in some cases,
whereas sparse or entirely absent in others. This variability was not easily accounted for by technical artifacts,
such as errors in parcellation or tracer leakage. Rather,
the evidence is suggestive of either individual variability
in the presence of major cortical projections, or a patchy
topographic organization for VIP with regard to visual and
somatomotor connections.
Somatosensory inputs to VIP. The majority of VIP
cells have tactile receptive fields representing the head
and face (where the mouth represents the tactile “fovea”),
whereas a minority of cells represent other portions of the
upper body including the arms and hands (Colby and
Duhamel, 1991; Duhamel et al., 1998; Colby and Goldberg, 1999). Consistent with this physiology, VIP is connected with the estimated upper body representation of
several areas that have at least a crude degree of somatotopic organization (blue in Fig. 11). However, an unresolved issue concerns the origins of predominant facerelated somatosensory inputs to VIP. Projections from
somatosensory areas 2, 1, and possibly 3a were mainly
from the digit or digit/face boundary representations (determined physiologically for area 2 in one case; see Lewis
et al., 1999), but notably absent from the large expanse of
estimated face and head representations (Pons et al.,
1985). Candidate regions more likely to convey facerelated inputs to VIP include: (1) postarcuate cortex (near
zone 4C) which has similar response properties to those of
area VIP (Rizzolatti et al., 1981a,b; Gentilucci et al.,
1988); (2) areas 5 and 7b, though they have only a coarse
somatotopic organization (Mountcastle et al., 1975;
Leinonen et al., 1979; Leinonen and Nyman, 1979; Robinson and Burton, 1980; Hyvärinen, 1981; Rizzolatti et al.,
1981a; Gentilucci et al., 1988; Fogassi et al., 1996); and (3)
M2 and S2, though these were relatively light and predominantly of a feed-back pattern of connection.
Inputs to VIP from the estimated hand and arm representations of somatotopically organized areas is consistent with its proposed involvement in a network of cortical
areas that subserve reaching (as opposed to grasping)
movements with the limbs (Tanné et al., 1995, 1996; also
see Jeannerod et al., 1995). This network includes dorsal
premotor cortex (overlapping 6Ds and dorsal 4C of this
study), and visual areas PO, MDP (cf. V6A of Galletti et
al., 1996b), caudal MIP, and LIP (cf. Taira et al., 990),
which were all interconnected with VIP in the present
study. These connections are consistent with VIP’s proposed involvement in eye-hand and mouth coordination
(Colby et al., 1993a). The grasping-related network, including ventral premotor cortex 6Val, lateral portions of
zone 4C, plus AIP, 7b, and area 5, fits with the results of
our AIP injections. However, there is a considerable de-
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gree of cross-talk between these two hypothesized functional networks.
A vestibular network. Our anatomical data support
previous physiological evidence that VIP is involved in
processing vestibular information (Graf et al., 1996;
Bremmer et al., 1997). Specifically, area VIP (especially
anterior and medial portions) receives inputs from several
cortical areas (purple in Fig. 11) that also have direct
connections with vestibular nuclei (cf. Akbarian et al.,
1994; Faugier-Grimaud et al., 1997). These include moderate connections with zone 7t, near to or overlapping area
2v, where vestibular responsiveness has been reported
physiologically (Schwarz and Fredrickson, 1971; Büttner
and Buettner, 1978; but see Grüsser et al., 1990), and zone
4C (6pa of Akbarian et al., 1994). Lighter and more variable vestibular-related connections included: area 3a
(overlapping 3aV of Akbarian et al., 1994); cortex near the
retro-insular area Ri (overlapping PIVC of Grüsser et al.,
1990), which is a region that is responsive to vestibular,
somatosensory, and visual stimulation; and possibly the
MST complex (Faugier-Grimaud et al., 1997). Interestingly, all the above-mentioned vestibular-related cortical
regions connected with VIP are characterized by moderate
to high SMI-32 immunoreactivity (Lewis and Van Essen,
2000). The vestibular responses of VIP may be involved in
the analysis of self-motion, and/or modifying the reference
frame in which visual and other sensory inputs are represented (Bremmer et al., 1997; Faugier-Grimaud et al.,
1997).
Auditory inputs to the IPS. Auditory information
may reach the IPS via light projections (red in Fig. 11) to
VIP from presumed auditory-related zone Toc (overlapping area C of Morel et al., 1993) and area Tpt (Leinonen
et al., 1980; Hikosaka et al., 1988). In addition, VIP and
LIPv receive inputs from part of the polysensory TPO
complex (Mistlin and Perrett, 1990), and possibly the auditory belt region CM (for review see Kaas et al., 1999).
Auditory inputs to LIP may account for cells reported to
encode the remembered spatial location of auditory stimuli as well as the less frequent cells that are directly
responsive to auditory stimuli (Mazzoni, 1994; Linden et
al., 1996; also see Andersen, 1995). Physiological tests for
auditory inputs to VIP have yet to be examined systematically. If present, they might convey the type of memoryrelated responsiveness reported for LIP. Alternatively,
they might involve polysensory responsiveness to nearfield auditory stimuli that are congruent with somatosensory and/or visual receptive fields, as has been reported for
cells in the ventral premotor cortex (Graziano et al., 1999).
Furthermore, cells of the VIP complex may be involved in
the analysis of auditory motion, consistent with visual
motion and tactile response properties of VIP (cf. Duhamel
et al., 1998), and consistent with the convergence of auditory motion and visual motion systems in and near the
IPS of humans (Lewis et al., 2000).
An attention network. The control of spatial attention in human and nonhuman primates has been proposed
to be coordinated by a large-scale network including parietal cortex, the frontal eye fields plus surrounding cortex,
and cingulate cortex (Mesulam, 1981; Rizzolatti et al.,
1987; Morecraft et al., 1993). Consistent with this model,
all injections involving VIP, LIP, and 7a revealed connections with the frontal eye field region (8Ac, plus portions of
45 and 6Vam), consistent with earlier studies (Andersen
et al., 1985a; Cavada and Goldman-Rakic, 1989b). Addi-
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tionally, a small portion of cingulate area 24b (hatched
oval in Fig. 11) showed reasonably consistent projections
(though relatively light) to a wide variety of parietal (and
temporal) areas, including polysensory areas VIP and 7b,
somatosensory-related area AIP, and visual-related areas,
LIPv, LIPd, 7a, and zone MSTdp. These pathways may be
important for coordinating or directing attention toward
motivationally relevant events (Mesulam et al., 1977).

Towards probabilistic maps of cortical
connectivity
In the preceding study (Lewis and Van Essen, 2000), we
discussed the importance of establishing probabilistic
surface-based atlases, in which each location in the cortex
can be assigned a likelihood of belonging to one or another
cortical subdivision according to any of several partitioning schemes. A natural extension of this approach is to
develop a database of cortical connectivity, which would
provide probabilistic assessments of the distribution and
strength of the connections associated with each location
on the cortical surface. The present study represents one
step in this direction, as it includes an archival repository
of quantitative data on connection patterns that are represented precisely in relation to architecture and the cortical surface. A variety of technical hurdles must be overcome in order to bring data into a common framework that
will allow systematic analysis of complex connectivity patterns derived from numerous individual cases using a
variety of pathway-tracing techniques. Nonetheless, given
recent progress in computational neuroanatomy (cf. Van
Essen et al., 1998), the time is ripe for developing such
methods. Their advent will greatly enhance the utility and
ease of access of connectivity information that is needed
for a variety of purposes, including formulating models of
cortical organization and function that respect the underlying cortical anatomy.
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Tanné J, Boussaoud D, Bover-Zeller N, Moret V, Rouiller EM. 1996. Parietal inputs to dorsal vs. ventral premotor areas in the macaque monkey: a multiple anatomical tracing study. Soc Neurosci Abstr 22:1084.
Ungerleider LG, Desimone R. 1986a. Projections to the superior temporal
sulcus from the central and peripheral field representations of V1 and
V2. J Comp Neurol 248:147–163.
Ungerleider LG, Desimone R. 1986b. Cortical connections of visual area
MT in the macaque. J Comp Neurol 248:190 –222.
Ungerleider LG, Mishkin M. 1982. Two cortical visual systems. In: Ingle
DJ, Goodale MA, Mansfield RJW, editors. Analysis of visual behavior.
Cambridge, MA: MIT Press. p 549 –586.
Van Essen DC. 1997. A tension-based theory of morphogenesis and compact wiring in the central nervous system. Nature 385:313–318.
Van Essen DC, Maunsell JHR, Bixby JL. 1981. The middle temporal
visual area in the macaque: myeloarchitecture, connections, functional properties and topographic organization. J Comp Neurol 199:
293–326.
Van Essen DC, Newsome WT, Maunsell JHR, Bixby JL. 1986. The projections from striate cortex (V1) to areas V2 and V3 in the macaque
monkey: asymmetries, areal boundaries, and patchy connections.
J Comp Neurol 244:451– 480.
Van Essen DC, Felleman DM, DeYoe EA, Olavarria J, Knierim JJ. 1990.
Modular and hierarchical organization of extrastriate visual cortex in the
macaque monkey. Cold Spring Harbor Symp Quant Biol 55:679 – 696.
Van Essen DC, Felleman DF, DeYoe EA, Knierim JJ. 1991. Probing the
primate visual cortex: pathways and perspectives. In: Valberg A, Lee
BB, editors. From pigments to perception: advances in understanding
visual processes. New York: Plenum. p 227–237.
Van Essen DC, Drury HA, Joshi S, Miller MI. 1998. Functional and
structural mapping of human cerebral cortex: solutions are in the
surfaces. Proc Natl Acad Sci USA 95:788 –795.
Vogt BA, Pandya DN. 1978. Cortico-cortical connections of somatic sensory
cortex (areas 3, 1 and 2) in rhesus monkey. J Comp Neurol 177:179 –
192.
Woolsey CN, Settlage PH, Meyer DR, Sencer W, Pinto Hamuy T, Travis
AM. 1952. Patterns of localization in precentral and “supplementary”
motor areas and their relation to the concept of a premotor area. Res
Publ Assoc Nerv Ment Dis 30:238 –264.

