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Abstract
Although multiple subtypes of sodium channels are expressed in most neurons, the speciﬁc contributions of
the individual sodium channels remain to be studied. The role of zebraﬁsh Nav1.6 sodium channels in the
embryonic locomotor movements has been investigated by the antisense morpholino (MO) knockdown.
MO1 and MO2 are targeted at the regions surrounding the translation start site of zebraﬁsh Nav1.6
mRNA. MO3 is targeted at the RNA splicing donor site of exon 2. The correctly spliced Nav1.6 mRNA of
MO3 morphants is 6% relative to that of the wild-type embryos. Nav1.6-targeted MO1, MO2 and MO3
attenuate the spontaneous contraction, tactile sensitivity, and swimming in comparison with a scrambled
morpholino and mutated MO3 morpholino. No signiﬁcant defect is observed in the development of slow
muscles, the axonal projection of primary motoneurons, and neuromuscular junctions. The movement
impairments caused by MO1, MO2, and MO3 suggest that the function of Nav1.6 sodium channels is
essential on the normal early embryonic locomotor activities.

Introduction
The voltage-gated Nav1.6 sodium channels
expressed abundantly in the central and peripheral
nervous system contribute the predominant
sodium current determining the ﬁring patterns of
rodent Purkinje cells, cortical pyramidal neurons,
and motoneurons [1–3]. Mutant mice with diﬀerent alleles of the Nav1.6 sodium channel which
mimic human motor end plate disease (med)
display a broad spectrum of neurological phenotypes depending on the remaining level of Nav1.6
sodium channels [4, 5]. The decreased highfrequency ﬁring and reduced levels of resurgent
*To whom correspondence should be addressed. Fax: +886-228200259; E-mail: hjtsay@ym.edu.tw

and persistent currents are found in Purkinje cells
of med and Purkinje cell-speciﬁc Nav1.6 knockout
mice [6, 7]. Nav1.6 sodium channels are also
responsible for the postnatal increase of the
sodium current in motoneurons [8]. The conduction velocity of the motoneurons is reduced in medj
allele of Nav1.6 which contains a mutant splicing
donor site [5]. However, the physiological role of
Nav1.6 sodium channels in the early developmental stages has not yet been studied.
Zebraﬁsh Nav1.6 sodium channels are expressed
in trigeminal ganglia, hindbrain, Rohon-Beard
(RB) neurons, interneurons, and motoneurons
which form the functional circuit mediating the
tactile response [9, 10]. The peak sodium current
amplitude in RB neurons is attenuated and tactile
sensitivity was reduced at 48 hpf by Nav1.6
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morpholino knockdown which suggested that the
developmental upregulation of zebraﬁsh Nav1.6
sodium channels is physiologically signiﬁcant [11].
Furthermore, the Nav1.6 knockdown leads to the
delayed axonal projection of the secondary motoneurons [12]. Due to the transparency of zebraﬁsh
embryos, the locomotion during the development
has been thoroughly documented including the
alternating coiling contractions (side-to-side contractions) which initiates at 17 h post-fertilization
(hpf), the touch-evoked rapid coiling (escape) which
initiates at 21 hpf, and the organized swimming
which initiates at 26 hpf [13]. The well characterized
motor circuit makes zebraﬁsh a valuable model
system for investigating the speciﬁc function of
Nav1.6 sodium channels during the early embryonic
development [14]. In the present study, we show that
the knockdown of Nav1.6 leads to the impaired
alternating coiling contractions, touch-evoked coiling, and swimming without impeding the axonal
projection of primary motoneurons, the development of slow muscles, and the neuromuscular
junctions.

Materials and methods
Animals
Adult zebraﬁsh (Danio rerio, Oregon AB line)
from the Institute of Zoology, Academia Sinica,
Taiwan were used as the breeding stock. Embryos
were staged by hours or days of post fertilization
(hpf, dpf). Embryos were raised in the embryonic
medium (EM) containing phenylthiourea. To
block all of sodium channels, 0.006% tricaine
was added into EM at 16 hpf and remained in
EM-PTU at 28 C until the experimental stages.
Sequence-targeted morpholinos and microinjection
Morpholinos (MO) were synthesized by Gene Tools
(Corvallis, OR) based on the zebraﬁsh Nav1.6
genomic sequence [9]. MO1 and MO2 were designed
to block the translation of Nav1.6, while MO3 was
designed to block the splicing of Nav1.6 premature
mRNA. MO3mis morpholino was synthesized by
introducing mismatches at ﬁve positions of MO3.
MO1 (5¢-TgCAgCAACTTCTTCTCCTgTTATg-3¢)
and MO2 (5¢-TACCCTCCACggCAg CCAgTT
TATg-3¢) were located at 11–35 bp and 36–60 bp

upstream of ATG, respectively. MO3 (5¢-gTgAT
ACTgCACTCACTT TCTgATT-3¢) was located at
the exon 2-intron 2 boundaries. MO3mis (5¢-gTCA
TACTCCAgTCag TTTCTCATT-3¢) and SMO, an
unrelated scrambled sequence, (5¢-CCTCTTACCT
CAgTTACAATTTATA-3¢) were utilized as injection controls. Fertilized eggs were injected into the
interphase of cell and yolk using an oil-driven
microinjector (Drummond).
Quantitative PCR and RT-PCR analysis
Total RNA was puriﬁed from MO3, MO3misinjected, and wild type embryos at 27 hpf using the
TRIZOL reagent (Invitrogen). One-step quantitative PCR was performed using Titanium One-Step
RT-PCR kit (Clontech). The level of normally
spliced transcripts was analyzed using a forward
primer (PI, 5¢-gAgAAgCgTATCgAggAggAg-3¢)
located at exon 2 and reverse primer (PII, 5¢-gAT
TgTTTTCCCTTTATTTAggAC-3¢) located at exon
3, and the PCR product is a 233-bp DNA fragment.
The level of Elongation factor 1a (EF1a) mRNA
was analyzed to normalize the amount of RNA used
for PCR. The forward and reverse primers for EF1a
were 5¢-gCTCAAggAgAAgATCgACCgT-3¢ and 5¢CAgCAAAg CgACCAAgAggAgg-3¢, respectively.
The conditions were 30 min at 50 C; 10 min at
94 C for the initial melting; 40 cycles at 95 C for
10 s, 60 C for 10 s, 68 C for 10 s, followed by
10 min at 68 C and 1 min at 99 C. The RT-PCR
products were analyzed by gel electrophoresis.
Motility recording
The in-chorion movement of zebraﬁsh embryos
was analyzed using a digital camera (Nikon DXM
1200) mounted on a microscope (Nikon 800). The
deﬁnition of in-chorion contractions was based on
the angle of the tail displacement relative to the
body axis. Embryos with the tail movements from
one side to the other side at an angle >90, an
angle >45, and an angle of <45 on one side
were classiﬁed as having side-to-side, single-side,
and slight movements, respectively. To quantify
the in-chorion behavior, both single-side movements and slight movements were scored as 1;
while a side-to-side contraction was scored as 2.
Larvae at 33 hpf were placed in the 6 cm Petri
dishes and videotaped using a video camera
mounted on a dissecting microscope. The coil-coiled
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contractions were initiated by tactile stimulation to
the region near the trigeminal neurons. Ten tactile
stimuli with 5 s intervals were applied. A full
contraction was deﬁned as a contraction in which
the tail touched the head. Larvae at 36 hpf were
placed within a circle with a 2 mm diameter in the
60 mm Petri dish. The swimming behaviors were
initiated by tactile stimulation, and the number of
times a larva swam out of the circle was counted for
20 stimuli with 5 s intervals.
Whole-mount in situ hybridization
and immunohistochemistry
Embryos were ﬁxed in 4% paraformaldehyde and
immunohistochemistry was performed as previously
described [15]. Brieﬂy, embryos were incubated
overnight with znp1 (Developmental Hybridoma
Bank, University of Iowa, IA) and the anti-slow
muscle-speciﬁc myosin heavy chain antibody, F59
[16, 17] at the dilutions of 1:500 and 1:10, respectively. After washed with PBS, embryos were
incubated in the FITC-conjugated secondary antibody (Jackson Laboratory) (1:500 diluted in 0.1%
Tween-20 in phosphate-buﬀered saline; PBST)
overnight at 4 C, and washed in PBST. The
secondary motoneurons were visualized by using
antibody zn5 (Developmental Hybridoma Bank,
University of Iowa, IA). The bound antibody was
visualized by biotinylnated secondary antibody
using the ABC kit. DAB coloring was performed
with and without nickel enhancement. To investigate the migration of slow muscles, the embryos
were embedded in agar-sucrose (1.5% agar and 5%
sucrose) and sectioned. Whole embryos and sections
were visualized under Zeiss Axioplan 2 microscope.
In situ hybridization using Nav1.6 speciﬁc probe
was performed as described previously [9].
Acetylcholine receptor clustering
a-Bungarotoxin (a-BTX) labeling of acetylcholine
receptor (AChR) was performed as previously
described [18]. Brieﬂy, embryos were ﬁxed in 4%
paraformaldehyde in phosphate-buﬀered saline
(PBS) for 4 h at room temperature, and then
washed in PBST. Fixed embryos were digested in
0.1% collagenase (Sigma-Aldrich) and washed in
PBST. Embryos were incubated for 30 min at
room temperature in 10 lg/ml Rhodamine-conjugated a-BTX (Molecular Probe, Eugene, OR)

diluted in NCS-PBST (10% normal calf serum
and 1% DMSO in PBST), and then washed in
PBST. a-BTX-labeled embryos were incubated
with znp1 antibody to locate motoneurons.
Embryos were mounted in Vectashield (Vector,
CA) and images taken using a Leica confocal
microscope (DMRE) were compiled.
Statistical analysis
The data was analyzed by the analysis of variance
(ANOVA) using the statistical analysis system
(SAS, SAS Institute, Cary, NC) followed by
FisherÕs post-hoc least signiﬁcant diﬀerence (LDS)
test, and presented as mean ± SEM. A p value of
<0.05 was considered statistically signiﬁcant.

Results
Knockdown of zebraﬁsh Nav1.6 sodium channels by
antisense morpholinos severely impaired embryonic
motilities
The role of zebraﬁsh Nav1.6 sodium channels was
studied using the antisense morpholinos targeted to
the diﬀerent positions of the Nav1.6 mRNA
(Figure 1A). The sequence-speciﬁc MO1 and
MO2 were designed to prevent the ribosome
binding to Nav1.6 mRNA. The exon-intron (splicing donor)-targeted MO3 was designed to block
the splicing of Nav1.6 intron. The blocking intron 2
splicing by MO3 and MO3mis morpholino at
27 hpf were shown by RT-PCR (Figure 1C). PI
and PII primer were located at the second and third
exon (Figure 1B) and the length of the spanning
intron was 4 kb. A 233-bp DNA fragment was
detected in wild type embryos and MO3mis morphants. The spliced mRNA was almost undetectable in MO3 morphants (Figure 1C, lane 3). The
result of quantitative PCR indicated that the
relative level of spliced mRNA in wild-type
embryos, MO3, and MO3mis morphants were
100.0 ± 14.5, 6.1 ± 0.4, and 25.5 ± 1.6%, respectively. MO3 eﬀectively attenuated the splicing
process of the endogenous Nav1.6 mRNA. Surprisingly, the level of spliced mRNA of MO3mis
morphants did not restore the level of Nav1.6
mRNA, which suggests that MO3mis with the
5-base mismatch still contained certain binding
ability to the splicing site. To investigate whether
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Figure 1. Target sites of Nav1.6 MOs and the reduced transcript of Nav1.6 mRNA in MO3 morphants. (A) The locations of sequence-speciﬁc morpholinos of MO1, MO2, MO3,
and MO3mis. (B) The locations of PI and PII primers utilized
in RT-PCR and Quantitative PCR analysis. (C) Lane 1 represents the molecular weight markers. Lanes 2–4 represents the
RT-PCR products of RNA prepared from wild type, MO3,
and MO3mis morphants using the PI and PII primers. The
reduced level of the corrected spliced Nav1.6 mRNA was detected in MO3 morphants than that of the wild type and
MO3mis embryos. The level of EF1a mRNA was used as a
normalizing control for RT-PCR. Lanes 5–7 represents the
PCR products of the RNA prepared from wild type, MO3,
and MO3mis morphants using the EF1a-speciﬁc primers. (D)
The somite number was counted using embryos stained with
the slow muscle-speciﬁc antibody F59. The somite numbers of
MO1 and MO2 morphants and tricaine-treated embryos except for the MO3 morphants were similar to SMO controls at
22 hpf (*P < 0.05).

the morpholino injection leaded to the general
developmental delay, the somite numbers of 22 hpf
embryos were counted (Figure 1D). Morpholinos
with a scrambled sequence (SMO) and embryos
treated with tricaine, a broad VGSC blocker, were
used as the control groups. The somite numbers of
SMO, MO1, MO2, MO3, and tricaine-treated
embryos were 23.3 ± 0.1, 23.0 ± 0.3, 22.5 ± 0.6,
21.8 ± 0.4, and 23.4 ± 0.5, respectively. No significant diﬀerences were found among SMO, MO1,
MO2, and tricaine-treated embryos. However, the
somite number of MO3 morphants was slightly

reduced. This data suggested that the injections of
MO1 and MO2 morpholino or tricaine treatment
did not lead to the signiﬁcant developmental delay.
Spontaneous coiling contractions (side-to-side
contractions) are mediated by the electrically coupled
network [19]. MO morphants displayed diﬀerent
extents of defects in the in-chorion contractions at
diﬀerent morpholino injection doses. At the 3 ng
injection dose, 77.8% (n = 635), 75.8% (n = 959),
and 74.7% (n = 994) of MO1, MO2, and MO3
morphants failed to exhibit alternating side-to-side
contractions. In contrast, all of SMO (n > 400)
morphants were capable of generating alternating
side-to-side contractions. To further analyze the
behavioral defects, in-chorion contractions of SMO
and MO morphants were recorded at 24 hpf. The
percentage of side-to-side movement, single-side
movement, and slight movement during the 3-min
observation were compared among SMO, MO1,
MO2, MO3, and MO3mis (Figure 2A). The behavior scores in MO1, MO2, and MO3 morphants were
2.0 ± 0.9, 2.1 ± 0.6, and 6.1 ± 1.1, respectively. The
behavior scores of SMO and MO3mis embryos were
20.9 ± 1.5 and 19.1 ± 1.3 (Figure 2B). This data
suggested that Nav1.6 sodium channels played an
important role in the electrically coupled network.
Zebraﬁsh exhibits up to three alternating coils in
response to a single touch stimulus which required
the chemically coupled locomotor network [13].
SMO-injected embryos displayed vigorous contractions at 33 hpf and MO1 morphants responded a
touch slightly. The number of alternating coils
induced by touches was calculated (Figure 2C).
Compared with SMO morphants, MO morphants
exhibited signiﬁcantly reduced touch sensitivity. The
role of Nav1.6 in touch-evoked swimming behavior
was examined at 36 hpf. The average number of
times the SMO morphants swam out of the ﬁeld was
8.2 ± 0.5 with 20 stimuli. The average number of
times for MO1, MO2, and MO3 morphants were
2.8 ± 3.1, 0.2 ± 0.7, and 0.5 ± 2.2, respectively
(Figure 2D). These data suggested that Nav1.6
knockdown also attenuated tactile sensitivity.
CaP axonal projections and alignment of muscle
ﬁbers were not defective in Nav1.6 morphants
Both altered structures of motor circuits and
defective transmission of action potentials could
lead to locomotion defects in MO morphants. The
axonal projection of motoneurons was examined.
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Figure 2. The in-chorion contractions and tactile responses were defective in the MO morphants in comparison with SMO and
MO3mis morphants. (A) The percentages of the three classiﬁed in-chorion contractions (slight movement, black; single-side movement, white; and side-to-side movement, hatch) were analyzed at 24 hpf. The major activity elicited by the MO1, MO2, and MO3
morphants was the slight movement during the 3-min recording. (B) The behavioral scores of SMO, MO1, MO2, MO3, and MO3mis morphants were recorded at 24 hpf. The behavioral scores were signiﬁcantly reduced in the MO1, MO2, and MO3 morphants
(*P < 0.05). (C) The percentages of the movements with no-response, half-coil, one-coil, and more than two coils elicited by the
tactile stimuli. (D) The times of MO1, MO2, and MO3 morphants swam out of the 2-mm circle in response to 20 touches
(*P < 0.05).

CaP axonal trajectories of MO3 (n = 25) and
MO3mis (n = 25) morphants were similar to those
of SMO (n = 30) and tricaine-treated (n = 57)
embryos at 24 hpf (Figure 3A). To determine
whether the locomotion defects of MO morphants
were due to the muscle malformation, the slow
muscle morphology was examined using antibody
F59. No alignment diﬀerence of slow muscle ﬁbers
between SMO, MO1, MO3, and MO3mis morphants was observed at 27 hpf (Figure 3B). In
contrast to the normal muscle ﬁbers of SMO,
MO3, and MO3mis morphants, the wavy slowmuscle morphology was observed in tricainetreated embryos. The cross-sections of embryos

showed that F59-positive, slow-muscle ﬁbers
migrated to the lateral surface of the trunk in
SMO, MOs-injected, and tricaine-treated embryos
(insets of Figure 3B). The migration of slow muscle
toward the ﬁnal destination was not aﬀected in all
embryos; despite the wavy slow-muscle ﬁbers
induced by tricaine treatment.
No major defect in AChR clustering was observed
in Nav1.6 morphants
Several studies in mammals have shown that electrical activity modulates neuromuscular synaptic
connections [20]. We have examined whether the
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Figure 3. No signiﬁcant defect was observed in the axonal projections of CaP and the slow muscle development in MOs morphants. (A) The lateral views of embryos stained with znp1 at 27 hpf (anterior left). All of the CaP axons in SMO, MO3, MO3mis
morphants and tricaine-treated embryos projected to the ventral trunk (somite 10 to 15) at 27 hpf (n > 25). Scale bar was 40 lm.
(B) The lateral views of embryos stained with F59 for the alignment of the slow-muscle ﬁbers in the SMO, MO1, MO3, and MO3mis morphants, and tricaine-treated embryos at 27 hpf. Insets were the cross-sections of F59-stained embryos. The anterior was to
the left and dorsal was up. Scale bar was 20 lm.

formation of neuromuscular junctions was aﬀected
by the knockdown of Nav1.6. The AChR (acetylcholine receptor) clusters and motoneuron projections were stained with a-bungarotoxin (Figure 4A,
D G, J) and antibody znp1 (Figure 4B, E, H, K) at
72 hpf. Neuromuscular junctions shown by the
overlapping signals of a-bungarotoxin and motoneuron were observed in MO3, and MO3mis, SMO
morphants, and tricaine-treated larvae (Figure 4C,
F, J, L). These results suggested that reduced

electrical activity did not block the formation of
neuromuscular connections.
The delayed expression of Nav1.6 mRNA in the
secondary motoneurons precluded the involvement
of secondary motoneurons in impaired locomotions
of Nav1.6 morphophants
Pineda et al. have showed that Nav1.6 was
expressed in the dorsal projecting secondary
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Figure 4. No signiﬁcant defect in the AChR clustering was observed in the MOs morphants at 72 hpf under the confocal microscope. The axonal morphology of motoneurons was shown by using antibody znp1 (A, D, G, and J). The AChR clusterings were
shown by using a-bungarotoxin staining (B, E, H, and K). The compiled confocal images of the znp1 staining and a-bungarotoxin
showed that the motor axonal projections were branched and overlapped mostly with the clusters of AChR (C, F, I, and L). The
anterior was to the left and dorsal was up. Scale bar was 50 lm.

motoneurons (SMN) [12]. We next examined
whether the defective motor activities observed in
this study have a temporal correlation with the
expression of Nav1.6 in SMN. Neurolin recognized by antibody zn5 is expressed in SMN, but
not in primary motoneurons. At 36 hpf, SMN
were stained heavily by antibody zn5 at the ventral
region of the spinal cord. However, Nav1.6 mRNA
was almost undetectable in the zn5-positive region
of the spinal cord (Figure 5A, B). The crosssection of whole-mount embryos conﬁrmed that
zn5-positive neurons were not overlapped with
neurons expressing Nav1.6 mRNA in the spinal
cord (Figure 5 C and D). At both 48 and 72 hpf,
the levels of Nav1.6 mRNA in zn5-positive SMN
remained low (Figure 5 E–J). The expression of
Nav1.6 became abundant in the ventral region of
the spinal cord at 5 dpf (Figure 5 K–N). Since

in-chorion contraction and tactile/swimming
movements were performed prior to 36 hpf, the
involvement of SMN in the impaired motilities of
MO morphants was excluded.

Discussion
Diﬀerent neurological disorders are exhibited
by the individual null mutations of Nav1.1,
Nav1.2, Nav1.6, and Nav1.8 sodium channels
which demonstrate that the functions of these
sodium channel subtypes are not redundant [21–
24]. The subtypes of sodium channels contain
unique properties on shaping the speciﬁc neuronal
activities [22, 25]. The global null mutations of the
Nav1.1, Nav1.2, and Nav1.6 are lethal which
preclude the analysis of their physiological roles.
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Figure 5. The temporal expression patterns of zebraﬁsh Nav1.6 in the secondary motoneurons. The antisense riboprobes containing
the C-terminal and 3¢ noncoding regions (5617–6529 nt) were used for the in situ hybridization. The anterior was to the left. A, B
showed the lateral view and C, D were the cross-sections of the in situ hybridization and zn5 immunoreactivity in the spinal cord
at 36 hpf. The dotted line marked the boundary of notochord and spinal cord. E and F showed the lateral view, and G and H
were the cross-sections of the in situ hybridization and zn5 immunoreactivity in the spinal cord at 48 hpf. I and J were the crosssections of the in situ hybridization and zn5 immunoreactivity in the spinal cord at 72 hpf. K was the lateral view of the in situ
hybridization in the spinal cord at 5 dpf. L, M, and N were the three cross-sections of the spinal cord in the rostral to cordial
directions at 5 dpf. The DAB color development in B and F was without the nickel enhancement. The arrowhead marked the location of secondary motoneurons. Scale bar was100 lm.

In this study, we show that zebraﬁsh Nav1.6 plays
an essential role during the development of
embryonic locomotor activities including the inchorion contraction and tactile contraction. The
quantitative PCR revealed that MO3 and MO3mis
morphants contains 6% and 25% of the Nav1.6
mRNA relative to that of wild-type embryos.
MedJ homozygotes with a splice donor mutation
in intron 3 of the Nav1.6 gene exhibit the severe
muscle weakness, dystonic posture and juvenile
lethal, as approximately 6% of the transcripts are
correctly spliced [5, 26]. Mutant mice with 12% of
the mature Nav1.6 transcripts remained only
exhibit the muscle weakness, dystonic posture.
MedJ heterozygotes with 50% of the normal
Nav1.6 transcripts behave like the wild type.

Consistently, MO3-injected embryos exhibit the
defective motilities with 6% mature Nav1.6
mRNA. In contrast to MO3 morphants, MO3mis
and SMO morphants exhibited the in-chorion
contractions like the wild-type embryos. Our data
also indicated that 25% of the mature Nav1.6
mRNA in MO3mis morphants was suﬃcient to
elicit these two movements normally.
There are several possibilities that lead to
locomotion defects, including the malformation
of motor circuits or reduced sodium currents in the
neural network. The structure of motor circuits
including the axonal projections of CaP primary
motoneurons showed no overt diﬀerences between
control and MO morphants (Figure 4A). The
knockdown of Nav1.6 contributed sodium current
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was insuﬃcient to aﬀect either the normal morphology or migration of slow muscles as compared
with MO3mis and SMO morphants (Figure 4B-a–c).
However, the wavy ﬁbers induced by tricaine
treatment demonstrated that the electrical activity
was necessary for the normal slow-muscle morphology (Figure 4B-d). The majority of AChR
clusters were aligned with motoneuron axons
in the tricaine-treated embryos, SMO, MO3,
and MO3mis morphants. However, Pineda et al.
reported that the colocalization of motoneurons
and AChR clustering in the distal region of axon
was reduced in morphants injected with the
splicing-blocking MO in comparison with the
control morphants (84 versus 71%). They also
showed that the MO delayed in the dorsal
projection of Nav1.6 expressing SMN and nonautonomously modulated ventrally projecting
SMN, which is absent of Nav1.6. The discrepancy
between these two studies may be mainly due to
the higher eﬃciency of their MO than that of MO3
used in this study on the Nav1.6 mRNA splicing
blockage. Therefore, more signiﬁcant phenotypes
were observed in their morphants. Secondly, it
may be due to the antibody they used for
immunohistochemistry. Zn8 visualized the dorsal
projecting SMN with little signal detected in the
spinal cord. The antigen of antibody znp1 we used
expressed highly in the spinal cord, which may
hinder our observation of delayed dorsal projecting SMN in the morphants. Thirdly, Tg(gata2:GFP)
provided a clear axonal process ventrally projecting
SMN than the znp1 immunostaining background
we showed here.
Whether the delayed dorsal axonal projection
of secondary motoneurons was responsible for the
impaired motilities observed in Nav1.6 morphants
was examined [12]. We showed that Nav1.6
mRNA levels in secondary motoneuron remained
at low abundance until 72 hpf in Figure 5. The
spontaneous contraction and tactile sensitivity
preceded the expression of Nav1.6 in secondary
motoneurons, which excluded the involvement of
secondary motoneurons in these two movements.
Pineda et al. showed that the axonal projections of
secondary motoneurons in the control and morphants just reached the choice point at 48 hpf,
therefore, the defective motilities reported here
were not resulted from the aberrant axonal projections of secondary motoneurons in Nav1.6
knockdown.

A lack of neuromuscular transmission and
paralysis observed in null mice suggests that
the sodium currents contributed by Nav1.6 are
essential for the normal motor nerve function
[5, 26]. The motor nerve conduction velocity is
reduced in medj mice (Kearney et al., 2002). The
ﬁring pattern in Purkinje cells of med and Purkinje
cell-speciﬁc knockout mice of the Nav1.6 gene are
defective [6, 7]. It is suggested that both impaired
peripheral nerve function and central motor control are involved in the motor dysfunctions exhibited by Nav1.6 mutant mice. Reduced peak sodium
currents in RB neurons was also observed by the
knockdown of Nav1.6 sodium channels [12]. Our
study suggests that the reduced expression of
Nav1.6 sodium channels in the motor circuitry
was responsible for the embryonic locomotion
defects of MO morphants. The knockdown of
zebraﬁsh Nav1.6 sodium channels may hinder the
production of the periodic depolarization of the
network-driven activity of in-chorion coiling and
hindbrain/spinal cord mediation of the escape/
swimming movements at later stages [27]. Motor
nerve conduction velocity and neurotransmitter
release should be compared between SMO and
MO morphants in the future.
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