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Abstract

The cerebellum is thought to participate in the regulation of movement and is
comprised of various types of neurons in the cerebellar cortex and nuclei. Each
type of neurons has morphologically, 1mmunohlstochemlcally and electrophys-
iologically distinct characteristics. In addmon there are two precerebellar affer-
ent systems, the mossy fiber (MF) system ahd the climbing fiber (CF) system.
MEF neurons are located in various nuclei roughout the brainstem and send their
axons to cerebellar granule cells, whe as CF neurons reside exclusively in the
inferior olivary nucleus (ION) and pro et to Purkinje cells. Recently developed
genetic lineage-tracing methods as. well as gene-transfer technologies have
accelerated the studies on the molecular machinery to specify neuronal subtypes
in the cerebellum and the prec'érebeﬂar systems.

Specification of Cere E;elklai'?Neurons

“three parts: cortex, white matter, and nucleus. The
urkinje, Golgi, Lugaro, stellate, basket, granule, and
unipolar brush cells. The Jatter two cell types are glutamatergic excitatory neurons,
while the others are all GABAergic inhibitory neurons. The cerebellar nucleus (CN)
includes three types of neurons: large glutamatergic projection neurons (CN-Glu
neurons), mid-sized GABAergic inhibitory projection neurons (CN-GABA-ION
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2 M. Hoshino et al.

neurons), and small GABAergic interneurons (CN-GABA interneurons). CN-
GABA-ION neurons extend their axons to the inferior olivary nucleus (ION)
(Carletti and Rossi 2008), while CN-Glu neurons send their axons to nuclei outside
the cerebellum, including the red nucleus and the thalamus.

It is believed that all types of cerebellar neurons are generated from the
neuroepithelium of the alar plate of rhombomere 1 (r1) during development (Millet
et al. 1996; Wingate and Hatten 1999; Chizhikov and Millen 2003; Zervas et al.
2004). The dorsal-most part of the r1 neuroepithelium, that is, the roof plate, does
not produce neurons but cells of the choroid plexus (Chizhikov et al. 2006).
Neuroepithelium that produces cerebellar neurons can be divided into two regions:
the thombic lip (RL) and the ventricular zone (VZ). TheﬁSye two regions can be
morphologically discriminated by a notch located on the_bdg‘rf’der.’

Although the history of studies on the cerebellum is very long (Ramén y Cajal
1911), the molecular machinery underlying cerebellar neuron development is still
unclear. In 1997, Ben-Arie et al. reported that a basi,c'—heliix-loop—helix type (bHLH)
transcription factor, Atoh1 (also called Math1), is expressed in the RL and involved
in producing cerebellar granule cells (Ben-Arie et al. 1997). However, the devel-
opment of the other types of neurons in the cerebellum remained elusive until three
breakthrough papers were published in 2005

While generating certain transgenic lmes Hoshlno et al. found a novel mutant
mouse line, cerebelless, which lacked the entire cerebellar cortex. In this mutant, all
types of GABAergic neurons are not produced in the cerebellum, which leads to the
secondary loss of glutamatergic granule: Hs and eventually, the entire cerebellar
cortex (Hoshino et al. 2005). The res ible gene was identified as pancreatic
transcription factor la (Prf]a),ii;vhich was known to participate in pancreatic
development and to encode a bHLH transcription factor. This gene is expressed
in the neuroepithelium of the VZ but not of the RL and its expression is lost in the
cerebelless mutants. Cre-loxP recombination-based lineage tracing analysis
revealed that all types of cerebellar GABAergic neurons are derived from Ptfla-
expressing neuroepithelial cells in the VZ, but glutamatergic neurons, such as
granule cells and CN-Glu neurons, are not. Loss of Ptfla expression in cerebelless
as well as Pifla- knock out mice resulted in inhibition of the production of
GABAergic neurons in the cerebellar primordium. Furthermore, ectopic introduc-
tion of Ptfla by means.of in utero electroporation resulted in the abnormal produc-
tion of neurons with GABAergic characteristics from the dorsal telencephalon that
should only produce glutamatergic neurons under normal conditions. In addition,
Pascual et al. reported that, in the Ptfla-null mutants, the fate of neurons produced
from the VZ is changed to that of granule cells (Pascual et al. 2007). These
observations suggested that Ptfla, expressed in the cerebellar VZ, determines
GABAergic neuronal fate in the cerebellum. PTF/A was also identified as
a causative gene for a human disease that exhibits permanent neonatal diabetes
mellitus and cerebellar agenesis (Sellick et al. 2004).

On the other hand, two other groups revealed a molecular fate map of the
derivatives of Atohl-expressing neuroepithelial cells in the cerebellar RL (Machold
and Fishell 2005; Wang et al. 2005). They showed that not only granule cells but
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8 Specification of Cerebellar and Precerebellar Neurons 3

also, at least in part, some neurons in the CN are derived from the RL, although they
did not discriminate between neuron types in the CN. In their studies, the develop-
ment of RL-derived CN neurons was shown to be disrupted in the Arohl-null mice.
Because Hoshino et al. reported that GABAergic but not glutamatergic CN neurons
are derived from Ptfla-expressing neuroepithelial cells in the VZ (Hoshino et al.
2005), their findings suggest 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). k-
Together, these studies indicate the presence of two.molecularly defined
neuroepithelial areas in the cerebellum, the Atohl-expressing RL and the Ptfla-
expressing VZ, which generate glutamatergic and GABA c‘fneurons respec-
tively. Each bHLH transcription factor is involved in pic »ducing the corresponding
neuronal subtype in the cerebellum. This suggests a model.in which the cerebellar
neuroepithelium is regionalized into two distinct regi 'ns the VZ and the RL, by the
two bHLH transcription factors (Hoshino 2006) During embryonic development,
the ventral part of the cerebellar neuroepitheliur presses Ptfla, leading to the
acquirement of cerebellar VZ characteristics to generate GABAergic neurons,
while the dorsal part of cerebellar neuroepithelium expresses Atohl and becomes
the cerebellar RL, producing glutamatergic ne arons. In the telencephalon, similar
regionalization by bHLH transcription factors takes place. Glutamatergic neurons
emerge from dorsal neuroepithelium essing Neurogenin 1/2 (Ngn 1/2), and
GABAergic neurons are produced from ventral neuroepithelium expressing Mash|1
(Wilson and Rubenstein 2000).
How are these neuroepithelial
the dorsal structure of the ne
Chizhikov et al. revealed that tf

reas-formed? In general, the roof plate can affect
be (Lee et al. 2000; Millonig et al. 2000).

roof plate plays an important role in the formation
of the cerebellar dorsoventr main formation by analyzing cerebellar mutants
that lack the roof plate (C ov et al. 2006). Moreover, it has been suggested that
bone morphogenetic prot ns (BMPs) secreted from the roof plate as well as Notch
signaling are involve rmation of the RL and the VZ (Machold et al. 2007).

A recent study that induc urkinje cells from ES cells suggested that loss of sonic
hedgehog signaling may.give the dorsoventral spatial information of the cerebellar
VZ to the cerebellar ieuroepithelium which eventually leads to the expression of
Ptfla (Muguru . 2010).

Although the hinery governing GABAergic and glutamatergic neuronal
subtype specification by transcription factors has been clarified to some extent, molec-
ular mechanisms to specify each member of GABAergic (e.g., Purkinje, Golgi, basket,
stellate cells and CN-ION, CN-interneurons) or glutamatergic (e.g., granule, unipolar
brush cells, and CN-Glu neurons) subtype remain unclear. However, birthdating
studies using 3 H-thymidine and BrdU (Chan-Palay et al. 1977; Batini et al
1992; De Zeeuw and Berrebi 1995; Sultan et al. 2003; Leto et al. 2006) as well
as adenovirus (Hashimoto and Mikoshiba 2003) revealed that each type of
neuron is generated at distinct developmental stages. As to GABAergic neurons,
Purkinje cells are produced at an early stage (embryonic day (E) 10.5-13.5 in
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Fig. 8.1 Domain structure of the cerebellar primordiu he ¢l domain, expressing Atohl,
corresponds to the thombic 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 gener-
ated from pc2 neuroepithelial domain. This domain can also be subdivided into two subdomains,
c2d and c2v. The c2d subdomain consists of corl2-expressing neurons or Purkinje cells, whereas
the c2v subdomain includes Pax2-positive.ce llar GABAergic interneurons. Although ¢3 and
c4 domains are Lmx1a- and Lhx1/5-positive; respectively, cell types which consist these domains
are unknown. The roof plate (RP) is located most dorsally, and plays prominent roles in organizing
this cerebellar domain structure

mice), Golgi cells at middle stages (E14.5~), and stellate/basket cells at a late
stage (Perinatal~). Regarding glutamatergic neurons, in addition to the experi-
ment above, molecule-based lineage tracing analyses (Machold and Fishell
2005; Wang et al. 2005;=Englund et al. 2006) have clarified that CN-Glu
neurons leave the ce RL at early stages (E10.5-12.5) and granule cells
and unipolar brush ‘cells at middle to late stages (granule cell:E12.5~, ubc:
E12.5-E18. 5)"'“ In dition, somatic recombination-based clonal analyses
suggested tha \Purkmje Golgi, and basket/stellate cells as well as some CN
neurons (probably GABAergic) belong to the same lineage (Mathis et al. 1997,
Mathis and 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. However, the underlying molecular mechanisms have
not yet been clarified.

Some scientists tried to divide the structure of the cerebellar primordium into
several domains (Fig. 8.1). Chizhikov et al. defined four cellular populations
(denoted c1-c4 domains) in the cerebellar primordium by the expression of a few
transcription factors (Chizhikov et al. 2006). ¢l corresponds to the Atohl-
expressing RL and c2 is located just above the Ptfla-expressing VZ (denoted
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8 Specification of Cerebellar and Precerebellar Neurons 5

pc2), indicating that c2 cells mainly consist of GABAergic inhibitory neurons.
Although ¢3 and c4 express Lmx1a and Lhx1/5 respectively, their neuronal sub-
types remain to be determined. This subdomain structure is disrupted when the roof
plate was removed (Chizhikov et al. 2006). Furthermore, at the early neurogenesis
stage (e.g., E12.5 in mice), Minaki et al. subdivided the ¢2 domain into dorsally
(c2d) and ventrally (c2v) located subdomains that express corl2 and Pax2, respec-
tively (Minaki et al. 2008). 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 and Herrup 1999; Weisheit et al. 2006). They also. subd1v1ded the Ptfla-
expressing neuroepithelial domain (pc2) into pc2d and pc? Wthh strongly and
weakly express E-cadherin, respectively. From the positio the neuroepithelial
and neuronal subdomains, they suggested that the pc2d neuroepithelial subdomain
produces cells in the c2d domain which give rise urkinje cells and pe2v
subdomain generates cells in the c2v that be e GABAergic interneurons
(Mizuhara et al. 2010). As development pro"” eds, pc2d and pc2v subdomains
become smaller and larger, respectively, and by E14.5 in mice, the Ptf1a- -expressing
pc2 domain is comprised only by the pc2v subdomain which expresses E-cadherin
weakly. This correlates with the fact that; at E14.5 in mice, Ptfla-expressing
neuroepithelium does not produce Purkinje cells but Pax2- -positive interneurons
(Maricich and Herrup 1999; Hashimoto an MlkOShlba 2003). Expression patterns
of several other transcription factors in.the cerebellar VZ during development were
also reported. For example, Zordan reported the expression patterns of
proneural bHLH transcription factors; h as Ngnl, Ngn2, and Mashl in the
cerebellar VZ although their function:in cerebellar development is still unclear
(Zordan et al. 2008; Lundell et al:x2009). However, it has been recently reported
that Pax2-positive neurons, Purkinje cells, are reduced in the Mashi-null
cerebellum (Grimaldi et al. 2 suggesting that these bHLH transcription factors
may play distinct roles in cerebellar development.

In addition, several trk sc ption factors have been reported to participate in the
development of a ce ype of cerebellar neurons. Double knockout of Lix/ and
Lhx5 as well as the targeted disruption of their cofactor Ldbl resulted in lack of
Purkinje cell production.in the cerebellum although Pax2-positive interneurons did
not seem to b ecause Lhx1 and Lhx5 are expressed in post-mitotic cells,
this suggests that Lhx1, Lhx5, and Ldb1 are post-mitotically involved in Purkinje
cell specification (Zhao et al. 2007). In addition, targeted disruption of cyclin D2
caused loss of stellate cells in the cerebellar molecular layer, suggesting its
involvement in the development of stellate cells (Huard et al. 1999).

From the RL, several types of glutamatergic neurons, such as CN-Glu neurons,
granule cells, and unipolar brush cells, are generated. CN-Glu neurons leave the RL
at early neurogenesis stages. Some transcription factors, such as Tbr1, Irx3, Meis2,
Lhx2, and Lhx9 have been found to be expressed in post-mitotic progenitors of
CN-Glu neurons, but their roles have not been clarified (Morales and Hatten 2006).
Other molecules, such as Zicl (Aruga et al. 1998), have been reported to play
important roles in the migration, maturation, and survival of granule cells, but the
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molecular machinery underlying the specification of granule cell identity is
unknown. Although unipolar brush cells strongly express Tbr2, its function is also
elusive.

In addition to genetic analyses, heterotopic and heterochronic transplantation
studies have also provided important clues to understanding cerebellar develop-
ment (Carletti and 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 differentiated only into interneurons such as granule,
basket, and stellate cells, but not projection neurons, such as PurkJnJe cells, whereas
the embryonic-derived cells were capable of becoming all types of cerebellar
neurons (Jankovski et al. 1996). In addition, it was show’r}\, thatidissociated cells
taken from cerebellar primordium at early neurogenesissZstaéés»ébuld differentiate
into all major types of cerebellar neurons, but those from postnatal cerebellum
differentiated only to Pax2-positive interneurons (Carletti et al. 2002). These
findings suggest that the differentiation comp f cerebellar progenitors
becomes restricted as development proceeds. However, the molecular mechanisms
underlying this fate restriction process have not yet been clarified. Interestingly,
Leto et al. suggested that pax2-positive interneurons;such as Golgi, stellate, basket
cells, and CN-GABA interneurons are derived from same progenitor pool (Leto
et al. 2006).

Specification of Precerebellar Neurons

llar. afferent systems: mossy fiber (MF) and
rons are located in several nuclei throughout
atergic projections to granule cells conveying
to the cerebellum. Four major nuclei containing
ay nucleus (PGN), the reticulotegmental nucleus
eus (LRN), and the external cuneate nucleus (ECN)
ind Bayer 1987). In addition, some MF neurons are also
located in the spinal nal nucleus (Sp3) in the hindbrain and Clarke’s column
in the spinal cords In contrast, CF neurons reside exclusively in the inferior olive
nucleus (ION); which'teceive input from the cerebral cortex, the red nucleus, spinal
cord, and other brain stem nuclei and send glutamatergic projections to Purkinje
cells (Ruigrok et al:'1995). Both types of precerebellar neurons also send branch
axons to the neurons in the CN. These precerebellar systems are thought to transmit
the external and internal information to the cerebellar cortex to modulate cerebellar
function, including regulation of animal movement.

Previous birthdating studies in mice revealed that CF neurons are generated at
relatively early neurogenesis stages (E9.5-11.5) and 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 (16-8), as suggested by avian grafting studies as well as
mammalian fate map analyses (Ambrosiani et al. 1996; Cambronero and Puelles

There are two types of precere
climbing fiber (CF) systems. MF"
the brain stem and extend their g
peripheral and cortical inform:
MF neurons are the po
(RTN), the lateral reticu.
in the hindbrain (Alt
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MF neurons

CF neurons

Fig. 8.2 Neuroepithelial domain structure in the cauda]yhm bram In the caudal hindbrain (r6-8),
several transcription factors are expressed within the, dors euloepuhehum during embryonic
development. The dorsal-most part, the roof plate (RP) xpresses Lmx1a. Other than the roof
plate, the dorsal neuroepithelium can be divided into six domalm (dP1-dP6) according to the
expression pattern of transcription factors such as:Atohl, Ngnl Pax6, Mashl, Ptfla, and Olig3.
While mossy fiber (MF) neurons are derived from-the dPl domain expressing Atohl, climbing
fiber (CF) neurons are generated from the dP4 domam ex ressing Ptf1a and Olig3

2000; Farago et al. 2006; Kawauchi et
Clarke’s nucleus are generated in the spinal cord (Bermingham et al. 2001). Classic
anatomical and immunohistochem studies have suggested that these
precerebellar nuclei neurons in the hindbrain emerge from the dorsal part of the
hindbrain and migrate tangennal] or.circumferentially to their final loci (Bloch-
Gallego et al. 1999; Yee et al )9; Kyriakopoulou et al. 2002). However, they
take slightly different path ach other; MF and CF neurons move extramu-
rally and intramurally, res ctiv ly. Introduction of a GFP-expressing vector into
the embryonic dorsal hindbrain allowed the dramatic visualization of migrating
precerebellar nuclei ns.during development (Kawauchi et al. 2006; Okada
et al. 2007). ‘

006). By contrast, MF neurons in the

expressing mela 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-dP6) according to the expression pattern of
the transcription factors, such as Atohl, Ngnl, Mash1, Ptfla, and Olig3 (Fig. 8.2).
As to the precerebellar 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 endogenous or exogenous Afohl promoter, MF neurons of
PGN, RTN, LRN, and ECN were shown to emerge from the Atohl-expressing
neuroepithelial domain (dP1, Ben-Arie et al. 2000; Rodriguez and Dymecki 2000;
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8 M. Hoshino et al.

Landsberg et al. 2005; Wang et al. 2005). Targeted disruption of the Arohl gene
resulted in loss of these MF neurons, suggesting an involvement of Arohl in the MF
neuron development.

Atohl regulates the expression of the transcription factor Barhl1 (Mbh2) that is
expressed in MF neurons. Loss of Barhll 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. reported that one of the E-proteins, Tcf4, interacts with
Atohl and regulates differentiation of a specific subset (PGN, RT N) of MF neurons
(Flora et al. 2007).

Landsberg et al. also performed lineage trace analysis by usmg ‘two variants of
FLP (Flipperase recombinase) with different recombinase activities that were
expressed under the control of the Wnt-/ 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 Wnt-1 is very weakly
expressed, whereas MF neurons emerge from the gly Wnt-1-expressing region
(Landsberg et al. 2005). In addition, Nichols and Bruce generated transgenic mice
carrying a Wnt-7-enhancer/lacZ transgene and'observed that MF neurons but not
CF neurons were labeled by B-gal in those mice (Nichols and Bruce 2006). These
findings suggested that CF neurons are gene ated from the neuroepithelial region
ventral to the Atohl-expressing domain. :

By Cre-loxP-based lineage trace ana
neurons in the ION are derived from

Sis,Yamada et al. showed that all CF
1 [1a-expressing neuroepithelial region
(Yamada et al. 2007). Loss of the P#fla gene resulted in the fate change of some CF
neurons to MF neurons, suggesting hat Ptfla plays a critical role in fate determi-
nation of CF neurons. They als Show d an involvement of Ptfla in migration,
differentiation, and survival of CE:neurons. Storm et al. reported that not only MF
neurons but also CF neurons ar ed from the Olig3-expressing neuroepithelial
region that broadly expands,wil e dorsal hindbrain (Storm et al. 2009) by Cre-
loxP-based linage tracing eted disruption of the Olig3 gene caused the disor-
ganized development o eurons and complete loss of CF neurons (Liu et al.
2008; Storm et al. 20 Moreover, the ectopic co-expression of Olig3 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 Ptfla/Olig3-expressing
(dP4) and that Ptfla and Olig3 are cooperatively involved
CF neurons. Domain structure of the dorsal neuroepithelium
in the caudal hmdb in region is shown in Fig. 8.2.

Conclusions and Future Directions

Various types of neurons are generated from the dorsal hindbrain. As described
above, the dorsal neuroepithelium of the rostral hindbrain (r1) produces all types of
cerebellar neurons, while the dorsal regions of the caudal hindbrain (r6-8) generate
neurons that include the precerebellar system neurons, such as MF and CF neurons.
In addition, histological observations suggested that the dorsal part of the middle
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8 Specification of Cerebellar and Precerebellar Neurons 9

hindbrain produces neurons of the cochlear nucleus, where auditory information is
processed and relayed to the brain (Pierce 1967; Ivanova and Yuasa 1998). More
directly, genetic-fate-mapping studies using transgenic mice confirmed that neu-
rons of the cochlear nucleus are derived from the dorsal part of r2—5 in mice (Farago
et al. 2006), although in avians, they were shown to emerge from a broader part
(r3-8) by grafting studies (Tan and Le Douarin 1991; Cambronero and Puelles
2000; Cramer et al. 2000). As to neuronal subtypes, Fujiyama et al. identified
origins of inhibitory and excitatory neurons of the cochlear nucleus; inhibitory
(glycinergic and GABAergic) and excitatory (glutamatergic) neu
from Ptfla- and Atohl-expressing neuroepithelial regions, respcc%iVely (Fujiyama
et al. 2009), and their development is dependent on the corresponding bHLH
proteins. ,

In the hindbrain from rl to r8, there are dorsoventra | dom iin structures defined
by several transcription factors, which are longitudinally expressed throughout the
hindbrain. Especially, two bHLH transcription factors, Atohl and Ptfla seem to
play important roles in specifying distinct neuronal subtypes. These two proteins
are expressed in different neuroepithelial tegions throughout the hindbrain

Rostral « 3 Caudal
Dorsal Atoht
Ptfia
r1
Ventral
Cerebellar Middle Caudal
anlage hindbrain hindbrain
Precerebellar
cerebellum Cochlear nu. systems
Glutamateraic Glutamatergic
neurons neurons
neurons & gy 9

\ heurons
Climbing fiber
neurons

Fig. 8.3 Basic HLH proteins and neurons produced from the dorsal hindbrain. Atohl and Ptfla
are expressed in distinct neuroepithelial regions throughout the rhombomeres 1-8 (r1-8). Each
number represents the thombomeric 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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10 M. Hoshino et al.

(Fig. 8.3). In both the rostral (r1) and middle hindbrain (r2-5 in mice), Atohl and
Ptf1a participate in generating excitatory and inhibitory neurons, respectively.
However, this rule is not applicable to the caudal hindbrain. The Ptfla
neuroepithelial domain in the caudal hindbrain (16—8 in mice) produces not only
inhibitory neurons (local circuit neurons) but also glutamatergic neurons (CF
neurons, Yamada et al. 2007), while the Atohl domain generates glutamatergic
MF neurons. This raises the possibility that the rostral/middle (r1-5) and caudal
(r6-8) hindbrain subregions have distinct characteristics. Overall, throughout the
hindbrain regions, transcription factors, such as Atohl and Ptfla, seem to define
neuroepithelial domains along the dorsoventral axis and participate in specifying
distinct neuronal subtypes according to the rostrocaudal spatial information
(Fig. 8.3).
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In the nervous system, there are a wide variety of neuronal cell types that have morphologically, physiologically, and histochemi-
cally different characteristics. These various types of neurons can be classified into two groups: excitatory and inhibitory neurons.
The elaborate balance of the activities of the two types is very important to elicit higher brain function, because its imbalance
may cause neurological disorders, such as epilepsy and hyperalgesia. In the central nervous system, inhibitory neurons are mainly
represented by GABAergic ones with some exceptions such as glycinergic. Although the machinery to specify GABAergic neurons
was first studied in the telencephalon, identification of key molecules, such as pancreatic transcription factor 1a (Ptfla), as well
as recently developed genetic lineage-tracing methods led to the better understanding of GABAergic specification in other brain

regions, such as the spinal cord, the cerebellum, and the cochlear nucleus.

1. Introduction

The mammalian brain is a complex, highly organized struc-
ture that has a wide variety of morphologically and phys-
iologically different neuronal cell types and diverse types
of glia. Higher brain function is primarily accomplished by
assembly of neural circuits with specific patterns of synap-
tic connectivity between diverse neuronal cell types. This
fundamental process begins with cell fate determination,
whereby progenitor cells in the ventricular zone exit the cell
cycle and differentiate into distinct cell types with specific
neuronal identities, followed by migration of the neuronal
cells to proper regions in the brain, and axon guidance
that extends to and recognizes their targets. There are two
broad types of neurons, excitatory neurons and inhibitory
neurons. In the central nervous system, excitatory neurons
are mainly glutamatergic neurons that transmit information
between different regions in the brain whereas inhibitory
neurons are mainly composed of GABAergic and glycinergic
neurons, make local connections, and are thought to act
as a cellular elements coordinating and balancing excitatory

activity. Indeed, previous studies have revealed that severe
impairment of the GABAergic inhibitory system caused by
deficits of genes regulating the development of GABAer-
gic interneurons (e.g., transcription factor ARX [1] and
Nkx2-1 [2]) or function of GABAergic neurotransmission
(e.g., channels and transporters [3]) leads to pathological
hyperexcitability and can result in severe epilepsy [4]. In
other CNS regions, other types of neurotransmitters, such
as histamine and taurine released from the hypothalamic
inhibitory interneurons, also exert inhibitory actions [5-7].
Furthermore, shift of the neurotransmitter phenotype from
GABAergic predominance to mainly glycinergic (or core-
leased from single synaptic terminals) neurotransmission
occurs in some neurons, such as the interneurons projecting
onto spinal motoneurons and lateral superior olive auditory
relay neurons in the brainstem during postnatal maturation
of inhibitory system [8-10]. The impairment of the matura-
tion of GABAergic neurotransmission to motoneurons in the
spinal cord and brainstem is thought to induce neurological
dysfunctions such as hyperekplexia and amyotrophic lateral
sclerosis [8]. In addition to the principal inhibitory role of



