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

Because of its importance in sound perception, the CN has been
intensely studied from anatomical, physiological and histochemical
points of view (Osen, 1969; Ryugo and Willard, 1985; Hackney et
al., 1990). Histological observations have deduced that a portion of
neurons generated from the dorsal hindbrain neuroepithelia migrate
tangentially to give rise to CN neurons (Pierce, 1967; Ivanova and
Yuasa, 1998). More directly, genetic-fate-mapping studies using
transgenic mice confirmed that many CN cells are derived from the
dorsal region of the hindbrain neuroepithelia, where the Wnt1
promoter is active (Farago et al., 2006; Nichols and Bruce, 2006).
As to the rostrocaudal axis, the origins of CN neurons seem to differ
between avians and mammals. Grafting studies revealed that avian
CN neurons are derived from a broader part of the hindbrain
[rhombomeres (r) ~3-8] (Tan and Le Douarin, 1991; Cambronero

and Puelles, 2000; Cramer et al., 2000), whereas mouse genetic
studies have suggested a more rostral and narrower origin (~r2-5)
(Farago et al., 2006).

Recently, Farago et al. (Farago et al., 2006) performed very
sophisticated genetic-fate-mapping studies by using an FLP-FRT
and Cre-loxP-based dual lineage-tracing system. In addition to
showing that CN neurons are derived from ~r2-5, they also revealed
that neurons in the anterior part of the VCN (aVCN), the posterior
part of the VCN (pVCN) and the DCN are generated from rostral
(~r2, 3), middle (~r3, 4) and caudal (~r4, 5) parts of the CN-neuron-
producing hindbrain (~r2-5), respectively, although this tendency is
not very strict and some overlap was observed.

The CN contains a variety of neurons that have distinct features
(Osen, 1969; Ryugo and Willard, 1985; Hackney et al., 1990). For
example, the DCN includes Golgi, molecular layer (ML)-stellate,
cartwheel, tuberculo-ventral, unipolar brush, giant and fusiform
cells, whereas the VCN is comprised of octopus, globular-bushy,
spherical-bushy, T-stellate and D-stellate cells (Fig. 4A). Therefore,
the CN is a good model system to investigate the molecular
machinery underlying the specification of cell type identities. In
other parts of the nervous system, such as the cerebellum and
cerebral cortex, it is known that distinct subtypes of neurons are
generated from distinct neuroepithelial regions (Wilson and
Rubenstein, 2000; Ross et al., 2003; Hoshino, 2006). This implies
that distinct subsets of neurons in the CN may be derived from
discrete neuroepithelial origins. However, few fate-mapping studies
have focused on CN neuronal cell types or subtypes.

Pancreatic transcription factor 1a (Ptf1a), which encodes a basic
helix-loop-helix (bHLH)-type transcription factor, was originally
reported as a determiner that drives undifferentiated cells in the
foregut endoderm into a pancreatic lineage (Krapp et al., 1998;
Kawaguchi et al., 2002). Recently, pivotal roles for Ptf1a in nervous
system development have been reported, including involvement in
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the development of GABAergic neurons in the cerebellum and
dorsal spinal cord (Glasgow et al., 2005; Hoshino et al., 2005),
amacrine and horizontal cells in retina (Fujitani et al., 2006; Nakhai
et al., 2007) and climbing fiber neurons of the inferior olivary
nucleus in the caudal hindbrain (Yamada et al., 2007).

Atonal homolog 1 (Atoh1, also called Math1), originally cloned
as a mammalian homolog of Drosophila atonal, also encodes a
bHLH-type transcription factor. Atoh1 has been shown to participate
in the development of excitatory neurons in the cerebellum, mossy
fiber neurons in the caudal hindbrain, interneurons in the spinal cord,
inner ear hair cells and intestinal secretory cells (Bermingham et al.,
1999; Bermingham et al., 2001; Yang et al., 2001; Machold and
Fishell, 2005; Wang et al., 2005).

In primordia of the cerebellum (r1) and caudal hindbrain (~r6-8),
Atoh1 and Ptf1a have been reported to be expressed in discrete
neuroepithelial regions in the dorsal half of the neural tube, from
which cerebellar and pre-cerebellar (mossy and climbing fiber)
neurons are generated. The expression of both genes in ~r2-5 of the
hindbrain (Akazawa et al., 1995; Obata et al., 2001), where CN
neurons reportedly emerge (Farago et al., 2006), leads us to surmise
that CN neurons may be derived from Atoh1- and Ptf1a-expressing
regions of the hindbrain.

In a short-term lineage-tracing analysis using Atoh1-lacZ knock-
in mice, Wang et al. (Wang et al., 2005) observed that cells in the
VCN are derived from Atoh1-expressing neuroepithelium, although
a small population of Atoh1-lineage cells were found to migrate into
the DCN (Wang et al., 2005). Our Cre-loxP-based lineage-tracing
studies showed that cells derived from Ptf1a-expressing cells were
predominantly found in the DCN, although a small number were
also observed in the VCN (Yamada et al., 2007). Despite the
intermingled localization of Atoh1- and Ptf1a-lineage cells in both
the DCN and VCN, the cell types in each lineage have not been
previously investigated.

In this study, through the creation of fate maps of cells in the Ptf1a
and Atoh1 lineages, we identified neuroepithelial domains that give
rise to inhibitory and excitatory neurons in the CN. We also analyzed
phenotypes of the CN in the Ptf1a and Atoh1 mutants. These
findings provide clues towards understanding the development of
the CN and insights into the molecular machinery that specifies
neuron subtypes in the nervous system.

MATERIALS AND METHODS
Animals
All animal experiments in this study have been approved by the Animal Care
and Use Committee of the National Institute of Neuroscience, Japan (Project
#2008005). The Ptf1acre, Rosa26R (R26R) and Gad67-GFP (Δneo) mouse
lines were described previously (Soriano, 1999; Kawaguchi et al., 2002;
Tamamaki et al., 2003; Hoshino et al., 2005).

Tg-Atoh1-Cre mice were generated using pronuclear injection. Cre
recombinase cDNA with a methallothionein I polyadenylation signal in
pBS185 (Stratagene) was excised by XhoI and HindIII and subcloned into
pBluescript (Stratagene) to generate pBS-Cre-polyA. The human β-globin
minimal promoter sequence (5�-GGGCTGGGCATAAAAG TCA GGG -
CAGACCCATCTATTGCTTACATTTGCTTCTG-3�) whose 5� and 3�
terminals were tagged with KpnI-BglII and XhoI sites, respectively, was
inserted into the cognate sites of pBS-Cre-polyA, generating pBS-pro-Cre-
polyA. A 1.6 kb Atoh1 enhancer in the 3� UTR of Atoh1, similar to that
previously described (Helms et al., 2000; Machold and Fishell, 2005) was
obtained by PCR from C57BL/6 mouse genomic DNA. Primers used were
5�-TCCAAGGTCCGGCAATGAAGTTTGCATAACAA-3� and 5�-CCT -
CCCCTAGGCTTTGCTTGACTCTGGCTTAA-3�, whose 5� ends were
tagged with KpnI and BglII restriction sites, respectively. The obtained
Atoh1 enhancer was inserted into KpnI and BglII sites of pBS-pro-Cre-
polyA, producing pAtoh1-Cre, which was used to generate the Atoh1-Cre

transgenic mouse line. Following CsCl purification of pAtoh1-Cre, a 4.2
kb KpnI-HindIII fragment was isolated by gel electrophoresis. The
fragment was diluted to 3.5 ng/μl and injected into pronuclei of fertilized
mouse eggs as reported (Inoue et al., 2008). Nine transgenic founders were
established and crossed with Rosa26R. Among five lines examined, three
revealed strong and precise recapitulation of Atoh1 expression profiles by
X-gal staining in the central nervous system. Two lines were selected for
further analysis.

Atoh1CreERn mice were generated as follows. The Atoh1 locus was targeted
with a vector replacing its ORF with the CreERT2 (Weber et al., 2001) and
neo-resistance genes (see Fig. S4B in the supplementary material). CreERT2
encodes a Cre recombinase fused to a mutated estrogen ligand-binding
domain (ERT2) that requires the presence of tamoxifen for the activity of the
fusion protein. In this study, this line was used as a Atoh1 null allele.

Antibodies and immunohistochemistry
Primary antibodies used in this study were anti-BrdU (1:75; mouse
monoclonal; BD, Franklin Lakes, NJ, USA), HuC/D (1:500; mouse
monoclonal; Invitrogen, Carlsbad, CA, USA), GFAP (1:1; rabbit;
Dakocytomation, Glostrup, Denmark), β-galactosidase (1:800; goat;
Biogenesis, Poole, UK), β-galactosidase (1:1600; rabbit; Cappel, Aurora,
OH, USA), GABA (1:500; rabbit; Sigma, St Louis, MO, USA), CaMKIIα
(1:500; mouse monoclonal; Chemicon, Temecula, CA, USA), glycine
(1:1000; rabbit; Chemicon), GFP (1:10; rat; a kind gift from Dr A. Imura,
Kyoto University, Kyoto, Japan), Pax6 (1:300; rabbit; Covance, Princeton,
USA), Tbr2 (1:5000; rabbit; Chemicon), NR2A (1:500; rabbit; Upstate
Biotechnology, USA), NR2B (1:500; rabbit; Upstate), calbindin (1:250;
rabbit; Chemicon), calretinin (1:500; rabbit; Chemicon), parvalbumin
(1:2500; mouse monoclonal; Sigma), Fluoro-Gold (1:2000; rabbit;
Chemicon), Ki67 (1:50; rat; Dako), cleaved caspase 3 (1:100; rabbit; Cell
Signaling Technology, Beverly, MA, USA), Mafb (1:500; goat, Santa Cruz,
California, USA), Ptf1a (1:1000; rabbit) (Yamada et al., 2007).
Immunohistochemistry was performed as described previously (Matsuo et
al., 2002; Matsuo et al., 2003; Yoshizawa et al., 2005).

In situ hybridization, X-gal- and activated caspase 3-staining,
retrograde labeling and BrdU incorporation
In situ hybridization was performed as described (Hoshino et al., 1999;
Yoshizawa et al., 2002; Yoshizawa et al., 2003). The probes used were Atoh1
(Akazawa et al., 1995) and VGluT2 (Slc17a6 – Mouse Genome Informatics)
(Nakamura et al., 2008). Detection of β-galactosidase (β-gal) using X-gal,
a proteolytically activated form of caspase 3 and retrograde labeling were
performed as described (Yamada et al., 2007), and the BrdU incorporation
experiment was performed as described (Kawauchi et al., 2003; Kawauchi
et al., 2006).

Measurement of widths of the Atoh1 and Ptf1a domains
Atoh1 and Ptf1a domains were visualized by in situ hybridization and
immunostaining, respectively. There is a morphologically identifiable notch
in the hindbrain neuroepithelium, which is indicated by an arrow in Fig. 1F.
This notch is distinct from the sulcus limitans. First, the length between this
notch and the dorsalmost tip of the neural neuroepithelium (arrowhead in
Fig. 1F) was measured as ‘the dorsal neuroepithelial length’. The ratios of
the Atoh1 domain widths to the dorsal neuroepithelial length were
0.370±0.037 and 0.356±0.022 in Ptf1acre/+ and Ptf1acre/cre, respectively
(mean±s.d., P>0.05, Student’s t-test, n=5). The ratios of the Ptf1a domain
widths to the dorsal neuroepithelial length were 0.291±0.013 and
0.282±0.015 in Atoh1CreERn/+ and Atoh1CreERn/CreERn, respectively
(mean±s.d., P>0.05, Student’s t-test, n=4). These data suggest that the width
of the Ptf1a or Atoh1 domain was not affected in the Ptf1a or Atoh1 mutant
embryos, either.

RESULTS
Ptf1a is expressed in a discrete neuroepithelial
region of the caudal hindbrain
Previous studies suggested that CN neurons are derived from the
neuroepithelium in the embryonic ~r2-5 hindbrain region (Farago et
al., 2006; Nichols and Bruce, 2006) and that they arise around
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embryonic days (E) 10-14 (Pierce, 1967; Martin and Rickets, 1981;
Ivanova and Yuasa, 1998). We investigated the expression of Ptf1a
protein in the middle hindbrain (at the r3 level) at E11.5, and
compared it with the localization of the Atoh1 transcript (Fig. 1A,B).
As described previously, Atoh1 was expressed in the dorsal part of
the hindbrain (Fig. 1B) (Akazawa et al., 1995; Ben-Arie et al., 1996;
Landsberg et al., 2005). Immunostaining of serial sections with an
anti-Ptf1a antibody revealed that Ptf1a was expressed in a region
located ventral to the Atoh1-expressing region (Fig. 1C,F).

BrdU incorporation studies revealed that these Ptf1a-expressing
cells contained a mitotic population (arrowheads in Fig. 1D), and
correspondingly, immunostaining showed that most were negative
for HuC/D, a postmitotic neuronal marker (arrowheads in Fig. 1E),
although a few positive cells were observed. These HuC/D-positive
cells are likely to have just exited the cell cycle, because they were
exclusively found near the ventricular zone and never at the pial
side. These findings suggest that the majority of Ptf1a-expressing
cells are neuroepithelial cells in the ventricular zone. Ptf1a
expression in this region was strongly observed from E11.5 to 13.5
and weakly at E10.5 and 14.5, but was absent after E15.5 (data not

shown). A similar pattern of expression was observed in other
middle hindbrain regions (r2, 4, 5). In this study, we refer to these
Ptf1a- and Atoh1-expressing regions as the Ptf1a and Atoh1
neuroepithelial domains.

CN neurons derived from Ptf1a neuroepithelial
domain
The Ptf1acre allele was generated by replacement of the Ptf1a
protein-coding region with that of a Cre recombinase targeted to the
nucleus (Kawaguchi et al., 2002). By crossing Ptf1acre/+ with
Gt(ROSA)26Sortm1sor (R26R) mice, which carry a modified lacZ
gene driven by a cell-type-independent ROSA26 promoter (Soriano,
1999), we can label Ptf1a-expressing cells and their progeny by β-
galactosidase (β-gal) detection.

Utilizing this recombination-based lineage-tracing technique, we
previously showed that many cells in the DCN as well as a small
number of cells in the VCN are derived from Ptf1a-expressing cells
(Yamada et al., 2007). Although there are a variety of cells with
distinct characteristics in both DCN and VCN, it has not been
determined which cell types arise from the Ptf1a domain.

In whole-mount X-gal stained brains of Ptf1acre/+; R26R adult
mice, β-gal signals were strongly and slightly observed in the DCN
and VCN, respectively (Fig. 1G,H). We examined serial transverse
sections of the CN, which were counterstained with Nuclear Fast
Red (Fig. 1I-K). In the DCN, β-gal signals were detected in many
cells that were relatively large, whereas relatively small cells were
β-gal-negative (Fig. 1J). In the VCN, a small number of cells were
labeled with β-gal (Fig. 1K).

Next, we immunostained adult brains of Ptf1acre/+; R26R mice
with β-gal and specific markers (Fig. 2). In both the DCN and VCN,
nearly all β-gal-positive cells were found to express HuC/D, a
neuronal marker (Fig. 2A, data not shown), but negative for GFAP,
a marker for astrocytes (Fig. 2B, data not shown). These findings
suggest that most Ptf1a-lineage DCN and VCN cells are neurons.

The DCN exhibits a layered structure that contains the ML, the
fusiform cell layer (FCL) and the deep layer (DL) (Fig. 4B) (Oertel
and Young, 2004). Although there are many types of neurons in the
DCN, distinct types of neurons are localized in (a) specific layer(s)
(summarized in Fig. 4A). In the DCN, some β-gal-positive cells
were immunoreactive to GABA. Their position and morphology
suggest that some of these cells in the DL (Fig. 2C, arrowheads) and
FCL are Golgi cells (Mugnaini, 1985; Kolston et al., 1992). In
addition, a portion of β-gal-positive DCN cells were found to be
immunopositive to glycine (Fig. 2D, arrowheads), suggesting that
they are tuberculo-ventral cells (Willott et al., 1997; Alibardi, 2006).
In the FCL of the DCN, many round β-gal-positive cells express
CaMKIIα (Fig. 2E, arrowheads), indicating that cartwheel cells are
also in the Ptf1a-lineage (Ochiishi et al., 1998; Takaoka et al., 2005).
In the ML, some relatively small or mid-sized cells were double
stained with β-gal and parvalbumin (Fig. 2F, arrowheads),
suggesting that ML-stellate cells are also in the Ptf1a lineage
(Caicedo et al., 1996), whereas mid-sized, round-shaped cells in the
ML and FCL, which are presumably cartwheel cells, also weakly
expressed parvalbumin (Fig. 2F).

Glutamate decarboxylase 67 (Gad67; also called Gad1) is
expressed in GABA-producing inhibitory neurons (Ribak et al.,
1981) and is used as a marker for inhibitory neurons. In the DCN, it
has been reported that not only GABAergic (Golgi and ML-stellate)
cells but also glycinergic (cartwheel) cells (Golding and Oertel,
1997) express Gad67 (Mugnaini, 1985). Previously, Tamamaki et
al. (Tamamaki et al., 2003) generated a Gad67-GFP knock-in mouse
in which Gad67-expressing cells were labeled by GFP (Tamamaki
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Fig. 1. Expression of Ptf1a and Atoh1 in the embryonic caudal
hindbrain and cells in the Ptf1a lineage in adults. (A-C) Serial
transverse frozen sections of r3 hindbrain at E11.5. Localization of
Ptf1a protein (immunohistochemistry) and Atoh1 transcripts (in situ
hybridization) are shown. (D) Double immunostaining with Ptf1a
(green) and BrdU (red) within the Ptf1a domain at E11.5. Pregnant mice
were given BrdU injections 1 hour before embryo harvest and fixation.
(E) Double immunostaining with Ptf1a and HuC/D at E11.5.
(F) Schematic diagram of Atoh1 and Ptf1a expression in the middle
hindbrain at E11.5. (G) Lateral view of a whole-mount X-gal stained
brain. The left half of the cerebellum was removed to reveal the CN.
(H) High magnification of the boxed region in G. (I) Transverse section
of an X-gal stained brain at the dashed line in H. (J,K) High
magnification of boxed regions in I, DCN and VCN, respectively. Scale
bars: A-C, 40μm; D,E, 20μm; G, 5 mm; H, 2 mm; I, 200μm; J,K,
70μm. CN, cochlear nucleus; DCN, dorsal cochlear nucleus; VCN,
ventral cochlear nucleus; VIII, cochlear nerve.
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et al., 2003). We performed co-immunostaining with GFP and
markers such as CaMKIIα, GABA and parvalbumin, and confirmed
that GFP was expressed in inhibitory neurons including cartwheel,
Golgi and ML-stellate cells in the DCN of Gad67-GFP mice (see
Fig. S1 in the supplementary material). To investigate the cell types
in the Ptf1a lineage, we analyzed the expression of β-gal in the DCN
of Ptf1acre/+; R26R; Gad67-GFP mice (Fig. 2G,G�). We found that
most of the GFP-positive cells were immunoreactive to β-gal in the
DCN, revealing that inhibitory neurons, including cartwheel, Golgi
and ML-stellate cells, are in the Ptf1a lineage.

However, some types of neurons were not labeled with β-gal.
Pax6 and Tbr2 (Eomes – Mouse Genome Informatics), markers for
granule cells (Weedman et al., 1996; Yamasaki et al., 2001) and
unipolar brush cells (Floris et al., 1994; Dino and Mugnaini, 2008),
respectively, were not co-stained with β-gal in the DCN (Fig. 2H,I).
Although NR2A (Grin2a – Mouse Genome Informatics) is
expressed in more than one DCN cell type, giant cells can be easily
distinguished by their immunoreactivity to NR2A, localization in
the DL, and characteristic large, round morphology (Joelson and
Schwartz, 1998). Similarly, fusiform cells can also be discriminated

by their expression of NR2B (Grin2b – Mouse Genome
Informatics), localization in the FCL and characteristic spindle-like
morphology (Petralia et al., 1996). Our immunostaining with NR2A
or NR2B in Ptf1acre/+; R26R mice revealed that giant and fusiform
cells do not express β-gal (Fig. 2J,K).

It is known that only two types of neurons in the DCN, giant and
fusiform cells, extend their axons to the inferior colliculus (Fig. 2P).
We therefore retrogradely labeled giant and fusiform cells by
injecting dye into the inferior colliculus (Ryugo and Willard, 1985;
Ivanova and Yuasa, 1998; Takaoka et al., 2005). Fluoro-Gold was
injected into the inferior colliculus of adult Ptf1acre/+; R26R mice,
which were sacrificed 3 days after injection, followed by
immunostaining with anti-Fluoro-Gold and β-gal antibodies.
Consistent with the data in Fig. 2J,K, Fluoro-Gold-labeled cells in
the DCN did not express β-gal (Fig. 2Q), confirming that giant and
fusiform cells in the DCN are not in the Ptf1a lineage.

In the VCN, a small number of cells were labeled with β-gal.
Double immunolabeling revealed that no β-gal-positive cells
expressed calbindin (Frisina et al., 1995) or calretinin (Por et al.,
2005), indicating that octopus and globular-bushy cells are not of
the Ptf1a lineage (Fig. 2L,M). By contrast, some β-gal-positive
cells were labeled with glycine (Fig. 2N), suggesting that
glycinergic D-stellate cells are in the Ptf1a lineage (Wenthold,
1987).

In the VCN of the Ptf1acre/+; R26R; Gad67-GFP mice, nearly all
GFP-positive cells were positive for β-gal, indicating that Gad67-
expressing cells in the VCN are in the Ptf1a lineage (Fig. 2O). As
it has been reported that Gad67 is expressed not only in GABAergic
neurons but also in other types of inhibitory neurons (e.g.
glycinergic neurons) (Mugnaini, 1985), we believed that Gad67-
GFP-positive cells in the VCN might include D-stellate cells.
However, Gad67-positive cells may also contain unclassified
inhibitory neurons, because the identification and classification of
neuronal types are still not complete in the VCN (Hackney et al.,
1990).

It is known that T-stellate cells extend their axons to the inferior
colliculus (Fig. 2P) (Fujino and Oertel, 2001; Saul et al., 2008). In
the retrograde labeling study described in Fig. 2P, Fluoro-Gold-
labeled cells in the VCN were not β-gal-positive (Fig. 2R),
indicating that T-stellate cells in the VCN are not in the Ptf1a
lineage.

CN neurons derived from Atoh1 neuroepithelial
domain
To genetically label cells that are derived from the Atoh1
neuroepithelial domain, we generated mice (Tg-Atoh1-Cre)
carrying a transgene that was designed to express Cre
recombinase under control of the Atoh1 enhancer (see Fig. S4A
in the supplementary material) (Helms et al., 2000; Machold and
Fishell, 2005). In Tg-Atoh1-Cre; R26R mice, many β-gal-positive
cells were observed in both the anterior and posterior subregions
of VCN with relatively fewer β-gal-positive cells in the DCN
(Fig. 3A,B), mimicking the distribution pattern previously
reported for cells in the Atoh1 lineage (Wang et al., 2005). In the
cerebellum, granule cells and large deep cerebellar nuclei neurons
were labeled as previously described (Machold and Fishell, 2005;
Wang et al., 2005).

We immunostained adult brains of Tg-Atoh1-Cre; R26R mice
with β-gal and specific markers to discriminate each cell type (Fig.
3C-K). In the DCN, granule (Fig. 3F, arrowheads) and unipolar
brush cells (Fig. 3G, arrowheads) were positive for β-gal, whereas
cartwheel (Fig. 3C-E, arrows), Golgi (Fig. 3D, arrowheads) and
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Fig. 2. Cells of the CN in the Ptf1a lineage. (A-O) Double
immunolabeling with indicated antibodies in the adult DCN (A-K) and
VCN (L-O) of Ptf1acre/+; R26R mice. Arrowheads indicate neurons (A),
astrocytes (B), and Golgi (C), tuberculo-ventral (D), cartwheel (E), ML-
stellate (F), Gad67-GFP-positive (G,O), granule (H), unipolar brush (I),
presumable giant (J), presumable fusiform (K), octopus (L), globular-
bushy (M) and D-stellate (N) cells. (G�) A high magnification view of the
boxed region in G. (P) Schematic drawing of Fluoro-Gold retrograde
labeling. (Q,R) Double immunostaining with Fluoro-Gold (green) and β-
gal (red) in DCN (Q) and VCN (R). Arrowheads in Q and R indicate
fusiform/giant cells and T-stellate cells, respectively. Scale bars: 40μm.
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ML-stellate (Fig. 3E, arrowheads) cells were not. Judging from the
position, morphology and immunoreactivity to NR2A and NR2B,
respectively, fusiform and giant cells appeared to be positive for β-
gal (data not shown). In the VCN, octopus (Fig. 3H, arrowheads),
globular bushy (Fig. 3I, arrowheads) and spherical bushy (Fig. 3J,
arrowheads) cells expressed β-gal. It is known that Mafb is
expressed in many cells in the VCN but not in the DCN (Cordes and
Barsh, 1994; Eichmann et al., 1997; Farago et al., 2006). Double
immunostaining revealed that most Mafb-positive cells in the VCN
were derived from the Atoh1 neuroepithelial domain (Fig. 3K,
arrowheads).

The relationship between cell types and their origins is
highlighted in Fig. 4. These findings suggest that in the CN,
inhibitory (GABAergic or glycinergic) neurons are derived from the
Ptf1a neuroepithelial domain, whereas excitatory glutamatergic
neurons arise from the Atoh1 domain.

Dorsal origin of Gad67-GFP-positive cells
corresponds to Ptf1a neuroepithelial domain of
the middle hindbrain
In order to investigate the dynamic movement of inhibitory neurons
in the middle hindbrain, we observed Gad67-GFP-positive cells in
the Ptf1acre/+; R26R; Gad67-GFP mice during embryogenesis. At
E11.5, GFP-positive cells emerged from two ventricular regions,
located dorsally and ventrally (Fig. 5A,A�). The dorsal edge of the
dorsally located GFP-positive cells faced the Ptf1a neuroepithelial
domain, which was marked with the β-gal-signals (see Fig. S2 in the
supplementary material). At this stage, only a few cells outside the
ventricular zone were labeled with β-gal, probably because of the
time delay (~1 day) between Cre and β-gal expression in this system
and because of the relatively faint expression of Ptf1a at earlier
stages (e.g. E10.5, data not shown).

At E12.5, whereas some dorsally produced GFP-positive cells
migrate ventrally, some of the ventrally generated ones migrate
dorsally. These GFP-positive cells never entered the ventricular
zone. The majority of dorsally produced GFP-positive cells
expressed β-gal (Fig. 5C,C�). These findings suggest that there are
two distinct origins of Gad67-GFP positive cells in the middle
hindbrain and further indicate that the dorsally located origin
corresponds to the Ptf1a neuroepithelial domain.

At E14.5, the GFP-positive cells derived from the two origins
become mingled. Some GFP-positive cells, most of which expressed
β-gal, were also found at the dorsalmost region of the neural tube,
the presumptive CN primordium (Fig. 5E,E�). At E18.5, although
many cells double positive for GFP and β-gal were observed in the
DCN primordium, a small number of such cells was found in the
VCN (Fig. 5G), as observed at the adult stage (Fig. 1I).

Ptf1a is required for CN formation
As the Ptf1a null mice (Ptf1acre/cre) die just after birth (Kawaguchi
et al., 2002), we examined heterozygous and homozygous embryos
at E18.5. In Hematoxylin and Eosin (HE)-stained sections, the
dorsal region of the CN could not be distinguished in homozygous
embryos (Fig. 6A,B). However, many cells positive for Mafb, a
marker for VCN neurons, were observed in the mutant CN (Fig.
6C,D). These observations suggest that the DCN is severely
disorganized in the Ptf1a mutant animals, whereas the VCN is
relatively intact.

At E14.5, we observed expansion of a β-gal-positive region
facing the ventricular surface in Ptf1a homozygous (Ptf1acre/cre;
R26R) embryos (Fig. 6E,F). BrdU incorporation studies showed that
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Fig. 3. Cells of the CN in the Atoh1 lineage. (A,B) X-gal stained
sections of adult Tg-Atoh1-Cre; R26R mice at rostral (A) and caudal (B)
CN regions. (C-K) Double immunolabeling visualized with indicated
antibodies in adult DCN (C-G) and VCN (F,H-K) of Tg-Atoh1-Cre; R26R
mice. Arrowheads indicate Golgi (D), ML-stellate (E), granule (F),
unipolar brush (G), octopus (H), globular bushy (I), spherical bushy (J)
and Mafb-positive (K) cells. Arrows indicate cartwheel cells (C-E). Scale
bars: A,B, 200μm; C-K, 50μm.

Fig. 4. CN neurons. (A) Cell types of CN neurons and their lineages. Neurotransmitter subtypes, cell locations and lineages are indicated.
(B) Schematic model for lineages of excitatory and inhibitory neurons of the CN. D
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β-gal-positive cells in this region contain a mitotic population (Fig.
6E�,F�), as further confirmed by immunoreactivity to Ki67, a marker
for mitotic cells (data not shown). These results indicate that the
ventricular zone expansion occurred with loss of Ptf1a expression.
However, β-gal-expressing cells outside the ventricular zone were
immunoreactive to HuC/D, a neuronal marker, even in Ptf1a
homozygous (Ptf1acre/cre; R26R) embryos (Fig. 6G-H�). In addition,
the BrdU incorporation rate was not affected in the Ptf1a mutant
embryos at E12.5 (see Fig. S3 in the supplementary material).
Together, these findings suggest that Ptf1a may be potentially
involved in neuronal differentiation rather than in the cell cycle of
the neuroepithelial cells.

Next, we examined the distribution of Gad67-GFP-positive cells
during various embryonic stages in the Ptf1a mutants. In mutants at
E11.5, few GFP-positive cells were found in the dorsal region of the
neural tube, whereas the number and distribution of GFP-positive
cells in the ventral side were not affected (Fig. 5B,B�). At E12.5,
although some β-gal-positive cells were found to migrate out of the
Ptf1a neuroepithelial domain, most of them did not express GFP
(Fig. 5D,D�). Immunostaining with HuC/D suggested that these β-
gal-positive/GFP-negative cells possessed neuronal characteristics
(Fig. 6H,H�, data not shown). These findings suggest that Ptf1a is
required for development of Gad67-GFP-positive cells, presumably
inhibitory neurons, which are produced from the Ptf1a
neuroepithelial domain in the middle hindbrain.

At E14.5, a stream of GFP-positive cells was observed to intrude
into the dorsal neural tube beneath the β-gal-expressing
neuroepithelial region (Fig. 5F,F�). Because these GFP-positive cells
never co-localized with β-gal, they were probably neurons from the
ventral region. At E18.5, few GFP-positive cells were observed in

the mutant CN, except for the proximal edge (Fig. 5H), indicating
that Ptf1a is required for development of inhibitory neurons in the
CN. Although a small number of GFP-positive cells were found at
the proximal edge of the CN, these cells were not marked with β-gal
(Fig. 5H�), suggesting that these were derived from the ventral
region.

However, we observed many Pax6- and Tbr2-positive cells in the
Ptf1a mutant CN at E18.5 (Fig. 6I-L), suggesting that glutamatergic
granule and unipolar brush cells were not affected by loss of Ptf1a
expression. In the central region of the CN in Ptf1a mutants, few β-
gal-positive cells were found at E18.5 (Fig. 5H), although a
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Fig. 5. Dynamics of Gad67-GFP-positive inhibitory neurons and
Ptf1a-lineage cells during embryogenesis. (A-H) Transverse sections
of middle hindbrains of indicated genotypes were immunostained with
GFP and β-gal. Developmental stages are indicated. In A and B, cell
nuclei were visualized by TOPRO3, and brackets indicate dorsally and
ventrally located origins of GFP-positive cells. (A�-H�) High
magnification views of boxed regions in A-H, respectively. Scale bars:
200μm. Fig. 6. Phenotypes of the CN in Ptf1a mutant embryos. (A,B) HE-

stained transverse sections the CN at E18.5. (C,D) Hindbrain sections
immunostained with Mafb. A white dotted line indicates the outline of
the CN primordium. (E-F�) Double immunostaining with β-gal and BrdU
of E14.5 embryos. Pregnant mice were given BrdU injections 1 hour
before embryo harvest and fixation. White dotted lines indicate the
outline of the hindbrain. An arrow with two arrowheads in E and F
indicates the Ptf1a neuroepithelial domain. (E�,F�) High magnification
views of E and F; arrowheads indicate double-labeled cells.
(G,H) Double immunostaining with β-gal and HuC/D to E12.5
hindbrains. (G�,H�) High magnification views of G and H, arrowheads
indicate double-labeled cells. (I-L) Immunostaining with Pax6 (I,J) and
Tbr2 (K,L) to the E18.5 CN. (M,N) The CN primordia at E16.5
immunostained with activated caspase 3. Arrowheads in insets indicate
apoptotic cells. (O) Quantification of the numbers of cleaved caspase 3-
positive cells in the CN primordia at E13.5, 14.5 and 16.5. The numbers
are 2.75±0.65 and 4.33±0.95 at E13.5, 3.75±1.83 and 12.33±2.02 at
E14.5 and 3.35±0.50 and 10.09±0.74 at E16.5 per section in
heterozygotes and homozygotes, respectively (mean±s.e.m.), Student’s
t-test, *P<0.01. n=8, 6, 8, 3, 34, 32, respectively. Scale bars: A-F,
200μm; G,H, 100μm; I-N, 200μm.
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considerable number were observed at E14.5 (Fig. 5F, data not
shown). To determine if increased apoptosis was occurring, we used
an antibody against the proteolytically activated form of caspase 3
(Fernandes-Alnemri et al., 1994; Ura et al., 2001). At E14.5 and
16.5, approximately threefold more apoptotic cells were found in the
dorsolateral region of the middle hindbrain (that is, the CN
primordium) of the mutants compared with the heterozygotes (Fig.
6M-O).

In addition, we investigated whether the width of the Atoh1
domain is changed in the Ptf1a mutant embryos. In situ
hybridization with the Atoh1 probe to the E11.5 embryos revealed
that the width of the Atoh1 domain is not affected in the Ptf1a
mutants (see Materials and methods).

Cochlear nucleus in the Atoh1 mutants
To investigate the role of Atoh1 in CN formation, we generated an
Atoh1 mutant allele (Atoh1CreERn) in which the open reading frame
of the Atoh1 gene is replaced with a cDNA encoding CreERT2 (see
Fig. S4B in the supplementary material) (Weber et al., 2001). No
expression of Atoh1 was detected by RT-PCR analysis in the
homozygous neural tube (see Fig. S4C in the supplementary
material), confirming that Atoh1CreERn is a null allele. As the Atoh1
homozygous null mice die within several minutes after birth (Ben-
Arie et al., 1997), we examined wild-type and homozygous embryos
(Atoh1CreERn/CreERn) at E18.5.

In HE-stained sections, the ventral CN was indiscernible in the
homozygous embryos (Fig. 7A,B), as previously reported for
another Atoh1 null allele (Wang et al., 2005), with few Mafb-
positive cells observed (Fig. 7C,D). Granule cells, which can be
recognized by their small round shape and Pax6 expression, and
unipolar brush cells (positive for Tbr2) were also extremely reduced
in the mutant CN (Fig. 7E-H).

To investigate the distribution of glutamatergic neurons in the CN,
we performed in situ hybridization with VGluT2 (Fig. 7I) (Fremeau
et al., 2001; Nakamura et al., 2008). In the Atoh1 null embryos
(Atoh1CreERn/CreERn), few VGluT2-expressing cells were observed in
what remained of the CN, which probably corresponds to the DCN
(Fig. 7J). By contrast, GABA-positive inhibitory neurons were
maintained in the Atoh1 mutant CN (Fig. 7K,L).

To study the fate of Atoh1-lineage cells in the Atoh1 mutants,
pregnant mice were given an oral administration of 6 mg tamoxifen
and their progenies (Atoh1CreERn/+; R26R or Atoh1CreERn/CreERn;
R26R) were sacrificed at E18.5 for further analyses (see Fig. S5 in
the supplementary material). In mice carrying the Atoh1CreERn allele,
CreERT2 is designed to be expressed under the control of the Atoh1
promoter, which theoretically enables the visualization of the Atoh1-
lineage cells by β-gal expression from the R26R allele (Weber et al.,
2001). In our experimental conditions, the number of labeled cells
was smaller than expected (see Fig. S5A,A� in the supplementary
material), due to unknown reasons. However, double
immunostaining with β-gal and other markers revealed that those β-
gal-positive cells were exclusively in the Atoh1 lineage (data not
shown). Interestingly, many β-gal-positive cells were observed in
the choroid plexus in the mutants, but were rarely detected there in
the heterozygotes (see Fig. S5B,B� in the supplementary material).
Double immunostaining revealed that the β-gal-labeled cells were
not positive for GABA in the Atoh1 heterozygotes and homozygotes
(see Fig. S5C-D� in the supplementary material). However, some β-
gal-positive cells in the Atoh1 mutants were expressing parvalbumin
(see Fig. S5E-F� in the supplementary material), a marker for
cartwheel and ML-stellate cells, which were not observed in the
heterozygotes. These data suggest that the Atoh1-mutant cells might

acquire partial characteristics of cartwheel and/or ML-stellate cells,
although they did not seem to obtain full features, such as GABA-
positivity.

In addition, we investigated whether the width of the Ptf1a
domain is changed in the Atoh1 mutant embryos. Immunostaining
with Ptf1a in the E11.5 embryos revealed that the width of the Ptf1a
domain was not affected in the Atoh1 mutants (see Materials and
methods).

These observations suggest that Atoh1 is involved in development
of glutamatergic excitatory neurons of both VCN and DCN, but not
inhibitory neurons in the CN, consistent with our lineage-analysis
results (Fig. 4A). Because the majority of VCN neurons are
glutamatergic, the VCN structure may be much more severely
affected than the DCN in the Atoh1 mutants.
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Fig. 7. Phenotypes of the CN in Atoh1 mutants at E18.5.
(A-L) Genotypes are indicated. (A,B) HE-stained transverse sections of
the CN at E18.5. A black dotted line in A indicates the VCN
primordium, which is not observed in B. (C-H,K,L) Hindbrain sections at
E18.5 immunostained with indicated antibodies. (I,J) In situ
hybridization of E18.5 CN with VGluT2 probe. White and black dotted
lines in C-L highlight outlines of the CN primordia. (M) Atoh1 and Ptf1a
neuroepithelial domains in the entire hindbrain. (M, left upper panel)
Schematic picture of the dorsal rhombomeric structure. Each number
represents the rhombomeric number. (M, right upper panel) The Atoh1
and Ptf1a domains throughout the hindbrain (r1~8) are shown. Upper
side is dorsal, lower is ventral. (M, lower panels) Schematic pictures
corresponding to orange rectangular sections in the left upper panel,
which show neuronal subtypes originated from distinct neuroepithelial
domains. *(Hoshino et al., 2005; Wang et al., 2005; Machold and
Fishell, 2005). **(Wang et al., 2005; Yamada et al., 2007; Landsberg et
al., 2006). Scale bars: A-D, 200μm; E-L, 100μm. Cb, cerebellum; Exci.,
excitatory neurons; Inhi., inhibitory neurons; Mb, midbrain.
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DISCUSSION
In this study, we identified two neuroepithelial domains in the dorsal
part of the hindbrain (~r2-5) that express Ptf1a and Atoh1,
respectively. Using Cre-loxP-based genetic-fate-mapping studies,
we showed that GABAergic and glycinergic inhibitory neurons of
both the DCN and the VCN are derived from the Ptf1a domain.
Furthermore, we revealed two distinct origins for Gad67-GFP-
positive inhibitory neurons in the middle hindbrain (~r2-5), one
dorsal and the other ventral. The dorsally located origin corresponds
to the Ptf1a neuroepithelial domain. These findings suggest that the
Ptf1a neuroepithelial domain generates dorsally produced inhibitory
neurons of the middle hindbrain (~r2-5), some of which give rise to
inhibitory neurons of the CN.

In the Ptf1a-null embryos, Gad67-GFP-labeled inhibitory
neurons were hardly produced from the dorsal region, whereas
ventrally generated ones were not affected. This confirms that the
dorsal origin is precisely coincident with the Ptf1a neuroepithelial
domain and suggests that Ptf1a is required for development of these
inhibitory neurons.

As to the CN, the dorsal region was severely disorganized in the
Ptf1a null embryos, whereas the ventral part seemed to be relatively
intact. However, even in the ventral part, Gad67-GFP-labeled
inhibitory neurons were lost in the mutant embryos. By contrast, the
glutamatergic population seemed to be maintained in the mutant CN.
As inhibitory neurons were predominantly localized in the DCN, the
DCN might be affected more severely than the VCN in the Ptf1a
mutants. In the CN primordia at E14.5 and 16.5, increased apoptosis
was present in the mutants, probably leading to a severe reduction
of Ptf1a-lineage cells in the CN at later developmental stages. These
facts indicate that Ptf1a is involved in differentiation and survival of
inhibitory neurons in the CN.

Consequently, Ptf1a participates in the development of inhibitory
neurons in the cerebellum (Hoshino et al., 2005), the spinal cord
(Glasgow et al., 2005) and the CN. Moreover, we previously showed
that ectopically expressed Ptf1a in the dorsal telencephalon
neuroepithelium can confer GABAergic characteristics on the
progeny neurons. However, the underlying molecular machinery to
specify inhibitory fate has not been clarified. By contrast, this gene
is also involved in the development of non-inhibitory neurons, such
as climbing fiber neurons in the inferior olivary nucleus (Yamada et
al., 2007) and some types of amacrine cells in the retina (Fujitani et
al., 2006). Altogether, these facts suggest a very complex function
of Ptf1a, through which cells can differentiate into inhibitory or
other types of neurons, depending on the spatial information in the
brain.

Previously, short-term lineage analyses in mice with a β-gal
reporter inserted in the Atoh1 locus reported that the Atoh1
neuroepithelial domain dominantly produced neurons of the VCN
plus granule cells in the CN (Wang et al., 2005). However, the
specific subtypes of cells in the Atoh1 lineage were not identified.
Our Cre-loxP recombination-based lineage-trace analysis revealed
that the Atoh1 neuroepithelial domain generates glutamatergic
excitatory neurons in the CN. We think our findings are not
contradictory to those reported by Wang et al. (Wang et al., 2005),
because they also observed a small population of cells in the Atoh1
lineage that migrated into the DCN.

Furthermore, we analyzed the phenotypes of Atoh1 null embryos.
As previously reported (Wang et al., 2005), we found that the
structure of the mutant VCN was severely disorganized, with loss of
Mafb-positive cells, whereas the DCN was relatively intact.
However, even in the relatively intact part of the CN (dorsal CN),
granule cells, unipolar brush cells and VGluT2-expressing

glutamatergic neurons were severely reduced in the Atoh1 mutants.
These findings suggest that Atoh1 is involved in CN glutamatergic
neuron development.

Inhibitory and excitatory neurons in the CN are derived from
distinct regions: the Ptf1a and Atoh1 neuroepithelial domains of the
middle hindbrain, respectively (Fig. 4B). It is possible that this
correlation may also be applied to cerebellar development. In the
part of the cerebellum that corresponds to the dorsal region of rostral
hindbrain (r1), inhibitory and excitatory neurons are produced from
the Ptf1a- and Atoh1-expressing neuroepithelial regions,
respectively, and their development is dependent on the
corresponding bHLH proteins.

By contrast, this rule is not applicable to the caudal hindbrain. We
previously showed that the Ptf1a neuroepithelial domain in the
caudal hindbrain (~r6-8) produces not only inhibitory but also
excitatory neurons, such as inferior olivary neurons, the solo source
of the climbing fibers (Yamada et al., 2007). In addition, Farago et
al. (Farago et al., 2006) named the dorsal regions of the middle (r2-
5) and caudal (r6-8) hindbrain as ‘auditory lip’ and ‘pre-cerebellar
lip’, respectively, as these two subdomains generate distinct sets of
neurons; the former generates CN neurons and the latter pre-
cerebellar neurons, such as mossy and climbing fiber neurons. These
facts suggest that middle (~r2-5) and caudal (~r6-8) hindbrain
subdomains have distinct characteristics. Accordingly, in the middle
hindbrain, we did not observe an intervention of neurogenin 1-
expressing neuroepithelial domain between the Ptf1a and Atoh1
domains (data not shown), which exists in the caudal hindbrain
(Landsberg et al., 2005; Yamada et al., 2007). Overall, throughout
the hindbrain regions from r1 to r8, the bHLH type transcription
factors, Ptf1a and Atoh1, seem to define neuroepithelial domains
along the dorsoventral axis and participate in specifying distinct
neuron subtypes according to the rostrocaudal spatial information
(Fig. 7M).

The DCN and the VCN have distinct anatomical structures. The
DCN exhibits a laminar and cerebellum-like organization that
includes a granule cell system (Mugnaini et al., 1980b; Mugnaini
et al., 1980a; Oertel and Young, 2004). By contrast, the VCN does
not have a laminar structure. Therefore, it has been proposed that
developmental machinery for these two nuclei is quite different. On
the one hand, in this study, we revealed that neurons with the same
electrophysical nature (e.g. inhibitory or excitatory) in both nuclei
are derived from the same neuroepithelial domain, which is
dorsoventrally defined by a bHLH transcription factor, Ptf1a or
Atoh1. On the other hand, Farago et al. (Farago et al., 2006) showed
that VCN and DCN neurons are produced from ~r2-4 and r4, 5 of
the hindbrain, although some overlap was observed. We observed
that the Ptf1a domain is relatively narrower in ~r2-3 than ~r4-5
(data not shown). This may account for the smaller number of
inhibitory neurons in the VCN that are derived from the Ptf1a
domain. Thus, CN cell types seem to be determined according to
rostrocaudal and dorsoventral spatial information of the
neuroepithelium.

The CN contains a variety of neurons, each of which has distinct
morphological, histochemical and physiological characteristics.
Although we have clarified the molecular mechanisms to specify
electrophysiological subtypes (inhibitory or excitatory) of CN
neurons, the question still remains as to how distinct types of
inhibitory neurons in the CN (e.g. cartwheel, Golgi, ML-stellate,
etc.) are differentially generated from the Ptf1a neuroepithelial
domain or how distinct types of excitatory ones (e.g. fusiform,
granule, octopus cells) are differentially produced from the Atoh1
domain. Further studies are required to uncover the molecular
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machinery that specifies each cell type in the CN, which may lead
to a better understanding of the common mechanisms that govern
development of CNS neurons.
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