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Abstract
N-cadherin is a classical type I cadherin that contributes to the formation of neural circuits by
regulating growth cone migration and the formation of synaptic contacts. This study analyzed the
role of N-cadherin in primary motor axons growth during development of the zebrafish (Danio
rerio) embryo. After exiting the spinal cord, primary motor axons migrate ventrally through a
common pathway and form the first neuromuscular junction with the muscle pioneer cells located
at the horizontal myoseptum, which serves as a choice point for cell-type specific pathway
selection. Analysis of N-cadherin mutants (cdh2hi3644Tg) and embryos injected with N-cadherin
antisense morpholinos showed primary motor axons extending aberrant axonal branches at the
choice point in ~40% of the somitic hemisegments, and an ~150% increase in the number of
branches per axon length within the ventral myotome. Analysis of individual axons trajectories
showed that the caudal (CaP) and rostral (RoP) motor neurons axons formed aberrant branches at
the choice point which abnormally extended in the rostrocaudal axis and ventrally to the
horizontal myoseptum. Expression of a dominant-interfering N-cadherin cytoplasmic domain in
primary motor neurons caused some axons to abnormally stall at the horizontal myoseptum and to
impair their migration into the ventral myotome. However, in N-cadherin depleted embryos the
majority of primary motor axons innervated their appropriate myotomal territories indicating that
N-cadherin regulates motor axon growth and branching without severely affecting the mechanisms
that control axonal target selection.
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Introduction
Cell adhesion molecules of the cadherin superfamily mediate calcium-dependent homotypic
binding between apposed cell membranes, as well as cell autonomous regulation of cell
behavior (Takeichi, 1991; Zhu and Luo, 2004). Cadherins participate in various tissue
morphogenetic processes during development and tissue repair, by regulating the dynamics
of the interactions between cellular surfaces (Gumbiner, 2005). In the nervous system,
different cadherins are expressed in distinct regions of the neural tube during particular
developmental periods, and regulate the formation of boundaries between neural tube
segments, the migration of neurons within and outside the neural tube, and the formation of
neuronal connections (Katsamba et al., 2009; Price et al., 2002; Redies and Takeichi, 1996;
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Takeichi, 2007; Tepass et al., 2000). N-cadherin is a classical type I cadherin widely
expressed in the nervous system (Hatta et al., 1987), which has been implicated in the
establishment of neural circuits by regulating growth cone migration and the formation of
synaptic contacts (Bozdagi et al., 2004; Kadowaki et al., 2007; Riehl et al., 1996). When
presented as a purified protein substrate or when expressed on the surface of heterologous
cell lines, N-cadherin promotes neurite outgrowth (Bixby and Zhang, 1990; Matsunaga et
al., 1988; Payne et al., 1992). This N-cadherin activity is blocked by the addition of
function-blocking antibodies (Neugebauer et al., 1988), suggesting that N-cadherin provides
a permissive substrate for axonal growth. Furthermore, expression of dominant-interfering
N-cadherin cytoplasmic domains lacking the entire extracellular domain (ΔED), affects the
growth of retinal ganglion cells axons in vivo (Riehl et al., 1996). However, expression of
ΔED N-cadherin cytoplasmic domain in cultured hippocampal neurons results in abnormal
elongation of dendritic spines (Togashi et al., 2002), indicating that disruption of N-cadherin
activity can promote or inhibit neurite growth depending on the cell type and cellular
environment.

This evidence supports the view that N-cadherin mediated cell-cell interactions regulate
axonal growth, as well as the stabilization of intercellular contacts required for the
development of synaptic connections. Axonal migration towards a specific destination is
commonly assisted by intermediate targets or choice points in which transient interactions
between the growth cone and a specialized group of cells influence axonal behavior
(Goodman and Shatz, 1993). A variety of cell surface molecules involved in the interactions
between the growth cone and the cells at the choice point have been identified including
semaphorins and receptor tyrosine phosphatases (Desai et al., 1996; Krueger et al., 1996;
Winberg et al., 1998; Yu et al., 1998). In addition, regulation of cell adhesion appears to be a
mechanism that can directly influence axonal growth at intermediate targets. For example
beaten path, a secreted immunoglobulin superfamily protein, regulates the adhesive
properties of Fasciclin II and contributes to motor axon pathway selection in Drosophila
through a mechanism that resembles the regulation of cell adhesion by polysialylated neural
cell adhesion molecule (NCAM) in vertebrate motor neurons (Fambrough and Goodman,
1996; Holmes and Heilig, 1999; Tang et al., 1992). This suggests that cell adhesion
molecules may regulate motor axon growth at sites of transient interactions between the
growth cone and the cells that constitute a choice point.

In the zebrafish (Danio rerio) embryo, each somitic hemisegment is first innervated by three
primary motor neurons named as rostral (RoP), middle (MiP), and caudal (CaP). Primary
motor axons exit the neural tube and migrate ventrally through a common pathway adjacent
to the notochord until reaching the horizontal myoseptum (Eisen et al., 1986; Eisen et al.,
1990; Myers et al., 1986; Westerfield et al., 1986). At this point, the axons establish the first
neuromuscular junction with the muscle pioneer cells before proceeding to innervate cell-
type specific myotomal territories (Melancon et al., 1997). Spinal cord motor neurons and
muscle pioneer cells, both express N-cadherin mRNA at the time motor axons reach the
horizontal myoseptum (Cortes et al., 2003), suggesting that N-cadherin may contribute to
axonal pathway selection at the choice point. Zebrafish embryos in which N-cadherin
expression is suppressed by mutations in the N-cadherin gene (cdh2) or by injection of N-
cadherin antisense morpholinos, showed normal development of muscle pioneer cells,
although defective migration of a subpopulation of adaxial muscle cells was detected in
some somitic segments (Birely et al., 2005; Cortes et al., 2003). However, defective motor
axon growth has been observed in N-cadherin mutant embryos (Birely et al., 2005; Lele et
al., 2002), suggesting that N-cadherin participates in motor axon migration during
innervation of the myotome. Thus, the present study was aimed at analyzing whether N-
cadherin contributes to the regulation of primary motor axon outgrowth and cell-type
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specific pathway selection during innervation of the myotomal territories in the zebrafish
embryo.

Materials and Methods
Fish strains, breeding, and generation of transgenic lines

Zebrafish were obtained from the Zebrafish International Resource Center (ZIRC, Eugene,
OR), raised and maintained as described in The Zebrafish Book (Westerfield, 2000), and
staged as previously reported (Kimmel et al., 1995). The zebrafish AB line was used as wild
type strain (strain AB-3, stock # 5560). In addition, this study used the N-cadherin mutant
cdh2hi3644Tg/+ (AB/TU) (stock # 2795) fish line (Amsterdam et al., 1999; Amsterdam et al.,
2004) (here called cdh2hi3644Tg ), and the transgenic line Tg(mnx1:GFP)ml2/+ AB (ZIRC
catalog ID ZL1163)(previously known as Tg(hlxb9:GFP)ml2), which expresses green
fluorescent protein (GFP) under the mnx1 promoter (also known as hb9, hlxb9, scra1, and
hoxhb9) (Flanagan-Steet et al., 2005). To generate a stable transgenic fish expressing the
yeast Gal4 transcriptional activator (Brand and Perrimon, 1993; Davison et al., 2007) fused
to a virally derived VP16 activator sequence (Gal4-VP16) in motor neurons (Tg(mnx1:Gal4-
VP16)), a plasmid was generated carrying the mnx1 promoter (a gift from D. Meyer from
the University of Freiburg) followed by the Gal4-VP16 sequence (Koster and Fraser, 2001),
a SV40 polyadenylation (pA) signal, and flanked by the Tol2 transposable elements
(Kawakami et al., 1998) (Fig 1 A). This plasmid was constructed in the Tol2 plasmid system
developed by K. Kawakami and C-B. Chien using bacterial recombination (Gateway,
Invitrogen, Carlsbad, CA)(Kwan et al., 2007; Suster et al., 2009). The plasmid was injected
together with in vitro transcribed transposase mRNA into 1-cell stage wild type embryos.
Messenger RNA was synthesized using the mMESSAGE mMachine kit (Ambion, Austin
TX). Embryos were raised to adulthood, mated with wild type animals, and DNA from F1
eggs was extracted using the DNeasy kit (Qiagen, Valencia, CA) and used as template for a
polymerase chain reaction (PCR) amplification using primers annealing to the Gal4
sequence (Forward, 5' ATGAAGCTACTGTCTTCTATCG; and Reverse, 5'
TGTCTTTGACCTTTGTTACTA C) to identify animals with germ-line transmission.
Offspring from the Tg(mnx1:Gal4-VP16 ) F0 carriers were injected at the 1-cell stage with a
plasmid encoding prenylated enhanced GFP (pren-EGFP) driven by a 14X-upstream
activation sequence (UAS) fused to the fish basal promoter E1b derived from the carp β-
actin (14X-UAS) (Koster and Fraser, 2001; Scheer and Campos-Ortega, 1999) and
examined at 24 hours post fertilization (hpf) for EGFP expression in motor neurons. Plasmid
injections were carried out with an air-pressured Picospritzer III microinjector (Parker,
Cleveland, OH) using glass microneedles. Plasmid DNA was prepared using endotoxin free
plasmid kits (Qiagen) and diluted in injection solution (0.2M KCl, 0.04% phenol red) at a
final concentration of 50 ng/μL, and 1–2 nL were injected into the cell of 1-cell stage
embryos. The use and manipulation of animals used in this study has been approved by the
Institutional Animal Care and Use Committee from the University of Kansas School of
Medicine.

Antibody and α-bungarotoxin labeling
Embryos were dechorionated, anesthetized and sacrificed in ice-cold E3 embryo medium
(NaCl, 5mM; KCl, 0.17mM; CaCl2, 0.33 mM; and MgSO4, 0.33mM) containing 0.4%
tricaine (MS222, Ethyl 3-aminobenzoate methanesulfonate salt, Sigma-Aldrich, St Louis,
MO), immersed in ice-cold 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) containing 1% dimethyl sulfoxide (DMSO) in phosphate buffer saline, pH 7.4 (PBS),
fixed for 3 h at room temperature (RT) followed by 10 min incubation in methanol at −
20°C, washed in PBS, and incubated in blocking solution (2% bovine serum albumin (BSA)
in PBS) for 1 h at RT. One hundred and twenty hpf embryos were treated with collagenase
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(1 mg/ml)(Worthington Biomedical Corp., Lakewood, NJ) for 10 min at 37°C before
incubation in blocking solution (2% BSA, 0.5% Triton X-100, in PBS). Embryos were then
incubated in blocking solution containing primary antibodies overnight at 4°C, washed in
PBS, incubated with corresponding secondary antibodies conjugated with Cy3 (Jackson
ImmunoResearch, West Grove, PA) washed, deyolked, and mounted in Prolong Gold
(Invitrogen). For labeling of nicotinic acetylcholine receptors, α-bungarotoxin (α-BTX)
Alexa 488 conjugated (Molecular Probes, Eugene, OR) (final concentration 10 μg/ml) was
added to the antibody solution.

Antibody characterization
The following primary antibodies were used (Table 1):

Znp1, mouse monoclonal IgG anti-zebrafish synaptotagmin 2 (Developmental Studies
Hybridoma Bank (DSHB), Iowa City, IA) detected a single band of ~60 kDa in
immunoblots from zebrafish homogenates, and from mouse cerebellum and synaptosomes
homogenates (Fox and Sanes, 2007; Trevarrow et al., 1990). Zebrafish embryos
immunostained with znp1 antibodies showed the same distribution and localization in motor
axons as was previously reported (Jiang et al., 1996).

SV2, mouse monoclonal IgG anti-elasmobranch synaptic vesicle protein 2 (SV2, DSHB)
detected a single band of ~100 kDa in immunoblots from synaptosome and membrane brain
fractions from various species (Buckley and Kelly, 1985). SV2 immunostaining of zebrafish
embryos and larvae showed the same pattern of cellular morphology and distribution in
motor axons as was reported in previous studies (Panzer et al., 2005)

Rabbit polyclonal IgG anti-zebrafish N-cadherin (a gift from Q. Liu from the University of
Akron) detected a single band of ~120 kDa, which is the expected size for zebrafish N-
cadherin, in immunoblot from zebrafish brain extracts (Liu et al., 2001). A single band of
~120 kDa (between the 105 kDa and 160 kDa molecular weight marker) was detected in
Western blots from zebrafish tissue extracts in the present study (Fig 2 A).

MNCD2, rat monoclonal IgG anti-mouse N-cadherin detected a single band of ~116 kDa in
immunoblots from mouse fetal brain homogenates (Matsunami and Takeichi, 1995)
(MNCD2, DSHB). A single band of ~120 kDa (between the 105 kDa and 160 kDa
molecular weight markers), which corresponds to the expected size for zebrafish N-
cadherin, was detected in Western blots from zebrafish homogenates (Fig 2 A). The
molecular weight of the band detected by MNCD2 coincides with the molecular weight of
the band detected by the rabbit polyclonal IgG anti zebrafish N-cadherin. The protein
detected by MNCD2 was substantially decreased in immunoblots from N-cadherin mutant
zebrafish embryos (cdh2hi3644Tg) and from embryos treated with N-cadherin antisense
morpholinos (Fig 3 H, I). MNCD2 also labeled Chinese Hamster Ovary cells transfected
with zebrafish N-cadherin while no labeling was detected in untransfected cells (Fig 2 B1 –
B4). Whole mount immunostaining of 24 hpf zebrafish embryos with MNCD2 antibodies
(Fig 2 C – F) revealed the same pattern of protein expression as was previously reported for
N-cadherin mRNA (Cortes et al., 2003).

36/E-cadherin, mouse monoclonal anti-human E-cadherin (BD Transduction Laboratories,
610181) detected a single band of ~120 kDa in immunoblots from A431 cells lysate (Akins
et al., 2007) and detected two bands of ~120 kDa and 140 kDa (between the 105 kDa and
160 kDa markers) in Western blots from zebrafish homogenates (Fig 3 J).

MHCD2500, mouse monoclonal IgG anti-human interleukin-2α subunit (IL2α) receptor
(also known as CD25 or Tac)(Caltag, Burlingame, CA, MHCD2500, clone CD25-3G10).
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MHCD2500 detected a single band of ~55 kDa in immunoblots from affinity purified
human IL2α receptor (Leonard et al., 1984; Stockinger et al., 1990). The ability of the
MHCD2500 antibody to recognize only IL2α receptor fusion proteins was determined by
transfecting Human Embryonic Kidney 293 with a plasmid expressing the IL2α receptor C-
terminally fused to EGFP (IL2α-EGFP) and immunolabeled with MHCD2500 followed by
anti-mouse IgG Cy3 conjugated secondary antibody. Antibody staining co-localized with
EGFP fluorescence while untransfected cells were not immunostained (data not shown). In
addition, immunostaining of zebrafish embryos with MHCD2500 antibodies did not label
cells or structures except for the cells transfected with the IL2α receptor fusion protein (Fig
8).

Cell culture and lipofection
Chinese Hamster Ovary (CHO) cells were grown in Ham's F12K medium (Gibco,
Invitrogen) containing, 2 mM L-glutamine, 1.5 g/l sodium bicarbonate and 10 % fetal
bovine serum (FBS), and plated in glass coversilp. CHO cell cultures were transfected using
Lipofectamine 2000 (Invitrogen) following manufacturer's recommendations with a mix of
two plamsids, one plasmid encoding Gal4-VP16 dowstream of a CMV promoter, and a
second plasmid encoding zebrafish N-cadherin (a gift from J. Jontes) (AF418595) (Jontes et
al., 2004) and pren-EGFP (each one under a 14X-UAS element), or encoding pren-EGFP
under a 14X-UAS element. Forty-eight hours after transfection, CHO cells were fixed in 4%
paraformaldehyde in PBS for 20 min at RT, blocked in PBS containing 2% BSA and 0.2%
Triton-X100, incubated with MNCD2 antibodies for 2 h at RT in blocking solution, washed
in PBS, incubated with anti-rat IgG Cy3 conjugated secondary antibodies for 2 h at RT in
blocking solution, washed in PBS, and mounted in Prolong Gold mounting medium
(Invitrogen). Human Embryonic Kidney 293 cells, were grown in MEM with Earl’s Salts
(Gibco, Invitrogen) containing, 2 mM GlutaMAX (Invitrogen) , 0.1 mM Non-essential
amino acids, 1.0 mM sodium pyruvate, 1.5 g/L sodium bicarbonate, and 10% FBS and
lipofected as described above.

Image acquisition and analysis
Embryos were observed with a Nikon C1Si confocal microscope (Nikon, Tokyo, Japan)
mounted on a Nikon Eclipse 90i upright microscope using a Plan-Apo 10X/0.45NA dry
lens, and a Plan-Fluor 40X/NA1.3, a Plan-Apo 60X/NA1.4, and an Apo-TIRF 100X/
NA1.49 oil immersion lenses. Samples were scanned at 1-μm intervals and stacks of
confocal images were rendered to a single plane using EZ-C1 software (Nikon). Images
were coded and randomly sorted so that the experimental condition was hidden to the
investigator during image analysis. The images were analyzed using MetaMorph software
(Universal Imaging Corporation, Downingtown, PA). Axon length was measured from the
exit of the spinal cord as determined by the boundary of SV2 and znp1 labeling, up to the
center of the axonal dilation formed at the horizontal myoseptum, and from this point up to
the distal tip of the axon. Branches were measured from the center of the axon shaft to the
tip of the protrusion and needed to be more than 3 μm long to be considered a branch. To
determine presynaptic surface area, images from SV2 and znp1 immunostaining were
threshold, distances calibrated, and a 10 μm × 10 μm square region was placed over the
choice point region at the horizontal myoseptum, and the area of pixels with an intensity
value above the threshold was measured an expressed in μm2. Images were manipulated in
Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA) and changes in brightness
and contrast were applied to the entire image.

Protein expression in motor neurons
Primary motor neurons were labeled by mosaic expression of pren-EGFP. Embryos were
injected at the 1-cell stage with a mix of two plamsids, one plasmid encoding Gal4-VP16
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dowstream of the mnx1 promoter (Flanagan-Steet et al., 2005) and followed by a SV40 pA
signal, and a second plasmid encoding pren-EGFP under a 14X-UAS fused E1b (Koster and
Fraser, 2001; Scheer and Campos-Ortega, 1999) also followed by a SV40 pA signal. These
plasmids were constructed in the Tol2 plasmid system (Kwan et al., 2007; Suster et al.,
2009). To perturb N-cadherin in motor neurons, the zebrafish N-cadherin cytoplasmic
domain (CD) (Lys 734 to Asp 893) was PCR amplified from the zebrafish N-cadherin
cDNA and fused to the C-terminus of transmembrane portion of the IL2α human receptor
subunit. The IL2α receptor subunit has no signaling or binding properties and can be
immuno-labeled to detect the localization of the transfected protein (Katz et al., 1998). A
bicistronic plasmid was generated containing the sequence of IL2α-N-cadherin-CD and
pren-EGFP each one driven by a 14X-UAS element. As control, EGFP was fused to the C-
terminus of IL2α. These plasmids were injected together with transposase mRNA into 1-cell
stage Tg(mnx1:Gal4-VP16) embryos (Fig 1 B).

Morpholino injections
Morpholino (MO) oligonucleotides were purchased from Gene Tools (Philomath, OR) using
previously reported sequences (Lele et al., 2002; von der Hardt et al., 2007). Antisense,
cdh2-MO-UTR: 5'UTR″ (5'-TCTGTATAAAGAAACCGATAGAGTT-3'), corresponding
to -40 to -16 N-cadherin mRNA sequence. Four bases mismatched, cdh2-MIS-MO: 5'-
TCTCTATAAACAAACGGATAGTGTT-3'. Morpholinos were dissolved in water to a
stock solution of 1 mM. For embryo injections the stock solution was diluted in injection
solution to a final concentration of 50 μM and 1–2 nL injected into 1–2 cell stage embryos.

Western blot
Embryos were sacrificed in ice cold E3 medium containing 0.4% tricaine and homogenized
by sonication in 150 μl of ice-cold extraction buffer (25 mM HEPES pH 7.2, 0.15M NaCl,
1% NP-40, EDTA-free protease inhibitors cocktail (Roche, Basel, Switzerland)) and cleared
by centrifugation at 14,000 rpm for 20 min at 4°C. Protein content was determined by BCA
assay (Pierce, Rockford, IL). Forty micrograms of total protein were diluted in 2X Laemmli
sample buffer (Laemmli, 1970) and electrophoresed in a 10% sodium dodecyl sulfate (SDS)
polyacrylamide gel, electro-transferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P, Amersham Biosciences, GE Healthcare, Piscataway, NJ), blocked in 3%
non-fat dry milk (BioRad, Hercules, CA) solution in Tris-buffer saline, pH 7.6, with 1%
Tween-20 (TBS-T), incubated in primary antibody, washed in TBS-T, and incubated with
corresponding horseradish peroxidase-conjugated secondary antibodies diluted in TBS-T
(Jackson ImmunoResearch, West Grove, PA). Secondary antibodies were detected by
chemiluminescence (ECL) (Amersham Biosciences), the exposed film was digitized in a flat
scanner, and the relative amount of protein was determined by densitometric analysis using
the Gel Analysis tool of ImageJ software and measuring the area under the peaks.

Genotyping of cdh2hi3644Tg mutants
Embryos were genotyped by PCR as previously described (Amsterdam et al., 1999). Briefly,
a single embryo or the embryo's head was lysed in 50 μl of ELVIS lysis buffer (50 mM KCl,
10 mM Tris 8.5pH, 0.01% gelatin, 0.45% NP-40, 0.45% Tween-20, 5 mM EDTA, 200 μg/
ml proteinase K), incubated for 2 h at 55°C followed by 15 min at 96°C. One microliter of
the lysate was used as template for a PCR reaction (94°C for 2 min, 1 cycle; 94°C for 30
sec, 60°C for 30 sec, 72°C for 60 sec, 35 cycles; 72°C for 5 min, 1 cycle). Primers: ZN-
CAD-1S (5' AACACGTCCTCAGAGTGCCAC) and ZN-CAD-2AS (5'
GTACGGTTACCAAGTCAATGTG) which anneal to cdh2, and NLTR3 061127D (5'
CTGTTCCATCTGTTCCTGAC) that anneals to the viral sequence. PCR products were
separated by electrophoresis in 1.5% agarose gels, DNA stained with ethidium bromide, and
observed in a UV transilluminator.
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Electron microscopy
Embryos and larvae were fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA) and 1% DMSO in 0.1M cacodylic buffer pH 7.4 for 3 h at RT and overnight at
4°C, washed in PBS and postfixed in 1% osmium in 0.1M cacodylic buffer pH 7.4 for 1 h,
rinsed in distilled water, progressively dehydrated in ethanol, and embedded in epoxy resin
(EMBED 812, Electron Microscopy Sciences). Samples were sectioned at ~100 nm with a
Leica UCT Ultramicrotome (Leica, Wetzlar, Germany), stained with 1% uranyl acetate for
35 min and with 1% lead citrate for 3 min, and observed and photographed with a JOEL
100CXII Transmission Electron Microscope (JOEL USA, Peabody, MA).

Results
N-cadherin is expressed by primary motor neurons and adaxial muscle pioneer cells

In the zebrafish embryo, N-cadherin mRNA is expressed throughout the developing somites
and its expression is progressively down-regulated from rostral to caudal somites as
myogenesis begins. By 20 hpf, N-cadherin mRNA is detected in all brain regions, eyes,
neural tube, and adaxial slow muscle cells (Bitzur et al., 1994; Cortes et al., 2003; Liu et al.,
2001; Warga and Kane, 2007). At this time, the myotomal fast muscle cells switch from
expressing N-cadherin to express M-cadherin (Cortes et al., 2003). Adaxial muscle cells
located dorsally and ventrally to the horizontal myoseptum, migrate radially from the
notochord, and maintain N-cadherin expression while M-cadherin is up-regulated (Cortes et
al., 2003). In contrast, muscle pioneer cells located at the level of the horizontal myoseptum
do not migrate and maintain N-cadherin expression exclusively (Cortes et al., 2003; Devoto
et al., 1996; Felsenfeld et al., 1991). To identify antibodies that recognize zebrafish N-
cadherin, the cross-reactivity of commercially available antibodies raised against N-cadherin
was first determined by Western blot analysis using zebrafish homogenates. A rabbit
polyclonal antibody raised against zebrafish N-cadherin extracellular domain (provided by
Dr Q. Liu)(Liu et al., 2001) identified a single band of ~120 kDa (between the 105 kDa and
160 kDa molecular weight marker) and was used as control (Fig 2 A, lane 1). The rat
monoclonal MNCD2 antibody anti-mouse N-cadherin extracellular domain (Matsunami and
Takeichi, 1995) detected a single band of ~120 kDa, which is the expected size for zebrafish
N-cadherin (Fig 2 A, lane 2), suggesting that MNCD2 cross-reacts with zebrafish N-
cadherin. To determine whether MNCD2 identifies zebrafish N-cadherin by
immunostaining, CHO cells were transfected with a plasmid encoding zebrafish N-cadherin
and pren-EGFP or with a plasmid expressing only pren-EGFP, fixed, incubated with
MNCD2 antibodies followed by incubation with an anti-rat IgG Cy3-conjugated secondary
antibody, and observed under confocal microscopy. Cells transfected with zebrafish N-
cadherin showed a distinct labeling on the cell surface (Fig 2 B1, B2), while no signal was
detected from cells expressing pren-EGFP alone (Fig 2 B3, B4), indicating that the MNCD2
antibody recognizes zebrafish N-cadherin.

To examine the expression pattern of N-cadherin at the protein level, 24 hpf wild type and
Tg(mnx1:GFP)ml2 zebrafish embryos were fixed and immunostained with anti-N-cadherin
MNCD2 antibodies. Tg(mnx1:GFP)ml2 zebrafish express GFP under the homeobox 1 gene
mnx1 promoter, and labels motor neurons soon after their last round of cell division
(Flanagan-Steet et al., 2005). N-cadherin is expressed on the cell surface of neurons
throughout the spinal cord including the soma of primary motor neurons (Fig 2 C, D). In
addition, N-cadherin is detected on muscle pioneer fibers located at the horizontal
myoseptum where primary motor axons form neuromuscular junctions as indicated by the
clustering of acetylcholine receptors labeled with α-bungarotoxin (Fig 2 E and F). Thus, the
pattern of expression of N-cadherin determined by immunolabeling matched the previously
reported mRNA expression pattern (Cortes et al., 2003), indicating that N-cadherin is
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expressed by both, primary motor neurons and muscle pioneer cells, at the time motor axons
reach the horizontal myoseptum.

Analysis of the ultrastructure of neuromuscular junctions formed in the vicinity of the
horizontal myoseptum in 24 hpf wild type zebrafish embryos revealed presynaptic terminals
with the appearance of immature synaptic contacts having few synaptic vesicles and
undifferentiated pre and postsynaptic densities (Fig 2 G). In addition, pre and postsynaptic
membranes appeared in close apposition with each other, suggesting that the muscle basal
lamina usually present at the synaptic cleft of neuromuscular junctions is still poorly
differentiated at this developmental stage. In contrast, neuromuscular junctions in 120 hpf
zebrafish larvae showed pre and postsynaptic membranes separated by a distinct electron
dense material, which represents a specialized basal lamina (Sanes and Lichtman, 1999) (Fig
2 H). The basal lamina of mature synaptic contacts expands the distance between synaptic
membranes and is believed to preclude direct protein interactions across the synaptic cleft.
Thus, the pattern of N-cadherin expression and the ultrastructural features of neuromuscular
junctions formed between primary motor axons and muscle pioneer cells at 24 hpf suggest
that N-cadherin may engage in homophilic binding between pre and postsynaptic
membranes.

Defective motor axon growth in N-cadherin depleted zebrafish embryos
To examine the role of N-cadherin in motor neuron development, motor axon morphology
was analyzed in N-cadherin mutant zebrafish cdh2hi3644Tg (Amsterdam et al., 2004), and in
embryos injected with N-cadherin antisense morpholinos that knockdown N-cadherin
expression (Lele et al., 2002; von der Hardt et al., 2007). The zebrafish mutant line
cdh2hi3644Tg was generated by retroviral insertional mutagenesis (Amsterdam and Hopkins,
1999) in which the viral insertion was mapped to the second intron of the N-cadherin gene
(cdh2). This viral insertion results in a phenotype similar to the N-cadherin mutant parachute
(cdh2fr7/fr7), in which N-cadherin expression is lost, and is characterized by the disruption of
the midbrain/hindbrain boundary and defective tail morphogenesis (Lele et al., 2002),
suggesting that the viral insertion substantially impairs N-cadherin expression (Fig 3).
Homozygotes cdh2hi3644Tg mutants were obtained by crossing heterozygote cdh2hi3644Tg

adult animals. Mutant embryos were identified at 22–24 hpf by defective midbrain/hindbrain
boundary formation (Fig 3 B – E), and their homozygocity for the viral insertion was
determined by genotyping using PCR with a combination of primers flanking the viral
insertion site, and primers that anneal to the viral sequence (Fig 3 G). The viral insertion
appears to follow Mendelian inheritance in that ~25% of embryos from each cross were
homozygotes (wild type = 27.5% ± 5.2, heterozygote = 44.4 ± 5.3, homozygote 28.1 ± 2.4
from 290 embryos obtained from five crosses). Furthermore, 97.7% of phenotypic mutant
embryos were homozygote for the viral insertion and the remaining 2.3% were found to be
heterozygote, indicating that the phenotype observed is associated with the viral insertion in
cdh2.

The effect of the viral insertion on N-cadherin expression was examined by Western blot
analysis using MNCD2 antibodies. Zebrafish embryos (24 hpf) from a cross between
cdh2hi3644Tg heterozygotes were genotyped and pooled as homozygotes (−;/−;),
heterozygote (−;/+), and wild type (+/+). Two bands of ~105 kDa and ~120 kDa were
detected in the immunoblot in wild type, heterozygote, and homozygote homogenates (Fig 3
H). The amount of protein was substantially reduced in cdh2hi3644Tg homozygotes
homogenates (Fig 3 H). The appearance of two bands instead of one ~120 kDa band
detected in samples from 72 hpf wild type embryos (Fig 2 A) was probably due to changes
of posttranslational modifications or to partial protein cleavage. N-cadherin was
undetectable in an immunoblot of lysates from 120 hpf homozygote cdh2hi3644Tg mutants
(data not shown), indicating that the viral insertion substantially impairs N-cadherin
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expression resulting in a cdh2 hypomorph. Injection of antisense morpholinos targeted to the
5' UTR of N-cadherin mRNA (cdh2-MO-UTR) into 1-cell stage wild type embryos resulted
in a similar phenotype observed in the cdh2hi3644Tg mutants (Fig 3 C, F)(Lele et al., 2002).
Immunoblot analysis of morpholino treated embryos using MNCD2 antibodies detected two
bands of ~105 kDa and ~120 kDa (Fig 3 I). Treatment with antisense morpholino resulted in
an almost complete elimination of N-cadherin expression as compared to embryos injected
with a mismatched morpholino (Fig 3 I). Western blot analysis of morpholino injected
embryos homogenates with an anti-E-cadherin antibody detected two bands of ~120 kDa
and ~140 kDa. The amount of E-cadherin expression was not affected by the injection with
antisense morpholinos targeted to the 5' UTR of N-cadherin mRNA (Fig 3 J).

Each somitic hemisegment in the zebrafish embryo is innervated by the RoP, MiP, and CaP
primary motor neurons, and by ~25 secondary motor neurons that invade the myotome later
in development (after 26 hpf)(Eisen et al., 1986; Myers et al., 1986; Westerfield et al.,
1986). Cell division of primary motor neurons ends at ~16 hpf (Myers et al., 1986). The CaP
motor axon is the first to exit the spinal cord at 19–20 hpf, and soon after, it is followed by
the RoP and MiP axons (Myers et al., 1986). The three primary motor axons migrate
through the common pathway delimited by the notochord (medially) and the myotome
(laterally), and upon arrival to a choice point at the horizontal myoseptum, the growth cones
make contact with the muscle pioneer cells and choose among three different cell-type
specific pathways (Eisen et al., 1986; Melancon et al., 1997). While the CaP motor axon
continues to migrate ventrally and innervates the ventral myotome, the MiP axon stops at the
horizontal myoseptum and extends a branch that migrates dorsally to innervate the dorsal
myotome. The RoP axon stops and form branches at the horizontal myoseptum to innervate
muscle fibers in the vicinity of the myoseptum (Eisen et al., 1986; Melancon et al., 1997;
Westerfield et al., 1986).

To examine whether N-cadherin contributes to axonal growth and pathfinding decision,
cdh2hi3644Tg mutants and N-cadherin antisense morpholino injected wild type embryos
(cdh2-MO-UTR) were fixed at 24 hpf and immunostained with SV2 and znp1 antibodies
which label all motor axons (Birely et al., 2005; Panzer et al., 2005). Embryos were
examined by confocal microscopy and images obtained at the level of the yolk extension. In
wild type and mismatched morpholino (cdh2-MO-MIS) injected embryos 100% of somitic
hemisegments showed axons exiting the neural tube and extending ventrally through the
common pathway up to the choice point, where a distinct axonal dilation is observed in the
area of contact with the muscle pioneer cells (Fig 4 A – D)(Table 2). Similarly, in
cdh2hi3644Tg and cdh2-MO-UTR injected embryos, primary motor axons exited the spinal
cord and migrated through the common pathway to the horizontal myoseptum. However, at
the choice point and ventral to the horizontal myoseptum, axons extended aberrant branches
within the myotome (Fig 4 E – H, Table 2). A ~150% increase in the number of branches
per axon length and a ~45% increase in the average length of each branch were detected (Fig
4 I, J). A notable phenotype observed in cdh2hi3644Tg motor axons was the extension of a
prominent branch at the choice point (Fig 4 H). The average presynaptic surface area of the
choice point neuromuscular junction was increased (~10%) in cdh2hi3644Tg mutants and
cdh2-MO-UTR treated embryos; however, the difference between groups was not
statistically significant (Fig 4 K). This analysis indicates that the majority of primary motor
axons outgrowth and migration through the common pathway up to the choice point was not
affected by depletion of N-cadherin expression; however, axonal growth was disrupted at
the horizontal myoseptum resulting in the formation of a higher number of axon branches.

After selecting cell-type specific pathways, primary motor axons invade their respective
myotomal territories while forming en-passant synaptic contacts with muscle fibers (Panzer
et al., 2005). Similarly to the primary motor neurons, secondary motor axons migrate into
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different myotomal territories and branch to develop synaptic contacts. (Flanagan-Steet et
al., 2005; Liu and Westerfield, 1992; Panzer et al., 2005; Panzer et al., 2006). To determine
whether the increase in motor axon branching observed in 24 hpf cdh2hi3644Tg mutants
embryos leads to aberrant muscle innervation, wild type and cdh2hi3644Tg mutants embryos
were fixed at 120 hpf and labeled with SV2 antibodies and

Alexa 488 conjugated α-bungarotoxin to identify pre and postsynaptic components
respectively. Embryos were observed under confocal microscopy, optical sections scanned
at 1-μm interval over the ventral muscle, and stacks of ~30 μm were rendered to a single
plane. In wild type embryos, neuromuscular junctions appeared evenly distributed
throughout the muscle, formed the characteristic line of neuromuscular junctions at the
somitic myosepta, and clusters of SV2 co-localized with postsynaptic α-bungarotoxin (Fig 5
A – C, G). In contrast, the density of pre and postsynaptic components was substantially
increased in cdh2hi3644Tg mutant embryos, and the distinct line of somitic myoseptal
neuromuscular junctions observed in wild type animals became diffused due to the increase
in axonal terminal arborization and in the number of neuromuscular junctions formed (Fig 5
D – E, H). To determine the density of neuromuscular junctions per surface area and the size
of pre and postsynaptic components, 3-μm thick stacks from the central region of the ventral
myotome in the medial-lateral axis were used to quantify SV2 and α-bungarotoxin clusters.
This analysis showed a 58% and 45% increase in the number of SV2 and α-bungarotoxin
clusters per 1000 μm2 in cdh2hi3644Tg mutant embryos as compared to age matched wild
type embryos (Fig 5 I). In contrast, the average SV2 and α-bungarotoxin cluster size, and
the degree of apposition between the two markers were not significantly affected in
cdh2hi3644Tg mutant embryos (Fig 5 J, K). This analysis indicates that the increase in axonal
branching observed at 24 hpf leads to the formation of a higher number of neuromuscular
junctions.

N-cadherin regulates CaP and RoP motor axon trajectories
To determine whether N-cadherin differently regulates motor axon growth in each of the
primary motor neurons, individual axonal trajectories were examined. After making contact
with the muscle pioneers cells at the horizontal myoseptum, the MiP motor axons extend a
branch that migrate dorsally, which by 27 hpf has invaded the dorsal myotome. To examine
MiP motor axons trajectories, wild type and cdh2hi3644Tg mutant embryos were fixed at 27
hpf and immunostained with znp1 antibodies (Zhang and Granato, 2000). In all somitic
hemisegments examined in both wild type and cdh2hi3644Tg mutant embryos, a dorsal axon
projection was observed, suggesting that MiP pathway selection was not disrupted in N-
cadherin mutant embryos (Fig 6 A, B). However, while 97% of znp1 labeled dorsal motor
axons in wild type embryos have a wild type phenotype, 70% of dorsal axons in
cdh2hi3644Tg mutant embryos were considered wild type (Table 3). The remaining 30% of
dorsal axons did not follow a straight trajectory while growing into the dorsal myotome, but
rather they appear to have followed a distorted zigzagged pattern of migration (Fig 6 B). To
observe axonal trajectories of individual MiP neurons, motor neurons were labeled by
mosaic expression of membrane-bound pren-EGFP. This was achieved by co-injecting a
mix of two plasmids into 1-cell stage wild type and cdh2hi3644Tg mutant embryos, one
plasmid expressing Gal4-VP16 under the mnx1 promoter, and a second plasmid expressing
pren-EGFP under a 14X-UAS element. Embryos were fixed at 24 hpf and observed under
confocal microscopy. All MiP labeled neurons in both cdh2hi3644Tg mutant and wild type
embryos showed the characteristic MiP axonal trajectory to the horizontal myoseptum and a
dorsal axonal extension (Fig 6 C, D), indicating that MiP target selection is not affected in
N-cadherin mutant embryos.

Mosaic expression of pren-EGFP was also used to examine CaP and RoP motor axon
trajectories in wild type and cdh2hi3644Tg mutant embryos. CaP and RoP motor neurons
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were identified by their location in the spinal cord and axonal trajectories (Myers et al.,
1986). In wild type and homozygote cdh2hi3644Tg embryos, CaP axons migrated through the
common pathway to the horizontal myoseptum and continued their ventral migration into
the myotome (Fig 7 A – D). However, in 27% of cells analyzed in homozygote cdh2hi3644Tg

embryos, motor axons formed aberrant branches at the horizontal myoseptum in the
rostrocaudal axis (Fig 7 C, D, Table 4). In addition, 91% of the labeled axons showed a
defective phenotype as determined by their branching pattern at the choice point and/or
ventral to the horizontal myoseptum (Table 4). Analysis of individually labeled RoP motor
neurons in wild type embryos revealed their typical rostrocaudal trajectory through the
spinal cord and ventrally into the somite until reaching the horizontal myoseptum (Myers et
al., 1986). Similarly to wild type, RoP motor neurons in cdh2hi3644Tg mutant embryos
followed their stereotypic trajectory toward the horizontal myoseptum; however, in 33% of
the cases the RoP axons formed aberrant branching at the horizontal myoseptum and in 22%
of the cases the axons migrated into the ventral myotome (Fig 7 E – H, Table 4). This
analysis shows that while the RoP and CaP axons migrated through the common pathway to
the horizontal myoseptum, in some cases the motor axons extended aberrant branches at the
choice point and invaded the ventral myotome.

N-cadherin dominant-interfering cytoplasmic domain affects CaP motor axon growth at the
choice point

N-cadherin cytoplasmic domain binds to a variety of cytosolic proteins including the
catenins which regulate cadherins function and contribute to the anchorage of cadherins to
the actin cytoskeleton (Gumbiner, 2005). Expression of N-cadherin cytoplasmic domain
lacking the entire ectodomain (ΔED) interferes with cadherin-mediated adhesion and affects
axon growth, dendritic spine morphogenesis, and synapse formation (Riehl et al., 1996;
Togashi et al., 2002). To examine cell autonomous effects of N-cadherin on motor axon
behavior, N-cadherin cytoplasmic domain was fused to the C-terminus of the
transmembrane domain of the IL2α subunit human receptor (Katz et al., 1998), and
expressed in CaP motor neurons. To this end, a stable transgenic fish was generated
expressing the yeast Gal4 transcriptional activator fused to a virally derived VP16 activator
sequence (Gal4-VP16) under the mnx1 promoter (Tg(mnx1:Gal4-VP16)). This promoter is
active in postmitotic motor neurons (Arber et al., 1999; Tanabe et al., 1998), which in the
zebrafish occurs at ~16 hpf (Myers et al., 1986). Therefore, expression of the exogenous
protein cannot interfere with cell fate determination. Embryos obtained from animals with
germ line transmission and injected at the 1-cell stage with a plasmid expressing pren-EGFP
under a 14X-UAS showed mosaic EGFP expression in primary motor neurons at 24 hpf (Fig
8 A – D). To induce expression of the dominant-interfering N-cadherin cytoplasmic domain
in primary motor neurons, Tg(mnx1:Gal4-VP16) embryos were injected at the 1-cell-stage
with a bicistronic plasmid driving expression of N-cadherin cytoplasmic domain fused to
IL2α (IL2α-cdh2-CD) under a 14X-UAS and pren-EGFP under a second 14X-UAS element
to label the cell surface (Fig 7 A, F). Expression of the IL2α-cdh2-CD was confirmed by
immunolabeling with anti-IL2α antibodies (Fig 8 G, H). As control, embryos were injected
with a plasmid expressing the IL2α subunit C-terminally fused to EGFP (IL2α-EGFP),
which was found evenly distributed over the entire cells surface (Fig 8 E, F). Similar to
IL2α-EGFP, expression of IL2α-cdh2-CD was detected in the cell body and transported up
to the distal end of the axon; however, IL2α-cdh2-CD localization was highly punctuated
and accumulated at presumptive sites of cell-cell contacts including the horizontal
myoseptum (Fig 8 G – I).

To examine cell autonomous roles of N-cadherin, embryos expressing IL2α-cdh2-CD and
pren-EGFP, or IL2α-EGFP in CaP motor neurons were fixed at 24 hpf, immunostained with
SV2 and znp1, and observed under confocal microscopy. Expression of IL2α-EGFP did not
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affect CaP motor axons growth in that 100% of labeled motor axons reached the horizontal
myoseptum at the same time as the untransfected neighboring cells, and showed normal
axonal morphology. In addition, none of the IL2α-EGFP expressing CaP cells stalled at the
horizontal myoseptum, indicating that expression of the foreign protein did not perturb
motor axon growth (Fig 9 A–C, Table 5). Similarly to IL2α-EGFP expressing cells, 100%
of CaP axons expressing IL2α-cdh2-CD exited the spinal cord and reached the horizontal
myoseptum. However, expression of IL2α-cdh2-CD caused 26% of the CaP axons to
abnormally stall at the horizontal myoseptum. In addition, 26% of CaP axons that extended
ventrally to the myoseptum showed aberrant axonal morphology (Fig 9 D – I, Table 5).
These results indicate that expression of a membrane bound ΔED N-cadherin cytoplasmic
domain did not severely interfere with motor axon outgrowth and migration. However,
IL2α-cdh2-CD expression disrupted motor axon growth at the choice point and its growth
into the ventral myotome, indicating that perturbation of N-cadherin function only in the
motor neuron was sufficient to affect motor axon behavior at the horizontal myoseptum.

Discussion
To evaluate the role of N-cadherin on primary motor axons growth and pathway selection
two types of perturbations were used in this study namely, depletion of N-cadherin
expression in the whole embryo, and mosaic expression of ΔED N-cadherin cytoplasmic
domain in single motor neurons. Under both conditions, the majority of primary motor
axons exited the spinal cord and migrated through the common pathway to the horizontal
myoseptum, indicating that suppression of N-cadherin expression or interfering with
cadherin function did not substantially affect axonal migration along the common pathway.
However, depletion of N-cadherin in all tissues caused axons to grow aberrant branches,
while expression of ΔED N-cadherin cytoplasmic domain in primary motor neurons caused
some axons to stall at the horizontal myoseptum.

Previous analysis of N-cadherin mutant zebrafish embryos cdh2fr7/fr7 (Lele et al., 2002) and
cdh2p79emcf (Birely et al., 2005) showed defective motor axons growth and abnormal axonal
branching. Defective motor axon migration was not secondary to abnormal muscle
development because the defects were still observed in somitic segments in which adaxial
cells normally migrated (Birely et al., 2005). In some cases, motor axons were found to
ectopically exit the spinal cord forming more than one ventral root, indicating that N-
cadherin plays an earlier role in motor axon growth presumably a the point of exit from the
spinal cord (Birely et al., 2005; Lele et al., 2002). In cdh2hi3644Tg mutants used in the
present study, similar axonal defects were occasionally observed before the axons reached
the horizontal myoseptum. However, in the majority of the embryos examined axonal
defects were found at the horizontal myoseptum, and therefore, this study focused on the
analysis of this later event in axonal growth. Whether the frequency and type of axonal
defects differs between different N-cadherin zebrafish mutants has not been determined.

In wild type embryos, CaP axons extend short branches at the choice point which are later
retracted, indicating that the environment in the region of the muscle pioneer cells is
permissive for the extension of axonal protrusions. However, the environment in the vicinity
of the choice point also prevents those branches to stabilize and invade the myotome (Eisen
et al., 1986; Liu and Westerfield, 1990; Myers et al., 1986; Westerfield et al., 1986).
Depletion of N-cadherin expression caused aberrant growth of CaP motor axons, which
extended branches at the choice point and ventral to the horizontal myoseptum that became
stable and grew into the myotome. In addition, some RoP motor neurons, which normally
stop and branch at the horizontal myoseptum, extended branches into the ventral myotome.
However, the ability of the motor axons to reach their specific targets was not substantially
impaired, in that the three primary motor axons innervated their corresponding myotomal
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territories. This evidence indicates that the mechanisms that regulate axonal pathway
selection at the choice point are not severely compromised in the absence of N-cadherin.
However, the mechanisms that regulate the extension and retraction of axonal branches
appear to be affected by the loss of N-cadherin expression, which in some cases may lead to
the extension of axonal branches into inappropriate myotomal territories.

Aberrant axonal growth at the choice point has also been observed after laser ablation of
muscle pioneer cells prior to the arrival of the primary motor axons, which included an
increase in axonal branching and a delay in axonal growth of the CaP motor axon (Melancon
et al., 1997). These defects are in part similar to the defects observed in N-cadherin mutants
(increased axonal branching), and in neurons expressing ΔED N-cadherin cytoplasmic
domain (stalled or delayed axonal growth), suggesting N-cadherin-mediated adhesion or
signaling between motor axons and muscle pioneer cells contribute to regulate motor axons
behavior. Alternatively, N-cadherin may cell-autonomously regulate axonal behavior at the
horizontal myoseptum and during the innervation of the myotome. At the time the motor
axons innervate the ventral myotome, fast muscle cell express M-cadherin (Cortes et al.,
2003), which is not known to interact with N-cadherin. Thus, the increase in motor axon
branching observed in N-cadherin depleted embryos may be due to the disruption cell-
autonomous mechanisms regulated by N-cadherin.

One possible explanation for the effect of N-cadherin depletion on aberrant axonal growth is
the regulation of cytoskeletal dynamics by N-cadherin. Cadherin adhesive interactions
include the association with β-catenin and α-catenin, which participate in the organization
of the actin cytoskeleton at sites of cell-cell contact (Ehrlich et al., 2002; Perez et al., 2008;
Yap et al., 1997). Thus, removal of N-cadherin can affect regulatory mechanisms that
control the cytoskeleton and interfere with growth cone behavior. For instance,
overexpression of β-catenin in retinotectal projections causes an increase in axonal
branching (Elul et al., 2003), while removal of αN-catenin results in abnormal filopodial-
like extension of hippocampal dendritic spines (Togashi et al., 2002), indicating that
interactions between N-cadherin and the actin cytoskeleton are necessary to restrain neurite
growth. Furthermore, actin depolymerization in cultured hippocampal neurons leads to the
loss of N-cadherin from synaptic sites and promotes formation of filopodial-like processes
(Zhang and Benson, 2001), suggesting that regulation of the actin cytoskeleton by N-
cadherin binding controls the shape and mobility of neuronal processes. In addition to the
regulation of the cytoskeleton via the interaction with catenins, cadherin homotypic binding
regulates Rho GTPases activity (Braga et al., 1997; Kovacs et al., 2002; Nakagawa et al.,
2001; Noren et al., 2001), which controls cytoskeletal dynamics and axonal growth (Hall
and Lalli, 2010), suggesting that disruption of N-cadherin activity may interfere with
regulation of the cytoskeleton upstream of Rho GTPases.

Similar to the effect of N-cadherin depletion on primary motor axons growth, mosaic
expression of dominant-interfering ΔED N-cadherin cytoplasmic domain in motor neurons
did not affect axonal outgrowth. However, in contrast to the removal of N-cadherin from all
cells, axon migration at the choice point was impaired by the expression of the ΔED
cytoplasmic domain, suggesting that N-cadherin cell-autonomously regulate axonal
behavior. ΔED N-cadherin cytoplasmic domain reduces cadherin-mediated adhesion and
signaling by competing for cadherin cytosolic partners (Dufour et al., 1994; Fujimori and
Takeichi, 1993; Katz et al., 1998; Kintner, 1992; Togashi et al., 2002). In addition, ΔED N-
cadherin cytoplasmic domain may promote ectopic localization of cadherin binding proteins
at sites in which their interactions with cadherin is normally regulated by cadherin
homotypic binding. For instance, p120-catenin regulates cytoskeletal dynamics via its
effects on Rho GTPases, and this activity is dependent on whether p120-catenin is bound to
cadherins (Anastasiadis, 2007; Anastasiadis et al., 2000; Elia et al., 2006; Wildenberg et al.,
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2006). Thus, depletion of catenins from the cytosol or abnormal accumulation of catenins at
the cell membrane may affect N-cadherin-mediated signaling mechanisms and have
downstream effects on cytoskeletal dynamics that interfere with the regulation of motor
axon growth.

It is also possible that expression of ΔED N-cadherin cytoplasmic domain interferes with
the function of other type I or type II cadherins that might be expressed by motor neurons.
Although the repertoire of cadherins expressed by zebrafish motor neurons has not been
determined, different motor neuronal pools in the chick spinal cord express different
cadherins, which participate in the establishment of neuronal circuits (Price et al., 2002).
The catenin binding sites of cadherin cytoplasmic domains are highly conserved among type
I and type II cadherins (Nollet et al., 2000), and therefore, expression of ΔED N-cadherin
cytoplasmic domain used in this study would also affect the adhesive and/or signaling
activities of other cadherins that may contribute to axonal growth.

Finally, analysis of the role of N-cadherin on axonal growth during Drosophila development
showed that loss DN-cadherin did not affect axonal elongation of pioneer neurons; however,
axonal innervation patterns became distorted when neurons invaded mesodermally derived
tissues (Iwai et al., 1997). DN-cadherin also regulates axonal growth at specific choice
points during formation of the visual and olfactory system (Hummel and Zipursky, 2004;
Lee et al., 2001). However, DN-cadherin does not play an instructive role in neuronal target
selection in olfactory projection neurons, but rather, a role in regulating dendritic and axonal
arborization and stabilization (Iwai et al., 1997; Zhu and Luo, 2004). Thus, similar to the
findings in DN-cadherin mutants, defective axonal growth in zebrafish motor neurons does
not appear to be due to the loss of axon guidance, suggesting that N-cadherin regulates
signaling mechanisms that affect cytoskeletal dynamics which in turn influence axon
growth.
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Figure 1.
A) Schematic representation of the plasmids used to generate a stable transgenic fish
expressing Gal4-VP16 in motor neurons under the mnx1 promoter, and the vectors used for
expressing N-cadherin cytoplasmic domain fused to the IL2α subunit receptor (IL2α-cdh2-
CD & pren-EGFP) and IL2α C-terminally fused to EGFP (IL2α-EGFP). B) Schematic
representation of full length N-cadherin and domain-deleted constructs used as dominant-
interfering proteins. ED, ectodomain; CD, cytoplasmic domain.
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Figure 2.
N-cadherin expression in primary motor neurons and muscle pioneer cells. A) Western blot
analysis of anti-N-cadherin antibodies (see Table 1). Zebrafish (72hpf) homogenates (40 μg
of total protein/lane) were electrophoresed in a 10% SDS-polyacrylamide gel, electro-
transferred to a PVDF membrane, and immunoblotted with a rabbit polyclonal anti-zebrafish
N-cadherin (lane 1) and MNCD2 monoclonal anti-mouse N-cadherin (lane 2) antibodies. A
single band of ~120 kDa was detected in lane 1 and lane 2 by the rabbit polyclonal and
MNCD2 antibodies respectively (arrowhead). B) CHO cells were transfected with a plasmid
expressing Gal4 under a CMV promoter and a plasmid carrying zebrafish N-cadherin and
pren-EGFP under a 14X-UAS element (B1, B2), or a plasmid expressing pren-EGFP under
a 14X-UAS (B3, B4). Cells were fixed and immunostained with anti-N-cadherin MNCD2
antibodies and anti-rat IgG Cy3-conjugated secondary antibodies. B1 and B2) confocal
images of the same cells showing expression of EGFP (B1) and N-cadherin (B2). B3 and
B4) confocal images of the same cells showing expression of EGFP (B3) while no N-
cadherin labeling is detected (B4). Arrowheads point to the cell membrane and asterisks
indicate the perinuclear region. C and D) Neural tube of 24 hpf Tg(mnx1:GFP) embryos
immunostained with anti-N-cadherin MNCD2 antibodies and observed under confocal
microscopy. Arrowheads point to primary motor neurons cell bodies labeled with EGFP and
expressing N-cadherin on the cell surface. E and F) Wild type zebrafish embryos (24 hpf)
double-labeled with anti-N-cadherin MNCD2 antibodies (E) and with α-bungarotoxin (α-
BTX) conjugated with Alexa 488 to detect nicotinic acetylcholine receptors (F). Brackets
indicate the muscle pioneer cells at the horizontal myoseptum expressing N-cadherin (E),
and a distinct cluster of acetylcholine receptors (F). G) Electron micrograph of a
neuromuscular junction at the horizontal myoseptum from a 24 hpf wild type zebrafish
embryo. The arrowhead points to the synaptic cleft and the arrow to an active zone. H)
Electron micrograph of a neuromuscular junction from a 120 hpf wild type zebrafish larvae.
The arrowhead points to the synaptic cleft containing a characteristic basal lamina and the
arrow points to an active zone determined by the presence synaptic vesicles fused to the
presynaptic membrane. Scale bars in B, 5 μm; scale bar in C, D, E and F, 10 μm; scale bar
in G and H, 0.5 μm; N.T., Neural Tube; S.T., Synaptic Terminal. Panels C to F, rostral is to
the left and dorsal is to the top.
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Figure 3.
Analysis of cdh2hi3644Tg N-cadherin mutant zebrafish embryos. A, D) Photographs of 24
hpf wild type zebrafish embryos. The arrowhead in D points to the midbrain-hindbrain
boundary. B, E) 24 hpf cdh2hi3644Tg homozygote mutant embryos show defective tail (B,
arrowhead) and disruption of the midbrain-hindbrain boundary (E, arrowhead). C and F) 24
hpf zebrafish embryos injected at the 1-cell stage with antisense N-cadherin morpholinos
(cdh2-MO-UTR). Knock-down of N-cadherin expression causes defective tail
morphogenesis (C, arrowhead) and loss of midbrain-hindbrain boundary (F, arrowhead). G)
Genotyping of cdh2hi3644Tg embryos: +/+) wild type, forward and reverse primers anneal to
N-cadherin (603 bp); (−/−) homozygotes, forward primer anneals to the viral sequence and
reverse primer anneals to N-cadherin sequence (415 bp); (−/+) heterozygotes, both bands are
detected. H) Immunoblot analysis of N-cadherin expression in tissue homogenates from 24
hpf embryos obtained from a cross of cdh2hi3644Tg heterozygote mutants. Embryos were
genotyped and pooled as wild type (+/+), heterozygote (+/−), and homozygote (−/−) and
homogenates electrophoresed in a 10% SDS-polyacrylamide gel, transferred to a PVDF
membrane, immunoblotted with MNCD2 antibodies, and detected by chemiluminescence.
MNCD2 antibodies detected two bands of ~105 kDa and ~120 kDa. Densitometric analysis
was used to quantify the relative amount of N-cadherin in each sample, and expressed as
percentage of wild type: (+/+) wild type 100%, (+/−) heterozygote 64%, and (−/−)
homozygote 22%. I) Immunoblot analysis with MNCD2 antibodies of N-cadherin
expression in 96 hpf wild type zebrafish larvae injected at the 1-cell stage with antisense
morpholinos against N-cadherin UTR (MO-UTR). Embryos injected with an N-cadherin
antisense mismatched morpholino (MO-MIS) were used as control. MNCD2 detected two
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bands of ~105 kDa and ~120 kDa. J) Western blot of the same samples electrophoresed in
(I) and immunoblotted with anti-E-cadherin antibodies revealed two bands of ~120 kDa and
~140k Da. E-cadherin protein expression levels were not affected by injection with N-
cadherin antisense morpholinos. Scale bar in A to F, 0.1 mm.
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Figure 4.
Loss of N-cadherin expression affects primary motor axons branching. A – H) Lateral views
of 24 hpf zebrafish embryos immunostained with SV2 and znp1 antibodies, and observed
under confocal microscopy. A, B) Primary motor axons in wild type embryos exited the
spinal cord and grew ventrally towards the horizontal myoseptum. The axons are enlarged at
the area of contact with the muscle pioneer cells (brackets in B and D). C, D) Zebrafish
embryos injected with N-cadherin antisense mismatched morpholinos (cdh2-MO-MIS)
display axonal morphologies similar to wild type embryos. E, F) Embryos injected with
antisense N-cadherin morpholino (cdh2-MO-UTR) reached the horizontal myoseptum but
grew aberrant branches at the choice point (brackets) and in the ventral myotome
(arrowheads). An axon branch is an extension of the axon from the center of the axon shaft
>3 μm long. G, H) In cdh2hi3644Tg homozygote embryos, motor axons formed aberrant
branches at the choice point (brackets) and ventral to the horizontal myoseptum
(arrowheads). I) Analysis of the number of branches per 10 μm of axon expressed as mean ±
SE (wild type n = 27; cdh2-MO-MIS n = 29; cdh2-MO-UTR n = 26; cdh2hi3644Tg n = 26 (n,
number of axons analyzed). H) Analysis of the average length of the branches expressed as
mean ± SE (wild type n = 21; cdh2-MO-MIS n = 27; cdh2-MO-UTR n = 51; cdh2hi3644Tg n
= 47 (n, number of branches examined)). Analysis of the presynaptic surface area at the
choice point expressed as mean ± SE (wild type n = 48; cdh2-MO-MIS n = 44; cdh2-MO-
UTR n = 31; cdh2hi3644Tg n = 29 (n, number of axons examined)). T-test comparison of
mutant and morpholino injected embryos versus wild type samples, ** p < 0.005, * p < 0.05.
Scale bars, 10 μm. WT; wild type. Rostral is to the left and dorsal is to the top.
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Figure 5.
N-cadherin cdh2hi3644Tg mutants form higher number of neuromuscular junctions. Confocal
images obtained from 120 hpf wild type (A – C) and cdh2hi3644Tg (D – F) larvae double-
labeled SV2 antibodies (A, D) and anti-mouse IgG Cy3 conjugated secondary antibody, and
with α-bungarotoxin (α-BTX) conjugated to Alexa 488 (B, E). Approximately 30-μm thick
stacks of confocal images obtained at 1 μm intervals were projected to a single plane. C, F)
Merged images from A – B and D – E respectively. Arrowheads point to the somitic
myoseptum. G, H) High-magnification images of the squares drawn in C and F respectively.
I – K) Analysis of the number (I) and size (J) of SV2 and α-BTX clusters, and of the
percentage of co-localization between pre and postsynaptic markers (K). Three confocal
sections at the central region of the myotome were rendered to a single plane and used for
the quantification of the SV2 and α-BTX clusters. Open bars, wild type (WT, n = 16) and
gray bars cdh2hi3644Tg (hi3644, n=27) (n, number of somitic hemisegments analyzed).
Asterisks in I indicate a Student’s t test p-value < 0.005. Scale bar in A and D, 10 μm; scale
bar in G and H, 10 μm. Rostral is to the left and dorsal is to the top.
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Figure 6.
MiP motor axon targeting is unaffected in N-cadherin mutant embryos. Wild type (A) and
cdh2hi3644Tg mutant embryos (B) were fixed at 27 hpf, immunolabeled with znp1
antibodies, and observed under confocal microscopy. Arrowheads point to the presumptive
MiP axon in the dorsal myotome. The axons appear to have followed a distorted pattern of
migration. C, D) Single MiP motor neurons labeled by mosaic expression of pren-EGFP
using a mix of a plasmid expressing Gal4 under the mnx1 promoter and a plasmid
expressing pren-EGFP under a 14X-UAS element. In all cases, the motor axons reached the
horizontal myoseptum and extended a dorsal branch. Scale bars, 10 μm; wild type, n = 6;
cdh2hi364Tg mutant, n = 6. Rostral is to the left and dorsal is to the top.
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Figure 7.
CaP and RoP motor axons grow abnormal branches in N-cadherin mutant embryos. Wild
type and cdh2hi3644Tg embryos were injected at the 1-cell stage with a mix of two plasmids
expressing Gal4 under the mnx1 promoter and pren-EGFP under a 14X-UAS element, fixed
at 24 hpf, immunolabeled with SV2 and znp1 antibodies, and observed under confocal
microscopy. Images in A, C, E, and G show pren-EGFP labeling while images B, D, F, and
H show pren-EGFP (green) merged with SV2 and znp1 antibody labeling. A, B) Wild type
CaP motor neuron shows the characteristic morphology with an axon extending from the
spinal cord, along the common pathway and into the myotome (arrow) ventral to the choice
point (bracket). C, D) CaP motor neuron from a cdh2hi3644Tg embryo. The bracket indicates
the choice point, the arrow points to the axon in the ventral myotome, and the double arrows
point to an aberrant branch extending in the rostrocaudal axis. E, F) Wild type RoP motor
axon shows the characteristic caudal migration before turning ventrally into the myotome.
The bracket indicates the choice point where the RoP axon normally stalled. The SV2 and
znp1 labeling ventral to the choice point corresponds to the CaP motor axon. G, H) RoP
motor neuron from a cdh2hi3644Tg mutant embryo. The bracket indicates the choice point
and the arrow points to aberrant growth of the axon into the ventral myotome together with
the CaP motor axon. Scale bars, 10 μm. Rostral is to the left and dorsal is to the top.
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Figure 8.
A – D) Tg(mnx1:Gal4-VP16) embryos were injected at the 1-cell stage with a plasmid
encoding pren-EGFP under a 14X-UAS element, fixed at 24 hpf, and immunostained with
SV2 and znp1 antibodies. Arrowheads point to primary motor neurons expressing EGFP. B,
D) higher magnification images of the squares drawn in A and C respectively. Arrowheads
point to primary motor neurons somas. E – I) Tg(mnx1:Gal4-VP16) embryos were injected
at the 1-cell stage with the 14X-UAS-IL2α-EGFP plasmid (E, F) or with 14X-UAS-IL2α-
CD & pren-EGFP plasmid (G – I). Embryos were fixed at 24 hpf, and immunostained with
anti-IL2α antibodies (F, H, and I). IL2α-EGFP is evenly distributed throughout the motor
neuron (E, F). Pren-EGFP labels the entire cell body and axon (G) while IL2α-CD is
detected as discrete puncta through out the cell (H, arrowheads). I) Higher magnification of
the axon shown in (G) indicating IL2α-CD puncta accumulated at the choice point (bracket)
and at the distal tip of the axon. Scale bar in C, 50 μm; Scale bar in D, 10 μm; Scale bar in F
and H, 10 μm. Dorsal is to the top and rostral is to the left.
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Figure 9.
Expression of N-cadherin dominant-interfering cytoplasmic domain perturbs CaP motor
axon growth at the horizontal myoseptum. A – I) Tg(mnx1:Gal4-VP16) embryos were
injected at the 1-cell stage with IL2α-EGFP (A – C) or with IL2α-cdh2-CD & pren-EGFP
(D – I) plasmids. Embryos were fixed at 24 hpf, immunostained with SV2 and znp1 and
observed under confocal microscopy. A – C) The arrow points to the CaP axon extending
ventral to the horizontal myoseptum (HMS) indicated with a dashed line. The IL2α-EGFP
labeled axon has a normal morphology as compared with the untransfected neighboring
axons labeled with SV2 and znp1. D – F) A motor axon expressing IL2α-cdh2-CD grew
through the common pathway but stalled at the horizontal myoseptum. The arrow points to
the absence of SV2 and znp1 labeled CaP axon ventral to the choice point while neighboring
untransfected axons grew normally. G – I) A CaP motor neuron expressing IL2α-cdh2-CD
and pren-EGFP in which the axon extended ventrally to the horizontal myoseptum but
shows a shorter migration distance as compared with an untransfected SV2 and znp1 labeled
axon (arrow). Scale bar in C, F, and I, 10 μm. Dorsal is to the top and rostral is to the left.
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Table 1

Antibodies

Name Immunogen Source & Catalog No Species Isotype

Znp1 Zebrafish synaptotagmin II DSHB mouse monoclonal IgG2a

SV2 Elasmobranch synaptic vesicles DSHB mouse monoclonal IgG1

Cdh2 Zebrafish N-cadherin extracellular domain amino acid
residues 1 to 107 Gift from Q. Liu rabbit polyclonal IgG

MNCD2 Mouse N-cadherin extracellular domain amino acids
residues 308 to 597 DSHB rat monoclonal IgG

36/E-cadherin Human E-cadherin cytoplasmic domain amino acid
residues 735 to 883 BD Transduction Labs 610181 mouse monoclonal IgG2aK

CD25-3G10 Human interleukine-2α subunit Caltag MHCD2500 mouse monoclonal IgG1
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Table 3

Analysis of MiP motor axons

Somitic segments with a dorsal axonal projection Axons in the dorsal myotome with wild type phenotype

wild type 100% (66/66) 97.0% (64/66)

cdh2hi3644Tg 100% (76/76) 69.7% (53/76)
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Table 5

Effect of a dominant-interfering N-cadherin cytoplasmic domain on CaP motor axon growth

CaP axons that reached
the choice point

CaP axons that stalled at
the choice point

CaP axons with abnormal
morphology ventral to

choice point

CaP axons with wild
type projections

IL2α-EGFP 100% (17/17)* 0% (0/17) 11.8% (2/17) 88.2% (15/17)

IL2α-N-cadherin CD 100% (27/27) 25.9% (7/27) 25.9% (7/27) 48.1% (13/27)

*
number of cells analyzed

J Comp Neurol. Author manuscript; available in PMC 2013 May 08.


