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Abstract

The nature versus nurture debate has recently resurfaced with the emergence of the field of developmental molecular neurobiology. The
guestions associated with “nature” have crystallized into testable hypotheses regarding patterns of gene expression during development,
and those associated with “nurture” have given over to activity-dependent cellular mechanisms that give rise to variable phenotypes in
developing nervous systems. This review focuses on some of the features associated with complex brains and discusses the evolutionar
and activity-dependent mechanisms that generate these features. These include increases in the size of the cortical sheet, changes in cortic
domain and cortical field specification, and the activity-dependent intracellular mechanisms that regulate the structure and function of
neurons during development. We discuss which features are likely to be genetically mediated, which features are likely to be regulated by
activity, and how these two mechanisms act in concert to produce the wide variety of phenotypes observed for the mammalian neocortex.
For example, the size of the cortical sheet is likely to be under genetic control, and regulation of cell-cycle kinetics through upregulation
of genes such a8-catenin can account for increases in the size of the cortical sheet. Similarly, intrinsic signaling genes or gene products
such adint, Shh, Fgf2, Fgf8 and BMP may set up a combinatorial coordinate system that guides thalamic afferents. Changes in peripheral
morphology that regulate patterned activity are also likely to be under genetic control. Finally, the intracellular machinery that allows for
activity-dependent plasticity in the developing CNS may be genetically regulated, although the specific phenotype they generate are not.
On the other hand, aspects of neocortical organization such as sensory domain assignment, the size and shape of cortical fields, som
aspects of connectivity, and details of functional organization are likely to be activity-dependent. Furthermore, the role of genes versus
activity, and their interactions, may be different for primary fields versus non-primary fields.
© 2003 Elsevier Ltd. All rights reserved.

Contents
R 11 0T [ o 1T o PP 33
2. Increases in the size of the cortical sheet............... i 36
3. Genetic regulation of cortical domains and cortical fields.................................. 38
4. Comparative studies of the neocortex: peripheral morphology and activity dependent
regulation of cortical domains and cortical fields................. ... ... .. ... i 41
5. Theories of cortical field addition ............ ... i 43
6. Testing theories of cortical domain specification: studies of bilaterally enucleated opossums 46
7. Potential mechanism for activity-dependent changes to nervous systems................. 48
8. What are the genetic and activity-dependent mechanisms that give rise to features
associated with complex brains? . ... ... . 49
RETEIENCES. . .ot 50

1. Introduction
monkeys in a variety of social conditions, from partial social
Many of us first encountered the work of Harry Harlow isolation to complete maternal separation with no access
(Harlow and Zimmerman, 195%ee below) and his infant ~ to attachment objects or surrogates, Harlow and coworkers
monkey studies early in our education. By rearing infant were able to induce a variety of behavioral abnormalities
from depression to full-blown psychosikdrr et al., 1969;

* Corresponding author. Tek:1-530-757-8868; faxs1-530-757-8827.  Mckinney et al., 1971; Suomi et al., 1971; Suomi and
E-mail address: lakrubitzer@ucdavis.edu (L. Krubitzer). Harlow, 1972; Suomi et al., 1976 These experiments
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demonstrated the dramatic effect of environmental condi- multiple parts endows, it seems likely that the neocortex
tions on an individual’s social behavior, and had a tremen- enhances stimulus features, generates probabilities based
dous impact on both the psychological and biological on sensory experience, and constructs a species-specific
sciences. interpretation of the environment generated from some set

Around this time there were major events occurring in of physical parameters that a particular animal can actually
other disciplines that ran counter to the ideas proposed bydetect. Further, most data indicate that mammals that have
Harlow. Watson and Crick (1953nd Wilkins (se@Nilkins neocortices with many functionally heterogeneous parts that
etal., 199% discovered the molecular structure of DNA, and are specifically interconnected generally have more com-
its significance for information transfer in living organisms. plex behaviors. These observations generated the central
Their discovery that life could be reduced to this very basic question posed by our laboratory: How does evolution build
unit of organization, which continually replicates itself, rev- a complex brain with multiple, functionally distinct parts?
olutionized our thinking about biological organisms. On the  Unfortunately, evolution of any structure is difficult to
heels of this discovery the ethologists Konrad Lorenz, Niko study directly in mammals. Although fossil records can be
Tinbergen, and Karl von Frisch (sésrenz, 1970, 1971 useful for speculating about changes in gross morphologi-
Tinbergen, 1953; Von Frisch, 19p7%rovided evidence cal features of the brain, such as size and shape, to a large
from animal studies that seemingly complex, multi-faceted extent interpreting the fossil record relies on assumptions
behaviors were intrinsically mediated or innate, and could regarding phylogenetic relationships, and as such is con-
be understood from a biological rather than psychological founded. Probably the main reason why brain evolution, or
perspectiveWilson (1975)proposed that there is a genetic the evolution of any structure, organ, individual or species
contribution to social behavior, andawkins (1976)took of mammal, is difficult to study directly is because the time
the extreme stance in his highly controversial book “The course of change is relatively slow by individual life span
Selfish Gene” that all behavior could be understood in terms standards, and subtle changes often occur over thousands of
of gene function. generations. However, there are two ways to circumvent this

All of these studies contributed to the “nature versus problem: (1) use of a comparative approach and (2) examine
nurture” debate. The central question of the debate wasthe developmental mechanisms that give rise to particular
‘what is the contribution of our genes to overt and covert characteristics of complex brains. By using the comparative
behavior, and what is the contribution of the environment approach we can study the products of the evolutionary
to these same behaviors?’. While this issue is guaranteed tqrocess and make inferences about the process itself. This
capture one’s interest, at the time the ideas for each campmethod allows us to deduce general characteristics of ner-
were formulated, very little was known about the genetic vous systems, the types of brain changes that are actually
and experience dependent mechanisms that generate a brajmossible, and in combination with a developmental approach,
and resultant behavior. As a result, the issue was relegatedhe genetic constraints that direct the course of evolution.
to the realm of psychology, and most neurobiologists never  For instance, electrophysiological recording studies, ar-
really grappled with this nebulous problem since there chitectonic analysis, and studies of cortical and subcortical
was nothing very solid to sink one’s experimental teeth connections indicate that all mammals have a constella-
into. tion of specifically interconnected cortical fieldsr(bitzer,

The nature versus nurture debate has recently re-surfaced 995; Krubitzer and Huffman, 2000Some of these fields
with the emergence of developmental molecular neurobiol- include the primary and second sensory areas such as S1,
ogy as one of the leading disciplines in the field of modern S2, V1, V2, A1, and RKig. 1). Even in the absence of use
neuroscience. The questions associated with “nature” haveof a particular sensory system, these cortical fields and some
crystallized into testable hypotheses regarding the temporalaspects of their connectivity are still present. These same
and spatial patterns of gene expression during developmenttypes of studies indicate that the number of systems level
and those associated with “nurture” have given over to activ- changes that are possible are limited and include changes in
ity dependent cellular mechanisms that give rise to variable . . .
phenotypes in both developing and adult nervous systems.' the size of the cort_lcal s_heet.,

We became interested in these issues several years ago in 2 the number of cortical fields; .
. e the amount of cortex devoted to a particular sensory
rather roundabout fashion, and only recently have we con- T
ceded that we are thoroughly entrenched in the age-old issue system (sensory domgms),_ .
e the amount of a cortical field devoted to a particular
of nature versus nurture.

For some time we have examined the neocortex of mam- portion (_)f_th.e sensory epithelium;
; . e connectivity;

mals and questioned how complex cortical phenotypes arose . e

. . . e modularity of existing fields.

in evolution. A complex neocortex contains a large number

of functional parts or cortical fields that are specifically inter- ~ Within these large categories, further modifications in

connected to produce various types of motor, perceptual andcell size, dendritic and axonal arborization, and pre- and

cognitive behaviors that may or may not be directly stimulus post-synaptic morphologies, for example, have also occurred

bound. Although it is not clear what a large neocortex with in the neocortex over time. Although we propose that the
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Fig. 1. An evolutionary tree depicting the phylogenetic relationship of major orders of mammals and the cortical organization of some of the sensory
fields that have been described in particular species. Electrophysiological, anatomical, histochemical and molecular analyses have reeetled that
cortical regions, such as S1, S2, A1, V1, and V2, are common to all mammals and most likely are homologous areas that arose from a common ancestor.
On the other hand, some regions, such as MT (pink), have been observed in only a few orders, such as primates, and likely evolved independently in
these lineages. A comparative analysis of the neocortex, using the criteria described above, allows one to infer the organization of an unknbwn mamma
such as the common ancestor or human. If a number of species are compared, one can be fairly confident when assigning features of cortical organization

to the unknown state, even in the absence of direct data. S1: primary somatosensory area (red), S2: second somatosensory area (orange), Al: auditory
(green), V1: primary visual area (dark blue), V2: second visual area (light blue), rostral is left, medial is up.

types of modifications with respect to all of the possible nervous systems, is to study the development of the neocor-
ways in which brains could change are limited, there are tex. To determine if a developmental mechanism in question
still large degrees of freedom for phenotypic change within were indeed responsible for one of the modifications listed
these broad categories. above, one could alter some aspect of development thought
The limited number of systems level modifications that to be responsible for the particular modification and see
are observed in extant brains, particularly those that haveif the cortical phenotype generated is consistent with the
independently evolved, indicate that there are constrained,types that occur naturally in evolution. This can be done
developmental mechanisms that generate nervous systemsiy physically manipulating the developing nervous system,
Thus, the second approach to studying the evolution of the or making a genetic change via mutations, over-expression,
neocortex, in particular the mechanisms that give rise to or inducing ectopic expression of specific molecules in a
current organization and constraints imposed on evolving manner that mimics that of evolution. These manipulations
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can induce a change in the trajectory of the developmental Mouse j-og
cascade and will ultimately generate an altered phenotype. T
But what about nurture? What about the role of the en-
vironment in generating particular phenotypes? Evolution
requires the transmission of genes from one generation to
the next. When we consider evolution in isolation, we only
consider those characteristics of the brain that are heritable.
Yet, as the studies of Harlow and coworkers clearly indicate
(Harlow and Zimmerman, 1959; Kerr et al., 1969; Mckinney
et al., 1971; Suomi et al., 1971; Suomi and Harlow, 1972;
Suomi et al., 1975 regardless of genetic makeup, early ex-
perience plays a major role in the social and personal pheno-
type that emerges in an individual. Further, modern studies
of cortical plasticity in adult and developing mammals indi-
cate that the nervous system is capable of remarkable change
within the life of the individual, due to changes in activity
patterns across sensory receptor arrays. Activity-dependent
system level changes take the form of functional map reor- Fig. 2. A comparison of the mouse and dolphin brain drawn to scale

N . illustrates the dramatic differences in the size of the neocortex. The
ganization Recanzone etal., 1992, 1993; Recanzone, £000 difference in size is even larger in magnitude than is illustrated here, since

and in the developing nervous system include large sensoryine dolphin brain contains a number of fissures in which the neocortex
domain shifts, changes in functional map organization and is buried. An increase in the size of the cortical sheet relative to the rest

changes in connectivity (e.&ahn and Krubitzer, 200Zee of the brain is one of the most salient features associated with complex
Krubitzer and Kahn, 20Q3or review). Presumably, these hervous system organization in mammals. Rostral is right, medial is up,
. . scale ba=1cm.
types of structural and functional changes in the nervous
system account for the behavioral differences observed in
Harlow’s monkeys. However, exactly how neural changes brain in most primates and cetaceaRgy( 2). This feature,
translate into global changes in behavior is not known. described several decades ago ®tephan et al. (1981)
This review will focus on some of the features associated and termed encephalization, has recently been indexed by
with complex brains and discuss the evolutionary (inherent, Finlay and Darlington (1995ndClark et al. (2001)
genetic contributions) and activity-dependent mechanisms While the selective pressures that lead to an enlarged cor-
that give rise to these features including increases in corti- tical sheet are not clearly understood, it has been proposed
cal sheet size, changes in cortical domain and cortical field that frugivory (fruit eating), longevity, and sociality are as-
specification, and the potential activity-dependent intracel- sociated with the evolution of an enlarged brain in primates
lular mechanisms that regulate the structure and function (Allman, 1999. For example, because fruits are distributed
of neurons in development. Our goal is not to identify in space and time, particular strategies for remembering the
specific genes that regulate the features associated withocation, color, and shape of the fruit would be necessary,
complex brains, but to determine which features are likely as well as adapting plans for harvesting. It has also been
to be genetically regulated, which features are likely to be proposed that longer life spans lead to an increased brain
regulated by activity, and how these two mechanisms act in size, which in turn endows the animal with a greater ability
concert to produce the wide variety of phenotypes observedto deal with extreme environmental fluctuations. Finally, so-
in mammalian neocortex. ciality is also a factor that may contribute to large brain size.
The ability to cope with complex social interactions, both
overt and subtle, may promote the increase in the size of
2. Increasesin the size of the cortical sheet the neocortex. Indeed, there is a strong correlation between
social group size and the size of the neocortex in particular
Probably the most salient feature associated with com- (Dunbar, 1995Hakeem et al., 1996eeAllman, 1999 for
plexity in mammalian brains, particularly the human brain, review). Further, sociality is one feature that all mammals
is the disproportionate increase in the size of the cortical with a relatively large neocortex (such as most anthropoid
sheet. It is important to note that an increase in cortical apes and cetaceans) appear to have in common.
sheet size that is proportionate to the increased size of the Although all of these conjectures are viable, they are only
rest of the brain is not necessarily associated with increasedcorrelative and not necessarily causal, and they may not
complexity (for example in brush-tailed possums). Indeed, explain variations in brain size between species with sim-
a number of mammalian species that have large bodies havélar behaviors. Further, it is difficult to link direct changes
large brains and a large neocortex that is not consideredto the cortex, like the expansion of one portion of cortex
complexly organized. On the other hand, the neocortex hascompared to the others, with any of these global features of
expanded disproportionately compared to the rest of the social organization, economy or longevity. Therefore, it is

Dolphin
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not surprising that determining the selective pressures thatto five times longer than in the mouse. This prolonged and
led to an expanded cerebral cortex are elusive. However,accelerated cell division during cortical neurogenesis could
it is clear that larger brains that are more complexly orga- account for the pronounced increase in the cortical sheet in
nized generate more complex behavior. Regardless of thesome lineages, such as anthropoid primates.
selection pressure that led to an enlarged cortical sheet, it Alternatively, it has been proposed that the cortical sheet
seems that an increase in the size of the neocortex is a necean increase in size by decreasing naturally occurring cell
essary step in the evolution of complex mammalian nervous death (apoptosis) during corticogenesis. Several genes and
systems. Therefore, to appreciate brain evolution and thetheir products (proteins) have been demonstrated to de-
factors that contribute to a complex phenotype, it is impor- crease the rate of apoptosis. For example, in mutant mice in
tant to understand the types of developmental mechanismawhich a gene associated with cell death (caspa$ea§y9)
that could give rise to an expanded cortical sheet, the geneds deleted, a larger proliferative zone is observed in the
which instruct these processes, and how and why neocortexforebrain, along with an increase in the size of the neo-
expands at the expense of other telencephalic structures. cortex Kuida et al., 1998 Additionally, there is evidence
Two mechanisms have been proposed to explain how thethat the apoptotic process may be further regulated by cer-
cortical sheet may increase in size, and two (not necessarilytain genes in the Bcl-2 family, which function to inhibit or
mutually exclusive) hypotheses have been generated aboufacilitate apoptosis by acting upon caspas@sige et al.,
why the increase is disproportionate. One suggestion is1993; Motoyama et al., 1995; Roth et al., 2D00ike the
that more cells are generated in developmE&otnack and former mechanism proposed by Kornack, a small change
Rakic (1998)proposed that a simple change in the timing in the timing of the expression of a gene or genes involved
of cell division cycles of progenitor cells in the ventricular in apoptosis could change the size of the cortical sheet
zone during neurogenesis could result in an exponential dramatically.
increase in the size of the cortical shefeig( 3). Kornack’s While the genes responsible for the kinetics of cell di-
comparative analysis on the kinetics of cell division in vision of progenitor cells and rates of apoptosis during de-
monkeys and rodent&¢rnack, 2000; Kornack and Rakic, velopment are not well known, there is evidence indicating
1998 revealed that in macaque monkeys, the period during that the proteir-catenin, and the genes which regulate its
which cell division occurs is 10 times longer in macaque production, may be involved in the determination of cortical
monkeys than in mice and the cell cycle duration is two sheet size in different lineageB-catenin, an intracellular
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Fig. 3. lllustrations of how specific patterns of cell division in the ventricular zone (VZ) give rise to the patterns of clonally related neurons in the
neocortex. In part A, asymmetric divisions from a single progenitor cell (P) (black arrows) generate “sibling” cells that migrate sequentif@herio di

layers of the cortical plate (CP). This type of cell division determines cortical thickness. Symmetric divisions from a single progenitor oedl (colo
arrows) generate several progenitor cells that in turn simultaneously generate “cousin” cells that then migrate, in parallel, to the sanagerorTice |

type of division determines cortical sheet size. Duration (B) and number (C) of cell cycle divisions differs dramatically in the mouse (pink)reasdishe r
monkey (blue). In part C, black bars represent the length of gestation in the mouse (19 days) and the monkey (165 days). In the mouse (pink rectangle)
neurogenesis lasts 6 days, from embryonic (E) day E11 to E17. In the monkey, neurogenesis lasts 60 days, from E40 to E100. The expanded duration
and the increased number of cell cycles could be one mechanism involved in expansion of the primate neocortex. 1Z, intermediate zone (white matter),
M, marginal zone (layer 1), SP, subplate zone (data used to construct this figure is taken from the Workazk and Rakic, 1998nd Kornack, 2000.
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Fig. 4. An example of how changes in gene expression can dramatically
alter the size of the cortical sheet. To the left is a coronal view of the
cortex of a transgenic mouse in which the regulatory gghieatenin,

was overexpressed, shown next to an age-matched normal mouse (right)
In this study byChenn and Walsh (2002%he animals that overexpressed
B-catenin had massive increase in horizontal growth of the cortical sheet,
which caused the normally lissencephalic cortex to became gyrencephalic.
The results of this study indicated that the increased cortical size was due
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neurons as well as cortical volum¥accarino et al., 1999
In contrastFgf2 knock-outs had smaller cortices and fewer
cortical neuronsRaballo et al., 2000

All of this data on developmental cascades involved in
cortical sheet size determination indicate that alterations in
any one or some combination of these genes and proteins
could account for differences in the size of the cortical sheet
in different mammals. Thus, the disproportionate increase
in cortical sheet size in some mammals could be regulated,
in part, byB-catenin, BF-1 (Foxgl), FGF2, FGF8, BMP4,
or other proteins whose temporal and spatial patterns of
expression vary slightly in different lineages. It should be
noted that different genetic mechanisms may be responsible
for similar aspects of cortical size regulation and organiza-

to a two-fold increase in the proportion of progenitor cells that re-entered tion in different mammals. Because many mammals with
the cell cycle and continued to divide (data used to construct this figure large neocortices have been evolving independently for tens
is taken from the work oChenn and Walsh, 2002Dorsal is to the top, of millions of years, and changes in one lineage obviously
scale bar=1mm. occur independent of the changes in another, a search for a
ubiquitous mechanism that increases cortical sheet size, for
protein that transduceéait signals (seéeifer and Polakis, instance, may prove fruitless. This, of course, implies that
200Q for review), is expressed in neuroepithelial precur- the mechanisms that regulate cortical sheet size in the mouse
sor cells (which will become the neocortex) in the ventric- may not be the same as those employed by primates or other
ular zone during neurogenesi€henn and Walsh, 2002 mammals with a disproportionately large neocortex.
These investigators demonstrated that transgenic mice that Several hypotheses regarding why this increase is dis-
over-express a truncated form gfcatenin have an exag-  proportionate have been proposed. A comparative analysis
gerated horizontal growth of the cortex (without a change in by Finlay and Darlington (1995%uggests that the order
cortical thickness). Indeed, the increased size of the corti- of neurogenesis is highly conserved in mammals, and neu-
cal sheet was so massive in these animals that the normallyral structures that are produced later in development, such
lissencephalic cortex became gyrencephdfig.(4). This as the neocortex, are disproportionately largéornack
enlarged cortical sheet in the transgenic brains could be due(2000) proposed that the disproportionate allocation of the
to an increased mitotic rate, as proposedkmynack and neocortex compared to other telencephalic structures is due
Rakic (1998) a decrease in cell death, or changes in the frac- to a shift in regional boundaries of gene expression in the
tion of cells that continue to divide compared to those that embryonic telencephalon.
leave the cell cycle and differentiate. A clever series of ex-  The inordinate increase in the size of the cortical sheet in
periments Chenn and Walsh, 20pidicated thap-catenin some cetaceans, such as odontoceti (dolphins and toothed
did not change the rate of mitotic division nor decrease cell whales) and their distant cousins, proboscidea (elephants),
death. Rather, the investigators found that the proportion of rivals that of humans. No other extant mammal exhibits such
progenitor cells that re-entered the cell cycle and continued a disproportionate increase, and the primate and cetacean
mitotic division was increased two-fold. lineages are very distantly related. Thus, this cortical ex-
While B-catenin appears to be a promising candidate pansion has been independently achieved in these separate
for regulation of cortical sheet size, it is not the only one. lineages. By comparing the temporal and spatial expression
Another geneBrain factor-1 (BF-1 or Foxgl), is expressed  patterns of genes, or gene products such as BCL-2 and
in telencephalic progenitor cell§g§o and Lai, 199Pand B-catenin, in the developing ventricular zone of primates,
has been demonstrated to regulate progenitor cell prolif- dolphins, whales, and elephants, one could determine which
eration and differentiation in the neocortex of immature genes specifically regulate the process of cortical sheet ex-
mice Hanashima et al., 2002In turn, BF-1 is positively pansion. In doing so, we could determine if this process
regulated byFgf8 (Shimamura and Rubenstein, 1997 occurs via homologous genetic mechanisms or if there is
while negatively regulated by BMP4£qruta et al., 1997 more than one way in which the neocortex can change
An increase in BMP4 expression is correlated with a de- in size.
crease in cell proliferation in mouse telecephalic explants.
Therefore, cortical sheet size can be altered via genes that
regulatedBF-1 expression. The gerfegf2 is also involved 3. Genetic regulation of cortical domains and
with regulating cortical sheet size by positively regulating cortical fields
cell proliferation and neurogenesis in immature cortex. For
instance, microinjections of FGF2 into the ventricle of em-  Accumulating developmental and comparative data
bryonic rats substantially increased the number of cortical indicate that both genes and neuronal activity regulate the
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organization and connectivity of the developing neocortex. Wild type Mutant il [l
However, the extent to which the emergence of cortical do- Emx2 +/+ Emx2 -/- pia M
mains and individual cortical fields and their connectivity is
genetically specified is not clear. There is ample evidence
indicating that genes play a significant role in specifying
the gross geometric anatomical relationships of the cortex.
Recent work in the field of molecular neurobiology has
demonstrated that patterning or signaling centers exist in
particular portions of the developing brain. These signaling
centers are specific portions of neural tissue that express par-
ticular genes or gene products, and serve as morphogens. In
turn, these signaling centers induce the fate or specification
of nearby neural tissue, and contribute to the cellular archi-
tecture, type of neurotransmitter utilized, connectivity and
ultimate function of developing neurons. The role of signal- Fig. 5. Thalamocortical projections iEmx2 wild-type (+/+) and mu-
ing centers in allocating large portions of the central nervous tant (~/—) mice as revealed by anatomical tracers placed into the cortex.
system has been recognized for some time. For instance, maEmx2 is a regulatory gene that is expressed in a low rostral to high cau-
jor subdivisions of the brain such as the telencephalon, dien-da' gradient in mouse cortex during the late embryonic period. In both

. . . . . ..., wild type (top left) andEmx-2 deficient (mutant; top right) mice, the
cephalon, midbrain, hindbrain and spinal cord are specified post-mortem tracer Di-A (green) implanted into the somatosensory cor-

by either graded or abrupt patterns of gene expression dur-ex (PAR) retrogradely labeled cells in VP, the ventroposterior nucleus of
ing development. The homeobox gergraxl, Enx2, Otx1 the somatosensory thalamus (bottom left). However, Di-I (red) implanted
andOtx2 are expressed in rostral portions of developing em- into vjsual cortex (OCC) of the_ mutant mice revgaled retrogradely I_abel_ed
bryonic brains, and their expression domains are COmainedcells in VP (red oval, pottom right), rather than in the normal location, in
M . . the dorsal lateral geniculate nucleus (LGd; red oval, bottom left). These
within eaCh 0ther$m_]eone et a_l" 19923'bThe boundan_es_ differences in thalamocortical projections indicate that in Enex-2 defi-
of expression domains or particular overlap zones coincide cient mice, there was a caudal shift in the thalamocortical projection pat-
with the boundaries of major brain structures, such as theterns and presumably somatosensory cortical fields. TEus;2 appears
telencephalon and diencephalon (Bemcinelli et al., 1995 to be a gene involved in guiding thalamic afferents to the appropriate cor-
for review). At a finer level of detail, expression domains tical Ioc_ation. The top row is an illustration of a Iatera! view of the brain,
L . rostral is to the left, medial up. Green and red ovals in top row represent
of gene; W_lthm 'Fhe d'encepha")_”g §UCh@Xl, Otx2 and Di-A and Di-l injection sites into the parietal (PAR) and occipital (OCC)
Wnt3, coincide with anatomical divisions, such as the dorsal regions of the neocortex, respectively. Bottom row depicts areas in which
and ventral thalamus and pretectum, and are also involvedretrogradely labeled cells were observed in coronally sectioned thalamic
in Specifying these smaller subdivisions of the central ner- tissue (data used to construct this figure is taken from the woBissfop
vous systemNlarin and Rubenstein, 20pBecause the neo- et al., 2000. Bottom row, dorsal is to the top. Scale karl mm.
cortex is composed of multiple parts (cortical fields) with
boundaries that are often abrupt, a situation analogous to then specifying the anterior—posterior axis of the cortex, since
structural borders of subcortical structures and the smallerthe deletion of such genes results in a caudal or rostral shift
subdivisions described above, it is tempting to speculate thatof thalamocortical afferents, respectively, and presumably
the same rules of specification apply to the developing neo-the associated cortical field&ify. 5 Bishop et al., 200D
cortex. Thatis, genes or particular spatial and temporal com- Fukuchi-Shimogori and Grove (200d¢monstrate that elec-
binations of gene expression strictly control cortical field troporation of the molecule FGF8, which is thought to serve
emergence, organization, architecture, and connections.  as a signaling marker of rostral cortex and appears to func-
There is evidence that particular genes and proteins servetion in part through repression Bimx2 expressionCrossley
as signaling centers and mark general axes of the cortex.et al., 200}, results in a posterior shift of anterior cortical
such as rostro-caudal and dorsoventral, and that particu-fields and an anterior—posterior elongation of cortical fields.
lar spatial and temporal combinations of their expression Several recent experiments also demonstrateRbi& is
patterns serve as a coordinate system for incoming thalam-essential for patterning of the rostral neocortex. A study by
ocortical axons. For instance, mounting evidence suggestsGarel et al. (2003showed that a reduction &fgf8 levels
that genes such as sonic hedgehd&t( Chiang et al., 1996 in mutant mice shifted gradients of several cortical molecu-
and some genes in thént family (Grove et al., 1998 lar markers (includindemx2, 1d-2, Cad-8 and COUP-TF1)
mark ventral telencephalic structures and the dorsal edge ofrostrally, thus modifying the molecular identity of rostral
the telencephalon respectively, and proteins such as bonecortex. However, the position of thalamic inputs in this cor-
morphogenic protein (BMPzuruta et al., 1997may assign tex was not altered. Finally, when FGF8 is electroporated
the dorsal telencephalon (sbtarin and Rubenstein, 2002; into a separate caudal location in the developing mouse
Rubenstein et al., 199@ndLevitt et al., 1997 for reviews). cortex, in some instances, an ectopic barrel field forms
Recent studies byishop et al. (2000)demonstrate that caudally Fig. 6k Fukuchi-Shimogori and Grove, 2001
regulatory genes such &nx2 andPax6 are also involved These data indicate that particular molecules (regulated by

PAR OCC PAROCC
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intrinsic gene patterning) may contribute to the emergence of
cortical fields, although how these abrupt and graded patterns
of gene expression would be altered to produce new cortical
fields is not yet clear.

Recent studies indicate that these and other signaling
centers can operate independently of peripheral activity. For
instance, studies in mutant mice that fail to develop tha-
lamocortical axonsMiyashita-Lin et al., 1999; Nakagawa
et al., 1999 Gbx2—/—; Mashl—/-), and thereby have no
access to patterned activity from peripheral sensory arrays,
still have graded and abrupt patterns of gene expression
(Fig. 7). These expression patterns are proposed to mark
functional boundaries of cortical areas, but there is no direct

. evidence to support this contention.

‘ All of these data are compelling in that they clearly
® demonstrate that an anterior—posterior/dorsoventral coor-
\‘.. dinate system is likely to be intrinsically mediated. Thus,
Q

® the general location of primary fields and some aspects of
.. ® R the fields themselves may be specified by combinatorial
‘ . actions of genes intrinsic to the neocortex that operate in-
‘ dependently of thalamocortical input. Further, these studies
O Q %% . demonstrate that cortical domains and primary cortical fields
O Q % Q can be shifted when genes and molecules are manipulated
Q Q via mutations and electroporation.
% It should be noted that all current developmental studies
Q% examine arealization of primary sensory fields exclusively.
Therefore, if indeed there are intrinsic signaling centers
that specify a cortical field, this may only be true for pri-
Fig. 6. Two potential ways i_n which extra _representations of whiskers mary fields. This notion is Supported by recent comparative,
(barrels) may be generated in cortex. The first method (A) was reported embryonic genetic and immunohistochemical analyses in-
over a decade ago by Welker and Van der Loos, who demonstrated the . "~ ! !
importance of peripheral morphology on the formation of cortical fields. dicating that all of the neocortex may not be of the same
Mice that were selectively bred to have an extra row of whiskers (top Phylogenic origin. Specifically, medial portions (which con-
right) had an extra row of whisker representations in the cortex, indicated tain primary sensory cortices) may have different precursors
py (o4 (A)‘. A second m(_ethod of inducing b_arr_el f_orm_atioq in the neocortex (Butler and Molnar, 2002; Molnar and Butler, 2002»{
is by artificially changing the _pattern of intrinsic S|gna!|ng centers (such has been proposed that medial neocortex (and the sensory
as the molecule FGF8) early in development (B). In this study FGF8 was . . . . . . .
inserted into a selected location caudal to normal location of expression, COrtices therein) arises from the corticostriatal junction and
and an ectopic barrel field formed caudal to the barrel field in S1 (gray that these fields are homologous to the anterior portion of
area; data used to construct this figure is taken fibelker and Van der the dorsoventricular ridge of sauropsids (birds and reptiles),
Loos, 1986 and Fukuchi-Shimogori and Grove, 20p1 while the more lateral portions, which contain non-primary
fields, have different origins. This suggests that the rules of
arealization for primary fields and non-primary fields may

Id-2 EphA-7 RZR-beta
Normal =]
+/-
Mutant [
/-

Fig. 7. Expression patterns of genetic markers in norm&-( top row) andGbx2 mutant (/—; bottom row) mice at postnatal day 0. Gbx-2 deficient

(—/-) mice, thalamic differentiation is disrupted, and thalamic axons do not form connections with the cortex. In the normallés@r(ieff column),

EphA-7 (middle column) andRZR-beta (right column) are expressed in discrete cortical regions and layers. Despite the lack of input from the thalamus

in the mutant mice, expression patterns of these three gene markers were not different than in normal animals. Thus, in normal and mutant animals
similar laminar and rostro-caudal boundaries of gene expression were observed for each gene marker. These results demonstrate that thalamic inp
(and the patterned activity it relays to cortex) is not necessary for some aspects of cortical arealization (data used to construct this figdrens taken
Miyashita-Lin et al., 1999 lllustrations depict a lateral view of the neocortex, rostral is to the left and medial is up.
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be different, and each may be more or less influenced by Mouse
activity versus genes. @
4. Comparative studies of the neocortex: peripheral Ghost Bat
morphology and activity dependent regulation of
cortical domains and cortical fields 3
A
While the evidence for genetic specification of primary Short-tailed Opossum

cortical fields is compelling, the concept of a strict genetic
specification of cortical fields is at odds with an enormous
amount of comparative data. Studies in a variety of mam-
mals indicate that the assignment of cortical domains, the
numb?r O_f cortical flel,ds within a domam’ and the internal Fig. 8. Primary cortical areas in three species of mammals that have ap-
organization of a particular cortical field are dependent on poximately the same size cortical sheet, but different amounts of cortex
peripheral morphology and the activity generated by par- allotted to different sensory systems, related to specialized sensory re-
ticular sensory receptor arrays. This is best illustrated in ceptor arrays and use of particular sensory receptor arrays. For example,
mammals with an exaggerated o specialized morphological e mous, i reles heay on tcte outs fom e whsers

feature or sens_ory recep-tor ,arra_y' There ar_e three Smlflngmatosenso}y co:zex isryenlarged, and t);1e portion of cortex representing
features of cortical organization in these animals. The first ye whiskers is magnified, compared with the ghost bat and short-tailed
is the relationship between cortical domains and peripheral opossum. Similarly, the primary auditory cortex and surrounding fields in

receptors, the second is a cortical magnification within a the cortex of the echolocating ghost bat (green) is expanded, while the
cortical field of the specialized receptor arrays, and the third primary visual area (blue) and somatosensory area is relatively small. Fi-

. . ) . o nally, the cortex of the highly visual short-tailed opossum is dominated by
is the generation of isomorphic substructures within a mag V1 (blue) and other visual areas. Although the size, shape, and the details

nified representation, which is directly related to peripheral of intemal organization of particular cortical fields vary depending on use
receptor type, number, density of innervation, and/or use. (activation from peripheral receptors), certain aspects of organization are
The first feature of organization that appears to be dic- conserved in these brains, even in the absence of apparent use. The sim-
ate by periphealinputs and activty i he cortcal domain (47,3 e Beton o e S s Pk et s
Femtones assigned to a ,parthUIar sgnsory sy;téry. 8 projectiongs o?thz brain%s constrained by develgpmental mechanisms. On
illustrates three mammalian neocortices in Which SeNSsorY the other hand, the differences in size, shape, and detailed organization of
domain assignment is remarkably different, despite the fact primary cortical fields indicate that input from the periphery is a crucial
that the size of the neocortical sheet is approximately the factor in guiding many of the details of organization of the neocortex.
same in each animal. For example, in the mouse, most of theMedial is up and rostral is to the left, scale barl mm.
cortical sheet is devoted to processing somatic inputs, par-
ticularly from the whiskers. In the echolocating ghost bat, 1995. In human and non-human primates, the somatosen-
most of the cortical sheet is devoted to processing auditory sory cortex is largely devoted to processing inputs from the
inputs, and in the highly visual short-tailed opossum, most remarkably specialized forepaw or hamhés et al., 1979
of the cortex is devoted to processing inputs from the retina. the primary visual area contains an enlarged representation
In all of these mammals, there is an enlargement in the cor- of the fovea (which has a higher density of retinal ganglion
tical territory occupied by the dominant sensory system, and cells), and in humans the ventral motor and premotor cortex
this occurs at the expense of the remaining sensory domainscontains an exaggerated motor representation of the lips,
At a more detailed level, peripheral innervation is re- tongue, oral structures, larynx and associated musculature
flected in the cortical magnification of specialized body parts (commonly referred to as Broca’'s area).
and the organization within a cortical field. For instance,  Finally, within a cortical field, anatomical and func-
the duck-billed platypus has a large, highly innervated tional isomorphic representations of very specific peripheral
bill with interdigitating parallel rows of mechanosensory morphologies can be identified, including barrel fields in
and electrosensory receptors. This striking morphological some rodents, digit subdivisions in several primates, ray
specialization, accompanied by the evolution of an elec- or follicle patterns in star-nosed moles, and electrosen-
trosensory receptor, manifests in cortex as an enormoussory/mechanosensory stripes in the duck billed platypus
representation of the billRjg. 99. This type of peripheral  (Figs. 6 and 9 The relationship between such detailed
modification, coincident with the enlargement of sensory anatomical and functional subdivisions within a cortical
domains and cortical representations of the specialized bodyfield and its peripheral counterpart has been clearly demon-
part, can be observed in all sensory and motor systems in astrated byWelker and Van der Loos (1986)n mice selec-
variety of mammals. The star-nosed mole, for example, hastively bred to have an extra whisker or row of whiskers,
a large amount of cortical territory devoted to processing extra barrels or rows developed within the barrel fields in
inputs from its specialized nosEif. 9y Catania and Kaas, the neocortexKig. 6g. The authors noted that the relation-
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(A)

Duck-billed platypus

(B)
Star-nosed mole

Fig. 9. Cortical representation of the bill of the duck-billed platypus (A) and the nose of the star-nosed mole (B). Both mammals have evolved
specializations in peripheral morphology and use of specialized body parts, which is accompanied by changes in cortical organization. Thef large bil
the platypus has an enormous representation in the cortex that spans several cortical fields (gray). In fact, the majority of cortex in each faid (S1, R,
PV) is devoted to processing inputs from the bill. Within S1, both electrosensory and mechanosensory inputs are arranged in bands that form isomorphi
representations of the striped arrangement of receptors on the bill. The star-nosed mole has a structure that consists of an array of 22 agpgndages (ra
11 on each side that are arranged around the nostrils. These rays are used to explore food items and the immediate surround and have been likened
a fovea. In the cortex, these rays form isomorphic representations that appear band-like in both S1 and S2 (gray). One of the rays of the star-nose
mole (number 11: dark gray) is utilized preferentially compared to the other rays, and has an even larger representation in the cortex (dark gray) thar
its counterparts. The unusual morphological specializations in these mammals and the cortical magnification of the regions devoted to ppatessing in
from these appendages are striking demonstrations of the impact of peripheral morphology on organization of the neocortex (data used tasonstruct th
figure is taken from the work oKrubitzer et al., 199%nd Catania and Kaas, 199)kMedial is up and rostral is to the right.

ship between peripheral innervation density and cortical tical representation, it does suggest that preferential use,
isomorph was not linear and suggested that other factors,as opposed to innervation density alone, contributes to the
such as patterned activity, contribute to some aspects of or-construction of some attributes of cortical isomorphs.
ganization, including size of the isomorphic representation.  This relationship between peripheral activity and cortical
More recent studies in the star-nosed mole Ggtania domain assignment, cortical field magnification, and gen-
and Kaas (1997a,lsupport the findings dfVelker and Van eration of isomorphic representations as observed in com-
der Loos (1986)In star-nosed moles that naturally possess parative studies is difficult to reconcile with proposed in-
an additional nose appendage or ray, there is an additionaltrinsic mechanisms of cortical arealization described earlier.
isomorph of this appendage in the neocortex. Furthermore,Indeed, some of the results appear to be in direct conflict.
the eleventh, ventromedial ray is preferentially used in tac- For instance, studies in whidfgf8 was electroporated into
tile exploration. Although it is the smallest ray with the a caudal region of cortex clearly demonstrate the emergence
fewest number of sensory end organs, it has the largest senef a new, ectopic barrel field=(g. 68 Fukuchi-Shimogori
sory representation in S1 of the neocortex and the greatestand Grove, 20011 while other studies in mice that possess
area of cortical innervation relative to the size of any of an extra row of whiskersWelker and Van der Loos, 1986
the other raysKig. 9. While this study does not directly = demonstrate additional rows of barrels in the corteg (6b).
demonstrate use-dependent magnification of a specific cor-The former study suggests a strict genetic specification of
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cortical fields, while the latter study indicates that periph- and temporal patterns of expression in genes thought to be
eral innervation and use play a direct role in specification of involved in particular aspects of arealization.
cortical fields in development. However, as with changes in  Initially, our ideas regarding cortical field evolution were
cortical sheet size, there may be several ways in which cor-based almost predominantly on comparative observations.
tical representations are modified in evolution—some due These observations (sé&@ubitzer, 1995; Krubitzer et al.,
to intrinsic changes at a molecular/genetic level in the CNS 1995; Krubitzer and Huffman, 2000or review), as well
and others to alterations in peripheral morphology and as-as studies done several years ago on the grey-headed flying
sociated use. fox (Krubitzer and Calford, 1992; Krubitzer et al., 1993
The issue, of course, is not how the cortex can be ma- prompted us to speculate on the types of anatomical and
nipulated to produce alterations in cortical fields, but how functional changes that may occur in different lineages over
specification of cortical fields naturally occurs in evolu- time to generate the variability in neocortical number ob-
tion and how intrinsic and activity-dependent mechanisms served in extant species. Specifically, we proposed a way in
operate together under normal conditions to produce a par-which cortical fields might be added in evolutidfr(bitzer
ticular cortical phenotype. If one considers both the genetic and Calford, 1992; Krubitzer et al., 1995; Krubitzer, 1295
manipulation studies and the comparative studies, a clearetVe observed that all mammals have a constellation of cor-
picture of the genetic and activity-dependent contributions tical fields that are present, even in the absence of apparent
to the phenotype begin to emerge. For instance, both sets oluse Figs. 1 and 12seeSection ). We also observed that
data indicate that there are some features of cortical organi-in the somatosensory cortex of the flying fox some fields
zation that are genetically mediated and highly constrained were interdigitated within other fields, and some were com-
in evolution. The first is the gross geographic relationship pletely embedded in other fieldEi¢. 10. At first, we be-
of primary cortical areas to each other. Indeed the relative lieved this to be an example of modularity within the field,
position of fields is invariant across mammals. The second much like CO blobs in V1 of monkeys. Not surprising, this
is thalamocortical connectivity, particularly the connections led us to re-evaluate existing data on “modularity” in cor-
between major sensory nuclei, such as LGd, MGd and VP, tical fields. Our theory was that the cortex was a relatively
and primary sensory areas, such as V1, Al, and S1, respechomogenous structure early in development and that a cor-
tively. Finally, some aspects of cortical architecture such as tical field represented some pattern of connectivity from the
the laminar arrangement of the neocortex, the presence of ahalamus and ipsilateral and contralateral cortex. Over time
koniocellular layer, and the myelin density of primary sen- in evolution, these patterns must shift and change, possibly
sory fields are likely to be genetically regulated and certainly
appear to be constrained in evolution. On the other hand,
comparative data indicates that several features of cortical
organization are not genetically constrained and vary with
changes in peripheral morphology and with the patterned
activity associated with such morphology. These features
include the total extent of a particular sensory domain (not
its general location), the size and shape of a cortical field,
the details of the internal organization of a cortical field,
and some aspects of thalamocortical and cortical connectiv-
ity. These types of changes are driven by modifications to
peripheral morphology including changes in the size of an
appendage or structure and the receptor type, number and
density within the structure. These peripheral modifications
may be, but are not necessarily, genetically mediated.

Marmoset

Flying Fox

5. Theories of cortical field addition

Most theories of the development of the neocortex do not
ConSI(_jer the d_ynamlc _nature of dev_eloplng nervous SyStemSFig. 10. The organization of somatosensory cortex in the marmoset and
over time in different lineages. While the molecular mech-  he flying fox. In the marmoset, as in other mammals, the somatosensory
anisms involved in the generation of cortical areas within regions Sl (red), 3a (yellow), area 1 (violet), and 2 (green) are contiguous
a particular species have begun to be elucidated, how theséegions, each containing a representation of the entire somatosensory
mechanisms are altered in different “neages to generate Vari_surface. In contrast, in the flying fox, Sl is interdigitated with areas 3a and

. : . Further, area 2 consists of small islands that are completely embedded
able phenotypes_ls unclear. Sugh alterations must Occu_r'_ bu&/ithin area 1 (data used to construct this figure is taken from the work
we do not know if these alterations are due to the addition of rubitzer and Kaas, 199@nd Krubitzer and Calford, 1992 Rostral
or loss of an allele, or to more subtle changes in the spatialis to the left, medial is up. Scale bar1mm.
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due to additions or alterations in peripheral sensory arrays. This hypothesis appeared to fit well with comparative ob-
This results in a change in the geographic location of ho- servations for several reasons. First, the constellation of cor-
mologous cortical fields and the emergence of new patternstical fields that we identified (VI, Al, and SI) was observed
of connectivity (new cortical fields). If this were the case, in all mammals examined, but the overall size, shape, and
then one might argue that there is nothing inherent about asome aspects of geographic location of homologous cortical

cortical field Fig. 11). fields were shifted and reconfigured across lineagess( 1
AAAsOCOOOCORNER
Three separate cortical fields AAAOGOORRER Cortex
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A ® . Thalamus
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Fig. 11. lllustration of how cortical fields might be added or modified in evolution. (Top) A hypothetical stage of cortical field evolution where three
separate fields (triangles, circles, and squares) have similar input from three distinct thalamic nuclei. In the row below, specific corticareegions
invaded by new thalamic afferents (smaller gray circles and squares), which causes a realignment of existing inputs. Next, new thalamic rjguts conti
to invade the cortex, similar groups of afferents aggregate, and existing inputs continue to realign. (Bottom) For some fields, there is coegplgta segr

of related fields; while in other cortical fields there is partial segregation of afferent input, and the field remains embedded within anotherifietd (mod
from Krubitzer, 199%. This process can occur in either direction. The invasion of new thalamic afferents or a new combination of thalamic afferents may
be due to intrinsic changes in the cortex, discorrelation of activity in the thalamus, or modifications of peripheral apparatus. This illugtictSdhele
influence of thalamic input on cortical organization, but does not take into account the influence of cortico-cortical and callosal connectom®oasthi
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Marmoset

Tenrec

Platypus

Squirrel

1mm

Fig. 12. Variations in cortical field organization of different mammals with vastly different lifestyles. In all mammals observed, there alefielnttica

that are common (e.g. Sl, VI, Al, Sll, PV, and M), and patterns of callosal and subcortical connections are fairly constant across different lineages,
despite differences in size, shape and geographic location of different fields. However, there are large shifts in the geographic location @fishomolog
fields as well as changes in their size and shape. Rostral is to the left, medial is up.

and 13. Second, modularity, which we define as small lation, our theory was based on several assumptions, one of
architectonic (or histochemical), neuroanatomical and phys- which was incorrect. Most notably, this theory assumed that
iological territories either fully embedded or partially em- thalamocortical afferents play a dominant role in cortical
bedded within cortical fields, was observed across speciesfield addition and modification, that the periphery and asso-
in all sensory systems (s&@ubitzer, 1999. ciated activity are critical to the formation and evolution of
We reasoned that if our hypothesis that cortical fields are cortical fields, and that cortex is initially homogeneous.

specified predominantly by thalamic input was correct, then  This latter assumption was incorrect and has since been re-
manipulating the size of the cortical sheet (e.g. making it configured in light of molecular data demonstrating that the
significantly smaller) prior to the arrival of thalamic input developing neocortex is not homogeneous. As discussed in
would result in a shift of thalamocortical afferents as well Section 3a number of signaling centers have been identified,
as other cortical connections on the reduced sheet. To tesiand genes are expressed preferentially in different regions
this theory we ablated up to two-thirds of the caudal portion of the cortex prior to the arrival of thalamocortical afferents

of the cortical sheet very early in developmehtuffman
et al., 1999, well before the arrival of thalamocortical af-
ferents Molnar et al., 1998 Our prediction was that with

and even in the absence of such inpi$yashita-Lin et al.,
1999; Nakagawa et al., 1999Thus, thalamic input is not
necessary for some aspects of cortical development. Even if

a reduced cortical sheet, cortical fields would shift rostrally, our theory regarding cortical field addition is accurate, the
and individual fields would be compressed on the remain- specific mechanisms involved in cortical field addition and
ing cortical sheet. This turned out to be the cdsig.(133. modification are unknown. Based on the data outlined in
An unexpected finding was that a reduction in the size this review, several scenarios are plausible. First, there may
of the cortical sheet very early in development induced be some change to the cortex itself, such as a genetically
a corresponding reduction in the thalamus and midbrain. mediated expansion of the cortical sheet (Seetion 2. An
These structures were normally organized, but nuclei and expansion of the developing neocortex may be sufficient to
layers were compressedig. 13b and & These changes induce new patterns of thalamocortical and corticocortical
were consistent with the types of changes observed in otherconnections to form. Another possibility is that there is a
mammals with a relatively smaller cortical sheet. change in the dorsal thalamus, possibly induced by alter-
Our initial proposition of cortical field evolution, which  ations in the expression patterns of some ephrins and their
we believed these studies would help validate, skirted the Eph receptors that are involved axon guidance and tissue
issue of the mechanisms by which cortical field additions border formation during early stages of thalamic develop-
or contractions might occur. Further, in its original formu- ment Feldheim et al., 1998; Frisen et al., 1998; Kullander
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Normal Lesion

Si

Fig. 13. The effects of cortical reduction early in development in the short-tailed opossum. In part A, the cortical fields of a normal animal were
identified electrophysiologically and myeloarchitectonically. In animals that underwent unilateral lesions to the caudal 2/3 of the neawortetheri
formation of thalamic afferents (B), cortical field organization was extensively altered onto the reduced cortical sheet. There were also sbaveges ob
subcortically; the dorsal thalamus (B) and superior colliculus (SC) (C) were significantly smaller on the side of the brain ipsilateral to the tasion.

dorsal thalamus, the size of some of the individual nuclei (including the LGd and VP) were substantially reduced and shifted dorsally. In the SC, the
layers appeared to be compressed (data used to construct this figure iddffman et al., 1999 CA, cerebral aqueduct, CG, central gray, CP, cerebral
peduncle, HB, habenula, LGd, dorsal division of the lateral geniculate nucleus, LGy, ventral lateral geniculate nucleus, MD, mediodorsaDfucleus,
optic tract, VP, ventroposterior nucleus. Dorsal is up, and in A, rostral is to the right. Scate iaim.

and Klein, 2002; Lyckman et al., 2001; Sestan et al., 2001; alter cortical domain territories is to increase or decrease
Wilkinson, 200). This may induce a discorrelation between the size of the sensory receptor array of a specific sensory
different groups of thalamocortical afferents, which in turn system and examine the results using electrophysiological
results in fractured patterns of input or modules in the cortex. recording and anatomical techniques.
Finally, there may be a change in peripheral morphology, In a recent set of experiments in the South American
such as alterations in the size and shape of an appendage, @hort-tailed opossumMonodelphis domestica), we elimi-
the number, type and density of sensory receptors. It shouldnated visual input very early in development, prior to the
be noted that any or all of these are viable candidates for in-formation of the retino-geniculo-cortico pathwagahn and
ducing the types of shifts in connectivity that we proposed Krubitzer, 2002; Dunn et al., 20Q1Electrophysiological
earlier in this section. Indeed, it seems likely that there is recordings in these enucleated opossums after they reached
more than one way to developmentally alter the cortical adulthood revealed that “visual cortex” was substantially re-
phenotype in evolution. The types of central and peripheral duced Fig. 14). Further, cortical regions normally involved
changes described above may occur either singly or in somewith visual processing, including area 17 (V1 in normal
combination but are unlikely to occur simultaneously. animals), had been captured by auditory and somatosensory
inputs, and contained neurons that responded to a different
sensory modality compared to normal animals. Thus, there
6. Testing theories of cortical domain specification: were dramatic shifts in cortical domain territories, as large
studies of bilaterally enucleated opossums as, or larger than, those produced by genetically modifying
intrinsic signaling centers (se&ection 3.

We can test the extent to which peripheral input and asso- However, there were also a number of features of the neo-
ciated activity play a role in specifying cortical domains by cortex that remained unchanged, despite this massive loss
making changes to the peripheral receptors, similar to the of sensory input. For instance, examination of the brains
types of changes that occur naturally in evolution. As noted of bilaterally enucleated animals using neuroanatomical
above, important features of cortical organization are asso-tracing techniques indicated that cortico-cortical and thala-
ciated with distinct peripheral morphologies and behaviors. mocortical connections of area 17 were largely preserved.
The obvious conclusion from these comparative studies is In addition, gross positional organization in terms of medi-
that peripheral morphology and patterned activity play a olateral and rostrocaudal organization of the cortex was
large role in cortical field specification in development. One maintained. Finally, although area 17 appeared to be sub-
way to test the total extent to which peripheral receptors can stantially reduced in size, its cortical architecture was similar
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et al., 1989. In anophthalmic (eyeless) mice, large changes
VANCECA) in subcortical connections are apparent in that the LGN
receives auditory and somatosensory inpésafiuma and
Stanfield, 1990; Bronchti et al., 20P0

While some of the results from comparative studies of
the neocortex and data in bilateral enucleated and naturally
a-visual animals seem at variance with studies of gene
expression described earlier, there are several important
observations that are consistent between data sets. First, the
Bilateral global geographic relationships of primary sensory fields
Enucleate are maintained. That is, the primary visual area (V1) is lo-
cated caudally, while the primary somatosensory (S1) area
is located more rostrally, and the primary auditory area is
located more laterally, between V1 and S1. This geographic
relationship is maintained even in brains where the size of
the primary sensory field is reduced either naturally or ex-

Fig. 14. lllustration of a dorsal view of the neocortex of a normal (top) pe”menta”y as a result of loss of perlpheral Inputs or a re-

and bilaterally enucleated (bottom) adult short-tailed opossum. Bilateral dUction in activity from peripheral receptors. Second, some
enucleations were performed early in development, prior to the formation aspects of connectivity are maintained even in the absence
of the retino-geniculo-cortical pathway. Despite the absence visual of input of use or loss of a sensory system. For example, blind mole
from retinal regeptors_ln the enucleated animal, there was still an area in rats still maintain a retino-geniculate-cortical pathway. Fur-
the caudomedial portion of the cortex that was anatomically similar to . . . . .

V1 (area 17) in the normal animals, although substantially smaller. The ther’ in these animals, as We_" asin anOphthalmIC mlc_e _a_nd
geographic relationship of S1 (red), AL (green) and area 17 (blue; v1 bilateral enucleates, connections between the dorsal division
in normal animals) was maintained despite the complete lack of activity Of the lateral geniculate nucleus (LGNd) and V1 are still
from visual receptors, suggesting some genetic component to cortical maintained, although reduced. The preservation of global
organization. However, in the bilateral enucleate, area 17, which contains relationships of sensory cortical fields and of some aspects

neurons that normally respond to visual stimulation, contained neurons f connectivity in animals that have extrem ialization
responsive to somatosensory (S) and auditory (A) stimulation. Thus, whenO connec ymina ais that have extreme specializations,

activity from visual receptors was experimentally eliminated, visual cortex lIk€ the platypus, or loss or reduction of a sensory system,
was captured by the somatosensory and auditory systems. These changdike the blind mole rat and bilateral enucleate, fits well with
in the configuration of cortical domains and size of cortical fields indicate developmental studies described earlier in this chapter. All
that some features of cortical domain specificity are mediated by activity of these studies are consistent with the view that intrinsic
from peripheral receptors. These data are consistent with the nervous _. . . "

systerFr)1 o?ganization pof animals in which input from specific sensory ?'gna"”g centers (e'gNnt’ Shh, BMP)'prowde posmonal
systems are naturally reduced or eliminated, such as the blind mole ratinformation for incoming thalamocortical afferents and for
or anophthalmic (eyeless) mice. Dark blue in top (normal) represents the the relative location of cortical fields with respect to other
primary visual area, and in the bottom the primary visual area as defined cortical fields. These types of signaling centers arose early in
architectonically. Light blue (top) represents other visually responsive evolution, and certainly constrain the evolution of the mam-

cortical regions in the normal animal. Red: somatosensory, green: aluditory,maIian neocortex since their action directs developmental
MM: multimodal area, CT: caudotemporal area, OB: olfactory bulb, PYR: p

pyriform cortex. Rostral is to the left and medial is up, scale-pdrmm CaS(_:adeS ir_1 Whiqh any event_is_ contingent upon a prior event.
(data used to construct this figure is taken from the work<ahn and Given this, it is not surprising that observations across
Krubitzer, 2003. mammalian species indicate that the position and general

thalamocortical innervation patterns are invariant. Further,
to normal animals. These results indicate that peripheral particular proteins (e.g. FGF8) may impart very specific fea-
input plays a significant role in assigning cortical domains tures of cortical area identity, such as architecture, and also
and that cortical areas are susceptible to dramatic changegonstrain evolution of the neocortex. This is consistent with
in organization and size, while position, shape, architecture observations that some aspects of architecture, connectiv-
and some aspects of connectivity of at least primary fields ity, and geographic position of particular areas are invariant
are likely to be mediated by intrinsic genetic signals (see across mammals, regardless of the animal’s sensory special-
Kahn and Krubitzer, 20QZor review of related literature).  izations or use of a sensory system.

These observations are similar to those made in mammals There are still several outstanding questions generated
that naturally have a reduced or absent visual system due tdby comparative, molecular and developmental manipulation
miniaturization or loss of the eye. For instance in the blind studies that need to be addressed. For one, how do intrinsic
mole rat, the eyes are micro-ophthalmic and covered with cortical mechanisms act in concert with activity-dependent
skin. In these animals, as in the bilateral enucleated animals,mechanisms to allocate cortical domains and cortical fields
a geniculo-cortical pathway is still preser@doper et al., that faithfully represent sensory receptor arrays? A second
1993; Bronchti et al., 1991 and neurons in the LGN and question is how are the dynamics of particular developmen-
“visual” cortex respond to auditory stimulatiomronchti tal mechanisms altered over larger time scales to produce
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variable phenotypes? The large-scale dynamics of evolutiontrigger local protein synthesis at the dendritakalu et al.,
are rarely considered in the smaller context of individual 2001 seeZhang and Poo, 200%or reviews).
developmental cascades. In particular, how are developmen- One way in which activity can ultimately affect the struc-
tal regimes altered to produce a new cortical field? A third tural configuration and function of neurons via neurotrophin
guestion is related to the co-evolution of the motor system release, in particular by the release of brain-derived neu-
with particular sensory system morphologies. As noted rotrophic factor (BDNF), is through calcium channels.
above, specialized peripheral morphologies are associatedNeural activity increases intracellular calcium, and through
with specialized use; the receptor array is never stationarya cascade of intracellular molecular events, induces acti-
but is very specifically interfaced with the environment. vation of the cyclic AMP pathway, which phosphorylates
Particular motor sequences such as reaching and graspinga transcription factor, CRE-binding protein or CREB (see
saccadic and smooth pursuit eye movements, whisking, andrFinkbeiner and Greenberg, 1998; West et al., 20t
head orientation, have co-evolved with these receptor ar-reviews). Phosphoralization of CREB can bind to the reg-
rays. Thus, the motor system is an integral part of sensoryulatory region of a gene and induce transcription. The tran-
reception. How are sensory and motor systems interfaced inscript, mRNA, serves as a template to translate the DNA
development? How does the evolution of one affect the evo- code into a protein or peptide. In this way, activity can alter
lution of the other? Finally, at the cellular level, what are the gene expression, by transcribing the code for neurotrophins
changes in the pre-and post-synaptic elements that allow forsuch as BDNF.
the types of activity-dependent modifications observed in  Neurotrophins, such as BDNF, NGF, NT3, and NT4/5,
extant mammals? Are these cellular changes heritable? Arehave been demonstrated to play a critical role in the de-
they only expressed in particular environmental contexts? velopment of the nervous system and carry out a range
As discussed below, accumulating evidence indicates thatof functions. At a very gross level, neurotrophins, such as
several features of synaptic architecture and function may BDNF and NGF, mediate both positive and negative rates of
indeed be context dependent, and thus highly variable acrossxeuronal survival during development (desvi-Montalcini,
species. 1987; Miller and Kaplan, 20Q1for reviews) and stimu-
late cell migration of neurons out of proliferative zones
(Borghesani et al., 2002Neurotrophins also influence the
7. Potential mechanism for activity-dependent growth of axons and dendrites, exerting very specific effects
changes to nervous systems on neuronal differentiation. For example, BDNF increases
the extent of axon outgrowth in cultured cerebellar granule
The data presented throughout this review indicate that thecells Segal et al., 199%nd enhances dendritic outgrowth of
neocortical organization of any particular species is highly immature cerebellar Purkinje cell€drter et al., 2002 Ad-
adapted to the environment in which it resides. While the ditionally, neurotrophin 3 (NT3) alters the pattern of neurite
exact phenotype may not be selected for, the ability of neural outgrowth of developing cerebellar granule cells and thus
tissue to be plastic or undergo functional and morphological may be involved in fasciculation or branching of cell fibers
changes may be selected for. Thus, plasticity appears to bgSegal et al., 1995Some neurotrophins appear to act at very
built into evolving mammalian nervous systems and must be specific sites in the neuron. Recent studies in hippocampal
manifested at intracellular and molecular levels of organiza- slices of adult animals indicate that BDNF stimulates pro-
tion. While the molecular basis for adult plasticity in terms tein synthesis in dendrite#\ékalu et al., 200}l The local
of long-term potentiation has been well documeni®dg¢dy production of particular proteins has been proposed to be
et al., 1978; Walters and Byrne, 1983; Manilow et al., 1988; involved in determining dendritic and spine morphology as
Bonhoeffer etal., 1989; Bekkers and Stevens, 1990; Zalutskywell as synaptic function.
and Nicholl, 1990; Castillo et al., 1994here is less known Another way in which experience can alter neuronal struc-
about the molecular mechanisms that allow for large scale ture and function during development is through the NMDA
systems changes in the developing nervous system. How-subtype of glutamate receptor (NMDAR). The NMDAR
ever, there have been several activity-dependent, moleculamplays a critical role in experience-dependent reorganization
mechanisms proposed to account for the structural and func-and refinement of connections in the immature brain (see
tional changes that occur in the developing nervous system.Constantine-Paton et al., 1990; Cramer and Sur, 1995; Katz
One of the best candidates for such changes involves a clasand Shatz, 1996; Constantine-Paton and Cline, 1888
of proteins called neurotrophins. Neurotrophins are likely reviews). In the developing CNS, synaptic strength can be
mediators for activity-dependent changes that occur during regulated by activation of the post-synaptic NMDAR, either
development for several reasons. Activity regulates their by non-NMDA AMPA currents or by structural alterations
levels and secretion and is in turn regulated by them, they to NMDA receptor subunits. NMDA receptor channels are
are expressed in portions of the neuron that undergo changesomposed of two subtypes, the NR1 and NR2, and the NR1
(e.g. synapses), they regulate morphological changes insubtype combines with NR2A-D receptor subunits. Each of
both the pre- and post-synaptic element (8éeAllister these subtypes has distinct functional properties {a@e
et al., 1995, 1999; McAllister, 200%or reviews), and they  etal., 1999for review). In early development, NR2A-D sub-
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units are expressed throughout the neonatal cortex, with theinstances, the specific genes or proteins associated with a
NR2B subunit most highly expressed in the neonatal fore- particular feature. First, the size of the cortical sheet is
brain. As the cortex matures, these are replaced by NR2Alikely to be under genetic control, and simple regulation of
receptors, which have the fastest decay kinetMsryer cell-cycle kinetics in the ventricular zone can account for an
etal., 1994; Sheng et al., 1994; Flint et al., 1997has been exponential increase in the size of the cortical sheet. Proteins
proposed that the conformational changes in the NMDAR such ag3-catenin appear to regulate some aspects of the cell
subunit composition, and the associated functional changescycle, particularly the fraction of cells that remain in the
can be triggered by sensory inpuiok et al., 1999 Di- progenitor pool. Another feature of mammalian brains that
rect evidence for this proposition comes from experiments appears to be genetically regulated is the anterior—posterior
in the rat visual system. Dark-reared rats showed a decreasand dorsoventral coordinate system of the neocortex. Intrin-
in NR2A expression in the visual cortex compared to nor- sic signaling genes and molecules suchAag, Shh, Fgf8
mal animals (Quinlan et al., 1999). Upon exposure to light, and BMP may set-up a combinatorial coordinate system
this effect in dark-reared animals was reversed. The authorsthat serves as a scaffold for incoming thalamocortical ax-
proposed that the changes in NR2A subunit expression andons. Changes in peripheral morphology that ultimately con-
cell kinetics could mediate plasticity by strengthening weak trol the types of patterned activity that the CNS can access
synapses by upregulating NR2A subunits. Conversely, theseare likely to be under genetic control. For example, features
may be downregulated during development as connectionssuch as the size and shape of an appendage, and the sen-
become strengthened, or potentiated. These results suppogory receptor type, number, density and location may also
the view that sensory input can regulate NMDA receptor be genetically regulated. Finally, the architecture of the pre-
subunit expression, and they provide a model by which and post-synaptic elements and the intracellular machinery
experience-dependent plasticity may occur in the develop- that allows for activity-dependent changes in the developing
ing cortex. As in the previous example of neurotrophins, the nervous system may be genetically regulated and heritable,
intracellular mechanisms that allow activity to regulate re- although the specific phenotype they generate is not.
ceptor subunit changes may be genetically mediated, butthe The contribution of patterned activity to the construc-
ultimate phenotype is regulated by sensory input. tion of a complex phenotype is also critical. Although not
This entire processes or exact series of events by whichdiscussed in this chapter, it is certainly worth mentioning
activity promotes structural and functional changes in a that both passive environmental influences as well as active
neuron is far more intricate than we have described, andinfluences play a large role in nervous system construction.
much of the basis for exactly how activity alters structure Passive influences can have resounding effects on the devel-
is indirect, often correlational, and in some instances un- opment of both the somatic and nervous system phenotype.
known. However, the important point for our discussion Some types of passive influences include diet, toxins, pH
of phenotypic variability is that activity can induce cellu- and temperature. As an extreme example, the phenotype
lar and systems level changes in the developing nervousof a nervous system that develops in the presence of alco-
system via NMDA-mediated alterations to synapses or by hol is dramatically different than a normal phenotype, yet
calcium-induced alterations in gene expression. Such al-still viable. In these cases, gross morphological structure,
terations in gene expression promote peptide and proteinorganization and we suspect even connections are signifi-
synthesis (of neurotrophins and many other proteins), which cantly modified. This change is not adaptive (but analogous
in turn generate structural and functional modifications modifications may well be) and is not heritable.
throughout the cell. Thus, there can be changes in gene Active influences include changes in the relative activity
expression, alterations in connectivity, and ultimately large patterns across sensory receptor arrays and patterned activity
phenotypic changes that are not heritable. However, theseassociated with a specific sensory apparatus, which in turn
modifications can masquerade as evolution as long as theinfluences the temporal and spatial patterns of neural firing
physical and social environment that led to the generation at all levels of the central nervous system. Activity can indi-
of the particular patterned activity, which induced changes rectly alter the temporal and spatial patterns of gene expres-
in gene expression and the resulting phenotype, is static. Assion via neurotrophins, for example, which in turn can alter
discussed below, some phenotypic characteristics, includ-the structure and function of neurons and their connections.
ing some features of cortical organization and connectivity, These types of alterations can masquerade as evolution,
exist only within specific environmental contexts. because they are genetically mediated and the resulting phe-
notype can be dramatically altered. However, they are not
heritable but rather situation dependent. Therefore, sensory

8. What are the genetic and activity-dependent domain enlargements, cortical field size, cortical magnifi-
mechanisms that give rise to features associated cation within cortical fields, and the connectivity of both
with complex brains? cortical and subcortical structures are, to a large extent, de-

pendent on neural activity from peripheral receptor arrays
We have discussed some of the features of complex brainsand activity from circuits within the CNS. The examples we
that are likely to be under genetic control and, in some have provided are easily related to peripheral morphology
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and use and include the bill of a platypus, the hand of a Bronchti, G., Rado, R., Terkel, J., Wollberg, Z., 1991. Retinal projections
primate, and the lips, tongue, oral structures and larynx of in Fhe blind mole raF: WGA-HRP tracing study of a natural degene-
humans. However, one can also consider active influences_ "ation. Develop. Brain Res. 58, 159-170.

such as language and skill acquisition, and social and ¢ I-Bmmhti’ G., Molnar, Z., Welker, E., Croquelois, A., Krubitzer, L.,
guag q ! u 2000. Auditory and somatosensory activity in the visual cortex of the

tural learning that are not strictly tied to a particular sensory  anophthalmic mutant mouse. Soc. Neurosci. Abstr. 26, 2193.
receptor array or associated behavior. These types of activeButler, A.B., Molnar, Z., 2002. Development and evolution of the
influences can fundamenta”y alter the phenotype by chang- collopallium in amniotes: a new hypothesis of field homology. Brain
ing patterns of synaptic efficacy and connectivity along the _ Res- Bull. 57, 475-479. o

. . d ultimatelv the organization and func- Carter, A.R., _Chen, C., Schwartz, P.M., Segal, R.A,, _2902. Bram-denvgd
antlre neuroaxis, and u y . g neurotrophic factor modulates cerebellar plasticity and synaptic
tion of the neocortex. We hypothesize that much of the hu-  yirastructure. J. Neurosci. 22, 1316-1327.
man neocortex that does not include the primary and secondcastillo, P.E., Weisskopf, M.G., Nicoll, R.A., 1994. The role of’Ca
sensory and motor areas is occupied by cortex that is largely ~channels in hippocampal mossy fiber synaptic transmission and
shaped by such active influences and is only expressed in_ 'ong-term potentiation. Neuron 12, 261-269.

. . . .. Catania, K.C., Kaas, J.H., 1995. Organization of the somatosensory cortex
a pamCUIar environmental context. This makes def|n|ng of the star-nosed mole. J. Comparative Neurol. 351, 549-567.

such fields across species difficult, since the stimuli that catania, K.C., Kaas, J.H., 1997a. The mole nose instructs the brain.

ultimately shape the field are complex, multifaceted, often  Somatosens. Motor Res. 14, 56-58.

multimodal and different for different species. While most Catania, K.C., Kaas, J.H., 1997b. Somatosensory fovea in the star-nosed
of this review has focused on studies of non-human mam- mole: behavioral use of the star in relation to innervation patterns and

mals. clearlv the human brain is enslaved by the same qe- cortical representation. J. Comparative Neurol. 387, 215-233.
! y y 9 Chenn, A., Walsh, C.A., 2002. Regulation of cerebral cortical size by

netic constraints and sh_aped by the same activity-dependent conrol of cell cycle exit in neural precursors. Science 297, 365-369.
mechanisms as the brains of other mammals. Consequentlychiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal,
its future evolution will follow predictable paths. Although H., Beachy, P.A., 1996. Cyclopia and defective axial patterning in mice

the precise specializations that may emerge cannot be lacking Sonic hedgehog gene function. Nature 383, 407-413.
known. the tvpes of change possible and the mechanismsCIark’ D.A., Mitra, P.P.,, Wang, S.S.-H., 2001. Scalable architecture in
! yp gep mammalian brains. Nature 411, 189-193.
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