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Conservation of developmental mechanisms in

evolutionarily divergent brain structures
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A remarkable feature of the mammalian evolution is the expansion of the
neocortex and emergence of the specific internal cytoarchitecture, the layer
structure. All of the mammalian species share the neocortical layer structure, in
which a similar type of neurons are arranged in a particular layer parallel to the
brain surface. During the neocortical development, the neuronal subtypes in the
neocortical layers are produced from neural progenitor cells in a stereotyped
temporal sequence from deep to u;;per layers. This stereotyped sequence of
neuronal production is attributed to the temporal restriction of the competence
of neural progenitors. The progenitors initially possess the multipotency to
generate the neuronal subtypes in all neocortical layers, but gradually loose the
potency during the development, and eventually become only able to produce the.
upper layer neurons.

The dorsal region of the telencephalon called the pallium is the
non-mamalian homologue of the neocortex, because the same developmentally
important genes are commonly expressed in the mammalian neocortex and the
non-mammalian pallium. Although the pallium is completely conserved among
the vertebrates, the internal structure is variable. For example, the bird, one of
the closest relatives of the mammals, possesses the well-developed pallium
packed with distinct subtypes of neurons that are arranged in particular
domains. Such observations suggest that the common ancestor of the mammals
and the birds had already acquired the pallium, and that the pallial structure

has been modified in an animal group-specific manner through alterations in the
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developmental processes. Therefore, a key event contributing to the evolutionary
emergence of the neocortical layer structure could be found through comparison
of the development between the mammaﬁan neocortex and the non-mammalian
pallium.

The chick pallium is a good model to approach the problem, because of the
closest phylogenetic position to the mammals as well as the convenience of
experimental manipulations. For over a century, it has been argued whether the
avian pallium has a comparable neuronal repertory to the mammalian neocortex.
Therefore, I first checked expression patterns of marker genes for the
mammalian neocortical layers in the chick pallium. This analysis revealed that
both the deep (layer V) and upper layer (layer II/III) marker genes were
expressed in the chick pallium, suggesting that the chick pallium possesses a
neuronal repertory similar to the mammalian neocortex. In addition to the
molecular expressions, the axon projections were also found to be partially
similar between the chick pallial neurons and the corresponding neuronal
subtypes of the mammalian neocortex. In spite of the remarkable conservation
in the neuronal repertory, spatial distribution patterns of the deep and upper
layer neurons were entirely different from the layer arrangement of the
mammalian neocortex; ih the chick pallium, the deep and upper layer neurons
were not arranged in parallel, but distantly located in the medial and lateral
side, respectively.

The development of the deep and upper layer neurons in the chick pallium

was investigated in detail. First, the birthdate analysis by BrdU pulse-labeling
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demonstrated that the deep layer neurons were generated earlier than the
upper layer neurons in the chick pallium, suggesting that the temporal sequence
of the neuron production is evolutionarily conserved between the mammals and
the birds. Second, the fate mapping analysis revealed that the deep and upper
layer neurons originated from the distinct neural progenitors on the medial and
lateral sides in the chick pallium, respectively. This spatially separate
production of the neurons is the critical diffei'ence from the mammalian
neocortical development, in which the deep and upper layer neurons are
uniformly produced across the entire neocortex. Probably related to this
difference, I found that the late neurogenesis in the chick pallium
predominantly occurs on the lateral side. This spatiotemporally biased neuronal
production can explain the selective generation of the late-born upper layer
neurons only from the lateral side in the chick pallium. Taken together, the
distinct neurogenetic properties between the medial and lateral progenitors
appeared to be the key to construct the non-layered domain-like cytoarchiteture
in the chick pallium.

How then is the medio-lateral difference of neurogenetic properties is
instructed in the chick pallium? I cultured neural progenitor cells from the
medial and lateral sides of the chick pallium in a clonal density, and
surprisingiy found that most of the clones derived from a single progenitor cell
contained both deep and upper layer neurons, regardless of its origin. This
remarkable observation clearly demonstrated that the neural progenitor cells in

the medial and lateral sides of the chick pallium intrinsically possess a similar
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neurogenic competence, and the neurocompetency is extrinsically regulated by
the surrounding tissues according to the spatial positions.

On the basis on the results obtained, I propose the following model for the
avian pallial development. The avian neural progenitors are intrinsically
equivalent to those of mammals and capable of sequentially generating a full
repertory of neuronal subtypes. However, the neurogenesis in the avian pallium
is extrinsically regulated by two potential mechanisms. First, the deep layer fate
in the early-born neurons on the lateral side is suppressed by environmental
factors, and thereby, the lateral neural progenitor cells produce only the upper
layer neurons in the later phase of neurogenesis. Second, the medial neural
progenitors terminate the neurogenesis precociously before producing the upper
layer neurons leading to the preferential generation of deep layer neurons from
the medial side.

Lastly, the émergence of the layered neocortex in mammals has been a
long-standing mystery in evolufionary biology. The present discovery of the
evolutionary conservation in the neural progenitor competence between the
mammals and the avian suggests that the common ancestor of the amniotes has
already possessed the developmental potential to sequentially produce the
multiple neuronal subtypes. During the evolutionary diversification into each
lineage of animal groups, alterations in the spatial regulation of the
neurogenetic program may have contributed to the emergence of animal
gro_up'spéciﬁc brain structures; such as the layer structure in the mammalian

neocortex and the domain structure in the avian pallium.
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BEHEBHOMOBEIEDE %’“&H%%éw@%hMLm%%&%rT EHREIIERY
RIZEFERBRICELRWVWED, BEEOEHRIIBEETIEDOMO LLBMEH 20 METIZR
BTV, HAER, MOBEBRBICEEL, HEMBORASLEBS LR EOBEOREELY -
EHHEZZHBBITOMBLTILEVIHLWT o —F2 8B LE. 2O0ER, RHEBAT
HBOBRLEWVWLELAZBELZFEEL, MEBEEOENMOTEZRETALEREBTIZLICEKIL
7.

SHERMBEOPF TCINE TR LEREZBRVTCELZORKMEAERO#BETHS. IZHLET
KIMFREE LN ZOEBIE TBHEE] WO BB LREBEELZRY, ALEREOHMBRMA
BBRICHALTVD., ZOBRBEIMRBERER»CELHEIN D ZHERMBANFELEINE IS &ﬁ
EHBERS TWK IR E-TERENSE. —F, WLBEMUIA IS T 28 (HE) |
HEREEERFEELRVWED, MBEOZHEERRET o AR LD LI REBEVICL S D0
hhoTWiholz, AER, BEEEZBROLRVWEDOREFLELT=TU M) % 25T,
TORMEEOHELEBELZMITLI-.

ETHEMBOSHEEOELMNWREELZRNDI LD, vV A KMEE CEB (DL), EB (UL)
HEODIBRAEALTWAEEOEGTFE2HEMBEZEEO~—D—L LTHY, TD=U KUK
EROBREMITLEZ. TORR, =V MPIBCL Y ARBORBHASEERDHB Z &
Bhdolo. ¥, DL ->UL (¥1# : DL#R, %H : ULMKE) WO REDIEFLREES
TWiz., 2L, =Y FUMMTIE DLAMRE UL MBEBRICIIEBLTESY, DL M
RPN, UL #EIEAAICEEL TWE., 202D, w7 R =0 RN TREEO B
BB EAEASNIEFICEVWRD DI ENRTRENTE.

FIT, BMBRMESEEREENEAHINIBEREEZLORTEL DA, U M) OFBREMH
JROMEIE- VAR RON R VWEHELRZBERBFEENELZRTIEEZRVELE (F1).

TR AR R AR D> B BE A %1
FERBHMBOME | ShaMBoHEEERF
< 7R =T K
PRl DL -> UL DL -> - - EELE
A DL->UL | ? ->UL ? RBEDOHIEMIE

WIZ, HEBREEOBIEENAEEZEILDICERT COMBRMBERENEZR . *
@F%,~UF)®@ﬁ%m@%77XH%,WM ARMELBIMAET S b0 DL - UL
MEOMBHBEEABTEAZFE S TWAZEERALE. ORI RE=TU NI D
AN T TIC 1EOHRRMENER X SHELMBRBBREZEAH T VW) Ttk
AEHRALTCWEIEEZBMIRBLTVWS. AR, =V NI TRIOT RS T AICHEIHE
BEMVIZTAMCIVEENAMZ L, EHREROLREERINENBEZ LIZL->T, vV R
EREROT-HMRBHBEOEBCHMEEREL TV LEHRLE.

BMABRDFREEYFLHAREEYZZRFICEAAES LY, MOBEBRBIIR I 2R E
MIEOHBEICEBEOXBRALECE CHIBEVHERENHL - L2 HWE L. £, 0k
W77 AIRRERENLREENMAONTZZ LX), MEEORERE(EERELE
LW RBERBTAOIENTEL., ChIXELREZ~OEEREM THI L L BIC, BAE
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BHhE2WltT ¢ EEBERE B CHBLE.
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