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In the nervous system, there are hundreds to thousands of neuronal cell types that have morphologically, physi-
ologically, and histochemically different characteristics and this diversity may enable us to elicit higher brain
function. A better understanding of the molecular machinery by which neuron subtype specification occurs is
thus one of the most important issues in brain science. The dorsal hindbrain, including the cerebellum, is a
good model system to study this issue because a variety of types of neurons are produced from this region.
Recently developed genetic lineage-tracing methods in addition to gene-transfer technologies have clarified a
fate map .of neurons produced from the dorsal hindbrain and accelerated our understanding of the molecular
machinery of neuronal subtype specification in the nervous system.

Key words: cerebellum, cochlear nucelus, hindbrain, precerebellar system, subtype specification.

Introduction

The dorsal hindbrain, or alar plate of the hindbrain,
represents a good model system to investigate the
molecular machinery to specify neuronal subtypes, as
many different types of neurons are generated from
this region. In mammals and avians, the hindbrain con-
sists of eight rhombomeres (r1-r8). Previous grafting
studies as well as detailed precision anatomical studies
have suggested that the alar plate of r1 produces all
cerebellar neurons, the alar plate of the middle hind-
brain (r2-r5) generates neurons in the cochlear
nucleus, and the alar plate of the caudal hindbrain (r6—
r8) produces precerebellar neurons, although some
slight differences exist between rodents and birds (Alt-
man & Bayer 1987; Tan & Le Douarin 1991; Cambron-
ero & Puelles 2000; Cramer et al. 2000; Farago et al.
2006). Furthermore, recently developed genetic line-
age-tracing methods in addition to gene-transfer tech-
nologies have clarified a fate map of neurons
produced from the dorsal hindbrain and accelerated
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our understanding of the molecular machinery of neu-
ronal subtype specification in the dorsal hindbrain.

Neuron subtype specification in the
cerebellum

There are three major regions in the cerebellum: cor-
tex, white matter and nuclei. The cerebellar cortex
includes several types of glutamatergic excitatory and
GABAergic inhibitory neurons. Glutamatergic neurons
are comprised of granule cells and unipolar brush cells
(UBCs), while the GABAergic population includes Pur-
kinje, Golgi, Lugaro, stellate, basket, and candelabrum
cells. Cerebellar nuclei (CN) comprise three major
types of neurons: large glutamatergic projection neu-
rons (CN-Glu neurons), mid-sized GABAergic inhibitory
projection neurons (CN-GABA-ION neurons) and small
GABAergic interneurons (CN-GABA interneurons). CN-
GABA-ION neurons extend their axons to the inferior
olivary nucleus (ION) (Carletti & Rossi 2008), while CN-
Glu neurons send their axons to nuclei outside the
cerebellum, including the red nucleus and the thala-
mus. These neurons mutually regulate each other’'s
activity to achieve proper cerebellar function.

During development, the neuroepithelium of the alar
plate of rhombomere 1 (r1) generates all types of cere-
bellar neurons (Millet et al. 1996; Wingate & Hatten
1999; Chizhikov & Millen 2003; Zervas et al. 2004).
The dorsal-most part of the neuroepithelium, the roof
plate, of r1 does not generate neurons but produces
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cells of the choroid plexus (Chizhikov et al. 2006). Cer-
ebellar neuron-producing neuroepithelium can be
divided into two regions; the rhombic lip (RL) and the
ventricular zone (VZ). These two regions can be mor-
phologically discriminated by a notch located on their
border.

Although studies on the cerebellum have a very long
history (Cajal 1909), the molecular machinery through
which cerebellar neuron subtype specification occurs
is still unclear. In 1997, Ben-Arie et al. reported that a
basic-helix-loop-helix type (bHLH) transcription factor,
Atoh1 (also called Math1), is expressed in the rhombic
lip and is involved in cerebellar granule cell generation
(Ben-Arie et al. 1997). At that time, it was believed that
only granule cells are generated from the rhombic lip,
while the remaining neurons are produced from the
cerebellar VZ. Although several studies had clarified
the specification machinery for granule cells, how other
types of cerebellar neurons developed remained elu-
sive until three breakthrough papers were published in
2005.

During the generation of some transgenic mice, our
group obtained a mutant line “‘cerebelless’ in which
homozygotes exhibited uncoordinated locomotion,
ataxic gait and tremors. Surprisingly, adult mice were
found to lack the entire cerebellar cortex. In this
mutant, no GABAergic inhibitory neurons are pro-
duced from the cerebellar primordium. In contrast,
giutamatergic populations are initially generated, but
glutamatergic granule cells are lost secondarily at
postnatal stages. Eventually, the entire cerebellar cor-
tex is lost in this mutant (Hoshino et al. 2005). The
responsible gene was identified as pancreatic tran-
scription factor 1a (Pif1a), a bHLH transcription factor
known to participate in pancreatic development. This
gene is expressed in the neuroepithelium of the VZ
but not in the RL and its expression is lost in the cer-
ebelless mutants. Cre-loxP recombination-based line-
age tracing analysis revealed that most types of
cerebellar GABAergic neurons (Purkinje, Golgi, basket,
stellate cells and GABAergic neurons in the CN) are
derived from Ptf1a-expressing neuroepithelial cells in
the VZ, but glutamatergic neurons, such as granule
cells and CN-Glu neurons, are not. Loss of Pifla
expression in cerebelless as well as in Ptf1a-knock
out mice resulted in inhibition of the production of
GABAergic neurons in the cerebellar primordium. Fur-
thermore, ectopic introduction of Ptf7a by means of
in utero electroporation resulted in the abnormal pro-
duction of neurons with GABAergic characteristics
from the dorsal telencephalon: the dorsal telencepha-
lon only produces glutamatergic neurons under nor-
mal conditions. In addition, Pascual etal. (2007)
reported that in the Pif7a-null mutants, the fate of

© 2012 The Author

neurons produced from the VZ is changed to that of
granule cells. Moreover, a recent genetic fate map-
ping study using Ascl1“® knock-in mice showed
that other cerebellar GABAergic neurons, such as
Lugaro and candelabrum cells, are also derived from
the cerebellar VZ (Sudarov ef al. 2011). These obser-
vations suggested that Ptf1a, expressed in the cere-
bellar VZ, determines GABAergic neuronal fate in the
cerebellum. PTFTA was also identified as a causative
gene for a human disease that exhibits permanent
neonatal diabetes mellitus and cerebellar agenesis
(Sellick et al. 2004).

Just after our report, Zoghbi’'s and Fishell's groups
reported a molecular fate map of the derivatives of
Atoh1-expressing neuroepithelial cells in the cerebellar
RL (Machold & Fishell 2005; Wang et al. 2005). They
showed that not only granule cells but also, at least
some DCN neurons are derived from the RL, although
they did not discriminate between neuron types in the
CN. In their studies, development of RL-derived CN
neurons was shown to be disrupted in the Atoht
mutants. As GABAergic but not glutamatergic CN neu-
rons were found to be derived from Ptfla-expressing
neuroepithelial cells in the VZ (Hoshino et al. 2005),
this suggests that cerebellar glutamatergic neurons
such as granule cells and CN-Glu neurons are derived
from the RL. Accordingly, unipolar brush cells, which
are glutamatergic, were also shown to emerge from
the RL (Englund et al. 2006).

Together, these studies indicate the presence of two
molecularly defined neuroepithelial areas in the cere-
bellum, the Atohl-expressing RL and the Ptfla-
expressing VZ, which generate glutamatergic and
GABAergic neurons, respectively. Each bHLH tran-
scription factor is involved in producing the corre-
sponding neuronal subtype in the cerebellum. These
facts suggest a model in which regionalization of the
cerebellar neuroepithelium into two distinct regions,
the VZ and the RL, is mediated by the two bHLH tran-
scription factors, Atoh1 and Ptfla (Hoshino 2006).
During embryonic development, the ventral cerebellar
neuroepithelium expresses Ptf1a, leading to cerebellar
VZ characteristics and the ability to generate GABAer-
gic neurons, while the dorsal cerebellar neuroepitheli-
um expresses Atoh1 and becomes the cerebellar RL,
producing glutamatergic neurons. In the telencepha-
lon, similar regionalization by bHLH transcription fac-
tors takes place. Glutamatergic neurons emerge from
dorsal neuroepithelium expressing Neurogenin  1/2
(Ngn 1/2) and GABAergic neurons are produced from
ventral neuroepithelium expressing Ascli (also called
Mash1) (Wilson & Rubenstein 2000).

How are these neuroepithelial areas formed? In gen-
eral, the roof plate can affect the dorsal structure of

Development, Growth & Differentiation © 2012 Japanese Society of Developmental Biologists
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the neural tube (Lee et al. 2000; Millonig et al. 2000).
Chizhikov et al. (2006) revealed that the roof plate
plays an important role in the formation of the cerebel-
lar dorso-ventral domain formation by analyzing cere-
bellar mutants that lack the roof plate. Moreover, it has
been suggested that bone morphogenetic proteins
(BMPs) secreted from the roof plate as well as Notch
signaling are involved in the formation of the RL and
the VZ (Machold et al. 2007). An in vitro study that
induced Purkinje cells from ES cells suggested that
loss of sonic hedgehog signaling may provide dorso-
ventral spatial information of the cerebellar VZ to the
cerebellar neuroepithelium, which eventually leads to
the expression of Ptfla (Muguruma et al. 2010).

Although some clarification of the machinery govern-
ing GABAergic and glutamatergic neuronal subtype
specification by transcription factors has been pro-
vided, molecular mechanisms to specify each GAB-
Aergic (e.g. Purkinje, Golgi, basket, stellate cells and
CN-ION, CN-interneurons) or glutamatergic (e.g. gran-
ule, unipolar brush cells and CN-Glu neurons) subtype
remain unclear. Birthdating studies using *H-thymidine
and BrdU (Chan-Palay et al. 1977; Batini et al. 1992;
De Zeeuw & Berrebi 1995; Sultan et al. 2003; Leto
et al. 2006) as well as adenovirus (Hashimoto & Mikos-
hiba 2003) have revealed that each type of neuron is
generated at distinct developmental stages.

With regard to GABAergic neurons, Purkinje cells are
produced early (embryonic day (E) 10.5-13.5 in mice),
Golgi cells a little later (E13.5-postonatal day (P) O)
and stellate/basket cells mainly perinatally. The newest
study by Sudarov et al. revealed that candelabrum

cells are generated around PO, while GABAergic CN
neurons arise at early stages (E10.5-11.5). As to gluta-
matergic neurons, in addition to the above studies,
molecule-based lineage tracing analyses (Machold &
Fishell 2005; Wang et al. 2005; Englund et al. 2006)
have clarified that CN-Glu neurons leave the cerebellar
RL at early stages (£10.5-12.5) and granule cells and
unipolar brush cells at middle to late stages (granule
cell; approximately E12.5~perinatal, ubc: approxi-
mately E12.5-E18.5). In addition, somatic recombina-
tion-based clonal analyses suggested that Purkinje,
Golgi and basket/stellate cells as well as some CN
neurons (probably GABAergic) belong to the same
lineage (Mathis et al. 1997; Mathis & Nicolas 2003).
These data indicate that some temporal information in
the neuroepithelium may be involved in specification of
neuronal types in the RL and VZ, respectively. How-
ever, the underlying molecular mechanisms have not
yet been clarified.

Some scientists have attempted to divide the struc-
ture of the cerebellar primordium into several domains
(Fig. 1). Chizhikov et al. (2006) defined four cellular
populations (denoted c1-c4 domains) in the cerebellar
primordium via the expression of a few transcription
factors. ¢1 corresponds to the Atoh1-expressing RL
and ¢2 is located just above the Ptf1a-expressing VZ
(denoted pc2), indicating that ¢2 cells mainly consist of
GABAergic inhibitory neurons. Although ¢3 and c4
express Lmx1a and Lhx1/5 respectively, their neuronal
subtypes are stil unknown. This domain structure is
disrupted when the roof plate was removed (Chizhikov
et al. 2006). Furthermore, at the early neurogenesis
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Fig. 1. Domain structure of the cerebellar primordium. The ¢1 domain, expressing Atoht, corresponds to the rhombic lip that produces
all types of glutamatergic neurons in the cerebellum. The pc2 is the Ptfla-expressing neuroepithelial domain that generates all types of
GABAergic cerebellar neurons. At early neurogenesis stages, such as E12.5, the pc2 domain can be subdivided into pc2d and pc2v
subdomains, which expresses E-cadherin strongly and weakly, respectively. The ¢2 domain, expressing Lhx1/5, consists of immature
GABAergic neurons putatively generated from pc2 neuroepithelial domain. This domain can also be subdivided into two subdomains,
c2d and c2v, corresponding to pc2d and pc2v, respectively. The ¢c2d subdomain consists of corl2-expressing neurons or Puarkinje
cells, whereas the c2v subdomain includes Pax2-positive cerebellar GABAergic interneurons. Although ¢3 and ¢4 domains are Lmx1a-
and Lhx1/5-positive, respectively, cell types which make up these domains are unknown. The roof plate (RP) is located most dorsally,
and plays prominent roles in organizing this cerebellar domain structure.
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stage (e.g. E12.5 in mice), Minaki et al. (2008) subdi-
vided the ¢2 domain into dorsally (c2d) and ventrally
(c2v) located subdomains that express corl2 and
Pax2, respectively. While corl2 is exclusively expressed
in immature and mature Purkinje cells (Minaki et al.
2008), Pax2 is expressed in GABAergic interneurons
(e.g. Golgi, stellate, basket, CN-GABA neurons) in the
cerebellum (Maricich & Herrup 1999; Weisheit et al.
20086). They also subdivided the Ptf1a-expressing neu-
roepithelial domain (pc2) into pc2d and pc2v, which
strongly and weakly express E-cadherin, respectively.
From the positions of the neuroepithelial and neuronal
subdomains, they suggested that the pc2d neuroepi-
thelial subdomain produces cells in the ¢c2d domain,
which give rise to Purkinje cells, while the pc2v sub-
domain generates cells in the c2v that become GAB-
Aergic intemeurons (Mizuhara etal. 2010). As
development proceeds, pc2d and pc2v subdomains
contract and expand, respectively, and by E14.5 in
mice, the Ptf1a-expressing pc2 domain comprises only
the pc2v subdomain, which expresses E-cadherin
weakly. This correlates with the fact that, at E14.5,
Ptf1a-expressing neuroepithelium does not produce
Purkinje cells but Pax2-positive interneurons (Maricich
& Herrup 1999; Hashimoto & Mikoshiba 2003). The
expression of several other transcription factors in the
cerebellar VZ during development have also been
reported. For example, Zordan et al. (2008) described
the expression patterns of proneural bHLH transcrip-
tion factors, such as Ngn1, Ngn2 and Ascit in the
cerebellar VZ although their function in cerebellar
development is still unclear. It has also been reported
that Pax2-positive neurons, but not Purkinje cells, are
reduced in the Ascl7-null cerebellum (Grimaldi et al.
2009), while Purkinje cells are reduced in Ngn1-null
mice (Lundell et al. 2009), suggesting that these bHLH
transcription factors play distinct roles in cerebellar
development.

In addition, several transcription factors have been
reported to participate in the development of specific
types of cerebellar neurons. Double knockout of Lhx7
and Lhx5 as well as the targeted disruption of their
cofactor Ldb1 resulted in a lack of Purkinje cell pro-
duction in the cerebellum although Pax2-positive inter-
neurons did not seem to be affected. Because Lhx1
and Lhx5 are expressed in post-mitotic cells, this sug-
gests that Lhx1, Lhx5 and Ldb1 are post-mitotically
involved in Purkinje cell specification (Zhao et al.
2007). In addition, in the cyclin D2 KO mice, the pro-
genitor pool of GABAergic interneurons is precociously
exhausted and progenitor numbers are significantly
reduced, leading to a remarkable decrease in the
number of late-born interneurons, such as stellate cells
{(Huard et al, 1999; Leto et al. 2011).

© 2012 The Author

From the RL, several types of glutamatergic neurons,
such as CN-Glu neurons, granule cells and unipolar
brush cells, are generated (Machold & Fishell 2005;
Wang et al. 2005; Englund et al. 2006). CN-Glu neu-
rons leave the RL early during neurogenesis. Some
franscription factors, such as Thr1, Irx3, Meis2, Lhx2
and Lhx9 are expressed in post-mitotic progenitors of
CN-Glu neurons, but their roles have not been clarified
(Morales & Hatten 2006). Other molecules, such as
Zic1 (Aruga et al. 1998), have been reported to play
important roles in the migration, maturation and sur-
vival of granule cells, but the molecular machinery
underlying the specification of granule cell identity is
unknown. Although unipolar brush cells strongly
express Thr2, its function remains elusive.

Heterotopic and heterochronic transplantation stud-
ies have also provided important clues to understand-
ing cerebellar development (Carletti & Rossi 2008).
When tissues from embryonic and postnatal cerebella
were mixed and transplanted to the fourth ventricle of
an adult mouse, the postnatal-derived cells differenti-
ated only into interneurons such as granule, basket
and stellate cells, but not projection neurons, such as
Purkinje cells, whereas the embryonic-derived cells
were capable of becoming all types of cerebellar neu-
rons (Jankovski et al. 1996). It has also been shown
that dissociated cells taken from cerebellar primordium
at early neurogenesis stages can differentiate into all
major types of cerebellar neurons, while those from
postnatal cerebellum differentiated only to Pax2-posi-
tive interneurons (Carletti et al. 2002). These findings
suggest that the differentiation competence of cerebel-
lar progenitors becomes restricted as development
proceeds. However, the molecular mechanisms under-
lying this fate restriction process have not yet been
clarified. Interestingly, Leto et al. (2006) suggested that
Pax2-positive interneurons, such as Golgi, stellate,
basket cells and CN-GABA interneurons are derived
from the same progenitor pool. Leto et al. (2009) also
clarified that, after leaving the VZ, progenitors for GAB-
Aergic interneurons continue to proliferate in the pro-
spective white matter during late embryonic and
postnatal development. Their grafting studies showed
that terminal commitment does not occur while pre-
cursors are still proliferating but occur postmitotically
according to host-specific information, suggesting an
instructive cue provided by the microenvironment of
the prospective white matter.

Neuron subtype specification in the cochlear
nucleus

Sounds received in the ear are transmitted via the
auditory nerve to the cochlear nucleus (CoN) of the
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mammalian hindbrain, where the auditory information
is properly processed and relayed to the brain. The
CoN is a very complex cell assembly that can be
divided into two subregions, the ventral and dorsal
cochlear nuclei (VCoN and DCoN), which differ in
structure and feature.

Because of its importance in sound perception, the
CoN has been intensely studied from anatomical,
physiological and histochemical points of view (Osen
1969; Ryugo & Willard 1985; Hackney et al. 1990).
Histological observations have deduced that a portion
of neurons generated from the dorsal hindbrain neuro-
epithelia migrate tangentially to give rise to CoN
neurons (Pierce 1967; lvanova & Yuasa 1998). More
directly, genetic fate mapping studies using transgenic
mice confirmed that many CoN cells are derived from
the dorsal region of the hindbrain neuroepithelia where
the Wnt1 promoter is active (Farago etal 2006;
Nichols & Bruce 2006). As to the rostro-caudal axis,
the origins of CoN neurons seem to differ between
avians and mammals. Grafting studies revealed that
avian CoN neurons are derived from a broader part of
the hindbrain (-3-r8), (Tan & Le Douarin 1991; Cam-
bronero & Puelles 2000; Cramer et al. 2000), while
mouse genetic studies have suggested a more rostral
and narrower origin (r2—r5) (Farago et al. 2006).

Very sophisticated genetic fate mapping studies
were carried out by Farago et al. (2006) using an FLP-
FRT and Cre-loxP-based dual lineage tracing system.
In addition to showing that CoN neurons are derived
from r2 to r5, they also revealed that neurons in the
anterior part of the VCoN (aVCoN), the posterior part
of the VCoN (pVCoN) and the DCoN, generally tend to
be generated from rostral (~r2, 3), middle (~r3, 4),
and caudal (~r4, 5) parts of the CoN neuron-produc-
ing hindbrain (r2-5), respectively, with some overlap.

The CoN contains a variety of neurons that have dis-
tinct features (Osen 1969; Ryugo & Willard 1985;
Hackney et al. 1990). For example, the DCoN includes
Golgi, molecular layer (ML)-stellate, cartwheel, tuber-
culo-ventral, unipolar brush, giant, and fusiform cells,
while the VCoN is comprised of octopus, globular-
bushy, spherical-bushy, T-stellate and D-stellate cells.

In the neuroepithelium of the middle hindbrain (r2—
r5), distinct transcription factors are expressed consti-
tuting several molecularly-defined domains (Fig. 2,
upper panel). Using Cre-LoxP-based genetic fate map-
ping studies, our group identified the origins of inhibi-
tory and excitatory neurons of the cochlear nucleus;
inhibitory (glycinergic and GABAergic) and excitatory
(glutamatergic) neurons are derived from Ptfla- and
Atoh1-expressing neuroepithelial regions, respectively
(Fujiyama et al. 2009) and their development is depen-
dent on the corresponding bHLH proteins.

Subtype specification of precerebellar
neurons

There are two types of precerebellar afferent systems;
mossy fiber (MF) and climbing fiber (CF) systems. MF
neurons are located in several nuclei throughout the
brain stem and extend their glutamatergic projections
to granule cells conveying peripheral and cortical infor-
mation to the cerebellum. Four major nuclei containing
MF neurons are the pontine gray nucleus (PGN), the
reticulotegmental nucleus (RTN), the lateral reticular
nucleus (LRN) and the external cuneate nucleus (ECN)
in the hindbrain (Altman & Bayer 1987). Some MF neu-
rons are also located in the spinal trigeminal nucleus
(Spb) in the hindbrain and Clarke’s column in the
spinal cord. In contrast, CF neurons reside exclusively
in the inferior olive nucleus (ION), which receives input
from the cerebral cortex, the red nucleus, spinal cord
and other brain stem nuclei, and sends glutamatergic
projections to Purkinje cells (Ruigrok et al. 1995). Both
types of precerebellar neurons also send branch axons
to the neurons in the cerebellar nucleus. These precer-
ebellar systems are thought to transmit both external
and internal information to the cerebellar cortex to
modulate cerebellar function, including regulation of
movement.

Previous birthdating studies in mice revealed that CF
neurons are generated at relatively early neurogenesis
stages (£9.5-11.5) while MF neurons are produced at
slightly later stages (E10.5-16.5) (Pierce 1973). Along
the rostrocaudal axis, both MF and CF neurons in the
hindbrain are generated from the caudal hindbrain,
around rhombomeres 6-8, as suggested by avian
grafting studies as well as mammalian fate map analy-
ses (Ambrosiani et al. 1996; Cambronero & Puelles
2000; Farago et al. 2006; Kawauchi et al. 2006). By
contrast, MF neurons in the Clarke’s nucleus are gen-
erated in the spinal cord (Bermingham et al. 2001).
Classic anatomical and immunohistochemical studies
have suggested that these precerebellar nuclei neu-
rons in the hindorain emerge from the dorsal part of
the hindbrain and migrate tangentially or circumferen-
tially to their final loci (Bloch-Gallego et al. 1999; Yee
et al. 1999; Kyriakopoulou et al. 2002). However, they
take slightly different paths from each other; MF and
CF neurons move extramurally and intramurally,
respectively. Introduction of a GFP-expressing vector
into the embryonic dorsal hindbrain allowed the dra-
matic visualization of migrating precerebellar nuclei
neurons during development (Kawauchi et al. 2006;
Okada et al. 2007).

Many groups have reported transcription factors that
are expressed within the dorsal neuroepithelium of the
caudal (r6-8) hindbrain during embryonic development,
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Fig. 2. In the middle (r2-5, upper panel) and caudal (r6-8, lower panel) hindbrain, several transcription factors are expressed within the
dorsal neuroepithelium during embryonic development. The dorsal-most part, the roof plate (RP), expresses Lmx1a. Other than the roof
plate, the dorsal neuroepithelium can be divided into six domains (dP1-dP6) according to the expression pattern of indicated
transcription factors. (upper panel) As to the neurons in the cochlear nucleus, glutamatergic excitatory neurons and
GABAergic/glycinergic inhibitory neurons are derived from dP1 and dP3/dP4, respectively. (lower panel) While mossy fiber (MF) neurons
are derived from the dP1 domain expressing Atoht, climbing fiber (CF) neurons are generated from the dP4 domain expressing Ptfla

and Olig3. Ngnt is expressed in r7 and r8 but not in r6.

trying to define domains along the dorsoventral axis.
The dorsal-most part expressing Lmx1a corresponds
to the roof plate, which gives rise to the choroid plexus
(Chizhikov et al. 2006). Other than the roof plate, the
dorsal neuroepithelium can be divided into six domains
(dP1-dPB) according to the expression pattemn of the
transcription factors, such as Atoh1, Ngni, Ascli,
Ptf1a and Olig3 (Fig. 2, lower panel). As for the precer-
ebellar nuclei neurons, a series of studies have tried to
clarify the precise origins of MF and CF neurons by
genetic lineage tracing methods.

By analyzing genetically engineered mice that
express lacZ or Cre recombinase under the control of
the endogeous or exogenous Atoh? promoter, MF
neurons of PGN, RTN, LRN and ECN were shown to
emerge from the Atoh1-expressing neuroepithelial
domain (dP1, Ben-Arie et al. 2000; Rodriguez & Dym-
ecki 2000; Landsberg et al. 2005; Wang et al. 2005).
Targeted disruption of the Atoh1 gene resulted in loss
of these MF neurons, suggesting an involvement of
Atoh1 in the MF neuron development.

© 2012 The Author

Atoh1 regulates the expression of the transcription
factor Barhl1 (Mbh2) that is expressed in MF neurons.
Loss of Barhl1 expression resulted in a decrease of
MF neurons, leading to a decrease in the size of MF
precerebellar nuclei (Li et al. 2004). In addition, Flora
et al. (2007) reported that Tcf4, an E-protein, interacts
with Atoh1 and regulates differentiation of a specific
subset (PGN, RTN) of MF neurons.

Landsberg et al. also performed lineage trace analy-
sis by using two variants of FLP (Flippase recombin-
ase) with different recombinase activities that were
expressed under the control of the Wnt-7 promoter
whose strength is the highest at the dorsal-most part
and gradually decreases ventrally. They demonstrated
that CF neurons are derived from the neuroepithelial
region where Whnt-1 is very weakly expressed, whereas
MF neurons emerge from the strong Wnti-expressing
region (Landsberg et al. 2005). In addition, Nichols &
Bruce (2006) generated transgenic mice carrying a
Wht-1-enhancer/lacZ transgene and observed that MF
neurons but not CF neurons were labeled by f-gal in
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those mice. These findings suggested that CF neurons
are generated from the neuroepithelial region ventral to
the Atoh1-expressing domain.

By Cre-loxP-based lineage trace analysis, our group
showed that all CF neurons in the ION are derived
from the Ptfla-expressing neuroepithelial region (Ya-
mada et al. 2007). Loss of the Ptf1a gene resulted in
the fate change of some CF neurons to MF neurons,
suggesting that Ptf1a plays a critical role in fate deter-
mination of CF neurons. We also showed an involve-
ment of Ptfla in migration, differentiation and survival
of CF neurons. It has been reported that both MF neu-
rons and CF neurons are derived from the Olig3-
expressing neuroepithelial region that broadly expands
within the dorsal hindbrain (Storm et al. 2009) by Cre-
loxP-based linage tracing. Targeted disruption of the
Olig3 gene caused the disorganized development of
MF neurons and complete loss of CF neurons (Liu
et al. 2008; Storm et al. 2009). Moreover, the ectopic
co-expression of Qligd3 and Ptfla induced cells
expressing a CF neuron marker in chick embryos
(Storm et al. 2009). These findings suggest that CF
neurons emerge from the Ptf1a/Olig3-expressing neu-
roepithelial domain (dP4) and that Ptfta and Olig3 are
cooperatively involved in the development of CF neu-
rons. The domain structure of the dorsal neuroepitheli-
um in the caudal hindbrain region is shown in the
lower panel of Figure 2.

Conclusions

Various types of neurons are generated from the dor-
sal hindbrain. As described above, the dorsal neuroep-
ithelium of the rostral hindbrain (r1) produces all types
of cerebellar neurons, while the dorsal regions of the
caudal hindbrain (r6-r8) generate neurons that include
the precerebellar system neurons, such as MF and CF
neurons. In addition, the dorsal part of the middle
hindbrain (2—r5 in mice) produces neurons of the
cochlear nucleus, where auditory information is pro-
cessed and relayed to the brain.

There are dorso-ventral domain structures defined
by several transcription factors, which are longitudinally
expressed throughout the hindbrain. In particular, two
bHLH transcription factors, Atoh1 and Ptfia seem to
play important roles in specifying distinct neuronal sub-
types. These two proteins are expressed in different
neuroepithelial  regions  throughout the hindbrain
(Fig. 3). In both the rostral (r1) and middle hindbrain
(r2—r5 in mice), Atoh1 and Ptf1a participate in generat-
ing excitatory and inhibitory neurons, respectively.
However, this rule is not applicable to the caudal hind-
brain. The Ptf1a neuroepithelial domain in the caudal
hindbrain (r6-r8) produces not only inhibitory neurons
(local circuit neurons) but also glutamatergic neurons
(CF neurons) (Yamada et al. 2007), while the Atohi
domain generates glutamatergic MF neurons. This

Rostral ¢

Dorsal

Ventral

Rostral hindbrain

Cerebellum

ELTTNS

Middle hindbrain

Cochlear nu.
Glutamatergic neurons
GABAergic/
Glyeinergic

N

* Caudal

Caundal hindbrain

Precerebellar systems

Muossy fibver
BEGPons

Climbing fiber
HEUrons

Other
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Fig. 3. Neurons produced from the dorsal hindbrain. Atoh1 and Ptfta are expressed in distinct neuroepithelial regions throughout the
rhombomeres 1-8 (r1-8). Each number represents the rhombomeric number. Upper side is dorsal, lower is ventral. Left side is rostral,
right side is caudal. Neuronal subtypes generated from the dorsal neuroepithelium of the rostral, middle and caudal hindbrain regions

are shown.
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raises the possibility that the rostral/middle (r1-r5) and
caudal (r6-r8) hindbrain subregions have distinct char-
acteristics. Overall, throughout the hindbrain regions,
transcription factors, such as Atoh1 and Ptf1a, seem
to define neuroepithelial domains along the dorsoven-
tral axis and participate in specifying distinct neuronal
subtypes according to the rostrocaudal spatial infor-
mation (Fig. 3).

In the spinal cord, Atoh1 and Ptfla are also
expressed in the dorsal neuroepithelium in a non-over-
lapping manner, defining specific  neuroepithelial
domains, although Ptfla seems to be transiently
expressed in immature postmitotic neurons. Ptfla is
involved in producing inhibitory neurons in the dorsal
spinal cord (Glasgow et al. 2005). Atoh1 is known to
participate in generating some types of neurons in the
dorsal spinal cord, including commissural neurons
(Helms & Johnson 1998; Bermingham et al. 2001;
Miesegaes et al. 2009). These neurons in the Atoht-
lineage are believed to include glutamatergic popula-
tions, although the neurotransmitter subtypes have not
been well studied. Thus, from the viewpoint of tran-
scription factors and neurotransmitter subtypes, the
dorsal spinal cord has similar characteristics of those
of rostral (r1) and middie (r2—+5) hindbrain but not cau-
dal hindbrain (r6-r8), which emphasizes the complexity
of the hindbrain.
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A 26-year-old woman with psychomotor developmental delay since late infancy showed rapid deterioration
of her psychomotor abilities at the 11 years of age. She had gained the ability to verbally express herself and
perform motor activities such as running and dancing in early childhood, but she lost the ability to verbally
communicate and was unable to walk independently after this period. She also presented with dystonia in the
right extremities, which markedly fluctuated with a periodicity of hours to months. Sleep disturbance and
epileptic seizures also emerged during adolescence. Frontal lobe atrophy and hypoperfusion of the left
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Rejt/l syndrome cerebral hemisphere were noted on neuroimaging exarninations. Analysis of the MECP2 gene revealed a late
MECP2 truncating mutation of ¢.1196_1200delCCACC (p.P399QfsX4) near the 3'-terminal of the coding region. The

phenotype of this patient corresponds to the rare, unestablished variant of “late childhood deterioration” in
MECP2-related disorders. For the first time, MECP2 mutation was confirmed to be the genetic basis of this
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condition.
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1. Introduction

Rett syndrome (RS) is characterized by normal development
during infancy followed by developmental and motor regressions
between the ages of 1 and 3 years that result in severe cognitive
impairments, stereotyped hand movement, and motor disabilities [1].
However, atypically mild phenotypes of RS, such as late childhood
deterioration or preserved verbal communication skills through
adolescence or adulthood, had been delineated before the gene for
methyl CpG binding protein 2 (MECP2) was identified as the causative
gene for majority of the cases of this disorder [2,3]. Additional recent
studies on the genotypes and phenotypes of MECP2 mutants have
revealed that certain missense or truncating mutations are preferen-
tially formed in the preserved speech variant of RS [4].

MECP2 is a transcriptional repressor protein that is known to
possess a methyl binding domain (MBD), a transcription repression
domain (TRD) and a nuclear localization signal. MECP2 can act as both
an activator and repressor of the transcription of some downstream
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Neurology and Psychiatry, 4-1-1 Ogawahigashi-cho, Kodaira, Tokyo 187-8551, Japan.
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genes, including BDNF, DLX5 and IGFBP 3 [5], but how these genes
contribute to the RS phenotype is still unknown [6].

In this report, we describe a female patient who had a truncating,
5-bp deletion at the 3/-terminal region of MECP2 gene. She presented
with exceptionally delayed onset and deterioration even compared
with atypical cases that have been described in the literature [2-4].
She also presented with dystonia in the right-side extremities, the
intensity of which markedly fluctuated with time.

2. Case report

The patient was a 26-year-old woman who was uneventfully born
with a body weight of 2928 g (4- 0.2 SD) and a head circumference of
32.5cm (403 SD). She smiled socially and gained head control
within 3 months of age, but then showed delayed psychomotor
development, including the ability to bottom-shuffle at 1 year of age,
to utter meaningful words at 1 year and 6 months of age, and to walk
at Tyear and 11 months of age. Intellectual disabilities became
evident thereafter, and she was diagnosed with nonspecific mental
retardation. Her verbal skills remained at the level of single words
throughout childhood. Although special support was necessary, she
was able to attentively participate in activities of ordinary classes and
run, dance, and sing with her classmates (Fig. 1A). However, tremors
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Fig. 1. The patient at ages of 8 (A) and 26 years (B, C). A: She was able to smile and point to a can with her index finger and say “juice.” B: The patient showed occasional stereotyped
hand behaviors, e.g., rubbing a small towel. She was not able to stand up or walk by herself. Kyphotic posture, flexion and adduction of the arms, and tapering of the lower extremities

were noted, C: Spontaneous dorsiflexion of the toe (pallidal toe) on the right side,

in her right hand emerged at the age of 11 years, followed by
stiffening of the right leg during walking and intermittent pronation,
adduction, and flexion posturing of the right arm, which disabled the
patient from dressing herself. In addition, her use of meaningful
words decreased and she would merely look at someone and hold out
her hand when she wanted aid by others. Her movement disorder
markedly fluctuated; the patient could walk up to 100 m with
assistance when she was in good condition, but could not walk at all
when the symptoms were aggravated. This fluctuation showed an
irregular periodicity varying from hours to days or months, without
any specific factors triggering onset. Dysregulated circadian rhythm
presented at 12 years of age; the patient either kept sleeping or used
to be awake for up to several days at a time as well as occasionally
became excited and screamed at midnight. Epileptiform discharges
had been noted since 2 years of age, but epileptic seizures were first
clinically diagnosed at 13 years of age. These seizures, which were
accompanied with facial twitching and secondary generalizations,
were kept under control with valproate sodium.

The patient was referred to our hospital at 26 years of age with
suspicion of a neurodegenerative disorder. Her body height was

147 am (—2.1 SD), body weight was 49.4 kg (—0.5 SD), and head
circumference was 53 cm (— 1.7 SD). She presented with thin lower
legs, dorsiflexion of right first toe (Fig. 1C), and a kyphotic posture
with mid-flexion of the upper extremities when sitting or standing
with help (Fig. 1B). Stereotypy such as intermittent hand rubbing was
rarely observed. Her muscle tonus was increased, and slight
limitations in her ability to extend her elbows and ankles were
noted. Pyramidal signs were negative at each extremity. Intension
tremors appeared in the upper extremities when reaching for objects.
The patient could speak a couple of words when encouraged by her
mother, including “Good morning” and “Thank you,” but otherwise
did not verbally express herself. She occasionally mumbled to herself
with phrases such as “Your fault” or “Good night, see you tomorrow,”
but these phrases were used without the purpose of communicating
with others. Using the Enjoji developmental assessment scale, her
overall psychomotor activities were assessed to be equivalent to the
level of a 1-year 6-months-old child.

G-banded chromosome analysis showed a normal karyotype of the
46, XX. Vanillylmandelic acid, 5-hydroxyindoleacetic acid, 3-meth-
oxy-4-hydroxyphenylglycol, neopterin, biopterin, and amino acids
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levels were normal in the cerebrospinal fluid. Brain magnetic
resonance imaging showed mild bilateral atrophy of the frontal lobe
and cerebellar hemispheres (Fig. 2A). Single photon emission
computed tomography revealed hypoperfusion at the bilateral frontal
cortices and, to a more significant degree, over the left parietotem-
poral cortex and left striatum (Fig. 2B). Mutation analysis of the
MECP2 gene detected a heterozygous 5-bp deletion in exon 4
(€.1196_1200delCCACC), which caused a frameshift and a stop
codon at position 1212 of the wildtype sequence. Truncation of the
gene product ( p.P399QfsX4) was expected (Fig. 3). This mutation was
not present in the mother's DNA.

Treatment with L-DOPA and melatonin resulted in the transient
amelioration of the disturbed sleep cycles but did not result in any
significant effect on the movement disorder of this patient.

3. Discussion

MECP2 is thought to be important not only for the development of
the central nervous system, but also for the maintenance of neuronal
cell functions; overexpression of IGFBP3 due to lack of MECP2 has been
shown to delay brain maturation [7]. The deterioration phase of RS
may be related to the latter function of MECP2 in central nervous
system. On the other hand, the initial regression period as late as
11 years of age and the fluctuating nature of the movement disorders
in this patient are different from those previously observed in patients
with MECP2 mutations. To date, the effect of the type and location of
MECP2 mutations on the severity of RS have generally been
elucidated: patients with missense mutations tend to manifest milder
phenotypes than those with truncating mutations due to nonsense
mutations or frameshift deletions, and those with mutations close to
the 3’-terminal (late mutation) present with milder phenotypes
(Fig. 3) [8,9]. Frameshift deletions/insertions in the last exon between
nucleotides 1050 and 1200 are hot spots in MECP2 mutants and are
found in approximately 10% of RS patients [10]. We found 47 cases in
the literature [4,10-19] with deletions in this region (Supplementary
Table 1), which included 15 cases of preserved speech variant and
additional six cases of atypical RS phenotype. Deletions downstream
to the site as observed in the present patient were identified in five of
the aforementioned cases, including one case of atypical RS and two
cases of preserved speech variant. The same trend of C-terminal
truncation could also be observed in the genotype-phenotype
database {http://mecp2.chw.edu.au); 14 truncating mutations down-

stream to the site in the present case were registered and included six
cases of classical RS, three of atypical RS, one of preserved speech
variant, one of congenital variant, and three of X-linked/sporadic
mental retardation (Supplementary Table 2). The relatively mild
phenotypes of this group may be explained by the preservation of the
MBD and TRD domains. However, even in this group and other cases
of mild RS due to missense mutations, the initial regression almost
exclusively appears at 3 years of age or younger [4]. Apart from rare
adult cases of RS without any apparent deterioration periods [15], the
present patient showed the latest onset of the regression stage. In fact,
the “late childhood deterioration” group is even rarer than other
atypical phenotypes of RS, and is not incorporated in the recently
revised diagnostic criteria of variant RS [1]. Lack of regression by
5 years of age is assigned as questionable for RS diagnosis in these
criteria. Only a few anecdotal cases with a regression period
presenting at ages older than 5 years have been reported in the
literature; however, the statuses of the MECP2 mutations were not
specified [3]. A case with a truncating mutation of ¢.1154_1167del44
(p.389X) where motor regression emerged during adolescence but
intellectual deterioration was not evident has been reported [13].

Since ¢.1194.1195insT (p.P399fsX) causes classical RS (http://
mecp2.chw.edu.au), the exact mechanism for the atypical presenta-
tion of this patient remains to be elucidated. Skewed X-inactivation
has been proposed as an epigenetic factor in phenotypic variations
that exist in RS cases with identical mutations [14], however, a
correlation between phenotype and X-inactivation patterns has not
been identified in larger case studies [8]. Random [20] or mutant
allele-preserved [21] X-inactivation has been revealed in asymptom-
atic MECP2 mutation carriers, which suggests that a mechanism other
than X chromosome inactivation may be responsible for the
modification of clinical phenotypes. Although the mild phenotype of
our patient may be explained by skewed X-inactivation in her brain,
the X-inactivation pattern of the peripheral tissue does not necessarily
reflect the status of the brain [21].

The fluctuating nature of the right-sided dystonia is reminiscent of
the symptoms of hereditary progressive dystonia with marked diurnal
fluctuation (HPD, Segawa's disease), which is caused by a defect in
GTP cyclohydrolase 1 that affects tyrosine hydroxylase activity by
altering the metabolism of biopterin. Degenerative changes in the
substantia nigra and decreases in presynaptic dopaminergic activities
have been reported in RS patients [22]. However, cerebrospinal levels
of biopterins and catecholamine metabolites were normal in the

Fig. 2. Neuroimaging of the patient. A: T2-weighted magnetic resonance imaging. The frontal lobes show mild atrophy. B: #*™Tc-ECD single photon emission computed tomography.
Hypoperfusion over the left cerebral hemisphere and left striatum were noted, Diminished blood flow to the right frontal cortex was also noted,
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Fig. 3. Mutation analysis of the MECP2 gene. A: Sequences around the mutation in the patient's MECP2 gene. A 5-bp deletion of 1196_.1200CCACC results in the expected alteration of
P399Q and truncation of the protein product at the third codon downstream. B: Common mutations in the MECP2 gene. The groups of 3/-terminal deletions at nucleotides 1050-1200
are hot spots for aberrations in this gene. Phenotypic severity is shown based on the findings of previous studies {8,9,12,14,16,17}. Black and white squares represent mutations that
preferentially result in classic or atypical RS, respectively. Mutations in the gray squares can result in either of these phenotypes.

present patient, and L-DOPA did not have an effect on the fluctuating
movement disorders; these findings are in contrast to HPD. On the
other hand, the loss of postsynaptic striatal neurons is assumed to
occur in the pathogenesis of dystonia and bradykinetic disorders that
often appear in teenagers with RS [22]. Increases in glucose
metabolism and glutamate receptors have been identified in the
frontal lobe and basal ganglia of RS brains, which is in contrast to the
decreased blood flow to these areas. This evidence supports the
hypothesis that glutamate-induced neurotoxicity affects these areas
[23]. It is interesting that increased glucose uptake in the cerebral
hemispheres occurs predominantly on the left-side [24]. This may be
related to the asymmetrical nature of dystonia and other neurological
deficits that accompany the symptoms of RS in adult patients, whose
symptoms predominantly present on the right-side [25]. Age-related
onset and asymmetry of dystonia both occurred in the patient
described in this report. Cerebral hypoperfusion contralateral to the
asymmetrical dystonia of this patient may support the role of the
cortex-basal ganglia glutamatergic system in the pathogenesis of
movement disorders that is present in RS [26]. The presentation of a
mild phenotype with dominating scoliosis has been interpreted as a
manifestation of truncal dystonia and proposed as a characteristic of

RS because of C-terminal truncations of MECP2 proteins [10].
However, apart from the case of another patient with late motor
deterioration [13], we hardly found information on limb dystonia in
these and other genetically proven cases with MECP2 mutations
(Supplementary Table 1). Genotype-phenotype correlation in this
aspect of movement disorders in MECP2-related disorders is yet to be
determined.

In conclusion, the cause of late regression and fluctuations in the
motor symptoms of this patient remains unclear. However, it was
confirmed that RS variants with these phenotypes result from MECP2
mutations. This report could facilitate the identification of undiag-
nosed cases and encourages further exploration into the pathome-
chanisms of RS symptoms.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jns.2011.06.008.
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Neocortical Layer Formation of Human Developing Brains and Lissencephalies:
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To investigate layer-specific molecule expression in human de-
veloping neocortices, we performed immunohistochemistry of the
layer-specific markers (TBR1, FOXP1, SATB2, 0TX1, CUTL1, and
CTIP2), using frontal neocortices of the dorsolateral precentral gyri
of 16 normal controls, aged 19 gestational weeks to 1 year old,
lissencephalies of 3 Miller-Dieker syndrome (MDS) cases, 2 X-linked
lissencephaly with abnormal genitalia (XLAG) cases, and 4 Fukuyama-
type congenital muscular dystrophy (FCVID) cases. In the fetal period,
we observed SATB2+ cells in layers II-IV, CUTL1+ cells in layers
1=V, FOXP1+ cells in layer V, O0TX1+ cells in layers 1l or V, and
CTIP2+ and TBR1+ cells in layers V and VI. SATB2+ and CUTL1+
cells appeared until 3 months of age, but the other markers
disappeared after birth. Neocortices of MDS and XLAG infants
revealed SATB2+, CUTL1+, FOXP1+, and TBR1+ cells diffusely
located in the upper layers. In fetal FCMID neocortex, neurons labeled
with the layer-specific markers located over the glia limitans. The
present study provided new knowledge indicating that the expression
pattern of these markers in the developing human neocortex was
similar to those in mice. Various lissencephalies revealed abnormal
layer formation by random migration.

Keywords: developing human neocortex, layer-specific marker,
lissencephaly

Introduction

The experimental neurosciences have recently provided many
new insights into the molecular mechanisms of mammalian
cerebral formation. Past knowledge revealed that some
molecules are regulated with a well-designed genetic algorithm
during the developmental stages, with interrelated phenomena
that include cell proliferation, fate determination and migration
to the proper laminar, and final position in the cerebral cortex.
Neocortical laminar formation is highly programmed by genetic
control in the early embryonic period. At the decided time,
projection neurons migrate into the cortical plate (CP) along
the radial glial process from the subventricular germinal zone
with an inside out pattern. At this neural migration stage,
integration of reelin (RELN), Lis-1, doublecortin (DCX), and
other molecules is required to form a complete neocortex
(Guillemot et al. 2006; Mochida and Walsh 2004). Finally,
mammalian brains commonly show a 6-ayer neocortex, and
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each layer has a specific function with a synaptic connection.
In each step, specific genes have important roles, and the
molecular mechanism is well known in rodent brains (Arlotta
etal 2005; Alcamo et al. 2008). Satb2, a special AT-rich binding
protein 2, generates callosal projection neurons in layers II-1V
(Alcamo et al. 2008; Britanova et al. 2008). Ctip2, encoding
a C2H2-type zinc finger protein, locates in layers V and VI and
promotes corticospinal motor neuron projection (Arfotta et al.
2005; Britanova et al. 2008). Satb2 is a repressor of Ctip2 and
makes not only the callosal projection but also the subcortical
connections (Alcamo et al. 2008). Mouse Otx1, orthodenticle
homeobox 1, is expressed in a number of cells in layers V and
VI (Weimann et al. 1999). Tbrl, a member of the T-box
homeobox gene family, expresses in preplate and layer VI in
mouse fetal brain (Hevner et al. 2001) and layers I-1II and layer
VI in mouse adult brain (Bulfone et al. 1995). Tbr1 contributes
to make corticocortical projection neurons (Hevner et al.
2001). Thrl expresses in the deep layer of the human fetus
cortex (Sheen et al 20006). A transcription factor Cutll,
drosophia homeobox CUT like 1, is expressed in pyramidal
neurons of the upper layer (Nieto et al 2004). Foxpl,
a transcription factor of the winged-helix/forkhead family,
expresses in layers II-V of mouse neocortex (Ferland et al.
2003) and layer V in human neocortex (Sheen et al. 2006).
Foxpl expresses in the deep layer of Miller-Dieker syndrome
(MDS) neocortex (Sheen et al. 2006). However, many rodent
studies show that the other layer-specific molecules also play
very important roles in forming cortical lamination (Molyneaux
et al. 2007) and that such gene disruption leads to profound
cortical malformation (Mochida and Walsh 2004).
Lissencephaly, formed at the neuronal migration period,
is classically recognized to be mainly of 2 types; smooth
pacthygyria-agyria as type 1 lissencephaly and cobblestone
lissencephaly as type II lissencephaly (Olson and Walsh 2002).
Type I (classical) lissencephaly shows a thick 4-layer cortex and
is typically known as MDS and double cortex syndrome. The
causative genes of type I lissencephaly are known as RELN,
Lis-1, DCX, and filamine. Interestingly, the gene products are
associated with the microtubules and can alter the cytoskeleton
size for cell movement (de Rouvroit and Goffinet 2001; Reiner
and Sapir 2009) or its related molecules (Olson and Walsh 2002;
Assadi et al. 2003). Typical type II (cobblestone) lissencephalies
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of Muscle-eye-brain disease, Walker-Warburg syndrome (WWS),
and Fukuyama-type congenital muscular dystrophy (FCMD),
are caused by mutated genes encoding enzymes of
alpha-dystroglycan glycosylation, such as POMGnT1, protein-O-
mannosyltransferase (POMT) 1 and 2, and Fukutin, respectively
(Mochida and Walsh 2004). The posttranslational glycosylated
alpha-dystroglycan binds to extracellular matrix (Michele et al.
2002). Reduction of glycosylation leads to disruption of the glia
limitans over which neurons migrate (Yamamoto et al. 2004).

Recently, it has been reported that X-linked lissencephaly
with abnormal genitalia (XLAG), whose causative gene is
Aristaless-related homeobox gene (ARX), is a new type of
lissencephaly that shows a 3-layer neocortex (Dobyns et al.
1999; Kitamura et al. 2002; Bonneau et al. 2002; Okazaki et al.
2008). ARX has a homeodomain and decides the migration of
interneurons in the ganglionic eminence. However, it is
unknown why ARX dysfunction leads to abnormal radial
neuronal migration in human XLAG, whereas ARX-null mice
show reduced cortical proliferation but normal migration
(Kitamura et al. 2002; Okazaki et al. 2008).

It is very important to reveal the molecular and morpholog-
ical relationship between these malformed brains to under-
stand human neocortical formation and pathophysiology,
although little is known about the expression pattern of
layer-specific markers in human developing brain (Hevner
2007). In the present study, we focus on layer formation
and investigate the expression of layer-specific molecules in
neocortices of human developing brains and lissencephalies.

Materials and Methods

Human Brain Tissues

All cerebral tissues used in the present study were approved for
research usage by parents and Ethical Committees of the involved
hospitals and institutes. For the developmental study, we used frontal
cortices of the dorsolateral precentral gyri of 16 controls, showing no
neuropathological findings (age 19 gestational weeks [GWs] to 1 year
after birth) (Supplementary Material). In addition, we examined the
same frontal cerebral hemispheres of lissencephaly, which were
clinicopathologically diagnosed as MDS, XLAG, and FCMD (Supplemen-
tary Material). The postmortem interval (time from death to fixation) of
all subjects was within 12 h (Supplementary Material). After removal, all
brains were fixed in 10% buffered formalin or 4% paraformaldehyde for
2 weeks. Then, brains were dehydrated with 70-100% alcohol and
embedded in paraffin. The serial sections were cut 6 pm thick for
histological and immunohistological examination.

Histology and hnmunobistochemistry

For investigation of brain architecture, the sections were stained with
hematoxylin and cosin (HE) and Kliber-Barrera (KB) method. To
investigate cortical layer formation, we performed immunohistochem-
istry using cortical layer-specific markers; polyclonal antibodies against
TBR1 (dilution of 1:100; Abcam), FOXP1 (1:100; Abcam), and OTX1
(1:100; Abcam), as well as monoclonal antibodies against SATB2 (1:100;
Bio Matrix Research Inc.), CUTLT (1:100; Abnova), and CTIP2 (1:20;
Abcam).

Our immunohistochemistry technique was previously described
(Okazaki et al. 2008). Briefly, the serial sections were deparaffinized
and rehydrated. For antigen retrieval, we performed an autoclave
treatment (120 °C for 10 min in 10 mM citrate buffer, pH 6.0). Sections
were incubated in primary antibodies at 4 °C for overnight, and then
reacted with the secondary antibodies (Nichirei). We used amino ethyl
carbazole (Nichirei) as a chromogen. For counterstaining, 0.2% methyl
green was used. For double labeling, we used Alexafluor-488- and
568-conjugated secondary antibodies (Invitrogen Corporation) with

4,6’ -diamidino-2-phenylindole (DAPI). We observed the stained tissues
with FLUOVIEW 500 fluorescent microscope (Olympus).

Results

Cortical Lamination of Normal Developing Brains
Generally, we confirmed cortical formation of all subjects with
HE- and KB-staining. We observed the CP and intermediate
zone around 20 GW (Fig. 14). At this embryonic period,
SATB2+ cells located in the upper region of CP (Fig. 1B).
CUTL1+ cells were diffusely distributed in CP (Fig. 10).
FOXP1+ cells were restricted to the middle region of CP (Fig.
1D). OTX1+ cells and CTIP2+ cells are seen in the lower region
of CP (Fig. 1EF). The distribution of TBR1+ cells exhibited a
2-layer pattern of CP and SP (Fig. 1G).

At approximately 30 GW, the neocortex was divided into
6 layers (Fig. 2A4). The distribution of SATB2+ cells was ob-
served in layers II-V, predominantly in layers II and IV (Fig. 2B).
CUTL1+ cells were diffusely seen in layers I-VI (Fig. 2C).
FOXP1+ cells were in layer IV and the upper region of layer V
(Fig. 2D). OTX1+ cells were concentrated in layers IV and V
(Fig. 2E). CTIP2+ and TBR1+ cells were located in layers V and
VI (Fig. 2FG). The developmental expression pattern is shown
in Supplementary Figure 1.

In the perinatal period, the expression pattern of the cortical
layer-specific markers is very similar to that of around 30 GW
(Fig. 3). In the late gestational period, SATB2 expressed in the
superficial region of the neocortex and CUTL1, FOXP1, and
CTIP2 gradually demonstrated in the deep region, while TBR1
was in the bottom. Interestingly, OTX1+ cells were only in layer
V (Fig. 3E). After birth, SATB2+ and CUTL1+ cells appeared
until 3 months of age, although the other markers had already
disappeared (data not shown).

In order to investigate the relationships among these layer-
specific markers, we performed double fluorescent staining of
SATB2 and FOXP1, SATB2 and TBRI, CTIP2 and SATB2, SATB2
and OTX1, CTIP2 and FOXP1, and CTIP2 and TBR1 (Fig. 4,
Supplementary Figure 1). FOXPI+ and SATB2+ merged
(FOXP1+/SATB2+) cells were observed in the superficial CP
of 23 GW but in the deep layer after 29 GW (Fig. 44).
Throughout the fetal period, FOXP1+/CTIP2+ cells might be in
the deep layer (Fig. 4 E), and many SATB2+/OTX1+ cells were in
layers II and IV or V (Fig. 4D). However, SATB2+ cells did not
express CTIP2+ (Fig. 4C). TBR1+ cells had no SATB2, but there
were a few CTIP2 signals in layer VI (Fig. 4B,P. The double
staining of layer-specific marker expression was shown in
Supplementary Figure 1.

Layer-Specific Marker Expression of Various
Lissencephalies

MDS brains were typical agyria and pachygyria with thick
cortex and thin white matter. MDS showed a 4-layer neocortex
as previously reported (Crome 1956): a molecular layer, an
external cellular layer (Jayer 1), a sparsely cellular layer (layer
10), and an internal cellular layer (layer 1II) (Fig. 54). In layers I,
I, and IV, small neurons, which had immunoreactivities of
SATB2, CUTLI, FOXP1, and TBR1, were observed diffusely but
were few in number (Fig. 5B-E). Large pyramidal neurons in
the upper layer II had TBR1 (Fig. 5E). The neocortex in XLAG
exhibited a 3-layer pattern (Bonneau et al. 2002): a molecular
layer (layer D), an intermediate layer with densely packed
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