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he unique innovation of the layered

neocortex in mammalian evolution
is believed to facilitate adaptive radiation
of mammalian species to various eco-
logical environments by furnishing high
information processing ability. There
are no transitional states from the non-
mammalian simple brain to the mam-
malian multilayered neocortex, and thus
it is totally a mystery so far how this brain
structure has been acquired during evolu-
tion. In our recent study, we found the
evidence showing that the evolutionary
origin of the neocortical neuron subtypes
predates the actual emergence of layer
structure. Our comparative developmental
analysis of the chick pallium, homologous
to the mammalian neocortex, revealed that
mammals and avians fundamentally share
the neocortical neuron subtypes and their
production mechanisms, suggesting that
their common ancestor already possessed
a similar neuronal repertory. We further
demonstrated that the neocortical layer-
specific neuron subtypes are arranged as
mediolaterally separated domains in the
chick, but not as layers in the mammalian
neocortex. These animal group-specific
neuronal arrangements are accomplished
by spatial modulation of the neurogenetic
program, suggesting an evolutionary hypo-
thesis that the regulatory changes in the
neurogenetic program innovated the mam-
malian specific layered neocortex.

A Mystery About Evolution of
the Mammalian Layered Neocortex

All mammalian species have a layered
neocortex that plays central roles in
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cognitive functions (Fig. 1A). The neocor-
tex is the dorsal part of the mammalian
telencephalon containing a huge variety of
neurons in the characteristic multilayered
organization. The complete conservation
of this cellular arrangement among all
species  suggests that the
neocortex has been greatly

mammalian
layered
advantageous for the mammalian species
to perform efficient information proces-
sing and thereby to accomplish adaptation
to various environmental conditions.

By contrast, non-mammalian species
have no similar bioarchitecture in the dorsal
telencephalon.'? Most of the reptile groups,
such as turtles and lizards, have a single
neuronal layer sandwiched by two axon-rich
layers. Birds have a more complex architec-
ture, in which neuronal cell bodies are
clustered into several domains (Fig.1B).
Because of this huge morphological diver-
gence, it had been debated for a long time
whether or not non-mammals have a brain
region homologous to the mammalian
neocortex.”* One of the most popular
views was that non-mammalian brains only
contain the ventral part of the mammalian
telencephalon and that the dorsal layered
neocortex of the mammalian telencephalon
was newly added to the old ventral part
during mammalian evolution.” However,
this classical view has been overturned by
recent gene expression studies.*® Based on
expression patterns of neocortical marker
genes, such as Emx and Pax6,”® a dorsal
telencephalic region called the pallium in
non-mammals includes the true homolog of
the mammalian neocortex.

Therefore, we now know that non-
mammalian species have the evolutionary
conserved brain region homologous to the
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Figure 1. Comparison of the mammalian and avian pallial architectures. (A) The layered neocortex of the mouse. The upper and deep layer (UL and DL)
neuron subtypes are tangentially arranged in the pallium. (B) UL and DL neuron subtypes are arranged separately in the medial and lateral domains of
the chick pallium, respectively. (C and D) Similarity of the neural circuits in the mammalian neocortex and the avian pallium. (C) The columnar neural circuit
in the mammalian neocortex. The input from the thalamus terminates in the layer 4. The information is transferred to and processed in the UL (layer 2/3)
neurons that are connected with each other inside the neocortex, and finally output by the DL (layer 5 and 6) neurons to extracortical targets. (D) In the avian
pallium, the thalamic input is received by the neurons in the central domain of the hyperpallium (IHA), which is sandwiched by the medial (HA and APH) and
lateral domains (HD and mesopallium). The medial and lateral domains project to the intrapallial and extrapallial targets, respectively.

mammalian neocortex, but this region,
the pallium, somehow lacks the layered
bioarchitecture. Curiously enough, no
extent animal species represent a trans-
itional state toward the layered neocortex.
Thus, this sophisticated layered architec-
ture in the neocortex seems to have
suddenly emerged before the mammalian
diversification, leaving the evolutionary

process a great mystery.

Development of the Mammalian
Layered Neocortex

The mammalian neocortex consists of two

major classes of neurons, the excitatory
and inhibitory neurons. The excitatory
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neurons are further classified into several
neuron subtypes.” Each neuron subtype
shares particular functional properties and
occupies specific layers (Fig. 1A and C). For
example, the upper layer (UL, layer 2/3)
neurons connect with each other inside the
neocortex, whereas the deep layer (DL,
layer 5 and 6) neurons project outside the
neocortex and connect to the subcortical
targets. The neurons in the intermediate
layer (layer 4), between the UL and DL,
receive axonal inputs from outside the
neocortex in most mammalian species."’
The layered organization of these specific
subtypes should have a benefit for local
vertical information flow among the sub-

types. Indeed, these subtypes are densely

BioArchitecture

connected with each other across the layers
and form a vertical columnar unit (Fig. 1C).
According to their functional properties, the
incoming information that is received by
layer 4 neurons is subsequently transferred
to and processed by the UL neurons located
immediately above, and then conveys to the
downstairs DL neurons, which finally out-
put the processed information from the
(Fig. 1C).  Such
information processing across the layers is
the functional foundation of the mam-

neocortex columnar

malian neocortex and critically relies on the
layered neuronal arrangement.*

The layer-specific properties of the
neocortical neurons are allocated according
to their differentiation timing;'' A single
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neural progenitor cell in the mammalian
neocortex asymmetrically divides and
sequentially generates multiple subtypes
one by one from the DL to the UL in
an inside-out order. This chronologically
sequential production of neuron subtypes
is commonly observed in the mammalian
species'”'* and also can be recapitulated
in culture of mammalian neocortical
progenitors."’

Although molecular mechanisms for
the sequential subtype production remain
largely unclear, there is a unique set of
genes known to be specifically expressed in
each subtype.” As might be expected, some
of the genes, in fact, have a fate determin-
ing role that assigns layer-specific pheno-
types to the neurons.” For example, Satb2,
a transcription factor specific to late-
generated UL neurons, is responsible for
directing axons toward the interhemi-
spheric neocortical targets,'™'” the char-
acteristic connectivity of the UL neurons.
On the other hand, a transcription factor
specific to the early-generated DL neuron,
Ctip2, drives DL-specific brainstem pro-
jection.'® These layer-specific transcription
factors mutually regulate each other’s
expression and make a genetic net-
work,"?° which can underlie the switch
of subtype fate decision. In the example
above, Satb2 suppresses the expression
of Cip2, and thereby prohibits late-
generated neurons from taking the deep
layer fate.'®'” The findings of these
functional marker genes for individual
layer-specific subtypes, have
greatly contributed to our understanding

neuron
of mammalian neocortical development.

Existence of DL and UL Neuron
Subtypes in the Avian Pallium

Because only mammals have a layered
neocortex, many people naturally believed
that the layer-specific neuron subtypes
were first introduced in the neocortex of
ancestral mammals accompanied by the
emergence of layer structure.>*' On the
contrary, we found that neocortical layer-
specific neuron subtypes exist in the non-
layered pallium of the non-mammalian
chick.”? A combinatorial expression of
layer-specific marker genes demonstrated
that the medial and lateral domains in

the chick pallium harbor the DL and UL
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subtypes, respectively (Fig. 1B and D).
More specifically, in the chick pallium, the
DL marker genes, Ctip2, Fezf2 and Er81,
are commonly expressed in the parahipo-
campal region (APH), and the UL marker
genes, Satb2, Cux2, Mef2c and Foxpl, are
expressed mainly in the mesopallium
(Fig. 1D). Furthermore, axonal connec-
tions confirmed that the chick DL and UL
subtypes are indeed functional homologs
of the mammalian subtypes; chick DL
subtypes project to the subcortical targets,
and chick UL subtypes are locally con-
nected inside the pallium, as are the
mammalian neocortical neuron subtypes
Although this work was the first indica-
tion of molecular expression similarities
between the mammalian and the avian
neuron subtypes, the functional simila-
in fact, been considered
previously. Originally, Karten proposed a
hypothesis that medio-lateral subdivisions
of the avian hyperpallium, previously

rities have,

called the visual wulst, functionally corre-
spond to the neocortical layers of mam-
mals.>* More precisely, he mapped the
medial, intermediate, and lateral domains
of the avian hyperpallium as the func-
tional homologs of the DL (layer 5 and 6),
intermediate layer (layer 4), and UL
(layer 2/3) of the mammalian neocortex,
principally based on the connection pat-
terns (Fig. 1D). Our gene expression data
agree well with his hypothesis and
provide further molecular support for it.
Nevertheless, a big question has remained.
Anatomically, the mediolateral axis of
the chick pallial domains is orthogonal
to the mammalian layer axis. Considering
the developmental axis, the homologous
neuronal domains between mammals and
birds cannot be constructed in the same
developmental mechanism.

Spatially Segregated Production
of the Neuron Subtypes
Underlying the Avian-Type
Neuronal Arrangement

The neural progenitors reside in the
ventricular zone surrounding the ventricle
in all vertebrate brain regions. In the whole
mammalian neocortex, the neuron sub-
types sequentially generated from progeni-
tors radially migrate from the ventricular
zone toward the brain surface and are
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piled up chronologically in an inside-out
fashion (Fig.2A). Consequently, the
neuronal layers are constructed in parallel
with the ventricular zone over the entire
neocortex. In the chick pallium, neuronal
subtypes are also generated from the
progenitors in the ventricular zone and
migrate radially.>* How then is this
irregular mediolateral arrangement of DL
and UL subtypes achieved?

We found that the chick DL and UL
subtypes are generated from the medio-
laterally separated sources of neural pro-
genitors (Fig. 2B).** The focal labeling of
progenitors in the medial and lateral
ventricular zone revealed that they selec-
tively produce the DL and UL subtypes,
respectively. These differentiated subtypes
then in turn migrate radially and even-
tually settde down in the medial and
lateral separate domains immediately close
to their generation sites. Therefore, this
spatially segregated production of the
neuronal subtypes is the cause of their
mediolaterally separated localization in the
chick pallium and is the most significant
difference from the neuron production in
the mammalian neocortex. In mammals,
neocortical progenitors are spatially homo-
geneous throughout the neocortex. They
are multipotent and produce multiple
layer-specific subtypes sequentially in a
time-dependent The time-
dependent rule of subtype production is,
however, still followed even in the chick
system; the DL subtype differentiate
earlier than the UL subtype as observed
in the mammalian neocortex.”

manner.

The Hidden Mammalian-Type
Neurogenetic Potential
in Avian Neural Progenitors

At first glance, the chick neural progeni-
tors appeared critically different from those
of the mammalian neural progenitors;
depending on the spatial position, the
progenitors seemed to be committed to
only produce DL or UL subtypes, but not
both. Surprising enough, however, the
chick neural progenitors unveil their
multipotency and produce both the DL
and UL subtypes once they are isolated
from the intact brain environment and
sparsely cultured in vitro.”> Both the
medial and lateral progenitors have almost
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Figure 2. Animal group-specific neurogenesis in the pallium and the potential evolutionary history of pallial bioarchitecture during the evolution.

(A and B) Comparison of the pallial neurogenesis between mammals and birds. The gray, green and magenta circles indicate the neural progenitor,
DL and UL subtypes, respectively. The arrows indicate the neurogenetic process. (A) Spatially unbiased progression of neurogenesis constructs
homogeneous layers of neuron subtypes across the mammalian neocortex. (B) The spatially biased neurogenesis constructs the mediolaterally separated
subtype arrangement in the avian pallium. (C) Hypothetical evolutionary scenario of the emergence of the neocortical layer architecture. Neocortical
layer-specific neuron subtypes originated from the common ancestor of the mammals and birds (purple filled star). The layered arrangement of neuron
subtypes newly emerged (white star) in the mammalian lineage before the branch leading to the monotremes. lllustrations in (A and B) are reproduced

the same multipotency and sequentially
produce the DL and then UL subtypes in
the same chronological sequence as that
of mammalian neocortical progenitors."
Therefore, the chick neural progenitors
intrinsically have the mammalian type
neurogenetic potential, but the potential
is somehow restricted by some extrinsic
factors in the chick pallium in vivo.

Spatial Modulation
of the Neocortical Neurogenetic
Program in the Avian Pallium

One remaining question is how the
intrinsically multipotent progenitors selec-
tively produce either one of the neuron
subtypes in the chick pallium in vivo. We
found that the neurogenetic activity of
the neural progenitors is spatio-temporally
regulated in the chick pallium.* Early on,
when the DL subtype is generated,
neurons are homogeneously generated
from the ventricular zone across the entire

www.landesbioscience.com

chick pallium. However, later, when the
UL subtype is generated, neurogenesis is
almost terminated in the medial ventri-
cular zone, but conversely, explosively
accelerated in the lateral ventricular zone
(Fig.2B). This spatio-temporally biased
neurogenesis enables selective production
of the late-generated UL subtype in the
lateral region and can contribute to con-
struction of the avian-type mediolateral
subtype arrangement. The molecular back-
ground of the extrinsic control of neuro-
genesis still remains unclear and deserves
future study toward elucidation of evolu-
tionary mechanisms that create animal
group-specific neuronal arrangements in
the pallium.

A Novel Model for Evolution
of the Layered Neocortex

Because only mammals have the layered

neocortex, it is generally accepted that the
neocortical, neurogenetic program that
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sequentially produces multple layer-
specific subtypes is specific to mammals
and co-evolved with a layered bioarchitec-
ture.””® However, our study challenges
this general belief and proposes an alter-
native evolutionary scenario. The avian
pallium  possesses the repertoire of
neuronal subtypes comparable to that of
the mammalian neocortical layer-specific
subtypes, which are produced by a con-
served neurogenetic program. This means
that the neocortical, neurogenetic program
originated even before the emergence of
mammals and can date back more than
300 million years to the common ancestor
of amniote lineages. Thus, both mammals
and non-mammals must have utilized the
neurogenetic program inherited from the
common ancestor in a differently regulated
manner to materialize the animal group-
specific pallial architectures (Fig. 2C).
The deep conservation of the neocor-
tical neurogenetic program between the
anciently diverged mammals and birds
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suggests a strong selective constraint for
this program. It should have been bene-
ficial for various animal groups regardless
of the pallial architecture. One obvious
benefit is that it can diversify cell types
from a limited number of progenitor
cells. Indeed, chronological production
of multiple neuron subtypes from a single
neural progenitor is a common strategy
in both vertebrate and invertebrates.*® In
addition to this benefit, this neurogenetic
program might provide an evolutionary
capacity to create novel brain architecture
because only a small modification of the
program can cause a large impact in
the final brain architecture. For example,
the extraordinarily rapid expansion of
neocortical volume in primate evolution
can be caused by a modulation of the
neurogenetic program, such as a drastic
increase of progenitor proliferation over
differentiation.””*’

Because of the lack of information
about the neuronal arrangement in the
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