Chapter 3

The evolution of human neocortex:
Is the human brain fundamentally
different than that of other
mammals?

Leah Krubitzer and Dianna M. Kahn

Abstract

The neocortex is composed of areas that are functionally, anatomically,
and histochemically distinct. In comparison to most other mammals,
humans have an expanded neocortex, with a pronounced increase in
the number of cortical areas. This expansion underlies many complex
behaviors associated with human capabilities, including perception,
cognition, language, and volitional motor responses. We consider data
from comparative studies as well as from developmental studies to gain
insight into the mechanisms involved in arealization, and discuss how
these mechanisms may have been modified in different lineages over
time to produce the remarkable degree of organizational variability
observed in the neocortex of mammals. Because any phenotype is a
result of the complex interactions between genotypic influences and
environmental factors, we also consider environmental, or epigenetic,
contributions to the organization of the neocortex.

3.1 Introduction

How did humans evolve their remarkable cognitive abilities? What makes the human
brain different from that of other animals, and the behavior it generates unique?
Although these questions are fundamental to psychologists and neuroscientists alike,
they are difficult to answer, for several reasons. First, evolution of the mammalian
brain, and neocortical evolution in particular, is difficult to study directly. Secondly,
even if we could study evolution directly, considering evolutionary contributions
to phenotypic variability in isolation is too restrictive. Finally, these questions are
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highly subjective and therefore their answers would provide limited information
regarding cortical function and evolution. However, we can circumvent some of
these problems by studying evolution indirectly and making inferences about the
process. In addition, we can examine the non-evolutionary mechanisms that generate
phenotypic variability. Finally, we can re-formulate our questions in a more objective
fashion.

Like other mammals, our sensory receptor arrays are capable of sampling only a
limited portion of the physical environment. Our nervous system enhances stimulus
features, generates probabilities, and constructs the reality of our world in a highly
biased manner that considers only those parameters that we can actually detect.
Unfortunately, the concepts we generate regarding the organization and function of
the nervous system, particularly the neocortex, reflect these same biases. So, how can
we get out of our own skin?

For addressing questions of human brain evolution, we can talk about complexity
rather than intelligence, cognition, or any other covert behavior generated by
the human brain whose definition requires subjective human experience. We appreci-
ate that some mammals, such as human and non-human primates and cetaceans,
have a relatively large neocortex that is complexly organized. For our purposes, com-
plexity can simply be defined as a large number of functionally distinct parts that
are intricately interconnected. We also appreciate that mammals that have a relatively
large, complexly organized neocortex appear to generate more complex behaviors.
As with the nervous system, complex behavior refers to behaviors that have many
parts, and includes motor behaviors such as reaching, grasping, locomotion, artic-
ulation of sounds, or behaviors such as stimulus detection, perception, learning
and memory, components of which can be quantified. Although it is difficult to
detect subtle differences in complex brains and behavior using this rather gross
scheme of classification, one can feel fairly confident stating that mammals that
have neocortices with many functionally heterogeneous parts that are specifically
interconnected, generally have more complex behaviors. Thus, we can refine our
questions regarding human brain evolution, and achieve at least some modicum
of objectivity if we examine how the brain evolves more functional parts (cortical
fields), how connections between these parts become specified, and ultimately how
the addition of these parts are specifically related to the generation of complex
behavior.

However, considering only the evolution of cortical fields is problematic because it is
far too restrictive, Evolution requires the transmission of genes from one generation to
the next. When we consider evolution in isolation, we only consider those characteris-
tics of the brain that are heritable. Yet, studies of cortical plasticity in adult and devel-
oping mammals indicate that the nervous system is capable of remarkable change
within the life of the individual which takes the form of functional map reorganization
in adults (Recanzone et al. 1992, 1993; Recanzone, 2000), and in the developing nervous
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system includes large sensory domain shifts, changes in functional map organization
and changes in connectivity (Kahn and Krubitzer 2001, 2002).

The final problem associated with the questions posed at the beginning of this chap-
ter is that evolution is difficult to study directly because the time course of change is
relatively slow by individual life-span standards, and subtle changes often occur over
thousands of generations. However, there are two ways to circumvent this problem:
(1) use of a comparative approach, and (2) examining the developmental mechanisms
that give rise to particular characteristics of complex brains. Using the comparative
approach we can study the products of the evolutionary process and make inferences
about the process itself. This method allows us to deduce general characteristics of
nervous systems and the types of brain changes that are actually possible. A compara-
tive approach in combination with a developmental approach allows us to examine the
constraints that direct the course of evolution.

For instance, electrophysiological recording studies, architectonic analysis, and stud-
ies of cortical and subcortical connections indicate that all mammals have a constella-
tion of specifically interconnected cortical fields (Krubitzer 1995, Krubitzer and
Huffman 2000). Some of these fields include the primary and secondary sensory areas
such as S1, 92, V1, V2, Al and R (Fig. 3.1). These same types of studies indicate that the
types of system changes that are possible are limited and include changes in:

o the size of the cortical sheet;

o the number of cortical fields;

o the amount of cortex devoted to a particular sensory system (sensory domains);

o the amount of a cortical field devoted to a particular portion of the sensory
epithelium;

* connectivity;

*

modularity of existing fields.
Within these large categories, further modifications in cell size, dendritic and axonal
arborization, and laminar organization have been made to the neocortex over time.
Although we propose that the types of modifications with respect to all of the possible
ways in which brains could change are limited, there is still a large degree of freedom
for phenotypic change within these constraints.

The limited types of modifications that are observed in extant brains, particularly
those that have evolved independently, indicate that there are constrained develop-
mental mechanisms that generate nervous systems. Thus, the second way to study the
evolution of the neocortex, in particular the mechanisms that give rise to current
organization and constraints imposed on evolving nervous systems, is to study the
development of the neocortex. This chapter will focus on some of the modifications
associated with complex brains and discuss the evolutionary (inherent, genetic contri-
butions) and activity-dependent mechanisms that give rise to these features.
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Further, cortical regions normally involved with visual processing, including area 17 or
V1, now contained neurons that responded to a different sensory modality compared
to normal animals. Thus, there were dramatic shifts in cortical domain territories, as
large, or larger, than those produced by genetically modifying intrinsic signaling cen-
ters (discussed in Section 3.3).

However, there were also a number of features of the neocortex that remained
unchanged, despite this massive loss of sensory input. For instance, examination of
the bilateral enucleate brains using neuroanatomical tracing techniques indicated that
cortico-cortical and thalamocortical connections of area 17 (V1 in normal animals)
were largely preserved (Kahn and Krubitzer 2001). In addition, gross positional organ-
ization in terms of medio-lateral and rostro-caudal organization of the cortex was
maintained. Finally, although V1 appeared to be substantially reduced in size, its corti-
cal architecture was similar to that of normal animals. These results indicate that
peripheral input plays a large role in assigning cortical domains, and that dramatic
changes in the organization and the size of cortical fields can be determined by periph-
cral input. On the other hand, position, shape, architecture, and some aspects of connec-
tivity of at least primary fields are likely to be mediated by intrinsic genetic signals (for
review of related literature see Kahn and Krubitzer 2002). These observations are similar
to those made in mammals that naturally have a reduced or absent visual system due to
miniaturization or loss of the eye. For instance in the blind mole rat, the eyes are micro-
ophthalmic and covered with skin. In these animals, as in the bilateral enucleated ani-
mals, a geniculo-cortical pathway is still present (Bronchti et al. 1991; Cooper et al,
1993), and neurons in the lateral geniculate nucleus (LGN) and ‘visual’ cortex respond
to auditory stimulation (Bronchti et al. 1989).

These studies support observations from comparative studies in that the global geo-
graphic relationships of primary sensory ficlds are maintained, the architectonic fea-
tures of primary cortical fields can be identified, and some aspects of connectivity are
maintained even in the absence of use or loss of a sensory system. The preservation of
global relationships of sensory cortical fields and of some aspects of connectivity in
animals that have extreme specializations, like the platypus, or loss or reduction of a
sensory system, like the blind mole rat and bilateral enucleate, fit well with data from
developmental studies described earlier in this chapter. All of thesc studies are consis-
tent with the view that intrinsic signaling centers (e.g. Wnt, Shh, BMP) provide posi-
tional information for incoming thalamocortical afferents, and relative location of
cortical fields with respect to other cortical fields. These genes (and likely others) arose
early in cvolution, and certainly constrain the evolution of the mammalian neocortex.

Despite these consistencies across data sets, therc are still several outstanding ques-
tions gencrated by comparative, molecular and developmental manipulation studies
that need to be addressed. For example, how do intrinsic cortical mechanisims act in
concert with activity-dependent mechanisms to allocate cortical domains and cortical
fields that faithfully represent sensory receptor arrays? A second question is how are
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the dynamics of particular developmental mechanisms altered over larger time scales
to produce variable phenotypes? The large-scale dynamics of evolution are rarely con-
sidered in the smaller context of individual developmental cascades. In particular, how
are developmental regimes altered to produce a new cortical field? A third question is
related to the co-evolution of the motor system with particular sensory system mor-
phologies. As noted above, specialized peripheral morphologies are associated with
specialized use; the receptor array is never stationary but is very specifically interfaced
with the environment. Particular motor sequences, such as reaching and grasping, sac-
cadic and smooth pursuit eye movements, whisking, and head orientation, have co-
evolved with these receptor arrays. Thus, the motor system is an integral part of
sensory reception. How are sensory and motor systems interfaced in development?
How does the evolution of one affect the evolution of the other? Finally, at the cellular
level, what are the changes in the pre-and postsynaptic elements that allow for the
types of activity-dependent modifications observed in extant mammals? Are these cel-
lular changes heritable? Are they only expressed in particular environmental contexts?
Some of these questions can be addressed by considering specific cellular mechanisms
that are influenced by activity. As discussed in the following section, accumulating evi-
dence indicates that several features of synaptic architecture and function may indeed
be context dependent, and thus highly variable across species.

3.6 Neurotrophins and activity-dependent changes to the
nervous system

There have been several activity-dependent, molecular mechanisms proposed to
account for the structural and functional changes that occur in the developing nervous
system. One of the best candidates for such changes involves a class of proteins called
neurotrophins. Neurotrophins are likely mediators for activity-dependent changes that
occur during development, for several reasons. Activity regulates their levels and secre-
tion and is in turn regulated by them, they are expressed in portions of the neuron that
undergo changes (e.g. synapses), they regulate morphological changes in both the pre-
and postsynaptic element (for reviews, see McAllister et al. 1995, 1999; McAllister 2001),
and they trigger local protein synthesis at the dendrite (Aakalu et al. 2001; see Zhang and
Poo 2001 for a review),

One way in which activity can ultimately affect the structural configuration and
function of neurons via neurotrophin relecase, in particular by the relcase of brain-
derived neurotrophic factor (BDNF), is through calcium channels. Neural activity
increases intracellular calcium and, through a cascade of intracellular molecular
events, induces activation of the cyclic AMP pathway that phosphorylates a transcrip-
tion factor, cyclic AMP response element (CRE)-binding protein or CREB (for reviews,
see Finkbeiner and Greenburg 1998; West et al. 2001). Phosphorylated CREB can bind
to the regulatory region of a gene and induce the initiation, elongation, and translation
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of RNA transcripts. An RNA transcript is a complementary strand of DNA that is used
as a template to translate the DNA code into a protein or peptide. In this way, activity
can alter gene expression, by transcribing the code for neurotrophins such as BDNE

Neurotrophins, such as BDNE, nerve growth factor (NGF), NT3, and NT4/5 play a
critical role in the development of the nervous system and carry out a range of func-
tions. At a very gross level, neurotrophins such as BDNF and NGF mediate both posi-
tive and negative rates of neuronal survival during development (for reviews, see
Levi-Montalcini 1987; Miller and Kaplan 2001), and stimulate cell migration of neu-
rons out of proliferative zones (Borghesani et al. 2002). Neurotrophins also influence
the growth of axons and dendrites (Segal et al. 1995; Carter et al. 2002), exerting very
specific effects on neuronal differentiation. Further, recent studies in hippocampal
slices of adult animals indicate that BDNE stimulates protein synthesis in dendrites of
hippocampal neurons (Aakalu et al. 2001). Thus, local production of particular pro-
teins may be involved in determining dendritic and spine morphology as well as
synaptic function.

The entire process by which activity promotes structural and functional changes in a
neuron is intricate, and much of the evidence for exactly how activity alters structure is
indirect, often correlational, and in some instances unknown. However, the important
point for our discussion of phenotypic variability is that activity can induce cellular and
systems level changes in the developing nervous system via calcium-induced alterations
in gene expression. Such alterations in gene expression promote peptide and protein
synthesis (of neurotrophins and many other proteins), which in turn generates struc-
tural and functional modifications throughout the cell. Thus, one can have changes in
gene expression, alterations in connectivity, and ultimately large phenotypic changes
that are not heritable. However, these modifications can masquerade as evolution as long
as the physical and social environment that led to the generation of the particular pat-
terned activity, which induced changes in gene expression and the resulting phenotype,
is static. As discussed below, some phenotypic characteristics, including some features of
cortical organization and connectivity, exist only within specific environmental contexts.

3.7 What are the genetic and activity-dependent
mechanisms that give rise to features associated with
complex brains?

We have discussed some of the features of complex brains that are likely to be under
genetic control, and in some instances, the specific genes or proteins associated with a
particular feature. First, the size of the cortical sheet is likely to be under genetic con-
trol, and simple regulation of cell-cycle kinetics in the ventricular zone can account for
an exponential increase in the size of the cortical sheet. Proteins such as B-catenin
appear to regulate some aspects of the cell cycle, particularly the fraction of cells that
remain in the progenitor pool. Another feature of mammalian brains that appears to
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be genetically regulated is the anterior-posterior and dorso-ventral coordinate system
of the neocortex. Intrinsic signaling genes and molecules such as Wat, Shh, BMP, and
fibroblast growth factor-8 (FGF8) may set up a combinatorial coordinate system that
serves as a scaffold for incoming thalamocortical axons. Although not discussed in
detail, changes in peripheral morphology that ultimately control the types of patterned
activity that the CNS can access are likely to be under genetic control. Features such as
the size and shape of an appendage, and the sensory receptor type, number, density, and
location may also be genetically regulated. Finally, the intracellular machinery that
allows for activity-dependent changes in the developing nervous system are likely to be
genetically regulated and heritable, although the specific phenotype they generate is not.

The contribution of patterned activity to the construction of a complex phenotype is
also critical. Although not discussed in this chapter, it is certainly worth mentioning
that both passive environmental influences as well as active influences play a large role
in nervous system construction. Passive influences can have resounding effects on the
development of both the somatic and nervous system phenotype. Some types of pas-
sive influences include diet, toxins, pH, and temperature. As an extreme example, the
phenotype of a nervous system that develops in the presence of alcohol is dramatically
different from a normal phenotype, yet still viable. In these cases, gross morphological
structure, organization and, we suspect, even connections are significantly modified.
This change is not adaptive (but analogous modifications may well be) and is not
heritable.

Active influences include changes in the relative activity patterns across sensory
receptor arrays, and patterned activity associated with specialized morphology.
Activity can alter indirectly the temporal and spatial patterns of gene expression, possi-
bly via neurotrophins which, in turn, can alter the structure and function of neurons
and their connections, These types of alterations can masquerade as evolution, because
they are genetically mediated and the resulting phenotype can be dramatically altered.
However, they are not heritable, but, rather, situation dependent. The examples we
have provided are easily related to peripheral morphology and use, and include the bill
of a platypus, the hand of a primate, and the lips, tongue, oral structures, and larynx of
humans. However, one can also consider active influences that are not strictly tied to a
particular sensory receptor array or associated behavior, such as language and skill
acquisition, and social and cultural learning. These types of active influences can fun-
damentally alter the phenotype by changing patterns of synaptic efficacy, connectivity,
and ultimately the organization and function of the neocortex. It is likely that much of
the human neocortex that does not include the primary and secondary sensory and
motor areas is largely shaped by such active influences, and the organization of these
cortical fields is only expressed in a particular environmental context. This makes
defining such fields across species difficult, since the stimuli that ultimately shape the
field are complex, multifaceted, often multimodal, and are variable for different
species.
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It may secem that the extended discussion of genes, activity, and peripheral input
somehow strays from the question that serves as a title for this paper: Is the human
brain fundamentally different than that of other mammals?

The answer, of course, is no. The human brain is enslaved by the same genetic con-
straints and shaped by the same activity-dependent mechanisms as the brain of other
mammals. Consequently, its future evolution will follow predictable paths. Although
the precise specializations that may emerge cannot be known, one can speculate with a
fair degree of accuracy the types of change possible, and the mechanisms by which
changes will be achieved. If we consider the human brain and its evolution in this light,
then our current ideas regarding derived or specialized areas, which we believe endow
us with our uniqueness, need to be reconsidered. Morphology and use alone do not
specify brain structure and therefore do not solely constitute the differences observed
in the brains of humans and other primates. On the other hand, human brains are not
chimpanzee brains with a few new parts added on (e.g. Broca’s area, more prefrontal
cortex, Wernicke’s area, fusiform face area) via very specific genetic changes. Rather,
these derivations are much like those observed in non-human mammals, in that sev-
cral are tied to changes in peripheral morphology and use (such as the language areas),
and the cortex in which they reside is likely to be an expanded and connectional spe-
cialized version of homologous cortical areas in other primates. While most current
work in the human brain focuses on primary and secondary sensory and motor fields,
these fields may be more genetically constrained, less variant, and their functional and
anatomical attributes more predictable. However, that portion of cortex that we (as a
species) are particularly interested in—the regions traditionally referred to as associa-
tion cortex, including inferotemporal, posterior parietal, and prefrontal cortex—may
be less genetically constrained than primary and secondary sensory fields, and the ulti-
mate phenotype of cortical fields within these regions may only occur within a partic-
ular environmental context.
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