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Preface

Neuroscience comprises increasingly diverse fields
ranging from molecular genetics to neurophilosophy.
The common thread between all these fields is the
structure of the human nervous system. Knowledge
on the structure, connections and function of the brain
of experimental animals is readily available. On the
other hand the structure of the human brain was studied
by the classical anatomists and their work is difficult
to retrieve. With the current intense interest in the
structure of the human brain engendered particularly
by imaging studies, groups of scientists familiar with
the classical works, but who are also versed in modern
neuroscience technologies, have commenced human
brain studies.

xvii

The present book gives an authoritative account of
the structure of the human brain tempered by func-
tional considerations. The task of describing all parts
of the nervous system in the context of modern
hypotheses of structural and functional organization
would be overwhelming for a single individual. We
have, therefore, asked scientists with knowledge and
affection for their research areas to contribute to this
edited volume. We trust that the combined effort of
contributors to The Human Nervous System 2e will do
justice to the data and concepts available in our field
while stimulating the readers’ brains, arousing curiosity
and providing a framework for thinking.

George Paxinos and [iirgen K Mai
Sydney and Diisseldorf
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“The route to an understanding of humans
leads just as surely through an understanding of
animals, as the evolutionary pathway of humans has
led through animal precursors.”—Konrad Lorenz,
“The Russian Manuscript,” p. xxvii

The question of how the brain of Homo sapiens
differs from that of chimpanzees, gorillas, and other
animals was intensely debated by Richard Owen and
T. H. Huxley around the time that Darwin published
his Origin of Species. Owen had been Britain’s most
prominent comparative anatomist and he vigorously
opposed the very idea of biological evolution. Regard-
ing the possibility that humans might have evolved
from apes, Owen argued that the overall pattern of
morphological development differs so dramatically
between apes and humans that it is difficult to see how
one could have been transformed into the other. Owen
also noted that human brains are significantly larger
than chimpanzee or gorilla brains, both absolutely and
relative to body size, and that this size difference arises
because human brains continue to grow for a much
longer postnatal period (Owen, 1859). Moreover, Owen
described three anatomical features that supposedly
distinguish human brains from those of apes, namely,
a posterior cerebral lobe, a posterior horn of the lateral

The Human Nervous System, Second Edition

ventricle, and the hippocampus minor, a ridge in the
floor of the posterior horn of the lateral ventricle
(Owen, 1857). Owen later conceded that these three
structures might not be strictly unique to humans, but
he continued to insist that these three human brain
structures differ markedly from their homologues in
apes (Owen, 1859). In Owen’s view, these neuro-
anatomical differences were important because they
could, in large measure, account for the enormous
mental and behavioral differences between humans and
apes. In fact, Owen argued that the neuroanatomical
differences between apes and humans were so great
that they warranted the placement of humans into
their own taxonomic subclass, the Archencephala or
“ruling brains” (Owen, 1857).

T. H. Huxley, in contrast, argued that humans differ
anatomically from apes no more than apes differ from
one another and that man must, therefore, “take his
place in the same order with them” (Huxley, 1863,
p- 86). In a very famous and rather vicious attack, Huxley
assailed Owen’s 1857 claim that the posterior lobe,
posterior horn, and hippocampus minor are unique to
humans (Huxley, 1863; Cosans, 1994; Desmond, 1994).!
Specifically, Huxley argued that many well-respected
neuroanatomists had already observed homologues of
these three structures in chimpanzees and other apes
and that Owen, who must have known about these

!t is worth noting that Huxley’s attack on Owen was not quite
fair, since Huxley (1863) never bothered to rebut Owen’s 1859
argument that human brains differ from those of apes primarily in
how they have modified homologous brain structures. Instead,
Huxley continued to attack Owen’s 1857 statement that humans
possess some brain structures that have no homologues in apes
(Cosans, 1994).

Copyright 2004, Elsevier (USA). All Rights reserved.
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prior findings, was severely biased, if not dishonest,
in his analysis. Huxley conceded that “there is a very
striking difference in absolute mass and weight
between the lowest human brain and that of the
highest ape,” but he claimed that “the difference in
weight of brain between the highest and the lowest
men is far greater, absolutely and relatively, than that
between the lowest man and the highest ape” (Huxley,
1863, pp. 120-122). Therefore, Huxley contended, the
brains of humans and other apes are really quite
similar in terms of anatomical detail and overall size.
This conclusion, in turn, led Huxley to suggest that the
“vast intellectual chasm” between humans and other
apes is due primarily to nonneural differences, specifi-
cally to the possession of articulate speech, which he
considered to be “the grand distinctive character of
man (whether it be absolutely peculiar to him or not)”
(p. 122). Ironically, then, Huxley’s attack on Owen’s
position narrowed the “zoological gulf” between man
and ape but failed to provide a biological explanation
of the “intellectual chasm” between them. Therefore, it
is not surprising to discover that Huxley was a great
admirer of Descartes, did not believe in physiological
explanations of human intelligence, and ultimately
abandoned faith not only in God (he coined the word
agnostic) but also in the possibility of obtaining a
scientific account of human consciousness (Cosans,
1994; Desmond, 1994).

My rationale for beginning this essay on brain
evolution with a recounting of the old Owen-Huxley
debate is that many of the issues raised in their quarrel
remain of interest even today. For instance, how signifi-
cant is the difference in overall brain size between
humans and other primates, and what is its relationship
to the differences in their mental abilities? Do human
brains possess any truly unique features or brain areas?
What is the relationship of language to the human
brain and does human language have homologues in
other species? And how can our ideas about God and
consciousness be reconciled with Darwin’s ideas about
evolution and, more generally, with the search for
biological explanations of the human mind? These
are tough questions and, despite considerable effort,
they remain largely unresolved (Preuss, 1995; Deacon,
1997; Miller, 1999). Nor do I pretend to have definitive
answers. I will, however, attempt here to show that
evolutionary neurobiology has progressed consider-
ably since Darwin’s days, that many of the old ideas
about brain evolution have been replaced by better
theories (Striedter, 1998a), and that it is time to
reapproach some of the questions that intrigued Owen
and Huxley.

Specifically, I review below what we now know
about the historical pattern of vertebrate brain

evolution. Next, I discuss the relationship between
brain development and evolution, emphasizing how
phylogenetic transformations may be explained in
terms of changing developmental mechanisms. In the
final section, I take up the questions of how the human
brain differs from that of other primates and how a
knowledge of these neuroanatomical differences
might help us to understand exactly what it is that sets
humans apart from other animals. My general thesis is
that the insights gained during the last century,
particularly during the last 20 years, by evolutionary
neurobiologists studying nonhuman brains can now
be used to remove at least some of the mystery, and
often outright confusion, that has traditionally sur-
rounded the problem of human brain evolution. It is in
this sense that I agree with Lorenz, quoted above, that
a full understanding of human nature requires insights
gained from the study of animals (Lorenz, 1996).

HISTORICAL PATTERN
OF VERTEBRATE
BRAIN EVOLUTION

The most insidious idea in the study of brain evo-
lution is the very old notion that biological evolution
proceeded in a linear and progressive manner, from
lower to higher forms of organization and with Homo
sapiens at the very top of the so-called phylogenetic
scale. The belief that all living creatures can be arranged
in a linear sequence had its origin in the theological
and decidedly nonevolutionary concept of a scala
naturae, with archangels at the top and sponges near
the bottom, but continued to thrive in the minds of
most post-Darwinian thinkers (Hodos and Campbell,
1969; Bowler, 1988). For example, Huxley himself
wrote, in what might well be the first explicit account
of brain evolution:

The brain of a fish is very small,... In Reptiles,
the mass of the brain, relatively to the spinal cord,
increases and the cerebral hemispheres begin to
dominate over the older parts; while in Birds this
predominance is still more marked. The brain of
the lowest Mammals, such as the duck-billed
Platypus and the Opossums and Kangaroos,
exhibits a still more definite advance in the same
direction. The cerebral hemispheres have now so
much increased in size as, more or less, to hide the
representatives of the optic lobes, which remain
comparatively small.... A step higher in the scale,
among the placental Mammals, the structure of
the brain acquires a vast modification....

The appearance of the “corpus callosum” in the
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placental mammals is the greatest and most sudden
modification exhibited by the brain in the whole
series of vertebrated animals.... In the lower and
smaller forms of placental Mammals the surface of
the cerebral hemispheres is either smooth or evenly
rounded, or exhibits a very few grooves.... But in
the higher orders, the grooves, or sulci, become
extremely numerous, and the intermediate
convolutions proportionately more complicated in
their meanderings, until, in the Elephant, the
Porpoise, the higher Apes, and Man, the cerebral
surface appears a perfect labyrinth of tortuous
foldings. (Huxley, 1863, pp. 112-114).

This linear and progressive view of brain evolution
dominated evolutionary neurobiology throughout
the 19th and most of the 20th century (Edinger, 1908;
Kappers et al., 1936; Herrick, 1948). Over the years,
several specific hypotheses were proposed to explain
how brains became more complex as they “ascended”
the phylogenetic scale, e.g., by the addition of phylo-
genetically new brain parts to older brains or by an
increase in the histological differentiation of ancestral
brain regions (e.g., MacLean, 1990; Ebbesson, 1984).
These theories were well publicized and influential
within the neuroscience community, where terms such
as “subhuman primates” and “lower vertebrates” are

still commonly used. However, most evolutionary
neurobiologists now consider these theories to be
patently false or, at least, distressingly incomplete.
Because the scala naturae way of thinking is so well
entrenched among medically oriented neuroscientists,
psychologists, and anthropologists (Cartmill, 1990;
Campbell and Hodos, 1991), I will expend some effort
here to review why the strictly linear view of brain
evolution is untenable and what alternative view has
taken its place.

Perhaps the most obvious difficulty with the scala
naturae view of evolution is that different authors
generally have different ideas about how to rank
different species along the phylogenetic scale. Dolphins
and other toothed whales, for example, are sometimes
considered high on the phylogenetic scale because they
are capable of complex vocal behaviors, have remark-
ably large brains for their body size, and display highly
convoluted cerebral and cerebellar cortices (Fig. 1.1);
(Ridgway, 1986; McCowan and Reiss, 1997; Marino,
1998; Janik, 2000). However, other authors have deemed
dolphin brains to be quite primitive because their
cerebral cortex is relatively thin, represents a relatively
small fraction of total brain volume, exhibits little areal
differentiation, and is poorly laminated (Fig. 1.1);
(Glezer et al., 1988; see Deacon, 1990a). The perceived
position of dolphins on the phylogenetic scale therefore

FIGURE 1.1 The brain of a human (A) is smaller and less convoluted than that of a killer whale (B), but
the neocortex is thicker and more highly laminated in a human (C) than in a pygmy sperm whale (D); shown
here are sections through primary visual cortex. In addition, one can note that the corpus callosum is
proportionately smaller in the whale than in the human brain. Both brains are shown at the same scale and
from a medial view. The scale bars for the neocortical sections both equal 150 pm. Abbreviations: 1, 2, 3, 4A,
4B, 4C, 5, and 6, neocortical layers; wm, white matter. Panels A and B are reproduced from Ridgway (1986)
with permission of Sam Ridgway and Lawrence Erlbaum Associates. The photographs of the neocortical
sections are reproduced from Preuss (2001) with the permission of Todd Preuss, Patrick Hof, and Cambridge

University Press.
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FIGURE 1.2 Vertebrate phylogeny has been depicted in a variety of ways. According to the deeply
entrenched scala naturae view of evolution, vertebrates can be arranged along a linear phylogenetic scale (A).
Phylogenetic trees, in contrast, have a branched topology. Traditionally, most phylogenetic trees place
humans at the top and represent other taxa as side branches off the main trunk (B). More accurately, however,
vertebrate phylogeny would be represented as a severely pruned bush, or tumbleweed, with extant taxa
occupying only the tips of the outermost branches (C). In practice, most evolutionary biologists work with
dichotomously branching “cladograms” (D), which represent both extant and extinct species along the top of

the diagram.

depends on which characters are being considered.
Nor are dolphins the only thorn in the side of the
phylogenetic scale. Monotremes, for example, are
often considered to be quite primitive in the sense that
they are the oldest surviving order of mammals, but
echidnas (spiny anteaters) actually have quite large and
convoluted brains (Rowe, 1990). Similarly, birds and
bony fishes are often judged to be “lower vertebrates,”
but parrots are capable of cognitive feats that put many
mammals to shame (Pepperberg, 1990; Hile et al., 2000),
and mormyrid electric fish have exceptionally large
brains that consume an astonishing 60% of the body’s
oxygen, compared to about 20% in humans and 2% to
8% in most other vertebrates (Nilsson, 1996). Even the
“lowly” hagfish, one of the jawless vertebrates, does
not contain the simple nervous system one might have

expected, but instead displays a bulky and highly
differentiated brain that includes a five-layered
telencephalic region (Wicht and Northcutt, 1992; Wicht
and Nieuwenhuys, 1998).

Instead of a linear phylogenetic scale, then, vertebrate
species form a phylogenetic tree, bush, or tumbleweed
that has been severely pruned by extinction events
(Fig. 1.2). Nonhuman lineages do not represent “blind
alleys” explored by evolution in its quest for Homo
sapiens (Huxley, 1942); (Fig. 1.2B) but rather the out-
come of divergent and opportunistic descent with
modification (Darwin, 1859). Moreover, the currently
living species represent only the outermost terminal
branchlets of the phylogenetic tumbleweed, which
means that they are unlikely to represent the transitional
forms or “missing links” of evolutionary lore. There are,
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of course, some “living fossils” that have changed very
little over many millions of years, but even these often
exhibit unique specializations that disqualify them as
strictly transitional forms. For example, the coelacanth
Latimeria chalumnae, is probably a representative of the
extinct rhipidistians that gave rise to tetrapods, but
it also exhibits several peculiar nonancestral (i.e.,
derived) features, including ovoviviparity, a huge and
mysterious “rostral organ” that is probably used to
detect electrical signals emitted by prey, and an odd
telencephalon with “rostral bodies” that are not found
in any other vertebrates (Nieuwenhuys, 1998a). Even
with bona fide (i.e., dead) fossils it is generally difficult,
and some would argue impossible, to determine
whether a specimen is “the” sought-after ancestor or
merely an independent offshoot from the lineage of
interest (Eldredge and Cracraft, 1980; Wolpoff, 1999).
Regardless of one’s position on this point, the contro-
versy is largely moot for evolutionary neurobiologists
since brains generally do not fossilize and skull
endocasts provide minimal information about the
structural organization of extinct brains (Rogers, 1998).
In sum, the brains available for comparative study are
scattered across the outer surface of the phylogenetic
tumbleweed, and each is likely to be a mosaic of both
primitive and uniquely derived features. If this is so,
then how can evolutionary neurobiologists hope to
reconstruct the course of brain evolution?

For most contemporary evolutionary neurobiologists
the answer to this question is “cladistics,” a formal and
widely applicable method for taxonomic classification
and phylogenetic reconstruction (Hennig, 1966; Kirsch
and Johnson, 1983; Northcutt, 1985a; Northcutt and
Waullimann, 1988; Nieuwenhuys, 1994). Cladistics (also
termed phylogenetic systematics) was created primarily
to aid in the classification of organisms; however, once
a classification has been established, the method can
also be used to distinguish between homologous” and
homoplasous (i.e., independently evolved) features
and to reconstruct when in phylogeny a particular
feature evolved (Eldredge and Cracraft, 1980; Ridley,
1986). Consider, for example, the corpus callosum.
This great commissure, coursing between the cerebral
hemispheres of all placental mammals, is not found in

*Many different definitions of homology have been proposed
over the years (see Hall, 1994). In my view, it is best to say simply
that features in two or more different species (or larger taxonomic
groups) are homologous if, and only if, (1) they are similar enough
to be identified as “the same character” and (2) they originated just
once, in a common ancestor of the taxa being considered, and were
then retained with a continuous history in the descendent lineages
under consideration (see Striedter and Northcutt, 1991; Striedter,
1998b, 1999).

any marsupials or monotremes, and is likewise lacking
in all nonmammalian vertebrates (Owen, 1857; Elliot
Smith, 1910). This phylogenetic distribution strongly
suggests that the corpus callosum evolved with the
origin of placental mammals because all alternative
scenarios would be significantly less parsimonious,
involving multiple phylogenetic losses and/or gains.
Consider further the observation that the corpus
callosum is significantly smaller (relative to total brain
weight) in toothed whales than in other large-brained
placental mammals (Fig. 1.1); (Rilling and Insel, 1999a).
This phylogenetic distribution makes it most parsi-
monious to conclude that the corpus callosum shrank
in size, relative to the rest of the brain, with the origin
of toothed whales (also known as the Odontoceti).
Interestingly, the phylogenetic shrinkage of the corpus
callosum in toothed whales was apparently accom-
panied by a phylogenetic decrease in the relative thick-
ness and volume of the neocortex (Ridgway and Wood,
1988).% Cladistics is, of course, more complicated than
is apparent from these examples, and its practical and
logical limitations are severe when one attempts to
analyze characters that evolve readily, and hence
repeatedly, in different lineages. Nonetheless, cladistics
is the best available method for reconstructing the
phylogeny of neural characters, and it has met with
considerable success in that capacity (e.g., Northcutt,
1985a, b, 1995; Butler and Hodos, 1996; Nieuwenhuys
et al., 1998).

Perhaps the most important finding to have emerged
from the modern cladistic analyses of brain evolution
is that relative brain size increased independently in
most major vertebrate lineages (Northcutt, 1981, 1985a).
Manta rays, for example, have brains that are almost
40 times larger than the brains of other cartilaginous
fishes with similar body weights (R. G. Northcutt,
personal communication). Among bony fishes, relative
brain size increased significantly in the lineage leading
to teleosts, the most speciose class of vertebrates
(Lauder and Liem, 1983), and within teleosts brain size
increased again several times, most notably in the
above-mentioned mormyrids (Nilsson, 1996) and in
some coral reef and pelagic fishes (Bauchot et al., 1989).
In sauropsids (i.e., reptiles and birds), relative brain
size increased significantly in the lineage leading to
modern birds and, within birds, in parrots, corvids
(e.g., ravens), and owls (Stingelin, 1958; Portmann and
Stingelin, 1961). Among mammals, relatively large
brains evolved in primates, toothed whales, and
elephants.

%It may also account for the unusual ability of dolphins to sleep
with one cerebral hemisphere at a time (Ridgway, 1986).
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One frequently neglected aspect of these phylo-
genetic increases in brain size is that they are
accompanied by major changes in brain organization.
Simply put, the phylogenetically enlarged brains are
not isometrically scaled-up versions of their smaller
cousins, for different brain regions generally increase
at different rates (i.e., allometrically) as overall brain
size increases (Deacon, 1990a; Finlay and Darlington,
1995). Largely because of this allometric scaling, the
neocortex, for example, occupies a far greater percent-
age of the whole brain in large mammals than in small
ones. Moreover, larger brains generally exhibit a greater
degree of cytoarchitectural complexity (i.e., a greater
number of distinct, nonidentical cellular aggregates)
than do smaller brains. Consistent with this general
principle are the findings that (1) mormyrids have one
of the most complex telencephalons among teleost
fishes (Nieuwenhuys and Meek, 1990), (2) the fore-
brain of birds is more complex than that of reptiles
(Nieuwenhuys et al., 1998), and (3) primates have a
greater number of distinct neocortical areas than do
other mammals (Brodmann, 1909; Kaas, 1987). Thus,
both brain size and brain complexity have increased
several times independently in diverse branches of the
phylogenetic tumbleweed.

Although brain size and complexity have tended
to increase, rather than decrease, during vertebrate
evolution, there are several lineages in which relative
brain size and complexity have been reduced.
Specifically, some lungfishes (i.e., the South American
and African genera) and the urodele amphibians (i.e.,
salamanders) have unexpectedly small and simple
brains, with extremely small cerebella and few distinct
cell groups (Northcutt, 1986; Roth et al., 1997;
Nieuwenhuys, 1998b). Although these lungfishes and
salamanders have manifestly similar brains, they do
not constitute adjacent branches of the phylogenetic
tree and are separated, phylogenetically speaking, by
several taxa with larger and more complicated brains
(e.g., the Australian lungfishes and anuran amphibians).
Therefore, it is most parsimonious to conclude that
small and simple brains evolved independently in these
two lineages, probably as a result of pedomorphosis—
the general retention of juvenile characteristics (Gould,
1977; Bemis, 1984). If this is true, then it is misguided
to assume that the brain of a modern salamander can,
on account of its general simplicity, be a good model
for “the” primitive vertebrate brain (Herrick, 1948).
Instead, the features of the most ancestral vertebrate
brain must be discovered by a complex phylogenetic
analysis to determine, character by character, which
neural features are primitive and which derived. To
the inevitable frustration of those in search of truly
primitive brains, this collection of primitive features,

i.e., the vertebrate morphotype, is unlikely to exist in
any species living today (Northcutt, 1985b, 1995; Wicht
and Nieuwenhuys, 1998). An analogous dilemma exists
for those interested in “the” primitive mammalian brain.
Hedgehogs, tenrecs, and other “basal insectivores”
(Stephan, 1967), for example, have relatively simple
brains with very little neocortex, but they are a rather
heterogeneous assemblage of taxa (Eisenberg, 1981),
and their simplicity may be derived rather than
primitive (Kirsch et al., 1983). Even monotremes and
marsupials, the two earliest branches of the mammalian
radiation, are quite diverse in brain structure and
far from uniformly primitive (Rowe, 1990). Therefore,
those who seek to establish the ancestral pattern of
mammalian brain organization must sample broadly
and proceed cautiously.

The traditional explanation of how brains increased
(or decreased) in complexity during the course of
evolution is that brain regions were successively
added to (or lost from) ancestral brains (Edinger, 1908;
MacLean, 1990). According to this view, brains evolve
in a manner analogous to the transformation of a
medieval fortress into a king’s palace by the successive
addition of new structures (think, for example, of the
Louvre in Paris). This additive view of brain evolution
was enormously influential, as evidenced by the preva-
lence of the prefixes “neo,” “archi,” and “paleo” in the
neuroanatomical nomenclature. It is unlikely to be
correct, however, at least as a general theory, because
most of the supposedly “added” brain divisions have
now been identified, albeit in modified form, also in
those taxa that were supposedly lacking them (Karten,
1969; Northcutt, 1981; Reiner et al., 1984; Butler and
Hodos, 1996). A homologue of mammalian neocortex,
for example, has been identified in virtually all non-
mammalian vertebrates (although its extent and com-
position is still debated; Northcutt, 1995; Striedter, 1997;
Puelles et al., 2000). Therefore, it appears that most
major brain divisions are conserved across vertebrates
and that phylogenetic differences in complexity arise
because these conserved brain regions diverge in their
embryonic development in such a way that they become
subdivided to varying degrees and/or, occasionally, in
fundamentally different ways (Striedter, 1999). Phylo-
genetically new structures therefore can and do arise
in brain evolution, but they cannot be thought of as
simple additions to adult ancestral brains. Returning
to the architectural analogy, it is better to compare
brain evolution to the history of ancient Troy, which
was destroyed and rebuilt many times, doubtlessly
retaining some major features across each iteration but
also varying in countless details (Schliemann, 1875).
Viewed from this perspective, one must marvel at the
fact that brains are “rebuilt” so faithfully across each
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generation and that a considerable number of features
are conserved across millions of years (Striedter,
1998b). One may also begin to wonder what role the
mechanisms and rules of neural development have in
guiding the course of brain evolution, and whether it
might not be possible to understand the process of
brain evolution in terms of the developmental trans-
formations which it depends.

DEVELOPMENTAL
MECHANISMS UNDERLYING
BRAIN EVOLUTION

The relationship between development and evolu-
tion has long held great fascination for comparative
biologists. According to Haeckel’s famous biogenetic
law, phylogenetic change causes additional stages to
be appended to an organism’s ontogeny, which there-
fore comes to “recapitulate” the organism’s phylo-
genetic history. In Haeckel’s view, then, phylogeny is
the mechanism that underlies ontogenetic change
(Haeckel, 1889). This idea was turned on its head by
Garstang and others who argued instead that onto-
genetic changes are the driving force behind phylo-
genetic change and that ontogenies may change in a
variety of different ways, including nonterminal
addition of stages, deletion of stages, and divergence
of ontogenetic trajectories (Garstang, 1922; de Beer,
1958; Alberch, 1980). Garstang’s anti-Haeckelian view
of development and evolution has now become
widely accepted, partly because it fits better with the
comparative embryological data (von Baer, 1828), but
also because the scala naturae view of evolution, which
is complexly intertwined with Haeckel’s ideas on
recapitulation, has generally fallen out of favor (Gould,
1977). In addition, Garstang’s approach allows compar-
ative embryologists to go beyond the reconstruction
of phylogenetic history and to create developmental
explanations for why particular phylogenetic changes
have occurred (or did not occur). The phylogenetic
loss of lateral line organs in direct-developing frogs,
for example, can be explained by a loss of ectodermal
competence for lateral line placode induction (Schlosser
et al., 1999). Such mechanistic explanations for phylo-
genetic change are more difficult to attain when it
comes to brain evolution, but there are several areas
of developmental neurobiology that can already be
discussed with this goal in mind. Below, I briefly
review (1) the implication of finding highly conserved
embryonic regions in vertebrate brains, (2) the
correlation between when a brain region is “born” and
how much its size tends to change during phylogeny,

and (3) the data on how changes in one brain region
affect the development of other brain regions.

Shortly after neurulation, when vertebrate embryos
reach the so-called phylotypic stage of development
(Richardson et al., 1997), the brain is quite similar
(though not identical) across the major vertebrate taxa
(Bergquist and Kaéllén, 1954). Most conserved across
species is the embryonic hindbrain which is, at that
age, divided into a series of segments, or neuromeres
(Fig. 1.3), each of which constitutes a lineage restriction
domain and expresses a unique combination of tran-
scription factors (Fraser et al., 1990; Gilland and Baker,
1993; Lumsden and Krumlauf, 1996). The discovery of
these highly conserved hindbrain neuromeres has
revitalized the field of comparative neuroembryology
and stimulated many investigators to look for con-
served neuromeres also at more rostral levels of the
neuraxis. This search has yielded a great deal of data
but little consensus, particularly about whether the
forebrain is segmentally organized (Figdor and Stern,
1993; Puelles and Rubenstein, 1993; Alvarez-Bolado
et al., 1995; Guthrie, 1995; Shimamura ef al., 1997; Smith
Fernandez et al., 1998; Nieuwenhuys, 1998c; Striedter
et al., 1998; Striedter and Keefer, 2000; Puelles et al.,
2000). At this point, it seems most prudent to conclude
simply that there are at least some lineage restriction
compartments in the embryonic forebrain and that some
of these coincide with spatially restricted patterns of
gene expression. More detailed studies will be needed
to determine the exact number of these compartments,
their orientation with respect to the brain’s long axis
(Puelles et al., 1987), and the details of how gene
expression is related to lineage restriction. It also
remains to be seen exactly how well conserved the
forebrain’s compartmental organization is between
taxa (Wullimann and Puelles, 1999). Nonetheless, the
modern cellular and molecular studies have confirmed
that vertebrate brains are far more similar to one
another at embryonic stages than later on (Bergquist
and Kaéllén, 1954).

Less certain is how the phylogenetic conservation of
embryonic brain regions is reflected in the organization
of adult brains. For example, the hindbrain neuromeres
are somewhat ephemeral structures, bearing little
obvious relation to adult morphology or function.
Recent fate-mapping studies have shown that some
embryonic neuromere boundaries later become coin-
cident with the rostrocaudal boundaries of adult cell
groups (Marin and Puelles, 1995; Diaz et al., 1998), but
it remains difficult, if not impossible, to identify any
adult structural or functional features that are uniquely
shared by the adult derivatives of a particular
neuromere (Bass and Baker, 1997). This suggests that
the hindbrain neuromeres are conserved not for their
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FIGURE 1.3 Schematic diagram of the neuromeric model of embryonic vertebrate brain organization (see
Rubenstein et al., 1994). Each neuromere can be thought of as a doughnut-shaped ring around the brain’s
longitudinal axis (fine dotted line). The borders between adjacent neuromeres (heavy dotted lines) are thought to
be sites of cell lineage restriction and correspond to the boundaries of some regulatory gene expression
domains. The neuromeric model of brain organization conflicts with other models of brain organization (such
as Herrick’s four-tiered model of diencephalic organization), but several classically recognized brain
divisions, such as the dorsal and ventral thalami, correspond quite well to the dorsal or ventral portions of
one or more neuromeres. Hypothal, hypothalamus; M, mesomeres; P1 to P6, prosomeres; Preopt., preoptic
area; Pretect., pretectum; R1 to R8, rhombomeres; Vent. Thal., ventral thalamus.

adult function but because they play an important role
in hindbrain morphogenesis, possibly setting the stage
for the later formation of other developmental com-
partments (see Davenne et al., 1999). Indeed, a steadily
growing amount of information indicate that brain
compartmentalization is an ongoing process, generating
successively smaller compartments and ultimately
leading to the formation of functionally coherent adult
cell groups (Redies and Takeichi, 1996; Redies, 2000).
If this is correct, then a phylogenetic change in the
development of early embryonic brain compartments
may divert the course of subsequent morphogenesis in
such a way that it leads to the phylogenetic repattern-
ing of a major brain region in the adult. Such early
developmental changes may, for example, underlie the
radically divergent nature of telencephalic organization
in teleost fishes, where the telencephalon everts rather
than evaginates (Nieuwenhuys and Meek, 1990), and
in sauropsids, where telencephalic development is
dominated by the formation of several intraventricular
ridges (Striedter, 1997). Moreover, whenever develop-
ment diverges so dramatically, it may well be impossible
to homologize the individual adult cell groups across
the divergent taxa (Striedter, 1999). Finally, to the extent
that early embryonic brain regions impart on their
adult derivatives some shared adult features, one may
be able to homologize higher level adult brain regions,
e.g., the mammalian neocortex, even when it is not

possible to homologize many of the constituent lower
level characters, e.g., the individual neocortical areas
(Northcutt and Kaas, 1995).

A second major approach to the study of brain
development and evolution consists of trying to
explain phylogenetic changes in the size of the adult
brain, or of specific adult brain areas, in terms of phylo-
genetic changes in the dynamics of cell proliferation
and neurogenesis. It is likely, for example, that phylo-
genetic differences in the onset and duration of
neurogenesis (and hence in the amount of time during
which neuronal precursors multiply exponentially;
Caviness et al., 1995; Takahashi ef al., 1997, Kornack
and Rakic, 1998) can, in large measure, account for the
enormous differences in adult brain size between small
and large mammals (Stephan et al., 1981). Moreover,
the time of peak neurogenesis for any particular brain
area is remarkably well correlated with the degree to
which that brain area enlarges phylogenetically as
overall brain size increases (Finlay and Darlington,
1995). This finding has led to the hypothesis that, as
brain development is prolonged and overall brain size
enlarged, the brain regions with relatively late neuronal
“birthdates” (and hence relatively protracted periods
of precursor proliferation) are constrained to enlarge
much more than brain regions with relatively early
neuronal birthdates (Finlay and Darlington, 1995). For
example, since the most anterior and dorsal portions
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of the embryonic brain are “born” after most of the
other brain areas, the brain regions derived from these
anterior dorsal portions of the neural tube should
exhibit the proportionately greatest enlargement as
overall brain size increases. Consistent with this
hypothesis, mammalian neocortex derives from the
most anterior and dorsal region of the embryonic
brain, exhibits a relatively late and prolonged period
of neurogenesis, and is enlarged disproportionately as
overall brain size increases phylogenetically (Hofman,
1989; Finlay and Darlington, 1995; Finlay et al., 1998).
Finlay and Darlington’s general theory is thus consistent
with an impressive amount of correlative data, but
many questions remain about the cellular mechanisms
that control overall brain size and regional variations
in the timing of neurogenesis.

The finding that brain areas enlarge in a rather
predictable manner as overall brain size increases
(Fig. 1.4) may mean that brain evolution is governed
by developmental constraints that prevent brain
regions from varying in size independently of one
another (Finlay and Darlington, 1995). This “develop-
mental constraint” hypothesis receives some support
from the finding that, across 22 species of mammals,
the area of neocortex devoted to corticospinal projec-
tions correlates more strongly with total neocortical
area than with a variety of behavioral and ecological
measures, including digital dexterity and hand-eye
coordination (Nudo and Masterton, 1990a). On the other
hand, the same data also reveal several important, and
allometrically poorly predicted, species differences in
areal distribution, density, and size of the corticospinal
neurons (Nudo and Masterton, 1990a, b; Nudo et al.,
1995). Moreover, even in the dataset used by Finlay
and Darlington, the sizes of the olfactory bulb and
olfactory cortex are poorly correlated with overall brain
size (Sacher, 1970; Gould, 1975; Stephan et al., 1981). In
fact, the developmental constraint hypothesis predicts
the size of individual brain regions at best to within a
factor of 2.5, which still leaves room for impressive
regional differences in size.* Thus, the finding that
the cerebellum is 45% larger than expected in apes
than in monkeys (Rilling and Insel, 1998b) is consistent
with the developmental constraint hypothesis, but it
nonetheless suggests that the cerebellum develops and
evolves somewhat independently of other brain regions.
Finally, it remains unclear how well the developmental
constraint hypothesis applies to nonmammals. For

“This expected range of size differences is based on Finlay and
Darlington’s two-factor model, considering both overall brain size
and the size of the main olfactory bulb. The range would be even
larger if overall brain size is used as the only factor in predicting the
size of a specific brain region.

A
520 ] @ Insectivores *
- O Primates %
18 s
2 — | % Humans s
S 216 | %/c%g o
E 14 °o//°q/) o
£ 2 ey
[=)] . @ °
> 12 e
= 2 __ of/gg/://.’.,{
10 . _
= 27 4 oe%
@ 8 ] &
2 /63/
6 T L[]
2 —
2*
2%
2°
r~r 11717 7T 7T 17T 71T 71
20 52 54 58 58 510 512 514 516 518
Body Weight (g)
B 20
2 A L0
18 | ® & O Neocortex o
2% _| 2
A g A Piriform Lobe L7
- 2
16 e
2 &
&
i o
oot ggom
S ] & N
E 512 | Ogﬁﬁ s
g | %/96 /// A
% 510 | BRI A@
> /C(" oA Aﬁﬁ
(&) 7 At
3 2° S 2
o & Alé% A
=} — Af. -
= 6 a0t A
n 20 - e ?
i A
4 )
2 4 4
2%
L L L L L
28 08 10 12 14 516 18 520

Total Brain Volume (mm 3)

FIGURE 1.4 (A) Brain and body weight plotted for 27 insectivores
and 47 primates on a log-log plot. The slopes of the regression lines
are slightly less than 1, which means that relative brain weight
decreases as body weight increases (i.e., negative allometry). It is
interesting to note that primate brains are approximately twice as
large as insectivore brains of equal body size and that human brains
are approximately three times as large as would be expected for a
typical primate of the same body size. (B) A log-log plot showing
that the neocortex expands more quickly than the piriform lobe as
total brain size increases, which means that large brains have
proportionately more neocortex. As in (A), the solid symbols refer to
data from insectivores while the open symbols are primate data
points. The data used to generate both graphs were taken from
Stephan et al. (1981).
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example, the cerebellar valvula in mormyrid teleosts is
clearly expanded beyond any allometric expectations
(Nieuwenhuys and Nicholson, 1969). In summary, then,
developmental constraints can account reasonably
well for phylogenetic changes in the relative size of
many brain regions, particularly for mammals of vastly
different body sizes, but they leave plenty of room for
mosaic brain evolution, i.e., for changes in the size of
individual brain regions that are relatively independent
of changes in overall brain size.

A third major area of research into brain evolution
and development consists of attempts to explain the
evolution of neuronal circuits in terms of changes in
axonal development and axon-mediated develop-
mental interactions. It has been proposed, for example,
that some phylogenetically new connections in adult
animals (e.g., the postmammillary fornix projections in
adult cats, rabbits, and, probably, elephants) may have
evolved because axon collaterals that were develop-
mentally transient in the ancestral condition became
permanent during the course of evolution (Stanfield
et al., 1987). In addition, species differences in the adult
size of some cell groups may be due to phylogenetic
changes in the amount of naturally occurring develop-
mental cell death, which in turn may be regulated by
axon-mediated trophic interactions with other brain
areas (Katz, 1982). Phylogenetic increases in the size of
a particular muscle, for example, are likely to cause a
phylogenetic increase in the size of the motor neuron
population innervating that muscle by reducing the
amount of naturally occurring, trophic factor-dependent
cell death among those motor neurons (Holliday and
Hamburger, 1976). Such trophic interactions might
cascade throughout large portions of the nervous
system (Wilczynski, 1984) but are likely to be buffered
out quickly whenever neurons can derive trophic
support from multiple sources, i.e., whenever neural
connections diverge or converge (Finlay ef al., 1987).
Finally, it is important to note that trophic cascades are
affected by the phenomenon of compensatory inner-
vation, in which a reduction in the size of one afferent
projection causes a compensatory (and probably
trophic factor-mediated) increase in the size of another
projection or, in some cases, the sprouting of previously
nonexistent projections (Katz et al., 1981). Large neonatal
midbrain lesions in hamsters or ferrets, for example,
cause the sprouting of compensatory projections from
the retina to auditory or somatosensory thalamic nuclei
that were partially denervated by the lesions (Schneider,
1973; Frost, 1981; Sur et al., 1988). This rerouting of visual
information to normally nonvisual thalamic nuclei, in
turn, leads to developmental changes in some (but not
all) thalamocortical and intracortical connections
(Pallas et al., 1990; Gao and Pallas, 1999).

Most of what we know about how changes in
development can alter adult brain organization comes
from experimental lesion or transplantation studies,
but there is some evidence that similar phenomena also
occur naturally. The dorsal lateral geniculate nucleus
of congenitally eyeless mice, for example, receives
ascending somatosensory projections (Asanuma and
Stanfield, 1990) and contains some types of synapses
(Katz et al., 1981) that are not usually found in normal
mice, strongly suggesting that some kind of compen-
satory innervation has take place. Similar compensatory
changes may have taken place also in blind mole rats
(Heil et al., 1991), but this remains controversial.
According to the best available evidence, it appears
that the enormous decrease in the size of the retina in
blind mole rats is associated with a dramatic reduction
in the size of the lateral geniculate nucleus, an elimi-
nation of the typically precise topography of the
thalamocortical visual projection, and an expansion of
the normal auditory and/or somatosensory thalamo-
cortical systems (Necker et al., 1992; Cooper et al., 1993a;
Rehkdmper et al., 1994). These differences in adult
organization might have been predicted from what
we know about trophic interactions between inter-
connected cell groups (Oppenheim, 1981), the activity-
dependent fine tuning of topographical projections
(Meyer, 1983), and cross-modal competitive inter-
actions and compensation (Rauschecker et al., 1992).
Unexpectedly, however, the suprachiasmatic nucleus,
which receives retinal input and controls the timing of
circadian rhythms in most mammals, has remained
relatively large in blind mole rats (Cooper et al., 1993b).
This fact is only surprising, however, if one assumes
(1) that blind mole rats are truly blind, which is not true
since they have rudimentary retinas that are required
for the photic entrainment of their circadian rhythms
(Pevet et al., 1984), and (2) that the suprachiasmatic
nucleus depends on its retinal input for trophic support,
which is also likely to be incorrect because transplanted
suprachiasmatic nucleus cells can survive even if they
do not receive retinal afferents (Lehman et al., 1995).
Thus, the available data suggest that many of the
neural features that distinguish blind mole rats from
other, sighted rodents can be explained as secondary
developmental consequences of an early embryonic
reduction in retinal size.

Although a full synthesis of the developmental and
phylogenetic data on brain organization has not yet
been achieved, the examples reviewed above demon-
strate that it is already possible to sketch out some
mechanistic developmental explanations for at least
some phylogenetic changes in brain organization. In
addition, one can begin to discern a few fairly general
rules about how brain development and evolution
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relate to one another. For example, neuronal cell
groups that receive trophic support via a limited set of
axonal connections should be more phylogenetically
labile than those that either do not depend on other
cell groups for trophic support or have a large number
of different inputs and outputs (Finlay et al., 1987;
Striedter, 1990a, b). Furthermore, as brain size increases
phylogenetically, the proportions of the various brain
regions to one another should change dramatically
(largely in accordance with allometric predictions) and
this, in turn, should alter the outcome of at least some
competitive interactions during axonal development,
thereby leading to potentially major phylogenetic
changes in neural circuitry (Deacon, 1990a). More
generally, this realization implies that neural connec-
tions should be more phylogenetically labile than the
cell groups they interconnect (Striedter, 1992) and that
superficially similar brains, which appear in Nissl
stains to differ only in the relative size of homologous
cell groups, may nonetheless differ significantly in
terms of neural circuitry and functional organization.
Armed with these insights, and with the tools of
modern evolutionary neurobiology for reconstructing
phylogenetic change, one can again approach the
question originally posed by Owen and Huxley: how
did human brains change during the course of
hominid evolution?

EVOLUTION OF UNIQUELY
HUMAN BRAINS

Comparisons between humans and other animals
always involve both similarities and differences.
Among evolutionary biologists interested in behavior,
there is a long tradition of highlighting the similarities
between human and animal behavior (Romanes, 1881;
Wilson, 1975), but many differences also stand out.
Clearly, only humans sit around the fire (or dinner
table) to tell each other jokes and stories about past
glories or future plans, and only a human would eagerly
read what Owen wrote about primate brains 140 years
ago. Moreover, only humans use general engineering
skills to overcome environmental challenges that other
animals can solve solely through evolution by natural
selection. These are, of course, merely some of the major
differences between human and animal behavior,
but they suffice to pique one’s interest in the general
question of how human brains differ from those of other
animals and how these neuroanatomical differences
might relate to the known differences in behavior. In
the following paragraphs I will review some of what
we know about (1) phylogenetic size increases in
human brains, (2) the existence of uniquely human

neuroanatomical features, (3) phylogenetic changes in
the relative proportions of various brain areas in
primates, and (4) the possibility of major connectional
and functional changes in human brain evolution.
Given the limitations of space and my own expertise,
I offer not a complete review of the relevant literature
but merely an outline of how one might begin to
untangle the mysteries of human brain evolution. I
have also omitted from this discussion any speculations
about the selective pressures or chance events that
might explain why human brains evolved their
particular anatomical or behavioral features (Gould
and Lewontin, 1979; Lauder, 1996).

Although it is generally accepted that humans have
the largest brains among vertebrates, absolute brain
size is actually much greater in elephants and many
whales than it is in humans (5-10 kg for whales and
elephants, 1.4 kg on average for humans; van Dongen,
1998). Even relative to overall body size, human brains
do not come out at the “top of the scale” because the
brain comprises only about 2% of the body’s weight in
adult modern humans, but more than 3% in mormyrid
teleosts and nearly 10% in adult mice (Stephan et al.,
1981; Nilsson, 1996). Indeed, the only way to become
convinced that humans have uniquely enlarged brains
is to plot brain size versus body size for a large number
of species, to realize that relative brain size decreases
predictably as body size increases, and then to note that
the relative brain size of humans significantly exceeds
the value predicted from that negative allometric
relationship (Fig. 1.5A). Using this kind of allometric
analysis, it becomes apparent that the brain is approxi-
mately twice as large in primates as in other mammals
of similar body size and that the brain of modern
humans is roughly three times larger than expected
from an analysis of other primates (Passingham, 1982).
Human brains should really be housed in bodies the
size of King Kong (Deacon, 1990a). Analysis of the
hominid fossil record indicates that relative brain size
increased rather late in hominid evolution (approxi-
mately 2-3 million years ago) and that this increase
was not due to a phylogenetic reduction of body size,
which actually increased considerably during hominid
evolution (Tobias, 1973; Hofman, 1983; Wolpoff, 1999).
In developmental terms, the phylogenetic increase in
human brain size is due primarily to the fact that in
humans the brain grows at the high (primate typical)
fetal growth rate for a much longer time than it does in
other primates (Fig. 1.5B; Count, 1947; Passingham,
1985; Deacon, 1990c). Thus, Owen’s original hypothesis
that human brains are larger than those of apes because
they grow for a longer period (Owen, 1859) has been
substantiated by modern research. It is likely, however,
that additional mechanisms also contribute to the

[. EVOLUTION AND DEVELOPMENT



14 GEORG E STRIEDTER

3.5 - Modern H. sapiens

/
«  Early H. Sapiens
~

3.0 4 a

Hominids .~
Dg o e
0O %
2.5 e .

~ Chimpanzee

z .

2 .

[ e

= 20 LR )

£ Simians e .- *®

£ e

5 o, . o

2 15 %o

2 o 5 9

- ’:,@/' Prosimians
1.0 &® 5o
e .016 o

0.5 o 2%

0.0 T T T T T T T 1
15 2.0 25 3.0 3.5 4.0 4.5 5.0 55

log (body weight)

3.5

Humans ____e--
3.0

" Chimpanzees

,’ o._9
1 P s
= o #* Oxen
< ‘é ,
S B
© 2.0 o tod R
2 > L
£ é /,,/"H' Sheep
3 & ’
15 - ¥
g A
F ho
1.0 /" g&ﬁ
0 y #

log (body weight)

FIGURE 1.5 (A) Log-log plot of brain versus body weight for
various primates, showing that simians (monkeys and apes) tend to
have larger brains than prosimians of similar body weight, that
hominids tend to have larger brains than simians, and that relative
brain size has increased again in modern Homo sapiens. The data
used to generate this plot were taken from Stephan et al. (1981) and
Wolpoff (1999). (B) An analysis of brain development reveals that
human brains grow at the nearly exponential rate typical of fetal
brain growth for a longer period of time than do chimpanzee brains.
The data also show that primate brains are already significantly
larger than sheep or ox brains at very early stages of embryonic
development. These data are from Count (1947).

phylogenetic increase in human brain size, for brain
cell density appears to be higher in humans than in
macaques at early embryonic stages (Widdowson, 1981).

Given that human brains have increased in terms of
both absolute and relative size, many investigators
have wondered whether human brains possess some

regions or features that are not found in smaller brains.
The classic comparative cytoarchitectonic studies of
Brodmann and others (e.g., Brodmann, 1909; see
Chapter 27) already suggested that primates have a
greater number of distinct neocortical areas than most
nonprimates, and this has been confirmed in modern
studies. Specifically, it appears that the principal
sensory and motor areas are highly conserved across
mammals, but that many higher order cortical areas
are more difficult to homologize between primates
and other mammals (Kaas, 1987). The developmental
mechanisms underlying this phylogenetic increase in
the number of cortical areas remain controversial, but
probably involve interactions between dorsal thalamic
afferents, intracortical axons, and enlarged cortical
precursor regions that cause embryonic regions to
differentiate into a greater number of adult cortical
areas than were present in the ancestral condition
(Kaas, 1989; Killackey, 1990; Krubitzer, 1995; Striedter,
1998b). Whatever the mechanistic details, it is clear
that many neocortical areas cannot be homologized
in a one-for-one manner between primates and other
mammals (Kaas, 1983), particularly when one compares
primates and cats, which have independently evolved
elaborate visual systems with many neocortical areas
(Sereno and Allman, 1991). Turning to comparisons
between humans and other primates, Brodmann and
others identified several cortical areas in the human
frontal, temporal, and parietal lobes, including the
famous “language areas” of Broca and Wernicke, that
did not appear to have homologues in nonhuman
primates (Brodmann, 1909). However, these claims
were gradually eroded by later investigators who
showed that homologues of the human language areas
probably do exist in at least some nonhuman primates
(Deacon, 1992; Aboitiz and Garcia, 1997) and, more
generally, that human and anthropoid monkey cortices
are remarkably similar to one another in terms of
cytoarchitectural organization (Galaburda and Pandya,
1983; Petrides and Pandya, 1999; to see how similar
prefrontal cortex is between rhesus monkeys and
humans, refer to Chapter 25). The currently available
data therefore suggest that the phylogenetic increase
in overall brain size during hominid evolution was not
associated with a dramatic increase in the number of
distinct brain regions.

Although humans probably evolved very few truly
“new” brain areas (or neuronal cell types, but see
Nimchinsky et al., 1999; Preuss et al., 1999), several
regions in the human brain clearly differ from their ape
homologues in terms of relative size. Most strikingly,
human brains contain 15-24% more neocortical gray
matter (and 22% more neocortical white matter) than
would be expected for nonhuman primate brains of
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equal size (Rilling and Insel, 1999b). Interestingly, this
phylogenetic size increase affects some neocortical
regions more than others. For example, primary visual
cortex, constitutes an unexpectedly small percentage of
the human neocortex (although it is roughly as large as
would be expected given human body and retinal size;
Passingham, 1973; Holloway, 1979). Prefrontal cortex,
on the other hand, is enlarged significantly in human
brains. This finding has been challenged repeatedly
(Uylings and van Eden, 1990; Semendeferi et al., 1997),
but a careful application of allometric techniques
and cytoarchitectonic criteria suggests that, indeed,
prefrontal cortex is approximately twice as large in
humans as would be expected for nonhuman primates
with a neocortex of equal size (Passingham, 1973;
Deacon, 1997). This interpretation is further supported
by the finding that human prefrontal cortex is signifi-
cantly more complexly folded than would be expected
from the study of nonhuman primates (Zilles et al.,
1989; Rilling and Insel, 1999b). In addition, it is likely
that some portions of the parietal and temporal lobes,
several dorsal thalamic nuclei, the cerebellar hemi-
spheres, and several brain regions directly connected
to the cerebellum are also unexpectedly large in humans
(Holloway, 1972; Passingham, 1973; Armstrong, 1982;
Rilling and Insel, 1998b). Many of these conclusions
remain debatable, however, due to a dearth of quanti-
tative data and/or difficulties associated with the
allometric analyses (Deacon, 1990b, c). Finally, it may
be noted that one supposed hallmark of human brain
organization, namely, the bilateral asymmetry in the
size of the language-related planum temporale, has
now been observed also in the brains of chimpanzees
and other great apes (Gannon et al., 1998; Hopkins
et al., 1998).

The observed changes in the relative sizes of
homologous brain areas between humans and other
primates may seem to be of minor importance, given
that new brain areas have evolved repeatedly during
vertebrate evolution, but they are likely to be associated
with functionally significant changes in neuronal
connectivity. It has been argued, for example, that the
phylogenetic expansion of neocortex inevitably leads
to a reduction in the degree of neocortical inter-
connectedness (Frahm ef al., 1982; Stevens, 1989; Deacon,
1990a; Ringo, 1991), a hypothesis that is supported by
the finding that during primate evolution increases
in neocortical white matter outpace increases in gray
matter much less than would be expected if inter-
connectedness remained constant (Frahm et al., 1982;
Rilling and Insel, 1999a, b). In addition, changes in the
relative size of brain areas are likely to be associated
with changes in the size of the related afferent and
efferent pathways, and changes in the relative sizes of

these pathways are likely to (1) alter the balance of
functional interactions between adult brain areas,
leading to changes in the relative importance of
particular brain areas for some behaviors, and (2) bias
the outcome of competitive interactions during axonal
development in such a way that some connections are
completely lost while others appear de novo (Deacon,
1990a). These hypotheses are supported by the obser-
vation that the enlarged prefrontal cortex in humans
probably has connections that are not present in other
primates, including important connections to the mid-
brain and medullary vocal control areas (Deacon,
1989, 1992). Just as the prefrontal cortex thus appears
to have become “co-opted” into the machinery for
vocal communication in humans, so other neocortical
areas in humans may have become necessary for the
performance of behaviors that are less dependent on
the neocortex in other mammals. However, such
apparent shifts in neural function toward the neocortex,
sometimes referred to as “neocorticalization,” remain
poorly understood. Perhaps the best studied case of
neocorticalization involves the corticospinal tract,
which projects more strongly to spinal motor neurons
in primates than in other mammals (Heffner and
Masterton, 1975) and is both larger and functionally
more important in humans than in other primates
(Lawrence and Kuypers, 1968; Heffner and Masterton,
1983). Interestingly, this increase in the functional
importance of the corticospinal tract in humans appears
to be accompanied by the phylogenetic elimination of
the rubrospinal tract, which is prominent and important
for motor control in most other mammals (Voogd et al.,
1990, and Voogd, Chapter 11).

The behavioral correlates of the neuroanatomical
differences between humans and apes are difficult to
assess with rigor. The phylogenetic enlargement of the
human brain has frequently been interpreted as an
indication of increased intelligence (Jerison, 1973), but
this hypothesis has been difficult to confirm in detail
(Holloway, 1974), largely because it is so difficult (if not
impossible) to define “general intelligence” (Macphail,
1982). Overall brain size has also been linked to life
span (Sacher, 1973; Allman et al., 1993), metabolic rate
(Armstrong, 1985), social complexity (Byrne and
Whiten, 1988), diet and home range (Clutton-Brock and
Harvey, 1980). Unfortunately, all of these interpretations
involve at least some questionable assumptions and
are difficult to separate (van Dongen, 1998). Some of
these difficulties may be avoided by searching for more
specific correlations between structure and function. It
is likely, for example, that the fine digital dexterity and
power grip of humans are due to specific phylogenetic
changes in the human corticospinal tract (Heffner and
Masterton, 1983). Similarly, the phylogenetic co-option
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of prefrontal cortex into the vocal control system prob-
ably facilitated the emergence of symbolic language
during hominid evolution (Deacon, 1997). More
generally, it seems reasonable to speculate that the
phylogenetic enlargement of the prefrontal cortex in
modern humans has enhanced their ability to inhibit
automatic responses, form symbolic representations of
external objects, monitor the contents of working
memory, and plan future courses of action (see Owen
etal., 1996, 1999; Deacon, 1997). Clearly, however, even
these conjectures will have to be made more specific in
terms of both anatomical and behavioral differences or
similarities. To this end, it will be important to perform
comparable functional imaging studies in both
humans and apes and to develop ever better methods
for tracing neuronal pathways in human brains (e.g.,
Conturo et al., 1999).

CONCLUSIONS

Students of brain evolution have traditionally
emphasized either the discontinuity between brains
of different species or their fundamental similarities
in structural organization. Thus, the early, pseudo-
Darwinian view that brain evolution proceeds linearly
along a phylogenetic scale (Bowler ,1988), driven by
the steady accretion of novel parts, gradually gave way
to the view that all vertebrate brains are constructed
according to a common plan, implying that vertebrate
brains consist mostly of homologous parts (Kuhlenbeck,
1967-77; Northcutt, 1981; Butler and Hodos, 1996;
Nieuwenhuys et al., 1998). Faith in the conservative
nature of brain evolution should not be carried too far,
however, because many adult brain structures cannot
be homologized across all vertebrates and telencephalic
organization, in particular, differs dramatically between
major taxa (Northcutt, 1981; Striedter, 1997, 1999). In
mammals, the neocortex does exhibit some highly
conserved anatomical features (Rockel et al., 1980; but
see Skoglund et al., 1996). However, new neocortical
areas and features have evolved in several mammalian
lineages, and it is probably wishful thinking to argue
that rat neocortex is a good model for most aspects
of human neocortical structure or function (Kolb and
Tees, 1990; see Preuss, 1995). In contrast, the brains of
apes, seem remarkably similar to human brains in terms
of gross structure and cytoarchitectural organization.
For example, the rhesus monkey atlas of Paxinos et al.
(2000) displays the same prefrontal cortical areas as
can be found in human brain maps. Yet it is important
to remember that we still know relatively little about
the details of human (or, for that matter, ape) neuro-
anatomy (see Preuss, 1995, in press) and that some of

the relative size differences between human and ape
brains are probably associated with significant, and
as yet unknown, phylogenetic changes in neuronal
connections and functional organization.

In summary, it seems fair to say that the goal of
explaining human uniqueness in terms of species
differences in brain development and adult structure
appears increasingly attainable, particularly as new
data emerge on human and primate brain organization
(e.g., Rilling and Insel, 1999a, b). It is appropriate,
therefore, to close this chapter with a quote from the
much maligned, yet rarely read, Owen, who clearly
shared this ambition when he wrote:

The long-continued growth and superior size
of the human brain, more especially the superior
relative size of the cerebral hemispheres and their

numerous deep and complex convolutions, are
associated with psychical powers, compensating
for and permitting the absence of natural weapons
of offence and defence; they are corelated with
those modifications of the lower limbs which free
the upper ones from any call to serve the body in
the way of moving and supporting it, and leave
them at the command of the intellect, for such
purposes, in the fabrication of clothing, weapons,
etc., as it may energize upon according to its
measure of activity in the individual.
(Owen, 1859, p. 270).
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This account of the development of the human
nervous system during the embryonic period is based
largely on the authors’ investigations, particularly on a
series of 14 articles (O’Rahilly and Miiller, 1981, 1990;
Miiller and O’Rahilly, 1983-1990c) and on a book, “The
Embryonic Human Brain” (O’Rahilly and Miiller,
1999a), in which many additional details and an
extensive bibliography can be found. The references
provided in this chapter relate to mammals and are
mostly concerned with humans unless otherwise
indicated. All 16 tables are based on the authors’
research.

The following points emphasize the importance of
studying the development of the nervous system, in
particular the embryonic human brain.

1. The embryonic period has particular importance
in that during its course most major malformations
appear, and their origin and timing are related to very
early developmental processes.

2. The positions of areas and nuclei in the embryonic
brain are frequently quite different from those in the
adult, so that their identification depends more on
their fiber connections than on their topography.

3. The development of the brain in rodents and
even more so in the chick and quail differs appreciably
from that in primates, including humans. Indeed,
development in primates differs in many respects
from the common mammalian pattern.

4. The timing of the appearance of areas and nuclei
in the brain bears a relationship to functional consider-
ations and its investigation is necessary for an
understanding of early gene expression. Nevertheless,
straightforward extrapolation from the chain of events

Copyright 2004, Elsevier (USA). All Rights reserved.
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characteristic of murine ontogeny to that of the human
is not permissible (Gérard et al., 1995). Moreover,
despite the high degree of sequence conservation of
certain genes (Vieille-Grosjean et al., 1997), appreciable
differences are being found between the possible effects
of human and mouse genomes, so that the mouse may
not be a satisfactory model for many aspects of early
human development.

5. Studies of the human embryo with the aid of
recent methods confirm and further clarify many
morphological findings, such as the formation of the
neocortical layers published by Miiller and O’Rahilly
in 1990(a, b). The validity of such comparisons depends
on studies being made of the one species, in this
instance human, and with the aid of precise staging.

DEVELOPMENTAL
STAGES AND AGES

Prenatal life is conveniently divided into the
embryonic period, comprising the first eight post-
fertilizational weeks, and the fetal period, extending
thereafter to birth. Within the embryonic period,
staging (O’Rahilly and Miiller, 1987) is essential for
serious work in human embryology. However, it is
unfortunate that in the vast majority of studies of other
species such as mouse and rat, morphological staging
is rarely used, although staging systems are available
and have been collected conveniently in an atlas by
Butler and Juurlink (1987).

Approximate ages in postfertilizational (or post-
ovulatory) weeks have been assigned to these morpho-
logical stages, as listed in Table 2.1. These ages are
revised from time to time as new information, e.g., from
ultrasonography in vivo, becomes available. Although
the use of postmenstrual weeks and days is perfectly
legitimate in obstetrics, these are not age and should
not be so designated. The highly ambiguous term,
“gestational weeks” or “gestational age” should be
discarded (O’Rahilly and Miiller, 2000a).

AREAS WITH SPECIAL
INDUCTIVE INFLUENCE

The prechordal plate (Fig. 2.1A, stippled in the inset)
is a multilayered accumulation (up to eight rows) of
spherical cells in the human. They resemble endothelial
elements but are larger and contain numerous granules
(Miiller and O’Rahilly, 2003). The dorsal surface of
the plate is in close contact with the medial part of the
future forebrain, i.e., with the neural groove. The
prechordal plate provides a primary signal (sonic

TABLE 2.1 Initial Appearance of Various Features of
the Nervous System

Features Stage  Weeks"

Neural folds and groove

Mesencephalic flexure; primary neuromeres; 9
Rh., M, Pros.
Neural tube begins; Tel. medium and Di. 10 4
Rostral neuropore closes 11
Caudal neuropore closes; secondary 12 4Y,
neurulation begins
Closed neural tube; cerebellar primordium; 13
isthmus
Pontine flexure; medial ventricular 14

eminence; future cerebral hemispheres;
all 16 neuromeres present
Myelencephalon, metencephalon; 15 5

hippocampal thickening; lateral
ventricular eminence

Epiphysial evagination 15,16
Thalamus; all cranial nerves present 16
Internal and external cerebellar swellings; 17 6

neurohypophysial evagination; synapses
in primordial plexiform layer
Future corpus striatum; defined 18
interventricular foramina; choroid fissure;
dentate nucleus; inferior cerebellar peduncles

Olfactory bulb; insula; choroid plexus of 19
fourth ventricle
Choroid plexus of lateral ventricles 20 7
Cortical plate; anterior and inferior horns 21
of lateral ventricle; circulus arteriosus
complete
Internal and external capsules; claustrum 22
Caudate nucleus and putamen; anterior 23 8

commissure begins; external germinal layer
in cerebellum

"The weeks given are postfertilizational.

hedgehog, shh) for the suppression of the medial
part of the originally unseparated optic fields, thereby
inducing two separate primordia for the future retinae.
Lack of this suppression would result in cyclopia.

Later (clearly in stage 10) the areas of the neural
plate dorsal to the prechordal plate are the diencephalic
region D1 and the future rostral parencephalon with
the neurohypophysis. The caudal (epinotochordal) part
of the neural plate will develop a floor plate.

The primitive streak (Fig. 2.1B) is the caudal axial
structure of the early embryo. It lacks a basement
membrane, allowing the emigration of cells, and a
high percentage of its cells contribute to the neural
plate. Its rostral part contains a proliferative population

[. EVOLUTION AND DEVELOPMENT
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that forms the primitive node. The primitive streak
gives rise to axial mesoderm, the notochordal process,
and foregut endoderm (by way of the notochordal
process).

The mnotochordal process, which becomes the
notochordal plate and later the notochord, ends at the

Ty

FIGURE 2.1 Areas with special inductive functions. (A) Cross-
section of the prechordal plate (stage 8a), separated by a basement
membrane from the neural ectoderm, which possesses two to three
rows of cells. Above the neural ectoderm is the amniotic cavity; below
the prechordal plate is the umbilical vesicle. Loose mesenchyme is
visible on both sides of the prechordal plate. (B) Cross-section of the
primitive streak, from which cells can move readily ventrally and
ventrolaterally in the absence of a basement membrane. The key is a
median reconstruction (stage 8b) showing the levels of sections A
and B, as well as the primitive node and neurenteric canal. The
notochordal process is shown in oblique hatching and the prechordal
plate is stippled. A.C., amniotic cavity; All., allantoic diverticulum;
U.V,, umbilical vesicle. The bar represents 0.23 mm. A is from
R. O’'Rahilly and F. Miiller, “The Embryonic Human Brain,” 2nd Ed.
Copyright ©, 1999, Wiley-Liss. B is from R. O’Rahilly and F. Miiller,
“Human Embryology and Teratology,” 3rd Ed. Copyright ©, 2000,
Wiley-Liss. Reprinted by permission of John Wiley and Sons, Inc.

oropharyngeal membrane (near the adenohypophysial
pouch). It is caudal to the prechordal plate (Fig. 2.1,
inset). The notochordal process and the notochord
induce the floor plate by means of diffusible factors.
The floor plate is a specialized group of median neuro-
epithelial cells that appear to regulate differentiation
of motor neurons and axonal growth, and that also
synthesize shh, as does the notochord.

NEURULATION

Although it is generally maintained that neural
induction requires a positive signal from the “organizer,”
an alternative view is that “neuralization” of the
epiblast occurs when the cells do not receive signals
that induce them to form epidermis, mesoderm, or
endoderm (Hemmati-Brivanlou and Melton, 1997, in a
study of amphibia).

Neurulation is the formation of the neural tube and
it involves two different processes, termed primary
and secondary.

Primary Neurulation

This process extends from the appearance of the
neural plate and neural groove to the formation of the
neural tube (Fig. 2.2). The closure of the neural folds to
constitute the neural tube involves fusion of neural

—
Neural pI'ate C
——— Neural
] ectoderm folds g
tube -
’
Neurosomatic s
- - > Neural crest A P
junction ¥
/ N
Somatic { S
ectoderm /
/N
———— Neural discs + >
(“placodes”) / ',/
« ” ’
Islands / /,/
4
5 [Primitive 4 Caudal ’/,/'
streak / eminence[— Neural cord

FIGURE 2.2 The origin of the nervous system. (1) Primary
neurulation involves the neural ectoderm. (2) Secondary neurulation
occurs by way of the caudal eminence and the neural cord. Additional
contributions to the nervous system are made by the neural crest,
which arises at the neurosomatic junction (i.e., at the junction of
neural ectoderm and somatic ectoderm), and by neural discs (so-
called placodes), which were regarded by Streeter as “islands” of
neural ectoderm situated in the “ocean” of somatic ectoderm. After
table 19-1 from R. O’Rahilly and E. Miiller, “Human Embryology
and Teratology,” 3rd ed. Copyright ©, 2000, Wiley-Liss. Reprinted
by permission of John Wiley and Sons, Inc.
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ectoderm, fusion of surface ectoderm, and finally
interposition of mesenchyme. Failure of fusion of the
neural folds leads to anencephaly and/or spina bifida,
whereas a defect in the formation of mesenchyme
results in reopening of an already formed neural tube
and/or favors the development of an encephalocele.

The neural ectoderm is at first (stage 8) a pseudo-
stratified epithelium. Mitotic figures are present and
are superficial (Fig. 2.1).

The neuropores are the openings that are left before
final fusion of the neural folds (Figs. 2.3B, C, and
2.4A, B). The rostral neuropore appears and closes first
(during stage 11), followed by the caudal neuropore
(during stage 12). It must be emphasized that a specific
pattern of multiple sites of fusion such as has been
described in the mouse is not found in the human

SECONDARY
NEURULATION

FIGURE 2.3 Primary and secondary neurulation. (A) The neural
folds and neural groove. (B) The folds begin to fuse (stage 10).
(C) Continuation of the fusion rostrally and caudally leaves two
neuropores, which soon close (stages 11 and 12). (C’) The arrows
indicate the fusion of the left and right neural folds. (D) A slight pit
indicates the site of the former caudal neuropore, beyond which the
neural tube is formed by secondary neurulation. In E to G the surface
ectoderm has been added. The long arrow is placed in the lumen of
the neural tube, which develops by both primary and secondary
neurulation (E and F). The cavity formed by secondary neurulation
(F) appears in the solid neural cord (G). From R. O’Rahilly and
F. Miiller, “Human Embryology and Teratology,” 3rd Ed. Copyright
©, 2000b, Wiley-Liss. Reprinted by permission of John Wiley and
Sons, Inc.

(O’'Rahilly and Miiller, 2002). However, additional
small loci, variable in position, may be encountered at
stage 10 (Miiller and O’Rahilly, 1985, figure 2; Nakatsu
et al., 2000, figure 2).

Secondary Neurulation

This is the continuing formation of spinal cord
without direct involvement of the surface ectoderm,
i.e., without the intermediate phase of a neural plate
(Fig. 2.3D-G). It begins once the caudal neuropore has
closed (during stage 12). The caudal eminence, which
is already recognizable very early (stages 9 and 10) and
slowly replaces the primitive streak, is an ectoderm-
covered mass of pluripotent mesenchymal tissue. It
provides structures comparable to those formed more
rostrally from the three germ layers. Its derivatives
include the caudal portions of the digestive tube,
caudal blood vessels, notochord, somites, and spinal
cord. The caudal eminence (stage 12) gives rise to a
solid cellular mass known as the neural cord, which
forms the nervous system of the caudal part of the
body. The central canal of the more rostrally situated
spinal cord extends into the neural cord. The caudal
eminence gives rise to at least somitic pair 32 and
those following. The mesenchyme for pairs 30-34 is
the material for sacral vertebrae 1-5.

The impact of a disturbance of secondary neurulation
is difficult to evaluate, and even in animals there is no
experimental evidence “that an open spina bifida can
result solely from defective secondary neurulation”
(Copp and Brooks, 1989).

Neural Crest

Neural crest cells, mostly pluripotent, are given off
dorsolaterally from the neural folds at the neurosomatic
junction (Fig. 2.4A). They can be distinguished very
early in the mesencephalic region (stage 9, Miiller and
O'Rabhilly, 1983), which is earlier than previously indi-
cated. The formation of neural crest cells in the head
takes place mainly during primary neurulation, that of
the spinal cord chiefly during secondary neurulation.
The neural crest cells lose cadherins when they
become migratory, but they reexpress them during
formation of the peripheral ganglia. The migration of
neural crest cells depends on the extracellular matrix
through which they travel. Fibronectin and laminin in
the matrix facilitate migration, whereas chondroitin
sulfate proteoglycans inhibit it. The induction of neural
crest is probably caused by local interactions between
neural and nonneural ectoderm (induced by a
particular range of BMP-4 activity); signals from the
mesoderm are also important, and fibroblast growth
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FIGURE 2.4 Sections showing rostral neuropore, optic sulci, and the location of mitotic figures in the early
development of the prosencephalon. Rostral is uppermost. (A) A widely open rostral neuropore (stage 11).
The optic sulcus of the right side is marked by a black arrow. Although the telencephalon has already begun
its appearance (stage 10), it is not visible in this section. The narrow part of the neural groove leads to the
mesencephalon, which gives off neural crest cells (white arrow) that are important for the future development
of the head. (B) In a more advanced embryo (stage 11), the optic sulci (large arrows) have become deeper and
the optic vesicles are well defined. The rostral neuropore is still open. (C) Here (stage 12) the rostral neuropore
is closed by fusion of surface ectoderm and neural ectoderm, which over a certain distance are sealed
together. The telencephalon medium (Tel.) and its ventricle are visible rostral to the optic vesicles of D1. The
unpaired caudal segment represents D2. Levels of sections A and B are indicated on left side of inset, C on
right. B is from R. O’Rahilly and F. Miiller, “The Embryonic Human Brain,” 2nd Ed. Copyright ©, 1999, Wiley-
Liss. Reprinted by permission of John Wiley and Sons, Inc.

NEUROCYTOGENESIS

factors seem necessary (at least in birds). Neural crest
in the hindbrain is restricted to Rh. 2, 3, and 5-8. It is
maintained that crest cells are killed by the secretion of
BMP-4 in the even-numbered rhombomere 4. Neural
crest cells develop into a variety of cells and tissues.
Their specification into neurons is believed to depend
on a concerted action of neurotrophins and other
growth factors.

The cells of the nervous system arise from the neural
folds and tube at two main sites: (1) the ventricular
layer and (2) the neural crest. It should be noted that
the term spongioblast has long since been abandoned
and that the term neuroblast (for immature neurons) is
incorrect.

1. EVOLUTION AND DEVELOPMENT
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Because the neural plate is exposed to the amniotic
fluid (Figs. 2.1A, 2.4A, B), the mitotic figures of this
germinal layer are in a superficial location. They
become separated from the amniotic cavity when the
neuropores close and cell division is characterized
by interkinetic nuclear migration. As the neural tube
develops, the mitotic figures are adjacent to the future
ventricular cavity (Fig. 2.4C). This layer of cells is
termed the ventricular layer or zone. Marginal and
intermediate layers soon develop. The marginal layer,
at first almost acellular, later contains the processes of
postmitotic cells. In the neopallium, Cajal-Retzius cells
and afferent fibers constitute the primordial plexiform
layer. The intermediate layer is characterized by larger,
more rounded cells with more widely spaced nuclei
belonging mostly to postmitotic cells. The subventricular
layer, which appears in the neopallium only after the
establishment of the cortical plate (stage 21), is formed
by cells at the interface between the ventricular and
intermediate layers. These cells continue to divide
without interkinetic nuclear migration and may be a
source for therapeutic cellular replacement. Further
details of the neopallial layers are given later.

Morphogenesis of the brain is dependent not only
on cell production but also on apoptosis (Linden,
1997), which is believed to affect half of the neurons
formed. Its function seems to be the removal of an
excess of neurons and the establishment of appro-
priate synaptic connections. The process occurs in the
brain in such regions as the cortical subplate, the
granular cells of the cerebellum, and the pyramidal
cells of the hippocampus. It takes place in the olfactory
epithelium throughout life. The apoptotic zones of the
embryonic human nervous system have been studied
and tabulated by Iliés (1969). Reduction of cell death
can cause severe malformations, e.g., failure of closure
of the neural tube (Kuan et al., 2000).

Neural Stem Cells

Neuronal stem cells persist in the adult mammalian
central nervous system (e.g., in the ependyma; Rao,
1999) and participate in plasticity and regeneration,
but they have the immunocytochemical markers of
glia (Fields and Stevens-Graham, 2002). The only site
in the adult peripheral nervous system where
production of neural stem cells is documented is the
olfactory neuroepithelium (Alvarez-Buyilla et al., 2001,
cited in Geuna et al., 2001). A pool of progenitor cells
within the human dentate gyrus continues to produce
new granule cells throughout life.

Cloned human neural stem cells implanted into the
lateral ventricles of monkeys of 12-13 weeks became

distributed into two subpopulations (Ourednik et al.,
2001): one contributed to corticogenesis by migration
along radial glia to the cortical plate and differentiated
into neurons and glia; the other remained undifferen-
tiated and contributed to the subventricular zone.

Special Neurons and Their Connections

Genes specific for the central nervous system “are
expressed only in the nervous system and repressed in
other tissues” (Lunyak et al., 2002).

Catecholaminergic cell groups have been detected
very early (stages 13 and 14) in the human
rhombencephalon and mesencephalon, and similar
groups are soon found in the hypothalamus (stages 15
and 16). A band of densely packed cells corresponding
to the primordia of the dopaminergic substantia nigra
and ventral tegmental area has been recorded (at
approximately stage 20; Verney et al., 1991).

Moreover, it is now believed that catecholaminergic
neurons in the human embryo arise along the entire
cerebral axis rather than from a few localized sources.

Cajal-Retzius cells are among the first-formed
neurons and their early presence is proven by reeler
immunoreactivity (Zecevic et al., 1999). The population
of Cajal-Retzius cells in the future molecular layer
matures late in trimester 2 (Verney and Derer, 1995)
and is most striking near the middle of prenatal life
(Tsuru et al., 1996). These cells are thought to be fully
mature when they express neurofilament proteins
strongly and when the pyramidal neurons are already
generated. Reelin produced by the Cajal-Retzius cells
is responsible for the normal migration of the neurons
from the ventricular layer to the periphery of the wall
of the brain.

A distinction has been made between Cajal and
Retzius cells (Meyer et al., 1999). Cajal cells lie closer to
the pia, are smaller, and are frequently triangular or
piriform. They appear when the Retzius cells have
already largely disappeared.

Bergmann cells are modified radial glial cells of the
cerebellum that develop early in the fetal period (Choi
and Lapham, 1980).They are essential for the migration
of the Purkinje cells, which will be present at the end
of trimester 1 (Rakic and Sidman, 1970).

Purkinje (piriform) cells are established early (stage 21).
They form “multiple populations of chemically distinct
cells that migrate in a coordinated fashion” to form
sagittal bands of cells (Hawkes and Mascher, 1994).
Their characteristic shape is acquired by the middle
of prenatal life, although migration, as well as changes
in shape and size, continues postnatally (for about
18 months?).

[. EVOLUTION AND DEVELOPMENT
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DEVELOPMENT OF THE NEURAL
PLATE AND GROOVE

The primordium of the central nervous system
appears (at stage 8; Fig. 2.1A) before the heart or other
organs become evident, at a time when very few
morphological features are present. At that time, the
embryo is a slightly vaulted disc that possesses a longi-
tudinal axis. The axis is indicated by (1) the primitive
streak and groove, which begin at the primitive node
and proceed caudally; and (2) the notochordal process
(Fig. 2.1, inset) and the neural groove. Retinoic acid is
implicated in the pattering of the rostrocaudal axis of
the brain and the induction of HOX gene expression in
the mouse and rat (Morriss-Kay, 1993; Ruberte et al.,
1991).

The neural groove is seen only in the largest embryos
of the group (stage 8b; Fig. 2.1A). The neural ectoderm
of the groove and of the bilateral vaulted areas isthe
first visible sign of the future nervous system. The
neurenteric canal (Fig. 2.2, inset) may be important in
the formation of a split notochord (diastematomyelia),
and its persistence may lead to a dorsal enteric cyst.

When one to three pairs of somites have appeared
(stage 9), the neural groove is considerably deeper and
the three major divisions of the brain (prosencephalon,
mesencephalon, and rhombencephalon) can be iden-
tified in the unfused neural folds. They are distinguish-
able by their position in relation to the mesencephalic
flexure and not as so-called vesicles, as so commonly
stated. The rhombencephalon is the longest portion of
the brain at this time.

Neuromeres

Neuromeres are morphologically identifiable trans-
verse subdivisions perpendicular to the longitudinal
axis of the embryonic brain and extending onto both
sides of the brain. They appear early (stage 9) and sub-
divisions are soon visible (stage 11). In the hindbrain
they are termed rhombomeres (Rhs.).

Four primary rhombomeres (A, B, C, D) and the otic
disc can be discerned in the open neural folds (stage 9)
before the neural tube has begun to form. Rh. A lies
between the mesencephalic flexure and the otic disc,
Rh. B is adjacent to the otic disc, Rh. C is at the base of
the mesencephalic flexure, and Rh. D is adjacent to the
occipital somites. Eight secondary rhombomeres
(Table 2.2) develop from them. Rh. A divides into Rh.
1, 2, 3; Rh. B becomes Rh. 4; Rh. C. divides into Rh. 5,
6, 7; and Rh. D becomes Rh. 8. The development of the
neuromeres in the human embryo has been described
in detail elsewhere (Miiller and O’Rahilly, 1997) and
the arrangement at 5 weeks (stage 14) is summarized

TABLE 2.2 The 16 Secondary Neuromeres of the
Human Embryo and Their Stage of Appearance

No. Neuromere Abbreviation  Stage
Telencephalon medium T 10
Diencephalon 1 D1 10

3-5 Diencephalon 2 D2 10

3 Parencephalon rostralis Par.r. 14
4 Parencephalon caudalis Par.c. 14
5 Synencephalon Syn. 13

6 Mesencephalon 1 M1 12

7 Mesencephalon 2 M2 12

8 Isthmus rhombencephali Isth. 13

9-16 Rhombomeres 1-8 Rh. 11

in Table 2.2. Other schemes, including six prosomeres
described in the mouse, are not supported for the
human (Miiller and O’Rahilly, 1997). Later (stage 15) a
longitudinal organization begins to be superimposed
on the neuromeres (Fig. 2.5).
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