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Abstract

One aspect of cortical organization, cortical field size, is variable both within and across species. The observed variability arises from a variety of
sources, including genes intrinsic to the neocortex and a number of extrinsic and epigenetic factors. Genes intrinsic to the cortex are directly involved
in the development and specification of cortical fields and are regulated from both signaling centers located outside of the neocortex, which secrete
diffusible molecules, and the expression of transcription factors within the neocortex. In addition, extrinsic factors such as the type, location and
density of sensory receptor arrays and how these receptor arrays are utilized, are also strongly related to cortical field size. Epigenetic factors including
the relative activity patterns generated by the different types of physical stimuli in a given environment also contribute to differences in cortical
organization, including cortical field size. Since both genetic and epigenetic factors contribute to cortical organization, some aspects of the cortical
phenotype evolve, while other aspects of the cortical phenotype persist only if the environment in which an individual develops is relatively stable.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction
is one of the hallmarks of evolution of the primate brain, and the

For some time we have known that brains not only vary in
size, but in their size relative to the size of the body, and that in
some lineages, portions of the brain have expanded dramatically,
such as the neocortex (Fig. 1). The expansion of the neocortex
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human brain in particular, and is believed to be associated with
a number of complex behaviors such as perception, cognition
and volitional motor control.

The increase in the size of the cortical sheet in some lin-
eages is accompanied by anumber of organizational changes that
together are believed to account for a number of the sophisticated
behaviors observed in mammals. Comparative studies indicate
that the types of systems level alterations made to the neocortex
are restricted and include changes in the relative size of cortical
fields, the number of cortical fields, the internal organization of
cortical fields, the connectivity of cortical fields, and in the addi-
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Fig. 1. The brain of the Australian quoll (top), which is a carnivorous marsupial,
and the bottlenosed dolphin (bottom). These brains are radically different in
overall size and in the size of their neocortex. In the quoll, the neocortex is
small and smooth and in the dolphin the cortex is highly fissured, and greatly
expanded. In the lateral view of the quoll brain, rostral is to the left and dorsal is
to the top. In the caudal view of the dolphin brain, dorsal is to the top and lateral
is to the left and right.

tion of modules to cortical fields. A cortical field is defined using
a variety of criteria including architectonic distinctions, topo-
graphic organization, neuronal response properties, and cortical
and subcortical connections [28,29,34]. One of these alterations,
that of the size of cortical fields, is associated with differences
in the functional organization of a cortical field, and with differ-
ences in behavior associated with a particular sensory system.
The aim of this review is to examine the factors that contribute
to changes in cortical field size both within a species and across
species.

The observed differences in the size of a cortical field between
species is either linear, and directly scales with the overall size of
the body and the entire brain (Fig. 2) or non-linear and is related
to the encephalization of the brain [6,25,50]. Encephalization
is an increase in the size of the brain beyond what is expected
for an animal of a given body size. With a non-linear increase
in brain size, cortical fields do not directly scale with the size
of the brain, but occupy varying percentages of the neocortex.
With encephalization, more cortical fields are present.

Comparative studies also indicate that cortical field size is
highly variable across species, and recent evidence demonstrates
that cortical field size is variable within a species as well. Since
cortical field size is a feature of neocortex that has been modified
during evolution, both linearly and non-linearly, an important
question to answer is what factors contribute to cortical field
size differences within and across species? Are these differences
genetically mediated, or due to differences in sensory driven
activity that occur during the development of cortical fields? For
example, does the expression of genes that are responsible for the

patterning of the neocortex and ultimately the emergence of cor-
tical fields during development, vary within and across species
and correlate with changes in cortical field size? Or do factors
extrinsic to the neocortex, such as alterations in sensory recep-
tor arrays or sensory driven activity present during development,
account for differences in cortical field size? Both comparative
studies and studies of neural development have begun to address
this question.

2. Comparative studies indicate that primary cortical
fields vary in their relative size within and across groups
of mammals

There is a wealth of data from comparative studies on neo-
cortical organization in a variety of mammals that indicate that
the different primary cortical fields assume different proportions
of the cortical sheet both within a species and across species.
For example, in rats, measurements of the primary somatosen-
sory area (S1), demonstrate that it varies across individuals
[48]. Studies in our own laboratory in the South American
marsupial Monodelphis domestica demonstrate that all primary
cortical areas vary in size across individuals, but this variability
is minimal between hemispheres in the same individual [32].
This type of intraspecies variability in cortical field size has
also been observed for humans and a number of other species
[13,19,24,36,41,46,48,53]. Variability in the size of cortical
fields across mammals appears to be associated with lifestyle,
morphological specialization, and species-specific behaviors.
One of the best examples of cortical field size magnification
associated with morphology and lifestyle is the duck-billed
platypus. In the platypus, S1 assumes 50% of the cortical
sheet, which is substantially more than the small fraction of
the cortical sheet occupied by Al and V1 [39]. This enlarged
representation of S1 is dominated by the representation of the
bill which contains interdigitated multiple rows of electrosen-
sory and mechanosensory receptors. The platypus uses these
receptors on the bill for making fine tactile discriminations, navi-
gation, prey detection, and prey capture. These differences in the
relative size of cortical fields within a species and their relation-
ship to behaviorally relevant body parts and behaviors have been
described in a number of other mammals as well ([7-9,22,36],
see [26,34,38] for review).

We have recently begun to quantify the differences in the
relative size of primary sensory areas in the mouse, the short-
tailed opossum, and the prairie vole [5,23,32], and have found
significant differences in cortical field size in each species which
appear to be related to morphology and lifestyle (Fig. 3). This
relationship between specialized peripheral morphology, unique
behaviors associated with morphology and cortical field size
indicates that factors extrinsic to the neocortex must play a large
role in development when cortical fields are forming. However,
the extent to which these extrinsic factors contribute to cortical
field size is unknown.

While the relationship between body morphology, use of
sensory receptor arrays, and cortical organization is well estab-
lished, it is clear that intrinsic factors to the neocortex, such
as signaling molecules and transcription factors (see below),
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Fig. 2. Tangential views of three species of mammals with differences in the size of their cortical sheet and the relative size of cortical fields. When one compares the
brains of the small guinea pig to the brain of the large capybara, it is clear that the increase in the size of the cortex and cortical fields (V1, A1, S1), scales in a linear
fashion with increases in the size of the body and brain. Non-linear changes in the size of cortical fields are also observed. For example, the brain of the relatively
small owl monkey is larger than that of the capybara, whose body size is at least eight times that of the owl monkey. The cortical sheet and some of the cortical fields
have increased in size in a fashion that is not scaled directly to the size of the body. The increase in the size of the neocortex in the owl monkey is accompanied
by an increase in the number of cortical fields. This is not observed with linear increases in brain size, such as that observed in the capybara. 3b (S1): the primary
somatosensory area; Al: the primary auditory area; V1: the primary visual area; r: rostral; m: medial. The other abbreviations in the monkey brain indicate the names
of individual cortical areas. All brains are drawn to scale. Adapted from [6,35,37].

must also contribute to the presence, location and organiza-
tion of cortical fields. For example, in the subterranean blind
mole rat, the eyes have been greatly reduced in size (microoph-
thalmic) and skin has grown over the eyes. These animals are
considered to be completely blind, and use their visual system
only for circadian functions [10]. Despite the fact that these
animals are blind, they still possess a cortical field that can be
architectonically defined as V1, and receives inputs from the
main “visual” nucleus of the thalamus, the lateral geniculate
nucleus (LGN). However, the size of “V1” in these animals is
very small, and the LGN receives abnormal inputs from the infe-

Vole

Opossum

rior colliculus [12], a structure normally associated with auditory
processing. Similar observations have been made in mice com-
pletely lacking eyes (anophthalmic mice). In these mice, V1
(defined architectonically) is still present and receives input from
the LGN. However, the LGN receives abnormal input from the
dorsal column nucleus, a structure associated with somatosen-
sory processing [1]. These two examples demonstrate that even
in the absence of use, or in the absence of the sensory receptor
array itself, aspects of cortical organization are still present, sug-
gesting that intrinsic influences (genes) constrain cortical field
evolution.

Mouse

Fig. 3. Tangential views of three different species of mammals with a similar size cortex but with differences in the relative size of their cortical fields. In the auditory
vole, Al assumes a large portion of the cortical sheet compared to Al in other mammals. In the visual opossum V1 occupies a relatively large portion of the cortical
sheet, and in the mouse S1 occupies a relatively large portion of the cortical sheet. Each of these species has a different reliance on each of its sensory systems and
this is reflected in the relative size of the different primary cortical areas. Rostral is to the left and medial is to the top. S1: the primary somatosensory area; Al: the
primary auditory area; V1: the primary visual area. Scale bar = 1 mm. Adapted from [5].
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Fig. 4. Tangential view of normal (A) and bilaterally enucleated opossum (B), and the normal (C) and congenitally deaf (D) mouse. The amount of cortex assumed
by a particular sensory system changes with alterations in sensory driven activity that arise with loss of a sensory receptor array (bilaterally enucleated animals) or
with loss of sensory driven activity (congenitally deaf mouse). These alterations are accompanied by changes in the size of cortical fields. V1 becomes smaller in the
bilaterally enucleated opossum. With loss of auditory driven activity, Al becomes smaller and V1 becomes larger in the congenitally deaf mouse. These deprived
areas in each species are taken over by the remaining sensory systems. Conventions as in Fig. 3.

3. Genes are involved in the determination of cortical
field size and location within a population

A number of recent studies have demonstrated the impor-
tant role of specific genes in the generation of cortical fields
during development. For example, very early in the developing
telencephalon, well before cortical fields have emerged, early
signaling centers secrete molecules such as Fgf8, Wnt3a, Shh
and Bmp4, which direct the graded expression of transcription
factors, or regulatory genes, such as Emx2, Pax6 and Lhx2,
which in turn regulate patterning in the developing cortex (see
[16,43,45,51] for review). These signaling centers are regionally
organized, and alterations in their pattern of expression result in
alterations in cortical field size and location (e.g. [14,15]). Tran-
scription factors such as Emx2 and Pax6, are graded in their
expression in the caudorostral (Emx2) and rostrocaudal (Pax6)
axis and regulate the region-specific expression of other genes
which encode cell adhesion molecules such as the cadherins
(e.g. Cad 6, 8 and 11), other transcription factors such as 7brl,
and axon guidance molecules such as ephrinA-5. As with the
signaling centers, disruption of these transcription factors alters
the size and relative location of emerging cortical fields (e.g.
[2,17]).

Genes regulated by early transcription factors (e.g. Cad 6, 8,
11, Tbrl; and ephrinA-5) are regionally expressed in the neo-
cortex and localized to one or more cortical fields, although a
direct link has not been established. These genes are involved
in a variety of functions in the developing neocortex and estab-
lish the histological, functional, neuroanatomical, and molecular
identities of individual cortical fields [4,20,21,40,44,52,54]. The
expression of many of these genes is intrinsically mediated and
can persist in the absence of thalamocortical input, at least until
birth [42,44].

This brief description of the series of genetic events that
establish cortical field identity is certainly not exhaustive,
and without exception, most of what we know about the
genetic and molecular development of the neocortex comes
from studies of mice. However, it is clear that genes act
in a sequential and combinatorial fashion, and that an alter-
ation in the spatial and temporal pattern of expression at any
stage could result in dramatic changes in the resulting cor-
tex. While our understanding of these events has crystallized
in the last decade, we know very little about how the expres-
sion of these genes at different stages of development varies
across species to produce differences in cortical field size and
location.
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4. Factors extrinsic to the cortex are involved in the
determination of cortical field size

There are several studies that have examined the role of
extrinsic factors, such as patterned activity, on the size of a cor-
tical field. Many of these studies have examined the effect of the
loss of a sensory system or sensory driven activity on the size of
cortical fields. For example, studies in which prenatal monkeys
were bilaterally enucleated and examined after development was
complete demonstrate that V1 was dramatically reduced when
compared to normal animals (e.g. [47]). A similar finding was
demonstrated in bilaterally enucleated short-tailed opossums
[30]. In addition, we also examined the functional organiza-
tion of “V1” in these animals and described the connections of
this field. Our data demonstrate that cortex that was architectoni-
cally defined as V1 contained neurons that responded to auditory
and somatosensory stimulation, and that V1 not only received
thalamic inputs from the LGN, as in normal animals, but also
from nuclei such as the ventral posterior nucleus, associated with
somatosensory processing, and the medial geniculate nucleus,
associated with auditory processing (Fig. 4) [31]. This change in
cortical field size, function and connectivity with loss of a sen-
sory receptor array during development appears to be a general
feature of mammalian sensory cortex. This idea is substantiated
in studies of congenitally deaf mice (due to abnormal ion trans-
port in the cochlea), which lack auditory driven activity from the
cochlea. Examination of the neocortex in these mice indicates
that Al, as architectonically defined, was reduced in size and
that V1 increased in size (Fig. 4) [23]. Further, neurons in Al
of these mice respond to visual and somatosensory stimulation.
Together, these studies demonstrate that extrinsic factors such
as patterns of activity from a particular sensory receptor array
also contribute to cortical field size in the developing brain. The
series of events and the mechanisms involved that leads to these
changes in the size of cortical fields are not well understood.

5. Epigenetic factors contribute to the size of a cortical
field

Factors, such as alterations in peripheral morphology and
sensory receptor arrays, contribute to aspects of cortical organi-
zation (see [38] for review). While these factors are extrinsic to
the developing neocortex, they are intrinsic to the animal and,
to a large extent, are genetically regulated. However, these spe-
cialized sensory receptor arrays transduce particular types of
physical stimuli such as photons, displacement of skin and hairs,
and movement of molecules within a particular medium, such as
air or water. The physical stimuli can be considered epigenetic,
but the combination of activity patterns that they generate within
a particular organism is dependent on the type, density, and dis-
tribution of sensory receptors present within any given animal.
While they can be termed epigenetic, their unique influence on
any given neocortex cannot be completely separated from the
genes that construct both neural and non-neural tissue. Thus,
the boundary between intrinsic genetic contributions to the phe-
notype and activity-dependent or environmental contributions is
often fuzzy.

In fact, the genes involved in setting up the body plan orga-
nization (e.g. Hox genes), do not exclusively determine the
final morphology of a particular body part, nor, indirectly, the
resultant cortical organization. For example, use of the struc-
ture during development also can affect the morphology of the
structure itself (which in turn may affect some aspect of corti-
cal organization). Several studies have shown that alterations in
mastication behavior in development, brought about by changes
in diet, have a direct effect on craniofacial morphology [18],
skull dimensions [33], mandibular morphology [3], and bone
density [11]. The types of diet that produce such alterations
during development are associated with hard versus soft food
sources and the presence or absence of particular nutrients. Other
epigenetic factors that directly contribute to the development
of body morphology and indirectly to cortical organization are
temperature, salinity, humidity (see [27] for review) and even
gravity (e.g. [49]). The observation that body plan morphology
can be altered by epigenetic factors is analogous to the obser-
vations made for the neocortex. That is, despite the very large
constraints imposed by regulatory genes on fundamental aspects
of body morphology or cortical organization, a large degree of
phenotypic variability is still possible, and alterations to the body
plan can indirectly alter cortical organization.

6. Conclusions

Our brief review on the factors that contribute to cortical field
size, only one aspect of the overall cortical phenotype, indicates
that this particular phenotypic characteristic, and likely that of a
number of neural and non-neural phenotypic characteristics, can
be altered by both genes that regulate aspects of the brain and
body, and neural activity generated in specific sensory environ-
ments. It is likely that these intrinsic, extrinsic and epigenetic
factors do not act in isolation to produce a particular size of
a cortical field, but rather work as an integrated network that
includes the brain, the body, the physical environment, and for
higher order cortical areas, conspecifics, and other species which
inhabit the same niche.

We know that genes intrinsic to the developing neocortex
can have a direct effect on cortical field size and location. In
addition, genes that regulate aspects of body morphology and
sensory receptor array type, distribution and density can affect
cortical field size. The fact that genes function in a combina-
torial and sequential fashion during development to construct a
nervous system, and that single genes often perform a number
of functions (pleiotropy), constrain the evolution of the nervous
system.

The unique combination of sensory driven activity that occurs
during development can also influence cortical field size. Energy
within a given environment is transduced through an adapted fil-
ter system, the sensory receptor arrays, associated with different
sensory systems. These filters differ in type, location, and sensi-
tivity across different mammals. Energy (e.g. photons) and the
laws of physics are invariant, and thus impose another set of con-
straints that influence the evolving sensory receptors and cortical
field size.
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Despite the different constraints imposed by genes and the
physical environment, the cortical phenotype can be highly vari-
able both within and across species. This phenotypic flexibility
comes about in several ways. The first source of phenotypic
flexibility is from variability in both the spatial and temporal
expression of genes intrinsic to the neocortex. The second source
of phenotypic flexibility is variability in peripheral morphol-
ogy and receptor distribution. This variability in the peripheral
morphology is also influenced by variability in expression of
genes involved in patterning of the body early in development,
as well as variability in use of the structure, and epigenetic factors
such as diet, temperature, and pH. The last source of phenotypic
flexibility is the unique pattern of activity present in any given
environment which impinges on the developing sensory recep-
tors and ultimately the neocortex. All of these factors combine
to produce great diversity in size, internal organization, connec-
tions and function of cortical fields in the face of the serious
constraints imposed by genes and the physical parameters of the
environment. This cortical diversity generates a wide range of
behaviors, which are the target of selection. Given that the corti-
cal phenotype that generates this diverse behavior is determined
through genetic and epigenetic interactions, this would suggest
that only some aspects of the cortical phenotype, those controlled
by genes, can be inherited and evolve, while other aspects of
the cortical phenotype, those shaped by epigenetic factors, are
context-dependent and persist only if the environment in which
an individual develops is relatively stable.

References

[1] C. Asanuma, B.B. Stanfield, Induction of somatic sensory inputs to the
lateral geniculate nucleus in congenitally blind mice and in phenotypically
normal mice, Neuroscience 39 (1990) 533-545.
[2] K.M. Bishop, G. Goudreau, D.D. O’Leary, Regulation of area identity in
the mammalian neocortex by Emx2 and Pax6, Science 288 (2000) 344—349.
[3] A. Bresin, Effects of masticatory muscle function and bite-raising on
mandibular morphology in the growing rat, Swed. Dent. J. Suppl. (2001)
1-49.
[4] A. Bulfone, S.M. Smiga, K. Shimamura, A. Peterson, L. Puelles, J.L.
Rubenstein, T-brain-1: a homolog of brachyury whose expression defines
molecularly distinct domains within the cerebral cortex, Neuron 15 (1995)
63-78.
K.L. Campi, S.J. Karlen, K.L. Bales, L. Krubitzer, Organization of sensory
neocortex in prairie voles (Microtus ochrogaster), J. Comp. Neurol. 502
(2007) 414-426.
[6] G.B. Campos, W.I. Welker, Comparisons between brains of a large and a
small hystricomorph rodent: capybara, hydrochoerus and guinea pig, cavia;
neocortical projection regions and measurements of brain subdivisions,
Brain Behav. Evol. 13 (1976) 243-266.
[7] K.C. Catania, J.H. Kaas, Organization of the somatosensory cortex of the
star-nosed mole, J. Comp. Neurol. 351 (1995) 549-567.
[8] K.C. Catania, R.G. Northcutt, J.H. Kaas, P.D. Beck, Nose stars and brain
stripes, Nature 364 (1993) 493.
[9] K.C. Catania, M.S. Remple, Somatosensory cortex dominated by the repre-
sentation of teeth in the naked mole-rat brain, Proc. Natl. Acad. Sci. U.S.A.
99 (2002) 5692-5697.
[10] H.M. Cooper, M. Herbin, E. Nevo, Visual system of a naturally microph-
thalmic mammal: the blind mole rat, Spalax ehrenbergi, J. Comp. Neurol.
328 (1993) 313-350.

[11] J.H. Davies, B.A. Evans, J.W. Gregory, Bone mass acquisition in healthy
children, Arch. Dis. Child. 90 (2005) 373-378.

[5

=

[12] N. Doron, Z. Wollberg, Cross-modal neuroplasticity in the blind mole
rat Spalax ehrenbergi: a WGA-HRP tracing study, Neuroreport 5 (1994)
2697-2701.

[13] R.F. Dougherty, V.M. Koch, A.A. Brewer, B. Fischer, J. Modersitzki, B.A.
Wandell, Visual field representations and locations of visual areas v1/2/3
in human visual cortex, J. Vis. 3 (2003) 586-598.

[14] T. Fukuchi-Shimogori, E.A. Grove, Neocortex patterning by the secreted
signaling molecule FGF8, Science 294 (2001) 1071-1074.

[15] S. Garel, K.J. Huffman, J.L.. Rubenstein, Molecular regionalization of the
neocortex is disrupted in fgf8 hypomorphic mutants, Development 130
(2003) 1903-1914.

[16] E.A. Grove, T. Fukuchi-Shimogori, Generating the cerebral cortical area
map, Annu. Rev. Neurosci. 26 (2003) 355-380.

[17] T. Hamasaki, A. Leingartner, T. Ringstedt, D.D. O’Leary, Emx2 regulates
sizes and positioning of the primary sensory and motor areas in neo-
cortex by direct specification of cortical progenitors, Neuron 43 (2004)
359-372.

[18] T. He, Craniofacial morphology and growth in the ferret: effects from
alteration of masticatory function, Swed. Dent. J. Suppl. (2004) 1-72.

[19] C.C. Henery, T.M. Mayhew, The cerebrum and cerebellum of the fixed
human brain: efficient and unbiased estimates of volumes and cortical
surface areas, J. Anat. 167 (1989) 167-180.

[20] R.F. Hevner, E. Miyashita-Lin, J.L. Rubenstein, Cortical and thalamic axon
pathfinding defects in tbrl, gbx2, and pax6 mutant mice: evidence that
cortical and thalamic axons interact and guide each other, J. Comp. Neurol.
447 (2002) 8-17.

[21] R.F. Hevner, L. Shi, N. Justice, Y. Hsueh, M. Sheng, S. Smiga, A. Bul-
fone, A.M. Goffinet, A.T. Campagnoni, J.L. Rubenstein, Tbrl regulates
differentiation of the preplate and layer 6, Neuron 29 (2001) 353-366.

[22] KJ. Huffman, J. Nelson, J. Clarey, L. Krubitzer, Organization of
somatosensory cortex in three species of marsupials, Dasyurus halluca-
tus, Dactylopsila trivirgata, and Monodelphis domestica: neural correlates
of morphological specializations, J. Comp. Neurol. 403 (1999) 5-32.

[23] D.L. Hunt, E.N. Yamoah, L. Krubitzer, Multisensory plasticity in congeni-
tally deaf mice: how are cortical areas functionally specified? Neuroscience
139 (2006) 1507-1524.

[24] J.J. Hutsler, W.C. Loftus, M.S. Gazzaniga, Individual variation of cortical
surface area asymmetries, Cereb. Cortex 8 (1998) 11-17.

[25] H.J. Jerison, Brain size and the evolution of mind, American Museum of
Natural History, New York 1991.

[26] J.1. Johnson, Comparative development of somatic sensory cortex, in: E.G.
Jones, A. Peters (Eds.), Cerebral Cortex, Plenum, New York, 1990, pp.
331-445.

[27] T.D. Johnston, G. Gottlieb, Neophenogenesis: a developmental theory of
phenotypic evolution, J. Theor. Biol. 147 (1990) 471-495.

[28] J. Kaas, The segregation of function in the nervous system: why do the sen-
sory systems have so many subdivisions? Contrib. Sens. Physiol. 7 (1982)
201-240.

[29] J.H. Kaas, What, if anything, is SI? Organization of first somatosensory
area of cortex, Physiol. Rev. 63 (1983) 206-231.

[30] D.M. Kahn, L. Krubitzer, Massive cross-modal cortical plasticity and the
emergence of a new cortical area in developmentally blind mammals, Proc.
Natl. Acad. Sci. U.S.A. 99 (2002) 11429-11434.

[31] S.J. Karlen, D.M. Kahn, L. Krubitzer, Early blindness results in abnormal
corticocortical and thalamocortical connections, Neuroscience 142 (2006)
843-858.

[32] S.J. Karlen, L. Krubitzer, Phenotypic diversity is the cornerstone of evolu-
tion: variation in cortical field size within short-tailed opossums, J. Comp.
Neurol. 499 (2006) 990-999.

[33] C.Katsaros, R. Berg, S. Kiliaridis, Influence of masticatory muscle function
on transverse skull dimensions in the growing rat, J. Orofac. Orthop. 63
(2002) 5-13.

[34] L. Krubitzer, The organization of neocortex in mammals: are species dif-
ferences really so different? Trends Neurosci. 18 (1995) 408-417.

[35] L. Krubitzer, D.L. Hunt, Captured in the net of space and time: understand-
ing cortical field evolution, in: J. Kaas, L. Krubitzer (Eds.), The Evolution
of Nervous Systems in Mammals, Academic Press, Oxford, 2006,
pp. 49-72.



D.D. Larsen, L. Krubitzer / Brain Research Bulletin 75 (2008) 391-397 397

[36] L.A. Krubitzer, J.H. Kaas, Cortical connections of mt in four species of
primates: areal, modular, and retinotopic patterns, Vis. Neurosci. 5 (1990)
165-204.

[37] L.A. Krubitzer, J.H. Kaas, The dorsomedial visual area of owl mon-
keys: connections, myeloarchitecture, and homologies in other primates, J.
Comp. Neurol. 334 (1993) 497-528.

[38] L. Krubitzer, J. Kaas, The evolution of the neocortex in mammals: how
is phenotypic diversity generated? Curr. Opin. Neurobiol. 15 (2005)
444-453.

[39] L. Krubitzer, P. Manger, J. Pettigrew, M. Calford, Organization of
somatosensory cortex in monotremes: in search of the prototypical plan, J.
Comp. Neurol. 351 (1995) 261-306.

[40] K. Mackarehtschian, C.K. Lau, I. Caras, S.K. McConnell, Regional differ-
ences in the developing cerebral cortex revealed by ephrin-a5 expression,
Cereb. Cortex 9 (1999) 601-610.

[41] T.M. Mayhew, G.L. Mwamengele, V. Dantzer, Stereological and allometric
studies on mammalian cerebral cortex with implications for medical brain
imaging, J. Anat. 189 (Pt 1) (1996) 177-184.

[42] E.M. Miyashita-Lin, R. Hevner, K.M. Wassarman, S. Martinez, J.L.
Rubenstein, Early neocortical regionalization in the absence of thalamic
innervation, Science 285 (1999) 906-909.

[43] E.S. Monuki, C.A. Walsh, Mechanisms of cerebral cortical patterning in
mice and humans, Nat. Neurosci. 4 (Suppl.) (2001) 1199-1206.

[44] Y. Nakagawa, J.E. Johnson, D.D. O’Leary, Graded and areal expression
patterns of regulatory genes and cadherins in embryonic neocor-
tex independent of thalamocortical input, J. Neurosci. 19 (1999)
10877-10885.

[45] D.D. O’Leary, Y. Nakagawa, Patterning centers, regulatory genes and
extrinsic mechanisms controlling arealization of the neocortex, Curr. Opin.
Neurobiol. 12 (2002) 14-25.

[46] D. Purves, A. LaMantia, Development of blobs in the visual cortex of
macaques, J. Comp. Neurol. 334 (1993) 169-175.

[47] P. Rakic, I. Suner, R.-W. Williams, A novel cytoarchitectonic area induced
experimentally within the primate visual cortex, Proc. Natl. Acad. Sci.
U.S.A. 88 (1991) 2083-2087.

[48] D.R. Riddle, D. Purves, Individual variation and lateral asymmetry of the
rat primary somatosensory cortex, J. Neurosci. 15 (1995) 4184-4195.

[49] R.Singh, T. Carvalho, G.E. Gerstner, Loading effects on rat craniomandibu-
lar morphology: a system for gravity studies, Acta Astronaut. 56 (2005)
357-366.

[50] H. Stephan, H. Frahm, G. Baron, New and revised data on volumes of brain
structures in insectivores and primates, Folia Primatol. (Basel) 35 (1981)
1-29.

[51] M. Sur, J.L. Rubenstein, Patterning and plasticity of the cerebral cortex,
Science 310 (2005) 805-810.

[52] S.C. Suzuki, T. Inoue, Y. Kimura, T. Tanaka, M. Takeichi, Neuronal circuits
are subdivided by differential expression of type-II classic cadherins in
postnatal mouse brains, Mol. Cell. Neurosci. 9 (1997) 433-447.

[53] D.C. Van Essen, W.T. Newsome, J.H. Maunsell, The visual field represen-
tation in striate cortex of the macaque monkey: asymmetries, anisotropies,
and individual variability, Vis. Res. 24 (1984) 429-448.

[54] P. Vanderhaeghen, Q. Lu, N. Prakash, J. Frisen, C.A. Walsh, R.D. Frostig,
J.G. Flanagan, A mapping label required for normal scale of body repre-
sentation in the cortex, Nat. Neurosci. 3 (2000) 358-365.



	Genetic and epigenetic contributions to the cortical phenotype in mammals
	Introduction
	Comparative studies indicate that primary cortical fields vary in their relative size within and across groups of mammals
	Genes are involved in the determination of cortical field size and location within a population
	Factors extrinsic to the cortex are involved in the determination of cortical field size
	Epigenetic factors contribute to the size of a cortical field
	Conclusions
	References


