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Cross-Modal Plasticity in the
Mammalian Neocortex

| sarah J. Karlen, Deborah L. Hunt, and Leah Krubitzer

Introduction

‘The neocortex is a highly dynamic structure,
particularly during developmene. In fact, recent
studies in humans and other animals indicate that
a substancial amount of the neocortex can be reor-
ganized following the early loss of sensory inputs.
Specificaily, neurons in the deprived cortex become
responsive to stimulation of the remaining sensory
modalities, Fven in adults, the functional organiza-
tion of cortical areas can be significantly modified
by sensory experiences (e.g., Merzenich & Kaas,
1982; Recanzone, Merzenich, Jenkins, Grajski, &
Dinse, 1992). 'This remarkable plasticity through-
out the life of an animal seems to be at odds with
recent developmental studies, which demonstrate
that highly conserved patterns of gene expression
Play a pivoral role in the emergence and develop-
ment of cortical fields in_mammals. Further, the

precise nature of the spatial and temporal paceerns

of gene expression, as well as the d(:ve&opmentzl]
cascades upon which their expression depends,
must constrain the types of changes that can be
made 1o the developing and evolving necocortex.
While a number of studies have demonscrated that
sensory experience or sensory-driven activity can
influence the development of cortical fields in wrms
of their connections and functional properties,
most studies have only focused on timited portions
of the nervous system and have not explored how
sensory activicy within one modality affects the
other sensory systems (e.g., see Majewska & Sur,
2006; O'Leary 8 Nakagawa, 2002; Pallas, 2001,
for review). This phenomenon, in which changes
in one sensory system alter the development of the
remaining sensory systems, is called cross-maodal
plasticity. In chis chapter, we will discuss the cross-
madal plasticity of the neocortex, particularly in
terms of functional organization and connectivity.
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“The refative congributions of sensory experience
and genetic factors o the development of cortical
fields coneinue o be debated. For example, some
believe that genetic factors ply the leading role
in establishing the location, size, and connectiv-
ity of cortical fields (e.g., Sur & Rubenstein, 2005,
O’Leary, Chou, 8 Sahara, 2007). By contrasy, oth-
ers believe thas sensory experience not only refines
existing organization, but also plays 20 equal role
with genetic factors in che development of corti-
cal fields (e.g., Krubitzer & Kahn, 20035 Krubitzer,
2007). While one must concede thar genes do con-
trol many processes, it is hard o isolate their exact
role because genes do not work in a vacuwm; there
is an ongeing interaction hetween the expression
of genes intrinsic to the cortex, intrinsic (o the ani-
mal, and the environment that an animal inhabits.
Nevertheless, there are aspects of the developmen-
ral process that seem to be invariane from one gen-
eration to the next regardless of alterations in the
body or the environment. This indicates that cer
tain developmental processes are ingrinsically regu-
lated by genes, whereas other processes are based on
the sensory experience of the individual animal.,

In some ways, it seems intuitive that the phys-
ical parameters of the environment should play a
fundamental role in shaping the struceure that wili
ultimately enable an animal ro detect, perceive, and
execute appropriate behaviors in their unigque and
dynamic environment. However, like genes, the
physical stimuli that impinge on sensory receptor
arrays, although variable in their diseribucion in
time and space, are invariant in nature. For exam-
ple, there are invariant forms of physical energy
that obey fundamental, physical laws that control
how energy moves, such as how photons travel, how
sound waves propagate, and how molecules com-
bine and interact with each other. Consequently,
these fixed features of the world limic the way in
which sensory receptors, such as photoreceptors,
mechanoreceptors, and chemoreceptors, can be
modified. These limitations have shaped the evo-
Jution of sensory transduction, which in turn con-
strains the patterns of sensory-driven activity that
can be defivered to the developing brain, Thus, as
with genes, the physical parameters of the environ-
ment conserain brain development and evolucion
(Krubitzer, 2009).

Given these génetic and environmental con-
straints, how is cross-modal plasticity generated in
the neccortex? There are cwo general approaches
te address this question. First, one can adopt 2
comparative approach and examine neocorticat

organization in species with naturally modified
sensory receptor arrays and peripheral morphol-
ogy, and determine i and how the neocortex
was altered in different lineages that have evolved
extreme modificacions in their sensory - periph-
ery. Alternatively, one can adopt a developmental
approach and examine the effect of altered sensory
array activity on cortical field organization. In chis
chapter, we utilize a combined comparative and
developmental approach. First, we begin by dis-
cussing the primary subdivisions of rthe neocortex
and how aspects of cortical organization are altered
across species. We then describe the development
of the neocortex and factors thar contribute to cor-
tical field emergence and organization. Finally, we
discuss the organizational changes to the neocor-
tex that occur following congenitat loss of sensory
arrays or impairment of sensory-driven activity in
human and nonhuman animals.

Sensory Neocortex in Mammals:
Evolutionary Cross-Modal Plasticicy

As noted above, one way to understand the
role of sensory-driven activity on neocortical orga-
pization is to examine mammals with nacurally
modified sensory systems. This has been done for
a variety of mammalian species, and a strong rela-
tionship has been obseived berween peripheral
sensory morphology and the two major features of
neocortical organization: cortical fields and sen-
sory domains,

Cortical Fields

Traditionally, the neocortex is divided into corti-

cal fields or areas, which are defined using a number

of criteria including architectonic appearance, neuro-
nal response praperties, and cortical and subcortical
connections (Kaas, 1982, 1983}, While all mammals
possess a basic plan of corticat organization that is
composed of several cortical fields with specific pat-
terns of connections, different species have different
relative sizes of cortical areas, numbers of cortical
fields, functional orpganizadon, and connectivity
(Figure 18.1}. This variability in cortical field orga-
nization is thought to generate the behavioral diver-
sity exhibited by varfous mammals. Cortical areas
common to all mammals include the primary visual
arer (V1; Rosa & Krubitzer, 1999), the primary
somatosensory area (31; Johnson, 1990; Kaas, 1983},
and the primary auditory area (Al; Ehret, 1997; see
Krubitzer & Kaas, 2005, {or review).

Comparative studies indicate that in all mam-
mals, V1 is always located caudally on the cortical
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Figure 18.1 All mammals studied possess a primary visual area (V1; dark blue), a primary somatosensory area (1, dark red),
and a primary auditory area (A1, dark green). These primary areas contain a complete representation of the sensory epithelium
that is coextensive with a unique architectonic appearance and pattern of connectivity. In addition, most animals possess other
cortical fields devoted to processing information from a single sensory system. Combifed, these larger subdivisions of the neo-
cortex are termed sensory domains. Shown here is the visual domain depicted in light and dark blue, the somatosensory domain
in light and dark red, and the auditory domain in light and dark green. While all mammals possess a basic plan of cortical
organization, different species have different relative sizes of cortical areas and sensory domains, and this variability is thought to
generate the behavioral diversity exhibited by various mammals. Short-tailed opossum (Huffman, Nelson, Clarey, & Krubirzer,
1999; Kahn, Huffman, & Krubitzer, 2000); mouse (Carvell & Simons, 1986; Woolsey, 1967); owl monkey (Kaas, 2004); ghost

bat (Krubitzer, 1995); cat (Scannell, Blakemore, & Young, 1995); least shrew (Catania, Lyon, Mock, & Kaas, 1999); platypus
(Krubitzer et al., 1995); phylogeny (Murphy, Pevzner, & O’Brien, 2004); timescale in millions of year ago, Medial (M) is up;

rostral (R) is to the right.

sheet, SI is always located rostral to V1, and A1 is
always located lateral to V1 (Figure 18.1). Each of
these primary areas contains a complete representa-
tion of the corresponding sensory epithelium that is
coextensive with a unique architectonic appearance
and pactern of connectivity. Regardless of the mor-
phological and behavioral specializations of many
mammals (e.g., Catania, 2000; Henry, Marasco,
& Catania, 2005; Krubitzer, 1995), the conserved
constellation of fields is always present, even in the

absence of apparent use. For example, the blind
mole rat (Spalax ehrenbergi) still has a “visual” cor-
tex even though this species is functionally blind
(Bronchti et al., 2002; Cooper, Herbin, & Nevo,
1993; Heil, Bronchti, Wollberg, & Scheich, 1991).
The ubiquity of these fields, their consistent patterns
of corticocortical and thalamocortical connectivity,
and cheir conserved geographic arrangement on the
cortical sheet across all mammals indicate that the
primary cortical fields were present in the common
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ancestor, cannot be eliminated under most or all
circumstances, and reflect che genetic constraings
iln]J()SCCI llP()n ti]c C\’()]\’iﬂg neoaceoriex.

On the other hand, there are a number of

alterations that have been made to this basic plan
of cortical organization in different mammals,
and to a large extent, these evolutionary changes
reflect alterations in peripheral mozphology, sen-
sory receptor arrays (such as number and distri-
bution of receprors), and pasterns of behavior, For
example, in the shore-tailed opossum (Meradelphis
domestica), an arboreal, highly visual marsupial,
the size of V1 is large in relation to other primary
sensory areas {Figure 18.1; Kahn, Huffman, &
Krubitzer, 2000). By contrast, in the least shrew
(Cryprotis parea), & small insectivore that lives in
subterranean burrows, the size of ST is large in
refation to V1 and Al (Figure 18.1; Catania, Lyon,
Mock, & Kaas, 1999). This is consistent with the
least shrew's reliance on its somatosensory system
for exploring the environment and detccring prey.
Finally, in the ghost bat (Macroderma gigas), which
uses echolocation for navigating its environment
and catching prey, the size of Al is large in relation
o other primary fields (Figare 18.1), similar to the
organization observed in other echolocating bats
{c.g., Suga, 1984, 1994).

In addition to these alerations in the over-
all size of primary corvical fields, some species
have expanded representations within a corti-
cal field of behaviorally important morphological
strucrures, For instance, the duck-billed platypus
(Oruithorhynchus anatinus) uses ity bill for many
activities including navigating in water, prey cap-
ture, predator avoidance, and mating, and approx-
imately two-thirds of the cortex is involved in
processing input from the bill (Krubitzer, Manger,
Pettigrew, & Calford, 1995;. Similacly, in che
star-nosed mole (Gondylura cristata), much of the
cortical sheet is devoted to processing inpuc from
the 22 appendages that surround the nose and are
used for navigating and foraging (Catania, 2000;
Cartania & Kaas, 1995). Finally, in the naked mole
vat (Heterocephalius glaber), the representation of the
upper and lower incisors, which are used for for-
aging, digging, and moving objects, occupy over
30% of ST (Henry, Remple, O'Riain, & Catania,
2006). These examples serve to illustrate that spe-
cies with highly spetialized body morphology have
expanded representations of these behaviorally rel-
evant structures within a cortical field.

Although the size of primary fields can vary
dramatically among species, the expansion (or

contraction) of individual primary fields doeg
not occur in isolation. Rather, cortical fields thar
increase their relative size seem to do so at the
expense of other fields. This change in the size of
cortical fields is directly related o peripheral mor-
phology, the types and distribution of sensory
recepror arrays, and the unique sensory-driven
behaviers of an animal. We term these types of
changes o the neocortex that occur in different
mammalian lincages across time evolutionary crass-
modal plasticity.

Sensory Domains

Recently, we have considered larger divisions
of the cortex when making cross-species com-
parisons. These larger subdivisions of the neocor-
tex are termed sensory domains and are defined
as the amount of cortex allotted 1o cach sensory
systern. As with cortical fields, some aspects of
sensory demain allocation are similar across spe-
cies. For example, the visual domain is located
in the occipital lobe, the auditory demain in the
remporal lobe, and the somatosensary domain in
the parietal lobe, Further, as wich cortical Aelds,
the size of sensory domains can vary across spe-
cies, and this variability is related 10 the sensery
systems that are most behaviorally relevant o the
animal. For instance, inthe highly visual short
tailed opossum, a large proportion of the neocor-
tex is devoted to the visual system (Figure 18.1),
which includes several cortical fields such as V1,
second visual area (V2), and caudotemporal area
(CT). Similarly, mice (Mus musculus) and other
rodents rely more on their vibrissae than on their

visual system, and relatively more of the neocor-

tex is devoted to processing information from this
sensory system (Figure 18.1}, which includes 51,
second somatosensory area (S2), and parietal ven-
tral area. Finally, chiroptera, such as ghost bats,
are echolocating mammals thac rely heavily on
their anditory system and a Jarge proportion of
their neocortex is devoted to processing auditory
information (Figure 18.1), which includes Al and
surrounding auditory fields.

We have purposely described extreme examples
of sensory domain allocation to emphasize our
point that cortical organization in mammals can
vary dramatically and, moreover, chat chis organi-
zation reflects and supports peripheral morphology,
recepror array distribution, and behavior. However,
in most instances, animals do nor depend exclu-
sively on a single sensory system. For example,
cats (Felis catus) rely on bath vision and audition,
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ary fields does which is reflected by the functional organization of

reical felds chag _ their neocortex (Figure 18.1; Scannell, Blakemaore,
o do so at the & Young, 1995). Simifarly, prairie voles {Microtus
ze in the size of . ochrogaster) rely on both somatosensation and audi-
peripheral mor- rion, and the neocortex in this species primarily
ion of sensory : ProCesses informarion from thesc two modalities

sensory-driven : (Campt, Karlen, Bales, & Krubitzer, 2007). Finally,

i these types of : owl monkeys (Aorus trivirgatusy and other primates

cur in different rely on both vision and somatosensation, and they

solutionary cross- : have a large proportion of their neocortex devoted

: 10 processing input from both modalities (Figure

18.1; Kaas, 2004). Thus, the amount of the corti-

_ cal sheet that is allocared to each sensory demain

larger divisions - closely reflects the sensory systems that are most
ss-species com- ehaviorally relevant to ¢he animal,

; of the neocor- As with the organizadon of individual corti-
wnd are defined cal fields, these sindics demonstrate thar sensory
to each sensory domain allocation also varies across lineages, and
ome aspects of suggests that cross-modal plasticity within the neo-

lar across spe- cortex is related to alterations in peripheral sen-
nain is located sory morphology, sensory-driven activity, and use.

domain in che ' However, the extent to which these carvical field

sory domain in and sensory domain differences between species are
cortical fields, genctically mediated, and thus heritable, or are due

ary across spe- _ : 1o sensory-driven activity during development, and
to the sensory : not¢ directly heritable, is not known.

relevant to the

Iy visual shore- Development of the Neocortex

of the neocor- . Traditionally,  developmenial  mechanisms
1 {Figure 18.1), : involved in parceling the neocortex into sepa-
ds such as V1, rate fields have been broken down inro intrinsic
otemporal area - and extrinsic factors. Intrinsic factors are defined
tfus) and other : _ here as features of development that occur solely
= than on their : within the neocortex, such as changes in celt divi-
of the neccor- : sion and celf dearh, shifts in the global patterns of
ation from this : : gene expression, and variations in protein transia-
:h includes 81, i tion and posteranslational modifications. Exerinsic
id parietal ven- : factors influence neocortical development but do
as ghost bats, : not originare within the cortex, such as shifts in
ely heavily on circutating hormonal levels, changes in thalamao-
proportion of cortical connectivity, and variations in the pattern
=ssing auditory o of activity received from the external environment

wcludes Al and : and relayed through sensory receprors. Exerinsic
factors, as defined here, refer to the more limired
reme examples L set of features, such as sensory-driven activity pat-
emphasize our T terns that oceur owside of the cortex entirely, but
mammals can i directly influence the developing neocortex. There
1at this organi- : ks strong evidence that both intrinsic and extrinsic
al morphology, : factors play a role in neocortical development and
wior. However, that both contribute to the differences observed
depend exclu- ﬁ across species, although extrinsic factors are likely
For example, _ 10 play a larger role in cross-modal plasticity within

L and audition, the lifetime of an individual.

Intrinsic Factors That Shape Cortical
Field Development and Evolution

There is ample evidence indicating that intrinsic
factors, such as gencs expressed within the develop-
ing neocortex, play a significant role in specifying
the gross geometric, anatomical refationships of the
neocortex. Early in development, positional infor-
mation is provided to the cortical primordium by
signaling centers that produce secreted malecules,
such as fibroblast growth factor (FGE) proeins
that are involyed with parterning of the anterior/
posterior axis and other malecules that pattern the
dorsal/ventral axis, such as bone morphogenetic
proteins (BMPs) and Wingless-Int (Wnt) pro-
teins (e.g., see Grove & Fukuchi-Shimogori, 2003;
Monuki & Walsh, 2001; Rash & Grove, 2006; Sur
& Rubenstein, 2005, for review). These patterning
centers are highly conserved across lincages {sec
Barembaum & Bronner-Fraser, 2005, for review).

Secreted proteins, such as FGF, BMP, and Wn,
interact vo generate graded expressions of transcrip-
tion factors in the ventricular and subventricular
zones of the neocortex, which in wurn regulace dif-
ferent aspects of cortical development. For example,
FGF8 has been shown to play a role in establish-
ing the anwerior—posterior axis of the neocorrex
(Fukuchi-Shimogori & Grove, 2001), and Wnt sig-
naling has been shown to be involved in pacterning
the dorsal-ventral axis (Grove, Tole, Limon, Yip,
& Ragsdale, 1998). Changes in FGF8 and Wat
signaling interact to regulate the expression of two
transcription factors important for the regionaliza-
tion of the neocortex, Emx2 and Pax6, which are
expressed in qpposing gradients (sce OFLleary &
Nakagawa, 2002; Rash & Grove, 2006; O’Leary
et al,, 2007, for review). By changing the graded
expression of these transcription factors, the size
and location of cortical fields on the cortical sheet
can be altered. For example, Emx2 is expressed in
a Jow-rostral/high-caudal and Jow-lateral/high-
medial gradiens, whereas Paxé is expressed in a
low-caudal/high-rostral  and  low-medial/high-
lateral gradient (Figure 18.2) (Bishop, Goudreau,
& O'Leary, 2000). In £mx2 knockour mice, rostral
cortical areas, such as somatosensory cortex, expand
while caudal areas, such as visual cortex, contract
(Figure 18.2). Pax6 mutants show shifts in cortical
areas in the opposite direction from Emx2 mutants,
as predicted by their complementary expression
patterns, with caudal areas showing expansion and
rostral areas showing contraction (Bishop et al,
2000). In addition, when Emx2 is overexpressed,
using nestin-Fmx2 transgenic mice, an expansion
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of visual cortex is observed (Figure 18.2; Hamasaki,
Leingartner, Ringstedr, & O'Leary, 2004),

‘These transcription factors regulate the region-
specific expression of other genes that appear to be
directly related to the emergence and further devel-
opment of cortical fields into the adult phenotype,
as well as in the development of thalamocortical
and corticocortical connections. For example, cad-
herin 6 (Cad6), Cad8, and Cadll are cell adhesion
molecules that are regionally expressed in both the
neocortex and thalamus; furthermore, there is a
matching expression pattern between the primary
sensory areas in cortex and their corresponding
thalamic nuclei (Nakagawa, Johnson, & (’Leary,
1999; Suzuki, Inoue, Kimura, Tanaka, & Takeichi,

1997). Similarly, the Eph family of receptors, in con--

junction with the ephrin ligands, act as axon guid-
ance molecules for incoming thalamocortical axons
in both the visual and somatosensory systems (e.g.,
see Bolz et al., 2004; O'Leary & Nakagawa, 2002;
Vanderhaeghen & Polleux, 2004, for review).
Taken rtogether, these studies in developing
animals indicate that several of the ubiquitous fea-
tures of cortical organization, such as the presence
of primary sensory fields and their location are

Normal mouse

Emx2

" @
Vi

R Huntet al,, 2006

Emx2 Knockout

L

incrinsically regulated and predominantly under
the influence (control) of genes. The size and con-
nectivity of primary sensory areas can be intrinsi-
cally regulated as well, buc they are also shaped by
extrinsic influences as well (described below). What
is not clear is how alterations in the features of cor-
tical organization are accomplished during the life
of an individual, given the control that genes have

on the formation of cortical areas and partterns of

connections during development.

Extrinsic Factors That Shape Cortical Field
Development and Evolution
During development, genes do not function

in isolation, but are influenced by a number of

extrinsic factors present in the internal and exter-
nal environment of the developing neocortex,
For example, the physical properties of the envi-
ronment arc necessarily conveyed through sen-
sory receptors, which transmit patterns of activicy
to the developing neocortex via thalamocortical
afferents. Historically, studies have addressed the
role of patterned activity in cortical field develop-
ment wichin a single sensory system. For example,

Wiesel and Hubel (1963, 1974; Hubel, Wiesel,

Emx2 Overexpression

Y

Bishop et al.,, 2002 Hamasaki et al,, 2004

Figure 18.2 Genes intrinsic to the neocortex play a substantial role in determining cortical field size and location. By changing

the graded expression ol eranscription factors, the size and location of cortical fields on the cortical sheet can be altered. Shown

here is Emx2 (purple) expressed in a low-rostralfhigh-caudal and low-lateralfhigh-medial gradient, while Pax6 (orange) expressed

ina lOW*CElULl:l”hig]}-l‘()ﬁtl':ll and low-medial/high-lateral gradient (Bishop et al., 2000). In Emx2 knockout mice, rostral areas,

such as S1 (red), expand while caudal areas, such as A1 (green) and V1 (blue), contract. Conversely, when Emx2 is overexpressed,
using nestin-Emx2 transgenic mice, V1 expands more rostrally, and S1 and A1 are shifted forward (Hamasaki et al., 2004).

Conventions as in previous figure; abbreviations defined in Table 18.1.
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& LeVay, 1977) demonstrated that experience-
dependent mechanisms were involved in normal
ocular dominance column development in cats and
monkeys. Specifically, they found that menocular
deprivation led to a lasger cortical representation
of the nondeprived eye. Similatly, Rakic (1981)
demonstrated that when rhesus monkeys (Macaca
mulatta) were manocularty enucleated before birth,
they failed to develop ocular dominance columns,
which suggested that binocular competition is nec-
essary for ocular dominance column fermatien.
Further studies on ocular dominance columns
have shown that both sensory-driven activity and
spontancously generated activity arc critical for the
normat development of visual cortex (e.g.. sce Karz
& Shatz, 1996, for review; Shatz, 1990; Stryker &
Harris, 1986). Similarly, Chapman and Stryker
{1993} have demonstrated chac visually driven activ-
ity is necessary for the maturation of oriencation-
selective responses in visual cortex (see Chapman,
Godecke, & Bonhoefer, 1999, for review).

in the somatosensory system, multiple studies,

in mice have demonstrated that lesions of vibrissae
follicles early in development lead to the absence
of the corresponding barrels in the adule neocor-
ex (Rice & Van der Loos, 1977 Van der Loos &
Woolsey, 1973) and in strains of mice with super-
numerary vibrissae, the barrel field in 81 exhibits
extra barrels that correspond to the location of the
additional vibrissae (Van der Loos & Dorfl, 1978;
Van der Loos, Dorfl, & Welker, 1984; Van der
Loos, Welker, Dorfl, & Rumo, 1986). In the audi-
tory system, Zhang and colleagues (2002) exam-
ined developmental plasticity by introducing white
noise pulses during rat pup development (P9-P28)
and found that in the adule rar the Al tonotopic
representation was  disordered and  frequency-
response selectivity was degraded.

Together, these studies demonstrate the effects of
exerinsic factors on che development of a single cor-
tical field; however, the effect that a loss or enhance-
ment of sensory-driven activity in one sensory system
has on the organization, connections, and functions
of the neocortex associated with the remaining sen-
sory systems is less understood. As discussed below,
recent studies in both humans and other animals
have begun ro address this issue of cross-modal plas-
ticity within the life of an individual,

N
Cross-Modal Plasticity Resulting from
Congenital Sensory Loss in Humans

Psychophysical studies have demonstrated cross-

modal plasticity following carly sensory loss in

humans (see Bavelier & Neville, 2002, for review}.
For example, blind individuals exceed sighted
mdividuzls in monaural sound source localiza-
tion {Doucet et al., 2003; Lessard, Pare, Lepore, &
Lassonde, 1998), particularly in peripheral auditory
space (Roder, Rosfer, & Neville, 1999}, Further,
caily blind subjects perform better than normal
subjects on self-localizatdonr when auditory cues
are used 1o define the space in which the subject
is tested (Despres, Boudard, Candas, & Dufour,
2005). They also exceed sighted individuals in audi-
tory memor)‘; for verbal encoding and retrieval tasks
(Raz, Amedi, & Zehary, 2003%; Roder, Rosler, &
Neville, 2001), and auditory memory for environ-
mental sounds (Roder & Rosler, 2003}. Moreover,

“blind subjects have shorrer reaction times for rac-

tile and audicory spatial actention tasks (Collignon,
Renier, Bruyer, Tranduy, & Veraare, 2006).

Simitarly, psychophysical studies have shown
that deaf subjects are significandy faster than hear-
ing subjects at detecting a visual stimulus in che
periphery, although the reaction time of deaf and
hearing subjects is the same for stimuli presented in
che central visual field (Loke & Song, 1991; Neville
& lawson, 1987). Furcther, deaf subjects experi-
enced in American Sign Language show greater
right visual field sensitivity for motion process-
ing than hearing subjects {(Boswarth & Dobkins,
2002). Finally, deaf subjects are more accurate than
hearing subjects in detecting suprathreshald tac-
tile changes, although frequency discrimination is
net significantly differenc berween the two groups
{Levanen & Hamdorf, 2001). Thus, in humans
with early visual or auditory loss, sensory-driven
abilities mediated: through the remaining sensory
systems exceed those of normal individuals and the
underlying source of these psychophysical differ-
ences appears o be due to functienal changes in
the neocortex.

Noninvasive functional imaging and electro-
physiological studics in both early blind and deaf
humans indicate that cortex normally activated
by the lost sensory system becomes activated by
the remaining sensory systems. For example,
positron emission comography (PET} studies in
blind humans indicate thar auditory Jocalization
tasks activate occipital cortex in regions normally
involved in visual Jocalization and motion detec-
tion {Weels er al., 2000). Simifarly, functional
magnetic resonance imaging (FMRI) studies in
blind individuals indicate that Braille reading
activates occipital cortex (Burton er al, 2002;
Gizewski, Gasser, de Greiff, Bochm, & Forsting,
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200%; Sadato et al., 1996; Sadato, (Okada, Honda,
& Yoneckura, 2002), and vibrotactile stimula-
tion elicits activation throughout “yisual” cortex
(Burton, Sinclair, 8 McLaren, 2004). Even for
high-level perceptual and cogaitive tasks, such as
language processing, fMRI and repetitive transcra-

nial magnetic stimulation (FI'MS5) studies indicate”

that the occipital cortex is activated {Amedsi, Flocl,
Knecht, Zohary, & Cohen, 2004: Burton, Snyder,
Diamond, & Raichle, 2002).

Funcrional MRI studies have also shown that
“yisual” cortical areas, including V3, process audi-
tory information (Kujaia et al., 2005), although
nor all auditory stimuli have been found to elicit
a response in the “visual” cortex. Similarly, event-
relaced potential (ERP) studies demonstrate that
for auditory stimulation, the NI and P3 waves
peak over occipital cortex (Leclere, Saint-Amour,
Lavoie, Lassonde, & Lepore, 2000). For higher-
level processing, such as auditory memory, ERP,
and FMRI scudies have shown that the occipital:

cortex is activated in blind individuals, as com--~

pared to normal concrols (Raz et al., 200%; Roder,
Rosler, & Neville, 2000). Finally, a desynchroniza-
tion of the electroencephalogram (EEG) has been
found over the occipital lobe in congenitally blind
subjects, as compared to normal adults (Noebels,
Roth, & Kopell, 1978). Together, these studies
demeonstrate that the regions of cortex, normally
activated by visual stimulation, became responsive
to auditory and tactile stimulasion in congenitally
blind individuals.

There are only a handful of studies that have
examined the anatomical substrate for this cross-
modal plasticity in humans. In one study, TTMS
over S1 generated significantly higher fevels of
activity, as measured by PET, in area 17 of early
blind individuals as compared to late blind indi-
viduals (Wittenberg, Werhahn, Wassermant,
Herscovitch, & Cohen, 2004). This suggests that
S1 provides inpuc to “visual” cortex through cor-
ricocortical connections in early blind individu-
als. Simifatly, a study by Shimony and colleagues
(2006) found a decrease in genicuiocorticai pro-
jections in early blind individuals as compared to
normally sighted individuals using diffusion tensor
imaging (DTT) and diffusion tensor tractography
(DTT). These results, indicate that the observed
functional reorganization is mediated by altera-
tions in corticocortical connections, although no
additional projections were derected in the blind
individuals as compared to sighted individuals
(Shimony et al., 2000).

Cross-modal cortical plasticity has also been
demonstrated in congenitally deal subjects. For
instance, functional imaging studies indicate that
“auditory” areas are active during a variety of visual
rasks in congenitally deaf individuals (e.g., Catalan-
Abumada et al., 1993; Finney, Clementz, Hickok,
& Dobkins, 2003; Finney, Fine, & Dobkins, 2001;
Nishimura et al., 1999). Further, congenitaily deaf
individuals exhibic enhanced ERP N1 amplitudes,
which are associated with the processing of visual
motion (Armgtrong, Neville, Hillyard, & Mitcheli,
2002) when attending to the peripheral visual field
{Neville & Lawson, 1987). Finally, using magne-
toencephalographic (MEG) techniques, Levanen
and colleagues {1998) found that vibrotactile stim-
uli applied to the palm and fingers activated “audi-
tory” cortex in congenitally deaf subjects.

While the studies noted above in humans repre-
sent only a few of the many studies that demon-
strate cross-modal plasticity wich early sensory
loss, the data clearly indicate that following the
loss of one sensory modality, behaviors mediated
by the remaining modalitics are enhanced. This is
likely due to an increase in the amount of cortex
devoted 1o the remaining sensory systems (Bavelier
& Neville, 2002; Shimony et al., 20006), altera-
cions in che develapment of the attentional system
(Bavelier, Dye, & Hauser, 2006; Forster, Eardley,
& Eimer, 2007; Loke & Song, 1991; Poirier et al,
2006), as well as changes in connectivity along the
entire neuroaxis. The details of the functional and
anatomical changes that accur both in the neocor-
tex and at subcortical levels following early sensory
loss have been recencly described in nonhuman

animals.

Cross-Modal Plasticity Resulting from
Early Sensory Loss in Other Mammals

Sensory compensation has been demonstrated

behaviotally following early visual loss in a vari-
ety of nonhuman animals. For example, bilateral
lid surure at birth in cats sesults in enhanced pre-
cision for sound localization, especially for Jateral
and rear positions, as compared to normal animals
(Rauschecker & Kniepert, 1994). Further, ferrets
that were deprived of early visual experience by
binocular eyelid suture have enhanced sound lacal-
ization as compared to normal animals when tested
in the lateral field; however, there is no clear dif
ference when they are tested at the midline (King
& Parsons, 1999), a finding similar to the resules
of psychophysical studies in humans. Finally, in
bilaterally enucleated hamsters, an unconditioned
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orienting reflex paradigm was used o examine
the direction of orientation and habituation to an
auditory stimubus (Izracli er al,, 2002}, This study
found that bilaterally epucleated hamsters per-
formed like normal animals in terms of correctly
orienting toward the stimulus, but they were slower
to habituate to the stimulus than normal animals.
Alchough there was no difference in sensory abilivy,
the blind animals were more responsive to auditory
stimuli., As in human studies, the cause of these
behavioral differences can be traced o functional
changes in the ncrvous system,

In the visual system, there are a number of stud-
ies in cats and ferrets that examine the functional
and znatemical changes thar occur with early
visual deprivation via either binocular lid suture or
dark rearing, In cats deprived of early visual expe-
rience, the majority of neurons in areas 17 and 18
show no orientation selectivity or direcrional selec-
tivity {Blakemore & Price, 1987; Blakemore & Van

Sluyrers, 1975}, Dark rearing in cats also decreases .

contrast sensitivity of neurons in area 17 (Gary-
Bobo, Preybystawski, & Saillour, 1995}, In ferrets,
dark rearing decreases direction sclectivity (L4,
Fitzpatrick, & White, 2006} and decreases or dis-
rupts orientation selectivity (Chapman & Stryker,
1993; Coppola & White, 2004; White, Coppola,
& Fitzpatrick, 2001}, Farly visual deprivacion also
decreases the volume, surface area, cortical thick-
ness, and numerical density of neurons in area
17 (lzkacs, Saillour, Imbert, Bogner, 8& Hamori,
1992). When responsiveness to other modalities
was specifically investigated in these animals, it
was found that 6% of cells in area 17 responded
to auditory stimulation (Sanchez-Vives eval., 2006;
Yaka, Yinon, & Wollberg, 1999). Further, when
higher-order “visual™ areas in the suprasylvian sui-
cus (areas, anterolateral lateral suprasylvian area
[ALLS] and anteromedjal lateral suprasylvian area
[AMLS]) were examined in bilacerally enucleated
or lid-sutured cats, most neurons were responsive
1o auditory stimulation (Yaka et al., 1999).

Similar findings have been reported in areas
of the anterior ectosylvian region of ecarly visu-
ally deprived cars. In cats with early binecular lid
suture, neurons in the anterior ectosylvian “visual”
area, which are normally only responsive to visual
stimulation, contain neurons that respond predom-
inantly to auditory stimulation (Rauschecker, 1996;
Rauschecker & Korte, 1993). Finally, not only are
visual areas affected by early loss of viston, but neu-
ral responses in nonvisual areas are also modified
with early visual deprivation. For example, in cats
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with early binocular lid suture, a higher proportion
of neurons in auditory fields, including the ancerior
auditory field (AAF) and the ancerior ectosylvian
auditory fleld (AEA), are spadally tuned to a par-
ticular direction and are more sharply tuned (Korte
& Rauaschecker, 1993; see Rauschecker, 1999, for
review). These findings are similar o those seen in
naturally blind animals, like the blind mole rat, in
which neurens in “visual” cortex respond o audi-
tory stimuli {Heil ecal., 1991).

Since spontancous visual activity stili occurs
in dark-reared animals and in those with eyelids
bilaterally surured, as well as in congenitally blind
animals, like the blind mole rat, bilateral enucle-
ation experiments have been used to prevent the
effects of both spontancous and sensory-driven

-activity on cortical field development. In bitater-

ally enucleated cats, Yaka and colleagues (1999)
found that 6% of neurons in area 17 (Figure 18.3),
as well as roughly 65% of neurons in extrastriate
“visual” areas ALLS and AMLS, respond to audi-
tory stimuli. Further, they found that substantially
more cells were responsive to auditory stimulation
in bilacerally enucleated cats than in bilaterally eye-
lid-sutured cats {Yaka et al,, 1999). Similarly, about
63% of cells in “visual” cortex responded 1o audi-
tory stimulation in bilaterally enucleated hamsters,
whereas no auditory responsivecells were found in
V1 in nermal hamsters (Figure 18.3; lzraeli et al.,
2002). In razs that were enucleated later in develop-
ment, about one-third of the cells in “visual” cortex
tesponded 1o auditory stimulation, although the
tuning properties differed from auditory cells in
the auditory cortex of normal and enucleated rats,
and no tonoto'pic ofganization could be identified
(Piche et al,, 2007).

Finally, in our laboratory, we have found that
bilaterally enucleated short-tailed opossums show
functional reorganization of visual cortex such
that neurons in area 17 as well as extrascriate cor-
tex respond to auditory, somatosensory, or auditory
and somatosensory stimulation (Figure 18.3; Kahn
& Krubitzer, 2002: Karlen, Kahn, & Krubitzer,
2006), Which sensory system dominates the
invaded area varies between animals and is most
likely due to differences in strategies implemented
by individual animals to explore their surroundings
(see Karlen et al., 2006, for more detail).

The differences between these studies in the
extent to which “visual” cortex is reorganized (sce
Figure 18.3) could be due to species differences, but
are mare likely due to the progressively later devel-
opmental ages at which che bilateral enucleations
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Figure 18.3 Bilateral enucleations early in development result in the functional reorganization of “visual” cortex. Shown here
are the percentage of recording sites in architectonically defined V1, which contain neurons that respond to visual (light blue),
somatosensory (light red), auditory (light green), and multimodal (teal) stimuli. Lack of response to stimuli from any modality

is indicated in gray. The differences between these three studies could be due to species djffererices, but are more likely due to the
progressively later developmental ages at which the bilateral enucleations took place. In enucleated short-tailed opossums, which
were enucleated very early in development before retinal axons reach the diencephalon and well before thalamic axons reach

the cortex, the majority of recording sites contain neurons that respond to auditory and somatosensory stimulation (Kahn &
Krubitzer, 2002; Karlen et al., 2006). In enucleated hamsters, which were enucleated later in development when retinal axons had
reached the LGd and thalamocortical axons had reached the subplate but before the formation of cortical layers, most of the cells
responded to auditory responses(Izraeli et al., 2002). Finally, in enucleated cats, which were enucleated at the latest developmental
timepoint after the retinal axons innervated the LGd and thalamocortical axons innervated layer IV of the cortex, very few of the

cells responded to auditory responses (Yaka et al., 1999).

ook place. Specifically, opossums were enucleated
at an age before retinal axons reach the dienceph-
alon and well before thalamic axons reach the cor-
tex; hamsters were enucleated later in development
when retinal axons had reached the dorsal lateral
geniculate nucleus (LGd} and thalamocortical
axons had reached the subplate but before the for-
mation of cortical layers; and cats were enucleated
only after the retinal axons innervated the LGd
and thalmocorical axons innervated layer IV of

the cortex. Thus, future research in these and other
species should consider the timing of sensory loss
relative to other important developmental events.
The functional reorganization that occurs in
the neocortex with the early loss of a sensory sys-
tem (Figure 18.3) appears to be driven by dramatic
changes in cortical and subcortical connectiv-
ity. For example, Asanuma and Stanfield (1990)
showed that in both congenitally blind mice and
those bilaterally enucleated at birch, ascending
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somatosensary projections from the dorsal col-
umn nuclei innervate the LGd. Further, in bilat-
erally enucleated hamsters (lzraeli ev al, 2002;
Piche, Robert, Miceli, & Bronchzi, 2004) and in
naturally blind animals, such as the blind mole rat
(Doron & Woliberg, 1994}, the inferior colliculus
has been shown to be the major source of input to
the LGd. Likewise, in bilaterally enucleated shorte-
sailed opossums, area 17 receives input from tha-
iamic nuclei assaciated with somatosensory (ventral
posterior aucleus [VP]), auditory (medial genicu-
late nucleus [MG]), motor (ventrolateral nucleus
[VL]), and limbic/hippocampal systems (anterior
dorsal nucleus [AD], anterior ventral nucleus [AV])
(Karlen et al., 2006). Finally, there are alterations in
corticocortical connections, The callosal pathway
berween areas 17 and 18 was significantly altered
in bilaterally enucleared rats (Qlavarria & Li, 1995)
and cars {Berman, 1991; Innocenti & Frose, 1980},

and in bilaterally enucleared macaque monkeys area

18 had significantly more callosal projections than

in normal animalis (Dehay, Horsburgh, Berland, ~

Kiliackey, & Kennedy, 1989). lzracli and colleagues
(2002) did not find any changes in corticocortical
connections in bilaterally enucleated hamsters;
however, in short-tailed opossums that were bilae-
erally enucleated very eatly in development, we
found substantial changes in the density of cortical
projections as well as the cortical fields projecting
o area 17 (Karlen et al,, 2006). Specifically, bilar-
erally enucleated opassums exhibit projections to
arca 17 from 51, Al, and frontal cortex, in addition
o normal cortical projections to V1 from V2, CT,
multimodal area (MM), and entorhinal cortex.
There are onty a few studies that have examined
the functionzl organization of “auditory” cortex in
congenitally deafanimals. In congenitally deafl cats,
Kral and colleagues (2003) were unable wo find any
evidence of cross-modal plasticity in Al (Figure
18.4). From these results, they concluded that only
higher-order auditory areas undergo substantial
reorganization following congenital sensory loss.
‘This differs from our own work in congenitally
deaf mice, where we have seen extensive cortical
reorganization of Al and the surrounding auditory
cortex in adult animals (Figure 18.4; see Hunt,
Yamoah, & Krubitzer, 2006, for maore detail).
Specifically, we found that cortex, which would
normally contain neurons that respond to auditory
stimulation, contained neurons that responded to
somatosensory (3696}, visual {15%), or somatosen-
sory and visual (24%) stimulation. In addition to
changes in Al, the other primary fields, V1 and S,

¥

were also functionally reorganized in congenitally
deaf animals such that there were mare bimodal
responses. Further, VI was significanty larger
and Al was significantly smaller in congenitally
deaf mice compared to normal animals, as mea-
sured using myeloarchitecture {Hunc ev al., 2000).
The results of these studies indicate that cortical
domain territories shift dramarically in congeni-
tally deaf mice such thar “auditory” cortex is taken
over by the visual and somatosensory system.

The difference in the extent wo which “auditory”
cortex is reorganized (see Figure 18.4) between our
findings and those of Kral and colleagues could be
due to species differences, but are more likely duc
to methodological differences in the timing of sen-
sory foss in the two studies. Specifically, in the deaf
cat study, the organ of Corti progressively dete-
riorates postnatally (Heid, Hartmana, & Klinke,
1998), whereas in the congenitally deal mouse
study, there s never any scnsory-driven activiry
from the cochlea (Delpire, Lu, England, Dull, &
Tharne, 1999; Kozel et al., 1998). Despite this lack
of parterned activity in the deaf cats, the brief expo-
sure to spontaneous activity, which occurs nor-
malily during development and precedes che onset
af hearing, could be suflicient to establish normal
auditory connections and prevent the more sub-
stantial changes observed in tlie congenitally deaf
Inice.

Very few anatomical studies have examined
the effect of early auditory loss on neocorticat and
subcortical development, However, the studies
that have been done demonstrate that the loss of
auditory stimulation also leads to changes in cross-
modal connectivity. For example, in congenitally
deaf mice, the loss of anditory activity results in
aberrant projections of the retina into nonvisual
auditory structures, such as the MG and the inter-
mediate layers of the superior colliculus (Hunt
et al,, 2005),

Animal models of cross-modal plasricity follow-
ing early sensory loss are consistent with the results
described in humans in that the data clearly indi-
cate thar with the early loss of one sensery modal-
ity, behaviors mediated by the remaining modalicies
are improved. As in human studies, there seems to
be a negative correlation between the age of sen-
sory loss and the amount of cortical reorganization
(Figures 18.3 and 18.4); however, the relarionship
between the age of sensory loss and the amount of
cortical reorganization may not be straightforward.
For example, in ferrets deafened as adults, 84% of
neurons recorded in auditory cortex responded o
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Figure 18.4 Congenital deafness carly in development results in the functional reorganization of “auditory” cortex. In mice,

congenital deafness results in the functional reorganization of “auditory” cortex. Shown here are the percentage of recording sites

in architectonically defined A1 that contain neurons, which respond to visual (light blue), somatosensory (light red), auditory

(light green), and multimodal (teal) stimuli. Gray indicates a lack of response to any stimulus. The differences between these

two studies could be due to species differences, bur are more likely due to the timing of auditory loss in the'two experiments.

In congenitally deaf mice, which never have any sensory-driven activity from the cochlea, the majority of recording sites in Al

contain neurons that responded to somatosensory and visual scimulation (Hunt et al., 2006). In congenitally deaf cats, Kral and

colleagues (2003) were unable to find any evidence of cross-modal plasticity in Al and concluded that only higher-order audicory

areas undergo substantial reorganization following congenital sensory loss; however, in these animals, the organ of Corti pro-

gressively deteriorates postnatally, so the a nimals do have a brief exposure to spontancous activity during early development.

somatosensory stimulation (Allman, Keniston, &
Meredith, 2009). These changes in neuronal response
properties did not seem to be due to unmasking or
the formation of new cortical connections; instead
the authors hypothesize that these changes may be
due to subcortical alterations (Allman et al., 2009).
Although the mechanisms generating cross-modal
plasticity in the neocortex may differ between early
development and adults, the data indicate that the
loss of one sensory system can lead to changes in
the remaining modalities. Further, these changes in
functional organization likely resulc from alterations
in cortical and/or subcortical connectivity.
N

How is Cross-Modal Plasticity
Generated in the Neocortex?

Given the examples above, it is clear that the
neocortex can be globally affected by changes in

sensory-driven activity during early development,
regardless of which modality is deprived of activ-
ity. For example, both in bilaterally enucleated
and congenitally deaf individuals, not only do
we observe reorganization of the neocortical area
directly affected by the lost modality, but substan-
tial portions of the remaining cortical sheet also
reorganize (Figure 18.5). In some ways, this is anal-
ogous to a pebble thrown in the water. The largest
displacement (ripple) occurs at the point of entry,
which in terms of the neocortex, would be the sen-
sory modality directly affected by the loss. But,
successive alterations in neocortical organization
can occur a good deal away from the cortical area
directly associated with the lost modality. Although
the changes do not disperse in a uniform fash-
ion, like ripples in a pond, changes in the affected
modality induce alterations in the remaining,
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A Normal opossum

C Normal mouse

B Bilateral enucleate opossum

iy

Adapted from from Karlen et al., 2006

D Congenit;lly deaf mouse

Adapted from Hunt et al., 2002

Visual D Somatosensory D Auditory . Multimodal

Figure 18.5 In both bilaterally enucleated and congenitally deaf animals, not only is the cortical area that is directly affected

by the lost mod:ﬂity I‘t:(n'g;lni'f.cd, but substantial portions of the remaining cortical sheet also reorganize. The cortical fields

(outlined) and sensory domains (colored) are illustrated for a normal epossum (A), bilaterally enucleated opossum (B), normal

mouse (C), and COI]gCI]il‘;‘lH}’ deaf mouse (D). In the hilatcm]ly enucleared opossum (B), the entire cortex, which would IIDI'IHHH)’

be devoted to visual processing, contains neurons responsive to somatic, auditory, or both somaric and auditory stimularion. In

the congenirally deaf mouse (D), the entire cortex, which would normally be devoted to processing auditory inputs, contains

neurons responsive to somatic, visual, or both somatic and visual stimulation. In both these examples, the cross-modal plasticity

is substantial such thart all of cortex that is deprived of normal inputs is responsive to new types of sensory stimulation. In

opossums and mice, sensory-specific cortical areas can be identified architectonically, although in sensory-deprived animals
(B,D), the fields are smaller. (Modified from Krubitzer & Hunt, 2006.) Conventions as in previous figures; abbreviations defined

in Table 18.1.

intact sensory systems. In essence, what happens at
one point in a fluid, highly dynamic structure like
the neocortex affects the development of adjacent
points. .

The patterns of cortical and subcortical con-
nections provide insight into the neuroanatomical
substrates underlying the observed cross-modal
plasticity. The fact that normal patterns of con-
nections are intact in both experimental and nat-
urally modified sensory systems suggests that these
connections are inherently specified and not cas-
ily affected by changes in activity. Conversely, the
presence of abnormal wiring, such that normally
unimodal structures feceive inputs from more
than one sensory system, suggests that other con-
nections are greacly affected by sensory-driven
activity during development. Whether these are
exuberant connections that fail to be pruned or new

connections that sprout during development is not
known. Regardless, these activity-driven changes
in connections most likely drive the changes in
functional reorganization of the neocortex follow-
ing early sensory loss, which in turn contributes to
the observed behavioral changes.

Data from both comparative and developmental
studies indicate that sensory systems do not develop
or evolve in isolation. Instead, they develop in the
presence of other sensory systems, each transmit-
ting some form of patterned activity from a unique
environment that governs the combinatorial pat-
terns of activity across sensory systems. While
genes appear to determine the global organization
of the neocortex, the ultimate adult cortical phe-
notype (which includes sensory domain allocation
and cortical field size, organization, and connectiv-
ity) can be altered significantly. Thus, despite the
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Table 18.1  Abbreviations

A Primary auditory arca

AATL Anterior auditory field

AD Antevior dorsal nucleus

ALA Anterior ecrosylvian auditory field
ALLS  Anterolateral lateral suprasylvian area
AMLS  Anceromedial lateral suprasylvian area
AV Anrerior ventral nucleus

BMP Bone morphagenetic protein

Cad Cadherin

T Caudotemporal arca

Tl Diffusion tensor imaging

DTT  Diffusion tensor tractography

EEG l?ilectroenccpha]()gmm

ERP Event-related potential

FGE Fibroblast growth facror

MRl Functional magnetic resonance imaging
1.Gd Dorsal laceral geniculare nucleus

M Media)

MEG  Magnetaencephalograph

MG Medial geniculare nucieus

MM Multimedal area

PET Pasitron emission tomography

R Rostral

TMS  Repetitive transcranial magnetic stimulation
51 Primary somatosensory arca

52 Second somatosensory area

V1 Primary visual area

V2 Second visual area

Vi Ventrolateral nucleus

VP Ventral pesterior nucleus

Wit Wingless-Ine

formidable constraints imposed by genes and the
invariant nature of physical energy on the develop-
ment and evolution of the neocorcex, the patterns of
sensory activity set up acrass sensory systems allow
for a wide range of cortical phenotypes within the
lifetime of an individual and across evolucionary
time.

Acknowledgment

This work was supperted by « McDonnell Foundation grant
and in pare by an NINDS award (RO1-NS35103) wo LK., and
by a NRSA fellowship o $.K.

References

Amedi, A, Floel, A, Kneche, S., Zohary, K., & Cohen, L. G.
(2004). Transcranial magnetic stimulation of the oceipi-
tal pole interferes with verbal processing in biind subjects.
Nature Newvoscience, 7(11), 12661270,

Armstrong, B. A, Neville, H. ., Hillyard, S. A., & Mitcheli,
T. V. (2002). Auditory deprivation affects processing of

mation, bur not color, Cagnitive Braiiv Research, 14(3),
422--434,

Asanuma, ., 8 Suanfield, B, B. (1990). Induction of somatic
sensory inputs o the lateral geniculate nuclens in con-
genitadly Blind mice and in phenotypically normal mice,
Neuroseicice, 39(3), 533-545.

Barembaum, M., & Bronner-Fraser, M., (2005). Early SLeps in
neural eresy specification, Seminars in Cell & LDevelopmental
Biolagy, 16{6), 642--646.

Bavelier, D., Dye, M. W., & Hauser, P. O, (2008). Do deaf
individuals see bewer? Frends in Cognitive Seiences, 111D,
512-514.

Bavelier, 1D, & Neville, H. J. (2002). Cross-modal plastic-
ity: Whtre and how? Nutwre Reviews. Newroscience, 3(6),
443--452.

Berman, N E. (1991), Alerations of visual corvical connee-
tions in cars following carly removal of retinal input.
Developmental Brain Research, 63(1-2), 163180,

Bishop, K. M., Goudreau, G., & Oleary, D, D (2000},
Regulation of arca identity in the mammalian neocortex by
Eme2 and Pax6. Science, 288(5464), 344349,

Blakemore, C., 8 Price, 12, ]. (1987). Liffces of dark-rearing
on the development of area 18 of the cac’s visual cortex, 7
Jaurnal of Physiology, 384, 293-309,

Blakeemore, C., & Van Sluyters, R C. (1975), Innate and envi-
ronmental factors in the development of the kisten's visual
corwex. The fowrnal of Physivlogy, 248(3), 663-716.

Boly, J.. Uziel, 12., Muhlfricdel, S., Guilmar, A, Peuckert, C.,
Zarbalis, K., eral, {2004). Myltiple roles of ephring dur-
ing the formation of thalamaocortical projections: Mayps and
move. fowrnal af Newrobiology, 59(1), 82-94.

Bosworth, R, G., & Dobkins, K, R, (2002). "The effects of spa-
dial atcention on mation processing in deal signers, hear-
ing signers, and hearing nonsignrrs. Brain and Cagnition,
A1), 152169,

Brenchd, G, Heil, P, Sadka, R., Hess, A., Scheich, H., &
Wollberg, . (2002). Auditory activation of “visual” cor-
tical areas in the blind mole rar Spalax chrenbergi). The
Lnrapean Jowrnal of Neuroscience, 16(2), 311329,

Burten, M., Sinclair, R, )., & McLaren, 12, G, (2004). Cortical
activity v vibrocactile stimulation: An fMRI study in blind
and sighted individuals. Human Brain Mapping, 23(4},
210--228,

Burten, H., Snyder, A, 7., Conture, T. E., Akbudak, E.,
Ollinger, 1. M., & Raichie, M. E., (2002). Adaptive changes
in carly and lare blind: A FMR] study of Braille reading.
Jowrnal of Newraphysiology, 87(1), 589-607.

Burten, H., Snyder, A, 7., Diamond, 1. B, & Raichle, M.
E. (2002). Adaprive changes in carly and lae blind: A
FMRI study of verl gencration o beard nouns, Jawraal of
Newraphysiofogy, 88(6), 3359-3371,

Campi, K. L., Karlen, 8.1, Bales, K. 1., & K rubiczer, L. 2007).
Organizatien of sensory neocortex in prairic voles (Micraris
ochragaster). The Jarrnal aof Comparative Nevrology, S02(3),
414-426.

Carvell, G, L., & Simons, ID. ], (1986). Somatatopic organiza-
tion of the second somatesensory area (§11) in the cerebral
correx of the mouse, Sematosensory Research, 3(3), 213-237.

Caralan-Ahumada, M., Deggouj, N., De Volder, A., Melin, .,
Michel, C., & Veraart, C. {1993), High merabolic activity
demonstrated by positron emission tomography in human
auditory coreex in case of deafness of early onser. ABrain
Research, 623(2), 287-2092.

370 CROSS-MODAL PLASTICITY [N THE MAMMALIAN NEOQCORTEX




wit Research, 14(3),

nduction of somaric
ate nuciens in con-
ically normal mice.

2005). Early steps in
Cell & Developmental

. (2006), Do deaf
‘tive Seicwces, JO(11),

sross-madal plastic-
. Newroscience, 3(6),

sl cortical connec-
1 of rednal inpur.
. 163180

ary, 13 1% {2000).
malian neocoreex by
44-349.

ccts of darkerearing
t's visual cortex. The

5). Innare and envi-

of the kittew's visual

) 663716,

ar, AL, Peuckert, €.,

nles of ephrins dur-

ojections: Maps and

-94.

L. The effects of spa-
deaf signers, hear-

rain and Cognition,

AL, Scheich, H., &
ion of “visual” cor-
lax ehrenberel). The
C311-329,

G. (2004), Cortical
MRIscudy in blind
in Mapping, 2304),

E., Akbudak, E.,
). Adaptive changes
of Braille reading.
307,

3., & Raichle, M.
and fate blind: A
d nowns. fewrnal of

rubitzer, L. (2007).
rie voles (Microtus
Newrology, 502(3),

natutopic organizi-
SUY in che cerebral
refy, 3(3), 213-237.
alder, A., Melin, |,
. metabolic activity
agraphy in human
early onser. Bruin

Carania, K. €. (2000). Cortical organization in insectivora:
The parallel evolurion of the sensory periphery and the
brain, Brain Behavior and Fvelution, 55(G}, 311-321.

Catania, K. C., & Kaas, ). H. (19935), Organization of che
somatosensory cortex of the sar-nosed mole. The Jeurnal of
Comparative Newrology, 351{4), 549-567.

Carania, K. C., Lyon, I3, C., Mock, O. B., & Kaas, . 1. (1999).
Cortical organizacion in shrews: Bvidence from five species.
The Jonrnal of Comparative Newrolagy, 11001), 55-72.

Chapman, B, Gadecke, 1., & Bonhgeffer, 7. (1999
Development of arientation preference in the mammalian
visual correx. Journal of Newrobiology, 41(3), 18-24.

Chapman, B., & Suyker, M. P. (1993). Development of orien-
cation selectivivy in Ferret visual correx and effects of depri-
vation. The fowrnal of Neurascience, 13(12), 5251-5202.

Collignon, 0., Renier, L., Bruyer, R, Tranduy, 13, & Veraart,
€. {2006). Improved selective and divided spatial avren-
tion in carly blind subjects. Brafn Researeh, 1075(1),
175-182.

Cooper, M. M., Herbin, M., & Nevo, E. {1993). Visual sys-
tem of a narurally microphthalmic mammal: The blind
mole vat, Spalax ehrenbergi, The Journal of Comprrative
Neurelogy, 328(3), 313-350.

Coppela, D M., & White, L. E. (2004). Visual experience

T
promotes the isotropic representation of orientation prefer-

ence. Visiwal Newroseience, 21{1), 39-51.

Dehay, C., Horsburgh, G, Berland, M, Killackey, H., &
Kennedy, M. (1989). Maruration and connectivity of the
visual cortex in monkey is altered by prenatal removal of
recinal input. Natwre, 337(6204), 265--267.

Delpire, I, Lu, I, England, R, Dull, C., & Thorne, T. (1999,
Deafness and imbalance associared with inactivation of the
searerory Na-X-2C1 co-transporter. Nature Genetics, 22(2),
192-195.

Despres, O, Boudard, D., Candas, V., & Dufour, A. (2005).
Lnhanced self-localizacion by auditory cues in blind
hamans, Disability and Rebabilitation, 27(13), 753-759.

Doron, N., & Wollberg, 2. (1994). Cross-modal neuroplastic-
ity in the biind mole rav Spatax ehrenbergi: A WGA-HRP
racing study. Newroreport, 5(18), 2697-2701.°

Doucet, M. E., Guillemor, ]. P, Lassonde, M., Gagne, . P,
Leclere, C., & Lepore, I (2003). Blind subjects process
auditory spectral cues more efficienty than sigheed indi-
viduals. fxperimental Brain Rescarch, 160(2), 194-202.

Ehret, . (1997). ‘The auditory corwes. 7he fournal af
Comparative Physiology. A, 181(G), 547-557.

Finney, B M., Clementz, B. A, Hickok, G., & Doblkins,
K. R. (2003). Visual scimuli activate auditory cortex in
deal subjects: Evidence from MEG. Newroreport, 14(11),
1425-1427.

Finney, E. M, Fing, 1., & Dobkins, K. R. (2001}, Visual stim-
uli activate auditory cortex in the deaf. Natwre Newrascicnee,
4(12), 11711173

Farster, B., Bardley, A. I, & Limer, M. (2007). Alcered tactile
sparial attention in the early blind, Brain Research, 11311},
149-154.

Fukuchi-Shimogori, T., & Grove, L. A, {2001). Neocorcex part-
terning by the secresed signaling molecule FGES. Seience,
294(5544), 1071-1074.

Gury-Robe, E., DPraybyslawski, ], & Saillour, P (1995).
Experience-dependent maruration of the spatial and tem-
poral characteristics of the cell receprive fields in the kivten
visual cortex. Newroscience Letters, 189(3), 147-150.

Gizewski, B, R, Gasser, T, de Greiff, A., Boehm, A, &
Forsting, M. (2003}, Cross-modal plasticity for sensory and
motor activation patterns in blind subjects. Newreimage,
19(3), 968-975.

Grove, I, A., & Fukuchi-Shimogoeri, T. (2603). Generating the
cerebral cortical area map. Annual Review of Newroscience,
26, 355380,

Grove, 5. A., Tole, 8., Limon, ), Yip, L., & Ragsdale, C.
W, (1998}, The bem of the embryonic cerebral cortex
is defined by the expression of multple Wne genes and
is compromised in Gli3-deficient mice. Development,
125(12), 2315-2325,

Hamasaki, T., Lefngartner, A., Ringstedr, T., & O’Leary, D,
. (2004). Erix2 regulates sizes and positioning of the pri-
mary sensory and motor areas in neogortex by divect speci-
fication of cortical progenitors. Newron, 43(3), 359-372.

Heid, 8., Haremann, R, & Klinke, R, (1998). A model for pre-
lingual deafness, the congenitally deaf white cat-population
statistics and degenerative changes. Hearing Research,
115(1-2), 101-312.

Meil, ¥, Bronchti, G, Wollberg, 2., 8 Scheich, H. (1991).
Invasion of visual cortex by the audicory system in che nae-
urally blind mole rac. Newrereport, 2(12), 735-738.

Henry, E. C., Mamsco, P I, & Cawania, K. C. (2005).
Plasticicy of the corvical dentition representation after iooth
extraction in naked mole-tats. The Journal of Comparative
Neurslogy, 185(1), 64-74.

Henry, E. C., Remple, M. 8., O'Riain, M. ]., & Cacnia, K.

B C. (2006). Orpanization of somatesensory cortical areas in
the naked mole-rat (Heterocephalus glaber. The Journal of
Comparative Neuralogy, 495(4), 434-452.

Fiubel, 1. H., Wiesel, T. N., & LeVay, S. (1977). Plasticicy
of ocular dominance columns in monkey strinte correx.
Philossphival Transactions of the Royal Secicty of London.
Sevies B, Biological Sciences, 278{961), 377-409.

Huffman, K. ]., Nelson, |, Clarey, J., & Krubitzer, L. (1999).
Organization of somatosensory cortex in three species of
marsupials, Dasyieries haltucatus, Dactylopsila trivivgata, and
Monodelphis domestica: Neural corrclates of marphologi-
cal specializations. The Journal of Camparative Nenrelagy,
403(1), 5-32.

Huuot, 2. L., King, B., Kahn, D. M., Yameah, E. N, Shull, G.
., & Xrubiczer, L. (2005). Aberrant recinal projections in
congenitally deaf mice; How are phenotypic characteristics
specified in development and evolution? The Awndatomical
Record. Part A, Discoveries in Molecular, Celtular, and
Bualutionary Bialogy, 287(1), 1051-1066.

Hunt, D. L., Yameah, I, N, & Krubirzer, L. (2006),
Multisensory plasticity in congenically deaf mice: How are
cortical areas Funcrionally specified? Newroscience, 139(4),

1507-1524.

Innocent, G. M., & lrost, I3 Q. (1980), The postnatal devel-
opment of visual callosal connections in the absence
of visnal experience or of the eyes. Experimental Brain
Research, 39(4), 365-375.

Trracli, R., Koay, G., Lamish, M., Meicklen-Klein, A. J..
Heffner, H. E., Heffner, R. S, er al. (2002). Cross-
modal neuroplasticity in neonatally enucleared hamsters:
Structure, electrophysiology and behaviour. Yhe Eurapean
Journal of Newrescience, 15(4), 693-712.

Johnson, J. 1. (1990), Comparative development of somatic sen-
sory cortex, In E. G. Jones 8 A, Peers {Eds), Cerebral cor-
tex {pp. 335-449). New York: Plenunt,

SARAH ]. XARLEN, DEBORAH L. HUNT, AND LEAH KRUBITZER 37L




Kaas, |, M. (1982}, The segregation of function in the nervous
system: Why do che sensory systems bave so many subdivi-
sions? Contributions te Sensory Physiology, 7, 201240,

Kaas, ). H. {1983). Whas, if anything, is 317 Organizacion of
first somatosensory area of cortex. Physiological Reviews,
G3(1}, 206231,

Raas, ). H. (2004). Eary visual arcas; V1, V2, V3, DM, DL,
and MT. Tn J. [, Kaas & C Solling (Bds.), The primate
wisual system (pp. 139159 Boca Raton, FL: CRC Press.

Kahn, 1. M., Huffman, K. ], & Krubitwer, L. (2000}
Organization and connections of V1 in Manodelphis
domesiica. Fhe Jowrnal of Comparative Neurology, 428(2),
337-354.

Kahn, D. M., & Krubirer, L. (2002), Massive cross-modal
cortical plasticity and cthe emergence of a new cortical
area in developmentally btind mammals. Proceedings of the
National Academy of Scivnces, USA, 99(17), 1142911434

Karlen, 8. ), Kahn, D. M., & Krubier, L. (2006), Barly

blindness results in abnormal cordcocortical and thalamo- -

cortical connections. Newroscicice, 142(3), 843--858.

Katz, L. C., & Sharz, <. ). (1996), Synapric activity and the
construction of cortical circuics. 274052900,
1133-1138.

King, A.J., & Parsons, C. H. {1999). lmproved auditory spatial
acuity in visually deprived ferrets. The Enrapean jr)rmm/ aof
Newrascience, 11{11), 3945-3956.,

Korte, M., & Rauschecker, | . (1993). Auditory spatial l'un"i'ng
of corical neurons is sharpened in cats with carly blind-
ness. faurnal of Newrophysiology, 7004), 17171721,

Kozel, P. )., Friedman, R. A., Erway, L. C., Yamoah, E. N, Liw,
L. M., Riddle, T, et al. (1998). Balance and hearing deficits
in mice with a oull muraton in the gene encoding plasma
membrane Ca2+-ATPase isoform 2. fewrnal of Biolagicnt
Chemistry, 273(30), 186Y3--18696.,

Kral, A, Schroder, . H., Klinke, R., & Engel, A. K. (2003).

Absence of cross-madal rearganization in the primary audi-

Seience,

tory cortex of congenieally deal cats. Experimental Brain
Research, 153(4), 605613,

Krabirzer, 1. (1995). The organization of neocortex in mam-
mals: Are specics differences really so differene? Trends in
Newrasciences, 18(9), 408-417.

Krubitzer, L. (2007). The magnificenr compromise: Cortical
field evolution by mammals, Newron, 56(2), 201-208,
Krubiezer, L. (2009). In search of a unifying rheory of complex

brain evolution. Aunals of the New York Acadenty of Seiences,
1156, 4467,

Krabiczer, 1., & Hunt, 12, L. 2006). Capiured in the net of
space and time: Understanding cortical field evolution, In
1. H. Kaas & L. Krubitzer (I3ds.), The cvalution of nervous
systems it mammals (Yol TV, pp. 49-72), Oxford: Academic
Press.

Krubiceer, L., & Kaas, ]. {2005}, The evolution of the neocor-
tex in mammals: How is phenotypic diversity generated?
Curvent Opinion in Neurobiology, 15(4), 444453,

Krubitzer, 1., & Kahn, 1D. M. (2003). Nature versus nur-
cure revisited: An old idea with a new cwist. Pregress in
Newrobiolagy, 7001}, 33-52.

Krubitzer, L., Manger, P, Puu&uw,] & Calford, M, {1993).
Organization of somatosensory cortex in monotremes: In
search of the prowvypical plan. The Journal of Comparative
Newrology, 351(2), 261--306,

Kujala, T, Palva, M. )., Salonen, O., Alku, P, Huotilainen, M.,
Jarvinen, A, eral. (2005). ‘The role of biind humans’ visazl

cortex in auditory change detection. Newroscience Leriers,
379(2), 127131

Leclere, C., Sain-Amour, 1), Lavoie, M, I,
Lepore, T,

Lassonde, M., &

(2000}, Brain functional reorganization in wly
blind humans revealed by auditory event-related pmum als.
f\’mim{’/m»t 7i3), 545550,

Lessard, N, Pare, M, & Lassonde, M. (1998).
Barly-blind human subjects localize sound sources berter
cthan sighted subjects. Nerwre, 395(6699), 278--280.

Levanen, S, & Hamdorl, D, (2001,
Enhanced ractile sensicivity in congenitally deaf hemans,
Nenroscience Letters, 301(1), 75-77.

Jousmaki, V., & Hari, R. (1998), Vibration-
induced auditory-cortex activation in a congenitally deaf
adule. Currenr Biology, 8(19), 869--872.

Li, Y., Fitzpatrick, ., & Whire, L., I, (2006}, The development
of direction selectivity in ferrer visual cortex requires carly
visual experience. Nature Newrascience, 9(5), 676—G681.

Loke, WL H., & Song, 8. (1991}, Central and peripheral visual
provessing in hearing and nonhearing individuals. Bulferin
of the Psychonomic Society, 205), 437-440.

Majewska, A, K., & Sur, M. (2006). Plasticity and specific.
ity of cortical processing nevworks. Trends in Newroscicnees,
296}, 323-329.

Merzenich, M. M., & Kaas, J. {1982), Reorganization of mam-
malian somatosensory corcex foliowing peripberal nerve
injury. Trends in Newvosciences, 5, 434--436.

Monuki, . 8., & Walsh, C. A. (2001). Mechanisms of cere-
bral cortical patterning in mice and humans. Natere
Newroscience, 4(Suppl.), 1199-1206.

Murphy, W. ., Pevzner, . A, & (FBrien, 8. . (2004).
Mammalian phylegenomics comes of age,
Genetics, 20012), 631— (39

Naikagawa, Y.

Lepore, B,

Feeling  vibrarions:

Levanen, S,

FTrends in

, Johnsen, ] & O'Leary, D. D, {1999).
Graded :md arcal expression patcerns of regulatory genes
and cadhering in embryonic neocortex independent of
thalamocortical input. The Journal of Newrascience, 19(24),
1087710885,

Neville, H. J., & Lawson, 1. (1987), Attention ro central and
peripheral visual space in a movement detection task: An
event-relgted potentialand behavioral scudy. 1. Congenitally
deaf adulis, Brain Research, 405(2), 268-283.

Nishimura, H., Rashikawa, I, Doi, K., Twaki, T., Watanabe,
Y., Kusuoka, H,, eval, {1999). Sign language ‘heard’ in che
auditory cortex. Nuture, 397(G715), 116.

Nocbels, ). L., Roth, W. T, & Kopell, B. S. (1978). Cortical
slow potentials and the occipiral BEG in congenital blind-
ness. j(mrr.'m' of the Ncrrrm'agiml Seferrces, 37(1-2), 31-38.

Olavaeria, 1, 1, & Li, C, P, (1993). Eifects of neonaral enucle-
arfon on lhe organization of callosal linkages in striawe cor
tex of che rav. The Journal of Comparative Newrology, 361(1),
138-151.

O'Leary, D. D, & Nakagawa, Y. (2002). Patterning centers,
regulatory genes and extrinsic mechanisms controlling are-
alization of the neocortex. Curvent Opinion in Newrobivlogy,
12(13, 14-25.

O’Leary, D, 1), Chou, 8. 1., & Sahara, 8. {2007). Arca partern-
ing of the mammalian cortex. Newron, 5602, 252-269,
Pallas, S. L. (2001). lntrinsic and extrinsic facrors that shape
neocortical specification. Trends in Newrosciences, 24(7),

417-423.

Piche, M., Chabot, N., Bronch, G., Miceli, D., Lepore, 1, &

Guillemor, J. . {2007, Auditory responses in the visual

372 CROSS-MODAL PLASTICITY IN THE MAMMALIAN NEOCORTEX




Neuroscience Letters,

- E., Lassonde, M., &
sarganization in early
ent-related potentials.

assonde, M. (1998),
sound sources berter
99), 278--280.
Feeling vibrations:
nitally deal humans.

. {1998). Vibration-
1 a congenitally deaf
Z,

36). The development
cortex requires carly
5 9(5), 676-681.

and peripheral visual
individuals. Bufletin
440.

asticity and specific-
ends in Newroscionees,

wganization of mam-
mg peripheral nerve
-436,

Mechanisms of cere-
d humans, Nature

3rien, 8. ). (2004).
of age. Trends in

ary, DD (1999),
of regulatory genes
tex independent of
Neurascience, 19(24),

ntion to central and
¢ detection task: An
udy. 11, Congenirally
8283,

waki, 1., Waranabe,
guage "heard” in the
6.

. 8. (1978). Corrical
in congenical blind-
% 37(1-2), 51-58.

- of neonatal enncle-
ikages in strigte cor-
ve Newrelogy, 3611),

Parterning centers,
sms controlling are-
vion in Newrobiology,

2307). Area pattern-
56(2), 252-269.

¢ factors chat shape
lewrosciences, 24(7),

li, D, Lepore, B, &
ronses in the visual

cortex of neonatally enucleated raws. Newroscience, 145(3),

11441156,

Piche, M., Roberr, 5., Miceli, 1., & Brenchd, G. (2004).
Environmental enrichment enhances auditory rakeover of
the occipital cortex in anophthalmic mice, The Furepean
Journal of Newvoscience, 20012), 3463-3472.

Poirier, C., Collignon, O, Scheiber, €., Renier, L., Vanlierde,
A Tranduy, 12, ec al. (2006). Auditory motien percep-
tion activates visual motion areas in early blind subjects.
Newroimage, 31(1), 279285,

Rakic, P. (1981). Development of visual cenvers in the pri-
mate brain depends on binecular competition before birth,
Seience, 214(4523), 928--931.

Rash, B. G., & Grove, Li. A. (2000}, Arca and layer pactern-
ing in the developing cerebral cortex. Current Qpinion it
Neurobislogy, 16(1), 25-34.

Rauschecker, |, P, (1995), Compensatory plasticity and scnsbry
substitution in the cerebral cortex. Trends in Newrosciences,
18(1), 36-43.

Rauschecker, I 2 (1996}, Substicution of visual by auditory
inputs in the cat’s anterior ectosylvian cortex. Progress in
Brain Research, 112, 313323,

Rauschecker, J. T, & Kniepert, U. {1994). Auditory locali-
zation behaviour in visually deprived caws. The European
Journal of Newrescienee, 6(1), 149-160,

Rauschecker, |. P, & Korre, M. (1993). Auditory cnmpensa-:_,

tion for early blindness in cat cerebral cartex. The fonernal of
Newroscience, 13{10), 4538-4548.

Raz, N., Amedi, A, & Zohary, E. (2003), V1 activation in con-
genitally blind humans is associated with episodic retrieval.
Cerebral Cortex, 15(9), 14591468,

Recanvone, G. ., Mervenich, M. M., Jenkins, W, M., G rajski,
K. A, & Dinse, . R. (1992}, ']‘npngmphic reorganization
of the hand representation jn cortical area 3b owl mon-
keys trained in a frequency-discrimination ask. Journal of
Newrophysiolagy, 67(5), 1031-1056,

Rice, F. L., & Van der Loos, H. (1977). Development of the bar-
relsand barrel feld in the somarosensory cortex of the mouse.
The Journal of Comparative Newrology, 171(4), 545-560.

Roder, B, & Rosler, ¥ (2003). Memory for environmental
sounds in sighted, congenitally blind and lace blind acuies:
Evidence for cross-modal compensation. futernational
Journal of Prychophysiology, 50(1-2), 27-39.

Roder, B., Rosler, B, & Neville, H. ], (1999). Effects of
interstimuius interval on auditory event-related poten-
dals in cengenitally blind and normally sighted humans.
Newroscience Leiters, 2604(1-3), 33-36.

Roder, B., Rosler, I, & Neville, H. J. (2000). Event-related
potentials during auditory language processing in congen-
itally blind and sighted people. Newrapsychologin, 38(11),
14821502,

Roder, B., Rosier, IV, & Neville, H. J. (2001}. Auditory memary
in congenirally blind adules: A behavioral-electrophysiolog-
ical investigation, Brain Research. Cagnitive Brain Reseaveh,
11{(2), 289-303.

Rosa, M. G., & Krubirzer, L. A. {1999). The evolution of
visual cortex: Where is V2! Trends in Newrosciences, 22(6),
242248, "

Sadaco, N, Okada, T., Henda, M., & Yonekura, Y. (2002).
Critical period for cross-modal plasticiry in blind humans:
A functional MRI stady. Newraimage, 16(2), 389-400.

Sadaro, N, Pascual-Leone, A,, Grafman, J., lbanez, V., Deiber,
M. P, Dold, G., et al. {1996). Actvation of the primary

visual cortex by Braille reading in blind subjeces. Nature,
3806574}, 526-528.

Sanchez-Vives, M. V., Nowak, L. G., Descalzo, V. F, Garcia-
Velasca, |. V., Gallego, R., & Berbel, P. {2006). Crossmodal
audio-visual interactions in the primary visual cortex of the

visually deprived cat A physiological and anatomical study.
Progress in Brain Research, 155, 287-311.

Scannetl, . W, Blakemore, C., & Young, M. P. (1995). Analysis
of connectivity in the cat cerebral cortex, he jowrnal of
Neuroscience, 15(2), 14631483,

Shatz, C. J. (1990). lmpulse activity and the patterning of
connections during CNS  development. MNewren, 5(6),
745756,

Shimony, ], S, Burton, H., Epstein, A. A., McLaren, 1. G,
Sun, 8. W, & Snyder, A, Z. (2006). Diffusion tensor
imaging reveals white matter reorganization in early blind
humans. Cerebral Careex, 16(11), 16531661,

Suryker, M. P, & Harris, W. A, (1986). Binocular impulse
blackade prevenrs the formation of ocular dominance cnl-
wmns in cac visual corex. Phe fowrnal of Newvoscience, 6(8),
2117-2133.

Suga, N. (1984). "The extent o which biosonar informatien is
represented in che bat anditory cortex. In G. M. Edelman,
W E. Gall, & W. M. Cowan (Eds.), Dynamic aspects of neo-
corsical function (pp. 315-373). New York: John Wiley &
Sons.

Suga, N. {1994). Multi-function theory for cortical process-
ing of anditory information: Implications of single-unit
and lesion dara for future rescarch. Jowrnal of Comparative
Physielogy. A, 175(2), 135-144.

Sur, M., & Rubenstein, ]. L. (2005). Patterning and plasticity
of the cerebral corvex. Seience, 310{5749), 805-81{).

Suzuki, S, C., Inoue, T, Kimura, Y., Tanaka, T, & Takeichi,
M, (1997). Neuronal circuits are subdivided by differencial
expression of type-1 classic cadherins in posmaral mouse
brains. Melecular and Cellnlgr Newrvosciences, 956,
433-447.

Takacs, J., Saillour, P, Imbert, M., Bogner, M., & Hamori, J.
(1992), Lffect of dark rearing on the volume of visual cortex
(areas 17 and 18) and number of visual cortical cells in young
kittens. journal of [’\_/A(fm‘o.cr.‘imw Research, 32(3), 449-45%.

Van der Laos, H., & Darfl, ). (1978). Does the skin tell the
somartosensory cortex how to construct a map of the periph-
ery? Newvascience Letters, 7, 23-3(.

Van der Loos, M., Dorf, ]., & Welker, E. (1984). Variadon in
pattern of mystacial vibrissac in mice. A quantitative study
of ICR stock and several inbred serains. fowrnal of Heredity,
75(5), 326-336.

Van der Loos, H., Welker, ., Derfl, ., & Rumo, G. (1986).
Selective breeding for variations in patterns of mystacial
vibrissae of mice, Bilaterally symmetrical strains derived
from ICR stock. fanrnal of Heredity, 77(2), 66-82,

Van der Loos, H., & Woolscy, T, A. {1973). Sematosensory
cortex: Structural alterations following carly injury to sense
organs. Seience, 179(71), 395-398.

Vanderhaeghen, P., & Policux, F. (2004). Developmental
mechanisms  patterning  thalamocertical  projections:
Intrinsic, excrinsic and in hevween. Trends in Newvasciences,
27(7), 384-391.

Weeks, R., Horwirz, B., Aziz-Sultan, A, Tian, B., Wessinger,
C. M., Cohen, L. G, ev al. (2000). A positron emission
womographic study of auditory localization in the congeni-
tally blind, Yhe Jowrnal of Newroscience, 20(7), 2664-2672.

SARAH |. KARLEN, DEBORAH L. HUNT, AND LEAH KRUBITZER 373




SR

SR

374

White, L. I, Coppola, 3. M., & Ficzparrick, D, (2001, The
contribution of sensory experience o cthe mauration
of orientation selecivity in ferrer viswal
411{6841), 1049-1052.

Wiesel, T N., & Fubel, . 1. (1963). Single-cell responses
in striate coreex of kircens deprived of vision in one eye.
Jotraal QfNﬂrti'o/)/{wm/agjr, 26, 1003--1017.

Wiesel, T. N., & Hubel, 1D, H, {1974}, Ordered
orientation columns in mortkeys |

coreex. Mawre,

arrangement of

acking visual experience.
The Jorrnal of Comperative Neurology, 158(3), 307-318.

Wittenberg, G. F, Werhahn, K. ], Wassermann, F. M
Herscovitch, P, & Cohen, 1. . (2004)
nectivity hetween somatosensory

“
- Functional con-
and visual cortey in carly

CROSS-MODAL PLASTICTTY IN THE

blind humans. 7he Eurepean Journal of Newrascience, 2007),
1923-1927,
Woolsey, T A, (1967, S()mul(mensm‘y, audicory and visual cor-

vical areas of the mouse. The fohns Hopleins Medical fournal,
121(2), 91-112.
Yaka, R, Yinon, U., & Wollberg, 7. (199

. Auditory acii-
vation of corvical visual arcas in cats

after early visual

deprivation, The European Jorrnal of Newroscience, 14y,
1301-1312.

Zhang, L. 1, Bao, §., & Merzenich, M. M. (2002}, Disruption
of primary auditory cortex by synchronaus auditory inputs
during a critical periad. Praceedings of the National Acadensy
af Sciences, {154, 99(4), 2309--2314.

-

MAMMALIAN NEOCORTEX




