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Conversion of Xenopus Ectoderm
into Neurons by NeuroD, a Basic
Helix-Loop-Helix Protein

Jacqueline E. Lee,” Stanley M. Hollenberg, Lauren Snider,
David L. Turner, Naomi Lipnick, Harold Weintraubi

Basic helix-loop-helix (bHLH) proteins are instrumental in determining cell type during
development. A bHLH protein, termed NeuroD, for neurogenic differentiation, has now
been identified as a differentiation factor for neurogenesis because (i) it is expressed
transiently in a subset of neurons in the central and peripheral nervous systems at the time
of their terminal differentiation into mature neurons and (i) ectopic expression of neuroD
in Xenopus embryos causes premature differentiation of neuronal precursors. Further-
more, neuroD can convert presumptive epidermal cells into neurons and also act as a
neuronal determination gene. However, unlike another previously identified proneural
gene (XASH-3), neuroD seems competent to bypass the normal inhibitory influences that
usually prevent neurogenesis in ventral and lateral ectoderm and is capable of converting
most of the embryonic ectoderm into neurons. The data suggest that neuroD may
participate in the terminal differentiation step during vertebrate neuronal development.

Much of our understanding of neural fate
determination comes from studies of Dro-
sophila  where  basic  helix-loop-helix
(bHLH) genes are required for proper neu-
rogenesis. The bHLH proteins are transcrip-
tion factors that participate in several as-
pects of development, particularly in cell-
type determination, terminal differentia-
tion, and sex determination (I). Biochem-
ical and x-ray crystallographic studies have
shown that the HLH domain is required for
dimerization, whereas the basic region
makes specific contacts with DNA (2, 3).
In vertebrates, tissue specific bHLH pro-
teins, such as those encoded by the myoD
(myogenic determination) gene family, het-
erodimerize with members of the widely
expressed E proteins (2, 4) to promote myo-
genesis (4). In Drosophila, the Achaete-
Scute complex (AS-C) proteins het-
erodimerize with the widely expressed
Daughterless (Da) protein, which bears se-
quence similarity to E proteins (5), to pro-
mote neurogenesis (5, 6). These bHLH het-
erodimers then bind to the appropriate
DNA recognition sites termed E boxes
(CANNTG) (2) and activate transcription
of target genes that determine cell type.
Other bHLH proteins such as stem cell
leukemia (SCL) protein and the mammali-
an Achaete-Scute homolog 1 (MASH-1)
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have been implicated in hematopoiesis (7)
and neurogenesis (8), respectively. Ho-
modimers of bHLH proteins may also spec-
ify cell fate, as may be the case for the
mammalian E proteins (E2ZA) that are re-
quired for B-cell development (9). Tissue
specific bHLH proteins are often present as
families of related genes. These families
seem to (i) provide for overlapping or re-
dundant functions (for example, MyoD and
Myf-5) and (ii) to separate a determination
step (MyoD or Myf-5) (10) from a differen-
tiation step (myogenin) (11). In addition,
associated cis-acting control sequences may
respond to positional or temporal expres-
sion patterns for each member of the family.

In Drosophila, the genes of the AS-C
(achaete, scute, lethal of scute, and asense)
and atonal (ato) are known as proneural
genes and their encoded proteins function
as positive neural fate determination factors
(6, 12), much like the function played by
MyoD and Myf-5 in mammalian myogen-
esis. Thus far, there does not seem to be a
functional equivalent to myogenin among
the Drosophila proneural genes; that is, a
gene specifically involved in terminal dif-
ferentiation of neurons. The ability of the
proneural genes to generate neurons is neg-
atively regulated by a number of other pro-
teins, such as Notch, Delta, and the inhib-
itory HLH proteins, including Hairy and
Emc, and proteins of the Enhancer of the
split complex (6).

Whereas Drosophila has been a crucial
system for identifying genes controlling
neurogenesis, the amphibian embryo has
also been instrumental for the study of neu-
rogenesis. During Xenopus development, ec-
toderm can develop into either epidermal
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or neural tissue (13). Neural induction has
been considered an active process stimulat-
ed by inducing factors originating from the
Spemann organizer region and the involut-
ing axial mesodermal tissue (13). The epi-
dermal fate is thought to be the default state
that arises when inducers are absent. This
concept emerged from experiments with
animal cap (AC) explants derived from the
dorsal ectoderm of blastula stage Xenopus
embryos (14). In the absence of neural in-
ducing factors, AC explants take on an
epidermal fate. A candidate for such a neu-
ral inducer is Noggin (15). More recent
experiments, however, have suggested that
the default state may be the neural fate and
that neural induction may result from the
removal of endogenous inhibitors of neural
differentiation that are usually present in
AC explants (16—18). An initial indication
came from experiments in which many dis-
sociated single cells form Xenopus blastula
stage embryos differentiated into neuronal
cells when cultured in vitro (16). Recently,
Hemmati-Brivanlou and Melton showed
that a dominant negative activin receptor
can also cause cells in the AC explants to
differentiate into neural cells, as if the ac-
tivin receptor and its ligands actively pre-
vent neurogenesis (17). This view is sup-
ported by results with follistatin, which
binds activin (19) and also has been shown
to induce neurogenesis (18).

Vertebrate homologs of Drosophila pro-
neural genes have been cloned and assayed
in frogs by ectopic expression (20). Micro-
injection of RNA encoding Xenopus
Achaete-Scute homolog-3 (XASH-3) into
fertilized frog embryos causes a lateral ex-
pansion of the neural tube as presumptive
epidermis and neural crest cells take on a
neural fate (20). However, ventral and lat-
eral ectoderm do not convert to nerve,
which may be a result of specific inhibitors
present in these regions in the developing
embryo (20). MASH-1 has also been impli-
cated in neural development (8). The elim-
ination of MASH-1 by gene targeting leads
to defects in the autonomic nervous system
(a derivative of the neural crest) and in the
olfactory system (8).

We now describe a bHLH gene that is
transiently expressed in differentiating neu-
rons in mice and frogs and displays several
functional characteristics consistent with
its role as a differentiation factor for neuro-
genesis. We have termed this gene neuroD.

Cloning and expression analysis of neu-
roD. As a means of exploring the role of
bHLH proteins in cell-type specification
during development, we adapted gene tar-
geting techniques to the common HLH
partner, E2A, to assess the cell types that
are specified by heterodimers of tissue-spe-
cific bHLH and E proteins. Another way of
approaching this problem is to use the yeast



two-hybrid system of Fields and Song (21)
as modified by Hollenberg and co-workers
(22) to identify additional tissue-specific
HLH proteins. A fusion protein library of
VP16 and complementary DNA (cDNA)
was made from mouse embryonic stem cell
tumors that contained many differentiated
cell types (23, 24). The library was screened
for cDNAs that interacted with LexA-Da, a
fusion protein between the Drosophila Da
bHLH domain and the LexA-DNA binding
domain (22, 25). We screened more than 2
X 107 transformants and assayed the posi-
tive clones by pairing with LexA-lamin,
which served as a negative control (22).
Using the criteria that the clones from the
cDNA library interact with LexA-Da and
not with LexA-lamin (a non-HLH protein)
(22), we isolated the cDNA encoding the
bHLH protein that we call NeuroD.

The initial VP16-neuroD clone had ap-
proximately 450 base pairs (bp) that
spanned the bHLH region. We used this
clone to screen a cDNA library derived
from a mouse at embryonic day 10.5 (e10.5)
and a mouse genomic library to obtain the
full-length coding sequence (26). Transla-
tion of the mouse neuroD coding region
yielded a putative protein (40.1 kD) con-
sisting of 358 amino acid residues (Fig. 1).
The predicted NeuroD bHLH contained (i)
the conserved residues that are characteris-
tic of all members of the HLH protein
family and (ii) several distinctive residues at

the critical positions of the protein that
make it different from previously identified
HLH proteins (Fig. 2).

Expression of neuroD in mice was as-
sayed by in situ hybridization to mouse em-
bryo sections (28, 29). The neuroD RNA
was first detected in embryos at €9.0 to €9.5
in the developing trigeminal ganglia (30).
At ell.5, stronger expression was detected
in all of the cranial ganglia V to XI and
dorsal root ganglia (DRG) (Fig. 3, A and
B). In both the cerebral cortex and spinal
cord, regions outside, but not within, the
mitotically active ventricular zone showed
strong hybridization signals for neuroD ex-
pression (Fig. 3, D and E). Expression of
neuroD was also detected in sensory organs
where active neuronal differentiation was
occurring; the nasal epithelium and the ret-
ina of the eye expressed newroD in the
regions that contain differentiating neurons
(30). By el4.5, neuroD expression disap-
peared in the cranial ganglia and DRG
(where active neuronal differentiation had
ceased), but the expression persisted in the
brain and sensory organs (where active neu-
ronal differentiation still occurred). We
conclude from this analysis that neuroD is
expressed transiently in differentiating neu-
rons during mouse embryonic development
(31). In contrast, MASH-1 seems to be
expressed in mitotic neural precursor cells
in the central nervous system (CNS) (32).
For example, in situ hybridization on el1.5

embryo sections through the cerebral cortex
showed that MASH-1 was expressed in the
mitotic ventricular zone of the cortex
whereas neuroD was expressed in the cells
adjacent to this region containing a popu-
lation of postmitotic differentiating neurons
(Fig. 3, C and D). Although neuroD expres-
sion was high in the developing sensory
ganglia derived from the neural crest, its
expression was not observed in sympathetic
and enteric ganglia (30) that are also de-
rived from the migrating neurogenic neural
crest that requires MASH-1 for complete
differentiation (32).

We used microinjection into Xenopus
embryos (33) to examine the role of neuroD
during vertebrate neural development. We
isolated several cDNAs encoding the Xeno-
pus homolog of neuroD (34) and compared
predicted protein sequence to those of
mouse neuroD (Fig. 1). Sequencing of the
frog cDNA revealed high conservation of
the predicted NeuroD protein between
mouse and frog (35). We also identified,
through a computer search, a neuroD coun-
terpart in Caenorhabditis elegans (36). All
the predicted critical residues in the basic
domain are also found in C. elegans (Fig. 2).

The neuroD expression pattern in Xeno-
pus at different stages (37) was examined by
in situ hybridization to whole embryo (38)
that showed similar expression patterns to
those observed in mouse embryos. Expres-
sion was first detected at stage 14 (neural
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Fig. 1. Alignment of the predicted protein sequences of mouse, Xenopus,
and C. elegans NeuroD. The mouse coding sequence is based on the
sequences obtained from cDNA and genomic clones. The Xenopus se-
quence is derived from several cDNA clones. The C. elegans sequence
represents the predicted coding sequence from computer analysis of the C.
elegans cosmid C34E10, which was sequenced during the sequencing
project of C. elegans chromosome Il (38). The predicted first methionine
represents the first methionine after an upstream termination codon in all
three sequences. The sequences outside the predicted coding sequences

Trp; and Y, Tyr.
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diverge between mouse and frog. The basic, helix-1, loop, and helix-2
domains are boxed, and the preceding acidic domain in mouse and Xeno-
pus sequences is underlined. A solid line between the aligned sequences
represents identity and a colon () represents conserved change or similar-
ity. The C. elegans residues that are identical to mouse sequence but not to
Xenopus sequence are marked with (!). Abbreviations for the amino acid
residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,
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plate stage) in the trigeminal placodes in
the head (Fig. 3G). At the same time, we
detected expression in rows of primary neu-
rons adjacent to the midline of the spinal
cord and the lateral edges of the neural
plate, representing primary motor neurons
and Rohon-Beard cells (primary mech-
anosensory neurons), respectively, as as-
sessed by their positions in the embryo (Fig.
3, F and G) (39). Primary neurons are the
first neurons to differentiate and are respon-
sible for establishing the escape response
during early stages of Xenopus development
(39). By the tail bud stages all the cranial
ganglia showed strong expression patterns
(Fig. 3H), as observed in mouse embryos. In
Xenopus, as in other vertebrate organisms,
neural crest cells give rise to skeletal com-
ponents of the head, all ganglia of the pe-
ripheral nervous system (PNS), and pig-
ment cells (40). Among these derivatives
the cranial sensory ganglia, which are of
mixed neural crest and placode origin, ap-
pears to be the only group of cells that
express neuroD. Expression in the eye could
be correlated with active neuronal differen-
tiation in the retina at this stage (Fig. 3H)
(37, 41). Expression observed in the devel-
oping olfactory placodes and otic vesicles
was similar to that in mice (Fig. 3H). The
pineal gland also expressed neuroD. Expres-
sion of neuroD in Xenopus was also tran-
sient, suggesting that neuroD functions dur-
ing the neuronal differentiation process and
is not required for maintenance of these
differentiated cell types. However, neuroD
expression in the DRG, which was quite
high in developing mouse embryos, was not

Fig. 2. Alignment of the bHLH basic

observed in Xenopus embryos at the stages
examined probably because the few DRG
cells in Xenopus develop late, during the
tadpole state (after stage 39) (37, 39). Xe-
nopus embryos show stronger neuroD ex-
pression in the eye than do mouse embryos
of comparable developmental stage, a result
that perhaps could be due to the more rapid
neuronal differentiation in the Xenopus eye
(41). Thus, in both mice and frogs, neuroD
expression shows a temporal and spatial
correlation with neuronal differentiation in
a subset of neural tissues. The populations
of neurons that express neuroD are deriva-
tives of the neural crest, various placodes,
and the neural tube.

Conversion of both nonneural ectoder-
mal and neural crest cells into neurons by
ectopic expression of neuroD. We injected
in vitro generated transcripts (42) encoding
a fusion protein of a Myc-epitope-tag (Myc-
tag) and NeuroD (43) into one cell of two-
cell stage frog embryos in which the unin-
jected side of the embryo serves as an inter-
nal control. The effects of misexpression of
neuroD were assayed with specific antibod-
ies to neuronal cells (44) and digoxigenin-
labeled RNA probes (Figs. 4 and 5) (38).
The ventral and lateral epidermis on the
side of the embryos injected with neuroD
RNA showed ectopic expression of neural
cell adhesion molecule (N-CAM), a neural-
specific marker in Xenopus (45) (Fig. 4B).
We stained more than 150 neuroD RNA
injected embryos, and more than 98 percent
of these embryos showed ectopic N-CAM
staining on the injected side. We used dou-
ble-label immunostaining with antibodies

Jnc. helix 1

to the Myc tag and N-CAM to ensure that
the side of the embryo that was N-CAM—
stained was the injected side (Fig. 6E). Ec-
topic N-CAM immunostaining was first ob-
served at late neurula (stage 19) (Fig. 6D)
when N-CAM staining in the epidermis
showed no overt neuronal differentiation,
such as the formation of nerve processes.
These cells expressing N-CAM subsequent-
ly differentiated into morphologically typi-
cal N-CAM positive neural cells with pro-
cesses by tail bud stage (stage 24) (Fig. 4B).
Initial ectopic N-CAM staining at stage 19
was somewhat delayed and patterned in
that individual N-CAM positive cells were
surrounded by nonstaining neighbors (Fig.
7D). That the ectopic N-CAM expression
resulted from a direct effect on the pre-
sumptive epidermal cells, and not from ab-
errant neural cell migration into the lateral
and ventral epidermis, was confirmed when
we injected neuroD RNA into a single blas-
tomere of the top tier of 32-cell stage em-
bryos, which targeted the injection into
cells destined to become epidermis, and
obtained ectopic neuronal cells (46) (Fig. 6,
C and D). Ectopic generation of neurons by
neuroD was confirmed with other neural
specific markers, such as a neural-specific
class Il B-tubulin, acetylated a-tubulin, tan-
abin, neurofilament-M (NF-M), Xen-1, and
Xen-2 (Fig. 5, A to H) (47). These markers
displayed ectopic staining on the side in-
jected with neuroD RNA. Injection of neu-
roD mRNA into vegetal cells did not yield
any ectopic expression of neural markers,
suggesting the absence of cofactors or the
presence of inhibitors in vegetal cells.

helix 2

domains of NeuroD and other
bHLH protein family members.
The three-dimensional struc-
tures of bHLH proteins are high-
ly conserved (3), making it pos-
sible to compare residues at
specific positions. With the
MyoD sequence as a reference,
E''8 is conserved in all bHLH
proteins as well as in NeuroD;
this critical residue makes con-
tacts with C and A on one
strand of the consensus E box
(CANNTG) and the correspond-
ing T and G on the opposite

111 114 115 118

ADHEkAErMRHLSKVL!EIFETI!(HCTs- ---SNP

122 124

NERIPRVE IENA RIE AL
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m NeuroD
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C. NeuroD

m Twist

D. Atonal
D.AS-CT5
XASH-3
rMash-1
mNSCL

m SClL/tal1
mE12
D.Da
hMax

strand. L'22 in MyoD (which is an M in NeuroD, a Vin E12, and an R in Max)
is critical in determining the central NN residues of the E box. Each R residue
at this position in Max homodimer specifies the central symmetrical CG
residues by a direct contact with a G on the corresponding DNA strand. For
MyoD and E12 heterodimer, this residue is small and does not contact
DNA, and the central residues (GC) may result from indirect effects. Neu-
roD, with its M in this position, could also be expected to fall into this class.
Positions 114, 115, and 124, when exchanged from MyoD into E12, allow
E12 to activate myogenesis (27). Positions 114 and 115 are crucial residues
for transcriptional activation; they are highly conserved within families, but
differ between families. At both of these positions, NeuroD shares the
identical residues with the Twist and Atonal proteins. Both residues face the
DNA bases, and T''% of MyoD makes a direct contact with the T in the
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consensus. Many mutations in A"'#in MyoD inhibit transcriptional activation
without affecting DNA binding. Therefore, A''# is crucial for the positive
control activity. The MyoD crystal structure has suggested that A4 and
R (which are also present in NeuroD and Atonal) affect (communicate
with) each other. Usually the R'"" side chain makes a direct contact with the
last G of the consensus DNA sequence. However, when there is a bulky side
chain at position 114 (as in the case of the N in E12 or the H in Max), the R"""
side chain is constrained and flips out, pointing away from the DNA, thus
possibly causing a conformational change that can alter interactions with basal
transcription factors. In MyoD, K'24is on the outside of the basic region o helix
and may be recognized by a cofactor involved in transcription. Although this
position .is conserved in individual bHLH proteins (and their families), it is
variable between families. The G at this position occurs only in NeuroD.

12 MAY 1995



RESEARCH ARTICLE

We used several markers (including
HNK-1, shaker-1, and islet-1) that detect
Rohon-Beard cells (48) to test whether pri-
mary neurons are generated by ectopic neu-
roD expression because neuroD is normally
expressed in a subset of developing primary
neurons (such as primary motor neurons and
Rohon-Beard cells). More cells were stained
with these markers on the injected side than
on the other (Fig. 6, E to H), indicating that
ectopically expressed neuroD can convert
nonneuronal cells (that is, presumptive epi-
dermis) to neurons, including those with
primary neuron characteristics.

In order to confirm that NeuroD can
convert uninduced ectodermal tissue into
neurons, we injected neuroD RNA bilater-
ally in two-cell stage Xenopus embryos, iso-
lated animal cap explants at mid-blastula
stage, and cultured these until their unin-
jected sibling embryos reached tail bud
stage (stages 26 to 34) (49). We observed
N-CAM staining only in the animal cap
explants that were injected with neuroD (54
percent of these showed N-CAM staining,
N = 50) (Fig. 6, A and B). The staining in
the animal cap cells seemed stable and per-
sisted at least for 64 hours of incubation, an
indication that neuroD could convert unin-
duced animal cap cells into neural cells in
the absence of neural induction.

In wild-type embryos, the cells of the
cephalic neural crest migrate and form most
of the head structure, including cranial car-
tilage, muscle tissue, and nerve cells (40).
In embryos injected with neuroD, there was
often an increased cell mass in the region
from which the cranial neural crest and its
derivatives originate (Figs. 4B, 5, B, D, and
F, and 7D). To examine whether neuroD
converted the nonneural components of
neural crest cells into the neural lineage, we
used neuroD injected embryos to assay for
alterations in the expression of Xtwi, the
Xenopus homolog of Drosophila twist (50). In
wild-type embryos, Xtwi is expressed in the
nonneural population of cephalic neural
crest cells that give rise to the connective
tissue and skeleton of the head (Fig. 8A)
(50). At stage 16, embryos injected with
neuroD gave no evidence of Xtwi expression
in the migrating cranial neural crest cells on
the injected side (Fig. 8B). The failure to
generate sufficient cranial mesenchymal
neural crest precursors in embryos injected
with neuroD was evident morphologically
because branchial arch development in the
head was deficient in many of the injected
embryos (51). Furthermore, the increased
mass of cells in the cephalic region stained
for N-CAM, B-tubulin, and Xen-1 (Figs. 4B,
5, B and D, and 6C), an indication that
these cells were neural in character. The
converse experiment in which frog embryos
were injected with Xtwi RNA (52, 53)

revealed that ectopic expression of Xtwi

Fig. 3. Expression patterns of neuroD in mouse and frog embryos. In situ hybridization on mouse
embryo sections {(€11.5, A to D; e10.5, E) and whole Xenopus embryos (F to H) with digoxigenin-
labeled RNA probes. (A) and (B) are parasagittal sections, as shown on the diagram: (A} and (B)
correspond to close serial sections photographed in dark-field and bright-field, respectively. Expres-
sion of neuroD is detected in the cranial ganglia (g¥-*), dorsal root ganglia (DRG), and spinal cord (sc),
as labeled in (B). (C and D) Close serial frontal sections of midbrain hybridized to MASH-1 and neuroD
probes, respectively. MASH-1 is expressed in the mitotically active ventricular zone (vz) in the cortex,
whereas neuroD is expressed mostly outside the vz. (E) A bright-field picture of an e10.5 sc section
hybridized to neuroD probe. Expression is visible in the DRGs next to the sc. Within the sc, neuroD is
expressed more intensely in the regions outside the vz (arrowhead). (F to H) Whole mount in situ
hybridization on Xenopus embryos. At stage 14, neuroD is expressed in the primary neurons in the sc
(F and G), the primary motor neurons (arrowheads), the Rohon-Beard cells (black arrows), and in the
trigeminal placode (G, white arrow); in tail bud stage embryos (stage 24) (H), neuroD is expressed in
all the cranial ganglia, eye, olfactory placode, pineal gland, and several places in the CNS including the
mid- and hindbrain boundary and rhombomeres.

WT + neuroD

N-CAM
N-CAM

Fig. 4. Ectopic N-CAM expression in frog embryos injected with neuroD RNA. Immunostaining with an
antibody to N-CAM on a wild-type (WT) embryo at the tail-bud stage (stage 24) (A), and on a neuroD
injected embryo (B) that showed ectopic conversion of neural crest and epidermal cells into neurons.
Ectopic neurons displayed terminally differentiated neuronal morphology with processes. Microinjection
of RNA was routinely performed by injecting approximately 4 to 5 nl of RNA (100 pg/nl, in water) into one
cell of two-cell stage Xenopus embryos at two positions in the animal hemisphere.
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decreased neuroD expression on the inject-
ed side (Fig. 8, E and F). Thus, two mem-
bers of the bHLH family, neuroD and Xtwi,
may compete for defining the identity of
different cell types derived from the neural
crest. In the embryos injected with neuroD,
exogenous neuroD may have induced
premigratory neural crest cells to differenti-
ate into neurons in situ, and consequently
these cells do not migrate to their normal
positions. However, injections of neuroD
RNA did not affect all neural crest cells
because even in the most severely affected
animals, the head structure remained par-
tially formed.

Premature differentiation of neural
precursors in the CNS by exogenous neu-
roD. The effect of the introduced neuroD
on the fate of (i) cells that normally express
neuroD, such as cranial ganglia, eye, otic
vesicle, olfactory organs, and primary neu-
rons, and (ii) other CNS cells that normally
do not express neuroD was then examined.
When the cranial region of the embryo was
severely affected by ectopic neuroD, the
injected side of these embryos displayed
either small eyes or none at all, and poorly
organized brains, otic vesicles, and olfactory
organs (54) (Figs. 4B and 5, B, D, and F).
As the embryos grew, the spinal cord was
retarded, remaining thinner and shorter on
the side injected with neuroD. Several dif-
ferentiation markers were then used to ex-
amine whether these phenotypes resulted
from premature differentiation and growth
arrest of neural precursor cells.

The first indication that neuroD might
cause premature differentiation in the CNS
came from N-CAM staining in neurula
stage embryos (stage 19). In the normal
embryo at early stages, N-CAM staining is
not uniform throughout the entire neural
plate, but is more prominent in the medial
region of the neural plate (45). When in-
jected embryos were analyzed for N-CAM
expression, the neural plate on the injected
side of early stage embryos stained more
intensely and more laterally (Fig. 7D). This
increase in N-CAM staining was not asso-
ciated with lateral expansion (54), in con-
trast to what had been seen with XASH-3
injection that caused neural plate expan-
sion (20). These observations suggest that
neuroD causes neural precursors in the neu-
ral plate to differentiate prematurely. This
hypothesis was tested with two neural
markers, neural specific B-tubulin and tan-
abin, which are expressed in differentiated
neurons (47) Ectopic B-tubulin positive
cells were already detected on the injected
side at the end of gastrulation (stage 12)
when the control side did not yet show any
B-tubulin positive cells (Fig. 7A). At stage
14, overexpression of neuroD increased the
B-tubulin signals in the region of the neural
plate containing primary neurons (Fig. 7, B
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and C). In addition, tanabin was expressed
in more cells in the spinal cord on the
neuroD-injected side of these embryos at
stage 14 (51). Thus, overexpressed neuroD
resulted in an initial expansion of the neu-
ronal population in the CNS, possibly due
to the premature differentiation of neural
precursors. Subsequently, cells may with-
draw from the cell cycle, depleting the mi-
totic neural precursor population and re-
sulting in the poor eye and spinal cord
development observed later. Another pos-
sibility (one that does not explain the phe-
notypic effects seen at later stages) is that
the extra cells that express these neural
markers in the CNS may not represent
prematurely differentiated neural precur-
sors, but rather precursors of nonneuronal
cell types, such as glial cells, that are con-
verted to neurons (55).

In summary, neuroD is transiently ex-
pressed in the embryonic tissues that con-

P-tubulin

tanabin

NF-M

tain terminally differentiating neurons in
both mice and frogs. These neurons arise
from different ectodermal derivatives such
as the neural crest, placodes, and the CNS,
and are not obviously related by functional
properties, position, lineage, time of differ-
entiation, or the expression of any known
set of molecular markers. The expression
pattern of neuroD is, therefore, consistent
with its participation in the differentiation
process of many neuronal cell types, which
is now being tested by gene targeting. Other
factors would have to interact with NeuroD
to define precisely the type of neuron being
generated at any particular time and place.
Proteins that contain the LIM homeodo-
main motif might form a class of such fac-
tors (56).

The ectopic expression experiments sug-
gest that (i) neuroD expression is sufficient
to convert both nonneural populations of
neural crest and presumptive epidermal

+ neuroD

Xen-1

Fig. 5. Ectopic expression of other neural markers in neuroD RNA-injected frog embryos. (A and B)
B-tubulin expression and (E and F) tanabin expression were detected by in situ hybridization. (C and
D) Xen-1 and (G and H) NF-M proteins were detected by immunostaining. Wild-type embryos were
either uninjected embryos (A, E, and G) or the uninjected side of an injected embryo (C). Embryos
stained for NF-M (G and H) have been cleared (47). In situ hybridization with a B-tubulin probe without
the ribonuclease treatment step detects ciliated epidermal cells (47) (as in A, dots over the epidermis).
SCIENCE
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cells or AC cells into neurons. This cell fate
conversion can occur in the apparent ab-
sence of neural induction. Moreover, the
capacity of neuroD to activate neuronal dif-
ferentiation seems to overtide any inhibi-
tors present in the ectoderm. (ii) neuroD
causes neuronal precursors within the CNS
to terminally differentiate before and simul-
taneously with endogenously differentiating
neurons. We interpret this as premature
differentiation of neural precursor cells,
which is consistent with expression data
indicating that neuroD is expressed only in
cells undergoing neuronal differentiation.

N-CAM

N-CAM

HNK-1

Islet-1

These observations suggest that neuroD may
control the initiation of terminal differen-
tiation in a subset of neurons during verte-
brate development. (iii) The capacity for
neuroD to generate ectopic neurons seems
limited to ectodermal derivatives (57). We
detected ectopic neuron formation or pre-
mature neuronal differentiation only in the
CNS, neural crest derivatives, and epider-
mal cells. It is possible that neuroD requires
an ectoderm-specific factor or cofactor to
induce neuronal differentiation or to escape
endogenous inhibitors. While the capacity
of neuroD to convert ectodermal cells into

Fig. 6. Conversion of AC explants and epidermal precursors into neurons and generation of ectopic
primary neurons by neuroD. (A and B) N-CAM expression in uninjected and neuroD-injected AC explants,
respectively. (C) N-CAM expression in a wild-type control embryo (top) and in an embryo that had been
injected with neuroD RNA into a single blastomere in the top tier at the 32-cell stage (bottom). In the
injected embryo, extensive N-CAM staining is visible in the lateral and ventral epidermis without any effect
on the nervous system. (D) A high magnification of the epidermis of the injected embryo in (C). The
N-CAM-positive cells display morphological phenotype of neurons with processes. Generation of ec-
topic primary neurons was detected with antibodies to HNK-1 (E and F) and islet-1 (G and H). (E) HNK-1
immunostaining of a wild-type embryo and (F) a neuroD RNA-injected embryo. (G) Islet-1 staining of the
neurula stage (stage 19) embryos that have been injected with neuroD on one side at the two-cell stage.
The injected sides are marked as *“+"’ on the cranial side of each embryo. (H) High magnification of the
dorsal region of an embryo shown in (G). The wild-type side shows islet-1 expressing Rohon-Beard (R-B)
cells as a single row of cells near the midline on the dorsal surface. The injected side shows more
islet-1—positive cells in a wider area and deeper layers.
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neurons might suggest a determination
function, we prefer the hypothesis that neu-
roD is more likely to function as a differen-
tiation factor during normal embryogenesis,
on the basis of its expression pattern and
the earlier expression of XASH-3.

Our results with ectopic expression of
neuroD independently raise an intriguing
issue with regard to pattern formation. The
early pattern of ectopic neurons generated
by neuroD at the neurula stage (stage 19), as
assayed by N-CAM staining, shows neurons
surrounded by cells that do not express this
marker, even though the ectopically inject-
ed neuroD RNA should be present in most
cells in the injected region of the embryo
(Fig. 6E). This pattern is reminiscent of the
pattern generated by lateral inhibition dur-
ing Drosophila neurogenesis, and thus raises
the following possibilities: (i) neuroD not
only activates a terminal neurogenic path-
way, but also a lateral inhibition (or some-
thing like lateral inhibition) pathway (6),
or (ii) there is already such a pre-pattern in
the ectoderm. Some evidence for the latter
comes from the fact that there is a regular
pattern of ciliated epidermal cells on frog
skin that can be detected by tubulin markers
(Fig. 5, A and B) (58). Whatever generates
such a pattern might interact with neuroD
so that neuroD activity mirrors the under-
lying patterning of epidermis. Evidence that
proneural genes can activate some lateral
inhibition genes is also available (20, 59).

In mice, ectopic expression and gene
targeting experiments have led to the con-
clusion that MyoD and Myf-5 are redun-
dant myogenic determination factors (10)
and that myogenin is a differentiation fac-
tor (11). QOur ectopic expression studies
with NewroD cannot readily distinguish
whether neuroD is a determination (pro-
neural) or differentiation factor. However,
the fact that neuroD is expressed in differ-
entiating cells and not in mitotic neural
precursors and that it causes premature dif-
ferentiation of neural precursors suggest a
role as a differentiation factor, perhaps sim-
ilar to myogenin. If true, it is clear that
NeuroD must be just one of the factors in
specifying the vast array of neuronal cell
types.

We believe that there is an important
distinction between determination and dif-
ferentiation factors in regard to their re-
sponse to inhibitory factors. In myogenin mu-
tant mice, muscle precursors (myoblasts) are
formed at the right place, time, and number
(under the determinative influence of
MyoD or Myf-5), but they fail to differenti-
ate in situ; however, when placed in culture,
they differentiate normally into myotubes
(11). These results suggest that inhibitors
present in the embryo prevent MyoD or
Myf-5 from activating the terminal differen-
tiation pathway in the embryo while myo-
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Fig. 7. Premature differentiation of neural precur-
sors by ectopically expressed neuroD. The inject-
ed sides are marked as ““+’ on the cranial side of
each embryo. (A to C) In situ hybridization on
unilaterally injected embryos at the neural plate
stage with B-tubulin (3-tub). (A) The earliest ectop-
ic B-tubulin—positive cells in the neuroectoderm
generated by ectopically expressed neuroD are
observed at the medium yolk plug stage (stage 12)
during gastrulation, when the wild-type side does
not yet show any B-tubulin-positive cells. (B) The
injected side displays extra B-tubulin—positive
cells within the neural plate, in addition to ectopic
B-tubulin— positive cells in the epidermis. A high
magnification picture (C) shows formation of extra
neurons at the positions where interneurons (in),
primary motor neurons (mn), and Rohon Beard
neurons (RBn) arise in the spinal cord. (D) N-CAM
staining of neuroD RNA-injected embryos at
stage 19. On the injected side, the staining in the
neural tube is wide, but the neural tube itself is of
normal size, unlike XASH-3-injected embryos that
display expanded neural tube (20). In addition,
ectopic, but isolated, N-CAM-staining pattern
can be seen in the epidermis. At this stage, N-
CAM-staining cells have not yet formed neuronal
processes. (E) Double staining of one of the em-
bryos shown in (D) with an antibody to Myc-
epitope tag (MT), which is shown in purple stain-
ing, indicating that the side of the embryo with
wider neural tube and ectopic epidermal staining for N-CAM is indeed the injected side.

Fig. 8. Effects of neuroD and Xtwi on neural crest cells. In situ hybridization with an Xtwi probe on a neural
plate state (stage 16) wild-type embryo (A} and its sibling embryos that had been injected with neuroD
RNA on one side (B). The injected sides are marked as “‘+' on the cranial side of each embryo; neuroD
causes suppression of Xtwi expression on the injected side. (C) A frontal cut (at the cephalic neural crest)
of a neuroD-injected tail bud stage (stage 24) embryo that was immunostained with an antibody to
N-CAM. Most of the cephalic neural crest cells on the injected side stained with N-CAM. (D to F) In situ
hybridization with neuroD probe on Xiwi-injected embryos. (D) Early neural plate state (stage 14) embryo
is missing neuroD expression in the trigeminal placode (unfilled white arrow) and R-B cells (filed white
arrow) on the injected side. (E) Wild-type neuroD expression at tail bud stage (stage 24). (F) Reduced
neuroD expression in Xtwi-injected embryos at stage 24.
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genin can bypass the effects of these embry-
onic inhibitors, perhaps because it does not
contain a target site for such inhibitors.
Therefore, in the absence of myogenin,
MyoD or Myf-5 are competent to induce
terminal differentiation only if inhibitors are
removed, as seems to occur when cells are
placed in culture (11). In frog embryos, re-
lated results are seen with frog MyoD, which
contains a domain that responds to endog-
enous inhibitors that block nuclear entry
(53). Similarly during Xenopus neural devel-
opment, XASH-3 is expressed earlier than
neuroD, but its ectopic expression, which
causes expansion of the neural tube in the
dorsal part of the embryo, cannot force ven-
tral and lateral ectoderm to differentiate
into nerve (20). In contrast, neuroD can
readily do this, possibly because it does not
harbor targets for endogenous inhibitors pos-
sibly present in XASH-3.

In Drosophila, the distinction between a
determination and a differentiation step is
not apparent during neurogenesis. Al-
though the asense (ase) gene seems to be
involved in events downstream of the pro-
neural determination step (60), there are
qualitative functional and sequence differ-
ences between ase and neuroD: (i) ase is
expressed in cells that are still dividing,
whereas neuroD is expressed in postmitotic
cells; (ii) misexpression or overexpression of
ase does not result in premature differenti-
ation as observed with neuroD; (iii) ectopic
expression of ase causes formation of ectop-
ic sensory organs only in very restricted
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regions of the epidermis. In contrast, misex-
pression of neuroD in Xenopus can form
ectopic neurons in most of the epidermis,
again suggesting that neuroD may not be
sensitive to inhibitors (for example, Emc or
Id) to which ase may be (6, 60).

The lack of a clear distinction between
determination and differentiation genes in
Drosophila may be due to the existence of a
complex dorso-ventral (D-V) and anterior-
posterior (A-P) coordinate system that al-
lows a precise temporal and spatial regula-
tion of the terminal differentiation of dif-
ferent types of neuron or muscle cell. In
vertebrates, specification may be more con-
textual, depending on where and when a
precursor of a specific cell type (for exam-
ple, myoblast or neuroblast) finds itself. De-
termination genes, such as MyoD, Myf-5, or
XASH-3 proteins, might have originally
been differentiation competent. However, a
need for additional and new types of muscle
and nerve cells may require a mechanism to
cease differentiation and to increase cell
number so that already specified myoblasts
and neuroblasts could migrate to the appro-
priate place and differentiate at the appro-
priate time. One adaptation might have
been the addition of inhibitory domains to
these genes, thus making these domains
responsive to new and, perhaps, more reg-
ulatable environment cues.

Therefore, there may be a reason for the
evolution of separate determination and
differentiation genes; namely, that one (de-
termination) is responsive to inhibitory sig-
nals and the other (differentiation) is not.
Removal of the inhibitory effects for deter-
mination genes and their activation of
downstream differentiation genes can then
be controlled by the environmental cues
and generally available signal transduction
cassettes (61). In the cases of neurogenesis
and myogenesis, this may involve complex
signals from the neural tube or notocord
(62). For neurogenesis, removal of negative
factors might occur by classical neural in-
duction (I13). Proposed differentiation
genes such as myogenin or neuroD may not
contain such inhibitory domains and hence,
when expressed, can bypass negative signals
and rapidly program a terminally differenti-
ated state.
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