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Genetic Single-Cell Mosaic Analysis Implicates ephrinB2
Reverse Signaling in Projections from the Posterior Tectum
to the Hindbrain in Zebrafish
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The optic tectum is a visual center in vertebrates. It receives topographically ordered visual inputs from the retina in the superficial layers
and then sends motor outputs from the deeper layers to the premotor reticulospinal system in the hindbrain. Although the topographic
patterns of the retinotectal projection are well known, it is not yet well understood how tectal efferents in the tectobulbar tract project to
the hindbrain. The retinotectal and the tectobulbar projections were visualized in a zebrafish stable transgenic line Tg(brn3a-hsp70:GFP).
Using a single-neuron labeling system in combination with the cre/loxP and Gal4/UAS systems, we showed that the tectal neurons that
projected to rhombomeres 2 and 6 were distributed with distinctive patterns along the anterior–posterior axis. Furthermore, we found
that ephrinB2a was critically involved in increasing the probability of neurons projecting to rhombomere 2 through a reverse signaling
mechanism. These results may provide a neuroanatomical and molecular basis for the motor command map in the tectum.
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Introduction
How information is reorganized between the sensory and motor
maps remains a key issue in the study of sensorimotor transfor-
mation. The optic tectum is one of the best model systems for
investigating visuomotor transformation. It receives topograph-
ically ordered visual inputs from the retina in the superficial lay-
ers and sends motor outputs from the deeper layers to the pre-
motor reticulospinal system in the hindbrain (Wurtz and
Albano, 1980).

The tectal efferents have two pathways in rats, the contralat-
eral (crossed) and ipsilateral (uncrossed) descending tectobulbar
tracts (Dean et al., 1989). In goldfish, microstimulation of the
tectum evokes eye and tail movements that are characteristic for
specific stimulation sites and parameters (current strength and
pulse rate) (Salas et al., 1997; Herrero et al., 1998). However, it
remains to be elucidated how such characteristic responses are
realized by the tectal neuron projection to the reticulospinal
system.

In teleost fishes, the reticulospinal system is a segmentally
organized motor center (Metcalfe et al., 1986) that develops
within hindbrain segments, rhombomeres (r) 0 – 8 (Moens and
Prince, 2002). Mauthner neurons in r4 initiate fast escape re-

sponses (Eaton et al., 1981), and their firing can be triggered by
visual, auditory, or multimodal sensory stimuli (Eaton et al.,
1991). Recent studies have shown that a majority of other reticu-
lospinal neurons are also activated during escape behavior, sug-
gesting coordinate functions of multiple reticulospinal neurons
(Liu and Fetcho, 1999; Gahtan et al., 2002; Nakayama and Oda,
2004). However, little is known about how each reticulospinal
neuron receives projections from the tectum.

The Ephrin/Eph ligand/receptor family is critically involved
in the topographic targeting of the retinotectal projection (for
review, see Flanagan and Vanderhaeghen, 1998; O’Leary and
McLaughlin, 2005). These molecules function through forward
and reverse-signaling mechanisms. The molecular mechanisms
for the tectobulbar projections, however, remain unknown.

In this study, we established a novel system to observe the
tectal neuron projections to the hindbrain in zebrafish by single-
neuron labeling using cre/loxP and Gal4/UAS systems under the
control of the zebrafish brn3a promoter. Brn3a is a POU-domain
transcription factor expressed in specific central neurons and pri-
mary sensory neurons (He et al., 1989; Xiang et al., 1995). A stable
transgenic line Tg(brn3a-hsp70:GFP) expressing GFP under the
control of the brn3a promoter (Aizawa et al., 2005) allowed visu-
alization of the retinotectal and tectobulbar projections. By using
this single-neuron labeling system, we explored the mapping of
regions of the tectum onto the hindbrain. We found that the
neurons projecting to r2 and r6 were distributed with distinctive
anterior–posterior patterns in the tectum. In addition, ephrinB2a
was found to be critically involved in increasing the probability of
neurons projecting to r2, through reverse signaling. Our findings
should provide a neuroanatomical and molecular basis for un-
derstanding the motor command map in the tectum and the
mechanisms of visuomotor transformation.
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Materials and Methods
Plasmid construction. Zebrafish brn3a cDNA
was used to screen the zebrafish PAC library
(Incyte Genomics, Wilmington, DE). An iso-
lated PAC clone contained two SacI fragments
(�5.1 kb and 6.0 kb) covering the entire coding
region of the brn3a and the flanking sequences.
The intron 1 sequence of the brn3a gene was
PCR amplified with primers (5�-TGAA-
GACTCGTAAAAACGAGCTCCA-3� and 5�-
ACGAATTCTCAGCTGCGCATCGGGA-3�)
and cloned into the BglII–EcoRI sites of hsp70:
GFP (Halloran et al., 2000) to generate intron-
hsp70:GFP. A 5.1 kb SacI fragment containing
the 5� flanking region and exon 1 of the brn3a
gene was subcloned into the same site of intron-
hsp70:GFP to generate brn3a-hsp70:GFP.
brn3a-hsp70:Gal4VP16 was obtained by replac-
ing GFP with a BamHI–NotI fragment of
Gal4VP16 PCR-amplified from pBGal4VP16
(Koster and Fraser, 2001). Pgk-neo was re-
moved from Pgk-neo-Flox by digestion with
EcoRI, and PCR-amplified DsRed from pD-
sRed2–1 (Clontech, Mountain View, CA) was
cloned into the EcoRI site to generate loxP:
DsRed:loxP. The loxP:DsRed:loxP fragment was
subcloned into the SacII site of brn3a-hsp70:
Gal4VP16 to generate brn3a-hsp70:loxP:DsRed:
loxP:Gal4VP16. pCS2:cre was generated by
cloning PCR-amplified cre into the EcoRI-NotI
sites of pCS2. The zebrafish ephrinB2a cDNA
was isolated by PCR amplification (Chan et al., 2001). ephrinB2a�C

(amino acids 1–256) (Durbin et al., 1998) was produced by inserting a
stop codon with PCR. An upstream regulatory sequence (UAS) from
pBUASE1BGFP (Koster and Fraser, 2001) was cloned into the HindIII–
EcoRI sites of pCS2, and then EcoRI fragments of the ephrinB2a and the
ephrinB2a�C were subcloned into the same site to obtain UAS:ephrinB2a
and UAS:ephrinB2a�C, respectively. A UAS:GFP fragment was subcloned
into the SacII site of UAS:ephrinB2a and UAS:ephrinB2a�C to generate
UAS:ephrinB2a:UAS:GFP and UAS:ephrinB2a�C:UAS:GFP, respectively.

Injection of plasmid DNA. Zebrafish were maintained as described pre-
viously (Westerfield, 1995). Embryos were staged according to Kimmel
et al. (1995). Plasmid DNA was prepared using QIAprep miniprep kits
(Qiagen, Hilden, Germany). For single-neuron labeling, a mixture of
three plasmids, brn3a-hsp70:loxP:DsRed:loxP:Gal4VP16, pCS2:cre, and
UAS:GFP (20 ng/�l each) was injected into one- to four-cell-stage em-
bryos. Injected embryos were raised at 28.5°C, and those with labeled
tectal neurons were selected under a fluorescent dissection microscope
(MZFLIII; Leica, Wetzlar, Germany) and fixed in 4% paraformaldehyde
at 7 d postfertilization (dpf). For ectopic expression, UAS:ephrinB2a:
UAS:GFP or UAS:ephrinB2a�C:UAS:GFP was used instead of the UAS:
GFP. Injected embryos with tectal neurons strongly labeled with GFP
were selected for additional analysis.

Imaging. The brain was removed from fixed embryos and mounted on
a coverslip imaging chamber in 70% glycerol. Imaging was performed
using a confocal microscope (LSM510; Zeiss, Oberkochen, Germany)
with a 20�/0.75 numerical aperture (NA) objective. Approximately
30 – 80 optical sections were obtained at 0.8 – 0.9 �m intervals for each
view. Excitation was provided by an Ar laser (488 nm) and a HeNe laser
(543 nm), which allowed simultaneous capturing of GFP and DsRed
images. For time-lapse imaging, embryos were mounted in 0.5% agarose
in an imaging chamber on the confocal microscope. Images were ob-
tained using the 20�/0.75 NA objective, at 15 min intervals for 25 h.
Approximately 30 – 60 confocal sections at 1.5–2.0 �m intervals were
compiled into a three-dimensional projection for each time point.

Statistical analysis. The distributions of neurons projecting to different
hindbrain segments in wild-type embryos were compared by the differ-
ences in the centers of gravity using a nonparametric one-way ANOVA,

the Kruskal–Wallis test with the Bonferroni posttest (36 comparisons in
nine groups). Statistical analysis was performed using Matlab software
(MathWorks, Natick, MA). Analyses were performed for the coordinates
of the neurons projecting to the anterior–posterior axis. No significant
differences were detected when we compared the coordinates of the neu-
rons projecting to the mediolateral axis. For comparisons of the proba-
bilities of the neurons projecting to r2 between the posterior and the
nonposterior regions, the binomial test with the Bonferroni posttest was
performed (for nine comparisons with regard to r0 through r8). For
comparisons of the probabilities of neurons in each tectal region, the
binomial test with the Bonferroni posttest was performed (for two com-
parisons of wild-type with ephrinB2a and ephrinB2a �C embryos). Dif-
ferences were considered significant for p � 0.05.

Retrograde labeling, immunohistochemistry, and in situ hybridization.
Reticulospinal neurons were retrogradely labeled with rhodamine-
conjugated dextran (Invitrogen, Carlsbad, CA), as described previously
(Moens et al., 1996). Cryostat sectioning, immunohistochemistry, and
whole-mount in situ hybridization were performed according to stan-
dard protocols (Westerfield, 1995). We used anti-GAD65/67 antibody
(1:500 dilution; Biomol, Plymouth Meeting, PA), anti-VGLUT2 anti-
body (1:1000 dilution; Millipore, Billerica, MA), a secondary antibody
conjugated to Alexa Fluor 532 (1:500 dilution; Invitrogen), zebrafish
EphB4a cDNA (Cooke, 1997), and EphA4a cDNA (Bovenkamp and
Greer, 1997). For nucleic acid staining, sections were incubated in SY-
TOX orange (1:1000 dilution; Invitrogen) for 30 min at room tempera-
ture. The stained sections were viewed by confocal microscopy. Images of
the hybridized embryos were captured using a differential interference
contrast microscope (Axioplan2; Zeiss) with a CCD camera (AxioCam
HRc; Zeiss).

Results
Visualization of visuomotor neural networks
To investigate neural networks involving visuomotor transfor-
mation, we used a stable transgenic line Tg(brn3a-hsp70:
GFP)rw0110a (Aizawa et al., 2005). The transgene brn3a-hsp70:
GFP is composed of a regulatory region of the zebrafish brn3a
gene containing the 4.9 kb upstream region, a part of the first

Figure 1. GFP expression in Tg(brn3a-hsp70:GFP) embryos. A, Structure of the zebrafish brn3a gene and the brn3a-hsp70:GFP
transgene. A regulatory region of the brn3a gene contains a 4.9 kb upstream region (thick bar), a noncoding region (blue box), a
part of the coding region (black box), and an intron (gray box). hsp70 promoter (yellow box) and EGFP (green box) sequences were
inserted downstream of the regulatory region. The transcription start site is indicated as �1. S, SacI. B, C, Bright-field (B) and GFP
fluorescence (C) images of a transgenic embryo at 3 dpf. D, Anterolateral view of the brain at 5 dpf. E, A transverse section of the
brain at 7 dpf. Dorsal is upward. ITC, Intertectal commissure; Ha, habenula; OT, optic tract; Pt, pretectum; TS, torus semicircularis;
VTF, ventral tectal fascicles; TeO, optic tectum; e, eye. Scale bar, 50 �m.
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exon and the first intron, hsp70 as a basal promoter, and GFP as a
reporter (Fig. 1A). In wild-type embryos, brn3a was mainly ex-
pressed in the retina and the tectum, as well as in the habenula
and the cranial sensory ganglia (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material, and data not
shown) (He et al., 1989; Xiang et al., 1995). The expression began
�30 h postfertilization (hpf) in the anterior midbrain and spread
more posteriorly within the tectum during development. Consis-
tent with the expression of the brn3a mRNA, the transgenic em-
bryos expressed GFP mainly in the retina and the tectum (Fig.
1B,C), but also in the habenula, the pretectum, and the torus
semicircularis from �34 hpf (Fig. 1D,E). The optic tract, a subset
of intertectal commissures, and the ventral tectal fascicles were
clearly visualized in the brain at 5 dpf (Fig. 1D,E).

We examined the expression of GFP in the tectum in more
detail. From nuclear staining of cryosections of the brain, we
estimated that 47 � 4% of cells in the tectum expressed GFP at 7
dpf (n � 8 from three embryos; data not shown). Descending
efferents from the tectum were apparent in ventral view (Fig. 2A,
arrowhead). The contralaterally descending and ipsilaterally de-
scending tectobulbar tracts were clearly distinguished after DiI
injection into the right tectal hemisphere (Fig. 2B, arrowheads),
suggesting that GFP selectively visualized the ipsilaterally de-
scending tectobulbar tract. In lateral view, the tectobulbar tract
extended branches dorsally and segmentally in the hindbrain
(Fig. 2C, asterisks). A transverse section in the hindbrain showed
that the dorsal branches elaborated around the ventral dendrites
of the reticulospinal neurons (Fig. 2D), suggesting that the tec-
tobulbar tract plays a major role in transmitting visual informa-
tion to the premotor reticulospinal system in the hindbrain. Im-
munohistochemistry showed that most of the GFP-expressing
neurons in the tectum were glutamatergic, except for a subset of
commissural neurons that were GABAergic (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material).

The transgenic fish continued to express GFP at adult stages
(Fig. 2E,F). The adult tectum has a layered structure (Meek,
1983). GFP was expressed in the superficial layers of the tectum,
which receive inputs from the retina. In addition, there were
neurons expressing GFP in the deeper layers of the tectum (Fig.
2F). Given that the tectum sends motor outputs from the deeper
layers (Al-Akel et al., 1986), it is likely that these neurons were
involved in sending motor outputs to the hindbrain. Together,
these results show that the Tg(brn3a-hsp70:GFP) fish enabled
visualization of the optic tract projecting to the superficial layers
in the contralateral tectum and also the tectobulbar tract de-
scending from the deeper layers ipsilaterally to the hindbrain
reticulospinal neurons.

Development of the tectobulbar tract
We used the transgenic embryos to examine the development of
the tectobulbar tract. The tectobulbar tract began to extend pos-
teriorly from the ventral midbrain at �40 hpf (Fig. 3A, arrow-
head), reached r4 in which Mauthner neurons are located at �50
hpf (Fig. 3B,C, arrowheads), and then developed branches that
extended dorsally and segmentally within the hindbrain (Fig. 3D
and supplemental movie, available at www.jneurosci.org as sup-
plemental material). The dorsal branches began to develop at
�60 hpf (Fig. 3E, arrows) and were well elaborated by 80 hpf (Fig.
3F, asterisks). Considering the development of the other compo-
nents in the visuomotor system, the tectobulbar tract begins to
extend before the retinal axons reach the tectum at �48 hpf (Stu-
ermer, 1988), and it begins to develop the dorsal branches during
the period of retinal axon arborization, which occurs from �60

hpf (Stuermer, 1988). The onset of visually evoked neural activity
in the tectum and startle responses are observed later on, at �66
and 68 hpf, respectively (Easter and Nicola, 1996; Niell and
Smith, 2005). These findings suggest that the initial tectobulbar
projection develops without visual inputs and that the dorsal
branches develop coincidentally with retinal axon and tectal den-
drite arborizations in the tectum, during the development of
visuomotor behaviors.

Genetic single-neuron labeling in zebrafish
To address the question of whether the GFP-positive tectal neu-
rons project to the reticulospinal system with a defined spatial
pattern, we established a genetic single-neuron labeling system in

Figure 2. Ipsilaterally descending tectobulbar tracts expressing GFP in Tg(brn3a-hsp70:
GFP). A, C, D, Reticulospinal neurons were retrogradely labeled with rhodamine-conjugated
dextran (red). A, Ventral view; anterior is upward. The arrowhead indicates the tip of the tec-
tobulbar tract. B, Ventral view; anterior is upward. DiI (red) was injected into the right tectal
hemisphere at 7 dpf. The ipsilaterally descending (filled arrowhead) and the contralaterally
descending (open arrowhead) tectobulbar tracts were labeled with GFP and DiI, respectively. C,
Lateral view; anterior is left, and dorsal is upward. Asterisks indicate each branching point from
the tectobulbar tract. D, A transverse section of the brain from the location shown by the
rectangle in A. E, F, Transverse sections of the adult brain. Red fluorescence indicates nuclei
stained with SYTOX orange. M, Mauthner neuron; MiD, middle dorsal; MiV, middle ventral; mlf,
medial longitudinal fascicle; n ve, vestibular nucleus; PGZ, periventricular gray zone; SAC, stra-
tum album centrale; SFGS, stratum fibrosum et griseum superficiale; SGC, stratum griseum
centrale; SO, stratum opticum; SPV, stratum periventriculare; TeO, optic tectum; TSc and TSvl,
central and ventrolateral nucleus of torus semicircularis, respectively; TTB, tectobulbar tract.
Scale bars: A, C, 50 �m; D, F, 20 �m; E, 100 �m.
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zebrafish (Fig. 4). Usually, injection of a plasmid or a tracer is
used to label neurons. These procedures, however, can be limited
by inefficiency or by the technical difficulty of avoiding clustered
labelings or by insufficient labeling intensity. To circumvent
these limitations, we coinjected three plasmids, pCS2:cre, brn3a-
hsp70:loxP:DsRed2:loxP:Gal4VP16, and UAS:GFP into embryos
at the one- to four-cell stage (Fig. 4A). This procedure stochasti-
cally induced the expression of Gal4VP16 under the control of
the brn3a-hsp70 promoter after excision of the DsRed sequence
by Cre recombinase, resulting in the induction of GFP expression
(Dong and Stuart, 2004; Kimura et al., 2006). In the injected
embryos, neurons incorporating the plasmid brn3a-hsp70:loxP:
DsRed2:loxP:Gal4VP16 expressed DsRed, whereas only neurons
that simultaneously incorporated all three plasmids expressed
GFP (Fig. 4B,C, arrowheads). In addition, labeled neurons
showed different colors, such as green or yellow, depending on
the level of Cre-mediated recombination in multiple copies of the
incorporated plasmids (Fig. 4C, brackets). This allowed us to
distinguish the axon for some neurons. We confirmed that the
differences in color of labeled neurons were stable by 8 dpf. Thus,
we found this strategy to be simple and useful for stochastically
labeling single neurons with sufficient fluorescence intensity.

Mapping of tectobulbar projections
Using this system, several types of neuron were labeled in the
tectum (Fig. 4D–H) and in the torus semicircularis (Fig. 4 I). In
this study, we focused on labeled neurons in the tectum at 7 dpf,
because visuomotor behaviors such as the visually evoked startle
and the optokinetic response, and also the tectal dendritic ar-
borization, have matured by this stage (Easter and Nicola, 1996,
1997; Niell et al., 2004). The neurons were classified into four
groups, depending on the size of the dendritic arborization fields
(Fig. 5): very large (n � 5), large (n � 20) (Fig. 4D, arrowhead),
middle (n � 26), and small (n � 36) (Fig. 4F, arrowhead). The

labeled neurons had radial dendrites (Fig. 4E, closed arrowhead)
or horizontal dendrites (Fig. 4G, closed arrowhead) with an ipsi-
laterally descending axon (Fig. 4E,G, open arrowheads). We ob-
served interneurons with no descending projections (Fig. 4F, ar-
row), which likely correspond to the tectum opticum (TO)-
interneurons in salamanders (Roth et al., 1999). In a few cases, we
identified neurons with an axon that crossed the dorsal midline
through the tectal commissure (Fig. 4H, arrowhead) (Herrero et
al., 1999), which was consistent with the GFP expression in the
transgenic embryos (Fig. 1D,E). Of the labeled tectal neurons,
projections were examined for all those with ipsilaterally de-
scending axons, which likely correspond to the TO2–TO4 tectum
opticum neurons in salamanders (Roth et al., 1999). Two param-
eters, location of the soma and final projection site (Fig. 4B,E,G,
closed and open arrowheads, respectively), were determined for
these neurons. The location of the soma was determined from a
dorsal view (Fig. 4 J, open circle). Using a ventral view, the final
projection site in the hindbrain was identified by overlying an
image of reticulospinal neurons. For example, for the labeled
axon shown in Figure 4K, the final projection site was identified
as r2 (Fig. 4K, open arrowhead).

Figure 6A shows the data obtained from 114 neurons labeled
in the tectum. We mapped the somatic locations in the tectum
with respect to the final projection sites in the hindbrain (Fig. 6A,
colored circles). The distribution of neurons showed that each
small region of the tectum contained multiple neurons projecting
to different hindbrain segments. For example, the arborization
field of a single retinal axon, as delineated by a pink polygon in
Figure 6B, contained 14 neurons projecting to different hind-
brain segments (Fig. 6A, bottom). This suggests that the tectum is
organized as a mosaic of subregions, with each providing differ-
ent combinations of descending projections to different hind-
brain segments. We then compared the distributions of neurons
projecting to each hindbrain segment (Fig. 6C). The neurons

Figure 3. Development of the tectobulbar tract in Tg(brn3a-hsp70:GFP) embryos. A–C, Embryos fixed at 40 hpf (A) and 50 hpf (B, C) shown in lateral view (A, B) and dorsal view (C). The
arrowhead indicates the tip of the tectobulbar tract. A, Inset, A region surrounded by a white rectangle in dorsal view. D, Time-lapse imaging of the tectobulbar tract from 52 hpf. Anterior is left, and
dorsal is upward. Asterisks indicate the branching points. E, F, Brain fixed at 60 hpf (E) and 80 hpf (F ) shown in lateral view. Arrows indicate initial dorsal branches. Asterisks indicate branching points.
e, Eye; M, Mauthner neuron; OT, optic tract; ov, otic vesicle; TeO, optic tectum. Scale bars: A, D, 50 �m; E, 10 �m.
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projecting to each hindbrain segment were not distributed uni-
formly in the anterior–posterior axis of the tectum ( p � 0.024;
Kruskal–Wallis). The distribution of neurons projecting to r2
was significantly different from those projecting to r6, based on
the centers of gravity ( p � 0.05; Kruskal–Wallis with Bonferroni
posttest) (Fig. 6D). Thus, the labeled neurons projecting to r2
and r6 were distributed with distinctive anterior–posterior pat-
terns. To examine whether there was any bias in the distribution
of the neurons projecting to r2, we arbitrarily defined the poste-
rior region of the tectum as shaded in Figure 6D. The ratio of the
number of neurons projecting to r2 to the total number of labeled
neurons (hereafter referred to as the “probability” of neurons
projecting to r2), was calculated for the posterior region (Fig. 7A,
posterior) and the other (nonposterior) region of the tectum

(Fig. 7A, nonposterior). We found that the
probability of the neurons in the posterior
tectum projecting to r2 was significantly
higher than the corresponding probability
of the neurons in the nonposterior tectum
(Fig. 7D, wild type) ( p � 0.05; two-tailed
binomial with Bonferroni posttest, for
nine comparisons with regard to r0
through r8).

ephrinB2a functions in r2 projections
To address the question of which kinds of
molecules are involved in determining the
probability of neurons projecting to r2, we
focused on the ephrin-Eph ligand-
receptor family. These molecules play a
major role in the topographic projection
of retinotectal neural connections (Flana-
gan and Vanderhaeghen, 1998; O’Leary
and McLaughlin, 2005). In zebrafish,
ephrinB2a is expressed medially in the tec-
tum at 36 hpf (Chan et al., 2001) and is
localized in the most posterior tectum at 3
dpf (supplemental Fig. 3B, available at
www.jneurosci.org as supplemental mate-
rial) (Wagle et al., 2004). This area of ex-
pression coincided approximately with
the above-defined posterior region of the
tectum, within which almost all of the
neurons projecting to r2 were distributed
(Fig. 6D, shaded region). In Xenopus, eph-
rinB in the retina functions as a receptor
by attractive and reverse-signaling mech-
anisms (Mann et al., 2002), suggesting the
possibility that ephrinB in the tectum
could influence the projection of tectal
neurons to the hindbrain. Moreover, the
ephrin-Eph ligand receptors are segmen-
tally expressed in the hindbrain at early
stages of development (Flanagan and
Vanderhaeghen, 1998; Cooke et al., 2001).
In situ hybridization for the ephrinB2
counterparts EphB4a and EphA4a showed
that EphB4a was expressed in r2, r5, and r6
and that EphA4a was expressed in r3 and
r5 at the stages when the tectobulbar tract
was projecting to the hindbrain (sup
plemental Fig. 3C–F, available at www.
jneurosci.org as supplemental material).

This suggests that ephrinB2 may function by interacting with Eph
receptors in the hindbrain.

Therefore, we ectopically expressed zebrafish ephrinB2a in
tectal neurons concomitantly with GFP by applying the construct
UAS:ephrinB2a:UAS:GFP to the single-neuron labeling system
(Fig. 4A). Double staining by immunohistochemistry for GFP
and in situ hybridization for ephrinB2a showed that most of the
GFP-expressing neurons expressed ephrinB2a in the injected em-
bryos (90.3 � 1.5%; n � 72 cells; data not shown). The gross
morphology of the dendritic arbors expressing ephrinB2a ap-
peared normal (data not shown). We mapped the somatic loca-
tions of 93 ephrinB2a-expressing neurons with respect to their
final projection sites (rhombomeres) (Fig. 7B, left, colored
squares). The overall distribution of the neurons expressing

Figure 4. Genetic single-neuron labeling system and labeled neurons. A, Single-neuron labeling system in combination with
Cre/loxP and Gal4/VP16 systems. B–K, Filled arrowheads indicate the soma of a labeled neuron. Open arrowheads indicate the
final projection site of the labeled axon. B, J, K, An example of a brain with labeled neurons in the tectum at 7 dpf, shown in lateral
view (B), dorsal view (J ), and ventral view (K ). C, Tectal neurons with dendrites labeled in different colors (brackets), at 7 dpf,
shown in dorsal view. D–I, Several types of neuron labeled in this study shown in dorsal view (D, F, H ) and lateral view (E, G, I ):
a neuron with wide-field radial dendrites and an ipsilaterally descending axon (D, E), a neuron with small-field horizontal
dendrites and an ipsilaterally descending axon (F, G), an interneuron without a descending projection (F, small arrow), a neuron
with an axon through the tectal commissure (H, arrowhead), and a neuron in the torus semicircularis (I ). J, Open circle indicates
the location of the soma. K, An overlaid image of labeled reticulospinal neurons indicates projection to r2 in the hindbrain. Scale
bars: B, C, D, J, 50 �m.
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ephrinB2a in the tectum was not significantly different from that
of wild-type neurons, based on comparison of the centers of grav-
ity ( p 	 0.05; Kruskal–Wallis with Bonferroni posttest). The
ratios of the number of ephrinB2a-expressing neurons in the pos-
terior tectum (43.01%) (Fig. 7B, middle) (n � 40) and the non-
posterior tectum (56.99%) (Fig. 7B, right) (n � 53) to the total
number of ephrinB2a-expressing neurons in the whole tectal re-
gion (Fig. 7B, left) (n � 93) were not significantly different from
the corresponding ratios (43.86 and 56.14%, respectively) in
wild-type embryos ( p 	 0.05; two-tailed binomial with Bonfer-
roni posttest, for two comparisons of wild type with ephrinB2a
and ephrinB2�C in each region).

We calculated the probabilities of neurons projecting to r2 for
the posterior tectum (Fig. 7B, middle) (n � 6) and the nonpos-
terior tectum (Fig. 7B, right) (n � 9). In contrast to the case in the
wild-type neurons, the probability of the nonposterior
ephrinB2a-expressing neurons projecting to r2 increased to a
level similar to that of the posterior neurons. These probabilities
were not significantly different (Fig. 7D, ephrinB2a) ( p 	 0.05;

two-tailed binomial with Bonferroni posttest for nine compari-
sons). Furthermore, because the probability of the ephrinB2a-
expressing neurons projecting to r2 in the posterior tectum was
not significantly different from the corresponding probability of
wild-type neurons (Fig. 7D) ( p 	 0.05; two-tailed binomial with
Bonferroni posttest for two comparisons), the probability of the
neurons projecting to r2 in the nonposterior tectum could be
judged to have increased up to the level of the corresponding
probability in the posterior tectum of wild-type neurons.

ephrinB2a functions through reverse signaling
To examine whether ephrinB2a functions through a reverse-
signaling mechanism, we overexpressed ephrinB2a�C, a
dominant-negative form of ephrinB2a that lacked the cytoplas-
mic domain (amino acids 257–332) (Durbin et al., 1998), using
the same system (Fig. 4A). As ephrinB2a is expressed from earlier
stages of development in the hindbrain and the retina (Chan et
al., 2001; Cooke et al., 2001), it was essential to use a method that
would selectively suppress ephrinB2a function in the tectum dur-
ing the stage of projection to the hindbrain without affecting its
function in other regions of the embryo.

We mapped the somatic locations of 153 ephrinB2a�C-
expressing neurons with respect to their final projection sites
(rhombomeres) (Fig. 7C, left, colored triangles). The overall dis-
tribution of the neurons expressing ephrinB2a�C in the tectum
was not significantly different from that of wild-type neurons, by
comparison of the centers of gravity ( p 	 0.05; Kruskal–Wallis
with Bonferroni posttest). The ratios of the number of
ephrinB2a�C-expressing neurons in the posterior (39.22%) and
the nonposterior (60.78%) regions to the total number of
ephrinB2a�C-expressing neurons in the whole tectal region (Fig.
7C, left) (n � 153) were not significantly different from the cor-
responding ratios (43.86% and 56.14%, respectively) in wild-
type embryos ( p 	 0.05; two-tailed binomial with Bonferroni
posttest for two comparisons).

We determined the probability of neurons projecting to r2 in
the posterior and the nonposterior tectal regions (Fig. 7C, mid-
dle, right; Fig. 7D, ephrinB2a�C). In contrast to the case in the
ephrinB2a-expressing neurons, the probability of the posterior
ephrinB2a�C-expressing neurons projecting to r2 decreased to a
level similar to that of the nonposterior neurons. These probabil-
ities were not significantly different (Fig. 7D, ephrinB2a�C) ( p 	
0.05; two-tailed binomial with Bonferroni posttest for nine com-
parisons). Moreover, because the probability of the ephrinB2a�C-
expressing neurons projecting to r2 in the nonposterior tectum
was not significantly different from the corresponding probabil-
ity of wild-type neurons (Fig. 7D) ( p 	 0.05; two-tailed binomial
with Bonferroni posttest for two comparisons), the probability of
the neurons projecting to r2 in the posterior tectum could be
judged to have decreased to the level of the corresponding prob-
ability in the nonposterior tectum of wild-type embryos. These
results clearly indicate that ephrinB2a is critically involved in in-
creasing the probability of neurons projecting to r2 via a reverse-
signaling mechanism.

We also observed results suggesting that ephrinB2a somehow
influenced the probabilities of those neurons projecting to r6 and
r7 (supplemental Figs. 4, 5, available at www.jneurosci.org as
supplemental material). However, at present, the mechanism for
this remains unclear. No significant differences were detected
between the posterior and the nonposterior tectum in the prob-
abilities of neurons projecting to the other hindbrain segments,
in wild-type, eprhrinB2a, or ephrinB2a�C embryos (data not

Figure 5. Dendritic arborization fields of labeled neurons. Ratios of dendritic arborization
fields (as shown by the polygon in Fig. 4 J) to the areas of the tectal hemisphere (as outlined by
the thin line in Fig. 4 J) are plotted for the labeled neurons at 7 dpf (n � 87). The means (�SE,
SEM) are shown by the horizontal bars for the total tectal neurons (black) and the four different
groups (very large, 14.56 � 1.37%, red; large, 9.17 � 0.16%, orange; middle, 6.88 � 0.08%,
green; small, 4.10 � 1.18%, blue).
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shown; p 	 0.05; two-tailed binomial with Bonferroni posttest
for two comparisons).

Discussion
Genetic single-neuron labeling in zebrafish
To address the question of how the tectum sends projections to
the premotor reticulospinal system in the hindbrain, we estab-
lished a single-neuron labeling system combining Cre/loxP with
Gal4/UAS systems in zebrafish. By coinjecting the three plasmids
into fertilized eggs, we drove the expression of GFP under the
control of the brn3a-hsp70 promoter through Cre-mediated ex-
cision of the DsRed sequence, which enabled us to stochastically
label neurons. We used a transient expression system (instead of
stable transgenic lines), which had the advantage of increasing the
copy number of incorporated plasmids so as to obtain sufficient
fluorescent signals. This technique also reduced the probability of
excessive simultaneous labeling of multiple neurons, and it pro-
duced useful differences in color of the labeled neurons. Further-
more, combining this method with the Gal4/UAS system enabled
us to drive the expression of selected molecules under the control
of the brn3a-hsp70 promoter, so that we could explore cell-
autonomous functions of the molecules in the labeled neurons.

Several different strategies have been used to genetically label
neurons in vivo. In Drosophila, mosaic analysis with a repressible
cell marker (MARCM) is one of the sophisticated strategies to
label homozygous mutant cells using FLP/FRT-mediated mitotic
recombination and the Gal4/UAS binary expression system (Lee
and Luo, 1999). In mice, genetic mosaics are also applied via
mosaic analysis with double markers (MADM), using Cre/loxP-
mediated mitotic recombination for simultaneous labeling and
mutation of single neurons (Zong et al., 2005). The Cre/loxP

recombination system was recently used
for isolated labeling in zebrafish (Dong
and Stuart, 2004; Kimura et al., 2006).
Compared with these methods using
transgenic animals, our strategy is more
convenient for labeling neurons at the
single-cell level.

Mosaic organization of the tectum in its
projections to different rhombomeres
Using this strategy, we investigated the
distributions of neurons projecting to
each hindbrain segment in the tectum. Ev-
ery tectal site contained multiple neurons
projecting to different hindbrain segments,
revealing a mosaic organization of the tec-
tum. These results suggest that a single reti-
notopic visual input could be transformed
into segregated motor outputs, and the pat-
tern of the outputs would be different at dif-
ferent sites within the tectum. Indeed, the
tectal neurons projecting to r2 and r6 were
distributed with distinct anterior–poste-
rior patterns. These data might provide a
basis for the visuomotor transformation.
Our results would be supported by a two-
dimensionally ordered motor command
map in the tectum (Stryker and Schiller,
1975). However, additional study is neces-
sary to correlate the neuroanatomically
identified projection patterns with the
electrophysiologically characterized mo-
tor command map in the tectum. In gold-

fish, the injection sites of tracers in the tectum show a colinear
anterior–posterior relationship with the sites containing the peak
number of labeled synaptic boutons in the mesencephalic retic-
ular formation, although such a relationship is not found in the
rhombencephalic reticular formation (Perez-Perez et al., 2003).
The discrepancy between these observations in goldfish and our
results is likely attributable to the differences in labeling strategies
(single-neuron labeling vs tracer injection) and in examined pa-
rameters for the tectum and the hindbrain (somatic locations and
the final projection site vs injection sites and the number of syn-
aptic boutons).

ephrinB2a in the tectal neuron projection to r2
Ectopic expression of the wild-type zebrafish ephrinB2a using our
labeling system resulted in a significant increase in the probability
of neurons projecting to r2 in the nonposterior tectal region. This
effect is not additive because the overexpression of ephrinB2a did
not cause any additional increase in the probability of the neu-
rons projecting to r2 in the posterior tectum. In addition, ectopic
expression of a dominant-negative form of ephrinB2a further
supported an essential role for ephrinB2a in regulating the
probability of neurons projecting to r2 through a reverse-
signaling mechanism. However, not all of the neurons expressing
ephrinB2a in the tectum projected to r2, suggesting involvement
of multiple factors in regulation of the tectal neuron projection,
among which ephrinB2a is one component contributing to the
enhancement of the stochastic probability of projection to r2.

In Xenopus, ephrinB2 in the retina functions as an attractive
signal through the reverse-signaling mechanism for dorsoventral

Figure 6. Distributions of labeled neurons in the tectum. A, Locations of somata for 114 labeled neurons in the tectum at 7 dpf,
shown in the right hemisphere in dorsal view. Somata are indicated by circles that are color-coded according to the projection to
each hindbrain segment. The pink polygon (bottom) indicates the arborization field of a single retinal axon (shown in B), with an
overlay of the somata located within the same region. B, A brain with labeled neurons at 7 dpf shown in dorsal view. Thick and thin
lines outline the midbrain and tectum, respectively. C, The locations of somata are shown for the projection to each hindbrain
segment from r0 to r8. Crosses indicate centers of gravity. D, Comparison of the distributions of neurons projecting to r2 with those
projecting to r6 in the centers of gravity ( p � 0.05; Kruskal–Wallis with Bonferroni posttest). The shaded region indicates an
arbitrarily defined posterior region of the tectum.
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topographic projections to the tectum
(Mann et al., 2002). In mice, ephrinB2 is
also required to supply repulsive signals
for axon guidance in the anterior commis-
sure (Cowan et al., 2004). Thus, ephrinB2
can provide both attractive and repulsive
cues through reverse signaling (Davy and
Soriano, 2005). In the hindbrain, the ma-
jor ephrinB2 counterparts EphB4 and
EphA4 were expressed weakly in r2 and
strongly in r3, respectively (supplemental
Fig. 3C–F, available at www.jneurosci.org
as supplemental material). Therefore, a
possible explanation for our results would
be that ephrinB2a acts as an attractive cue
for EphB4a in r2 and/or as a repulsive cue
for EphA4a in r3.

Putative role of the projection from the
posterior tectum to r2
In this study, we revealed that r2 predom-
inantly received projections from the pos-
terior region of the tectum. From an evo-
lutionary perspective, it is believed that
animals have adapted to produce escape
responses when a visual stimulus ap-
proaches from the dorsoposterior posi-
tion (thereby indicating a risk of preda-
tion), with consequent activation of the
posterior tectum (Dean et al., 1989). In
goldfish, electrical microstimulation of
the posterior tectum, corresponding to a
visual stimulus from above behind, evokes
escape-like movements (Herrero et al.,
1998). In the rat superior colliculus, it is
suggested that the uncrossed descending
pathway is involved in escape or avoid-
ance movements, whereas the crossed de-
scending pathway is involved in orienting
movements toward a visual target (Dean
et al., 1989). Similarly, in zebrafish, we ob-
served both ipsilateral and contralateral
descending projections to the hindbrain
(Fig. 2B). Therefore, the posterior tectal
neurons ipsilaterally descending to r2 in
addition to those descending to r4 and r5
may play a role in producing the coordi-
nated motor outputs for visually evoked
escape movements. An in vivo calcium im-
aging study in zebrafish has indicated that
the reticulospinal neurons in r2, as well as
the Mauthner cells and MiD2cs in r4 and
r5, are activated during escape behavior
(Gahtan et al., 2002). However, additional
investigation will be necessary to elucidate
the specific contributions of the connec-
tion between the posterior tectum and r2
to visually evoked escape behaviors.
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