
Introduction

During nervous system development, mul-
tipotent progenitor cells give rise to various
kinds of neuronal cell types, depending on
their context. The development of diverse
types of neuronal cells can be regulated posi-
tively or negatively by multiple basic helix-
loop-helix (bHLH) transcription factors in a

cascade manner. The tissue-specific neuronal
bHLH factor family regulates multiple
aspects of neurogenesis. Most of the proteins
in this family, especially class B bHLH factors
whose expression is cell-type restricted, have
both DNA binding and helix-loop-helix
(HLH) protein dimerization domains. These
proteins usually heterodimerize with ubiqui-
tously expressed bHLH factors, such as
E12/E47, via the HLH domain, and bind the
specific E-box DNA sequence (CANNTG) of
target genes, via their basic DNA binding
domains. In this way, bHLH transcription
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factors control cell fate determination and
differentiation from invertebrates to mam-
mals (1,2). Vertebrate proneural bHLH genes
can be divided into two major groups, Ash
and Ath, based on their function and homol-
ogy to the Drosophila proneural genes. The
Ash group has a well-conserved bHLH amino
acid sequence with homology to the
Drosophila Acheate-Scute Complex (AS-C) gene
(3). On the other hand, proteins in the Ath
group are highly homologous to the
Drosophila atonal proneural gene (4).
BETA2/NeuroD1 is considered to be a member
of the Ath group, which also includes the
Math and Neurogenin subfamilies (5–8).

Taking advantage of its ability to het-
erodimerize with E12/E47, two independent
laboratories cloned BETA2/NeuroD1 by using
the yeast-two-hybrid system to clone BETA2/
NeuroD1 (6,7). BETA2, β-cell E-box transactiva-
tor 2, was first isolated in our group as a β-cell
specific transactivator (7). Northern blot analy-
sis demonstrated that a 2.6-kb message corre-
sponding to BETA2 can be detected in
pancreatic endocrine cells, several endocrine
cell lineages in the intestine as well as in the
brain, suggesting that BETA2 may act as an
important regulator of endocrine and neuronal
cells (7). This gene was also isolated as a neuro-
genic differentiation factor (NeuroD) from frog
and mouse embryos. Ectopic expression of Neu-
roD in Xenopus embryos can convert both non-

neuronal populations of neural crest cells and
presumptive epidermal cells into neurons (6).

The function of BETA2/NeuroD1 has been
studied as an important transcription regulator
of genes in endocrine cells, enteroendocrine
cells, and neuroendocrine cells. These target
genes include insulin (7), proopiomelanocortin
(POMC) (9), somatostatin transactivating fac-
tor-1 (STF-1)/pancreatic duodenal homeobox
gene-1 (PDX-1) (10), secretin (11), and sulfony-
lurea receptor 1 (SUR1) (12). In addition,
BETA2/NeuroD1 is required for upregulation of
neuronal differentiation-related genes, such as
adenylate kinase isozyme 1 (AK1) (13), inositol
1,4,5-triphosphate receptor 1 (IP3R1) (14), early
B-cell factor 3 (Ebf3) (15), and a POU domain
transcription factor (Brn3d) (16) (Fig. 1). There-
fore, BETA2/NeuroD1 was likely to play an
important role not only in development of
neuroendocrine cells but also in the differentia-
tion of neuronal cells.

In order to determine whether BETA2/Neu-
roD1 was necessary for the normal development
of the endocrine and nervous systems, a BETA2
knockout mouse was generated by homologous
recombination to replace the BETA2 coding
region with a β-galatosidase reporter gene (17).
Mice lacking BETA2/NeuroD1 die within 5 d
postnatally due to severe diabetes mellitus with
high ketone levels in the urine as a result of the
loss of insulin-producing pancreatic β-cells (17).
BETA2/NeuroD1 knockout mice also failed to
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Fig. 1. Target genes of BETA2/NeuroD1.

• Endocrine-related genes
Insulin (7)
Proopiomelanocortin (9)
Somatostatin transactivating factor 1 (10)
Secretin (11)
Sulfonylurea receptor I (12)

• Neuronal differentiation-related genes
Adenylate kinase isozyme 1 gene (13)
Inositol 1,4,5-Triphosphate receptor 1 (14)
Early B-cell factor 3 (15)
Brn3d (16)



develop the secretin- and cholecytokinin-pro-
ducing enteroendocrine cells (17,18). When
BETA2/NeuroD1 knockout mice were first gener-
ated, it was difficult to study the role of the
BETA2/NeuroD1 gene in postnatal nervous sys-
tem development because of perinatal lethality.
However, surviving BETA2/NeuroD1 knockout
mice were obtained in a different genetic back-
ground (19). BETA2/NeuroD1 null mice were
also rescued by ectopic expression of insulin in
the pancreas (20). The surviving BETA2/NeuroD1
mutant mice allowed us to investigate the
importance of the BETA2/NeuroD1 gene in the
nervous system through adulthood. The BETA2/
NeuroD1 gene was demonstrated to be necessary
for the normal development of the granule cells
in the dentate gyrus and cerebellum (19,20) as
well as sensory neuronal cells and ganglion
development of the inner ear (21,22) and the
maintenance of photoreceptor cells in the retina
(23). In this review, we will focus on recent
progress in elucidating the roles of BETA2/Neu-
roD1 in the development of the nervous system.

BETA2/NeuroD1 as a 
Differentiation Factor

Many bHLH transcription factors have
been investigated in Drosophila and mam-
malian neurogenesis. These factors are well
conserved structurally and functionally from
Drosophila to mammals (2). However, some of
the Drosophila bHLH genes, such as achaete,
hairy, and E(spl), play important roles in cell
type determination in Drosophila neurogenesis
but its counterparts play only a role as a dif-
ferentiation factor in mammalian neurogene-
sis (24,25). During neurogenesis, bHLH factors
are sequentially expressed in certain cells and
either positively or negatively regulate cell
type determination and differentiation (26,27).
Balanced expression between positive and
negative regulators and their stepwise expres-
sion are very important for the morpho-
genesis of the nervous system. Missed
expression or overexpression of certain genes
may cause severe morphological defects in

various tissues, especially in the nervous sys-
tem (26,28–30).

Neurogenin and Mash1 are expressed early in
undifferentiated, proliferating neural precur-
sor cells (31,32) and can be considered as verte-
brate neuronal determination genes. By
contrast, NeuroM, a neuronal-specific Ath
group member, is expressed in cells that have
recently exited the mitotic cycle (33) and can be
considered a neuronal differentiation factor.
For the most part, BETA2/NeuroD1 is detected
in the developing nervous system where dif-
ferentiating postmitotic neurons are distrib-
uted (6). However, ectopically expressed BETA2/
NeuroD1 can convert both non-neuronal popu-
lations of neural crest cells and presumptive
epidermal cells into neurons (6,34). Further-
more, BETA2/NeuroD1 expression has been
detected in a few proliferating neuronal cells
during nervous system development (19,21,
35). Therefore, BETA2/NeuroD1 may con-
tribute to multiple levels of neural devel-
opment; nevertheless, it is believed that
BETA2/NeuroD1 mainly plays important roles
in the terminal differentiation of postmitotic
neuronal cells.

The suggested role of BETA2/NeuroD1 in
differentiation is supported by in vitro experi-
ments. Retinoic acid (RA)-treated P19 embry-
onal carcinoma cells transiently expressed
high levels of Mash1, Math1, BETA2/NeuroD1,
and NSCL-2 during neural cell differentiation
(36). Transient transfection of vectors express-
ing Neurogenin1, NeuroD2, and Mash1 can con-
vert mouse P19 embryonal carcinoma cells
into differentiated neurons (37). Although the
neurogenic potential of BETA2/NeuroD1 was
not as high in the P19 embryonal carcinoma
cells when compared to the neurogenic poten-
tial of Neurogenin1 and Math1, PC12 stable cell
lines expressing BETA2/NeuroD1 exhibited
neurite outgrowth in nondifferentiating condi-
tions (13). These results are consistent with
our finding that transiently expressed full-
length BETA2/NeuroD1 in the F11 neuroblas-
toma cell line, a hybrid cell line between
dorsal root ganglionic neurons and neuro-
blastoma N18TG2 (38), can induce neurite
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outgrowth in nondifferentiation conditions. In
addition, a dominant negative mutant of
BETA2/NeuroD1, which has only the DNA-
binding domain of BETA2/NeuroD1, can inhibit
the neurite outgrowth induced by dibutyryl-
cAMP (db-cAMP) in a dose-dependent man-
ner (39). These results indicate that BETA2/
NeuroD1 plays an important differentiation
role in cells committed to the neuronal fate.

BETA2/NeuroD1 Roles In Vivo

BETA2/NeuroD1 is detected in a subset of
neuronal tissues such as the developing central
nervous system (6,19,20,35) and auditory and
vestibular system (21,22) (Table 1), and in the
intestine and pancreas (17). BETA2/NeuroD1
transcripts were first detected in the trigeminal
ganglion in the developing brain at embryonic
day 9 (E9), the otic vesicle of developing ear at
E9 (6,21), and the neuroblastic layers of retina
at E10.5 (23). High-level expression of BETA2/
NeuroD1 in the developing nervous system
persists throughout postnatal development
and remains at stable levels in the adult central
and peripheral nervous system (35). The
expression pattern of BETA2/NeuroD1 in the
early stages of the developing brain as well as
in the mature adult brain suggests that
BETA2/NeuroD1 is important not only for the
initiation of neuronal differentiation, but also
for maintenance of the nervous system.

As we mentioned earlier, BETA2/NeuroD1
knockout mice die shortly after birth due to
severe diabetes and ketoacidosis (17,40). How-
ever, when we bred the heterzygote BETA2/
NeuroD1 mutants (+/–) to 129/SvJ mice, some
of the homozygous BETA2 mutants (–/–) can
survive to adulthood (19,21,40). Surviving
BETA2/NeuroD1 mutants are somewhat
hyperglycemic but do not have ketonuria,
and their insulin levels return to normal levels
around 4 wk after birth (19,21,40). Surviving
BETA2/NeuroD1 knockout mice show severe
ataxia, hyperactivity, circling, and swaying
head movement (21). Similar behavioral
symptoms were observed in BETA2/NeuroD1

knockout mice rescued with exogenous insul-
in expression (20). Histological analysis of
BETA2/NeuroD1 knockout mouse brains
revealed that they have severe defects in
granule cells of the cerebellum and dentate
gyrus (19,20) and special sensory organs such
as the inner ear (21,22) and eye (23). These
defects are discussed in detail in the follow-
ing sections.

Roles of BETA2/NeuroD1
in Central Nervous System

Cerebrum
Cerebral Cortex

The cerebral cortex of mammals consists of
diverse types of neuronal and glial cells, and
expresses multiple bHLH factors during its
development (27,41). BETA2/NeuroD1 expres-
sion can be detected in primary culture of the
cerebral cortex of E16 embryos. The expression
level of BETA2/NeuroD1 decreases with
increasing days in the culture so that no
BETA1/NeuroD1 expression is detected after 18
d of culture (42). In the developing mouse cen-
tral nervous system (CNS), transcripts of
BETA2/NeuroD1 are first detected around E8 in
neural epithelium. At E10, high-level expres-
sion of BETA2/NeuroD1 can be observed in
the CNS, including forebrain, hindbrain, spinal
cord, and dorsal root ganglia (DRG). In the
forebrain, BETA2/NeuroD1 expression is res-
tricted to the postmitotic neurons in the sub-
ventricular zone but it is also strongly
expressed in other regions, including the hind-
brain, spinal cord, and DRG, at E12 (6,33,35).
This specific subventricular postmitotic cell
expression implies that BETA2/NeuroD1 may
play an important role in neuronal cell differ-
entiation in the late stages of neurogenesis.
Strong BETA2/NeuroD1 expression in the cere-
bral cortex is sustained until E16 during the
period when cellular migration from the man-
tle zone into the marginal zone occurs to form
the cortical layer. By E18, the expression level
of BETA2/NeuroD1 has declined in the cerebral
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cortex, but it persists in the adult cerebral cor-
tex at a stable level (35).

There is considerable evidence that BETA2/
NeuroD1, like other proneural bHLH factors,
governs the neural vs glial cell fate decision in a
variety of neural tissues. Overexpression of
bHLH factors such as Xath5, Math5, Mash1, and
BETA2/NeuroD1 in neural retina resulted in a
reduction in glial cell types and an altered neu-
ron vs glia ratio (43–45). However, in contrast to
the results observed in neural retina study,
retroviral-mediated overexpression of BETA2/
NeuroD1, and other positive regulatory bHLH
genes such as Mash1, Math2, Math3, Neurogenin1,
Neurogenin2, and NeuroD2 did not result in
defects in gliogenesis in the cerebral cortex (46).
Furthermore, mice lacking BETA2/ NeuroD1
appear to have normal morphology and no
obvious cell type changing or cell death in the
cerebral cortex (J.-H. Cho and M.-J. Tsai, unpub-
lished data). Although much has been learned
about the roles of BETA2/ NeuroD1 in other
types of neurons of several other nervous tis-
sues, little information has been learned regard-
ing its potential role in the cerebral cortex. It is
likely that either other bHLH factors compensate
for the loss of BETA2/ NeuroD1 in the cortex of
knockout mice or BETA2/NeuroD1 does not play
an essential role in cortex development.

Hippocampal Formation
BETA2/NeuroD1 is prominently expressed

in the hippocampus, especially in the granule
cells of the dentate gyrus and pyramidal cells
in CA1 and CA3 after E14. This hippocampal
expression of BETA2/NeuroD1 increases grad-
ually and finally reaches a very high level at
the prenatal period (35). After birth, expres-
sion of BETA2/NeuroD1 is more localized to
immature dentate granule cells at the inner
portion of the dentate gyrus and somewhat
lower expression is observed in the mature
granule cells (47). Restriction of BETA2/Neu-
roD1 expression to immature cells suggests
that it may regulate the downstream genes
that are involved in granule cell matura-
tion. BETA2/NeuroD1 expression in 4-mo-old
adults remains high in the hippocampus, but

it is decreased dramatically in 12-mo-old
mice (48).

Although BETA2/NeuroD1 is known as a post-
mitotic differentiating factor during the late
stage of neurogenesis, a couple of reports have
indicated that almost one third of proliferating
cells of the hippocampal dentate gyrus and the
hilus, where granule cells are known to be
highly proliferative (49), express BETA2/NeuroD1
(35). However, in our group, we found that only
a few LacZ-positive (BETA2-expressing) cells
were also bromodeoxyuridine (BrdU)-positive
(19). The validity of the expression of BETA2/
NeuroD1 in proliferating cells is not clear. Since
the BrdU incorporation time extended over a
prolonged period in these studies, it is possible
that BETA2/NeuroD1-expressing cells containing
BrdU are cells that have recently exited from the
cell cycle following BrdU labeling and are start-
ing to differentiate and express BETA2/NeuroD1.
On the other hand, if it is indeed expressed in
proliferating cells, it may act to initiate the exit
from the cell cycle and start the cellular differen-
tiation process.

As expected from the high expression level
in the granule cell of the dentate gyrus, mice
lacking the BETA2/NeuroD1 gene have abnor-
mal hippocampal formation (19,20). The hip-
pocampus of BETA2/NeuroD1-mutant mice
lacks granule cells in the dentate gyrus and
has no organized hilus, but pyramidal cells in
the hippocampus (Ammon’s horn, CA1 to
CA3), appear normal even though BETA2/
NeuroD1 is expressed there (19). The lack of
granule cells in the dentate gyrus is due to nei-
ther a defect in the early populations of Cajal-
Retzius and radial glial cells that are required
for proper morphogenesis of the dentate gyrus
(50) nor impaired migration of precursor cells
and newly born granule cells from the neu-
roepithelium to the dentate gyrus. Instead, it
is due to a defect in the proper morphogenesis
of the dentate gyrus. Consequently, there is an
increased apoptosis in the granule cells and
reduction of the proliferation of precursor
cells (19). All these studies provide evidence
that BETA2/ NeuroD1 may play a key role in
the maintenance of proliferating cells and the
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maturation and maintenance of granule cells
of the dentate gyrus.

In addition to BETA2/NeuroD1, NEX/Math2 or
NDRF/NeuroD2 may also play a role in granule
cell development. Close examination of NEX/
Math2 and BETA2/NeuroD1 double-mutant mice
display a more severe defect in the dentate gyrus
than the BETA2/NeuroD1 single mutant (51),
although the dentate gyrus of the NEX/Math2
mutant is apparently normal (52). In addition,
NDRF/NeuroD2 may also play an important role
in maintaining granule cell differentiation since it
is expressed in the dentate gyrus later then
BETA2/NeuroD1 and NDRF/NeuroD2 mediated
prox-1 expression is affected in the BETA2/ Neu-
roD1 knockout mice (19). Thus, all these related
genes may have some function in maintaining
granule cells of the dentate gyrus, although
BETA2/NeuroD1 is most likely the major player in
its differentiation.

Cerebellum

BETA2/NeuroD1 is expressed in the hindbrain
throughout mouse embryogenesis. BETA2/Neu-
roD1 transcripts are first detectable in the pri-
mordial cerebellum after E14 and reach high
levels during the prenatal period (35). The
noticeable increase in BETA2/NeuroD1 expres-
sion in the cerebellum correlates with granule
cell development (53,54). BETA2/NeuroD1 is
highly expressed in both external and internal
granule cells of the cerebellum between P5 and
P13. BETA2/NeuroD1 expression persists to
adulthood in the granule cell layer (20,35). Dur-
ing the active proliferation period of the granule
cell, around P5, BETA2/NeuroD1 is detected
mainly in the postmitotic cells, although some
was observed in the proliferating cells (35).

It has been reported that disruption of some
of the bHLH genes, such as chick neuronal stem
cell leukemia 1 (cNSCL1), lead to the abnormal
morphology of the cerebral tectum and cere-
bellum (55). Loss of BETA2/NeuroD1 has been
shown to result in a severe reduction in the
granule cell population of the cerebellum dur-
ing postnatal development (M.-J. Tsai, unpub-
lished data, 20). In these mutant mice, overall

size of the adult cerebellum decreases 75%.
More specifically, granule cells in the posterior
compartment of the cerebellum, lobule VII to
X, are almost completely missing, while the
population in the anterior compartment, lob-
ule I to VI, is dramatically reduced. In addi-
tion, foliation is less apparent when compared
to the wild-type littermates. The reduction in
the size of the cerebellum in BETA2/NeuroD1
knockout mice coincides with behavior prob-
lems such as impaired balance and abnormal
righting reflex. However, the cerebellar abnor-
malities are restricted only to the granular cell
population. Miyata et al. indicated that the
decrease of granule cells is not concomitant
with the loss of Purkinje cells or any other neu-
ronal cells in the BETA2/NeuroD1 knockout
(20). In contrast, our unpublished observations
indicate that there is a major decrease of Purk-
inje cells in the posterior lobes of BETA2/Neu-
roD1 mutant mice.

Although the cerebellums of the wild-type
and BETA2/NeuroD1 knockout mouse are not
much different in size and morphology at peri-
natal stages, abnormal foliation and size reduc-
tion become apparent after P2 (M.-J. Tsai,
unpublished data; 20). Apoptosis may be
responsible for the overall size reduction of the
cerebellum. Indeed, in BETA2/NeuroD1 knock-
out mice, apoptotic cells have been observed in
the premigrating zone of the inner half of the
external granule cell layer of the posterior
compartment of the cerebellum where postmi-
totic granule cells are confined at around P0
(M.-J. Tsai, unpublished data; 20).

Roles of BETA2/NeuroD1
in Sensory Nervous System

Retina

During embryogenesis, BETA2/NeuroD1 is
first expressed in scattered cells in the central
portion of the developing retina at E10.5. The
expression of BETA2/NeuroD1 extends from the
central to the lateral retina in both directions
to the lateral ends. The expression peaks at
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approximately E18.5 in outer half of the neu-
roblastic layer where differentiating photore-
ceptors are localized. By P3, most of the
BETA2/NeuroD1 expression was restricted to
the outer nuclear layer (ONL) where photore-
ceptor cell bodies reside and slightly expressed
in the inner nuclear layer (INL) where bipolar,
horizontal, and amacrine cells are distributed.
BETA2/NeuroD1 was expressed predominantly
in the ONL and remained at a stable level in the
adult retina (23). BETA2/NeuroD1 is expressed
only in the differentiating or differentiated cells
but not in proliferating cells in the retina
(23,56). Birth-dating experiments showed that
the role of BETA2/NeuroD1 as a terminal differ-
entiation factor; however, forced expression of
BETA2/NeuroD1 using viral vector in cultured
retinal cells resulted in an increase of rod pho-
toreceptors and amacrine cells, a decrease in
bipolar interneurons, and a complete loss of
Müller glial cells (46), indicating that
BETA2/NeuroD1 influences the neuron vs glial-
cell ratio in the developing retina.

BETA2/NeuroD1 knockout mice display a
50% reduction in rod-driven electroretino-
grams (ERGs) and a 65% reduction in cone-
driven ERGs at 2–3 mo of age. Neither rod-
nor cone-driven ERGs are detectable after 9
mo of age. These results are in consistent with
histological analysis, which indicates that
BETA2/ NeuroD1 knockout mice have a
reduced number of photoreceptor cells with
shortened outer segments of 1–3-mo-old mice.
The ONL is completely degenerated after 18
mo of age (23). This result suggests that
BETA2/NeuroD1 serves as a cell survival factor.
In accordance with this result, studies from
cultured retina cells showed that the loss of
BETA2/NeuroD1 resulted in cell death for a
subset of photoreceptors, delayed growth of
amacrine cells, and an increased number of
Müller glial cells (46). Beginning at E18.5,
there is an increased level of apoptosis in the
photoreceptor area in BETA2/NeuroD1 knock-
out mice until all photoreceptor cells are com-
pletely depleted by 18 mo. The apoptosis in
the BETA2/NeuroD1 knockout retina peaks
around P3 in the neuroblastic layer where

photoreceptor progenitor cells are localized.
We propose that the high level of apoptosis in
the BETA2/NeuroD1 knockout mice is likely
due to the synaptic abnormalities between
photoreceptors in the ONL and cells in the
INL (23). Although a single mutation of the
BETA2/NeuroD1 gene was not sufficient to
block neurogenesis of cells other than photore-
ceptor cells, amacrine cells differentiated nor-
mally but adopted the ganglion and glial cell
fate in double-mutation of BETA2/NeuroD1
and Math3 (57). These studies revealed that
BETA2/NeuroD1 plays an important role in the
neuronal subtype specification and terminal
differentiation of photoreceptors, and is
required for photoreceptor survival.

Inner Ear

The mammalian inner ear contains two major
compartments, the cochlea and the vestibule.
These organs are responsible for hearing and
balance, respectively. The cochlea and vestibule
have many hair cells in their epithelium, which
play important roles in transducing sound and
head movement to the brain as mechanorecep-
tors. BETA2/NeuroD1 is first detectable in the ear
anlage at the optic cup stage, around E8.5.
Prominent expression of BETA2/NeuroD1 can be
observed around E9 in the ventral part of the
otic vesicle, where the future cochlear-vestibu-
lar ganglion (CVG) and cochlea will be local-
ized. Therefore, BETA2/NeuroD1 expression
precedes the development of these structures
and persists in the CVG throughout the devel-
opment of the inner ear. Starting around E14,
BETA2/NeuroD1 begins to be expressed in the
vestibular sensory epithelium and persists until
hair-cell differentiation is completed. Low-level
expression of BETA2/NeuroD was observed in
the cochlear sensory epithelium (organ of Corti)
after E15.5 (21).

As shown in several studies, BETA2/Neu-
roD1 knockout mice exhibit several behavioral
problems, such as hyperactivity, circling, and
lack of righting reflex (19–21). The circling
behavior is characteristic of mice with defect in
the vestibular system, which is important for
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balance (58). Therefore, the lack of righting
reflex and abnormal balance behavior of
BETA2/NeuroD1 knockout mice indicate that
these mutants may have defects not only in
cerebellar motor function but also in the
vestibule system of the inner ear. Histological
analysis of BETA2/NeuroD1 knockout mice
showed that BETA2/NeuroD1 mutants fail to
maintain the population of vestibular ganglion
due to increased apoptosis (21,22). In addition
to the balance defect, BETA2/NeuroD1 mutants
also have defects in the cochlear system. A
study of auditory brainstem-evoked responses
(ABRs), a validation method for hearing,
revealed that BETA2/NeuroD1 knockout mice
are deaf (21). Histological analysis indicated
that mutant mice have a shortened cochlear
duct and defects in sensory epithelia of the
inner ear. In addition, similar to the vestibular
ganglion, the number of cochlear ganglion
neurons decreases with age through increased
apoptosis. By P7, more than 90% of cochlear
ganglion neurons have been lost.

In accordance with this phenotype, the
expression of neurotrophin receptors, TrkB
and TrkC, is decreased drastically or is unde-
tectable in the CVG of BETA2/NeuroD1 knock-
out mice, while their respective ligands,
brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT3) are not affected (21,22).
Some of the BETA2/NeuroD1-expressing neu-
rons are likely proliferative since they are also
labeled by BrdU, but the proliferating neu-
ronal cell number is unchanged in BETA2/
NeuroD1 knockout mice as compared to wild-
type (21). These results suggest that BETA2/
NeuroD1 plays an important role in the inner
ear as a differentiation factor and a survival
factor by directly and/or indirectly interacting
with neurotrophin factors.

Olfactory System

Since BETA2/NeuroD1 is expressed in the
developing and adult olfactory bulb and olfac-
tory epithelium, we are currently investigating
the roles of BETA2/NeuroD1 on olfactory neu-
ronal cell development. At P1, BETA2/NeuroD1

expression has been detected in the olfactory
bulb by several histological methods. This
olfactory expression declines gradually to a
moderate level during the early postnatal
period (35). In the developing and adult olfac-
tory bulb, BETA2/NeuroD1 expression was
observed mainly in granule cells of the mitral
cell layer, where differentiated olfactory neu-
rons are located, and in the ventricular zone of
the olfactory bulb, where premigratory olfac-
tory neurons or olfactory interneurons are
distributed. Low-level expression of BETA2/
NeuroD1 was observed in the rostral mitgra-
tory stream (RMS), a structure containing
neural progenitors that give rise to olfactory
bulb interneurons (J.-H. Cho and M.-J. Tsai,
unpublished data). In the developing olfactory
epithelium, BETA2/NeuroD1 transcripts can
first be detected at E10 in one to two cell layers
above the basement membrane (35,59). BETA2/
NeuroD1 expression in this layer begins to
expand to the whole layer of olfactory epithe-
lium and is significantly decreased in the
olfactory epithelium of adult mice (59). Inter-
estingly, most BrdU-incorporating cells in the
basal part of the olfactory epithelium also
expressed BETA2/NeuroD1, but BrdU-incorpo-
rating cells in the nasal cavity part did not
express BETA2/NeuroD1. The number of the
BETA2/NeuroD1-expressing cells that also
incorporated BrdU gradually decreased as the
animal got older (59).

The adult olfactory bulb and olfactory
epithelium of BETA2/NeuroD1 knockout mice
did not show any difference in size or mor-
phology when compared to the wild-type (J.-
H. Cho and M.-J. Tsai, unpublished data). Cell
fate determination and differentiation of olfac-
tory sensory neurons is controlled predomi-
nantly by Mash1 and Neurogenin1, respectively
(60). Following cell fate determination there
are two parallel regulatory cascades for olfac-
tory sensory neuron differentiation. BETA2/
NeuroD1 is involved in one branch of the
olfactory neuron regulatory cascade down-
stream of Neurogenin1, which is regulated by
Mash1. When BETA2/NeuroD1 was mutated,
the other parallel regulatory pathway, which
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is composed of early B cell factor 1 (Ebf1) and
lim-homeobox gene 1 (Lhx1), may compensate
for the lack of BETA2/NeuroD1 (60). In terms of
the neuronal cell maintenance function of
BETA2/ NeuroD1 as shown in retina (23), we
have found an increased number of apoptotic
cells in the olfactory epithelium of BETA2/Neu-
roD1 mutants (J.-H. Cho and M.-J. Tsai,
unpublished data). But in comparison to the
Mash1 mutant (61), the number of apoptotic
cells in the BETA2/NeuroD1 mutant olfactory
epithelium much lower. These results imply
that gene(s) that have a redundant function as
BETA2/NeuroD1 may also expressed in olfac-
tory sensory neuronal cells.

Summary

Development of the nervous system is
achieved by a progressive and stepwise
expression of certain sets of genes. Tissue-spe-
cific bHLH transcription factors, including
BETA2/NeuroD1, have been shown to play a
pivotal role in this developmental process. In
this review, we have examined the importance
of the BETA2/NeuroD1 gene to the develop-
ment of the nervous system. As a neuronal dif-
ferentiation factor, BETA2/NeuroD1 is required
for differentiation of cells committed to the
neuronal fate during the late stages of neuro-
genesis. Therefore, it must be working down-
stream of the determination factors such as
members of the neurogenin family. Indeed
BETA2/NeuroD1 is transcriptionally regulated
by all three members of this family. However,
little is known about heterodimerizing part-
ners and target genes of BETA2/NeuroD1,
which are needed to establish the signal path-
way of BETA2/NeuroD1 function. As for the
morphogenesis of the nervous system, BETA2/
NeuroD1 is prominently expressed in the dif-
ferentiation zone of the developing nervous
system, as shown in Table 1. This implies that
BETA2/NeuroD1 promotes certain cell types,
which are under the control of neurogenic
determination factors, into fully differentiated
neurons. In addition, the function of BETA2/

NeuroD1 is not limited to the differentiation
and morphogenesis of the nervous system;
BETA2/NeuroD1 plays an important role in the
maintenance of the nervous system, as a sur-
vival factor most likely by influencing the neu-
rotrophin pathways. Further studies are
needed to address the mechanisms of the
BETA2/NeuroD1 function on the development
of the nervous system.

Acknowledgments

We thank Dr. Debra E. Bramblett and Kurt
Schillinger for helpful comments on manu-
script preparation. M.-J.T. is supported by NIH
grant no. HD17379.

References

1. Murre C., McCaw P.S., and Baltimore D. (1989)
A new DNA binding and dimerization motif in
immunoglobulin enhancer binding, daughter-
less, MyoD, and myc proteins. Cell 56, 777–783.

2. Jan Y.N. and Jan L.Y. (1993) HLH proteins, fly
neurogenesis, and vertebrate myogenesis. Cell
75, 827–830.

3. Jan Y.N. and Jan L.Y. (1990) Genes required for
specifying cell fates in Drosophila embryonic
sensory nervous system. Trends Neurosci. 13,
493–498.

4. Jarman A.P., Grau Y., Jan L.Y., and Jan Y.N.
(1993) atonal is a proneural gene that directs
chordotonal organ formation in the Drosophila
peripheral nervous system. Cell 73, 1307–1321.

5. Akazawa C., Ishibashi M., Shimizu C., Nakan-
ishi S., and Kageyama R. (1995) A mammalian
helix-loop-helix factor structurally related to
the product of Drosophila proneural gene atonal
is a positive transcriptional regulator expressed
in the developing nervous system. J. Biol. Chem.
270, 8730–8738.

6. Lee J.E., Hollenberg S.M., Snider L., Turner
D.L., Lipnick N., and Weintraub H. (1995) Con-
version of Xenopus ectoderm into neurons by
NeuroD, a basic helix-loop-helix protein. Sci-
ence 268, 836–844.

7. Naya F.J., Stellrecht C.M., and Tsai M.J. (1995)
Tissue-specific regulation of the insulin gene by
a novel basic helix-loop-helix transcription fac-
tor. Genes Dev. 9, 1009–1019.

44 Cho and Tsai

Molecular Neurobiology Volume 30, 2004



8. Ma Q., Kintner C., and Anderson D.J. (1996)
Identification of neurogenin, a vertebrate neu-
ronal determination gene. Cell 87, 43–52.

9. Poulin G., Turgeon B., and Drouin J. (1997) Neu-
roD1/beta2 contributes to cell-specific trans-
cription of the proopiomelanocortin gene. Mol.
Cell Biol. 17, 6673–6682.

10. Sharma S., Jhala U.S., Johnson T., Ferreri K.,
Leonard J., and Montminy M. (1997) Hormonal
regulation of an islet-specific enhancer in the
pancreatic homeobox gene STF-1. Mol. Cell Biol.
17, 2598–2604.

11. Mutoh H., Fung B.P., Naya F.J., Tsai M.J., Nishi-
tani J., and Leiter A.B. (1997) The basic helix-
loop-helix transcription factor BETA2/NeuroD
is expressed in mammalian enteroendocrine
cells and activates secretin gene expression.
Proc. Natl. Acad. Sci. USA 94, 3560–3564.

12. Kim J.W., Seghers V., Cho J.H., Kang Y., Kim S.,
Ryu Y., et al. (2002) Transactivation of the
mouse sulfonylurea receptor I gene by
BETA2/NeuroD. Mol. Endocrinol. 16, 1097–1107.

13. Noma T., Yoon Y.S., and Nakazawa A. (1999)
Overexpression of NeuroD in PC12 cells alters
morphology and enhances expression of the
adenylate kinase isozyme 1 gene. Brain Res.
Mol. Brain Res. 67, 53–63.

14. Konishi Y., Ohkawa N., Makino Y., Ohkubo H.,
Kageyama R., Furuichi T., et al. (1999) Tran-
scriptional regulation of mouse type 1 inositol
1,4,5-trisphosphate receptor gene by NeuroD-
related factor. J. Neurochem. 72, 1717–1724.

15. Pozzoli O., Bosetti A., Croci L., Consalez G.G.,
and Vetter M.L. (2001) Xebf3 is a regulator of
neuronal differentiation during primary neuro-
genesis in Xenopus. Dev. Biol. 233, 495–512.

16. Hutcheson D.A. and Vetter M.L. (2001) The
bHLH factors Xath5 and XNeuroD can upregu-
late the expression of XBrn3d, a POU-home-
odomain transcription factor. Dev. Biol. 232,
327–338.

17. Naya F.J., Huang H.P., Qiu Y., Mutoh H.,
DeMayo F.J., Leiter A.B., et al. (1997) Diabetes,
defective pancreatic morphogenesis, and abnor-
mal enteroendocrine differentiation in BETA2/
neuroD-deficient mice. Genes Dev. 11, 2323–2334.

18. Mutoh H., Naya F.J., Tsai M.J., and Leiter A.B.
(1998) The basic helix-loop-helix protein BETA2
interacts with p300 to coordinate differentiation
of secretin-expressing enteroendocrine cells.
Genes Dev. 12, 820–830.

19. Liu M., Pleasure S.J., Collins A.E., Noebels J.L.,
Naya F.J., Tsai M.J., et al. (2000) Loss of BETA2/

NeuroD leads to malformation of the dentate
gyrus and epilepsy. Proc. Natl. Acad. Sci. USA
97, 865–870.

20. Miyata T., Maeda T., and Lee J.E. (1999) NeuroD
is required for differentiation of the granule
cells in the cerebellum and hippocampus. Genes
Dev. 13, 1647–1652.

21. Liu M., Pereira F.A., Price S.D., Chu M.J., Shope
C., Himes D., et al. (2000) Essential role of
BETA2/NeuroD1 in development of the vesti-
bular and auditory systems. Genes Dev. 14,
2839–2854.

22. Kim W.Y., Fritzsch B., Serls A., Bakel L.A.,
Huang E.J., Reichardt L.F., et al. (2001) NeuroD-
null mice are deaf due to a severe loss of the
inner ear sensory neurons during development.
Development 128, 417–426.

23. Pennesi M.E., Cho J.H., Yang Z., Wu S.H.,
Zhang J., Wu S.M., et al. (2003) BETA2/Neu-
roD1 null mice: a new model for transcription
factor-dependent photoreceptor degeneration.
J. Neurosci. 23, 453–461.

24. Zimmerman K., Shih J., Bars J., Collazo A., and
Anderson D.J. (1993) XASH-3, a novel Xenopus
achaete-scute homolog, provides an early
marker of planar neural induction and position
along the mediolateral axis of the neural plate.
Development 119, 221–232.

25. Sasai Y., Kageyama R., Tagawa Y., Shigemoto
R., and Nakanishi S. (1992) Two mammalian
helix-loop-helix factors structurally related to
Drosophila hairy and Enhancer of split. Genes
Dev. 6, 2620–2634.

26. Kageyama R., Sasai Y., Akazawa C., Ishibashi
M., Takebayashi K., Shimizu C., et al. (1995)
Regulation of mammalian neural development
by helix-loop-helix transcription factors. Crit.
Rev. Neurobiol. 9, 177–188.

27. Kageyama R., Ishibashi M., Takebayashi K., and
Tomita K. (1997) bHLH transcription factors
and mammalian neuronal differentiation. Int. J.
Biochem. Cell Biol. 29, 1389–1399.

28. Lee J.E. (1997) NeuroD and neurogenesis. Dev.
Neurosci. 19, 27–32.

29. Ishibashi M., Ang S.L., Shiota K., Nakanishi S.,
Kageyama R., and Guillemot F. (1995) Targeted
disruption of mammalian hairy and Enhancer
of split homolog-1 (HES-1) leads to up-regula-
tion of neural helix-loop-helix factors, prema-
ture neurogenesis, and severe neural tube
defects. Genes Dev. 9, 3136–3148.

30. Tomita K., Ishibashi M., Nakahara K., Ang
S.L., Nakanishi S., Guillemot F., et al. (1996)

Role of BETA2/NeuroD1 in Neurogenesis 45

Molecular Neurobiology Volume 30, 2004



Mammalian hairy and Enhancer of split
homolog 1 regulates differentiation of retinal
neurons and is essential for eye morphogene-
sis. Neuron 16, 723–734.

31. Helms A.W., Gowan K., Abney A., Savage T.,
and Johnson J.E. (2001) Overexpression of
MATH1 disrupts the coordination of neural dif-
ferentiation in cerebellum development. Mol.
Cell Neurosci. 17, 671–682.

32. Ma Q., Chen Z., del Barco Barrantes I., de la
Pompa J.L., and Anderson D.J. (1998) neuro-
genin1 is essential for the determination of neu-
ronal precursors for proximal cranial sensory
ganglia. Neuron 20, 469–482.

33. Roztocil T., Matter-Sadzinski L., Alliod C., Bal-
livet M., and Matter J.M. (1997) NeuroM, a
neural helix-loop-helix transcription factor,
defines a new transition stage in neurogenesis.
Development 124, 3263–3272.

34. Anderson D.J. (1995) Neural development. Spin-
ning skin into neurons. Curr. Biol. 5, 1235–1238.

35. Lee J.K., Cho J.H., Hwang W.S., Lee Y.D., Reu
D.S., and Suh-Kim H. (2000) Expression of neu-
roD/BETA2 in mitotic and postmitotic neu-
ronal cells during the development of nervous
system. Dev. Dyn. 217, 361–367.

36. Itoh F., Nakane T., and Chiba S. (1997) Gene
expression of MASH-1, MATH-1, neuroD and
NSCL-2, basic helix-loop-helix proteins, during
neural differentiation in P19 embryonal carci-
noma cells. Tohoku J. Exp. Med. 182, 327–336.

37. Farah M.H., Olson J.M., Sucic H.B., Hume R.I.,
Tapscott S.J., and Turner D.L. (2000) Generation
of neurons by transient expression of neural
bHLH proteins in mammalian cells. Develop-
ment 127, 693–702.

38. Platika D., Boulos M.H., Baizer L., and Fishman
M.C. (1985) Neuronal traits of clonal cell lines
derived by fusion of dorsal root ganglia neu-
rons with neuroblastoma cells. Proc. Natl. Acad.
Sci. USA 82, 3499–3503.

39. Cho J.H., Kwon I.S., Kim S., Ghil S.H., Tsai M.J.,
Kim Y.S., et al. (2001) Overexpression of
BETA2/NeuroD induces neurite outgrowth in
F11 neuroblastoma cells. J. Neurochem. 77,
103–109.

40. Huang H.P., Chu K., Nemoz-Gaillard E., Elberg
D., and Tsai M.J. (2002) Neogenesis of beta-cells
in adult BETA2/NeuroD-deficient mice. Mol.
Endocrinol. 16, 541–551.

41. Anderson D.J., Groves A., Lo L., Ma Q., Rao M.,
Shah N.M., et al. (1997) Cell lineage determina-
tion and the control of neuronal identity in the

neural crest. Cold Spring Harb. Symp. Quant.
Biol. 62, 493–504.

42. Katayama M., Mizuta I., Sakoyama Y., Kohyama-
Koganeya A., Akagawa K., Uyemura K., et al.
(1997) Differential expression of neuroD in pri-
mary cultures of cerebral cortical neurons. Exp.
Cell. Res. 236, 412–417.

43. Kanekar S., Perron M., Dorsky R., Harris W.A.,
Jan L.Y., Jan Y.N., et al. (1997) Xath5 participates
in a network of bHLH genes in the developing
Xenopus retina. Neuron 19, 981–994.

44. Brown N.L., Kanekar S., Vetter M.L., Tucker
P.K., Gemza D.L., and Glaser T. (1998) Math5
encodes a murine basic helix-loop-helix tran-
scription factor expressed during early stages of
retinal neurogenesis. Development 125,
4821–4833.

45. Morrow E.M., Furukawa T., Lee J.E., and Cepko
C.L. (1999) NeuroD regulates multiple func-
tions in the developing neural retina in rodent.
Development 126, 23–36.

46. Cai L., Morrow E.M., and Cepko C.L. (2000)
Misexpression of basic helix-loop-helix genes in
the murine cerebral cortex affects cell fate
choices and neuronal survival. Development 127,
3021–3030.

47. Pleasure S.J., Collins A.E., and Lowenstein D.H.
(2000) Unique expression patterns of cell fate
molecules delineate sequential stages of dentate
gyrus development. J. Neurosci. 20, 6095–6105.

48. Uittenbogaard M. and Chiaramello A. (2000) Dif-
ferential expression patterns of the basic helix-
loop-helix transcription factors during aging of
the murine brain. Neurosci. Lett. 280, 95–98.

49. Bayer S.A. (1980) Quantitative 3H-thymidine
radiographic analyses of neurogenesis in the rat
amygdala. J. Comp. Neurol. 194, 845–875.

50. Rickmann M., Amaral D.G., and Cowan W.M.
(1987) Organization of radial glial cells during
the development of the rat dentate gyrus. J.
Comp. Neurol. 264, 449–479.

51. Schwab M.H., Bartholomae A., Heimrich B.,
Feldmeyer D., Druffel-Augustin S., Goebbels S.,
et al. (2000) Neuronal basic helix-loop-helix
proteins (NEX and BETA2/NeuroD) regulate
terminal granule cell differentiation in the hip-
pocampus. J. Neurosci. 20, 3714–3724.

52. Schwab M.H., Druffel-Augustin S., Gass P.,
Jung M., Klugmann M., Bartholomae A., et al.
(1998) Neuronal basic helix-loop-helix proteins
(NEX, neuroD, NDRF): spatiotemporal expres-
sion and targeted disruption of the NEX gene in
transgenic mice. J. Neurosci. 18, 1408–1418.

46 Cho and Tsai

Molecular Neurobiology Volume 30, 2004



53. Goldowitz D. and Hamre K. (1998) The cells
and molecules that make a cerebellum. Trends
Neurosci. 21, 375–382.

54. Dahmane N. and Ruiz-i-Altaba A. (1999) Sonic
hedgehog regulates the growth and patterning
of the cerebellum. Development 126, 308.

55. Li C.M., Yan R.T., and Wang S.Z. (1999) Misex-
pression of cNSCL1 disrupts retinal develop-
ment. Mol. Cell. Neurosci. 14, 17–27.

56. Ahmad I., Acharya H.R., Rogers J.A., Shibata
A., Smithgall T.E., and Dooley C.M. (1998) The
role of NeuroD as a differentiation factor in the
mammalian retina. J. Mol. Neurosci. 11, 165–178.

57. Inoue T., Hojo M., Bessho Y., Tano Y., Lee J.E.,
and Kageyama R. (2002) Math3 and NeuroD
regulate amacrine cell fate specification in the
retina. Development 129, 831–842.

58. Gibson F., Walsh J., Mburu P., Varela A., Brown
K.A., Antonio M., et al. (1995) A type VII
myosin encoded by the mouse deafness gene
shaker-1. Nature 374, 62–64.

59. Nibu K., Kondo K., Ohta Y., Ishibashi T., Roth-
stein J.L., and Kaga K. (2001) Expression of
NeuroD and TrkB in developing and aged
mouse olfactory epithelium. Neuroreport 12,
1615–1619.

60. Cau E., Casarosa S., and Guillemot F. (2002)
Mash1 and Ngn1 control distinct steps of deter-
mination and differentiation in the olfactory sen-
sory neuron lineage. Development 129, 1871–1880.

61. Cau E., Gradwohl G., Fode C., and Guillemot F.
(1997) Mash1 activates a cascade of bHLH regu-
lators in olfactory neuron progenitors. Develop-
ment 124, 1611–1621.

Role of BETA2/NeuroD1 in Neurogenesis 47

Molecular Neurobiology Volume 30, 2004


	f0: 
	f1: 
	f2: 
	f3: 
	f4: 
	f5: 
	f6: 
	f7: 
	f8: 
	f9: 
	f10: 
	f11: 
	f12: 
	f13: 
	f14: 
	f15: 
	f16: 
	f17: 
	f18: 
	f19: 
	f20: 
	f21: 
	f22: 
	f23: 
	f24: 
	f25: 
	f26: 
	f27: 
	f28: 
	f29: 
	f30: 
	f31: 
	f32: 
	f33: 
	f34: 
	f35: 
	f36: 
	f37: 
	f38: 
	f39: 
	f40: 
	f41: 
	f42: 
	f43: 
	f44: 
	f45: 
	f46: 
	f47: 
	f48: 
	f49: 
	f50: 
	f51: 
	f52: 
	f53: 
	f54: 
	f55: 
	f56: 
	f57: 
	f58: 


