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Neocortical neurogenesis is not really “neo”: A new
evolutionary model derived from a comparative study of
chick pallial development
Ikuo K. Suzuki † * and Tatsumi Hirata*
Division of Brain Function, National Institute of Genetics, Graduate University for Advanced Studies (Sokendai), Yata
1111, Mishima, 411-8540, Japan

The neocortex facilitates mammalian adaptive radiation by conferring highly sophisticated cognitive and motor
abilities. A unique feature of the mammalian neocortex is its laminar structure in which similar neuronal subtypes
are arranged in tangential layers and construct columnar circuits via interlaminar connections. The neocortical
layer structure is completely conserved among all mammalian species, including monotremes and marsupials.
However, this structure is missing in non-mammalian sister groups, such as birds and reptiles. The evolutionary
origins of neocortical layers and cytoarchitectural borders have been the subject of debate over the past
century. Using the chicken embryos as a model of evolutionary developmental biology (evo-devo model), we
recently provided evidence suggesting that the evolutionary origin of layer-specific neuron subtypes predates
the emergence of laminar structures. Based on this finding, we review the evolutionary conservation and
divergence of neocortical development between mammals and non-mammals and discuss how the layered
cytoarchitecture of the mammalian neocortex originated during evolution.
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Chicken embryo as an evo-devo model to
elucidate unique features of mammalian
evolution
Unique mammalian features such as the mammary
gland, endothermy, and highly developed brain functions, have likely facilitated the adaptive radiation of
mammalian species in various environments (Wilson &
Reeder 2005; Meredith et al. 2011). To understand the
evolutionary history of mammals, it is important to
address the molecular and cellular changes required
for creating these unique mammalian features during
evolution. For this purpose, comparative developmental studies between non-mammalian and mammalian
animals are highly essential. According to phylogenetic
studies of amniotes (Carroll 1988; Kumar & Hedges
1998; Hedges et al. 2006), mammals have diverged
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from the sauropsid lineage leading to the reptiles and
birds over 300 million years ago (Fig. 1). This phylogenetic relationship indicates that reptiles and birds are
the extant animals most closely related to mammals.
As such, they can be successfully used as model
organisms to investigate mammalian uniqueness.
Among these species, the chicken is highly advantageous because of the available genomic information
(Hillier et al. 2004) and experimental techniques,
including embryonic manipulation and gene transfer
(Le Douarin 1982; Yasugi & Nakamura 2000;
Nakamura & Funahashi 2001; Pekarik et al. 2003). In
this review, we introduce the phylogenetic conservation and differentiation of brain structures between
mammals and birds, primarily using evidence from evolutionary developmental studies in chicken embryos.

Neocortical layer structure as a unique
mammalian characteristic
The evolutionary origin of the mammalian neocortex
has provoked significant researchers’ attention over
the past decades (Marin-Padilla 1978; Northcutt &
Kaas 1995; Bock & Cardew 2000; Medina & Reiner
2000; Jarvis et al. 2005; Striedter 2005; Kaas 2007).
The neocortex occupies a large portion of dorsal
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Fig. 1. Phylogenetic relationships of mammals and other amniotes. Molecular phylogenetic tree of the amniote groups indicates that the
living animal groups closest to mammals are birds and reptiles. The layer-specific neuron subtypes in the neocortex originated from a
common ancestor of mammals and sauropsids before the emergence of mammals (filled star), and the layered neocortex originated
from a common ancestor of the all mammalian groups (open star).

telencephalon called the pallium. It is highly enlarged in
some mammalian groups, including primates and cetaceans. This brain region has a characteristic laminar
structure unique to mammals, in which similar types of
neurons are tangentially arranged and form stratified
layers parallel to the brain surface (Fig. 2A). This layered structure is completely conserved in all mammalian species including the monotremes and marsupials,
but is not observed in the corresponding brain region
of any non-mammalian species. The complete conservation of the layered neocortex among mammalian
species implies that this structure provides adaptive
benefits that have led to its selection by evolutionary
constraints. In fact, it is widely accepted that the
layered arrangement of neuronal subtypes in the neo(A)

(B)

cortex provides the functional foundation for the construction of neural circuits that elicit higher-order
cognitive functions (Kandel et al. 2000). The complete
absence of this layered structure in non-mammalian
pallia suggests that the layered neocortex was added
to the pre-existing non-layered brain regions inherited
from non-mammalian ancestors during early mammalian evolution (MacLean 1990; Northcutt & Kaas 1995).
Because of its newly added nature, this portion of the
brain is now referred to as the “neo”-cortex.
However, molecular expression studies of neocortical
marker genes in non-mammalian pallia have
challenged this traditional view of the neocortex being
a newly added structure during mammalian evolution
(Fernandez et al. 1998; Puelles et al. 2000). During
(C)

Fig. 2. Comparison of pallial cytoarchitecture among amniote groups. Forebrain cytoarchitectures stained with hematoxylin and eosin.
The specimen from a mouse at postnatal day 7 (A), a lizard (Madagascar Ground Gecko, Paroedura pictus) reared by Drs Noro and
Tamura (Noro et al. 2009) at embryonic day 50 (B), and a chick at embryonic day 14 (C). Dotted lines encircle the pallium in each panel.
The mammalian neocortex (Ncx) and its homologues, the chick parahippocampal region (APH), hyperpallium (H) and mesopallium (M)
and lizard dorsal cortex (Dcx), are labeled in larger fonts. Scale bars; 1.5 mm (A), 300 μm (B), 50 μm (C). Am, amygdala; DVR, dorsal
ventricular ridge; Hp, hippocampus; N, nidopallium; Pcx, piriform cortex; Sp, septum; St, striatum.
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mammalian development, combinatorial expression of
transcription factors determines the neocortical fate of
the dorsal telencephalon. Surprisingly, the same
combination of transcription factors is expressed in
non-mammalian pallia (Fernandez et al. 1998; Puelles
et al. 2000). This evidence indicates that the nonmammalian pallium includes a homologous field of the
mammalian neocortex. In fact, both mammals and
birds use these homologous neocortical regions for
similar cognitive and behavioral functions (Northcutt &
Kaas 1995; Medina & Reiner 2000; Jarvis et al. 2005;
Striedter 2005; Kaas 2007), despite the stark
differences in their histological appearances (Fig. 2).
Reptilian species, such as lizards and turtles, possess a relatively simple structure in the pallium in
which a single layer of pyramidal neurons spans
throughout the structure (Fig. 2B). Axons from the thalamus are accumulated on both sides of this neuronal
layer and synaptically connect with the dendrites of
the pyramidal neurons (Butler & Hodos 2005; Ulinski
2007). This trilaminar cytoarchitecture resembles the
sublaminar organization of the mammalian hippocampus. Because the hippocampus is generally accepted
to be an evolutionarily older brain region, the reptilian
dorsal cortex is often referred to as the primitive state
of the neocortex (MacLean 1990; Butler & Hodos
2005). By contrast, birds have a more complex yet
non-layered cytoarchitecture in their neocortical homologue. In these species, morphologically and functionally similar neurons are accumulated in several
domains (Fig. 2C) (Medina & Reiner 2000; Puelles
et al. 2000; Jarvis et al. 2005).
These recent tools have allowed researchers to settle several long-standing debates regarding the evolutionary origin of the neocortex. The emerging view is
that both mammals and non-mammals commonly
possess the same neocortical region defined by
molecular expression and neurological functions.
Nevertheless, there remains an important question
whether both animal groups share homologous neuron
types and neural circuits within the pallium. Furthermore, understanding how these animals construct
species-specific cytoarchitecture from the same set of
genes remains an ongoing question.

Layer-specific neuron subtypes in the
mammalian neocortex
The layered neocortex of mammalian species consists
of a huge variety of neuron subtypes that can be
classified into two major categories: excitatory and
inhibitory subtypes. Neocortical excitatory neurons,
which are the major focus of this review, are further
subclassified into multiple layer-specific subtypes
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according to the location of their cell bodies (Kandel
et al. 2000; Molyneaux et al. 2007). The mammalian
neocortex is traditionally subdivided into six layers from
deepest layer 6 to the most superficial layer 1. Each
neocortical layer is occupied by the neurons sharing
similar characteristics, such as morphology, gene
expression, and axon projection targets (Fig. 3A)
(Kandel et al. 2000). The upper layers (UL; layer 2 and
3) contain neurons exhibiting pyramidal morphology
with long apical dendrites reaching to layer 1, and
characteristic axon connection with other neocortical
neurons. The neurons projecting through the corpus
callosum to the contralateral neocortex reside mainly
in the UL. Layer 4 neurons are the major recipient of
thalamic afferents, which are the primary source of
neural input into the neocortex. The deep layers (DL;
layer 5 and 6) contain pyramidal neurons that project
efferent axons to extracortical targets. More specifically, layer 5 neurons send descending axons to
various brainstem regions, including the superior colliculus, pons, and spinal cord, whereas layer 6 neurons
mainly project to the thalamic nuclei. These wiring
principles construct a stereotyped information flow;
thalamic input is received by neurons in the central
layer (layer 4), subsequently transmitted to and
processed by the UL (layer 2/3) neurons, and finally
DL (layer 5 and 6) neurons output the processed information to various targets outside the neocortex
(Fig. 3A). Because of this stereotyped information flow
across layers, mammalian neocortical neurons are
assembled into radially oriented columns of local
circuits. This scheme of functional operation in layerspecific neuron subtypes is basically conserved among
all mammalian species.
The subtype-specific characteristics of neocortical
neurons are determined by the genes that are specifically expressed in each subtype. Currently, dozens of
genes are known to be expressed in a layer-specific
manner in the developing neocortex (Lein et al. 2007;
Molyneaux et al. 2007; Zeng et al. 2012). Among
them, some key transcription factors that have a fatedetermining role for layer-specific phenotypes have
been identified (Molyneaux et al. 2007; Leone et al.
2008). For example, Ctip2 is specifically expressed in
layer 5 neurons and confers the property of descending to the brainstem (Arlotta et al. 2005). Tbr1 and
Sox5, which are expressed in layer 6 neurons, instruct
neurons to project to the thalamus (Hevner et al.
2001; Kwan et al. 2008; Lai et al. 2008; Leone et al.
2008; Bedogni et al. 2010; McKenna et al. 2011).
Satb2 is expressed mainly by UL neurons and a minor
fraction of layer 5 neurons (Britanova et al. 2005,
2008; Szemes et al. 2006; Alcamo et al. 2008; Gyorgy
et al. 2008). Expression of this transcription factor
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(A)

(B)

Fig. 3. Layer-specific neuron subtypes and their development in the mammalian neocortex. Characteristic connectivity among layerspecific neuron subtypes in the mammalian neocortex. (A) UL (upper layer; layer 2/3) subtypes are connected within the neocortex and
to DL (deep layer; layer 5 and 6) subtypes that project outside the neocortex, such as the thalamus and brainstem targets. The primary
input into the neocortex comes from the thalamus and terminates at layer 4. The developmental program of the layer-specific subtypes
in the mammalian neocortex (B). Neural progenitors in the ventricular zone (VZ) amplify themselves by symmetric divisions and subsequently start to generate neurons in the stereotyped DL-to-UL temporal order. The newly generated layer-specific subtypes migrate radially to the destined laminar position in the cortical plate (CP). The intermediate neural progenitors that reside in the subventricular zone
(SVZ) mainly produce the UL subtypes. The transcription factors in balloons are the specific marker genes for each cell type. Panel A is
modified with permission from (Suzuki & Hirata 2012).

promotes interhemispheric projection to the contralateral neocortex through the corpus callosum.

Specification of layer-specific neuron
subtypes during mammalian neocortical
development
The molecular mechanisms of neocortical layer-specific neuron specification have been rapidly elucidated
using rodent models (Fig. 3B). First, the neocortical
field is established in the dorsal part of the rostral neural tube by expression of a specific combination of
transcription factors (Muzio & Mallamaci 2003; Mallamaci & Stoykova 2006). Genetic studies in mice have
revealed that Emx1/2, Pax6, Lhx2, and Foxg1, play
essential roles in assigning the neocortical identity to
neuroepithelial cells in the dorsal telencephalon (Qiu
et al. 1996; Stoykova et al. 1996; Yoshida et al. 1997;
Muzio & Mallamaci 2003). For example, in Pax6
mutant mice, the putative neocortical field is partly
replaced by the ventral telencephalon (Stoykova et al.
1996; Stenman et al. 2003). At this stage, the neocortical primordium consists of neuroepithelial cells that
apicobasally elongate and bridge the ventricular and
pial surfaces. The neuroepithelial cells massively proliferate by symmetric divisions and expand the future
neural progenitor pool for subsequent neurogenesis. In
the next stage, the neuroepithelial cells initiate neuron
production by changing the division mode from symmetric to asymmetric (Sahara & O’Leary 2009). These
cells (which are at this point regarded as neural
progenitors) are maintained for multiple rounds of

asymmetric divisions to generate a variety of neuron
subtypes throughout neocortical neurogenesis (Noctor
et al. 2001, 2004; Temple 2001) (Fig. 3B).
Neocortical progenitors in principle produce only
excitatory neurons, while inhibitory neurons originate
from the ventral subpallium and secondarily translocate
to the neocortex (Anderson et al. 1997; Gorski et al.
2002). The subpallial origin of inhibitory neurons is
highly evolutionarily conserved among several vertebrate groups (Cobos et al. 2001; Metin et al. 2007;
Carrera et al. 2008; Tanaka et al. 2011; Tanaka &
Nakajima 2012). For excitatory neurons, it has been
widely accepted that all layer-specific subtypes are
generated by the same neocortical progenitor source
(Temple 2001; Molyneaux et al. 2007). Both in vivo
and in vitro experiments assure that a single neocortical progenitor generates multiple layer-specific subtypes. For example, in cell lineage tracing, a single
progenitor generates clonally-related neurons that are
radially distributed across the neocortical layers (Luskin
et al. 1988; Price & Thurlow 1988; Walsh & Cepko
1990; Kornack & Rakic 1995; Reid et al. 1997; Noctor
et al. 2001; Costa & Hedin-Pereira 2010). Preferential
synaptic connections among these clonally related
neurons are suggested to be the developmental basis
for constructing the radial columnar unit of neural
circuits (Yu et al. 2009, 2012; Li et al. 2012; Ohtsuki
et al. 2012). Once the neural progenitors are dissociated and cultured, they divide and produce multiple
layer-specific subtypes (Shen et al. 2006). Of particular
interest is that even neocortical progenitors derived
from embryonic stem cells have the same
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neurogenetic potential for producing multiple layerspecific subtypes (Gaspard et al. 2008). Taken
together, most of the neocortical progenitors have the
multipotency to generate all of the layer-specific
excitatory subtypes of the mammalian neocortex.
The most intriguing feature of neocortical neurogenesis is the dependence on developmental timing. Neuron
subtypes located in the deeper layer are generated
earlier than those in the upper layer. This process
obviously requires a developmental “timer,” by which
the neocortical progenitors keep track of the temporal
progression from the initiation of neurogenesis. According to the recorded time, the subtype fates of their
daughter neurons are determined when the daughters
are undergoing their final mitosis (McConnell 1991;
McConnell & Kaznowski 1991). As development progresses, neocortical progenitors get older and their
multipotency is progressively restricted (Frantz &
McConnell 1996; Desai & McConnell 2000). Thus, the
maximum multipotency to generate all layer-specific
subtypes is inherent in progenitor cells only at the onset
of neurogenesis. As time goes on, the progenitors
gradually lose the potential to generate deeper layer
subtypes and are only capable of producing upper
layer subtypes. Because of this process, neocortical
progenitors do not continue producing a single neuron
subtype, but rather sequentially change their daughter
subtypes.
Although the molecular mechanism underlying the
progenitor “timer” is largely unknown, transcriptional
regulations are implicated in the temporal control of
neurogenesis. (Hanashima et al. 2004; Molyneaux
et al. 2005; Fukumitsu et al. 2006; Hirabayashi et al.
2009; Mutch et al. 2009; Hirabayashi & Gotoh 2010;
Kishi et al. 2012). For example, Fezf2 is specifically
expressed in neurons generated at early time points
(Chen et al. 2005a,b; Molyneaux et al. 2005; Rouaux
& Arlotta 2010) and induces expression of the layer
5-specific transcription factor Ctip2 (Arlotta et al.
2005). In neurons generated earlier than layer 5
neurons, the expression of Fezf2 is suppressed by
Tbr1 and Sox5 that provide layer 6 characteristics in
neurons (Hevner et al. 2001; Kwan et al. 2008; Lai
et al. 2008; Leone et al. 2008; Bedogni et al. 2010;
McKenna et al. 2011). The expression of layer 5-specific Ctip2 is suppressed in later generated neurons by
Satb2, the UL fate determinant (Alcamo et al. 2008;
Britanova et al. 2008; Chen et al. 2008). Interestingly,
interaction networks of these transcription factors
seem to be evolutionarily conserved, at least among
mammals (Kang et al. 2011; Shim et al. 2012).
Although the multipotent nature of the neocortical
progenitor is widely accepted, an exceptional progenitor subpopulation in the neocortical ventricular zone
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was recently reported (Franco et al. 2012). This
subpopulation is marked by the expression of the
transcription factor Cux2, which is also expressed in
differentiated UL neurons. The lineage tracing experiment in mice clearly demonstrated that these Cux2expressing progenitors appear at the very early timing
of embryonic day 10.5 (E10.5), are maintained through
several rounds of symmetric divisions for a few days,
and subsequently start selectively producing the UL
subtype at the later timing. The next important question would be how much such lineage restriction in the
progenitor pool contributes to generation of neocortical
layer-specific subtypes.

Inside-out neuronal arrangement in the
mammalian layered neocortex
The “inside-out” organization of the neocortex refers to
the fact that younger subtypes reside in the more
superficial layers while older subtypes reside in the
deeper layers. This organization requires an additional
migration mechanism. Neurons are generated in the
ventricular zone and subsequently migrate radially into
the appropriate layer position. In order to construct the
“inside-out” pattern, the later-born neurons must pass
through the older siblings located in the deeper layers
and occupy the appropriate upper layers. Although the
mechanisms that govern the inside-out neuronal
migration are still unclear, reelin signaling has been
implicated to play a role (Tissir & Goffinet 2003). The
reelin mutant mouse reeler shows aberrant neocortical
architecture, in which the spatial order of the layers is
somehow inverted (D’Arcangelo et al. 1995). The
signaling protein reelin is secreted by Cajal-Retzius
neurons that are located in the most superficial layer 1
(Ogawa et al. 1995) and generated at the earliest timing of neocortical neurogenesis before production of
layer 2–6 neurons as an exception to the “inside-out”
rule (Marin-Padilla 1978). The radially migrating newborn neurons recognize this signaling protein by
specific membrane receptors and settle into the correct position (Nadarajah & Parnavelas 2002; Tissir &
Goffinet 2003), although it is still unclear how this signal can precisely determine the neurons positioning.
The reelin gene is encoded in the genomes of all
vertebrates, and its expression has been confirmed
even in the non-layered pallia of non-mammalian vertebrates (Bernier et al. 1999, 2000; Costagli et al. 2002;
rez-Costas et al. 2002; Tissir et al. 2003; CabreraPe
Socorro et al. 2007). However, the relatively scarce
expression of reelin protein in non-mammalian pallia
compared with the mammalian neocortex has raised
the possibility that the increased amount of this protein
contributes to the evolutionary emergence of the
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layered neocortex (Bar et al. 2000; Nomura et al.
2009). More detailed analyses of the molecular
functions of reelin signaling in both the mammalian
neocortex and the non-mammalian pallia will be
required to elucidate the significance of this signaling
pathway in the evolutionary diversification of pallial
structures.

Conservation of neocortical neuron
subtypes in the avian pallium
The evolutionary history of acquiring the layered neocortex in mammalian lineage remains a mystery. As
we have discussed, a complex series of molecular and
cellular mechanisms are required for neocortical layer
formation. Did all of these mechanisms arise at the
same time when the layered neocortex emerged during early mammalian evolution? Or were some of the
mechanisms already inherent in ancient mammals
when they began this unique pallial development?
Comparative analyses in the avian pallium have provided meaningful insights to tackle these questions.
There has been debate as to whether non-mammalian homologues share a neuronal repertoire with the
mammalian neocortex (Northcutt & Kaas 1995; Medina
& Reiner 2000; Butler & Hodos 2005; Jarvis et al.
2005; Striedter 2005; Kaas 2007; Suzuki & Hirata
2012). Although several attempts have been made to
define neuronal subtypes in various non-mammalian
pallia based on connectional, morphological, and
molecular expression similarities with the mammalian
neocortex (Marin-Padilla 1978; Jarvis et al. 2005), to
date there is no consensus about the cell-level homology between the mammalian layer-specific subtypes
and the pallial subtypes present in non-mammals. A
recent molecular expression study provides more conclusive evidence that the neocortical neuronal subtypes in fact exist in the avian pallium (Nomura et al.
2008; Suzuki et al. 2012). After the mid-neurogenetic
stage, the orthologues of mammalian DL markers
Er81, Fezf2, and CTIP2, are all expressed by neurons
in the medial domains of the chick pallium (Fig. 4A).
Anatomically, the small restricted medial domain called
the area parahippocampalis (APH) is the core region,
and the DL marker expressing neurons further spread
over the adjacent apical part of the hyperpallium (HA).
The UL marker genes Cux2, Satb2, Mef2c, FOXP1,
and Brn2 initiate expression mainly in the lateral pallial
domain named the mesopallium and the densocellular
part of hyperpallium (HD) at a slightly later stage. Thus,
the avian pallium houses the neuron subtypes molecularly corresponding to the mammalian DL and UL subtypes in its medial and lateral domains, respectively
(Fig. 4A,B).

The cellular homologies are also supported by axon
projection patterns. The medial DL domain HA in the
avian pallium contains neurons that project outside of
the pallium and reach the brainstem, similar to mammalian layer 5 neurons (Karten et al. 1973; Reiner &
Karten 1983; Veenman et al. 1995; Wild & Williams
2000; Suzuki et al. 2012). The lateral UL domain mesopallium contains neurons that are interconnected
within the pallium, as is commonly observed in mammalian UL neurons (Bradley et al. 1985; Shimizu et al.
1995; Atoji & Wild 2012; Suzuki et al. 2012). However,
there is a minor difference. The corpus callosum is an
axon tract specific to placental mammals (Mihrshahi
2006). Therefore, this interhemispheric projection is
conspicuous in mammalian UL neurons but is missing
in avian UL neurons. With the exception of this difference, molecular and projection analyses agree that the
chick DL and UL neurons are equivalent to the DL and
UL neurons of the mammalian neocortex. The middle
domain located between the medial DL and lateral UL
domains is one of the major recipient regions of thalamic afferents (Shimizu et al. 1995; Csillag & Montagnese 2005). From this functional analogy, this domain
is suggested to correspond to the mammalian neocortical layer 4 located between the DL and UL, although
expression of a layer 4 marker Rorb in this domain is
not observed (Atoji & Karim 2012).

Conservation of subtype specification
mechanisms in the mammalian neocortex
and the avian pallium
How are neocortical subtypes generated in the avian
pallium? Birthdate analysis of chick pallial neurons has
revealed that the DL subtypes differentiate earlier than
the UL subtypes as observed in mammalian neocortical development (Suzuki et al. 2012). The same
sequential order of neurogenesis in both mammals
and chicks suggests that they use similar temporal
specification mechanisms for generating neuron subtypes. Indeed, when the chick pallial progenitors are
dissociated and cultured in a clonal density, they generate DL subtypes and then UL subtypes in a sequential manner (Suzuki et al. 2012). These results indicate
that neural progenitors in the avian pallium possess
the mammalian-type developmental program, by
which a single progenitor sequentially generates layerspecific subtypes one by one from deeper to upper
layer subtypes. Taken together, the mammalian neocortex and the avian pallium share not only the same
neuronal repertoire, but also the same generation
program.
Further evidence indicates that the gene regulatory
network responsible for specifying layer-specific

ª 2012 The Authors
Development, Growth & Differentiation ª 2012 Japanese Society of Developmental Biologists

Evolutionary development of the neocortex

(A)

(B)

(C)

(D)

179

Fig. 4. Phylogenetic differences in the spatial arrangement and generation program of layer-specific subtypes. DL (deep layer) and UL
(upper layer) subtypes are tangentially distributed throughout the mammalian neocortex (A). In the avian pallium, these subtypes are not
arranged in layers but separately localized at the medial and lateral domains (B). The spatiotemporal generation programs of layer-specific subtypes in the mammalian neocortex (C) and the avian pallium (D). The vertical axis from the top to the bottom indicates the developmental progression. The horizontal axis denotes the mediolateral axis of the neocortex (or pallium). Neurogenesis proceeds virtually
homogeneously in the medial and lateral regions in the mammalian neocortex (C). On the other hand, in the avian pallium, neurogenesis
is highly biased along the mediolateral axis; the neuron production terminates precociously before UL subtype is generated in the medial
region but explosively occurs in the lateral region at the later time (D). APH, area parahippocampalis; H, hyperpallium; HA, apical part of
hyperpallium; HD, densocellular part of hyperpallium. All panels are reproduced with permission from (Suzuki & Hirata 2012; Suzuki et al.
2012).

subtypes is at least in part conserved between mammals and birds. During mammalian neocortical development, the UL determinant Satb2 inhibits
transcription of the DL determinant Ctip2. Likewise, in
the chick pallium, overexpression of Satb2 suppresses
endogenous Ctip2 expression, suggesting that the
genetic interactions between these genes are conserved between mammals and birds (Suzuki et al.
2012). Moreover, a recent study demonstrated that
the cis-regulatory sequence of Fezf2 responsible for
specific expression in layer 5 is conserved among amniotes (Shim et al. 2012). Because other regulatory
interaction between layer-specific transcription factors

remain unexplored in non-mammals, further research
is necessary to elucidate which parts of the gene network are conserved or diversified between mammals
and non-mammals.

Mediolateral specialization of neurogenetic
patterns in the avian pallium
Despite the conserved neurogenetic programs
between the mammalian neocortex and the avian pallium, layer-specific subtypes in the avian pallium are
not arranged in tangential layers, but are instead separately localized in the medial and lateral domains
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(Fig. 4A,B). The mediolateral separation of the DL and
UL markers is recognizable early in development when
the layer-specific subtypes are actively generated. This
observation has led to the assumption that these subtypes are generated from spatially distinct progenitor
pools. Consistent with this speculation, the focal labeling of the chick pallial ventricular zone demonstrated
that DL and UL subtypes originate from distinct medial
and lateral populations of pallial progenitors (Suzuki
et al. 2012). Thus, newly differentiated pallial neurons
simply migrate radially but do not tangentially translocate along the mediolateral axis, although they substantially disperse along the rostrocaudal direction
(Szele & Cepko 1996; Striedter & Beydler 1997; Striedter et al. 1998). This is consistent with a previously
proposed model, which stated that the avian pallium is
composed of neuronal compartments, and that the
neurons in each compartment are derived from a
domain in the ventricular zone demarcated by distinct
genetic codes (Medina & Reiner 2000; Redies &
Puelles 2001). The spatially distinct origins of the DL
and UL subtypes in the chick pallium are highly
contrasted with the common origin of both subtypes in
the mammalian neocortex.
The segregated production of DL and UL subtypes
in the avian pallium seemingly contradicts the observation that both DL and UL subtypes are generated
from a multipotent pallial progenitor in vitro (Suzuki
et al. 2012). In fact, in culture conditions, the chick
medial and lateral progenitors behave very similarly
and exhibit almost equivalent neurogenetic potential
to generate DL and UL subtypes (Suzuki et al.
2012). This seeming contradiction has been reconciled by the discovery of spatially regulated pallial
neurogenesis in vivo by extrinsic factors. In contrast
to the relatively homogeneous neurogenesis in the
mammalian neocortex (Fig. 4C), chick pallial neurogenesis is highly spatiotemporally biased (Fig. 4D).
While the early neurogenesis that gives rise to DL
subtypes occurs fairly uniformly along the entire mediolateral axis, the later neurogenesis that produces
UL subtypes almost exclusively occurs in the lateral
region. One reason for this is the precocious termination of neurogenesis in the medial region before
the active production of UL subtypes. Another reason is that neurogenesis is enhanced in the lateral
region during the later stage. In this regard, one
notable finding is that the intermediate neural progenitors (also named basal progenitor), which are
implicated to UL subtype generation in mammals
(Kriegstein et al. 2006), develop only in the lateral
region of the chick pallium at the later timing
(Cheung et al. 2007; Suzuki et al. 2012). In this way,
a spatial regulation of the conserved neocortical

neurogenetic program can drive mediolateral patterning in the avian pallium.
The abovementioned study could imply that neurogenesis in the mammalian neocortex can be regarded
as the default state that is unleashed from extrinsic
control to exhibit its full multipotency. However, this
simple explanation is insufficient, as other types of
extrinsic control of neurogenesis in the mammalian
neocortex have been observed. Cajal-Retzius neurons
originate from only a few restricted regions outside the
neocortex and migrate into the neocortex during normal development (Takiguchi-Hayashi et al. 2004; Bielle
et al. 2005; Yoshida et al. 2006; Hanashima et al.
2007). However, when neocortical progenitors are cultured in vitro, progenitors from any part can generate
Cajal-Retzius neurons prior to producing other layerspecific subtypes (Shen et al. 2006; Gaspard et al.
2008). Thus, even in the mammalian neocortex, the
earliest round of the layer-fate specification still seems
to be restricted by some extrinsic factors.

Potential extrinsic factors responsible for
constructing animal group-specific pallial
structures
What kinds of extrinsic signals regulate neurogenesis
in the chick pallium? The mediolateral axis of the pallium is determined by morphogen signals secreted
from several distinct sources in the forebrain, such as
the cortical hem (Grove et al. 1998; Grove & FukuchiShimogori 2003; Subramanian & Tole 2009), the
antihem (Kim et al. 2001; Frowein et al. 2002;
Assimacopoulos et al. 2003; Faedo et al. 2010), and
the ventral midline (Campbell 2003). Under the influence of these morphogen signals, some genes exhibit
a mediolaterally-graded expression in the neocortex
(Grove & Fukuchi-Shimogori 2003; Muzio & Mallamaci
2003; Mallamaci & Stoykova 2006; Mangale et al.
2008). Although the expression patterns of these
genes are largely conserved among amniotes (Puelles
et al. 2000; Butler & Hodos 2005; Kaas 2007), a small
number of genes are expressed differently between
mammals and birds. In mammals, among LIM-homeodomain (LIM-HD) genes, Lhx1 and 5 are specifically
expressed in the cortical hem, whereas Lhx2 is
expressed in the neocortex excluding the hem. These
region-specific expressions of the LIM-HD genes control the regional identity of pallial derivatives (Zhao
bert & Fishell
et al. 1999; Peng & Westerfield 2006; He
2008; Mangale et al. 2008). However, the chick hem
does not express Lhx1, but uniquely express Lhx2
and shares the Lhx5 expression with the mammalian
hem (Abellan et al. 2010). Considering the importance
of the cortical hem as a morphogen source, the
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different combination of LIM-HD codes in the chick
hem could result in different morphogen signals from
their mammalian counterparts, thereby affecting the
mediolateral patterning of the pallium. In addition, the
cortical hem is a source of reelin-expressing CajalRetzius neurons in mammals (Takiguchi-Hayashi et al.
2004; Yoshida et al. 2006; Hanashima et al. 2007)
and in birds (Nomura et al. 2008). Therefore, it is
possible that the Cajal-Retzius neurons in mammals
and birds possess different properties (Abellan et al.
2010).
Another candidate region for creating animal groupspecific differences is the antihem. The antihem, also
called the ventral pallium (Puelles 2011), is the boundary region between the dorsally positioned pallium and
the ventrally located subpallium. The antihem secretes
signaling proteins and generates special cell types that
regulate neocortical development, as does the cortical
hem (Assimacopoulos et al. 2003; Medina et al. 2004;
Bielle et al. 2005; Subramanian et al. 2009; Griveau
et al. 2010; Teissier et al. 2010). The antihem has
been posited to play a role in the phylogenetic divergence of pallial structure because this region shows
notable morphological differences between mammals
r & Butler 2002; Molna
r
and non-mammals (Molna
et al. 2006). This region uniquely differentiates as the
dorsal ventricular ridge (DVR; a tissue protrusion adjacent to the antihem) in non-mammalian amniotes such
as birds and reptiles, and contains highly elaborated
neural circuitry, particularly in some avian species
(Karten 1997; Medina & Reiner 2000; Butler & Hodos
2005; Jarvis et al. 2005; Striedter 2005; Kaas 2007).
The elaboration of DVR is remarkably well correlated
with the massive selective neurogenesis occurring in
the lateral region of the avian pallium (Suzuki et al.
2012).
The evolutionary roles of the antihem have been
pointed out in several studies. The first study details
the divergent expression of the transcription factor
Dbx1. This gene is expressed in the antihem progenitors in mammals but not in birds (Bielle et al. 2005;
Nomura et al. 2008). Dbx1-expressing progenitors are
another prominent source of Cajal-Retzius neurons
(Bielle et al. 2005; Griveau et al. 2010). Possibly
because this source is absent in birds, the avian pallium possesses fewer Cajal-Retzius neurons than the
mammalian neocortex. Interestingly, avian antihem
progenitors still retain the potential to generate reelinexpressing Cajal-Retzius neurons when Dbx1 is exogenously expressed in the antihem (Nomura et al.
2008). Furthermore, the resulting augmentation in
reelin protein enhances the elongation of radial
processes of neural progenitors in the avian pallium
(Nomura et al. 2008). This observation is important

181

because the long, straight, radial processes are considered as a marked characteristic of the mammalian
neocortex and to contribute to the mammalian-like
coordinated radial migration of newly differentiated
neocortical neurons. The structure is also functionally
important for cell fate decisions during asymmetric
progenitor division (Miyata et al. 2001; Fishell &
Kriegstein 2003; Huttner & Kosodo 2005; Kosodo &
Huttner 2009; Tsunekawa et al. 2012).
In mammals, Dbx1-expressing antihem progenitors
produce another intriguing neuron population that
tangentially migrates into the neocortex. These cells
distribute over the neocortex and express the same
layer-specific markers as the surrounding neurons, but
are eventually eliminated by apoptosis around the time
of birth (Teissier et al. 2010). Surprisingly, when these
neurons are killed prematurely using a genetically
induced toxin, the cortical thickness is significantly
reduced. This finding suggests that these neurons play
an important neurogenesis-promoting role during
normal neocortical development. An important yet
unanswered question is whether a Dbx1-deficient
avian antihem can generate this transient neuron population. If not, the resulting development could lead to
a neurogenetic pattern distinct from that of mammals.
The antihem also functions as a source of several
morphogens, such as fibroblast growth factor (FGF)related proteins (Faedo et al. 2010), EGF-related proteins (Assimacopoulos et al. 2003) and Wnt-related
proteins (Kim et al. 2001; Frowein et al. 2002), some
of which can provide positional information along the
mediolateral axis in the pallium. Considering the huge
morphological divergence in the antihem among animal groups, these potential morphogens may provide
good candidates for the extrinsic factors that support
animal group-specific neurogenetic patterns in the
pallium.

Hypothetical evolutionary emergence of the
layered neocortex and its developmental
mechanism
Finally, we discuss how mammals have acquired a
multilayered neocortex from comparative views on the
avian pallium. Considering that the non-layered chick
pallium possesses the mammalian-type neocortical
neurogenetic program, this program was likely
acquired from a common ancestor of both mammals
and birds (Fig. 1). This suggests that when ancestral
mammals first innovated the unique layered arrangement of neuron subtypes, they had simply renovated
the pre-existing program by changing its extrinsic
regulation. This change allowed mammals to take
full advantage of the program to allocate multiple
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layer-specific subtypes homogeneously across the
entire neocortex. The complete conservation of layered
neuronal arrangement among all the mammalian species suggests that this evolutionary event occurred early
in the mammalian lineage and prior to the branching of
monotremes (Rowe et al. 2011). The resulting layered
neocortex likely provided strong functional benefits to
mammalian species and was therefore completely
retained during mammalian adaptive radiation and
became larger and more complex in primates.
It is somewhat peculiar that birds retain the mammalian-type neocortical neurogenetic program even
though its use is complexly restricted. This is possibly
because this neurogenetic program confers a general
advantage for all animals and is therefore protected
throughout evolution. One obvious advantage of this
program is that it can efficiently generate a huge variety of neuron subtypes from a limited variety of neural
progenitors. In fact, even invertebrates use a similar
strategy in neurogenesis to produce a stereotyped cell
lineage of diverse neuron types from a single neural
progenitor (Bossing et al. 1996; Schmid et al. 1999;
Isshiki et al. 2001; Jacob et al. 2008). Therefore, the
sequential generation of multiple subtypes from a single progenitor likely represents a basic strategy for all
animal kingdoms to maximize the variety of neuron
subtypes under limited conditions.

Closing remarks
The evolutionary origin of the mammalian layered neocortex has long been debated. In part, this debate has
been difficult to resolve because it is impossible to collect information about internal structure of soft brain
tissue from fossil specimens of ancient animals.
Although the mammalian neocortex and the non-mammalian counterparts exhibit completely different structures in the adult, the embryonic primordia show more
similar structures. This indicates that the developmental process plays a key role in constructing animal
group-specific brain structures. Therefore, the evolutionary developmental approach is promising for elucidating the evolutionary origin of the layered neocortex.
The chicken, one of the non-mammalian animals
located in the sister phylogenetic position to mammals,
can be a powerful model organism because of the
abundant and sophisticated experimental techniques
available to researchers. Our developmental study of
the chick pallium revealed that the neurogenetic program encoded in neural progenitors is fundamentally
conserved between the mammalian neocortex and the
chick pallium (Suzuki & Hirata 2012; Suzuki et al.
2012). This finding revised the conventional idea that
the layered neocortex suddenly emerged during early

evolution of mammals. It alternatively proposes that
the layered neocortex evolved through a series of
changes in the developmental process. In the revised
model, the neocortical neurogenetic program originated in a common ancestor of mammals and birds,
and mammals modified the neurogenetic regulation to
fully benefit from the program and establish the layered
architecture of the neocortex. In the future, the same
approach using the chicken embryos as a model
organism will undoubtedly uncover additional mysteries
of neocortical evolution.
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