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imicpcndcntly in carnivores and p‘rinmtcs, since the
lincage that leads to carnivores diverged from that
leading to primates over 90 Mya, and no intervening
_groups possess ODCs. What is remarkable about
ODCs and the barrel cortex is that despite 90-180
_million years of independent evolution, the arrange-
ment of these modules looks very similar in
carnivores and primates, and in rodents and brush-
railed possum respectively.

When making cross-species comparisons, there is
often an assumption that homologous fields per-
form the same function or are analogous.
However, this may not be the case. For example,
over the years, a solid case for the presence of V1 in
4 variety of species has been established. All data

indicate that V1 resides on the caudal pole of
 occipital  cortex, contains  a complete, first-
_order representation of the visual hemifield, receives
_connections from the dorsal division of the lateral
geniculate nucleus (LGNd) of the thalamus, and has
a-striated appearance in tissue that has been sec-
tioned perpendicular to the cortical layers and
stained for Nissl substance. In cortex that has been
sectioned tangentially and stained for myelin, V1
appears as a densely myelinated wedge at the caudal
pole of the neocortex. Given these identifying fea-
_tures, V1 is proposed to be homologous across all
mammals, and to form a basic component of a
visual processing network in the mammalian neo-
cortex. But what of analogy? Does it naturally
follow that V1 as a homologous cortical area has a
similar function or set of functions across groups of
mammals?

The answer is ‘no’. If we examine V1 in the mouse
and compare it to V1 in the macaque monkey, sev-
eral differences emerge. Most notable are the
‘addition of modules to V1, such as orientation and
ODCs, the addition of visual cortical fields, and the
oncomitant change in cortical connections in mon-
keys. Thus, V1 in monkeys and mice varies
substantially in organization, and intrinsic and
extrinsic connectivity. To illustrate this concept we
have drawn a simple circuit containing three sepa-
rate nodes (cortical fields A, B, and C in Figure 3).
These nodes have a homologous pattern of inter-
connection across mammals (connections 1, 2, and
3 in Figure 3). In some groups of mammals, the
1odes have been further subdivided to mimic the
generation of modules (Figure 3). In addition, new
nodes, representing new cortical areas, have been
added to the network (D, Figure 3), which result in
:thg addition of new connections and a potential re-
Weighting of existing connections between homolo-
8ous nodes. This example shows that because of the
Cmergence  of new  organizational features

N/

: C

(@ (b)

Figure 3 A hypothetical processing network (a) originally con-
sisting of three cortical fields (A, B, and C) with a set of
interconnections (1, 2, and 3). The evolution of this network
(b) includes the addition of a new cortical field (D), the emer-
gence of modules within existing cortical fields {circles in A and
stripes in B), the emergence of new connections (4), and the re-
weighting of existing connections (compare thick vs. thin line of
connection 2 in (a) and (b)). These types of changes that natu-
rally occur in evolution, indicate that homologous cortical fields
may not be analogous since the interconnection relationships
change and intrinsic processing modules emerge.

(modules), new inputs, and a re-weighting of
retained connections, homologous cortical fields
may not have the same function.

In answer to the question posed at the beginning
of this section ‘what is a cortical field?’, we believe
that it may be fruitful to consider cortical fields, at
least in part, as homologous patterns of interconnec-
tion upon the cortical sheet. These patterns appear
to be quite robust across species, and are associated
with the emergence of specific architecture and
neural properties in the developing nervous system.
While maintaining their global relationships, these
patterns shift, or ‘float” upon the cortical sheet
within the life of an individual (particularly during
development), and to a greater extent, within and
across species over time.

3.04.3 The Development of Cortical
Fields

It has been appreciated for some time that both
genes and the environment, as broadly defined, con-
tribute to the development and the organization of
the neocortex. How each of these factors contri-
butes to development is couched in the long-
standing ‘nature vs. nurture’ debate (see Krubitzer
and Kahn, 2003 for review). Fortunately, the issue
of the inherent, genetic contribution to the cortical
phenotype has recently crystallized into hypotheses
which are amenable to vigorous experimentation
regarding the temporal and spatial distribution of
genes and proteins that occur in development, and
give rise to aspects of cortical organization including
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pattcrni ng of downstream genes i1.1 the 1'0strocfm]~dal
xis of the neocortex, and p()FClltlEil]y even cortical
field size. For example, experiments in which these
genes arc deleted result in shifts of downstream
:genCS such as Cad8 and Cadé ecither rostrally (for
Emx2 deletion) or caudally (for Pax6 deletion;
_ Bishop et al., 2000). In addition to the observed
changes n gene expression, Emx2 and Pax6
mutants also exhibit alterations in thalamocortical
 comnectivity. In experiments in which Emx2 is
deleted and the neocortex is rostralized (e.g., rostral
cortical fields are shifted caudally), cortex at the
 caudal pole that would normally receive thalamic
_input from the LGN receives inputs from the ventral
posterior nucleus (VP) {which normally projects to
somatosensory cortex rostral to this region; Bishop
et al., 2000). Furthermore, mice in which Emx2 is
overexpressed have a significantly larger V1 than in
normal animals (i.e., cortex has been caudalized;
Hamasaki et al., 2004).

In terms of connectivity, some of the cadherins
appear to regulate thalamocortical connectivity. For
example, Cad6, 8, and 11 are expressed in unique
subsets of thalamic afferents (Suzuki et al., 1997,
Korematsu and Redies, 1997). Further, Cadé6 is co-
localized with the synaptic marker, synaptotagmin,
and is correlated with the formation of synaptic
connectivity between a source and its target in the
developing nervous system (Inoue et al., 1998). The
ephrins have also been proposed to play a role in
thalamocortical development. While their presence
in locations extrinsic to the neocortex, such as the
ventral telencephalon, serves a role in gross topo-
graphic guidance, they appear to intrinsically
mediate the refinement of thalamocortical connec-
tivity within a cortical field (see Vanderhaeghen and
Polleux, 2004 for review). For the development of
cortical connections, recent work has demonstrated
that FGF2, which may be regulated by Emx2, is
involved in guiding (modulating) corticocortical
connections (Huffman et al., 2004). Thus, the tran-
scription factor Emx2 controls a genetic cascade
involved in structure formation, location, and
connections.

It is important to note that evolutionarily, this
type of regulation of events imposes formidable
constraints on the developing and evolving ner-
vous system. Given the constraints imposed by
‘SUCh a contingent system, it seems inevitable that
ery small changes in the timing and spatial dis-
ibution via base substitutions, recombination,
and transposition, for example, of any one of the
genes involved in these aspects of cortical field
cvelopment can have a very large effect on the
phenotype.

As mentioned earlier, a recent perspective on how
cortical fields should be defined is to consider the
subdivisions or areas of the neocortex from a spa-
tiotemporal perspective. In this view, cortex is
examined over time as a series of coordinated pat-
terns of gene expression which are thought to be
involved in generating features of the neocortex
that will ultimately be realized in the adult, such as
cortical layering, architecture, transmitter utiliza-
tion, and connectivity. While this perspective is
certainly important from both a developmental
and evolutionary perspective, it may not be appro-
priate to define a cortical field in terms of the
patterns of gene expression exhibited early in
development for two reasons. First, the direct
relationship between a functionally defined corti-
cal field and some pattern or patterns of gene
expression has yet to be established. Second, in
the neocortex, early patterns of gene expression
often represent potential, while the adult form
directly generates the behavior that is the target
of selection.

3.04.3.1.2 Activity-dependent regulation of genes
that control aspects of cellular morphology,
connection, and function In addition to the
genes we described above, a number of studies
describe intracellular, molecular mechanisms that
are driven and regulated by neural activity, and
generate changes in the temporal expression of
genes within a cell employing these mechanisms.
Altering the expression of genes can change
aspects of synaptic morphology. For example,
recent work demonstrates that increases in intra-
cellular calcium, due to changes in neuronal
activity, trigger a cascade of events, including the
activation of the ¢cAMP pathway and phosphore-
lation of CREB, which binds to the regulatory
region of a gene and induces transcription of
genes (see Finkbeiner and Greenberg, 1998; West
et al., 2001 for review). There are several different
types of molecules which are regulated by activity,
and which in turn are involved in synaptic model-
ing during development. One of these is a class of
proteins called neurotrophins. These proteins are
relevant to the discussion above because their
levels and secretion are regulated by activity,
they are expressed in synapses, and they regulate
morphological changes in both the pre- and post-
synaptic elements (McAllister et al., 1995, 1999;
Lein et al., 2000; McAllister, 2001 for review).
Neurotrophins such as brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), and
neurotrophic factor 4/5 (NT4/5) play a number of
important roles in nervous system development
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Figure 6 a, The body plan in mice and bats has a similar structural organization. Major body axis such as proximal and distal
forelimbs and hind limbs (pfl, dfi, phl, and dhl), as well as individual digits (d1-d5), can be identified in both animals. However,
medifications have evolved in each lineage in the form of the forepaw of a mouse and the wing of a bat. b, The expression pattern of
Hoxd13 in the developing forelimb of the bat and mouse. The extent of the expression differences in bats and mice is evident during
particular phases of limb development (bat ES 14, ES 15; mouse dpc 11, dpc 11.5), and such differences in homeodomain gene
expression patterns could, at least in part, account for variations in forelimb morphology observed in each species. Such differences
in expression are not noted for the hindlimb. df, distal forelimb; dhl, distal hindlimb; dpc, days post coitus; ES, embryonic stage; pfl,
proximal forelimb; phl, proximal hindlimb. a, Modified from Cretekos, C. J., Rasweiler, J. J., and Behringer, R. R. 2001. Comparative
studies on limb morphogenesis in mice and bats: A functional genetic approach towards a molecular understanding of diversity in
organ formation. Reprod. Fertil. Dev. 13, 691-695. b, Modified from Chen, C. H., Cretekos, C. J., Rasweiler, J. J. T., and Behringer,
R. R. 2005. Hoxd13 expression in the developing limbs of the short-tailed fruit bat, Caroflia perspicillata. Evol. Dev. 7, 130~141.

been used to understand the evolution of the mam-
malian nervous system.

major aspects of body and brain development. It
should be noted that alterations in the temporal

and spatial dynamics of gene expression have been
known to account for variation of body segmenta-
tion in insects for some time (see Davis and Patel,
2002). It is only relatively recently that these
well-established ideas from work on insects have

The case of body plan organization is another
example where the boundary between intrinsic
genetic contributions to the phenotype and activity
dependent or environmental contributions are often
difficult to draw. As Figures 4 and 5 illustrate,
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Figure 14 A schematic illustrating the Baldwin effect and genetic assimilation, and how features of cortical organization that
are initially activity dependent, become encoded by genes and evolve. Within a particular environment (a), light levels may be
low, and prey call frequency may be high (black dots on the distributions in a). The optimal sensory receptor phenotype (b),
receptive fields size of ganglion cells distribution of frequency on the basilar membrane (blue and red dots respectively) are
normally distributed within a population. For the neocortex (c), the optimal phenotype for this environment would be a small V1
and a large A1 (blue and red dots respectively). These size differences of cortical fields are normally distributed within a
population. Finally, particular genes which are normally distributed in a population (d) control aspects of cortical field organization
either directly via Emx2, or indirectly through activity-dependent mechanism (e.g., Tiam 1). Although natural selection acts on
the phenotype, the genes that control for the particular phenotype in question as well as plasticity may co-vary, and thus allow
activity-dependent contributions to the phenotype to become genetically encoded and evolve. This type of selection could shift
the distribution (dashed lines) of genes that both enable plasticity (activity dependent), as well as those directly determine the
characteristic (e.g., Emx2 and size of cortical fields). A1, primary auditory area; V1, primary visual area. Modified from Krubitzer,
L. and Kaas, J. 2005. The evolytion of the neocortex in mammals: How is phenotypic diversity generated? Curr. Opin. Neurobiol.
15, 444453,

parameters of the environment, and the movement  snapshot may give the impression that a cortical
of the organism itself in time and space, serves to  field is static, when, in reality, we have simply
loosen these constraints. An extant mammal  caught a frozen moment in the continually moving
represents only a snapshot in this process. This  picture of life.
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