Reviews and critical articles covering the entire field of normal anatomy (cytology,
histology, cyto- and histochemistry, electron microscopy, macroscopy, experimental
morphology and embryology and comparative anatomy) are published in Advances
in Anatomy, Embryology and Cell Biology. Papers dealing with anthropology and
clinical morphology that aim to encourage cooperation between anatomy and related
disciplines will also be accepted. Papers are normally commissioned. Original papers
and communications may be submitted and will be considered for publication provided
they meet the requirements of a review article and thus fit into the scope of “Advances”.
English language is preferred.

It is a fundamental condition that submitted manuscripts have not been and will
not simultaneously be submitted or published elsewhere. With the acceptance of
amanuscript for publication, the publisher acquires full and exclusive copyright for all
languages and countries.

Twenty-five copies of each paper are supplied free of charge.

Manuscripts should be addressed to

Prof. Dr. F. BECK, Howard Florey Institute, University of Melbourne,
Parkville, 3000 Melbourne, Victoria, Australia
e-mail: fb22@le.ac.uk

Prof. Dr. E. CLASCA, Department of Anatomy, Histology and Neurobiology,
Universidad Auténoma de Madrid, Ave. Arzobispo Morcillo s/n, 28029 Madrid, Spain
e-mail: francisco.clasca@uam.es

Prof. Dr. M. FROTSCHER, Institut fiir Anatomie und Zellbiologie, Abteilung fiir Neuroanatomie,
Albert-Ludwigs-Universitét Freiburg, Albertstr. 17, 79001 Freiburg, Germany
e-mail: michael.frotscher@anat.uni-freiburg.de

Prof. Dr. D. E. HAINES, Ph.D., Department of Anatomy, The University of Mississippi Med. Ctr.,
2500 North State Street, Jackson, MS 39216-4505, USA
e-mail: dhaines@anatomy.umsmed.edu

Prof. Dr. H.-W. KORF, Zentrum der Morphologie, Universitit Frankfurt,
Theodor-Stern Kai 7, 60595 Frankfurt/Main, Germany
e-mail: korf@em.uni-frankfurt.de

Prof. Dr. E. MARANI, Department Biomedical Signal and Systems, University Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands
e-mail: e.marani@utwente.nl

Prof. Dr. R. PUTZ, Anatomische Anstalt der Universitit Miinchen,
Lehrstuhl Anatomie I, Pettenkoferstr. 11, 80336 Miinchen, Germany
e-mail: reinhard.putz@med.uni-muenchen.de

Prof. Dr. Dr. h.c. Y. SANO, Department of Anatomy,
Kyoto Prefectural University of Medicine,
Kawaramachi-Hirokoji, 602 Kyoto, Japan

Prof. Dr. Dr. h.c. T.H. SCHIEBLER, Anatomisches Institut der Universitit,
Koellikerstrafle 6, 97070 Wiirzburg, Germany



193

Advances in Anatomy
Embryology

and Cell Biology

Editors

E. F. Beck, Melbourne - E. Clascd, Madrid

M. Frotscher, Freiburg - D. E. Haines, Jackson
H.-W. Korf, Frankfurt - E. Marani, Enschede
R. Putz, Miinchen - Y. Sano, Kyoto

T. H. Schiebler, Wiirzburg



F. Aboitiz - J. Montiel

Origin and Evolution

of the Vertebrate
Telencephalon,

with Special Reference

to the Mammalian Neocortex

With 15 Figures

@ Springer



Francisco Aboitiz, Dr.

Departamento de Psiquiatria

Escuela de Medicina

Pontificia Universidad Catdlica de Chile
Santiago

Chile

e-mail: faboitiz@puc.cl

Juan Montiel, Dr.

Facultad de Ciencias de la Salud
Universidad Diego Portales
Santiago

Chile

ISSN 0301-5556
ISBN 978-3-540-49760-8 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright Law
of September, 9, 1965, in its current version, and permission for use must always be obtained from
Springer-Verlag. Violations are liable for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com
© Springer-Verlag Berlin Heidelberg 2007

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

Product liability: The publisher cannot guarantee the accuracy of any information about dosage and
application contained in this book. In every individual case the user must check such information by
consulting the relevant literature.

Editor: Simon Rallison, Heidelberg

Desk editor: Anne Clauss, Heidelberg

Production editor: Nadja Kroke, Leipzig

Cover design: WMX Design Heidelberg

Typesetting: LE-TEX Jelonek, Schmidt & Vockler GbR, Leipzig

Printed on acid-free paper SPIN 11881063 27/3150/YL - 543210



List of Contents

2.1

2.1.1
2.1.2
2.1.3
2.2

2.2.1
2.2.2
2.2.3
2.2.4
2.2.5
2.3

2.3.1
2.3.2
2.3.3

234
2.3.5

3.1

3.1.1
3.1.2
3.2

3.2.1
3.2.2
3.2.3
3.24
3.2.5
3.2.6
3.3

3.3.1
3.3.2
3.3.3
3.4

Introduction. . . ... ... ittt i e

Evolution of the Vertebrate Nervous System and Telencephalon .. ........
Animal Phylogenetic Relationships . ... ....... ... ... ... ... .. ...
Origin and Diversification of Metazoans ..............covuiuueennnn
Phylogenetic Origins of the Nervous System. . . ......... ...,
SUMMATIY . oottt et it e e e
The Origin of Vertebrates . . . . ......... i,
Early Theories and FossilEvidence . . ............ .. ..o i,
The Neural Crest and Placodes in Vertebrate Origins . ................
Olfactory Placode and Epithelium: Association with Adenohypophysis . . . . .
Origin of the Telencephalon .. ........ .. ... .. ... ... i,
SUMMATIY . .ottt it e e
Evolution of the Telencephalon in Vertebrates ......................
Taxonomical Relationships Among Vertebrates and Their Early Evolution. . .
Evolution of the Cerebral Hemispheres: Ventral Telencephalon ..........
The Brain of Jawless Fishes and the Organization

of the Ancestral Dorsal Telencephalon . .. ........ ... ... ... ... ...
The Pallium in Jawed Vertebrates ............. ...t iurnn....
SUIMMATIY &« vttt ettt it et e et

Origin of the Mammalian Brain . ................ ... ... ... ....
The FirstMammals .. ...t i
Fossil Mammals and Their Brains . ... ........ ... .o ..
SUIMMATIY &« vttt ettt it e ettt it
Origin of the Mammalian Neocortex: Hypotheses on Homology .........
Mammalian Brain Expansion and the Origin of the Neocortex . ..........
Hypotheses for Neocortical Origins . . . . ........cviiii ..
The Recapitulation Hypothesis: Connectional Evidence ...............
The Dorsal Cortex of Reptiles: Subicular and Neocortical Characteristics . . .
Differences in Connectivity Between the DVR and the Neocortex.........
SUMMATIY .« .ottt ittt
Embryological Evidence. . . .. ... oo v
Developmental Criteria for Homology . . .. ... ..oovviiii i
Dorsoventral Gradients and Expansion of the Dorsal Pallium. ...........
SUMMATIY . oottt e ittt it
The Olfactory-Hippocampal Hypothesis .. ........... ... ... ... ...

0NN N



VI List of Contents
3.4.1 A Functional Interpretation of Dorsal Pallial Expansion

in Mammalian Origins. . . .. v oot i it e e e 54
342 SUMIMAIY .ottt et ittt e e it e s 58
3.5 Origin of Neocortical Lamination . ............cooviiuinnnonn. 59
3.5.1 Laminar Organization of the Neocortex . ............ ... v 59
3.5.2 Comparison of Mammalian Neocortex and Reptilian Cortex:

Layer Homologies . . ... oo v ittt 60
3.5.3 IsThereaPreplateinReptiles? ........... . ... i, 62
3.5.4 Origin of the Inside-out Developmental Gradient . ................... 64
3.5.5 Pioneer Neurons and the Transition from a Tangential

to a Radial Synaptic Organization in the Neocortex. . . ................ 66
356 SUMMAIY ...ttt e e 67
3.6 Expansion of the Neocortex . ... ......ovviinniiennneennnnn 68
3.6.1 Multiplication of Cortical Areas . ...........ouuiiiiunennnneennn. 68
362 SUMMAIY ...t e e 71
4 Discussion .. ....... ..t e e e 71
4.1 AnOVeIVIEW . . oot i i e e 71
4.1.1 Early Neuronal Differentiation . ............. .. .. i, 71
412 Patterning . ...t e 72
4.1.3  Diversification of the Hemispheres and Neocortical Origins. . ... ........ 74
4.14 Olfaction, the Hippocampus and the Amygdala ..................... 75
4.1.5 Cortical Lamination ..............oiutiniiiitiiii., 75
4.1.6  Tangential Expansion and the Origin of New Areas . ... ............... 77
4.2 Issues with Evolutionary Theory . ... ...... ... oo 77
4.2.1 Genetic Conservatism Versus Morphological Diversity ................ 77
422 Developmentasa Clueto Evolution. . .............. ... ... . ... .... 78
4.2.3 Developmental Processes and Homology Criteria . . .................. 79
424 Development, Adaptation, and Behavior ................... ... ... 81
4.3 Final Comments . .. ...ttt ittt it 83
References . ... ... ... . . 85
SubjectIndex. .. ... ... 113



Acknowledgements

Some of the results presented in this work have been financed by the Millenium
Nucleus for Integrative Neuroscience.



Introduction 1

1
Introduction

There is little doubt that the vertebrate brain is the most complex structure we
know. As with any complex structure, there is the immediate question about its
origins. How could such a complex design develop from the simplest multicellular
animals? This problem has pervaded the study of evolutionary biology since its
beginnings. Although Darwin (1859, 1871) proposed an impeccable mechanism
(natural selection) for the gradual transformation of species including human
origins, even he sometimes expressed certain doubts about the origin of highly
complex structures. This issue has been highly debated both within science and
outside it. For instance, a rebirth of the old religious argument of intelligent design
has gained unexpected strength in the last few years. In essence, this argument
follows Paley’s (1802) claim that if we find a clock that has been thrown away we
cannot consider that it was created on its own, but rather has to be the consequence
of conscious design. Today, creationists have developed a modern version of this
argument, that of “intelligent information” (Denton 2002). For example, after
sequencing the human genome in 2001, one of Celera Genomics top computer
scientists claimed that this complexity suggested design. Although he clarified not
to be thinking of God, he asserted that “there’s a huge intelligence there” (quoted
in Witham 2002, p 9). As Witham (2002) says, modern computer-literate believers
may soon ask the question of whether the universe is self-running or functioning
on DOS, a Divine Operating System.

In this volume, we have decided to tackle the problem of the origin and evolution
of the vertebrate brain, from the simplest nervous system-like elements that we
can observe in nature. In doing so, we expect to establish a continuity between
the simplest stages and the elaboration of the highly intricate neuronal network
that is the mammalian cerebral cortex. For lack of space, we will have to leave
aside several other brain structures such as the basal ganglia or the cerebellum,
as well as components perhaps comparable to the mammalian cerebral cortex in
other vertebrates; as will be seen, the cerebral cortex alone is sufficient to fill up
quite an extensive review. Our main point will be to present a case for continuous
evolutionary transformation of the central nervous system, from its very origins
to the elaboration of the most complex structure that exists on earth.

In order to pursue our goal, we will have to discuss some basic concepts of
neuroanatomy, embryology, and developmental genetics. This knowledge was un-
available in Darwin’s time, which further emphasizes his genius. We will follow
an approach that has been termed developmental evolutionary genetics, which
seeks to establish a correspondence between embryological processes and the
phylogenetic history of an organism. In other words, if we observe continuity in
development between a fertilized egg and an adult brain, we should also expect
continuity in its evolutionary history. This approach is not new; its roots can be
found in Von Baer’s biogenetic law (Von Baer 1828; see also Gould 1977), stating
that embryos start from a general condition (the unicellular egg), shared by all
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animals, and during development they progressively acquire characters that in-
clude them in successively restricted taxonomical groups. That is, if at early stages
all embryos are similar among them, they subsequently develop characters that
define them as say, vertebrates, then mammals, then primates and then as humans.
This view was further expressed in a more extreme version by Haeckel (1892), who
considered both evolution and development as a linear chain, embryology reca-
pitulating the phylogenetic history of the animal. Thus, the human embryo passed
through stages in which it was first a unicellular organism, then an undifferentiated
metazoan (morula), then a jellyfish (gastrula), then a fish, then a tailed reptile and
so on until he or she became a human. Modern understanding of these hypotheses
acknowledges that in fact, early embryos are readily distinguishable among them,
and that human embryos are human embryos during all development; they do
not pass from a jellyfish stage to a fish stage and so on (Garstang 1922; Gould
1977; Richardson et al. 1997). However, it is also recognized that embryos pass
through successive stages in which they acquire the characteristics proper to each
of the nested phylogenetic categories to which they belong. Thus, there is a general
concordance between embryonic stages and the phylogenetic history.

Recent expressions of this approach have taken the name of “evo-devo” (from
evolution and development) and have been particularly fruitful after the rise of
molecular embryology. This discipline has revealed an exquisite correspondence
in the molecular mechanisms underlying similar embryonic processes in a wide
group of animals, which nevertheless appear quite diverse in their superficial mor-
phology (McGinnis and Krumlauf 1992; Gerhart and Kirschner 1997; Martindale
2005; Pearson et al. 2005). Furthermore, the bulk of comparative molecular and
embryological evidence strongly points toward a relatively conserved embryonic
stage (the zootype) that corresponds to the establishment of the taxonomic group’s
body plan (Slack et al. 1993). In the case of vertebrates, this corresponds to the
point in which the embryo develops the pharyngeal pouches: the pharyngula
stage. Thus, there is high diversity in early developmental processes (mainly due
to species differences in yolk content and early embryonic adaptations), followed
by a convergence in structure at mid-developmental stages, in order to diverge
again as development proceeds toward the adult state. Interestingly, the expres-
sion of specific and highly conserved regulatory genes (homeobox and related
genes) takes place in this converging embryonic stage and participates in pattern-
ing the embryo’s body plan. Homeobox (Hox) and related genes have been found
to be fundamental in anteroposterior patterning in vertebrates, in the fruit fly
Drosophila and in other animal groups, indicating that they represent quite an an-
cient developmental regulatory system (McGinnis and Krumlauf 1992; Krumlauf
1992; Garcia-Ferndndez and Holland 1994; Martindale 2005; Pearson et al. 2005;
Garcia-Ferndndez 2005).

In a way, this evidence has produced a turn back to the times of the pre-
evolutionary concepts of Transcendental Anatomy, in which the architectural body
plans were considered to be established by divine intervention; diversity in design
was only the result of variations within a theme, due to adaptations to contingent
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circumstances. This perspective considered adaptation as a constant, universal
feature of living beings. The advent of evolutionary theory, putting its focus on di-
versity rather than on common organization and emphasizing that adaptation was
variable, related to successful reproduction, relegated this perspective to a second
plane for quite a long time (Desmond 1982). As said, the discovery of a common
genetic organization in the body of most animals has produced a strong shift of
emphasis into the commonality of type again, this time observed under the light of
evolutionary theory. We will pursue an evo-devo view to the phylogenetic history
of the brain, showing which genetic processes are shared with other, nonvertebrate
animals to underline the genetic conservatism of morphological evolution; but will
also put emphasis on the dramatic morphological diversification that has taken
place during evolution. It appears that, even given a relatively fixed genetic bat-
tery, developmental morphology has taken quite different courses in the different
lineages, possibly related to the specific circumstances in which characters have
been acquired. Thus, we also intend to emphasize the behavior and way of living
of the ancestral organisms, in order to provide an integrated view of the specific
conditions that led to the divergence of the distinct lineages.

An important theme to be discussed in this section relates to the concept of
homology. We will need to compare structures in different species and will have
to determine whether they are or not comparable structures. There are many
(perhaps too many) criteria to determine the homology between two organs, and
as expected they do not always agree. In one particular instance, the origin of the
neocortex from a reptilian-like brain, this issue has been highly controversial in
the last few years. As the evidence to date indicates strong genetic conservatism
with morphological diversification, we have relied on genetic criteria to determine
the structure that most likely gave rise to the mammalian neocortex.

In general, we will address this issue in the context of a conserved structural
organization of the vertebrate brain. As in the concept of the zootype expressed
above, in vertebrate brains there is a stage of convergence at about the same
developmental stage. For example, a proposal for a neuronal zootype has been
recently outlined, considering the basic embryonic elements that determine the
organization of the vertebrate brain (Deutsch and le Guyader 1998). However, long
before these authors, Bergquist and Kéllén (1953a,b; 1954) established in the mid-
1900s that all vertebrate brains at the pharyngula stage have a similarly organized
brain, divisible into a series of transverse domains visible as periodic thickenings
of the anterior neural tube, which they termed neuromeres. These thickenings
were proposed to be centers of proliferative activity, separated by regions where
cell division occurs more slowly. Although this view was neglected for a long time,
recent studies have confirmed the presence of seven neuromeres in the hindbrain or
rhombencephalon (thombomeres), one in the midbrain (mesomere) and six in the
forebrain (prosomeres) (Shimamura et al. 1997; Wilkinson et al. 1989; Fraser et al.
1990; Lumsden 1990; Rubenstein et al. 1994; Puelles and Rubenstein 1993, 2003;
Puelles 1995). Furthermore, it was found that the expression boundaries of different
Hox genes were largely coincident with the rhombomeric segmentation pattern
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and were highly conserved across vertebrate species (Wilkinson and Krumlauf
1990; Nieto et al. 1991; Kimmel 1993).

In the more anterior prosencephalon, which is of more immediate interest to us,
evidence for segmentation was for some time difficult to obtain. However, analyzing
the expression domains of several transcription factors that were activated in the
developing forebrain, Puelles and Rubenstein (1993, 2003) determined that there
was a nice fit with Bergquist and Kéllén’s description of prosomeric segments,
which is again largely conserved across vertebrates. While in the prosomeres there
is no expression of Hox genes, several homeodomain proteins are expressed, which
perform a similar role to that of Hox gene clusters in more caudal segments. For
example, genes of the DIx and the Emx (Emx1 and Emx2) families are respectively
expressed in the ventral telencephalon (subpallium) and the dorsal telencephalon
(pallium). Dix genes are closely related to Hox genes (they appear to belong to the
same cluster) and are homologs to the Drosophila gene distal-less (DII), expressed
in the embryonic imaginal disks (Panganiban 2000). The linkage between DIx and
Hox genes also exists in invertebrates such as the nematode, suggesting that the
primordial DIx and Hox genes were similarly linked. Importantly, in vertebrate
origins there were two duplications of the Dix-Hox cluster (Digregorio et al. 1995;
Stock et al. 1996). On the other hand, Emx genes are orthologs of the Drosophila
gene empty spiracles (ems), responsible for the formation of head segments (Dalton
et al. 1989; Walldorf and Gehring 1992; Hirth et al. 1995).

Puelles and Rubenstein’s (1993, 2003) prosomeric model has faced some crit-
icisms such as the evidence of cell migration across prosomere borders (but not
across rhombomere borders), the fact that early patterns of gene expression may
be quite dynamic and a static picture like the one presented does not capture
this dimension, or the possibility that the authors have disregarded evidence that
does not support the model (for review see Striedter 2005). However, comparative
evidence has determined that this pattern is highly conserved across vertebrates
(it is observed not only in mammals and birds, where it was first reported, but
also in teleosts and agnathans; Wulllimann and Puelles 1999; Pombal and Puelles
1999), which strongly suggests that it reflects a phylogenetically stable framework
that can be of great utility in species comparisons.

Before starting with our analysis, it will be useful to recall some basic concepts
of neuroanatomy and embryology. In the early embryo, the central nervous system
(CNS) originates from a flat neural plate in the dorsal aspect of the animal, after the
action of inductive signals from the mesoderm. In a process called neurulation,
this plate develops into a hollow neural tube. Eventually, this tube widens in the
cephalic region, forming three main vesicles, from caudal to rostral, the rhomben-
cephalon or hindbrain, the mesencephalon or midbrain, and the prosencephalon
or forebrain (Fig. 1). The latter subdivides into a diencephalon and two telen-
cephalic vesicles (the cerebral hemispheres) that contain the future olfactory bulbs,
the cerebral cortex and the basal ganglia, among other structures. The cerebral
hemispheres have been classically subdivided into a pallium located dorsally and
a ventral subpallium (basal ganglia), both separated by the corticostriatal sulcus



Introduction 5

Fig.1 Early development of the mammalian forebrain. Initially, the forebrain is subdivided
into three main components, the segmented rhombencephalon (R); the mesencephalon (M)
that contains the main sensory structures in nonmammals; and the prosencephalon, which
is later partitioned into a diencephalon (D) and a telencephalon (Tel). E, eye; ON, optic
nerve

or pallial-subpallial boundary in the ventricle at the equatorial level of the vesicle
(Fig. 2). In the subpallium, the basal ganglia (involved in motor functions) develop
in the lateral side from two structures that protrude into the ventricle: the medial
and the lateral ganglionic eminences. On the other hand, the pallium has been
subdivided into a medial part (giving rise to the hippocampal formation), a dorsal
part (giving rise to the neocortex or isocortex), and a lateral part (giving rise to the
olfactory cortex), which is connected anteriorly to the olfactory bulb. Although in
the adult stage all these are cortical layered structures, the neocortex is different
from the olfactory or lateral cortex and from the hippocampus or medial cortex in
having six cellular laminae composing it, while the other two structures bear only
three laminae. In the border between pallium and subpallium, several structures
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HP
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Fig. 2 Main components of the developing mammalian telencephalon. The telencephalic
hemispheres consist of a ventral part or subpallium, separated from the pallium by a pallial-
subpallial boundary (PSPB). The medial ganglionic eminence (MGE) and the lateral gan-
glionic eminence (LGE) differentiate in the subpallium and give rise to the globus pallidus
(GP) and corpus striatum (CS), respectively. These structures produce inhibitory interneu-
rons for most pallial regions. The pallium consists of a medial pallium (MP) that gives rise
to the hippocampal formation (HP), a dorsal pallium (DP) giving rise to the neocortex (NC),
a lateral pallium (LP) giving rise to the olfactory cortex (OC), and finally a ventral pallial
(VP) territory producing part of the claustroamygdalar complex (AM). In its medialmost
aspect, the pallium is bordered by an embryonic structure termed the cortical hem (CH),
which separates the medial pallium from the choroid plexus (ChP) that differentiates from
the roof plate

develop that collectively make up the so-called cerebral amygdala and other struc-
tures, containing both pallial and subpallial elements. Recent analyses have shown
that in this region an additional embryonic pallial element is distinguishable (the
ventral pallium). In the developing brain vesicle, as in the rest of the neural tube,
cell proliferation takes place in the inner walls, lining the ventricular cavity (the
ventricular and subventricular zones). Then, immature neurons migrate radially
out to make up distinct brain nuclei. In the cerebral cortex, this migration process
makes a long journey to establish a mantle of gray matter in the periphery of the
pallium. However, there is also migration of some cells in the tangential direction,



