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Sensory systems are specialized to recognize environmental changes. Sensory organs are complex structures composed of different cell
types, including neurons and sensory receptor cells, and how these organs are generated is an important question in developmental
neurobiology.

The posterior lateral line (pLL) is a simple sensory system in fish and amphibians that detects changes in water motion. It consists of
neurons and sensory receptor hair cells, both of which are derived from the cranial ectoderm preplacodal region. However, it is not clearly
understood how neurons and the sensory epithelium develop separately from the same preplacodal progenitors.

We found that the numbers of posterior lateral line ganglion (pLLG) neurons, which are marked by neurod expression, increased in
embryos with reduced Notch activity, but the forced activation of Notch reduced their number, suggesting that Notch-mediated lateral
inhibition regulates the pLLG cell fate in zebrafish. By fate-mapping analysis, we found that cells adjacent to the pLLG neurons in the
pre-pLL placodal region gave rise to the anterior part of the pLL primordium (i.e., sensory epithelial progenitor cells), and that the choice
of cell fate between pLLG neuron or pLL primordium was regulated by Notch signaling. Since Notch signaling also affects hair cell fate
determination at a later stage, our study suggests that Notch signaling has dual, time-dependent roles in specifying multiple cell types
during pLL development.

Introduction
Sensory systems are composed of multiple cell types, including
sensory receptor cells and neurons. Sensory receptor cells con-
nect to sensory neurons to transmit environmental informa-
tion to the brain. Many sensory organs, including olfactory
epithelium and inner ear, are derived from ectodermal pla-
codes in the vertebrate cranial region. How such complex
structures are formed remains a fundamental question in de-
velopmental neurobiology.

The lateral line is an anamniote mechanosensory organ that
detects local water flow; it is closely related to the amniote audi-
tory system. The lateral line system consists of mechanoreceptive

neuromasts distributed over the body’s surface. Each neuromast
is composed of hair cells (i.e., mechanosensory receptors) and
surrounding support cells. The zebrafish posterior lateral line is
derived from an ectodermal placode in the cranial region, adja-
cent to the otic vesicle, that becomes morphologically visible at
�18 h postfertilization (hpf). This placode consists of an anterior
group of cells that become posterior lateral line ganglion (pLLG)
neurons and, posterior to them, the posterior lateral line primor-
dium (pLLP), which gives rise to the neuromasts. The primor-
dium migrates caudally, depositing groups of cells at regular
intervals; these cells later differentiate into neuromasts. The
posterior lateral line (pLL) system has been used to study cell
migration and sensory organ development (Ghysen and Dambly-
Chaudière, 2007; Ma and Raible, 2009). However, how ganglion
neurons and sensory-hair precursor cells form from the pLL pla-
code is unclear.

Before and at the start of placode formation, several genes are
expressed in the pre-pLL region. six and eya family genes are
expressed in all placode precursors (Schlosser, 2006). Although
their functions in the pLL system have not been fully investigated,
they are involved in otic placode formation (Zheng et al., 2003;
Zou et al., 2004; Kozlowski et al., 2005). The bHLH transcription
factors neurog1 and neurod begin to be expressed in pLLG neu-
rons before the pLL placode appears. Loss-of-function analysis
revealed that neurog1 is involved in pLLG but not neuromast hair
cell development (Andermann et al., 2002). Therefore, segrega-
tion of the neuronal and sensory epithelial lineages occurs before
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the morphological appearance of the pLL placode, although how
segregation is achieved remains uncertain.

The Notch-signaling pathway is highly conserved among spe-
cies and regulates cell fates in a variety of tissues (Artavanis-
Tsakonas et al., 1999). Notch family proteins are activated by the
ligands Delta and Jagged, whose functions are modulated by the
ubiquitin ligase Mib (Itoh et al., 2003; Koo et al., 2005; Lai et al.,
2005). In Drosophila, Notch signaling regulates distinct cell fates
sequentially during sensory organ precursor development in the
peripheral nervous system (PNS) (Guo et al., 1996; Zeng et al.,
1998). However, in vertebrate sensory organ development, the
sequence of Notch signaling functions has not been fully
examined.

Here, we examined Notch signaling in zebrafish pLL develop-
ment and found a previously uncharacterized early role in the fate
determination between neuron and sensory epithelial cell pro-
genitors. Since Notch signaling also plays a later role in hair cell
fate determination, this finding indicates that Notch signaling has
time-dependent dual roles during pLL development.

Materials and Methods
Fish maintenance and mutants. Zebrafish were raised and maintained
under standard conditions. The mib ta52b mutant was described previ-
ously (Itoh et al., 2003). The deltaA mutant was newly identified from
Tol2 insertion screening by the Kawakami Group (National Institute of
Genetics, Mishima, Japan). The Tol2 trap vector is inserted into the first
exon of the deltaA gene; a detailed analysis of this mutant line will be
reported elsewhere. The Tg(neurod:EGFP) (Obholzer et al., 2008) and
Tg(cldnB:lynGFP) (Haas and Gilmour, 2006) fish strains were obtained
from Dr. Nechiporuk (Oregon Health and Science University, Portland,
OR) and Dr. Gilmour (European Molecular Biology Laboratory, Heidel-
berg, Germany), respectively. Males and females of these strains were
mated to generate embryos.

Heat shock experiments. For Notch gain-of-function analyses, embryos
were obtained from matings between Tg(UAS:myc-Notch1a-intra) and
Tg(hsp70:Gal4) carriers (Scheer et al., 2002). Notch1aICD (ICD, intra-
cellular domain) expression was induced by heat shock at 40°C for 30
min at the 5 somite stage (ss), after which the embryos were incubated at
28.5°C until fixation. After in situ hybridization, the embryos were di-
gested by proteinase K and genotyped by PCR, as previously described
(Scheer et al., 2002).

Whole-mount in situ hybridization and antibody staining. Whole-
mount in situ hybridization was performed as described previously
(Yamamoto et al., 2010). Previously published probes were used for
neurod (Korzh et al., 1998), neurog1 (Blader et al., 1997), deltaA,
deltaB, deltaD (Haddon et al., 1998a), Notch1a (Bierkamp and
Campos-Ortega, 1993), notch3 (Itoh and Chitnis, 2001), six1b
(Bessarab et al., 2004), and atoh1a (Kim et al., 1997). Whole-mount
antibody staining was performed using the following antibodies. Anti-
GFP antibodies were purchased (Living Colors A.v. Peptide Antibody, Clon-
tech). A rabbit polyclonal CldnB antibody was generated against peptides
CPEKSDSGKYTAKY (aa 185–198) and CATPRSEASAPSGKNFV (aa 200–
215) of zebrafish CldnB. Alexa Fluor 488 anti-mouse IgG or Alexa Fluor 594
anti-rabbit IgG (Invitrogen) were used as the secondary antibodies. For dou-
ble staining of in situ hybridization and GFP, in situ hybridization was per-
formed first, followed by anti-GFP staining.

Morpholino antisense oligonucleotide injection. Morpholino oligonu-
cleotide (MO) sequences (Gene Tools) and the dose injected were as
follows: deltaB MO, 5�-GTTCCTTACCAACTGCAACAGCGA-3�, 5 ng;
notch1aATG MO, notch1aUTR MO, notch3ATG MO, and notch3UTR
MO, as described previously, 2 ng (Tsutsumi and Itoh, 2007); deltaD
MO, 5 ng (Holley et al., 2002); and rbpja/b MO, 5 ng (Sieger et al., 2003).

A standard control MO from Gene Tools was used as a control. Each
MO was injected into one- to two-cell stage embryos.

Fate mapping and time-lapse analyses. Fate mapping analysis was per-
formed with PATagRFP (Subach et al., 2010). To synthesize PATagRFP
mRNA, PATagRFP was subcloned into a pCS2�SN vector with EcoRI

and NotI sites. Capped mRNA was synthesized from a NarI linearized
template using the SP6 mMESSAGE mMACHINE system (Ambion).
PATagRFP mRNA (400 pg) was injected into Tg(neurod:EGFP);Tg(cldnB:
lynGFP) or Tg(neurod:EGFP);Tg(cldnB:lynGFP);mib embryos at the one-
cell stage and incubated at 28.5°C. At 10 ss, the embryos were mounted in
1.5% methylcellulose, photoactivated by ultraviolet rays with a mini-
mum field diaphragm, and incubated again. At 21, 24, or 32 hpf, cell fate
was analyzed by confocal microscopy (Olympus FV1000 or LSM5
PASCAL, Zeiss). To count the numbers of pLLG and pLLP cells, nuclei
were labeled with DAPI after the embryos were stained with anti-GFP
and anti-cldnB antibodies. Confocal image stacks were obtained to cover
the pLLG (GFP) and pLLP (red; anti-cldnB) regions. The DAPI-stained

Figure 1. Notch signaling regulates pLLG cell development. A–F, neurod expression at 14 ss.
Compared to sibling controls (A) or control MO-injected embryos (C), the number of pLLG cells
was increased in the mib (B) or rbpja/b MO-injected embryos (D). The number of pLLG cells was
decreased in the hs-gal4;UAS-NICD embryos (F ) compared to sibling controls (E). White arrow-
heads indicate pLLG cells. Dorsal views are shown, with anterior to the top. Scale bar, 100 �m.

Table 1. Defects in Notch signaling increase neurod-expressing pLLG neurons

Oligo or mutant

neurod expression (% of embryos)

N� �� ���

control 100 0 0 43
mib 0 0 100 20
rbpja/b 0 35 65 26
deltaA 100 0 0 10
deltaB 92 8 0 47
deltaD 92 8 0 39
deltaA,B 88 12 0 8
deltaA,D 31 69 0 13
deltaB,D 88 12 0 25
deltaA,B,D 14 47 39 28
notch1a 100 0 0 18
notch3 100 0 0 18
notch1a,3 0 53 47 19

Morpholino oligos were injected into wild-type embryos or deltaA mutants, and the phenotype was characterized by
the neurod expression at 14 ss.

Mizoguchi et al. • Notch Controls Neuronal versus Sensory Epithelial Fate J. Neurosci., October 26, 2011 • 31(43):15522–15530 • 15523



cells were manually marked using FV10-ASW
software (Olympus) to count the cells in the
images. Time-lapse analysis was performed as
described previously (Mizoguchi et al., 2008).
Time-lapse movies were generated using Im-
ageJ (NIH).

Results
Notch signaling regulates the number
of pLLG neurons
To determine how pLLG neuronal
differentiation occurs, we performed
whole-mount in situ hybridization for
the proneural marker gene neurod and
asked whether Notch signaling were in-
volved in the formation of pLLG neurons.
The gene for Mib, a ubiquitin ligase, and
that for Rpbj are essential for proper
Notch signaling (Itoh et al., 2003; Sieger et
al., 2003). Reduced Notch signaling activ-
ity in zebrafish has been reported in mib
mutants or embryos injected with a mor-
pholino antisense oligo, MO, against
rbpja/b (Itoh et al., 2003; Sieger et al.,
2003). In mib mutants or rbpja/b knock-
down embryos, the number of pLLG
neurons increased, as expected in the absence of Notch-
mediated lateral inhibition (Fig. 1A–D; Table 1). In contrast,
forced transient Notch activation at 5 ss using the hs-gal4;UAS-

NICD system (Scheer et al., 2002) reduced the number of pLLG
neurons (Fig. 1E,F, 100%, n � 5). These results suggest that Notch
signaling is important for regulating the number of newly generated
pLLG neurons.

Figure 2. Notch ligands and receptors function redundantly in pLLG development. A–H, The expression of neurod in Notch ligand-deficient embryos. Defects in deltaA, B, and D genes resulted
in the most drastic increase in pLLG neurons, compared to the single or double gene deficiency (H ). I–L, The expression of neurod in notch1a and/or notch3 MO-injected embryos. The double
knockdown of notch1a and notch3 (L), but not the knockdown of either gene alone (J, K ), increased the number of neurod-positive pLLG neurons. A–L, Dorsal views with the anterior to the left at
14 ss. White arrowheads indicate pLLG neurons. Scale bar, 100 �m.

Figure 3. pLLG neurons arise in the six1b-positive pre-pLL domain, and the six1b domain expands posteriorly at the late segmentation
stage. A, D, G, J, The expression of six1b at 10, 13, 16, and 18 ss. B, E, H, K, EGFP expressed in Tg(neurod:EGFP). C, F, I, L, Merged views.
EGFP-positivepLLGneuronsweregeneratedinthesix1b-positivepre-pLLregion(A–C)andbegantoaggregate(D–L).Thesix1bexpression
domainexpandedposteriorlyafterpLLGcellsaggregated(blackbracketsinA,D,G,J ).A–L,Dorsalviews,withanteriortotheleft.Scalebar,50�m.
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Delta-mediated Notch signaling is involved in pLLG
formation
Two classes of ligands, Delta and Jagged, activate several Notch
receptors. Delta-Notch signaling mediates lateral inhibition in
various species, including Drosophila, Xenopus, zebrafish, and
mouse (Cabrera, 1990; Chitnis et al., 1995; Haddon et al., 1998a;
Daudet and Lewis, 2005; Brooker et al., 2006). We therefore ex-
amined whether Notch receptors and their Delta ligands are in-
volved in pLLG development. Loss-of-function analysis using a
deltaA mutant line and morpholino antisense oligonucleotides
against deltaB and deltaD revealed that deltaA, B, and D, acted
redundantly to restrict pLLG neurogenesis (Fig. 2A–H; Table 1).
Consistent with this idea, the single knockdown of notch1a or
notch3 did not significantly affect pLLG neurogenesis, whereas
their double knockdown greatly increased it (Fig. 2 I–L; Table 1).
The most severe phenotype (shown as ��� in Table 1) observed
with the combined knockdown of delta or notch genes was com-
parable to that of the mib mutant or rpbj-a/b knockdown embryo.
These data agree with the known roles of Mib and Rbpj, which are
important for the signaling of multiple Delta and Notch proteins
(Oka et al., 1995; de la Pompa et al., 1997; Itoh et al., 2003).

pLLG neurons arise from the six1b-positive preplacodal
region
Various sensory organs composed of neurons and sensory recep-
tor cells are formed from distinct ectodermal placodes. Previous
studies showed that the pLLG neurons and pLLP cells, which
differentiate into sensory hair and support cells, are already spa-
tially separated into the rostral one-fourth and the caudal three-
fourths of the preplacodal region, respectively, at 17 hpf (Sarrazin
et al., 2010). However, it is not well understood how the pLLG
neurons and pLLP (i.e., sensory epithelial cells) are generated
within the pLL placode region at earlier stages.

Although the vertebrate preplacodal marker six1b (Schlosser,
2006) is expressed broadly in the preplacodal ectoderm until the
early somite stage (around 11 hpf), its expression is later con-
fined to sensory placodes, including the zebrafish pLL placode
(Bessarab et al., 2004). Since pLLG neurons can first be detected
by neurod expression around 10 ss (14 hpf), we next examined the
position of neuronal precursors relative to the six1b-positive pre-
pLL domain by double staining for six1b and neurod using
Tg(neurod:EGFP) embryos (Obholzer et al., 2008).

The EGFP-positive pLLG neurons were dispersed within the
six1b-expressing domain at 10 ss (Fig. 3A–C). Later, these neu-
rons migrated rostrally and assembled to form ganglia (Fig.
3D–L; Movie 1). They did not divide during our time-lapse ob-
servation (14 to 21.5 hpf; Movie 1). This is consistent with the ob-
servation that pLLG neurons become postmitotic sometime
between 8 and 13 hpf (Metcalfe, 1989; Sarrazin et al., 2010). We
further found that the six1b expression domain expanded poste-
riorly after 18 ss (around 17–18 hpf) (Fig. 3A,D,G,J, black brack-
ets). This posterior six1b expansion roughly coincided with the
morphological appearance of the pLL placode. These data raised
the possibility that neurons and sensory epithelial cells are ini-
tially intermingled but later segregate spatially.

Non-neuronal cells proximal to the pLLG neurons at
10 ss become the anterior part of the posterior lateral
line primordium
Using fate-mapping techniques, we investigated the possibility
that pLLG and pLLP cells arise from the same pre-pLL region
(Fig. 4A). We used a Tg(neurod:EGFP); Tg(cldnB:lynGFP) double
transgenic line to visualize the pLLG and pLLP (Haas and

Gilmour, 2006; Obholzer et al., 2008). We also used PATagRFP, a
photoactivatable red fluorescence protein, to label cells locally
(Subach et al., 2010). PAtagRFP mRNA was injected into Tg(neu-
rod:EGFP); Tg(cldnB:lynGFP) double transgenic embryos, which
were raised until 10 ss. We then illuminated small regions of the
embryos with UV light to photoactivate the protein to red fluo-
rescence. We illuminated cells at different positions near the
neurod:GFP-expressing cells (Fig. 4B, arrowheads) and followed
the fate of the red fluorescent-labeled cells at 24 hpf (Fig. 4B).
When we labeled wild-type cells, including neurod:GFP cells, the
cells were later found both in the ganglion and the pLLP anterior
region (Fig. 4B, top panels of sib). Furthermore, when we labeled
a few cells in the vicinity of neurod:GFP pLLG, the labeled cells
gave rise to anterior pLLP cells (Fig. 4C, top panels of sib). On the
other hand, labeled cells caudally adjacent to the neurod:GFP-
positive cells later gave rise to a few pLLG neurons and the middle
part of the pLLP (Fig. 4B, middle panels of sib). Labeled cells
further to the posterior gave rise to the posterior part of the pLLP
(Fig. 4B, bottom panels of sib).

At 32 hpf it could be seen that labeled cells, including the
neurod:GFP cells labeled at 10 ss, gave rise to the first and second
neuromasts, L1 and L2, and to interneuromast cells between
pLLG and L2 (Fig. 4D, magenta arrowheads). This was due to the
deposition of neuromast cells migrating from the pLLP, since no
labeled cells remained in the pLLP (Fig. 4D). Collectively, these
data suggest that the pre-pLL region is already patterned along
the anterior–posterior axis at 10 ss, and the pLLG and the anterior
part of the pLLP cells arise from the same six1b-positive pre-pLL
region.

The neuron versus epithelial primordium cell fate is regulated
by Notch signaling
Results from the pLLG development and pre-pLL cell-fate map-
ping analyses raised the possibility that Notch signaling regulates
the cell-fate choice between pLLG neurons and pLLP, since
Notch signaling is involved in alternative cell fate determination
in many tissues. Thus, we performed the same cell fate mapping
analysis in mib mutants. The labeled cells, including neurod:GFP
cells at 10 ss, gave rise primarily to pLLG neurons and rarely to the
anterior part of the pLLP (Fig. 4B, top panels of mib). When more
restricted groups of cells were labeled, almost none gave rise to

Movie 1. Time-lapse movie of a wild-type Tg(neurod:EGFP) pLLG from 14 hpf (10 ss) to 17
hpf (16 ss). Z-stack images (5 �m steps) were acquired every 5 min using an FV-1000 system
(Olympus) with a 40� oil-immersion lens. The movie was generated using ImageJ (NIH).
Scattered pLLG neurons aggregated and formed a ganglion.
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the anterior pLLP cells (90%, n � 10; Fig. 4C). Labeled cells from
posterior regions gave rise to a few pLLG neurons and the ante-
rior–middle part of the pLLP, and cells from even more posterior
regions contributed to the posterior part of the pLLP (Fig. 4B, mid-
dle and bottom panels of mib).

We also observed a delay in neuromast deposition in the mib
mutants. At 32 hpf, 33% of the mutants had no deposited neuro-
masts, 53% had one, and 13% had two (n � 15). In contrast, at

the same stage 88% of the sibling (sib) control embryos had two
deposited neuromasts, and the rest had three (n � 16). To avoid
artifactual differences in cell number caused by the timing of
deposition, we examined the L1 cell number at 27 hpf in sibling
controls, when 85% of the embryos had one deposited neuromast
and the rest had none (n � 13), and compared it to that in mib
mutants at 32 hpf (Fig. 4E). The number of L1 neuromasts that were
deposited from the anterior part of the pLLP of the mib embryos was

Figure 4. The cell fate of pre-pLL cells is regulated by Notch signaling and is determined at 10 ss along the anterior–posterior axis. A, Diagram of the method for fate-mapping analysis. B,
Fate-mapping analysis in sibling control and mib mutant embryos. After UV activation of cells covering the pLLG (top in sib), proximal to the pLLG (middle in sib), and distal to the pLLG (bottom in
sib) at 10 ss (left), the cell fates were analyzed at 24 hpf (middle, pLLG; right, pLLP). The magenta cells are PATagRFP-labeled cells. C, Fate-mapping analysis with fewer cells labeled in the vicinity
of the neurod:GFP pLLG. Cells in the vicinity of the pLLG were UV activated (top panels in sib or mib), and the cell fates were analyzed at 21 hpf (middle, pLLG; bottom, pLLP in sib or mib). White
arrowheads indicate the PATagRFP-labeled cells. B, C, White brackets indicate the pLLP in mib mutants. D, Fate-mapping analysis at 32 hpf. After UV activation of cells covering the pLLG neurons
at 10 ss, the cell fates were analyzed at 32 hpf. Magenta arrowheads indicate PATagRFP-labeled cells. B, D, White arrowheads and arrows indicate pLLG neurons and Rohon–Beard cells, respectively.
E, The number of L1 cells was decreased in the mib mutants. B–E, Side views, with anterior to the left. Scale bars, B, C, 100 �m; D, 10 �m.
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smaller than that in sibling controls (Fig. 4E; sib: 23.2 � 0.9 (n � 11);
mib: 11.8 � 1.8 (n � 13); L1 cell number, mean � SEM; p � 5.0E-
10). These results indicate that Notch signaling indeed regulates the
cell fate choice between pLLG neurons and the pLLP.

To confirm the role of Notch signaling in cell fate choice,
rather than in the maintenance or growth of pre-pLL cells, we
counted the neurons and primordium cells at 21 hpf in em-
bryos with altered Notch activity. In the mib mutant embryos

the number of neurons was increased
whereas the number of primordium cells
was decreased, compared to sibling con-
trols (Fig. 5A). On the other hand, forced
Notch signaling resulted in fewer neurons
and an increased number of primordium
cells (Fig. 5B). The sum of the two cell
populations was not significantly differ-
ent in each case. To further validate our
findings, we examined the ratio of pLLG
(neurod) to the pre-pLL domain (six1b) at
an earlier stage (14 ss, 16 hpf), since pLLP
marker genes before 21 hpf have not been
reported (Fig. 5C). The size of the six1b-
positive domain, from which both pLLG
and pLLP are generated, was not dramat-
ically changed by the altered Notch activ-
ity (Fig. 5C). In contrast, the number of
neurod-positive pLLG cells increased to
almost equal the number of six1b-positive
cells in the mib mutant, and transient
Notch activation reduced the pLLG cell
number (Fig. 5C). These findings suggest
that Delta-Notch signaling plays an im-
portant role in cell fate determination
rather than in cell growth in each lineage
after their segregation, and that Notch ac-
tivation favors the primordium fate at the
expense of the neuronal fate within the
pre-pLL region.

Delta-Notch signaling controls hair cell
fate specification in the pLL system
The timing of hair cell specification lags
behind the cell fate choice between pLLG
and pLLP in pLL development. The HLH

factor atoh1a is a marker of hair cell precursors in the pLL system,
and it is expressed in the hair cell lineage after the pLLP separates
from the pLLG. We previously proposed a Notch signaling role in
the selection of hair cell fate in neuromasts (Itoh and Chitnis,
2001). However, the role of Notch ligands in hair cell fate speci-
fication has not been examined. Although the single mutation or
knockdown of each gene did not significantly affect the atoh1a
expression in L1 or pLLP, the compound knockdown of the three
delta genes increased the number of atoh1a-expressing hair pre-
cursors among the L1 and pLLP cells (Fig. 6; 100%, n � 8). Thus,
Delta-Notch signaling regulates cell fate decision sequentially at
two different developmental stages in the pLL system.

Discussion
A model of the pLLG/pLLP-lineage specification in zebrafish
From a fate-mapping approach and the analysis of embryos with
altered Notch activity, we propose a model for pLL development
during early embryogenesis (Fig. 7). At the gastrula stage, the
preplacodal domain is initially a broad six1b-positive region (Fig.
7A). Later, the six1b-positive domain is confined to a smaller
domain (the anterior pre-pLL), within which neurod-positive
pLLG progenitor cells are selected though lateral inhibition,
which is mediated by Delta-Notch signaling (Fig. 7A,B; 10 ss).
Neurons and other cells within this domain begin to be segre-
gated spatially (i.e., some neurons assemble to the anterior to
form ganglia and others move toward the posterior and give rise
to the anterior part of the pLLP). In contrast to the anterior

Figure 5. Notch signaling affects the pLLG versus pLLP cell fate. A, In mib mutants, the pLLG neurons were increased at the
expense of pLLP cells. Cell counts for the pLLG neurons and pLLP cells are given in the y-axis. The pLLG neurons increased (green
bars) and the pLLP cells decreased (magenta bars), whereas the total number of cells was unchanged (blue bars). Sibling control,
n � 16; mib, n � 17. B, In hs-gal4;UAS-NICD embryos, pLLP cells were increased at the expense of pLLG neurons. Cell counts for the
pLLG and pLLP cells are given in the y-axis. Control (con) embryos, n � 18; hs-gal4;UAS-NICD embryos, n � 18. While the pLLG
neurons decreased (green bars) and pLLP cells increased (magenta bars), the total cell number was unchanged (blue bars). A, B,
Error bars represent standard error. *1, *2, *4, and *5 indicate statistically significant differences (p�1.0E-5, Student’s t test); *3
and *6 indicate no statistically significant difference (p � 0.05, Student’s t test). C, The size of the six1b-positive domain, from
which both pLLG and pLLP are generated, was not dramatically changed by altered Notch activity at 14 ss. Purple, six1b-positive
cells; green, EGFP-positive pLLG cells in Tg(neurod:EGFP). Scale bar, 50 �m.

Figure 6. Delta-Notch signaling regulates hair cell fate. Hair cell differentiation at 32 hpf was
assessed by atoh1a expression. The number of hair cells in the L1 neuromast and the pLLP
increased in the mib and in the deltaB and D MO-injected deltaAdmc72a mutants. Magenta ar-
rowheads indicate atoh1a-positive hair cell precursors. Magenta dotted lines outline the pLLP.
Shown are lateral views, with anterior to the left. Scale bar, 10 �m.
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pre-pLLP, the posterior pre-pLLP domain does not express six1b
at 10 ss, but is already fate determined along the anterior–poste-
rior axis. The posterior pre-pLLP gradually acquires six1b expres-
sion and fuses with the anterior pre-pLLP to form a
morphologically apparent pLLP at 21 ss (Fig. 7A). The separated
pLLP migrates further to the posterior, depositing neuromast
precursor cells (Fig. 7A; 32 hpf). pLLG neurons extend their ax-
ons to the neuromasts; each neuromast consists of hair and sup-
port cells. Notch signaling also regulates hair cell precursor
specification in the pLLP (Fig. 7B).

Collectively, our data indicate that Delta-Notch signaling
functions at two steps in posterior lateral line development (Fig.
7B): first in the pLLG neuron versus anterior pLLP cell fate de-
termination, and then in the hair cell versus support cell fate
determination. Thus, Delta-Notch signaling controls the proper
posterior lateral line formation spatiotemporally in a stepwise
fashion.

pLLG neurogenesis from the preplacodal region
Neurogenic placodes in the cranial region are initially observed as
preplacodal ectoderm expressing six and eya family members
(Sahly et al., 1999; Pandur and Moody, 2000; Bessarab et al., 2004;
Zou et al., 2004; Schlosser, 2006; Streit, 2007). In the zebrafish
posterior lateral line system, six1b and eya1 expression begins in
the preplacodal area and continues in pLLG neurons and in the
pLLP (Sahly et al., 1999; Bessarab et al., 2004). Our study revealed
that neurod-positive pLLG neurons are selected from the six1b-
positive preplacodal region through lateral inhibition.

This mechanism is very similar to that leading to the forma-
tion of sense organs from proneural fields in Drosophila. In Dro-
sophila, expression of the achaete–scute gene complex members,
which encode bHLH factors, is determined by the activities of
combinations of prepattern genes and is initially observed rela-
tively uniformly at very low levels (proneural fields) (Cubas et al.,
1991; Calleja et al., 2002). By the time of lateral inhibition, this

uniform expression has shifted so that a smaller number of cells
express the bHLH factors at higher levels, and in the absence of
Notch signaling more numerous cells within the proneural fields
express high levels of proneural genes (Cubas et al., 1991;
Schweisguth and Posakony, 1992). Our results support a Notch-
mediated lateral inhibition mechanism for neuron selection from
the pre-pLL domain, because the number of neurons was altered
within the six1b-positive pre-pLL domain (similar to the proneu-
ral field) when the Notch activity was changed.

Notch-mediated cell-fate determination affects L1 neuromast
cell deposition
After fusion of the anterior-pLLP and posterior-pLLP, the pLLP
migrates posteriorly and deposits a cluster of cells, known as the
neuromast, at regular intervals. A reduction in Notch activity
decreases the number of anterior-pLLP cells and of L1 neuro-
masts, which are derived from the anterior-pLLP cells. This ob-
servation was somewhat surprising, as previous studies showed
that a reduced pLLP deposits fewer neuromasts of the normal
size, rather than smaller neuromasts (Aman et al., 2010; Gamba et
al., 2010). These previous studies suggest the existence of a mech-
anism in which the number of deposited cells is maintained, even
when the number of pLLP cells is reduced.

One possible reason for this discrepancy is that this mecha-
nism may not affect L1 deposition. As we found here, the progen-
itor cells for L1 (in the anterior pLLP) and those for the more
posterior neuromasts (L2–L5, in the posterior pLLP) are gener-
ated differently. Furthermore, the anterior pLLP makes up only
about one-fourth of the entire pLLP, and it is less proliferative
(Laguerre et al., 2005). Thus, the effects of experimentally re-
duced cell proliferation rates on the L1 progenitors might be
more subtle than their effects on the posterior progenitors, which
could explain why the number of L1 cells was not significantly
affected in the previously reported results. In contrast, in mib
mutants the number of anterior pLLP (i.e., future L1, L2) cells is

Figure 7. Models for pLLG and pLLP formation and cell-lineage specification regulated by Notch signaling. A, A model for pLLG and pLLP formation. In the early somite stages, six1b is broadly
expressed (orange). At 10 ss, six1b becomes confined to a smaller domain (magenta). At 21 ss, six1b expression expands to the posterior pre-pLLP (pink). B, Notch signaling’s time-dependent roles
in cell-fate specification in the pLL system.
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selectively reduced compared with that of the posterior pLLP
(future L2–L5) cells.

Although we do not know how the L1 deposition is regulated,
our results suggest that it does not necessarily depend on the cell
number. Another possibility is that Notch signaling is again in-
volved, this time in neuromast deposition. The smaller size of the
deposited neuromasts in mib mutants was also observed previ-
ously (Matsuda and Chitnis, 2010). Fragmentation of the pLLP in
the mib mutants is observed from around 28 hpf and it precedes
a loss of e-cadherin expression. Although the reason for this early
defect in cohesiveness is not known, the reduced cohesiveness
may also contribute to the reduced size of L1 neuromast in the
mib mutants.

Sequential Delta-Notch signaling in the cell-fate specification
of sensory organs: an evolutionarily conserved mechanism
Our results suggest that Delta-Notch signaling influences the cell
fates of pLL-lineage cells sequentially: first, in the cell fate choice
between pLLG neurons versus anterior-pLLP sensory epithe-
lium, and next in the choice between hair cells versus support
cells within the sensory epithelium lineage. Similarly, in flies, the
PNS sensory organ lineage is sequentially regulated by Notch
signaling to produce distinct daughter cells (Guo et al., 1996;
Zeng et al., 1998). However, there are two opposing roles for
Notch in hair cell development: its early role functions to increase
hair cells, while its later one acts to reduce them.

Notch’s later function is well described in ear development in
the mouse, chick, and zebrafish (Adam et al., 1998; Haddon et al.,
1998b; Kiernan et al., 2005; Brooker et al., 2006). In contrast,
Notch signaling’s early role in the cell fate decision between neu-
rons versus sensory epithelial cells is not well studied. In the
mouse, Brooker et al. (2006) showed that the loss of Delta1 results
in excess cochleovestibular ganglion neurons and reduced sen-
sory hair cells in the saccular macula and the utricular macula of
the mouse. Together with previous studies showing that the sac-
cular macula and the utricular macula are derived from the re-
gion that gives rise to both neurons and sensory hair cells (Satoh
and Fekete, 2005; Raft et al., 2007), the data of Brooker et al.
(2006) indicate that Delta1-Notch signaling might have an early
role in determining the neuron versus sensory epithelium cell fate
during mouse inner ear development. In contrast, in zebrafish ear
development, an increase in statoacoustic ganglion neurons is
accompanied by an increase, not a decrease, in hair cells in the
two sensory macula of the Notch-defective mib mutant (Haddon
et al., 1998b).

The exact regulatory mechanism for the cell fate decisions in
the zebrafish ear is uncertain. Mechanisms other than Notch sig-
naling may, however, determine the neuronal and sensory hair
fate in zebrafish ear development since, unlike in the mouse inner
ear and zebrafish pLL systems, the neuronal and sensory hair
precursors are specified at about the same time in the zebrafish
ear (Andermann et al., 2002; Abello and Alsina, 2007; Millimaki
et al., 2007; Radosevic et al., 2011). Thus, the regulatory mecha-
nisms in pLL development and mouse ear development may
share more similarities than those of zebrafish ear and mouse ear
development.
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