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Abstract
Failure of Notch signaling in zebrafish mind bomb (mib) mutants results in a neurogenic phenotype
where an overproduction of early differentiating neurons is accompanied by the loss of later-
differentiating cell types. We have characterized in detail the hindbrain phenotype of mib mutants.
Hindbrain branchiomotor neurons (BMNs) are reduced in number but not missing in mib mutants.
In addition, BMN clusters are frequently fused across the midline in mutants. Mosaic analysis
indicates that the BMN patterning and fusion defects in the mib hindbrain arise non–cell
autonomously. Ventral midline signaling is defective in the mutant hindbrain, in part due to the
differentiation of some midline cells into neural cells. Interestingly, while early hindbrain patterning
appears normal in mib mutants, subsequent rhombomere-specific gene expression is completely lost.
The defects in ventral midline signaling and rhombomere patterning are accompanied by an apparent
loss of neuroepithelial cells in the mutant hindbrain. These observations suggest that, by regulating
the differentiation of neuroepithelial cells into neurons, Notch signaling preserves a population of
non-neuronal cells that are essential for maintaining patterning mechanisms in the developing neural
tube
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INTRODUCTION
In the vertebrate neural tube, specific types of neurons and non-neuronal cells are generated
from neuroepithelial cells in well-defined spatial and temporal patterns to permit normal
growth, patterning, and function of the nervous system. The mechanisms that underlie the
choice between specific neuronal and non-neuronal fates have been intensively studied in
vertebrates and invertebrates. The highly conserved Notch–Delta signaling pathway has been
demonstrated to play a central role in regulating production of different types of cells in both
the nervous system and other tissues (Artavanis-Tsakonas et al., 1999). During vertebrate
neural development, proneural gene expression defines domains in the neuroectoderm where
cells have the potential to become neurons. Proneural genes drive expression of the Notch
ligand, Delta. Delta activates Notch in neighboring cells and inhibits proneural gene function
(and neuronal fate) in these cells in a process called lateral inhibition. In the absence of Notch-
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mediated lateral inhibition, too many cells in the proneural domains differentiate into neurons,
generating a neurogenic phenotype (Chitnis et al., 1995; de la Pompa et al., 1997).

Mutagenesis screens in zebrafish have identified several genetic loci that encode components
of the Notch signaling pathway (Schier et al., 1996; Jiang et al., 1996). Mutations in deltaD
(after eight) and notch1 (deadly seven) result in weak neurogenic phenotypes (van Eeden et
al., 1996; Holley et al., 2000, 2002; Gray et al., 2001), suggestive of partially redundant
functions shared with other notch and delta genes. A dominant negative mutation in deltaA
generates a strong neurogenic phenotype (Appel et al., 1999; Riley et al., 1999). Loss-of-
function mutations in mind bomb (mib; Schier et al., 1996; Jiang et al., 1996), which encodes
an E3 ubiquitin ligase required for effective Delta function (Itoh et al., 2003), result in a strong
neurogenic phenotype (Schier et al., 1996; Jiang et al., 1996; van Eeden et al., 1996; Haddon
et al., 1998b; Riley et al., 1999). In mib mutants, there is excess production of neurons born
early in development (i.e., primary neurons), and a concomitant reduction in the number of
later-born (secondary) neurons (Schier et al., 1996; Jiang et al., 1996; Itoh et al., 2003; Park
and Appel, 2003). In a 24-hr mutant embryo, the developing spinal cord is nearly filled with
cells expressing huC (Itoh et al., 2003; Park and Appel, 2003), an early neuronal differentiation
marker (Kim et al., 1996; see also Lyons et al., 2003).

Analysis of zebrafish Notch signaling mutants, including mib, showed that this pathway
regulates cell fate decisions in trunk midline tissues (Appel et al., 1999). Other studies of
mib mutants have demonstrated the significance of Notch signaling in preventing precocious
generation of primary neurons so that sufficient undifferentiated cells are retained to acquire
alternate fates such as secondary neurons, glial cells, and neural crest-derived cell types (Jiang
et al., 1996; Haddon et al., 1998b, Riley et al., 1999; Itoh et al., 2003; Park and Appel, 2003).
However, little is known about other consequences of premature neuronal differentiation in
mib mutants. For example, it is not clear whether excessive neurogenesis in mib mutants can
lead to the loss of signaling tissues that regulate later development or interferes with processes
that maintain segmental identity. In this report, we have examined the differentiation and
organization of various hindbrain cell types such as branchiomotor neurons, interneurons, and
ventral midline cells to understand the consequences of the mib neurogenic phenotype for
hindbrain segmentation and ventral midline signaling. We found that severe defects in
segmental patterning and midline signaling seen after 21 hr in the mutant hindbrain correlate
with the premature and extensive formation of neuronal cells. We suggest that these deficits
are due to the loss of neuroepithelial cells that are normally prevented from becoming neurons
by Notch signaling, thus allowing them to serve essential roles in segmental patterning and
midline signaling.

RESULTS
Premature Neuronal Differentiation in the mind bomb Mutant Hindbrain

To better understand the role of mib in hindbrain development, we monitored the expression
of the panneuronal marker huC (Kim et al., 1996; see also Lyons et al., 2003) from early
somitogenesis in embryos obtained from mib +/- crosses. In wild-type embryos, huC-
expressing cells were restricted to the lateral margins of the hindbrain at all axial levels (Fig.
1A,C) at 17 hr postfertilization (hpf) and 24 hpf. In contrast, mib mutants contained large
numbers of huC-expressing cells throughout the hindbrain (Fig. 1B,D). In addition, expression
of a neurogenesis marker deltaD (Haddon et al., 1998a) was mostly absent in the mutant
hindbrain at 24 hpf (Fig. 1E,F). These results indicate that a majority of cells at all axial levels
in the mutant hindbrain initiate neuronal differentiation prematurely, with a concomitant loss
of neuronal progenitor cells beyond 24 hpf.
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To determine whether premature huC expression in the mib mutant hindbrain affected the
development of later-born neurons, we examined the expression of a zebrafish even-skipped
homolog evx1, which identifies Dm-Grasp-expressing (zn5/8 antibody-labeled) hindbrain
commissural neurons and other interneurons (Trevarrow et al., 1990; Kanki et al., 1994;
Fashena and Westerfield, 1999; Thaeron et al., 2000). In wild-type embryos, evx1 was
expressed in medial and lateral domains in the hindbrain from 24 hpf (Fig. 1G and data not
shown; Thaeron et al., 2000). In mib mutants, evx1-expressing cells were reduced in number
and disorganized (Fig. 1H). The loss of evx1-expressing commissural neurons between 24 and
36 hpf anticipates the observed loss of zn5/8 antibody-labeled commissural neurons in the
mutant hindbrain at 36 hpf (Jiang et al., 1996). Thus, the premature widespread appearance of
huC-expressing cells in the mutant hindbrain between 17 and 24 hpf correlates with the loss
and disorganization of a hindbrain neuron type that begins to differentiate at 24 hpf.

Development of Hindbrain Motor Neurons Is Disrupted in mind bomb Mutants
Three major subtypes of hindbrain branchiomotor neurons (BMNs) in zebrafish are the nV,
nVII, and nX neurons, which arise at different axial levels, with nV being the most rostral and
nX the most caudal (Chandrasekhar et al., 1997; Higashijima et al., 2000; Chandrasekhar et
al., 2003). Expression of the motor neuron marker islet1 (Appel et al., 1995) appears first in
nVII neurons at ~15 hpf, in nV neurons at ~18 hpf, and in nX neurons at ~24 hpf (Chandrasekhar
et al., 1997; Higashijima et al., 2000). In wild-type embryos harboring the islet1-GFP transgene
(Higashijima et al., 2000), the various BMN populations were found in normal numbers and
locations, as previously described (Fig. 2A; Chandrasekhar et al., 1997; Higashijima et al.,
2000). In mib mutants, the BMN clusters were smaller. Furthermore, the clusters were variably
fused across the midline (Fig. 2B). Similarly, expression analysis of the zinc finger transcription
factor gata3 (Bingham et al., 2002) revealed that nV and nVII motor neurons were frequently
reduced and fused across the midline in mib mutants, while other gata3-expressing hindbrain
cells were absent (Fig. 2C,D). We quantified specific neuronal populations in the hindbrain
and spinal cord by using an anti-islet monoclonal antibody (Korzh et al., 1993; Fig. 2E,F). As
reported previously (Appel et al., 1999), the number of early differentiating Rohon–Beard
neurons was substantially increased in the mib mutant spinal cord, with a concomitant decrease
in the number of late-differentiating secondary motor neurons and interneurons (Table 1). In
the mib hindbrain, the total number of BMNs spanning rhombomeres 2 through 7 was decreased
by 46% compared with wild-type siblings (Fig. 2B,F; Table 1). Of interest, nV motor neurons,
which begin to differentiate at 18 hpf, were less affected (27% loss) than nVII neurons (56%
loss), which begin to differentiate at 15 hpf (Table 1). In addition, nX motor neurons, which
begin to differentiate at 24 hpf in the caudal hindbrain were reduced but not absent in mib
mutants (Fig. 2A,B). These data show that there is no correlation between the time of onset of
differentiation and change in BMN numbers at all axial levels in the mib mutant hindbrain.
However, the identities of other neurons generated from the same local precursor populations
as specific BMN subtypes, and their fate in mib mutants, are not known (see Discussion
section).

We tested whether the loss of BMNs in mib mutants reflects the loss of precursor cells that
generate motor neurons in response to hedgehog signals by examining the effects of shh
overexpression on BMN number in mib mutants (Fig. 3). Shh was overexpressed in mib mutants
by injecting full-length shh RNA into embryos obtained from mib +/-; islet1-GFP +/- parents.
In wild-type siblings, shh overexpression led to sharp increases in BMN number, especially in
rhombomere 2 (r2) and r4 (Fig. 3A,C). Cell counts in islet antibody-labeled embryos revealed
a 48% average increase over control wild-type siblings (Table 2), which is similar to previous
results (Chandrasekhar et al., 1998). Importantly, shh overexpression also led to an increase
in GFP-expressing cells in the mib mutant hindbrain (Fig. 3B,D), with a 42% average increase
compared with control mutant embryos (Table 2). While many of the excess GFP-expressing
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cells were located in the dorsal neural tube, as described previously (Chandrasekhar et al.,
1998), many cells were also found in the ventral neural tube where the putative motor neuron
precursor pools would be located (Fig. 3E–H). These data indicate that cells in the ventral
neural tube of mib mutants can differentiate into the motor neurons in response to Shh,
suggesting that precursor cells are still present in the mutant hindbrain. Furthermore, while the
absolute number of BMNs is substantially lower in mib mutants, shh overexpression increases
BMN number by roughly the same extent in wild-type (48%) and mutant (42%) embryos,
suggesting that the motor neuron precursor pool is smaller in mutants.

While BMNs were frequently fused across the midline in mib mutants, the nV and nVII motor
axons extended normally out of the hindbrain into the pharyngeal arches (Figs. 2B,3B). To test
whether fusion of motor neuron clusters correlated with the absence of midline cues, we
examined the development of the Mauthner reticulospinal neurons and their decussating axons
in 36 hpf embryos by using the 3A10 antibody (Hatta, 1992). As demonstrated previously, the
number of Mauthner neurons was greatly increased in mib mutants (Fig. 2B;Jiang et al.,
1996). However, the Mauthner axons never aberrantly recrossed the midline in mutant
embryos, even in regions with extensive fusion of putative nX motor neurons (Fig. 2B),
indicating that midline cues (and ventral midline cells) required for Mauthner axon pathfinding
(Hatta, 1992) were unaffected in the mib mutant hindbrain at the time when these early
differentiating neurons extended axons.

Development of Ventral Tissues Is Defective in the mind bomb Mutant Hindbrain
Although Mauthner axon pathfinding is normal, the fusion of BMN clusters in mib mutants
suggests that some aspects of midline tissue development may be affected in the mutant
hindbrain. Indeed, specification of trunk midline cell fates is altered in mib mutants such that
excess notochord cells are generated, with a concomitant loss of floor plate and hypochord
cells (Appel et al., 1999). Therefore, we monitored floor plate development in the mutant
hindbrain using shh expression as a marker (Krauss et al., 1993). Embryos were processed for
huC and shh double in situ hybridizations to identify mutant embryos at younger ages (Fig.
4A–D). At 16.5 hpf and 21 hpf, shh-expressing floor plate cells were found throughout the
hindbrain, without any gaps, in wild-type and mutant embryos (compare Fig. 4A,C with Fig.
4B,D). Although no obvious decrease in the number of floor plate cells was evident in mib
mutants, it is possible that there is a small but significant reduction, similar to the spinal cord
(Appel et al., 1999). In contrast, by 25 hpf, shh expression in mib mutants was displaced dorsally
in some rhombomeres and missing in other regions, with a nonexpressing patch frequently
coinciding with r4 (Fig. 4F; Table 3). Expression of another floor plate marker axial (Strahle
et al., 1993) was similarly affected in 24 hpf mib mutants (data not shown). Expression of the
Shh target gene nk2.2 in the ventral neural tube (Barth and Wilson, 1995) was also patchy in
the mutant hindbrain with a nonexpressing patch frequently coinciding with r4 (Fig. 4G,H;
Table 3). Expression of the Shh-regulated axon guidance gene net1b in the ventral neural tube
(Strahle et al., 1997) was maintained throughout the mutant hindbrain, but in a smaller number
of cells than normal, with a distinctive gap frequently coinciding with r4 (Fig. 4I,J; Table 3).
These results suggest that ventral tissues, including the midline, are significantly reduced,
especially in r4, in mib mutant embryos.

If BMN fusion (Fig. 2B) were a consequence of defects in ventral midline signaling, it should
be less evident before 21 hpf, when midline signaling appears normal in mib mutants. However,
the nV and nVII neuron clusters were disorganized and variably fused in 18 hpf mutant embryos
(Fig. 4K,L), indicating that these BMN defects arise before any obvious defects in shh
expression at the ventral midline.
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Relationship Between the mind bomb Ventral Midline and Neurogenic Phenotypes
Since gaps appear in the floor plate only after 21 hpf (Fig. 4F), we wondered whether the patchy
loss of ventral midline tissue in mib mutants was linked to the extensive generation of huC-
expressing cells in the mutant hindbrain (Fig. 1A–D). This issue was addressed by examining
the arrangement of huC- and shh-expressing cells in the ventral hindbrain at different axial
levels. Cross-sections of the hindbrain were prepared from wild-type and mutant embryos
processed for huC or huC; shh in situ hybridizations. In 24 hpf wild-type hindbrains, huC-
expressing cells were restricted to the lateral margins of the neural tube and excluded from the
floor plate (Fig. 5A). In mib mutants, huC-expressing cells filled the hindbrain but were
frequently excluded from the ventral midline, likely the floor plate cells (Fig. 5B). We
confirmed this in two-color in situ hybridizations, which showed that the patch of non–huC-
expressing cells at the ventral midline in mutants expressed shh (Fig. 5C,D). However, in
mutant embryos, many ventral midline cells appeared to coexpress shh and huC (Fig. 5F).
Furthermore, in hindbrain regions containing no shh-expressing cells, huC-expressing cells
were often, but not always, located at the ventral midline, immediately dorsal to the notochord
(Fig. 5E). These results suggest that the patchy loss of shh expression after 21 hpf in the mib
hindbrain may result in part from the differentiation of shh-expressing floor plate cells into
huC-expressing neural cells.

Defects in BMN Patterning in mind bomb Mutants Are Generated Non–Cell Autonomously
Previous studies have suggested that mib is required nonautonomously for effective Notch
signaling (Itoh et al., 2003). Therefore, we tested whether the aberrant patterning and midline
fusion phenotypes of BMNs of mib mutants also reflect a non–cell autonomous requirement
for mib in the hindbrain.

Heterochronic transplants were performed using sphere stage donor embryos transgenic for
islet1-GFP and labeled with rhodamine dextran and nontransgenic, unlabeled, shield stage host
embryos (Fig. 6A). In control experiments, donor-derived wild-type cells that differentiated
into GFP-expressing BMNs in wild-type host embryos formed clusters in the appropriate
locations and did not fuse across the midline (Fig. 6B; 88 neurons, 2 embryos). In contrast,
donor-derived wild-type motor neurons were positioned randomly within the mib mutant
hindbrain. Wild-type cell bodies and axons frequently straddled the midline, reflecting the
fusion phenotype, and indicating that the mutant environment dictates wild-type BMN
patterning (Fig. 6C; 42 neurons, 3 embryos). Conversely, donor-derived mib mutant motor
neurons were patterned normally in wild-type host hindbrains and never exhibited any midline
fusion (Fig. 6D; 142 neurons, 4 embryos). These results demonstrate a nonautonomous
requirement for mib in neural patterning, analogous to its previously defined role in Notch
signaling (Itoh et al., 2003). The non-autonomous BMN patterning phenotype may result from
defects in ventral midline signaling (Fig. 4) and rhombomere patterning (Fig. 7; see below) in
mib mutants.

While performing the mosaic analysis, we noticed that wild-type cells transplanted into mutant
embryos (Fig. 6C) seldom exhibited the columnar morphologies suggestive of neuroepithelial
cells (compare with Fig. 6B,D). Therefore, we examined the morphologies of rhodamine-
dextran labeled donor cells at higher magnification in 36 hpf wild-type and mutant hosts, and
classified them as being neuroepithelial (columnar morphology) and neuronal (round cells with
at least one short process; Fig. 6E,F; see Experimental Procedures section). Approximately
30% of labeled cells in each host background could not be scored for either morphology and
were excluded from analysis. Approximately 98% of scored wild-type cells in mib mutants
had neuronal morphology (Fig. 6F; 218/222 cells, 6 embryos). In sharp contrast, only 68% of
scored donor cells (wild-type or mutant) in wild-type hosts exhibited neuronal morphology
(Fig. 6E; 98/144 cells, 8 embryos), and approximately 30% of the cells exhibited
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neuroepithelial morphologies. These observations suggest that the mib mutant environment is
unable to either prevent transplanted wild-type cells from becoming neurons or preserve them
as neuroepithelial cells.

Late, but not Early, Rhombomere Patterning Is Defective in mind bomb Mutants
Since neuroepithelial cells are essential for morphogenesis and patterning of the neural tube,
including the hindbrain (Moens and Prince, 2002; Geldmacher-Voss et al., 2003), we
monitored rhombomere patterning in mib mutants from 16.5 to 24 hpf, when the neurogenic
phenotype becomes progressively severe (Fig. 7). Embryos from mib +/- crosses were
processed for two-color in situ hybridizations with huC and krox20 to monitor rhombomere
organization in young embryos. Krox20 (Oxtoby and Jowett, 1993) was expressed normally
in rhombomeres 3 and 5 in 16.5 and 20 hpf mib mutants, even though excessive neurogenesis
was evident in the mutant hindbrain (Fig. 7A–D). Furthermore, no defects in the expression of
hoxb1a in r4 (Prince et al., 1998), and valentino in r5 and r6 (Moens et al., 1998) were observed
in 18 hpf embryo clutches obtained from mib +/- crosses (data not shown). These data
demonstrate that rhombomeres are formed and boundaries are established normally in mutant
embryos. However, by 24 hpf, krox20 expression in r3 and r5 (Fig. 7E) was severely reduced
or absent in mib mutants (Fig. 7F). In addition, hoxb1a expression in r4 was greatly reduced
in mib mutants, and the boundaries with adjacent compartments were poorly defined (Fig.
7E,F; see also Fig. 4E–H). We performed acridine orange staining on live embryos to monitor
cell death patterns in the hindbrain (Brand et al., 1996). There were no differences in the
distribution of dying cells between wild-type and mutant embryos at 24 and 36 hpf (data not
shown), indicating that loss of rhombomere boundaries in mutants was not due to increased
cell death. These results suggest strongly that the excessive differentiation of neurons between
16.5 and 24 hpf in mib mutants occurs at the expense of neuroepithelial cells that may be
required for maintaining rhombomere identities and boundaries beyond 24 hpf.

DISCUSSION
Previous studies have shown that excess primary neurons are generated in mib mutants while
secondary neurons are reduced (Jiang et al., 1996; Schier et al., 1996; Itoh et al., 2003; Park
and Appel, 2003). In addition, neurogenesis genes such as ngn1, zash1a, zash1b, and deltaD
are expressed ectopically and at high levels during early somitogenesis (10–18 hpf), but greatly
reduced at subsequent stages (Jiang et al., 1996; Itoh et al., 2003). The production of neurons
at a higher density within proneural domains at 12–13 hpf characterizes the initial neurogenic
phenotype in mib mutants (Jiang et al., 1996; Itoh et al., 2003). However, between 17 and 24
hpf, the neurogenic phenotype becomes more expansive with most cells of the neural tube
expressing the neuronal marker huC by 24 hpf (Fig. 1; Itoh et al., 2003; Park and Appel,
2003). These striking changes in the patterns of neurogenesis suggest that the failure of lateral
inhibition in mib mutants permits too many neuronal precursors to differentiate early and
assume the fate of early born neurons, depleting the neural tube of neuroepithelial cells that
would otherwise have adopted alternate fates and contributed to the formation of later-born
neurons. Our detailed analysis of cell differentiation and patterning in the hindbrain is
consistent with this view. In addition, our studies suggest strongly that the extensive loss of
neuroepithelial cells in mib mutants leads to severe secondary defects in patterning.

Potential Mechanisms Underlying BMN Loss in mind bomb Mutants
In the mib hindbrain, huC-expressing cells are sharply increased in number between 17 and 24
hpf, compared with wild-type, such that evx1-expressing neurons that normally appear at 24
hpf are reduced in mutants (Fig. 1). Therefore, we expected that early differentiating BMNs,
such as the nVII neurons in rhombomere 4 (r4-r7), and the nV neurons in r2 and r3, which
begin to differentiate at 15 hpf (nVII) and 18 hpf (nV), would be generated in excess in mib
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mutants and that the nX BMNs, which begin to differentiate at 24 hpf in the caudal hindbrain,
would be greatly reduced or missing. However, both the nV and nVII motor neurons are
reduced in mib mutants, and significant numbers of nX neurons are induced (Fig. 2). There are
several possible explanations. First, because nV and nVII neurons are born continuously over
an extended time period beginning at 18 and 15 hpf, respectively, it is possible that nV and
nVII neurons born early are indeed generated in excess in mutants, while the later-
differentiating nV and nVII neurons are completely lost, leading to a variable net reduction in
BMNs. Alternatively, although some BMN subtypes are born earlier than others, BMNs, as a
whole, may represent a cell type that differentiates relatively late compared with other types
of neurons generated from the same local precursor pools. Consequently, the reduction in
BMNs in mib mutants may be the result of excessive formation of other earlier-born neurons,
and the variable reduction in BMN subtypes may reflect the degree to which the early
neurogenic phenotype depletes local precursor pools in different rhombomeres. However, in
the absence of specific markers to distinguish between early- and late-born nV and nVII
neurons or information about other neurons that might be generated earlier from the common
precursor pools that generate BMNs, these models cannot be tested.

The shh overexpression experiments (Fig. 3) were originally performed to determine whether
the loss of BMNs in mib mutants was due to a loss of precursor cells capable of responding to
Shh or was due to a loss/reduction of Shh signal from the ventral midline. The results do not
clearly distinguish between these possibilities. As shown previously in wild-type embryos
(Chandrasekhar et al., 1998), shh overexpression induces ectopic BMNs in mib mutants in
domains that include the ventral neural tube, indicating that Shh-responsive precursor pools
are not completely depleted in mutants. In addition, while BMN number is increased by roughly
similar extents (~45%) in wild-type and mib mutants after shh overexpression, the absolute
number of neurons induced is lower in mutants (Table 2), consistent with the idea that Shh-
responsive precursor pools are smaller in mib mutants. However, we cannot rule out that the
patchy loss of shh expression at the ventral midline also contributes to the BMN deficit in
mib mutants. Hence, although the precise mechanism that leads to the reduction in BMN
number in mib mutants remains unclear, the observed deficits are likely to be, in part, secondary
consequences of an early neurogenic phenotype.

Ventral Midline Defects in the mind bomb Mutant Hindbrain
Midline defects have been described previously in the trunk region of mib mutants (Appel et
al., 1999), where there is a small (25%) but significant decrease in the number of floor plate
and hypochord cells, and a corresponding increase in notochord cells. These and other data
suggested that Notch–Delta signaling mediates cell fate decisions at the trunk midline (Appel
et al., 1999). Because components of the Notch–Delta signaling pathway are expressed in the
gastrula and tail bud organizer regions (Appel et al., 1999; Holley et al., 2002; Itoh et al.,
2003), it is likely that Notch signaling also mediates midline cell fate decisions of the hindbrain
region during gastrulation. There are two aspects to the ventral midline defects that we have
described (Figs. 4, 5), one of which is consistent with a role for Notch signaling in determining
floor plate fate in the ventral midline (Appel et al., 1999), whereas the other appears to be
related to the role of the Notch pathway in regulating neurogenesis in the neural tube.

In the mib hindbrain, floor plate cells expressing shh are found in a continuous row (no gaps)
between 15 and 21 hpf (Fig. 4B,D; data not shown). Furthermore, Mauthner axons, which
extend through the hindbrain between 17 and 21 hpf (Mendelson, 1986; Hatta, 1992), pathfind
normally in mutants (Fig. 2B), indicating that ventral midline cues necessary for Mauthner
axon pathfinding (Hatta, 1992) are expressed normally in mib mutants. However, even though
no obvious defect in floor plate development is evident in the 15–21 hpf mutant hindbrain, a
small but significant reduction in the number of floor plate cells may have been missed. This
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putative, early reduction in cell number could result directly from defective midline cell fate
specification in the mib hindbrain during gastrulation (Appel et al., 1999). However, the second
aspect of mib ventral midline defects is the appearance of gaps in shh and axial (and Shh-
regulated nk2.2 and net1b) expression after 21 hpf (Fig. 4E–J; data not shown). The gaps in
shh expression can arise in at least two ways. First, an existing floor plate cell may down-
regulate shh expression, perhaps due to trans-differentiation into another cell type.
Alternatively, some daughter cells of mitoses in the floor plate may fail to differentiate into
floor plate cells. Our results (Fig. 5) are consistent with both possibilities. In the mib hindbrain,
while the domains of expression of the neural and floor plate markers (huC and shh,
respectively) are mostly exclusive (Fig. 5A–D), there are numerous instances when the two
genes appeared to be co-expressed at the ventral midline (Fig. 5F). In addition, wherever shh-
expressing cells are missing (i.e., gaps in expression), huC-expressing cells are frequently
found at the ventral midline, immediately dorsal to the notochord (Fig. 5E). Therefore, the
patchy expression of shh at 24 hpf is likely not due to defective midline specification during
gastrulation, but may result from the conversion of ventral midline cells into neuronal cells.
This mechanism may also explain the consistent, but not absolute, loss (gap) of expression of
shh and Shh-regulated target genes (nk2.2, net1b) in r4 in mib mutants (Fig. 4; Table 3).
Premature and excessive neurogenesis, as evidenced by increased zash1a and zash1b
expression, occurs first in r3/r4 at 16 hpf in mutants (Jiang et al., 1996), suggesting that the
ventral midline cells in this hindbrain region may be especially susceptible to neuronal
differentiation.

Genesis of Patterning Defects in mind bomb Mutants
In addition to a marked decrease in BMN number, the rhombomere-specific clustering of
BMNs is lost in mib mutants. This defect may result directly from the dramatic loss of
rhombomere-specific gene expression by 24 hpf. Of interest, rhombomere-specific gene
expression in mib mutants is initiated correctly and maintained until approximately 21 hpf, by
which time virtually the entire mutant hindbrain undergoes neuronal differentiation (Fig. 7).
Rhombomere boundaries may be lost rapidly between 21 and 24 hpf due to the cumulative loss
of cells that express molecules mediating repulsive cell–cell interactions (Xu et al., 1999;Cooke
et al., 2001). In addition, the absence of zrf1-positive radial glial cells (Lyons et al., 2003),
which are found at rhombomere boundaries (Trevarrow et al., 1990), in mib mutants (Jiang et
al., 1996) may also play a role in the loss of rhombomere boundaries. Of interest, the radial
glial cells in the zebrafish hindbrain are found in the ventricular zone, are mitotically active,
and may give rise to neurons (Lyons et al., 2003), Therefore, the absence of these cells in
mib mutants could have independent effects on rhombomere patterning and neurogenesis.

Although rhombomere boundaries and rhombomere-specific BMN organization are severely
compromised in mib mutants, BMNs extend axons in a manner consistent with their
anteroposterior location (Fig. 2B; data not shown). BMNs in the vicinity of r2 and r3 extend
axons into the first branchial arch (nV neurons), whereas those in the vicinity of r4, r5, and r6
extend axons into the second branchial arch (nVII neurons). This observation suggests that the
establishment and transient stability of rhombomere identity and boundaries up to ~21 hpf may
be sufficient to impart region-specific identities to nV and nVII motor neurons. Our results are
consistent with previous studies, which showed that failure to initiate and establish
rhombomere-specific gene expression can lead to a complete loss of hindbrain compartment
and BMN identities (Waskiewicz et al., 2002).

Role of Neuroepithelial Cell Loss in Generating the mind bomb Hindbrain Phenotype
The zebrafish neural tube forms by cavitation of the neural rod/keel, which is generated by an
inward, convergent movement and a thickening of the neural plate, rather than by invagination,
as in other vertebrates (Kimmel et al., 1995). Consequently, at the neural keel stage,
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proliferation of neuroepithelial cells leads to bilaterally positioned daughter cells because their
movement is not restricted by a central lumen (Kimmel et al., 1994; Geldmacher-Voss et al.,
2003). Furthermore, the proliferative zone containing neuroepithelial cells is restricted to a
well-defined layer immediately adjacent to the hindbrain ventricle (Lyons et al., 2003). Our
observations suggest strongly that neuroepithelial cells are greatly reduced in number in mib
mutants, especially after 21 hpf. First, quantification of cells with specific morphologies in
wild-type and mutant hindbrains suggests that neuroepithelial cells are extremely rare in mib
mutants at 36 hpf (Fig. 6), and this effect may be evident earlier. Second, while the ventricular
zone of neuroepithelial cells is clearly defined in 24 hpf wild-type embryos, it is absent in
mib mutants, because no ventricle is evident in cross-sections, and huC-expressing cells
densely populate the entire neural tube in mutant embryos (Fig. 5). This phenotype is also
obvious in cross-sections of GFP-expressing mutant embryos, where the various BMN
subtypes, especially the nX neurons, are extensively clumped across the putative midline or
ventricle (data not shown). Finally, at 16.5 hpf (neural keel stage), the rudiment of a central
lumen, bordered by neuroepithelial cells, is visible in wild-type hindbrains and to a lesser
degree in mib mutants (Fig. 7; data not shown). We propose that loss of neuroepithelial cells,
especially after 21 hpf, leads to the patterning defects evident in mib mutants after 21 hpf.
However, staining of live embryos with Bodipy ceramide to outline cell shapes (Cooper et al.,
1999) has thus far not revealed any obvious differences in the number of neuroepithelial cells
between wild-type and mutant hindbrains at 18 or 24 hpf (data not shown).

In conclusion, neural defects characterized in the mib mutant have thus far focused on the
neurogenic phenotype of early born neurons, occurring at the cost of later-born neurons. Our
data on BMN induction are consistent with this scenario. Moreover, the loss of BMN
organization and rhombomere boundaries by 24 hpf in mib mutants underscores the importance
of non-neuronal cells in maintaining patterning mechanisms. Our observations suggest strongly
that premature neurogenesis in mib mutants leads to the extensive loss of neuroepithelial cells
that have important roles in rhombomere boundary formation and midline signaling in the
hindbrain. The potential roles of neuroepithelial cells in hindbrain patterning and ventral
midline signaling processes can be studied in embryos where genetic or biochemical
perturbation leads to severe disruption of neuroepithelial cell polarity and organization (Jiang
et al., 1996; Pujic and Malicki, 2001; Geldmacher-Voss et al., 2003; Masai et al., 2003).

EXPERIMENTAL PROCEDURES
Animals

Zebrafish were reared and maintained as described in Westerfield (1995). Embryos were
collected from pairwise matings, and developed at 28.5°C in E3 embryo medium (Bingham et
al., 2002). Throughout the text, the developmental age of the embryos corresponds to the hours
elapsed since fertilization (hours postfertilization, hpf). Embryos were transferred to E3
medium containing phenylthiourea between 18 and 22 hpf to prevent pigmentation. The mind
bomb mutants (mibta52b) were identified on the basis of the morphology of the tectum and
hindbrain at 24 hpf (Jiang et al., 1996). For analysis of branchiomotor neuron development,
the motor neuron-expressed GFP transgene (Higashijima et al., 2000) was crossed into the
mib mutant background.

Immunohistochemistry and In Situ Hybridization
Whole-mount immunohistochemistry was performed with various antibodies as described
previously (Chandrasekhar et al., 1997; Bingham et al., 2002). Synthesis of digoxigenin-and
fluorescein-labeled probes, whole-mount in situ hybridization, and two-color development
were carried out as described previously (Chandrasekhar et al., 1997; Prince et al., 1998;
Bingham et al., 2002). Embryos were deyolked, mounted in glycerol, and examined with an
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Olympus BX60 microscope. In all comparisons, at least 10 wild-type and 10 mutant embryos
were examined. For sectioning, embryos were gently deyolked in glycerol, transferred to PBS
(Westerfield, 1995) and embedded in 7% agarose (Ultra Low Melting Point Agarose, Fisher).
Sections (50 μm) were made by using a Vibratome 1000 Plus system and were mounted in
glycerol.

Confocal Microscopy
Confocal imaging was carried out on live or fixed embryos embedded in a dorsal orientation
in 1.2% agarose. Images were captured on an Olympus IX70 microscope equipped with a Bio-
Rad Radiance 2000 confocal laser system. For obtaining virtual cross-sections, the GFP-
expressing cell bodies at a given axial level were identified and boxed. Metamorph software
rotated the Z-stacks within the boxed area 90 degrees to provide a cross-sectional view.

For quantifying cellular morphologies, 30–40 Z-sections (×40 magnification) of 2 μm
thickness were obtained at the level of the otic vesicle in the ventral neural tube, where the
rhodamine–dextran labeled donor-derived cells were located. Four consecutive sections were
stacked, and the resulting nonoverlapping Z-stacks were scored for cellular morphologies,
taking care not to count the same cell twice. Cells were classified as neuroepithelial if they
exhibited columnar morphology (Fig. 6E) and as neuronal if they were round and possessed
at least one dendritic process (Fig. 6F).

RNA Injections
Synthesis of full-length shh RNA was carried out as described previously (Chandrasekhar et
al., 1998). RNA (~1 ng/embryo) was injected into one- to eight-cell stage embryos as described
previously (Chandrasekhar et al., 1998).

Quantification of Neuronal Populations
Islet antibody-labeled nuclei of hindbrain neurons, ventral spinal cord neurons, and Rohon–
Beard cells were counted in strongly labeled, preparations of 36 hpf embryos. Counts were
performed under ×40 magnification.

Mosaic Analysis
Gastrula stage transplants and analysis of motor neuron development were performed
essentially as described previously (Moens and Fritz, 1999; Jessen et al., 2002).
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Fig. 1.
Defective neurogenesis in the mind bomb mutant hindbrain. All panels show dorsal views of
the hindbrain with anterior to the left. The asterisks in all panels indicate the location of the
otocyst. A,B: In a 17 hours postfertilization (hpf) wild-type embryo (WT; A), huC is expressed
in small clusters of cells (arrowhead) located at the lateral margins of the hindbrain. In a mib
mutant (B), huC-expressing cells are found throughout the hindbrain, with higher densities at
some axial levels. C,D: In a 24 hpf wild-type embryo (C), the huC expression domain has
expanded medially, and expressing cells are found at all axial levels, including the caudal
hindbrain (arrowhead). In a mib mutant (D), the hindbrain at all axial levels is filled with
huC-expressing cells. E,F: In a 24 hpf wild-type embryo (E), deltaD is expressed extensively,
with higher expression in segmentally reiterated cell clusters. In the mib mutant (F), deltaD
expression is greatly reduced or absent in the hindbrain and sharply higher in the tectum (tec)
and eye. G,H: In a 36 hpf wild-type embryo (G), evx1 is expressed in commissural neurons
(arrowhead), cerebellar neurons (cb), and putative interneurons (arrow). In a mib mutant (H),
the evx1-expressing commissural neurons are greatly reduced (arrowhead), while the cerebellar
neurons and interneurons (arrow) are disorganized and fused, and reduced in number. ag,
acoustic ganglion; cb, cerebellum; tec, tectum; tg, trigeminal ganglion; pg, posterior lateral
line ganglion.
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Fig. 2.
Branchiomotor neuron (BMN) development is severely disrupted in the mind bomb mutant
hindbrain. All panels show dorsal views of the hindbrain with anterior to the left. A and B are
composite confocal images and identify GFP-expressing motor neurons in the fluorescein
channel and 3A10-labeled Mauthner (M) reticulospinal neurons and axons in the rhodamine
channel. The asterisks in all panels indicate the location of the trigeminal motor neurons in
rhombomeres 2 and 3. A,B: In a 36 hpf wild-type embryo (WT; A), the BMN clusters are found
in their characteristic locations and numbers. The 3A10 antibody-labeled Mauthner cell axons
decussate and descend contralaterally into the spinal cord. In a mib mutant (B), The BMNs
clusters are disorganized and are variably fused. The supernumerary M cell axons cross the
midline and descend contralaterally in a normal manner, whereas the nX motor neurons
(arrowhead) in the same region exhibit extensive fusion across the midline. C,D: In a 36 hpf
wild-type embryo (C), gata3 is expressed by putative interneurons (arrow) and the nVII
(arrowhead) and nV motor neurons (asterisk). In a mib mutant (D), gata3-expressing motor
neurons (arrowhead, asterisk) are disorganized and the putative interneurons are absent.
E,F: In a 36 hpf mib mutant (F), islet antibody-labeled BMNs (asterisk, arrowheads) are
disorganized and variably fused and are reduced in number compared with wild-type siblings
(E). oto, otocyst.
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Fig. 3.
Shh overexpression induces branchiomotor neurons (BMNs) in the mind bomb mutant
hindbrain. A–D show dorsal views of the hindbrain with anterior to the left and are composite
confocal images, identifying GFP-expressing motor neurons in the fluorescein channel and
3A10-labeled Mauthner reticulospinal neurons and axons in the rhodamine channel. Asterisks
in A–D indicate the location of the trigeminal (nV) motor neurons in rhombomere 2 (r2). E–
H show confocal projections (virtual cross-sections) of GFP-expressing cells at the level of r4
and r5, and illustrate the effects of shh overexpression on nVII motor neurons. The broken line
marks the outline of the neural tube, with dorsal to the top. The asterisks in F and H indicate
the exit point of nVII axons from the neural tube. A: In a control wild-type embryo (WT), one
Mauthner (M) neuron (arrowhead) is found on each side in r4 and BMNs are found in
characteristic locations and numbers. E: In addition, the nVII motor neuron cell bodies are
found in the ventral neural tube. C: In a shh RNA-injected wild-type embryo, the various
GFP-expressing BMN clusters contain significantly larger numbers of cells, while M cell
number is not affected. F: While most of the ectopic nVII motor neurons are found in the dorsal
neural tube, a significant number (arrowhead) is also found in ventral locations. B: In a control
mib mutant, there are excess M cells (arrowhead) and the BMNs exhibit the mib mutant
phenotype. G: The nVII neurons are distributed randomly in the ventral half of the neural tube.
D: Upon shh RNA injection, there is a sharp increase in the various BMN populations, while
M cell number is not affected. H: Significantly, many of the ectopic nVII motor neurons
(arrowhead) in the mutant are found in the ventral neural tube. The mutant embryo shown in
D had an unusually large increase in motor neuron number at all axial levels.
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Fig. 4.
Development of ventral neural tube tissue is defective in the mind bomb hindbrain. A–H show
lateral views and I–L show dorsal views of the hindbrain, with anterior to the left. Asterisks
(I–L) indicate the location of the otocyst. A–D: At 16.5 hours postfertilization (hpf; A,B) and
21 hpf (C,D), shh-expressing floor plate cells (arrowheads) are found in a continuous row in
wild-type (WT) and mib mutant embryos, even though huC-expressing cells are greatly
increased in the mutant (B, D). E,F: In a 24 hpf mib mutant (F), shh-expressing floor plate
cells are disorganized and slightly reduced in number compared with a wild-type sibling (E),
with an absence of expressing cells in rhombomere 4 (r4, arrowhead), which is identified by
hoxb1a expression. G,H: In a 24 hpf mib mutant (H), expression of nk2.2 in the ventral neural
tube is greatly reduced compared with a wild-type embryo (G), with an absence of expression
in r4 (arrowhead). I,J: In a 30 hpf mib mutant (J), net1b expression is reduced at all axial levels
compared with wild-type (I), with a gap of nonexpression in r4 (arrowhead). K,L: In an 18 hpf
wild-type embryo (K), GFP-expressing nV and nVII motor neurons (arrowheads) are found
bilaterally in r2 (nV neurons) and in a longitudinal column spanning r4 and r5 (nVII neurons).
In a mib mutant (L), the motor neuron clusters (arrowheads) are disorganized, with considerable
fusion across the midline. n, notochord.
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Fig. 5.
Distribution of neural cells in the mind bomb mutant hindbrain. All panels show cross-sections
of the hindbrain in 24 hours postfertilization embryos at the level of rhombomere 5 (A–D),
rhombomere 4 (E), and the caudal hindbrain (F). Asterisks in A–E identify the otocyst. A,C:
In wild-type (WT) embryos, the huC-expressing cells are found at the lateral margins of the
neural tube, outside the ventricular zone along the middle of the neural tube (arrows). The
ventral midline contains floor plate cells (arrowheads) that express shh (C). B,D: In mib
mutants, the entire neural tube is filled with huC-expressing cells, except at the ventral midline
(arrowhead in B), which contains shh-expressing cells (arrowhead in D) and other cells that
express neither shh nor huC (arrow in D). The ventricular zone is absent in mutant embryos.
E: In this mutant, huC-expressing cells (arrow) occupy the ventral midline immediately dorsal
to the notochord, and no shh-expressing cells are found. F: In this mutant, the ventral midline
cells coexpress shh and huC (arrowhead). ag, acoustic ganglion; n, notochord; pg, posterior
lateral line ganglion.
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Fig. 6.
The mind bomb branchiomotor neuron (BMN) phenotype arises non–cell autonomously. B–F
show dorsal views of the hindbrain with anterior to the left. In B–F, donor-derived cells are
labeled red with rhodamine–dextran. In B–D, donor-derived BMNs are labeled yellow due to
colocalization of GFP expression and rhodamine–dextran. A: The transplantation procedure.
B: In a control experiment, wild-type (Wt) cells that differentiate into motor neurons
(arrowhead) in a wild-type host are correctly organized into characteristic clusters. C: When
donor-derived wild-type cells differentiate into motor neurons in a mib mutant host, the wild-
type neurons (arrowhead) and their axons are loosely organized and straddle the midline, the
characteristic mutant phenotype. D: When donor-derived mib mutant cells differentiate into
motor neurons in a wild-type host, the mutant neurons (arrowhead) and their axons exhibit
wild-type organization. E: In a wild-type host, many donor-derived cells exhibit a columnar
morphology (arrowheads), suggestive of neuroepithelial cells. F: In a mib host, most donor-
derived cells are round with short processes (arrowheads), suggestive of neurons.

Bingham et al. Page 19

Dev Dyn. Author manuscript; available in PMC 2008 January 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Rhombomere patterning is established but not maintained in mind bomb mutants. All panels
show dorsal views with anterior to the left. Asterisks identify the otocyst. A–D: At 16.5 hours
postfertilization (hpf; A,B) and 20 hpf (C,D), krox20 is expressed normally in rhombomeres
3 and 5 (r3 and r5) in wild-type (WT) and mutant embryos, even though huC-expressing cells
are greatly increased in the mutant hindbrains (B,D). By 20 hpf, the ventricular surface (arrow)
and lumen (arrowhead) are well developed in the wild-type embryo (C) but are poorly
developed in the mutant (D). E,F: In a mib mutant (F), krox20 expression in r3 and r5 is absent,
while hoxb1a expression in r4 is maintained but greatly reduced, compared with a wild-type
sibling (E). In addition, the ventricle (arrowhead) seen in the wild-type embryo is missing in
the mutant. tg, trigeminal ganglion.
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TABLE 1
Branchiomotor Neurons Are Reduced in Number in mind bomb Mutants

Islet antibody-labeled cell type WT (ta52b)a mibta52b Ratio (mutant/WT)
Total number of labeled cells in hindbrainb 205.9 ± 10.4 (11) 111.1 ± 15.5 (14) 0.54
Total number of labeled cells in r2 and r3
 (nV neurons: Differentiate ≈18 hpf)

70.8 ± 7.8 (11) 51.5 ± 5.3 (14) 0.73

Total number of labeled cells in r4 to r7
 (nVII neurons: Differentiate ≈15 hpf)

135.1 ± 8.6 (11) 59.1 ± 13.5 (14) 0.44

Number of labeled cells in ventral spinal cordc
 (Differentiate ≈ 24 hpf)

24.1 ± 1.6 (6) 12.9 ± 1.5 (6) 0.54

Number of Rohon–Beard cellsd
 (Differentiate ≈10 hpf)

4.7 ± 0.4 (6) 9.8 ± 0.9 (6) 2.1

a
Embryos were scored at 36 hours postfertilization (hpf). Numbers in parentheses represent number of embryos.

b
The number corresponds to the total number of labeled cells (nV, nVII) in rhombomeres 2–7.

c
Labeled cells (motor neurons and interneurons) were counted on one side in the ventral spinal cord in three contiguous segments at the level of the tip

of the yolk tube. The number shown corresponds to the number of cells per hemisegment.

d
Rohon–Beard cells, which are very darkly labeled cells in the dorsal-most neural tube, were counted on one side of the spinal cord in three contiguous

segments at the level of the tip of the yolk tube. The number shown corresponds to the number of cells per hemisegment.
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TABLE 2
Shh Overexpression Induces Ectopic Motor Neurons in mind bomb Mutants

Injected RNA No. of embryosa Wild-typeb mind bombb
Embryos with ectopic GFP- expressing cells in
hindbrainc

None 197 (3) 0% (146) 0% (51)

shh 231 (3) 94% (159) 100% (72)
Number of islet antibody-labeled cells in hindbraind None 5 (1) 188 ± 16.6 104.7 ± 9

shh 5 (1) 277.4 ± 11.4 148.8 ± 23
Ratio (shh / control) 1.48 1.42

a
Numbers in parentheses represent number of experiments.

b
Numbers in parentheses represent number of embryos. Embryos were scored as mutant if the branchiomotor neurons exhibited fusion across the midline

(Fig. 3B and D). The mutant embryo in Fig. 3D exhibited an unusually large increase in motor neuron number.

c
Embryos (36 hours postfertilization) were considered to have ectopic expression if the number of GFP-expressing branchiomotor neurons were increased

relative to uninjected controls. The ectopic neurons were especially evident in rhombomeres 2 and 4 (Compare Fig. 3A and C), where ectopic neurons
were located dorsally along the lateral margin of the neural tube, and in the caudal hindbrain.

d
The number corresponds to the total number of labeled cells (nV, nVII) in rhombomeres 2–7.
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TABLE 3
Defects in Ventral Neural Tube Gene Expression in the mind bomb Mutant Hindbraina

Defect in Expression Pattern

Gene Genotype No Defects Gap in r2/r3 Gap in r4
shh (25 hpf) Wild-type (20) 20/20 0/20 0/20

Mutant (14) 6/14 2/14 6/14
nk2.2 (24 hpf) Wild-type (20) 20/20 0/20 0/20

Mutant (24) 6/24 1/24 17/24
net1b (30 hpf) Wild-type (20) 20/20 0/20 0/20

Mutant (52) 16/52 0/52 36/52
a
Number of embryos are shown in parentheses. Gaps in rhombomeres 2, 3, and 4 (r2, r3, r4) were scored, while gaps in the caudal hindbrain, which were

infrequent, and other defects in expression pattern were excluded from analysis. The position of the gap in expression was determined relative to the
outlines of the otic vesicle, which spans rhombomeres 4–6 at the developmental stages examined. hpf, hours postfertilization.
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