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LEAH KRUBITZER

One of the hallmarks of human evolution is the extraor
inary degree to which we can manipulate the physical
orld with our hands or with wols that extend or
liiilify portions of’ our body. This manual dexterity
evolved with the expansion of areas of the brain asso-
ed with both visual processing and visuomanual
dination.  Specifically, occipitotemporal
anded and cortical areas emerged for the process-
f motion, direction and heading (Britten, 2008),
he temporal fobe enlarged greatly 1o process infor-

on about object features such as faces. Cortical
ds within posterior parietal cortex (PPC) also

Cortex

nded and serve as an interface between perception
action. Areas in PPC combine the sensory informa-
rom muitiple modalities with effector kinematics
ipute and program visually guided reaching and
ng movements tailored o specific objects and

dink between manual dexterity and visual pro-
s best exemplified when one considers the
nce of particular tocations in extrapersonal
Most manual activity takes place in front of the
1 face. This is the optimal space where the two
cet, and from a visual and skeletal perspective,
Blost ergonomic bimanual work space. It is also
modal hot spot, the place where an object can
felt, seen, heard, smelled, and tasted, Perhaps
mply, monkeys’ hands are found in this part
nore often than not, and nearly all grasping
1'1_12111011 oceurs here {Graziano et al., 2004},
“Notor cortex, electrical microstimulation
1 movements that follow a similar pattern:
CI}taLion of movements toward this central
ularly when stimulation also evokes a grasp-
sture (Graziano et al., 2002, 2004), suggest-
b et manipulation in this work space 1s a

The Evolution of Parietal Areas
Associated with Visuomanual Behavior:
From Grasping to Tool Use
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fundamental feature of motor cortex organization.
Human proprioceptive acuity for hand position in
space is also nonuniform; that is, people have a more
accurate kinesthetic sense ol hand position at locations
near the midline close 1o the body where this sense is
continually being recalibrated with visual feedback
(Rincon-Gonzalez, Buneo, & Helms Tillery, 2011;
Tillery, Flanders, & Soechting, 1944}, This space has
been called a “motor fovea” {(Tillery, Flanders, &
Scechting, 19944} or “manual fovea” (Graziano ct al.,
2002). Like the overrepresentation of the fovea in the
visual system, the brain regions contributing to this
combination of manual behavior, sensory integration,
and the representation of visual space may overrepre-
sent this manual work space where food is prepared and
eaten and tools are made and used.

This chapter focuses on some of the cortical arcas
that contribute to the visuomanual behaviors described
above, which are located at the junction of sensory
neocortex and PPC. These visuomotor behaviors are
strongly dependent on tactile feedback, so we will begin
with the anterior partetal area 2 and proceed to the
more visually integrated regions in and around the
banks of the intraparietal sulcus (IPS) such as arca 5,
the medial intraparietal area (MIP) and the anterior
intraparietal area (AIP) (here and throughout, see
table 73.1 for detailed explanations of abhbreviations
used), and lateral to this, 7b on the inferior parieial
lobule. We discuss traditional views of these fields based
on architectonic analysis and more modern concepts of
how 1his region is subdivided based on multipie criteria
including architecture, electrophysiological mapping
data, and neuronal response properties. White most of
owr knowledge of these fields comes from studies in
macaque monkeys, we broadly consider data from other
nonluman primates as well as humans o address
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TABLE 78.1

Cortical areas, vegions and somatosensory veceplor locations

it

Lt

BITZER

Abbreviation Definition/description Abbreviation Definition/description
Parietal corlex (mostly figures 73.2, 73.3, 73.5) 1PS Intraparietal sulcus
1 Area 1; cutaneous representation caudal to LIP Lateral intraparietal arca
3b . LIPd LIP, dorsal division
1-2 Area 1-2 (galago and marmoset); of . LIPv LIP, ventral division
uncertain homology to areas | and 2 in
; LS Lateral sulcus
other primates ‘ ‘
2 Area 2; representation of deep receptors MBE Medial dorsal parietal area
caudal to area 1 MIP Medial intraparietal area
3a Area 8a; somatosensory field rostral to 3b Opt Area Opt; overlaps caudomedial 7a
3b Area 3b, primary somatosensory area, S1 PCS Postcentral sulcus
5/BAb Area b/Brodmann’s area b; contemporary PL Parietal area E; with other “PE” fiel
area b definitions encompass only part of mostly coextensive with BA5; on
BAB which is used to refer only to PPC
Brodmann’s original parcellation; on PEa Parietal area E, anterior (not part of
SPL Seltzer and Pandya’s (1986) PE);
5D 5/BAb, dorsal division; on the rostral SPL medial bank of IPS -
BV 5/BAb, ventral division; in rostral bank of PEc Parietal area E, caudal (not part of
the IPS and Pandya’s (1986) PE); between PE
5L 5/BAB, lateral division; from Seelke et al. and PEa on the caudomedial SPL*__ )
(2012) PEm Parietal area Em, rostral division of PE
7/BAT Area 7/Brodmann’s area 7; caudal bank of from von Bonin and Bailey (1947)
IPS and most or all of IPL PEp Parietal area Ep, posterior division
Ta Area 7a, caudal portion of 7; originally from von Bonin and Bailey (1947‘. {
defined by Vogt and Vogt (1919) and PF Parietal area F; rostral IPL; overlagsﬂ,’
subsequently further subdivided PFG Parictal area FG; rostral IPL (transiti
7a-1 Area Ta, lateral division area between PF and PG) from
Ta—m Area 7a, medial division and Pandya (1986); may straddlel
’ ’ border
7b Area b, rostral portion of 7; originally . e B st : il
defined by Vogt and Vogt (1919) and PG Pdrfetal area G; rostral IPL; mrer]%xp_ /a
subsequently further subdivided PGm Parictal area Gm; on fhf? medial w
Top Operculor area 7; lateral to 7b portion of von Bonin's PE 188
S KB Palp— T 1 1 and Pandya (1986)
) rea. 19/ E6 'mal.m AR e Pm Parietal medial area (squirrel); ma
several extrastriate visual areas ;
" 5 ) ) homologous to primate PPC
- aSM merl_or supramaz ginal gyrus (human); PO Parietal occipital area (approximat
overlapping human PF V6a)
st 3 ea: . B ;
Sl An\';z] 1;1’" ;;ﬁi%ﬁg;tallg;m’ overlaps BA, POa Area POa (not part of PO); overlapp
- . dg _ o LIP and AIP; medial BA7 |
aucal Mt patiehy carca PPc Posterior parietal caudal area (galago;
CIP1 Caudal intralparietal 1, from Arcaro et al. shrew) ;
011)
cis o (2cl —— A , PPC Posterior parietal cortex
a(L;Oal ll)mla parietal 2, from Arcaro ct al PPl Posterior parietal lateral area (gal
cs Centeal sulcus Pm Parietal medial area (squirrel)
) ) 1 rostral area (ITe
D7 Dysgranular zone (rat); surrounded by S1 e POSl[CI‘IOl p.auetal SSH &
Ig Granular insular field; adjacent to S2 in LS, PR Parietal rhinal arela
e.g., Friedman et al. (1986) PRR Parietal reach region
IPd Intraparietal depth area (in depth of IPS, ¥y Parietal ventral arca L
adjacent to POa and PEa) R Rostral somatosensory arca (stripesy
IPL Inferior parietal lobule possum, opossum)
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Tanne 75.1

Cortical wreas, regions and somedasensory veceptor locations {Continued)

Abbhreviauon Definition/description Abbreviation Definition/description
Ri Retroinsular arca; in the fundus of LS, br Dorsal prelunate area
. P S5 a 1o . -
d(l_;a](,(,(llllqg()‘)b2 and 7h, e.g., Friedman M1 Primary motor cortex
et al. (1986 " . . .
51 Pri ) MST Medial superior temporal area; visual
'iNIAary sOmMalosenseory ares . . '
- . ’ y M1 Middle temporal arca; visual
52 Second somatosensory area - .
. . Vi Primary visual arca
sC Somatosensory caudal area (tree shrew, . . ,
o o N L Ve Second visual area
striped possumn, opossum); perhaps
homologous to primate area 1 or areas v Third visual area
1+2, Vid V3, dorsal division
511 Superior parietal lohule Vv ’ V3, ventral division
vIr Ventral intraparietal arca VIA Visual area V3A; lateral to V38; also called
VPl VIP, lateral division DM
VIPm VIP, medial division V4 Fourtly visual area; also called DI
V6 Visual area 6, medial to the caundal end of vis Other visual areas
the IPS; with VOA, approximately Body parts and veceptor fypes (ligure 73.4)
weyle ine P S
overlapping PO - Chin
VGA Visual area .()‘1, d(‘)lbd] o ((.md not a division cut Cutaneous receptors on hody part
of) V6; with V6, approximately . o N
overlapping PO D1-5 Digits 15
Vs Ventral somatosensory area; part of the 52 deep Deep yeceptors on body part
complex from Krubitzer et al. (1995) fa Forearm
Cther cortex (mostly figure 73.2) gen Genitals
Al Primary anditory area J Jaw
aud Other auditory areas OCC Occiput
D1 Dorsolateral visual area; also called V4 sh Shoulder
Dle DI, caudal division sn Snout
DLr DI, rostral division r Trunk
DM Dorsomedial visual area; visual; also called T1-5 Toes 1-5
Q. - .
Via vis Visual response

Note: All terms refer to macaque brains except where noted.

questions of how this boundary cortex evolved and how
it covaries with sophisticated visuomanual behaviors
that define primates.

SENSORY VERSUS NONSENSORY “ASSOCIATION”
CORTEX

The cortical sheet is divided into multiple cortical fields
defined by their architecture, function, and connectiv-
iy, Several cortical arveas including primary sensory
arcas (V1, 81, Al) and sccondary areas (e.g., V2, 52/

PV, A2) have been described in all mammals investi-
-~ gated (see figure 78.1). In these primary arcas there is
a relatively simple, first-order transformation or repre-
sentation of the entire sensory epithelinm or array. For
example, in the visual system, retinotopic order s main-
ained in V1 and V2, with no or few splits in the

THE EVOLUTION OF PARIETAL AREAS ASSOCIATED WITH VISUOMANUAL BEHAVIOR

representation of the visual hemifield. In mammals in
which the relative size of the neocortex is larger, more
cortical fields are observed (see figure 73.2). Neurons
in this expanded cortex generally do not respond to the
kind of simple sensory stimulation that easily activates
neurons in primary and secondary arcas nor do they
respond under most anesthetic conditions. Tradition-
ally considered “association” areas, .these regions
contain neurons with much more complex response
properties {e.g., neurons in inferotemporal coriex
respond to faces). Such higher-order, often multsen-
sory areas are located between traditional unimodal
sensory areas, and also vary greatly across primates and
across mammals in general.

One such region is PPC, situated between somatosen-
sory and visual cortex. Although PPC has been described
in primates such as New World monkeys and prosimians
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Ficure 75.1

Titi monkey

A cladogram illustrating the phylogenetic relationships for the major subclasses of mammals and some 0
orders within each subclass. There is a constellation of cortical fields that is observed in all mammals. This constellation of fi
is considered homologous and (o have been present in the common ancestor. Posterior parietal cortex (green) or the pres

f
Chimpanzee

Great Apes

Hominids Macaque

tive posterior parietal cortex (light green) has also been described widely, but in species with small brains (e.g., mice and 0
sums), this generally encompasses a small zone of cortex between known visual (V1, dark blue; V2, light blue), somatosenso
(S1, red; 52, pink), and auditory (yellow) fields in which neurons respond to stimulation of two or more modalities. See tablé

73.1 for abbreviations.

(c.g., Padberg, Disbrow, & Krubitzer, 2005; Padberg
et al., 2007; Stepniewska, Fang, & Kaas, 2009) and other
mammals such as carnivores and rodents (Krubitzer,
Campi, & Cooke, 2011), most studies of PPC have used
the macaque monkey as an animal model for humans.
Studies in macaques and humans indicate that PPC
contains complex maps that are not obviously topo-
graphic or retinotopic, and are involved in complex,
multidimensional computations such as calculating
optic flow (Merchant, Battaglia-Mayer, & Georgopou-
los, 2001; Siegel & Read, 1997), generating an internal
coordinate reference of the body (see Chang & Snyder,
2010, for review ; Grefkes & Fink, 2005), and even tool
action (Peeters et al., 2009). The cortical magnification
commonly seen in primary sensory fields, such as the
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© intraparietal area, the ventral intraparietal ared
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fovea in primary visual cortex, is more extreme in
Cortical fields in PPC often do not have a comp
representation of the body surface or retina (Arcz
et al., 2011; Patel et al., 2010; Seclke et al., 2012);
rather represent or are associated with special effe _
organs such as the eye or hand, or they represent V€
specific aspects of visual processing. For examp’
caudal regions of macaque PPC, including the cat

and the lateral intraparietal area (LIP), are 8€P¢
associated with aspects of visual processing SUCS A
extracting three-dimensional features of objects, ]
ating head-centered coordinates, or pFO.gmm i
saccade endpoints, respectively (Grefkes & Fink, 20

Rostral posterior parietal fields in and around the P&

BITZER



Macaque Monkey

1cm

79.2  Drawings of a flattened cortex from macaque monkey and mouse illustrating the number and location of corti-
ds. Some cortical ficlds such as the primary sensory areas (visual, blue; somatosensory, red; and auditory, yellow) have
escribed in all mammals investigated and are part of a homologous network. In animals with relatively large brains, such
-aque monkeys, the neocortex has greatly expanded and the number of visual and somatosensory areas has increased.
nt with this increase in cortical sheet size and sensory cortical field number is also an increase in the relative size of
or parietal cortex (PPC; green) and the number of subdivisions within this region. Divisions of PPC represent our inter-
on of this region based on several studies including Stepniewska, Collins, and Kaas (2005), Orban (2008), Arcaro et al.
11), and Seelke et al. (2012). See table 73.1 for abbreviations.

PS, such as area 5, MIP, and AIP, are associated
tiating a reach, preshaping the hand, and match-

object shape with grasp configuration, tasks that
iz both somatosensory and visual information
Wy et al,, 2001; Eskandar & Assad, 2002; Gallese
1994; Murata et al., 2000). Although the focus of
apter is PPC, in macaque monkeys we will
be this region in the context of adjacent parietal
S 1n 3 regions: area b, area 7, and area 2,

01 the Rostral Bank of IPS

4que monkeys, there are several fields at the
of 81 and PPC. Posterior parietal area 5 is one
higher-order” cortical areas. Historically, there
a great deal of contention over the status of
s area 5 (BA5) and how it should be subdi-
Was described architectonically in Old World
48 a large triangularshaped field caudal to

HE EVOLUTION OF PARIETAL AREAS ASSOCIATED WITH VISUOMANUAL BEHAVIOR

arca 2 (Brodmann, 1909; figure 73.3). BAS encom-
passed the rostral/medial bank of the IPS, meeting
Brodmann’s area 7 (BA7) in the IPS. BAS extends onto
much of the caudal portion of the postcentral gyrus,
especially in the medial portion where BAb is widest.
Medially, it includes a section of the medial wall extend-
ing just across the cingulate sulcus. Henceforth we
will use “BA5” to mean this large field and “area 5” to
refer to the more recent and variable definitions of a
smaller version of this field which along with MIP, the
medial division of VIP (VIPm), and the medial dorsal
parietal area, probably overlap at least in part with BA5
(figure 73.3).

An alternative nomenclature grew out of von Econo-
mo’s (1929) parcellation of the human brain in which
the location of BAb was labeled the parietal area E, or
“PE.” Von Bonin and Bailey (1947) adapted this nomen-
clature for macaques, splitting the field into rostral
PEm and caudal PE/PEp divisions and including the
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A. Brodmann, 1909 B. Seltzer and Pandya, 1986

C. Preuss and Goldman-Rakic, 1991  D. Lewis and Van Essen, 2000

medial wall

—_

medial wall

1cm

FiGure 73.3  Architectonic parcellations of the posterior parietal cortex by different investigators. Brodmann (A) proposed

the first comprehensive scheme of organization of posterior parietal
green), and a large area 7 (light green). Subsequent schemes (B-D)

cortex that included area 2 (gray), a large area 5 (dark
have used different terminology and subdivided Brod-

mann’s b and 7 divisions into multiple fields (B-D). Approximate correspondence between BAH and BA7 and subsequent

schemes are indicated by color (dark and light green, respectively). Note that as Brodmann

(1909) generally did not illustrate

cortical field boundaries within sulci, the borders of BAS and BA7 (illustrated as a dashed line in panel A) as well as Brodmann’s
area 19 are not precisely known. In particular, correspondence of PO and adjacent fields to Brodmann’s parcellation is uncer-
tain, Intraparictal sulcus lips (solid line) and fundus (dashed line) are shown in red. Arrows next to A indicate rostral (R) and
medial (M) anatomical directions. See table 7%.1 for abbreviations.

entire portion of BA7 on the medial wall. Since these
early publications, a number of histological techniques
(e.g., Hof & Morrison, 1995) have been used to subdi-
vide and refine the borders of area 5/PE. For example,
Seltzer and Pandya (1980, 1986) subdivided PE into PE,
PEc, and PEa (figure 73.3). More modern architectonic
studies divided area 5 into two fields, dorsal area b (5D)
and ventral area b (5V; Lewis & Van Essen, 2000b; figure
73.5B and D).

Functional studies of area b examining receptive field
characteristics and neural response properties are vari-
able in both their results and in the locations in which
the recordings were made (Seelke et al., 2012). In early
studies, most of the mediolateral extent of the rostral
bank of the IPS and caudal portions of the postcentral
gyrus was explored and considered to be “area 5" (e.g.,
Mountcastle et al., 1975; Sakata et al., 1973). The
explored region did notinclude the lateral-most portion
of the IPS or cortex on the medial wall. Subsequent
studies of area b also differed greatly in the location of
their recording sites (e.g., Gardner et al., 20075;
Iwamura, Iriki, & Tanaka, 1994; Kalaska, 1996; Taoka,
Toda, & Iwamura, 1998; see Seelke et al., 2012, for
review). Given these rather large differences in record-
ing site location, it is not surprising that the results and
interpretations regarding the function of area b varied
as well.
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That area 5 is unlike adjacent somatosensory fields
on the postcentral gyrus first became apparent in early
electrophysiological recording studiesin awake monkeys
by Duffy and Burchfiel (1971), Sakata and colleagues
(1973), and Mountcastle and colleagues (1975; sce
figure 73.4). These investigators reported that receptive
fields for neurons in area b are larger than in anterior
parictal fields (3b, 1, and 2) and that ncurons are most
active during active arm movements. While individual
neurons can be driven by a variety of stimuli, their
optimal responses sometimes can involve highly specific
and complex interactions of joint and skin stimulation
(Sakata et al., 1973). Important for this review, a small
proportion of neurons respond differentially during
active reaching depending on the reward value of the
reach target (Mountcastle et al., 1975).

Subsequent studies suggest that portions of BAB play
an important role in sophisticated functions such as the
programming of intended movements (Debowy et al.,
2001; Snyder, Batista, & Andersen, 1997), the coding of
reach targets in body- or shoulder-centered coordinates
(Ferraina & Bianchi, 1994; Lacquaniti et al., 1995), and
the kinematics of object acquisition (e.g., Kalaska, 1996;
Wise et al., 1997). Recent studies demonstrate that
neurons in area 5 fire maximally during a reaching task
before the target object is contacted with the hand
(Gardner et al., 2007a, 2007b), and that neurons

DYLAN F. COOKE, ADAM GOLDRING, SREGG H. RECANZONE, AND LEAH KRUBITZER
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FIGURE 73.4  Summary of the functional subdivisions of anterior parietal areas 3a, 3b, 1, and 2 and posterior parietal areas 5L
and the presumptive medial intraparietal arca (MIP) from Seelke et al. (2012). Thick black lines are areal boundaries; sulci
are shown in blue. Areas 3a, 3b, 1, and 2 have a clear parallel topographic organization not observed in posterior parietal areas.
Areas 5L and the presumptive arca MIP have fractured maps dominated by representations of the digits, hand and forelimb
(thin black lines are body-part boundaries). Area 51 and MIP fall within Brodmann’s area 5 (gray portion of enlarged view).
In area 5L, digits are most often represented in various combinations (light blue stipple), or parts of the hand or the whole
hand is represented (light purple). Schematic at top center shows location of these fields (gray) on the dorsolateral aspect of
the brain. Schematic at left shows body-part color code: head, green; individual digits, various shades of blue; hand/forelimb,
purple; trunk, red; hindlimb, pink; tail/genitals, brown. Topographic maps are redrawn from Krubitzer et al. (2004) (area 3a),
Nelson et al. (1980) (areas 3b and 1), Pons et al. (1985) (area 2), and Rothemund et al. (2002) (genital/tail representation in

areas 3b and 1). Conventions as in previous figures; see table 73.1 for abbreviations.

modulate their activity depending on how and when
the hand is used in a grasp (Chen et al., 2009).

Itis important to note that the architectonic divisions
of area 5 do not correspond well to functional subdivi-
sions, and some areas that may overlap BAS, such as the
parietal reach region (PRR), have only been described
using functional criteria. PRR has been proposed
to overlap areas MIP and V6a (Snyder, Batista, &
Andersen, 2000). While MIP is generally considered to
be within BAB, V6a is probably not. Our own data and
those of others indicate that BA5 contains a moderately
sized functional area (L) that is smaller than
Brodmann’s original architectonic description, and
medial field (MIP). We use the term MIP because its

THE EVOLUTION OF PARIETAL AREAS ASSOCIATED WITH VISUOMANUAL BEHAVIOR

location, architecture, and aspects of its organization
are consistent with a previously explored area (termed
MIP) defined using electrophysiological and/or archi-
tectonic criteria (Colby & Duhamel, 1991; Eskandar &
Assad, 2002; Lewis & Van Essen, 2000b). Unlike ante-
rior parietal areas, area L. contains a fractured, nonto-
pographically organized representation of muscles and
joints of the hand and limb, and deep receptors of the
skin (figure 73.4). This type of fractured representation
is ana‘logous to motor cortex and constitutes related
groups of proprioceptors activated during behaviorally
relevant movements.

Reports of neural response properties in this medial
region vary greatly (Seelke et al, 2012); various
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locations of recordings and descriptions of these data
have been reviewed by Seelke ctal. (2012), Despite dif-
Ferences in recording location and behavioral tasks ati-
lized, most studies indicate that cortical fields in the
medial portions of the rostral bank of the IPS are
involved in translating and combining multiple [rames
of reference (gaze centered, body centered, head cen-
terec) into a common coordinate system or integrated
plan for reaching toward an intended target in immedi-
ale extrapersonat space (Buneo et al., 2002; Chang &
Snyder, 2010}, Laterally in the roseral bank of the IPS,
area 5L appears to be involved in the kinematics of
reaching, coordinating multiple limb parts for reaching
and grasping actions, and matching visually determined
object properties, such as size and shape, with grasping
configurations (Chen et al., 2009).

Areas on the Inferior Parietal Lobule and Lateral
Bank of the IPS

Brodmann’s area 7 (BA7) is an enormous licld that was
architectonically defined in a variety of primates. As
defined by Brodmann, it beging on the medial wall, it
wraps around the caudal bank ol the IPS, onto the
inferior parietal fobule, and it continues around the
upper bank of the lateral sulcus laterally (see higure
7%.3). Subsequent studies have divided this region into
7a and 7h (Vogt & Vogt, 1919) or multiple cortical areas
using various terminologies (see figure 7%.8). More
recently, using a combination of architecture, neuro-
anatomical data, and neurophysiological recording
studies, Lewis and Van Essen (2000a, 2000b) divided
BA7 into multiple regions, including 7b, 7op, Ta, AP,
divisions of LIP and VIP, MIP, and PO (fligure 73.3D),
As with BAB, architectonic divisions ol avea BA7 are
often inconsistent with the lecation of functionally
detined divisions of this region. We are most interested
i1 the portions of area 7 that border known somatosen-
sory felds, areas 7h and AIP as defined by Preuss and
Goldman-Rakic (1991) and Lewis and Van
{2000h). These nomenclatures and divisions appear to

Fssen

be the most widely used in studies of this region of

cortex.
Early clectrophysiological investigations indicated

that nearons in classically defined areas 7a and 7b of

Vogt and Vogt (1919) responded primarily to visual
fixation and eye movements (7a), or to somatosensory
stimulation and passive movements of the arms and
hands (7h) (Hyvarinen & Porancn, 1974; Leinonen et
al., 197% Mountcastle et al., 1975). Importantly, cells in
both 7a and 7b were most active in awake animals when
the monkey reached, grasped, and manipulated various
visually targeted objects (Hyvarinen & Poranen, 1974),
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Recent studies indicate that areas Ta and 7h ove
four architectonically distinct zones {Gregoriou et
2006; Pandya & Seltzer, 1982; Rozzi et al., 2008, 9y
that have distinct neuroanatomical connectiong
and Opt largely overlap 7a, PFG probably straddleg
7h/7a border, and PF lies within 7h. Coltectively, ¢ '
fields form a gradient ol sensory and motor fung
that progresses [rom vision- and eye-related funcy
to somatosensation- and hand/face-related functiog
one moves rostrolateraltly along the IS, Thus, PG ¢
tains visual fixation neurons and neurons 1'es].>0u§
to eye and arm movements related to reaching -
grasping while neurons in PG and/or PF have vi
responses to objects presented within manual space, ;
involved in goal-directed reaching, and appear to ¢o
motor acts predominantly related to hand use, orof
movements, and hand-mouth coordination but zu‘ef
ferentially active when these acts are embedded inidj
ferent actions {e.g., Bonindi et al., 2011; Fogassi e ;
2005; Yokochi et al., 2003).

AlP, located on the caudal {fateral) bank of the la
portion of the IPS (figure 73.3C~D), was traditior
incorporated in area 7, and then 7b, but is now cons
ered to be distinet from 7b {c.g., Gallese et al,, [
Taira et al, 1990). Neurons in AIP are active duri
grasping as well as passive viewing ol an object shap
to require the same grasp (Murata et al., 2000; Sak
et al., 1995 and code three<limensional [eatures of
object with shorter fatency and less sensilivity to ¢ur
and edges than teraporal cortical areas (Srivastava '
2009). Al neurons also preferentially respond 0¥
ally targeted objects within reach (Svivastava '
2009), bue many respond cqually well to meno
guided object manipulations made in darkness {Mure

imally during the carly stages of prehension, increa
their firing just prior to contacting an object (Gard

et al., 1994).

Areas on the Postcentral Gyrus

arca associated with somatosensory processing
important Lo establish its spalial relationship eo AL
as well as its contribution to reaching, graspings bt

electrophysiological recording techniques, Pon
colleagues (Pons & Kaas, 1985; Pons et al., |985)-__CE
mined that the organization of area 2 is parallel to
of 83h and 1 and contains an inverted 1'(3;’)1‘@5@1’1£ztt:kf
the body from medial (feet) to lateral {head; £1g



4 .I)' White some neurons in area 2 respond to stimu-
jon of cutancous receptors, the majority of neurons
1’0”(1 o stimulation of deep tissue (Taoka, Toda, &
Lnura, 1998) or noncutancous stimulation of varying
. (Hyvirinen & Poranen, 1978). When the area 2
sentation of digits 1 and 2 are electrically stimu-
d-using “long”
,]',ﬂlike movernent is the Op[)()‘iiti()ll of these digits.
terestingly, this are grasp zone” appears not Lo
;‘n-@ direct (‘.01111(—2(21i0ns with similar motor and premo-

duration pulse trains, the evoked

() "

rasp zones, suggesting parallel pathways with
ghtly different functons (Gharbawie et al., 2011).

geent studies indicate that neurons in the monkey
.Omplt’x {including arcas 3h and 1 as well as area 2)
/ changes in baseline firing rate when visual atten-

i iS directed Lo the tactile stimuli on apcu{m (11;,115

nulu:,, hll(.]l as texture, v dl.h(:l Ih(m h]l]]])])’ improve
11 tactile discrimination. In studies
‘noninvasive imaging techniques demonstrate that
ng a stimulated b()dy part modulated the 1'(:51_)0115(—:

humans,

dy 01-( ldlk(‘ K(,nn(,lt & lldg_,gjfud 2(}()2), and
visual effects in somatosensory cortex improve
‘detection, tactle discrimination, and tactile
(Hc er, 1982; Kennett, Taylor-Clarke, & Haggard,
adavas et al., 1998). These data indicate that our
cepts regarding unimodal sensory areas, their func-
nd their evolution should be reconsidered.

JTION OF PARIETAL CORTLEX AND
JLUTION OF THE HAND IN PRIMATES

r wc have focused on the organization of por
PPC in nonhwman primates,
e m()nkoys However,

particularly
hecause expansions of
-accompanied by expansions of sensory neocor-
mportant to discuss the relationship between
{ields and the posterior parietal fields to which
ovide inputs, The Kaas chapter in this volume
an excellent overview on the evolution of the
stem of primates. Especially interesting is the
on of the tempaoral lobe and the addition of new
Hields associated with ohject and face identifica-
cognition. Areas at the boundary of occipital
nd PPC have also expanded to inchude fields
1¢ middle emporat and medial superior tem-
as that are involved in object motion and self-
_33111.1,(,11, 2008). These additional areas in the
allobe do not appear o be present in nonpri-

mals, and if there are analogous areas, such
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as those that process motion, comparative studies
suggest that they have evolved independently.

Similar expansions have occurred among somatosen-
sory fields of the anterior parictal cortex and lateral
sulcus and are clearly associated with and contribute to
the unique processing that occurs in PPC, For example,
while all maminals examined have a primary somaio-
sensory area (51, also termed 3b), cortex caudal to

51 appears to be differently organized in different

mammals and even in different primates (see figure
73.5). Further, a region termed PPC, situated between
SI and V1, has been described in a variety of mammals
including marsupials, rodents, and tree shrews (figure
73.5). While all primates examined have areas 3b/S1,
82, PV, and at least one other lateral sulcus arca {Coqg
etal., 2004; Hinlkley et al., 2007; Krubitzer & Kaas, 199(;
Krubitzer et al., 1995; Qi, Lyon, & Kaas, 2002;
Stepniewska, Preuss, & Kaas, 20006), cortex immediately
caudal to 3b is different in different suborders. In
galagos, cortex immediately caudal to area 3b contains
neurons that are responsive to stimulation of deep
receptors, muscles and joints or high-threshold cutane-
ous stimulation. This region is termed 1-2 because of
uncertain homology with areas 1 and 2 in other pri-
mates. Cortex between ar
visual areas such as the dorsomedial visual area is
termed PPC and is clearly a sensorimotor area like that
described for subdivisions of PPC in macaque monkeys.
Intracortical microstimulation of PPC in galagos reveals
very gross topographic organization in which move-
ments can be evoked from hind hmb, then forelimb,
then face in a mediolateral progression. Importantly,
the evoked movements resemble ethologically relevant

ea 1-2 and known extrastriate

bhehaviors, and sites that evoke identifiable behavioral
categories such as reaching, hand-to-mouth movements
resembling feeding, and apparent defensive or aggres-
sive movements are clustered (Stepniewska, Fang, &
Kaas, 2005, 2009},

The organization of posterior portions of anterior
parietal cortex and PPC itself is highly variable in New
World monkeys. In the miniature marmoset monkey,
cortex caudal to 3b is much like that in galagos and is
also termed area -2 (Huffman & Krubitzer, 2001).
However, there is a greater expansion of known visual
cortex in marmosets (particularly in regions of the tem-
poral lobe) and an accompanying increase in PPC,
There has been some attempt to subdivide this rather
large 1(‘;_{1011 of cortex to include areas VIP, LIP, and
MIP based on connections, but no data on functional
mapping or electrophysiological recordings in awake
behaving marmosets have been published, Cortex just
caudal to 8b in other New World Monkeys such as owl
monkeys, titi monkeys, and squirrel monkeys have a

1057



Cebus monke' f M
Titi monkey Y acaque monkey

Tree shrew

PO MaN

Primates

PLACENTALS

Striped possum

\ MARSUPIALS

/

S2/PV

Hedgehog

Opossum Early Mammals

" FiGure 73.5 Cladogram showing the relationships of major mammalian lincages and changes that have taken place in the
relationship between rostral somatosensory areas and posterior parietal cortex (PPC). In mammals whose ancestors branched
off early from the primate lineage (e.g., opossums and hedgehogs) the amount of cortex considered PPC is small or nonexistent
(hedgehogs) although in some marsupials such as striped possum there was an independent expansion of PPC. Rodents have
a small PPC, but squirrels appear to have an expanded visual and somatosensory cortex and a relatively larger PPC than rats.
PPC began to expand in the mammalian ancestor of tree shrews and primates and then greatly expanded in the primate lineage.
For New and Old World monkeys, visual cortex and the caudal portion of PPC is not shown. However, these species illustrate
the relationships between the expanding somatosensory cortex and PPC. Illustrations are modified from Huffman et al. (1999)
(opossum, striped possum), Catania, Collins, and Kaas (2000) (hedgehog), Padberg, Disbrow, and Krubitzer (2005) and Padberg
et al. (2007) (summary of titi, galago, macaque, and cebus monkey), Krubitzer, Campi, and Cooke (2011) (squirrel, rat), and
Wong and Kaas (2009, 2010) (tree shrews, galagos). Conventions as in previous figures; see table 73.1 for abbreviations.

clearly defined area 1 that contains a complete repre-  of cortex caudal to area 1 in titi monkeys revealed a
sentation of skin receptors of the contralateral body  field that had many of the properties of area 5 in
that mirrors that of area 3b (Padberg, Disbrow, &  macaque monkeys, specifically an extreme magnifica-
Krubitzer, 2005; Padberg et al., 2007). However, area 2 tion of the forelimb and hand and a fractured map-
appears to be absent. Electrophysiological exploration — These studies indicate that although posterior parietal
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area 5 abuts area 2 in Old World monkeys, its relative
position to somatosensory areas in most New World
monkeys is different in that it is immediately adjacent
1o area 1 (or area [-2). Based on its appearance in all
monkeys that have been studied, the only certainty is
that this posterior parietal region had already begun to
expand in the common ancestor of New and Old World
montkeys and likely contained multiple subdivisions.
New World cebus monkeys deviate from this general
New World monkey plan of organization in which area
2 may be absent or combined with area 1. Rather, in
cebus monkeys, a cear proprioceptive area 2 has
emerged, and area 5l. is a well-defined field with a dis-
tinct architecture and fractured topography (Padberg
et al., 2007). We proposed that the emergence of area
2 in cebus monkeys coevolved with the large expansion
of the neocortex, the evolution of the hand, and the
emergence of opposable thumbs that allows for a preci-
sion grip. These differences also coevolved with changes
in the corticospinal system in that there are direct and
rich projections from motor cortex 1o alpha motor

neurons of the ventral horn that control the muscles of

the digits (Bortoff & Strick, 1993; Heffner & Masterton,
1983, Lemon & Griffiths, 2005). These alterations in
both motor cortex and PPC are proposed 1o subserve
the increased dexterity observed in cebus monkeys
compared to their New World cousins and may form
the basis for even greater cognitive, visuomanual abili-
ties such as tool use.

Cebus monkeys selectively utilize tools under experi-
mental conditions, and unlike macaques, also regularly
use tools in the wild (c.g. TFerreira, Emidio, &
Jerusalinsky, 2010; Schrauf, Huber, & Visalberghi, 2008;
Visalberghi et al.,, 2007, 2609). They are arguably the
best primate model for the study of tool use in humans.
Cebus can also utilize the same tool {for different tasks,
they can use one tool to make another (Mannu &
Ottoni, 2009), and they can learn to use a novel wol by
observation (Fredman & Whiten, 2008). Thus, the
implicit knowledge of ohject features and how they can
be used to manipulate or transform other objects, once
considered 1o be a unique feature of human brains,
appears to be present to some degree in cebus monkeys
as well.

Like cebus monkeys, these same abilities coevolved
in humans with an expansion of the cortical sheet, an
increase in the number of cortical areas, alterations in
the connections within the brain, and changes in the
morphology and use of the hand, The human hand-
wrist consists of 27 bones and 39 intrinsic and extrinsic
muscles (Hepp-Reymond, Huesler, & Maier, 1996) and
has evelved a number of important changes including
alterations in the size of the distal, middle, and

proximal phalanges. The carpal and metacarpal joints—
particularly the trapezium in the wrist, the articulation
between the first and second carpals, and the metacar-
pophalangeal joints—have undergone significant alter-
ations as did the size and position of associated ligaments
(Lewis, 1977). The skin of the distal digit tips has
evolved epidermal ridges and a high concentration of
mechanosensory receptors such as Merkel disks and

‘Meissner’s corpuscles (Pare, Smith, & Rice, 2002).

These wansformations of the hand allow for an
expanded repertoire of grips, including a precision grip
in which the thumb can be opposed to digit 2 or other
digits and independent use of individual digits, Many
of these adaptations are proposed to have evolved for
tool use (Marzke, 1997}, Of course, in modern humans
these adaptations of the hand and associated brain
areas have been co-opted for tasks removed from those
that would have exerted selective pressure on our
hominid ancestors such as using a computer keyboard
and intricate independent use of the fingers for playing
a piano or vielin, Interestingly, these are often learned
as visuomanual skills but can progress to a stage (e.g.,
touch-typing} where vision is not necessary. This, in
tarn, allows for indirect but arguably more complex
visuomotor integration such as sightreading music.
Thus, the most significant human adaptation for tool
use may have been manual and cogpitive flexibility.

While investigators have hegun to explore the corti-
cal areas associated with tool use in humans, the use of
the traditionally used macaque model may not be
appropriate for this specialization since they seldom use
tools in the wild. Because of this dramatic ethological
difference it is not surprising that although macaques
and humans share homologous networks for hand use,
including areas in PP'C {c.g., 5 and AIP), ventral premo-
tor cortex, and areas in temporal cortex (Gardner
et al., 2007a, 2007h; Hinkley et al., 2009; Pecters et al.,
2009; Valyear et al,, 2007; Vingerheets et al., 2009;
Yalachkov, Kaiser, & Naumer, 2009), there are areas on
the inferior parietal lobule associated with tool action
that are unique to humans. Cebus monkeys, however,
have independently evolved an opposable thumb, a pre-
cision grip, and tool selectivity, in addition to changes
in motor cortex and PPC, so it is likely that they have
evolved areas of the cortex analogous to those in
humans (anterior supramarginal gyrus and superior
parietal lobule) that represent ol action,

‘

CONCLUSIONS

Our sense of three-dimensional space and our ability to
maove within and to physicaily manipulate objects in the
world are, in addition to language, essential elements
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of human experience and culture. When considering
how and why PPC evolved in humans, a broader per-
spective is needed regarding the array of changes that
have necessarily coevolved with thisregion. For example,
changes in effectors of the body, such as the frontal
placement of the eyes and the ability to rapidly and
accurately place the retinal fovea in a region of interest,
arose along with a ballooning set of specialized visual
cortical areas involved in perceiving complex motion
and honing in specifically on faces and hands. Changes
to the morphology of that other main ettector, the
hand, expanded the ability to generate grip types from
forceful to fine. These too ocewrred in tandem with
elaboration of somatosensory areas of the post central
gyrus and lateral sulcus. These effectors, eyes and
hands, meet in an optimal ergonomic extrapersonal
work space that is constrained by the geometry of the
skeletal system and the acuity of the visual system. PPC
appears to have expanded in concert with the new
visual and somatosensory areas of the neocortex, and
these inputs generate networks in PPC devoted to the
coordination of the hands and eyes through the trans-
formation of sensory information into a coordinate
system in which actions can be initiated. The further
expansion of areas on the inferior parietal lobule in the
human brain where tool action is encoded is a signifi-
cant departure from the eftector-based computations of
other posterior parietal areas. These unigue human
cortical areas represent the ultimate, often indirect
goals that tools can achieve.

REFERENCES

Arcaro, M. ., Pinsk, M. A, Li, X, & Kastner, S, (2011). Visuo-
topic organization of macacque posterior parictal cortex; A

Functional magnetic resonance imaging stady, fowrnal of

Newroscience, 31, 2064-2078.

Bonini, L., Serventi, F. U., Simone, L., Rozzd, 8., Ferrari, P F,
& Fogassi, L. {2011). Grasping neurons of monkey parietad
and premotor cortices encode action goals at distinct levels

of abstraction during complex action sequences. Journal of

Newroscience, 31, H876-5886.

Bortoff, G. A., & Strick, B. L, (1993). Corticospinal termina-
tions in two New-World primates: Further evidence that
corticomotoncuronal  connections provide part of the
neural substrate for manual dexterity. jowrnal of Newrosciencs,
13, 5105-5118.

Britten, K. H. {(2008). Mechanisms of self-motion perception,
Annual Review of Newroscience, 31, 389-410.

Brodmann, K (1909).
Grosshirnrinde in ikren Pringipien Dargestellt auf Grund des
Zellenbaues. Leipzig: Barth.

Bunco, C. A, Jarvis, M. R., Batista, A. I, & Andersen, R. AL
(2002). Direct visuomotor transformations for reaching.
Netwre, 416, 632-636.

1060

Vergleichende  Lokalisationsiehre  der

DYLAN F. COOKE, ADAM GOLDRING, GREGG H. RECANZONE, AND LEAH KRUBITZER

Catania, K. C., Collins, C. E., & Kaas, ]. H. (2000). Organiza-
tion of sensory cortex in the East African hedgehog (Aielerix
albiventrisy. Journal of Comparative Newrology, 421, 256-274,

Chang, S. W., & Snyder, L. H. (2010). Idiosyncratic and sys-
tematic aspects of spatial representations in the macaque
parictal cotiex. Proceedings of the National Academy of Stiences
of the United States of America, 107, 7951-7956. doi:10.1073/
prias.09 15200107

Chen, J., Reitzen, S. D, Kohlenstein, [. B., & Gardner, E. P,
(2009). Neural representation of hand kinematics during
prehension in posterior parietal cortex of the macaque
monkey. Journal of Newrophysiology, 102, 33105328,

Colby, C. L., & Duhamel, J. R (1891). Heterogeneity of
extrastriate visual areas and multiple parietal areas in the
macaque monkey. Newropsychologia, 29, 317-537.

Cog, J. O, Qi, H. X,, Collins, C. E., & Kaas, J. H. (2004).
Anatomical and functional organization of sematosensory
arcas of the lateral fissure in the New World titi monkeys
(Callivebus molock). Journal of Comparetive Newrology, 476,
363-387.

Debowy, D. |, Ghosh, S., Ro, ]. Y., & Gavdner, E. P (2001).
Cowmparison of neuronal [iring rates in somatosensory and
posterior parietal cortex duving prehension. Lxperimental
DBrain Research, 137, 269-291.

Duffy, F. H., & Burchliel, J. L. (1971}, Somalosensory system-—
Organizational hierarchy from single units in monkey area-
5. Science, 172, 273-275.

Eskandar, B, N, & Assad, J. A (2002). Distinct nature of
directional signals among parietal cortical areas during
visual guidance. Journal of Newophysiology, 88, 1 777-1790.

Ferraing, S., & Bianchi, L. (1994). Posterior parictal cortex:
Functional propertics of neurons in avca & during an
instructed-delay reaching lask within different parts of
space. fixperimental Broin Research, 99, 17h-178,

Ferreiva, R, G., Emidio, R. A, & Jerusalinsky, L. (2010}, Three
stones for three seeds: Natural occurrence of selective toal
use by capuchins {Cebus libidinosius) based on an anadysis of
the weight of stones found at nutting sites, Americen, Jowrnal
of Primeatology, 72, 270-275.

Fogassi, L., Ferrart, P2 F, Gesierich, B., Rozzi, 8., Chersi, E, &
Rizzolalli, G. {200%), Parietal lobe: From action organiza-
tion to intention understanding. Sgience, 308, B62-667.

Forster, B., & Fimer, M. (2008). Vision and gaze direction
modulate tactile processing in somatosensory  corlex:
Evidence From event-related brain potentials. Experimenial
Brein Reseavch, 165, 8-18. doi: 10,1007 /50022 1-005-2274-1.

Fredman, T, & Whiten, A, (2008). Observational learning
from tool using mocdels by humanreared and wother-
reaved capuchin monkeys (Cebus apedla). Aninel Cognition,
11, 295-309.

Friedman, D, P, Muwrray, B. A, O'Neill, J. B., & Mishkin, M.
(1986). Cortical connections ol the somatosensory fields of
the lateral sulcus of macagues: Evidence for a corticolimbic
pathway for touch. Jowrnal of Comparative Newrology, 252,
325-947.

Gallese, V., Murata, A., Kaseda, M., Niki, N., & Sakata, M.
{1994). Delicit of hand preshaping after muscimol injec
tion in monkey parietal cortex, Newrorepor!, 5, 15251529

Gardner, E. P, Babu, K. 8., Ghosh, 8., Sherwood, A., & Chen,
J. (2007a). Neurophysiology of prehension: FHi Reprosents
tion of object features in posterior parietal cortex ol the
macaque  monkey.  fournal of  Newraphysiology, gg, 8708~
3730.




Gardner, E. I, Babu, K. S, Reiwen, S, D, Ghosh, 5., Brown,
A 5., Chen, 1., et al. (2007h), Neurophysiology of prehen-
sion: 1. Posterior parietal cortex and object-oriented hand
behaviors, fourna of Newrophysiology, 97, 387-4006.

Gharbawie, Q. A, Stepuaiewska, 1., Qi, H., & Kaas, J. H. (2011).
Mulliple parictal-frontal pathways mediate grasping in
macaque  monkeys. Journal of Newroscience, 31, 11660~
11677.

Graziano, M, S, Cooke, D. F, Taylor, G. 8., & Moore, T
(2004). Distribution of hand location in monkeys during
spontancous behavior, Experimentol Brain Research, 155, 30—
36.

Graziano, M. 8., Taylor, C. S., Moore, T, & Cooke, 1,
(2002). The cortical control of movement revisited. Newron,
36, 349-562.

Grefkes, G, & Fink, G. R, (2005). The functional organization
of the intraparietal suleus in humans and mokeys. Journal
of Anatomy, 207, 3-17.

Gregoriou, G, G., Borra, K., Matelli, M., & Luppino, G. (2000).
Architectonic organization of the inferior parietal convex-
ity of the macaque monkey. Jowmal of Comparative Newrology,
4906, 422-451.

Heftner, R 8., & Masterton, R B, (J983), The role of the
corticospinal tract in the evolution of human digital dexter-
ity. Brain, Behavior and Kootution, 23, 165~ #53.

HMeller, M. A. (J982). Visual and tactual texture perception:
Intersensory cooperation, Perception & Psychophysics, 31,
339-344.

]_’Iepp-l{cymo;‘lci, M.-C., Huesler, E. J., & Maier, M. A, (1996).
Precision grip in humans: Temporal and spatial synergies.
In A. M. Wing, P. Haggard, & ]. R. Flanagan (Ids.y, Hand
and brain (pp. 37-68). San Diego, CA: Academic Press,

Hinkley, L., Krubitzer, L., Padberg, [., & Dishrow, E. (2009).
Visual-manual exploration and posterior parietal coriex in
humans. fourned of Newrophysiology, 102, $433-3446,

. Hinkley, 1. B., Krabitzer, L. A., Nagarajan, 5. 85, & Disbrow,
E, A. (2007). Sensorimotor integration in 82, PV, and pari-
etal rostroventral areas of the human sylvian fissure. Journal
of Newrophysiology, 97 12881297,

Hof, P. R., & Morrison, J. H. (1945). Neurofilament protein
defines regional patterns of cortical organization in the
macague monkey visualb system: A quantitative immunohis-
tochemical analysis, Jowrnal of Comparative Newology, 352,
161186,

Huffman, K. ], & Krubiwer, L. A, (2001). Area 3a Topo-
graphic organization and connections  in - marmoset
wmonkeys. Cerebral Coviex, 11, B49-867.

Huffman, K. J., Nelson, J., Clarey, |., & Krubitzer, L. (1999).
Organization of somatosensory cortex in three species of
marsupials, Deasyrrus hallucatus, Dactylopsila irivirgala, ancl
Monodelphis domestica: Neusal correlates of morphological
speciatizations.  Jowrnal of  Comparative  Newrology, 103,
5-52.

Hyvarinen, |., & Poranen, A. (1 974). Function of the parictal
associative area 7 as revealed [rom cellufar discharges in
alert monkeys. Brain, 97, 675-0692.

Hyvirinen, J., & Poranen, A. (1978). Receptive field integra-
ion and submaodality convergence in the hand area of the
post-central gyrus of the alert monkey. Jowrnal of Physiology,
283, 5A9-bHO.

Twamura, Y., Iriki, A., & Tanaka, M. (1994). Bilateral bhand
representation in the post(:cnll‘al 5OIMALOSENSOrY  COrlex.
Nalbure, 369, 5h4-5H50.

;
THE EVOLUTION OF PARIETAL AREAS ASSOCIATED WITH VISUOMANUAL BEHAVIOR

Kalaska, J. I (1996). Parietal cortex area b and visuomotor
behavior, Canadian Jowrnead of Physiology and Pharmacelogy, 74,
418%-498.

Kennett, S., Taylor-Clarke, M., & Flaggard, P. (2001). Nanin-
formative vision improves the spatial resolution of touch in
humans, Current Biology, 11, 1188-1191. doi10.1016/85096(0)-
9822(01)00827-X,

Kruhitzer, L., Campi, K. L., & Cooke, I). F. (2011). All rodents
are not the same: A modern synthesis of cortical organiza-
Agion. Brain, Behavior and Buolution, 78, 51-95.

Krubitzer, L., Clavey, J., Tweedale, R, Elston, G., & Calford,
M. (1995}, A redefinition of somatlosensory areas in the
lateral sulcus of macaque monkeys. jowrnal of Newroscience,
15, 3821-3839.

Krubitzer, L. A, Huffman, K. ., Disbrow, ., & Recanzone, G.
H. (2004). Organization of area 3a in macaque monkeys:
Contributions 1o the cortical phenotype. Jowrnal of Com-
paratioe Newrology, 471, 97111,

Kruhbitzer, L. A, & Kaas, [. H. (1990}, The organjzation and
connections of somatosensory corlex in marmosets, Jorrnal
of Newroscience, 10, 9524974,

Lacquaniti, F, Guigon, L., Bianchi, L., Ferraina, S., & Cami-
i, R. {1995). Representing spatial information for limb
movement: The role of area 3 in monkey, Cerelrad ( Sorlex, 5,
391-409.

Ladavas, ., di Pellegrino, G, Farne, A, & Zeloni, G. {1998).
Neuropsychological evidence of an integrated visuotactile
representation of peripersonal space in humans. Journal of
Cognitive Neuroscience, 10, BE1-589,

Leinonen, L., Hyvarinen, J., Nyman, G., & Linnankoski, L.
(1979). 1. Functional properties of neurons in lateral part
of associative area 7 in awake monkeys. Fxperimental Brain
Research, 34, 299-320.

Lemon, RN, & Griffiths, J. (2008). Comparing the function
of the corticospinal system in different species: Organiza-
tional differences for motor specialization? Muscle & Nerue,
32, 261279,

Lewis, J., & Van Essen, D. (2000a). Corticocortical connec-
lions of visual sensorimator, multimoedal processing areas
in the parietal lobe of the macague monkey. fournal of
Compearalive Newrology, 428, 112-137,

Lewis, |. W., & Van Essen, D. €. {2000h). Mapping of archi-
tectonic subdivisions in the macaque‘monkc—‘.y, with empha-
sis on parieto-occipital cortex. Journal of Cenharative
Neurology, 428, 79-111.

Lewis, . ]. {1977). Joint remodelling and the evolution of
(e human hand, Jowrnal of Anatomy, 123, 157-201.

Longo, M. R, Pernigo, 8., & Haggard, I’ (2011). Vision of the
body modulates processing in primary somatosensory
cortex. Newroscience Letters, 489, 159-1063,

Mannu, M., & Quoni, E. B, (2009). The enhanced toel-kit of
two groups of wild bearded capuchin monkeys in the
Caatinga: Tool making, associative use, and sccondary
teols. American Journal of Primatology, 71, 242-251.

Marzke, M. W. (1997). Precision grips, hand morphology, and
tools. American Jowrnal of Physical Anthropology, 102, 91-110.

Meltah, E. M., Shenasa, 1., & Chapman, C. . (2002). Elfects
of a cross-modal manipulation of attention on somatosen-
sory cortical neuronal responses to tactile stimuii in the
monkey. fowrnal of Newrophysiology, 88, 3] 33-3149.

Merchant, H., Battaglia-Mayer, A.,- & Georgopoulos, A. P.
{20013, Effects of optic {low in motor cortex and area Ta.
Jowrnal of Newrophysiology, 86, 1937-1954.

1061



Mounscastle, V. B,, Lynch, I. C., Georgopoulos, A., Sakata, H.,
& Acufia, C. (1975). Posterior parietal association cortex of
the monkey: Command functions for operations within
extrapersonal space. fournal of Newrophysiology, 38, 871-908.

Murata, A., Gallese, V., Kaseda, M., & Sakata, H. (1996}, Pars-
etal neurons related to memory-guided hand manipula-
tion. Journal of Newrophysiology, 75, 2180-2186.

Murata, A., Gallese, V., Luppino, G., Kaseda, M., & Sakata, H.
(2000}, Selectivity for the shape, size, and oriefitation of
objects for grasping in neurons of monkey parietal area AIP,
Journal of Newrophysiology, 83, 2580-2601.

Nelson, R. [, Sur, M., Felleman, 1. J., & Kaas, J. H. (1980).
Representations of the body surface in posteentral parietal
cortex of Macaca fuscicularis. fournal of Comparative Neurology,
192, 611-643.

Orban, G. A. (2008). Higher order visual processing in
macaque extrastriate cortex. Physiological Reviews, 88, 50-89.

Padberg, J., Disbrow, E., & Krabiteer, L. {2005). The organiza-
tion and connections of anterior and posterior parietal
cortex in titi monkeys: Do New World monkeys have an area
9> Cerebral Cortex, 15, 19%8-1963. dot:10.1093/cercor/
bhi071.

Padberg, J., Franca, J. G, Cooke, D. T, Soares, J. G., Rosa, M.
G., Fiorani, M., Jr, et al. {2007). Parallel evolution ol corti-
cal areas involved in skilled hand use. journal of Newroscience,
27, 10106-10115.

Pandya, D. N., & Seltzer, B. (1982). Intrinsic connections and
architectonics of posterior parictal cortex in the rhesus
monkey, Jowrnal of Comparative Newrology, 204, 196-210.

Pare, M., Smith, A. M., & Rice, E L. {2002). Distribution and
terminal arborizations of cutancous mechanoreceptors in
the glabrous finger pads of the monkey, Journal of Compare-
tive Newrology, 443, 347354,

Patel, G. FL., Shulman, G. L., Baker, ]. T., Akbudak, E., Sayder,
A, 7., Snyder, L. H., etal. (2010). Topographic organization
of macaque arca LIP. Proceedings of the National Academy of
Sciences of the United States of America, 1 07, 4728-4733.
doi:10.1073/pnas.0908092107.

Peeters, 1., Simone, L., Nelissen, K., Fabbri-Destro, M., Van-
duffel, W., Rizzolatti, G., et al. (2009). The representation
of tool use in humans and monkeys: Common and uniquely
human features, fournal of Newroscience, 29, 1152311539,

Pons, T. P, Garraghty, P, E., Cusick, C. G., & Kaas, J. H, (1985).
The somatotopic organization of area 2 in macaque
monkeys. Journal of Comparative Newrology, 241, 445-466.

Pons, T. P., & Kaas, . H. {1985). Connections ol area 2 of
somatesensory cortex with the anterjor pulvinar and subcdi-
visions of the ventroposterior complex in macaque monkeys.
Journal of Comparative Newrology, 240, 16-36,

Preuss, T. M., & Goldman-Rakic, P. 8. (1991). Architectonics
of the parietal and temporal association cortex in the strep-
sirhine primate galago compared to the anthropoid primate
Macaca. Jowrnal of Comparative Newrology, 310, 475-506.

Qi, H. X., Lyon, D. C, & Kaas, J. H. (2002), Cortical and
thalamic connections of the parietal ventral somatosensory
area in marmosct monkeys (Callithrix jacchus), Jowmal of
Comparative Newrology, 443, 168-182,

Rincon-Gonzalez, L., Buneo, C. A., & Helms Tillery, 8. L
(20113, The proprioceptive map of the arm is systematic
and stable, but idiosyncratic. PLoS ONI, 6, 25214,
doi:10.1371 /journal. pone.0025214.

Rothemund, Y., Q, H. X., Collins, C. E, & Kaas, J. H. (2002).
The genitals and gluteal skin are represented lateral to the

1062

DYLAN F. COOKE, ADAM GOLDRING, GREGG H. RECANZONE, AND LEAH KRUBITZER

foot in anterior parictal somatosensory cortex of macaques,
Somatosensory & Molor R esearch, 19, 302-315.

Rozzi, 8., Calzavara, R., Belmalih, A., Borra, E., Gregoriou,
G G, Matelli, M., et al, (2006). Cortical connections of
the inferior parietal cortical convexity of the macaque
monkey. Cerelrad Coriex, 16,1 F80-E417. doi: 10,1093 /cercor/
bhjl76.

Rozzi, 8., Ferrari, P. F, Bonini, L., Rizzolatti, G., & Fogassi, L.,
{2008). Functional organization of inferior parietal lobule
convexity in the macaque monkey: Electrophysiological
characterization of motor, sensory and mirror vesponses
and their correlation with cytoarchitectonic areas. Furofiean
Journal of Newroscienee, 28 1h69-1588.

Sakata, M., Taira, M., Murata, A., & Mine, S, (1995). Neural
mechanisms of visual guidance of hand action in the pari-
etal cortex of the monkey. Cerebral Corlex, 5, 429438,

Sakata, H., Takaoka, Y., Kawarasaki, A., & Shibutani, H. (1973},
Somatosensory properties of neurons in the saperior pari-
etal cortex (area 5} of the rhesus monkey. Brain Research,
64, 85-102.

Schrauf, C., Huber, L., & Visaiberghi, E. (2008). Do capuchin
monkeys use weight to select hammer tools? Animal Cogni-
tion, 11, 413422,

Seelke, A. M., Padberg, J. J., Disbrow, E., Purnell, 5. M., Recan-
zone, G., & Krubitzer, L. {2012). Topographic maps within
Brodmann's area b of macaque monkeys. Cerebral Cortex, 22,
18341850,

Selizer, B., & Pandya, D. N. (1980). Converging visual and
somatic sensory cortical input to the intraparietal sulcus of
the rhesus monkey, Brain Research, [92, 339-351.

Seltzer, B., & Pandya, D. N, (1986). Posterior parietal projec-
tions Lo the intraparietal sulcus of the rhesus monkey. Eixper-
imental Brain Research, 62, 459469,

Siegel, R. M., & Read, H. L. (1997). Analysis of optic How in
the monkey parictal avca 7a. Cerelral Coriex, 7, 397-346.
Snyder, L. L, Batista, A, I, & Andersen, RO AL (1997). Coding
of intention in the posterior parietal cortex. Nafure, 386,

167-170.

Snycer, L. H., Batista, A. P, & Andersen, R. A, (2000). Inten-
tion-related activity in the posterior parietal cortex: A
veview, Vision Research, 40, 14331441,

Srivastava, S., Orban, G. A, De Maziere, P A, & Janssen, .
(2009). A distinet vepresentation of three-dimensional
shape in macaque anterior intraparietal area: Fast, metric,
and coarse. Jownal of Newroscience, 29, 10615-10626.

Stepniewska, L, Collins, C. E., & Kaas, J. . (2005). Reap-
praisal of DL/V4 boundaries based on connectivity patterns
of dorsolateral visual cortex in macaques. Cerebral Cortex, 43,
809-822.

Stepniewska, 1, Fang, P. C., & Kaas, J. H. {2005). Microstimu-
lation reveals specialized subregions for different complex .
movements in posterior parietal cortex of prosimian .
galagos. Proceedings of the National Academy of Sciences of the
United  States of America, 102, 4878-4883. cloi: 10,1075/
pnas. 0501048102, :

Stepniewska, I., Fang, F. €., & Kaas, |, FL (2009). Organimtion :
of the posterior pariceal cortex in galagos: L Functimml_
zones identified by microstimulatgon, Journal of €l ive
Newrology, 517, 765-782.

Stepuiewska, I, Preuss, T. M., & Kaas, J. H. (2006). Ipsilaterd
cortical connections of dorsal and ventral premotor ared
in New World owl monkeys. Jornal of Comparative Newrologs .
495, 691-708. '



Taira, M., Mine, 8., Georgopoulos, A, P., Murata, A., & Sakata,
H. (1990). Parietal cortex neurons of the monkey related
10 the visuai guidance of hand movement. Fxpeimenial
Brain Research, 83, 20-36,

Taoka, M., Toda, T., & Iwamura, Y. (1998). Representation of
the midline runk, bilateral arms, and shoulders in the
monkey postcentral sematosensory cortex. Experimental
Brain Research, 123, 315329,

Taylor-Clarke, M., Kennett, 8., & Hagpard, P. (2002}, Vision
modulates  somatosensory cortical processing.  Current
Biology, 12, 233-236,

Tillery, 8. L, Flanders, M., & Socchting, {. F. (1994), Errors in
kinesthefic trapsformations for hand apposition. Newroms-
pori, 6, 177-181.

Valyear, K. F, Cavina-Pratesi, C., Stglick, A. J., & Culham, J.
C. {2007). Does toolrelated IMRI activity within the intra-
parictal suleus reflect the plan o grasp? Newolnage,
26(Suppl 2), T94-T108.

Vingerhoets, G., Acke, T, Vandemaele, P, & Achten, F.
(2009). Tool responsive regions in the posterior parictal
cortex: Effect of differences in motor goal and target object
during imagined transitive movements. Newwolmage, 47,
1832~-1843, doi: 10.1016/j.neuroimage. 2609.05.100.

Visalberghi, E., Addessi, E., Truppa, V., Spagnoletd, N,
Quoni, E, Jzan, P, et al. (2009). Selection of effective stone
tools by wild bearded capuchin monkeys. Current Biology, 19,
213-217.

Visalberghi, F., Fragaszy, D., Ovoni, K., Izar, P, de Oliveira,
M. G., & Andrade, F. R, {2007). Characteristics of hammer

i

THE EVOLUTION OF PARIETAL ARFAS ASSOCIATED WITH VISUOMANUAL BEHAVIOR

stones and anvils used by wild bearded capuchin monkeys
{ Cobus libidinosus) 1o crack open palm nuts, American fournal
of Physical Antloropology, 132, 426-444.

Vogt, C., & Vogt, O. (1919). Aligemeinere Ergebnisse unserer
Hirnforschung. Journal fiir Povchologiv und Newrologie, 25,
292-398.

Von Bonin, G, & Bailey, P. {1947). The neocoriex of Macaca
mulalta.  (Hlinols Monographs in the Medical Sciences, 5).
Champaign, IL.: University of Hlineis Press.

von Economo, C. (1929). The ewoachitectonics of the cerebral
cortex. London; Oxford University Press,

Wise, 5. P, Boussaoud, D., Johnson, P B, & Caminid, R.
(1997). Premotor and parietal cortex: Corticocortical con-
nectivity and combinatorial computations. Annwel Review of
Neuroscience, 20, 2542,

Wong, P, & Kaas, J. H. (2009). Architectonic subdivisions of
neocortex in the tree shrew (Bupaie belangerd), Analomical
Record (Hoboken, NJ.), 292, 994-1027,

Wong, P, & Kaas, J. H. (2010). Architectonic subdivisions
of neocortex in the galago (Otolemar garnettd), Anatowical
Recored (Hoboken, N.J.}, 293, 1033-1069,

Yalachkow, Y., Kaiser, ., & Naumer, M. . (2009}, Brain regions
related 10 tool use and action knowledge reflect nicotine
dependence, Journal of Newoscience, 29, 402924999,

Yokochi, H., Tanaka, M., Kumashiro, M., & Iriki, A. (2008).
Inferior parietal somatosensory neurons coding face—hand
coordination in Japanese macaques. Somaiosensory & Motor
Research, 20, 115-125.

1063





