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The retinotectal projection is one of the best systems to study
the molecular basis of synapse formation in the CNS because
of the well characterized topographic connections and activity-
dependent refinement. Here, we developed a presynaptic
neuron-specific gene manipulation system in the zebrafish reti-
notectal projection in vivo using the nicotinic acetylcholine
receptor �3 (nAChR�3) gene promoter. Enhanced green fluo-
rescent protein (EGFP) expression signals in living transgenic
zebrafish lines carrying the nAChR�3 gene promoter-directed
EGFP expression vector visualized the development of entire
retinal ganglion cell (RGC) axon projection to the tectum. Mi-
croinjection of the nAChR�3 gene promoter-driven double-
cassette vectors directing the expression of both dominant-
negative glycogen synthase kinase-3� (dnGSK-3�) and EGFP
enabled us to follow the development of individual RGCs and to

examine the effect of the molecule on the axonal arborization
and maturation of the same neurons in living zebrafish. We
found that the expression of the dominant-negative form of
zebrafish GSK-3� suppressed the arborization field of RGC
axon terminals in the tectum as estimated by the reduction of
arbor branch length and arbor areas. Furthermore, the suppres-
sion of GSK-3� activity increased the size of vesicle-associated
membrane protein 2–EGFP puncta in RGC axon terminals at
the early stage of innervation to the tectum. These results
suggest that GSK-3� regulates the arborization field and mat-
uration of RGC axon terminals in vivo.
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Neurons elaborate complex axonal arbors during brain develop-
ment and establish their respective projection fields to form
functional neural circuits. Regulation of the arborization is im-
portant for brain functioning. However, little is known about the
molecular mechanisms determining the axonal projection field.
Glycogen synthase kinase-3� (GSK-3�) is a serine–threonine
protein kinase that is implicated in various biological processes,
including metabolic control, developmental patterning, cell sur-
vival, and tumorigenesis (Kim and Kimmel, 2000; Dominguez
and Green, 2001; Grimes and Jope, 2001). The activity of
GSK-3� is under complex regulation, including Wnt signaling
(He et al., 1995) and growth factor signaling mediated by
phosphatidylinositol-3 kinase (PI3K) and protein kinase B
(PKB)/Akt (Cross et al., 1995). The brain expresses high levels of
GSK-3� among tissues (Woodgett, 1990; Takahashi et al., 1994).
In the developing rat brain, GSK-3� is abundant in growing axons
of neurons, and GSK-3� levels are high at approximately postna-
tal day 20 (Takahashi et al., 1994; Leroy and Brion 1999), when
synapse formation occurs actively (Stern et al., 2001). These
observations raise a possibility that GSK-3� may be involved in

the signaling pathway for synaptogenesis. In support of this pos-
sibility, treatment of cultured dorsal root ganglion cells, cerebel-
lar granule cells, and pontine neurons with lithium, an inhibitor of
GSK-3�, induced microtubule reorganization and the clustering
of synapsin I (Lucas and Salinas, 1997; Hall et al., 2000). Wnt-7A
mutation in mice delayed the formation and maturation of cere-
bellar mossy fiber–granule cell synapses (Hall et al., 2000). Al-
though mutant mice lacking GSK-3� were embryonic lethal
(Hoeflich et al., 2000), overexpression of GSK-3� in the mouse
forebrain increased neural cell death (Lucas et al., 2001).

The retinotectal projection is one of the best systems to study
the molecular basis of synapse formation in the CNS because of
the well characterized topographic connections and activity-
dependent refinement (Cline and Constantine-Paton, 1990). The
tectal neuropils near the head surface of the transparent zebrafish
embryos are suitable for in vivo imaging of retinotectal projection
by optic microscope. Blockade of action potentials by application
of tetrodotoxin to zebrafish larvae between 2 and 4 d postfertil-
ization (dpf) exerted little effect on the arbor fields of retinal
ganglion cell (RGC) axons in the tectum (Stuermer et al., 1990),
but treatment with the drug between 4 and 6 dpf resulted in the
enlargement of the projection field (Gnuegge et al., 2001). Here,
we developed a presynaptic neuron-specific gene manipulation
system in the zebrafish retinotectal projection in vivo using the
nicotinic acetylcholine receptor �3 (nAChR�3) gene promoter to
investigate molecular mechanisms underlying synapse formation
in the CNS. The expression of dominant-negative GSK-3�
(dnGSK-3�) in zebrafish RGC axons reduced axonal arbor size
and increased the size of vesicle-associated membrane protein 2
(VAMP2)–enhanced green fluorescent protein (EGFP) fusion

Received April 9, 2002; revised Aug. 29, 2002; accepted Sept. 9, 2002.
This work was supported in part by research grants from the Japan Science and

Technology Corporation and the Ministry of Education, Culture, Sports, Science,
and Technology of Japan. H.T. and T.Y. were recipients of the Fellowship for Young
Scientists from the Japan Society for the Promotion of Science. We are grateful to
K. Kinomoto for help in zebrafish breeding. We thank Dr. M. Kataoka for the
plasmid VAMP2/pEGEP-N3.

Correspondence should be addressed to Masayoshi Mishina, Department of
Molecular Neurobiology and Pharmacology, Graduate School of Medicine, Univer-
sity of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan. E-mail:
mishina@m.u-tokyo.ac.jp.
Copyright © 2002 Society for Neuroscience 0270-6474/02/2210324-09$15.00/0

The Journal of Neuroscience, December 1, 2002, 22(23):10324–10332



protein puncta. These results suggest that GSK-3� plays a role in
controlling the arborization field and maturation of RGC axon
terminals in the tectum.

MATERIALS AND METHODS
Animals. Zebrafish AB strain was used. Zebrafish embryos were raised at
28.5°C in embryo rearing solution (Easter and Nicola, 1996) containing
the following (in mM): 17.1 NaCl, 3.6 KCl, 1.4 CaCl2, and 0.40 MgSO4.
For microscopic observation, 0.2 mM phenylthiocarbamide was added to
the embryo rearing solution at 8–12 hr postfertilization (hpf) to prevent
melanocyte pigmentation (Westerfield, 1995). Adult fish were main-
tained on tap water dechlorinated with ion exchange resin with a con-
trolled 12 hr light /dark cycle at 28°C.

Cloning of the zebrafish nAChR�3 gene. The 0.42 kb DNA fragment of
the zebrafish nAChR�3 gene was isolated by PCR with degenerate primers
based on the coding sequence of the human, rat, chicken, and goldfish
nAChR�3 genes (Cauley et al., 1989; Deneris et al., 1989; Hernandez et al.,
1995; Elliott et al., 1996): 5�-AA(A/G)TT(C/T)GGI(A/T)(C/G)NTG-
GAC-3� and 5�-A(A/G)NGTNAC(A/G)AA(A/T/G)ATCAT(A/T/G)AT-
(A/G)AA-3� (where I is inosine and N is four nucleotides). We obtained
two types of zebrafish genomic DNA fragments with high nucleotide
sequence identity with nAChR�3 genes of other species. One fragment
showed 92.3 and 84.4% identity with two goldfish nAChR�3 homologs
(Cauley et al., 1989), nAChR-n�2 and nAChR-n�3, respectively, and the
other fragment had 85.8 and 95.8% identity, respectively. By screening a
zebrafish BAC library (Incyte Genomics, St. Louis, MO) with one of the
PCR fragments showing higher sequence identity with the goldfish nAChR-
n�2 gene as a probe, we isolated one genomic clone. The nucleotide
sequences corresponding to exons 1 and 2 of the chicken nAChR�3 gene
(Hernandez et al., 1995) were found on the 4.7 kb HindIII fragment of the
genomic clone, and those corresponding to exons 4–6 were followed by a
polyadenylation signal on the 4.9 kb BamHI fragment. We also isolated a
cDNA clone encoding the entire zebrafish nAChR�3 coding region by
reverse transcription (RT)-PCR of mRNAs prepared from embryos at 72
hpf using primers based on the sequence of the genomic fragments. The
nucleotide and deduced amino acid sequences can be found in DNA Data
Bank of Japan as accession number AB087185.

Construction of RGC-specific expression vectors. Zebrafish GSK-3�
cDNA was cloned by PCR using a cDNA library prepared from embryos
at 24 hpf (Mori et al., 1994). Substitution mutations of the amino acid
residues 85K and 86K to 85M and 86I were introduced into the cDNA by
PCR to yield dnGSK-3� (He et al., 1995; Tsai et al., 2000). EGFP and
VAMP2—EGFP coding sequences were obtained from pEGFP–N1
(Clontech, Palo Alto, CA) and VAMP2—pEGFP–N3 (kindly provided
by Dr. M. Kataoka, Shinshu University, Nagano, Japan), respectively.
The 0.7 kb EGFP, 1.3 kb zebrafish dnGSK-3�, and 1.1 kb rat VAMP2–
EGFP fusion protein coding sequences were placed under the control of
the 3.8 kb 5� upstream sequence of the zebrafish nAChR�3 gene as an
RGC-specific promoter and the 0.7 kb 3� downstream sequence as a
polyadenylation site to yield expression vectors promoter of nAChR�3
(PAR)–EGFP, PAR–dnGSK-3�, and PAR–VAMP2–EGFP, respectively.
The expression vectors were inserted between the HindIII and BamHI
sites of pBluescript II SK� (Stratagene, La Jolla, CA). Expression
vectors PAR–dnGSK-3� and PAR–EGFP were linked in a head-to-tail
manner to yield PAR–dnGSK-3�–EGFP, and PAR–dnGSK-3� and PAR–
VAMP2–EGFP were linked to yield PAR–dnGSK-3�–VAMP2–EGFP.
Mouse Bassoon cDNA encoding the amino acid residues 1–627 (tom
Dieck et al., 1998; Dresbach et al., 2001), enhanced yellow fluorescent
protein (EYFP) coding sequence, and simian virus 40 polyadenylation
signal sequence were fused and placed under the control of the 3.8 kb 5�
upstream sequence of the zebrafish nAChR�3 gene to yield PAR–Bas-
soon–EYFP. PAR–VAMP–enhanced cyan fluorescent protein (ECFP)
was constructed by replacing the EGFP sequence of the PAR–VAMP2–
EGFP with the ECFP sequence from pECFP–N1 (Clontech).

Injection of expression vectors into zebrafish embryos and generation of
transgenic lines. The expression vectors were linearized, purified by
GeneCleanII (Bio101, Salana Beach, CA), and dissolved in 100 mM KCl
containing 0.05% phenol red. Approximately 0.2–0.5 nl of the DNA
solution at a concentration of 50–100 ng/�l was injected into the cyto-
plasm of one- to four-cell embryos. To generate stable transgenic lines,
one-cell embryos were injected with PAR–EGFP vector. The injected
embryos were maintained to sexual maturity and crossed with wild-type
fish to examine the transmission of the transgene to the next generation.
We obtained six transgenic lines stably expressing EGFP in RGCs,

trigeminal ganglion cells, and Rohon-Beard neurons from 178 injected
embryos.

Image collections. The EGFP signals in zebrafish embryos injected with
expression vectors were examined under a fluorescence microscope at
72–76 hpf, and embryos showing signals in a few RGCs at the nasoventral
retina were selected for further analyses. The embryos were anesthetized
by 0.02% 3-aminobenzoic acid ethyl ester (tricaine; Sigma, St. Louis,
MO) and embedded in 1% agarose gel. Whole- body images were taken
by a fluorescent stereoscopic microscope equipped with a DC300 digital
camera (Leica, Wetzlar, Germany). Development of RGC axon arbors in
the tectum was observed by � Radiance confocal scanning system (Bio-
Rad, Hercules, CA) using Olympus Optical (Tokyo, Japan) 20� air lens
[0.40 numerical aperture (NA)] and 60� oil lens (1.40 NA): zoom setting,
1.0 for whole axons, 3.0 for single axons; Z-step, 5 �m for 20� lens, 2 �m
for 60� lens; image size, 512 � 512 pixels. For the observation of single
axons, optical sections were collected through the depth of the whole
arbor. Axons without a branch at 76 hpf were excluded. Embryos were
recovered from anesthesia during intervals between observations and
monitored for blood flow and heartbeat. The EYFP and ECFP signals in
zebrafish embryos coinjected with PAR–VAMP2–EGFP and PAR–Bas-
soon–EYFP were imaged at 96 hpf with a Radiance 2100 confocal
scanning system (Bio-Rad) using Nikon (Tokyo, Japan) 60� water lens
(1.00 NA): zoom setting, 3.0; Z-step, 2 �m; image size, 512 � 512 pixels.

Data analysis. Quantitative measurements of RGC axon arbors were
made on the computer screen using the NIH Image 1.62 program. Most
axonal arbors were flat and extended in parallel to the tectal surface. In
the rough estimation by three-dimensional reconstruction with NIH
Image 1.62, the ratio of the vertical thickness of the axon arbors to the
horizontal length was 0.28 � 0.03 at 100 hpf (n � 16). The arbor planes
at 100 hpf were inclined by 51.8 � 3.3° (n � 16) from the focus plane of
the microscope because of the curvature of the tectum. The autofluores-
cence of skin was removed from each optical section file, and two-
dimensional reconstruction of each axon was obtained (Zou and Cline,
1996; Schmidt et al., 2000; Gnuegge et al., 2001). All visible extensions
were traced manually by density slice command and pen tool. Traced
images were converted to binary mode and skeletonized. The first branch
point and branch tips were connected, and arbor areas enclosed by the
resulting convex polygon were measured. Total branch length within the
arbor was calculated from the number of pixels covered by the arbors
after skeletonization. The number of branch tips with branch length �2
�m was counted within the arbor. The numbers of branch tips added or
deleted during arbor development were counted by comparing the im-
ages of axon terminals at 76, 84, and 100 hpf. The VAMP2–EGFP
punctum was defined as an area in which the intensity of VAMP2–EGFP
signals was four or more times stronger than that of nonvaricose and
nonpunctate regions on the same axon. Contiguous puncta were sepa-
rated from each other by placing a one-pixel- wide boundary (Silver and
Stryker, 2000). Statistical significance was evaluated by repeated-
measures ANOVA (split-plot type) (axonal arborization) and two-way
ANOVA (VAMP2–EGFP puncta). When the interaction was significant,
an unpaired t test was used. One-way ANOVA was used for the statistical
analysis of developmental changes of axonal arborization and VAMP2–
EGFP puncta.

RESULTS
Visualization of developing zebrafish retinal ganglion
cells in vivo
The nAChR�3 is expressed predominantly in RGCs of chicken
and goldfish (Cauley et al., 1989; Hernandez et al., 1995). We
isolated the zebrafish nAChR�3 gene by PCR with degenerate
primers based on the coding sequences of the human, rat,
chicken, and goldfish nAChR�3 genes (Cauley et al., 1989; De-
neris et al., 1989; Hernandez et al., 1995; Elliott et al., 1996). The
deduced amino acid sequence of zebrafish nAChR�3 shared 75.1,
73.9, 75.2, 93.3, and 79.8% identity with human, rat, and chicken
nAChR�3 and two goldfish counterparts, called nAChR-n�2 and
nAChR-n�3, respectively (Cauley et al., 1989; Deneris et al.,
1989; Hernandez et al., 1995; Elliott et al., 1996).

We constructed an EGFP expression vector using the 3.8 kb 5�
upstream sequence of the zebrafish nAChR�3 gene as an RGC-
specific promoter and the 0.7 kb 3� downstream sequence as a
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polyadenylation signal (Fig. 1A). The coding sequence of EGFP
was inserted immediately downstream of the putative transla-
tional initiation codon of the zebrafish nAChR�3 gene in exon 1.
We injected the vector into fertilized zebrafish eggs and examined
the expression of EGFP in embryos 2–5 d after injection under a
fluorescence microscope. Most of the injected embryos showed
EGFP signals in RGCs, suggesting that the 3.8 kb 5� upstream
sequence of the zebrafish nAChR�3 gene would be sufficient to
direct the RGC-specific expression of exogenous genes. In addi-
tion to RGCs, EGFP signals were found in the trigeminal gan-
glion cells and Rohon-Beard neurons.

To further characterize the nAChR�3 gene promoter and to
follow the development of the retinotectal projection in vivo, we
generated transgenic zebrafish lines with the EGFP expression
vector. Among 178 fish raised from eggs injected with the vector,
six transgenic fish lines showed EGFP signals in the retina, RGC
axon terminals in the tectum, trigeminal ganglion cells, and
Rohon-Beard neurons (Fig. 1B,C). Inspection of transverse opti-
cal sections throughout the retina by confocal laser scanning
microscopy revealed that EGFP signals were restricted to the
RGC layer. In addition, weak EGFP signals were detectable in the
lateral margin and deep caudal region of the tectum and sparsely
in the hindbrain. In a few lines, EGFP signals were also found in
heart or presumptive hypophysis, which might be reflecting the
positional effects of the integration sites. However, no EGFP
signals were detectable in the tectal neurons that extended axons
or dendrites to tectal neuropil. Thus, the expression vector could
selectively label the RGC projection in the retinotectal system.

Development of the retinotectal projection in vivo
We analyzed the development of RGCs in one of the transgenic
lines with strong EGFP expression signals in vivo by confocal laser
scanning microscopy (Fig. 2). EGFP signals in the line appeared
in the ventronasal region of the retina at 30 hpf (Fig. 2A,B), when
RGCs began to differentiate (Malicki, 1999; Schmitt and Dowl-
ing, 1999). A significant number of EGFP-positive cells spread in
the central region of the retina at 36 hpf, and RGC axons crossed
the optic chiasm (Fig. 2C,D). At 48 hpf, the number of EGFP-
positive cells increased further, and RGCs expanded in the inner
retina to form the ganglion cell layer (Fig. 2E,F). The axon
bundles of RGCs became thick and traversed lateral diencepha-
lon to the rostrolateral tectum. The developmental time course of
EGFP-labeled RGC axon projection into the tectum was in good
agreement with previous observations by Stuermer (1988) and
Burrill and Easter (1994). Several RGC axons extended in the
rostrolateral tectum at 54 hpf (Fig. 2G). At 60 hpf, the number of
RGC axons in the tectum increased, and their axon terminals
extended caudomedially (Fig. 2H). The shapes of the axons were
rather straight and simple. The whole projection area of RGC
axons expanded further and became round at 76 hpf (Fig. 2I).
The number of RGC axon bundles at the entrance of the tectal
neuropil (rostrolateral margin of the tectum) increased, and the
arborization of RGC axons became complex. At 84, 100, and 124
hpf, the whole projection area of RGC axons expanded gradually
caudolaterally, whereas the number of RGC axon bundles re-
mained rather constant (Fig. 2J-L). A meshwork of thick axon
bundles developed prominently in the lateral tectum, whereas the
axon bundles in the medial region were thinner (Fig. 2L). These
observations suggested that the expansion and formation of the
zebrafish retinotectal projection progressed rapidly in the initial
�30 hr and continued slowly thereafter.

Dominant-negative GSK-3� reduced the arbor size of
RGC axons
To examine the role of GSK-3� in the development of the
retinotectal projection, we designed a vector that directed the ex-
pression of both EGFP and dnGSK-3� under the control of the
nAChR�3 promoter (PAR–dnGSK-3�–EGFP) (Fig. 3A) by apply-
ing the double-cassette vector strategy (Yoshida et al., 2002). The
EGFP expression vector PAR–EGFP served as a control. When
injected into one- to four-cell stage embryos, the vectors labeled
a few RGCs and visualized the morphology of individual axon
arbors, including varicosities and filopodia in the tectum (Fig.
3B,C). For the analyses of arborization, we chose RGC axon
terminals innervating the caudomedial tectum (Fig. 3B), in which
the arborization field was rather flat, and consecutively followed
the development of RGC arbors at 76, 84, and 100 hpf (Fig. 4).
The projected images of the whole RGC axon terminals distal to
the first branching point were reconstructed from their optical
sections obtained by confocal laser scanning microscopy (Fig. 3D).
We then measured three parameters to quantify the effect of
dnGSK-3� on the RGC axon arborization: the arbor area en-
closed by a simple convex polygon formed by connecting the first
branching point and the branch tips, the total branch length
within the arbor, and the number of branch tips with branch
length longer than 2 �m (Fig. 3D).

The branch length of RGC axon arbors in embryos injected
with the control vector PAR–EGFP increased from 76 to 100 hpf
(one-way ANOVA; F(2,84) � 11.49; p � 0.0001) (Fig. 5A). There
was also a significant increase in the area of RGC arbors during
these developmental stages (one-way ANOVA; F(2,84) � 10.15;

Figure 1. Visualization of RGC projection to the tectum in living ze-
brafish by nAChR�3 promoter-driven EGFP transgene. A, Structures of
the zebrafish nAChR�3 gene (top) and nAChR�3 promoter-driven EGFP
expression vector (bottom). Filled boxes indicate putative exons of the
zebrafish nAChR�3 gene. The EGFP expression vector consists of the 3.8
kb 5� upstream sequence of the zebrafish nAChR�3 gene, the 0.7 kb
EGFP coding sequence, and the 0.7 kb 3� downstream sequence of the
zebrafish nAChR�3 gene. B, BamHI; H, HindIII; N, NotI; S, SpeI; X, XbaI.
B, Fluorescent signals in a transgenic zebrafish embryo at 72 hpf. Strong
EGFP expression signals were found in RGCs in the retina (arrowhead),
RGC axon terminals in the tectum (arrow), trigeminal ganglion cells (tg),
and Rohon-Beard neurons (rb). C, Bright-field view of the transgenic
zebrafish embryo at 72 hpf shown in B. Scale bar, 0.5 mm.
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p � 0.0001) (Fig. 5C). On the other hand, the branch tip number
of RGC axons showed no significant changes during these periods
(one-way ANOVA; F(2,84) � 0.77; p � 0.47) (Fig. 5E).

RGCs in embryos injected with the vector PAR–dnGSK-3�–
EGFP innervated the tectum at �54 hpf as control RGCs in
embryos injected with the EGFP vector did. At 76 hpf, the ratio
of embryos showing the arborization of EGFP-labeled RGC
axons into the tectum was comparable between the embryos
injected with PAR–EGFP (73 of 140 embryos) and PAR–dnGSK-
3�–EGFP (75 of 163 embryos) (�2 test; p � 0.31). Furthermore,
there were no significant differences in the branch length, arbor
areas, and branch tip number of RGC axons between embryos
injected with PAR–dnGSK-3�–EGFP and those injected with
control PAR–EGFP at 76 hpf (t test; p � 0.70, 0.87, and 0.58,
respectively) (Fig. 5A,C,E). Thus, the expression of dnGSK-3�
seemed to exert little effect on the timing of RGC axonal exten-
sion to the tectum. However, dnGSK-3� significantly affected the
developmental changes of the branch length of RGC axon termi-
nals (repeated-measures ANOVA; age � expression vector inter-
action; F(2,114) � 6.33; p � 0.002). At 100 hpf, the branch length
of RGC axon terminals in PAR–dnGSK-3�–EGFP-injected em-
bryos was significantly shorter than that in PAR–EGFP-injected
control embryos (t test; p � 0.02) (Fig. 5A). The increase in the
branch length of RGC axon terminals from 76 to 100 hpf in
PAR–dnGSK-3�–EGFP-injected embryos was also significantly
smaller than that in control embryos (t test; p � 0.003) (Fig.
5B). Furthermore, dnGSK-3� significantly affected the devel-
opmental changes of the arbor area of RGC axon terminals
(repeated- measures ANOVA; age � expression vector inter-
action; F(2,114) � 3.06; p � 0.05). At 100 hpf, the arbor area of the
RGC axon terminal in PAR–dnGSK-3�–EGFP-injected embryos
was significantly smaller than that in PAR–EGFP-injected control
embryos (t test; p � 0.02) (Fig. 5C). The increase in the arbor
areas of RGC axon terminals from 76 to 100 hpf in PAR–dnGSK-
3�–EGFP-injected embryos was also significantly smaller than

that in control embryos (t test; p � 0.01) (Fig. 5D). There was no
significant difference in the number of RGC axon branch tips
between the control and PAR–dnGSK-3�–EGFP-injected em-
bryos (repeated-measures ANOVA; age � expression vector inter-
action, F(2,114) � 1.81; p � 0.17; expression vector effect, F(1,57) �
2.56, p � 0.11; age effect, F(2,114) � 0.42, p � 0.66) (Fig. 5E). The
increase in the number of RGC axon branch tips from 76 to 100 hpf
was not significantly different between the control and dnGSK-3�-
injected embryos (t test; p � 0.08) (Fig. 5F).

We also counted the numbers of branch tips added or deleted
during RGC arbor development (Fig. 6). There were no signifi-
cant differences in the numbers of branch tip addition and dele-
tion from 76 to 84 hpf between the control and PAR–dnGSK-3�–
EGFP-injected embryos (t test; p � 0.46 and 0.84, respectively)
(Fig. 6A). From 84 to 100 hpf, however, dnGSK-3� significantly
decreased the number of added branch tips (t test; p � 0.02) (Fig.
6B), whereas the numbers of deleted branch tips were comparable
between the control and PAR–dnGSK-3�–EGFP-injected em-
bryos (t test; p � 0.19).

Stimulatory effect of dominant-negative GSK-3�
on the development of VAMP2–EGFP puncta in RGC
axon terminals
We then constructed a double-cassette vector that directed the
expression of VAMP2–EGFP fusion protein and dnGSK-3� un-
der the control of the nAChR�3 promoter to examine the devel-
opment of RGC axon terminals (PAR–dnGSK-3�–VAMP2–
EGFP) (Fig. 7A). The RGCs in embryos injected with the vector
PAR–VAMP2–EGFP served as a control. Strong punctate signals
of VAMP2–EGFP fluorescence were present primarily within the
varicosities, whereas weak signals were distributed diffusely along
entire axon shafts (Fig. 7B). The expression of dnGSK-3� ap-
peared to increase the size of VAMP2–EGFP puncta at 76 hpf (Fig.
7D). For quantitative measurements, we defined the VAMP2–
EGFP punctum as an area in which the fluorescent signal intensity

Figure 2. Development of the zebrafish
retinotectal projection in vivo. EGFP ex-
pression signals in RGCs of transgenic
zebrafish embryos were followed at vari-
ous developmental stages by confocal la-
ser scanning microscopy. e, Eye; h, hy-
pophysis; tg, trigeminal ganglion cells; y,
yolk; t, tectum. Scale bars: A–F, 100 �m;
D, inset, 30 �m; G–J, 50 �m. A, B, Lateral
(A) and frontal (B) views of the head of
an embryo at 30 hpf. EGFP signals were
detected at the ventral retina (arrow-
heads). C, D, Lateral ( C) and frontal ( D)
views of the head of an embryo at 36 hpf.
D, Inset, RGC axons crossing optic chi-
asm. E, F, Lateral ( E) and frontal ( F)
views of the head of an embryo at 48 hpf.
G–L, Lateral views of the tectum of an
embryo at 54 (G), 60 (H ), 76 ( I ), 84 ( J),
100 (K), and 124 (L) hpf. Dashed lines
indicate the area of the tectal neuropil,
and asterisks indicate the pretectal ar-
borization field of RGC axons. Arrows
point to the rostrolateral margin in which
RGC axons entered the tectum. G, Inset,
Lateral view of the head of the embryo at
54 hpf. r, Rostral; l, lateral; c, caudal; m,
medial. Arrowhead in L indicates the ax-
onal bundle in the tectum.
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was four or more times stronger than the averaged intensity of
nonvaricose and nonpunctate regions on the same axon (Fig. 7C,E).
In control embryos at 100 hpf, 68 � 3% (mean � SEM) of VAMP2–
EGFP puncta (n � 21) were found in varicosities that were defined
morphologically as axonal swelling exceeding the typical variation in
diameter of the adjacent axonal shafts by �50% (Shepherd and
Harris, 1998), and 79 � 5% of varicosities contained VAMP2–
EGFP puncta.

In control embryos injected with PAR–VAMP2–EGFP, both
the size and number of VAMP2–EGFP puncta in RGC axon
terminals increased significantly during development from 76 to
100 hpf (one-way ANOVA; puncta size, F(2,795) � 7.0, p � 0.001;
puncta number, F(2,54) � 22.5, p � 0.0001) (Fig. 7F,G). The
expression of dnGSK-3� significantly affected the developmental
changes of the VAMP2–EGFP puncta size (two-way ANOVA;
age � expression vector interaction; F(2,1473) � 3.68; p � 0.03).
The VAMP2–EGFP puncta in RGC axon terminals of embryos
injected with PAR–dnGSK-3�–VAMP2–EGFP were significantly
larger than those of control embryos injected with PAR–VAMP2–
EGFP at 76 and 84 hpf (t test; p � 0.02) (Fig. 7F). The sizes of
VAMP2–EGFP puncta in RGC axon terminals were comparable
among PAR–dnGSK-3�–VAMP2–EGFP-injected embryos at 76,
84, and 100 hpf (one-way ANOVA; F(2,678) � 0.16; p � 0.85).
There was no significant difference in the number of VAMP2–
EGFP puncta in RGC axon terminals between PAR–dnGSK-3�–
VAMP2–EGFP-injected and control PAR–VAMP2–EGFP-
injected embryos (two-way ANOVA; age � expression vector
interaction, F(2,103) � 2.5, p � 0.09; expression vector effect,
F(1,103) � 0.17, p � 0.68) (Fig. 7G). The number of VAMP2–
EGFP puncta in RGC axon terminals increased from 76 to 100

Figure 3. Analysis of single RGC axon arborization in the tectum. A,
Structures of the nAChR�3 promoter-driven EGFP expression vector
(top) and double-cassette expression vector of dnGSK-3� and EGFP
(bottom). pA, Polyadenylation signal. B, Axon terminal arborization of a
single RGC in the caudomedial tectum of a PAR–EGFP-injected embryo
at 76 hpf. Arrow indicates the direction of axonal extension. Dashed line
indicates the area of the tectal neuropil. r, Rostral; l, lateral; c, caudal; m,
medial. Scale bar, 20 �m. C, Magnification of the RGC axon terminal in
B. Varicosities (open arrowheads) and filopodia (filled arrowheads) were
visible. Scale bar, 5 �m. D, Quantification of arbor morphology. Dashed
line shows the arbor area defined by convex polygon made by connecting
the first branch point with the tips of branches. The branch length is
obtained by measuring the length of all branches within the arbor area.
The number of branch tips with branch length �2 �m is counted in the
arbor area.

Figure 4. Representative images of RGC axon terminals of the PAR–
EGFP-injected control and PAR–dnGSK-3�–EGFP-injected embryos at
76, 84, and 100 hpf. Axon terminals of respective RGCs were observed
consecutively by confocal laser scanning microscopy. Dashed lines show
the arbor area. Arrows indicate the parent axon of each arbor. Scale bar,
10 �m.
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hpf in PAR–dnGSK-3�–VAMP2–EGFP-injected embryos (one-
way ANOVA; F(2,49) � 5.8; p � 0.005).

To verify further that the VAMP2 puncta represented the
synaptic sites, we examined their colocalization with Bassoon
because Bassoon is localized selectively at the active zone of
presynaptic nerve terminals (tom Dieck et al., 1998; Dresbach et
al., 2001). Injection of zebrafish embryos with PAR–VAMP2–
ECFP and PAR–Bassoon–EYFP revealed that signals of VAMP2–
ECFP and Bassoon–EYFP fluorescence were primarily punctate
in the RGC axon terminals and were well merged (Fig. 8).

DISCUSSION
The retinotectal projection is one of the best systems to study the
molecular basis of synapse formation in the CNS because of the
well characterized topographic connections and activity-
dependent refinement (Stuermer, 1988; Cline and Constantine-
Paton, 1990; Zou and Cline, 1999; Alsina et al., 2001; Gnuegge et
al., 2001). Here, we developed a presynaptic neuron-specific gene
manipulation system in the zebrafish retinotectal projection in
vivo using the nAChR�3 gene promoter. Microinjection of the

nAChR�3 gene promoter-driven double-cassette vectors directing
the expression of both dnGSK-3� and EGFP enabled us to follow
the development of individual RGCs and to examine the effect
of the molecule on the axonal arborization and maturation of the
same neurons in living zebrafish.

We isolated two types of zebrafish genomic DNA fragments by
PCR with degenerate primers based on the coding sequence of
the human, rat, chicken, and goldfish nAChR�3 genes (Cauley et
al., 1989; Deneris et al., 1989; Hernandez et al., 1995; Elliott et al.,
1996). The amino acid sequence encoded by one fragment
showed 97.8 and 89.9% identity with two goldfish nAChR�3
homologs (corresponding to the amino acid residues 178–304)
(Cauley et al., 1989); the other fragment had 90.6 and 98.6%
identity, respectively. Thus, the zebrafish genome, like the gold-
fish genome, may contain two nAChR�3 homologs. Comparison
of the nucleotide sequences suggested that the zebrafish
nAChR�3 gene that we isolated was the zebrafish counterpart of
the goldfish nAChR-n�2 gene. In the retinotectal projection, the
goldfish nAChR-n�2 gene was expressed selectively in presynaptic
RGCs, whereas the goldfish nAChR-n�3 gene was expressed in
both the presynaptic RGCs and the postsynaptic tectal neurons
(Cauley et al., 1990). Consistently, the 3.8 kb 5� upstream se-
quence of the zebrafish nAChR�3 gene directed the RGC-
specific expression in the retinotectal projection in vivo.

We revealed the development of entire RGC axon projections
to the tectum in living transgenic zebrafish lines carrying the
nAChR�3 gene promoter-directed EGFP expression vector. The

Figure 5. Effect of the dominant-negative form of GSK-3� on the de-
velopment of RGC axon terminals in the tectum. The branch length,
arbor area, and number of branch tips of PAR–EGFP-injected control
(open symbols; n � 29) and PAR–dnGSK-3�–EGFP-injected (filled sym-
bols; n � 30) embryos were measured consecutively at 76, 84, and 100 hpf.
*p � 0.05; **p � 0.01; t test. A, Branch length. B, Increase of branch
length from 76 to 100 hpf. C, Arbor area. D, Increase of arbor area. E,
Branch tip number. F, Increase of branch tip number.

Figure 6. Effect of the dominant-negative form of GSK-3� on the dy-
namics of RGC axon terminal branches. A, B, The numbers of branch tips
added and deleted from 76 to 84 hpf (A) and from 84 to 100 hpf ( B) in
PAR–EGFP-injected control (n � 29) and PAR–dnGSK-3�–EGFP-
injected (n � 30) embryos. *p � 0.05; t test.
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fluorescent signals in RGCs first appeared at �30 hpf. This
observation is consistent with the previous reports that zebrafish
RGCs start to differentiate at this stage (Malicki, 1999; Schmitt
and Dowling, 1999), and the expression of the chicken nAChR�3
gene starts just before the last S phase of the RGC precursor cells
in the retina (Matter et al., 1995). The wide distribution of EGFP
expression signals in the RGC layer of the transgenic lines con-
forms to the previous observation that goldfish nAChR�3 genes
are expressed in most RGCs (Cauley et al., 1990). The time
course of RGC axon projection to the tectum and expansion in
the tectum followed by EGFP expression signals in the transgenic
zebrafish lines is consistent with the previous studies by Stuermer
(1988) and Burrill and Easter (1994) with horseradish peroxidase
and DiI staining methods. In vivo observations of the entire RGC
axon projections to the tectum in living zebrafish embryos eluci-
dated that the development of RGC axon terminals in the tectum
proceeded in two phases, the initial rapid expansion and arbor
formation phase and the later slow arbor growth phase continuing
thereafter. The development of RGC axon projections to the
tectum was not uniform, because the meshwork of thick axon
bundles developed prominently in the lateral tectum.

The elucidation of the molecular mechanisms determining the
axonal projection field is an important issue to understand the
neural circuit formation and brain functioning. Zebrafish
GSK-3� is expressed in head regions, including the eye primor-
dium, from early developmental stages (Tsai et al., 2000). Thus,
GSK-3� should have been expressed from the initial axonogen-
esis stage of the RGC development. Consistently, GSK-3� is
expressed in differentiated Xenopus RGCs from early develop-
mental stages of the retinotectal projection (Marcus et al., 1998),
and GSK-3� is localized at the growth cone in chick dorsal root
ganglion cells (Eickholt et al., 2002). The nAChR�3 gene
promoter-directed expression vector strategy enabled us to exam-
ine the role of GSK-3� specifically in the development of RGC
axon projections to the tectum from 30 hpf. We found that the
expression of a dominant-negative form of zebrafish GSK-3�
suppressed the projection field of RGC axon terminals in the
tectum, as shown by the reduction of arbor branch length and
arbor areas. The effect cannot be ascribed to the delay of the
axonal extension, because the number of RGCs extending to the
tectum and the arbor length and arborization areas of RGC axon
terminals at 76 hpf were comparable between the PAR–dnGSK-
3�–EGFP-injected and control embryos. The suppressive effect
of dnGSK-3� became apparent at later stages. We also found that

Figure 7. Effect of the dominant-negative form of GSK-3� on the de-
velopment of VAMP2–EGFP puncta in RGC axon terminals. A, Vectors
used for the expression of VAMP2–EGFP and dnGSK-3�. pA, Polyade-
nylation signal B, D, Representative VAMP2–EGFP expression signals in
the RGC axon terminals of PAR–VAMP2–EGFP-injected control (B) and
PAR–dnGSK-3�–VAMP2–EGFP-injected (D) embryos at 76 hpf. C, E,
The threshold images of VAMP2–EGFP signals in B and D for evaluation
of VAMP2–EGFP puncta. Scale bar, 10 �m. F, The size of VAMP2–
EGFP puncta in RGC axon terminals of PAR–VAMP2–EGFP-injected
control (n � 74, 16 embryos at 76 hpf; n � 216, 18 embryos at 84 hpf; n �
508, 23 embryos at 100 hpf) and PAR–dnGSK-3�–VAMP2–EGFP-
injected (n � 85, 12 embryos at 76 hpf; n � 354, 25 embryos at 84 hpf; n �
242, 15 embryos at 100 hpf) embryos. *p � 0.05; t test. G, The number of
VAMP2–EGFP puncta in RGC axon terminals of PAR–VAMP2–EGFP-
injected control (n � 16 at 76 hpf; n � 18 at 84 hpf; n � 23 at 100 hpf) and
PAR–dnGSK-3�–VAMP2–EGFP-injected (n � 12 at 76 hpf; n � 25 at 84
hpf; n � 15 at 100 hpf) embryos.

Figure 8. Colocalization of VAMP2–ECFP and Bassoon–EYFP in
RGC axon terminals. Zebrafish embryos were coinjected with PAR–
Bassoon–EYFP and PAR–VAMP2–ECFP. VAMP2–ECFP and Bassoon–
EYFP signals in a single RGC axon terminal at 96 hpf were visualized
with a HeCd laser (lef t) and an Ar laser (middle), respectively. These
images are merged on the right. Scale bar, 10 �m.
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dnGSK-3� significantly decreased the number of added branch
tips in RGC axon terminals from 84 to 100 hpf, whereas the
numbers of deleted branch tips were comparable between the
control and dnGSK-3�-injected embryos. These results suggest
that GSK-3� activity is important for regulating the branching of
RGC axon terminals and for determining their arborization field
in the tectum.

VAMP2–EGFP is a well characterized marker of synaptic
vesicles (Miesenbock et al., 1998; Nonet, 1999; Ahmari et al.,
2000; Alsina et al., 2001). In the RGC axon terminals of control
embryos injected with PAR–VAMP2–EGFP, most VAMP2–
EGFP puncta were localized in varicosities. In addition, punctate
VAMP2–ECFP signals were merged well with those of Bassoon–
EYFP signals, supporting their localization near the active zone
of presynaptic nerve terminals (tom Dieck et al., 1998; Dresbach
et al., 2001). From 76 to 100 hpf, the size and number of VAMP2–
EGFP puncta in the RGC axon terminals of control embryos
increased, suggesting the presynaptic development during these
stages. Consistently, the visual responses of zebrafish start from
68 to 79 hpf (Easter and Nicola, 1996). We found that suppression
of GSK-3� activity increased the size of VAMP2–EGFP puncta
in RGC axon terminals at the initial stages of innervation to the
tectum (76 and 84 hpf), whereas the numbers of puncta were
similar to those in the controls. The size of the puncta in the RGC
axon terminals of dnGSK-3�-injected embryos was comparable
with that in control embryos at the later stage of development
(100 hpf). Thus, suppression of GSK-3� may stimulate the mat-
uration of RGC axon terminals and accumulation of synaptic
vesicles. Interestingly, in this respect, in vitro studies showed that
lithium inhibited neurite extension of cultured hippocampal neu-
rons (Takahashi et al., 1999) and induced synapsin I clustering in
cerebellar granule cells and pontine neurons (Lucas and Salinas,
1997; Hall et al., 2000).

We showed that the expression of the dominant-negative
GSK-3� mutant affected the final axonal arborization step, when
RGC axons interacted with the dendrites of tectal neurons. The
activity of GSK-3� is under complex regulation involving activat-
ing and inhibiting mechanisms, scaffold complexes, and differen-
tial recognition of target substrates (Kim and Kimmel, 2000;
Grimes and Jope, 2001). Regulation by Wnt signaling (He et al.,
1995) and by PI3K–PKB/Akt-mediated growth factor signaling
(Cross et al., 1995) represents the canonical inhibitory pathway.
Wnt or growth factors from target tectal neurons are good can-
didates of the regulators of GSK-3� activity in RGC axonal
terminals because some of the zebrafish wnt-related genes are
expressed in the tectum during embryogenesis (Molven et al.,
1991; Krauss et al., 1992), and two insulin-like growth factor I
receptors and their ligands are expressed widely in zebrafish
embryos (Ayaso et al., 2002; Maures et al., 2002). Among diverse
proteins phosphorylated by GSK-3�, microtubule-associated pro-
tein 1B (MAP1B) is implied in the axon terminal development.
Mutation of the Drosophila MAP1B homolog gene futsch dis-
turbed synaptic microtubule organization and increased the size
of synaptic bouton (Hummel et al., 2000; Roos et al., 2000).
Lithium, an inhibitor of GSK-3�, induced microtubule reorgani-
zation of cultured dorsal root ganglion cells and cerebellar mossy
fibers in vitro (Lucas et al., 1998; Hall et al., 2000). Thus, it is
possible that GSK-3� may regulate the arborization and matura-
tion of RGC axon terminals through phosphorylation of MAP1B.

Both the activity-independent and activity-dependent mecha-
nisms underlie the arbor elaboration of retinotectal projection
during development (Goodman and Shatz, 1993). Zou and Cline

(1999) showed that, in the developing Xenopus tadpole retinotec-
tal projection, postsynaptic calcium/calmodulin-dependent pro-
tein kinase II was necessary to limit the growth of presynaptic and
postsynaptic arbor structures in vivo. Tectal cell expression of the
activity-regulated candidate plasticity gene 15 (cpg15) increased
the elaboration of Xenopus retinal axons (Cantallops et al., 2000).
Alsina et al. (2001) reported that brain-derived neurotrophic
factor increased axon arborization and synapse number of Xeno-
pus RGCs. Blockade of action potentials by application of tetro-
dotoxin to zebrafish larvae between 2 and 4 dpf exerted little effect
on the RGC arbor fields in the tectum (Stuermer et al., 1990), but
treatment with the drug between 4 and 6 dpf resulted in the
enlargement of the projection field of RGC axons (Gnuegge et al.,
2001). Treatment of zebrafish larvae with MK-801 [5-methyl-10,11-
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate], an in-
hibitor of the NMDA receptor, from 3 to 5 dpf increased the
retinotectal arbor size (Schmidt et al., 2000). Because dnGSK-3�
exerted its effects on RGC axon arborization from 3 to 4 dpf,
GSK-3� may play a role in the activity-independent mechanism.
Although the upstream and downstream signaling of GSK-3� in
zebrafish retinotectal projection and the activity dependence re-
main to be studied, our results provide evidence that GSK-3�
regulates the arborization field and maturation of RGC axon
terminals in vivo.
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