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Abstract
The contraction of skeletal muscle is dependent upon synaptic transmission through acetylcholine
receptors (AChRs) at the neuromuscular junction (NMJ). The lack of an AChR subunit causes a fetal
akinesia in humans, leading to death in the first trimester and characteristic features of Fetal Akinesia
Deformation Sequences (FADS). A corresponding null mutation of the δ-subunit in zebrafish (sofa
potato; sop−/−) leads to the death of embryos around 5 days post-fertilization (dpf). In sop−/−

mutants, we expressed modified δ-subunits, with one (δ1YFP) or two yellow fluorescent protein
(δ2YFP) molecules fused at the intracellular loop, under the control of an α-actin promoter. AChRs
containing these fusion proteins are fluorescent, assemble on the plasma membrane, make clusters
under motor neuron endings, and generate synaptic current. We screened for germ-line transmission
of the transgene and established a line of sop−/− fish stably expressing the δ2YFP. These δ2YFP/
sop−/− embryos can mount escape behavior close to that of their wild type siblings. Synaptic currents
in these embryos had a smaller amplitude, slower rise time, and slower decay when compared to wild
type fish. Remarkably, these embryos grow to adulthood and display complex behaviors such as
feeding and breeding.

To the best of our knowledge, this is the first case of a mutant animal corresponding to first trimester
lethality in human that has been rescued by a transgene and survived to adulthood. In the rescued
fish, a foreign promoter drove the transgene expression and the NMJ had altered synaptic strength.
The survival of the transgenic animal delineates requirements for gene therapies of NMJ.
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Introduction
The synapse between the motor nerve and skeletal muscle, commonly referred to as the
neuromuscular junction (NMJ), is cholinergic in vertebrates and is a model system for the
investigation of synapses (Sanes and Lichtman, 2001; Ono, 2008). On the postsynaptic face
of the NMJ, the AChRs span the membrane, with each AChR forming a pentameric structure.
The five subunits comprising AChRs are 2αs, β, δ and γ/ε. γ and ε are developmentally regulated
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and can substitute for each other. The embryonic-type γ is replaced by the adult-type ε as the
synapse matures (Mishina et al., 1986).

A group of genetic disorders have mutations in genes coding for components of the NMJ.
Congenital myasthenic disorders (CMDs) result from mutations in genes coding for expression
of proteins such as AChR, rapsyn, MuSK, and cholinesterase (Engel and Sine, 2005). CMD
patients display weak muscle strength resulting from compromised synaptic currents.
Functional nulls of AChRs were predicted to be lethal and, indeed, fetuses homozygous for
these mutations die in the first trimester (Michalk et al., 2008). Affected fetuses display
characteristic anatomical features that are collectively called Fetal Akinesia Deformation
Sequences (FADS).

Zebrafish (Danio rerio) emerged as a model for NMJ studies after a large-scale mutagenesis
screening identified mutants displaying defects in neuromuscular transmission (Granato et al.,
1996). In this screening, the zebrafish genome was randomly mutated with N-ethyl-N-
nitrosourea (ENU), and homozygous embryos that displayed specific behavioral phenotypes
were isolated. Homozygous sofa potato (sop−/−) embryos do not exhibit any movement. The
causal mutation was identified in the AChR δ-subunit, as a leucine to proline substitution near
the N-terminus (Ono et al., 2004). Mutant δ-subunits do not form pentamers and, thus, receptors
do not reach the plasma membrane. Sop−/− embryos show no AChRs on the muscle cell surface
and synaptic recordings from muscle cells reveal no currents (Ono et al., 2001). These embryos
eventually die around 5 days post-fertilization (dpf), without hatching out of the chorion. Thus,
in terms of genetics and physiology, Danio rerio sop−/− mutants are counterparts to the δ-
subunit mutation in humans.

Here we report a transgenic zebrafish with a sop−/− background in which all functional AChRs
have insertions of one or two YFP molecules attached to the long intracellular loop of the δ-
subunit. The embryos displayed strong fluorescence at NMJs. The synaptic development and
physiology of embryos with these modified δ-subunits were studied. These embryos survived
well into adulthood and displayed normal behaviors.

Methods
Fish strains

Sofa potato mutant, sop tj19d, was originally obtained from the Max Plank Institute, and
maintained in the animal facilities at the University of Florida and NIH/NIAAA. Adult fish
were maintained in stand-alone, self-circulating AHAB systems (Aquatic Ecosystems,
Apopka, FL) following IACUC guidelines at the University of Florida and NIH. Embryos
obtained from crosses were reared at 28°C.

DNA construct and the injection of DNA construct into zebrafish embryos
The construct for the expression of zebrafish AChR δ-subunit contained in sequence:
Megalinker sequence (Thermes et al., 2002), α-actin promoter (Higashijima et al., 1997), δ-
subunit (Ono et al., 2004), and polyadenylation signal sequence. The δ-subunit sequence
contained an inserted yellow fluorescent protein (YFP) sequence in frame, such that one or
two YFPs were added in the intracellular loop of the δ-subunit (Fig.1a and b). The YFP
fragment, with additional AgeI sites at both ends, was ligated into the AgeI site of the δ-subunit
gene. The generated clone was verified by sequencing. Injection of DNA construct into
fertilized zebrafish eggs was performed as previously described, with slight modifications
(Ono et al., 2004). The pipette solution contained circular plasmid 10 µg/ml, 0.5× Reaction
Buffer, and I-SceI 1 U/µl (Roche, Bazel, Switzerland). Injection was performed on an agarose
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gel with a glass microelectrode connected to a syringe. Fertilized eggs were injected prior to
the first cell division.

For establishment of stable lines expressing δ2YFP, DNA-injected embryos were raised to
adults. Reproductively mature adults were set-up for in- or out-crossing. Embryos were
screened for fluorescence in muscle cells using a Zeiss SV11 fluorescent microscope (Carl
Zeiss Microimaging, Thornwood, NY). Four adults carrying the transgene in the germline were
established as independent lines and used to generate offspring in sop+/− background. Two
adults, each with one allele of the sop mutation, were mated to obtain δ2YFP/sop−/− embryos
for experiments.

Genotyping of sop−/− fish
Two methods were combined to genotype and confirm the sop−/− mutation. In the first method,
we used the restriction enzyme BccI (New England Biolabs, Ipswich, MA). Primers used for
PCR were: AGGAGTATGACATTAAGG (Forward) and TGGAACCACTTGAGGTTG
(Reverse). Both primers correspond to sequences in introns of the δ-subunit gene (Fig. 1c).
After genome extraction, PCR was performed using genomic DNA as a template. Amplified
DNA was subsequently digested with BccI and run on a 2% agarose gel (Fig. 1d). The uncut,
wild type amplicon is 397 bps, and BccI digestion of the sop sequence generates two shorter
fragments, 181 bps and 214 bps. In the second method, primers
TCTTGAAATAGGTCTGACTTGCAG (Forward) and
GCAATATTAAGCACTCACCAAGG (Reverse) were used to amplify a 279 bp sequence
from the extracted genome. After purification, the PCR product was submitted for direct
sequencing (Macrogen, Rockville, MD) using the reverse primer.

Video imaging
High-speed video imaging of three day old (3dpf) embryos was performed using the Photron
1024PCI camera (TechImaging, Salem, MA) mounted on a Zeiss stereomicroscope Stemi
2000-C. Images were taken at the rate of 500 or 1000 frames per second (fps). Sequential
images were stored and later processed in Photoshop (Adobe, San Jose, CA).

For the analysis of movement (Fig. 4d), we followed methods of Liu and Fetcho (1999) with
some modifications. Sequential images were imported to ImageJ (NIH, Bethesda, MD). A
rostral midline, of a fixed length, was drawn from the tip of the head toward the center of the
yolk sac. Coordinates for the head tip in the 1024 × 1024 space and the angle of the rostral
midline were measured at individual time points. Data were exported to IGORPro
(WaveMetrics, Lake Oswego, OR), and the movement of the rostral midline was plotted. All
embryos were siblings from a single adult pair and the genotype was determined after video
recording. Student’s t-test (p ≤ 0.05) was used to compare parameters.

Still images of adult fish were taken with a conventional digital camera.

Fluorescent imaging
Low magnification fluorescent imaging of zebrafish embryos was performed on a Zeiss SV11
microscope (Zeiss) with the filter cube optimized to detect YFP fluorescence. YFP was excited
using a Mercury lamp. Digital images were acquired with a color CCD camera (DP70;
Olympus, Center Valley, PA) and processed with Photoshop (Adobe).

Confocal images were taken on a SP2 confocal microscope (Leica Microsystems, Wetzlar,
Germany) or LSM510 Meta (Zeiss) using a 25× (N.A. 0.8) water-immersion objective. YFP
was excited with the 514 nm laser line. Triple staining, fixation and immunohistochemistry of
YFP-positive embryos with α-bungarotoxin (α-Btx) and anti-SV2 antibody were performed as
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previously described (Ono et al., 2004). YFP, Alexa555 (α-Btx), and Cy5 (SV2) were excited
with 488, 561 and 633 nm laser lines, respectively. Emission spectra were adjusted and
sequential scanning mode was employed to minimize the crosstalk of signals. Obtained images
were analyzed with Photoshop (Adobe).

Electrophysiology
Electrophysiology was performed on an Olympus BX51WI microscope (Olympus) following
protocols as previously described (Ono et al., 2002) with slight modifications. The bath solution
contained NaCl 110 mM, HEPES 5 mM, CaCl2 2 mM , glucose 3 mM, KCl 2 mM, MgCl2 0.5
mM, and 18β-glycyrrhetinic acid 100 µM (pH = 7.4). 18β-glycyrrhetinic acid was added to
block the electrical coupling of muscle cells through gap junctions (Luna and Brehm, 2004).
The pipette solution contained KCl 120 mM, HEPES 5 mM, and BAPTA 5 mM (pH = 7.1).
Muscle cells were voltage clamped at −90 mV for mEPC recordings. Signals were collected
with an AD/DA converter ITC18 (Instrutech, Port Washington, NY), Axopatch 1C amplifier
(Molecular Devices, Sunnyvale, CA) and Pulse program (Heka, Lambrecht, Germany). Signals
were sampled at 100 kHz and filtered at 5 kHz. Muscle cells were identified as fast-twitching
fibers or slow-twitching fibers based on their location and orientation. mEPCs were analyzed
using MiniAnalysis (Synaptosoft, Decatur, GA). The Mann-Whitney U test (p ≤ 0.05) was
used to compare mEPC parameters (i.e., rise time, decay time constant, and current amplitude)
between δ2YFP and wild type. Evoked synaptic currents were recorded following methods
described in Ono et al. (2002).

Biochemistry
Embryos (6dpf) were mechanically deyolked and immediately transferred to cold RIPA buffer
(25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% Sodium deoxycholate and 0.1 %
SDS) containing protease and phosphatase inhibitors (PIERCE, Rockford, IL). Samples were
homogenized on ice and subsequently spun down at 5000×g, the supernatant was removed and
mixed with NuPAGE LDS Sample Buffer containing 10% Sample Reducing Agent
(Invitrogen, Carlsbad, CA). After incubation at 70°C for 10 minutes, protein samples were
spun down again and supernatant was separated on a NuPAGE Novex 4–12% Bis-Tris gel
(Invitrogen) with MOPS running buffer then transferred to polyvinylidene difluoride (PVDF)
membrane (Invitrogen). All incubations were carried out for 1 hour at room temperature with
constant shaking. Blots were blocked with 5% bovine serum albumin (Sigma, St. Louis, MO)
in Tris-buffered saline (TBS; 10 mM Tris-HCl, 150 mM NaCl, pH 7.5) and 0.1% Tween-20.
Primary antibody incubation was carried out with anti-GFP (N-terminal, 1:1500, Sigma), blots
were washed and then incubated with HRP conjugated Goat anti-Rabbit IgG (1:3000, Sigma).
Signal was detected using SuperSignal West Pico chemiluminescent substrate kit (PIERCE)
on Amersham Hyperfilm ECL (GE Healthcare, Piscataway, NJ). Chemiluminescent images
were captured using a Kodak Image Station 4000R (Kodak, Rochester, NY).

Histochemistry of adult zebrafish
Adult fish were anesthetized in 0.1 g/l MS-222 (tricaine methanesulfonate; Sigma) prior to
decapitation. The trunk was dissected into small pieces and fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer (PB, pH = 7.2) for 24 hrs. After an overnight wash in 0.1 M PB
containing 20% sucrose, muscle was cut in the transverse plane at 16–20 µm thickness on a
cryostat and mounted on Superfrost Plus slides (Fisher, Fair Lawn, NJ). After drying and
washing for 30 min in PBS, sections were incubated at room temperature with 500 nM Alexa
Fluoro 555-conjugated-α-Btx for 30 min. After 3 washes with 0.1 M PB (each 30 min), sections
were mounted with coverslips using Fluoromount-G (Southern Biotechnology Associates,
Birmingham, AL).
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Results
Introduction of δ1YFP or δ2YFP into sop−/− fish

A DNA construct was made to express the zebrafish δ-subunit in sop−/− background. The
Megalinker sequence (Thermes et al., 2002), when used in conjunction with Meganuclease,
increases the efficiency of genome integration. The δ-subunit sequence is flanked by the α-
actin promoter (Higashijima et al., 1997) and a polyadenylation signal sequence. The δ-subunit
sequence contained either a single or double YFP sequence, such that the YFPs are inserted
into the intracellular loop of the δ-subunit (Fig. 1a and b). The intracellular loop between
transmembrane regions 3 and 4 was chosen as the insertion site based on previous studies of
other nicotinic receptors (Nashmi et al., 2003).

δ1YFP or δ2YFP was injected into zebrafish eggs obtained from a sop+/− male and sop+/−

female cross. After 3 days, YFP signals were observed in muscle cells of injected embryos in
a stochastic pattern (Fig. 2d), i.e. some muscles express the introduced gene while other muscle
cells do not. This stochastic pattern arises from the random genome integration of injected
DNA. A quarter of the embryos obtained from the sop+/− × sop+/− cross were sop−/−, indicating
Mendelian inheritance. Without the introduction of the δ-subunit construct, the homozygous
embryos are immotile when released from the chorion (Fig. 2c; Ono et al., 2001). However,
injected embryos that are genetically sop−/− display muscle contraction as evidenced by a
partial escape response following tactile stimuli. In this response, embryos display an initial
bending of the trunk, however, the movement is not sustained and the embryo cannot travel a
long distance (Fig. 2a and b). The attenuated escape movement is likely due to the stochastic
nature of the δ2YFP expression. To confirm the genotype of the embryos, genomic DNA was
extracted from the embryos and PCR was performed (Fig. 1c). Primers were designed to
regions within the introns of the δ-subunit gene, thus enabling the amplification of genomic
sequence without contamination from the injected δYFP sequence. Amplicons were
subsequently treated with a restriction enzyme, BccI. Amplicons generated from a wild type
allele remained undigested with BccI and exhibited a 397 bp band when run on an agarose gel.
Conversely, amplicons derived from the mutant allele, sop tj19d, were cut with BccI and gave
rise to two shorter bands (181bps and 214bps; Fig. 1d). Embryos with compromised motility
were confirmed to be sop−/−.

AChRs containing δ1YFP or δ2YFP make normal clusters under nerve endings
Because δ1/2YFP is fluorescent, we can visualize the localization of δ-subunits in live embryos.
In sop−/− embryos injected with the construct, YFP fluorescence was detected in muscle cells
in a stochastic pattern (Fig. 2d). Among cells that express the exogeneous δYFP gene, the
expression level of δYFP, estimated by the YFP fluorescence intensity, was variable. Some
cells expressed a large amount of protein and the YFP signal filled the cytoplasm (Fig. 3).
Other cells exhibited a spatially restricted distribution, resembling the synaptic distribution
pattern of AChRs in wild type zebrafish embryos (Fig. 3). These patterns likely represent the
distribution of pentamers composed of 2αs, β, γ/ε and δYFP subunits. To confirm this, we
counter-stained these embryos with α-Btx conjugated with Alexa555. α-Btx binds to the α-
subunit at two sites, between the α- and γ/ε-subunits and the α- and δ-subunits (Blount and
Merlie, 1988). The clusters of YFP signals overlap with α-Btx signals (Fig. 3). Furthermore,
these clusters of AChRs are apposed to nerve endings, as indicated by co-staining with SV2
antibody. SV2 is a protein involved in exocytosis at presynaptic terminals (Buckley and Kelly,
1985). Clusters of YFP and α-Btx overlap with SV2 signals (Fig. 3). These results show that
AChRs containing δ1/2YFP form clusters at nerve endings in a similar fashion to endogenous
subunits in wild type fish.
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Establishment of sop−/− fish expressing δ2YFP in all muscle cells
When embryos injected with the δ2YFP construct mature, some of these fish (F0) harbor the
transgene in germline cells. Embryos generated from such an adult (F1) harbor the transgene
in all somatic cells, resulting in the expression of δ2YFP in all muscle cells. Transgene
expression is limited to muscle cells by the α-actin promoter used in the DNA construct.
Sop−/− embryos with stable expression of δ2YFP exhibit homogeneous expression of YFP in
all muscle cells (Fig. 4a). Protein was extracted from these fish and Western blot analysis was
performed with an antibody against GFP (also specific for YFP). A single band was observed
between 110 kDa and 120 kDa, which corresponds to the molecular mass of δ2YFP
(approximately 116 kDa). This band was not observed in protein extracted from wild type fish
(Fig. 4b). Embryos with stable expression of δ2YFP also exhibit a much stronger response to
tactile stimuli (Fig. 4d) than sop−/− embryos with a stochastic expression of δ1/2YFP (Fig.
2b). Sop−/− stably expressing δ2YFP display swimming behaviors close to those of wild type
embryos at 3dpf. In order to compare movements of wild type embryos and δ2YFP/sop−/−

embryos more in detail, their escape in response to a tail stimulus was recorded using a high-
speed camera. Movements are represented as plots of rostral midlines (Fig. 4d). Traces of the
midline movements did not show obvious differences. The head angle measured from these
traces was plotted against time in order to compare parameters of the initial turn (Fig. 4d). In
δ2YFP/sop−/−, the obtained parameters were: maximum angle 117 ± 6 degrees, peak angular
velocity 24 ± 2 degrees/ms, duration 8.5 ± 0.2 ms (Mean ± SEM, n=12 trials from 3 embryos).
The values for siblings without the transgene were: maximum angle 133 ± 3 degrees, peak
angular velocity 25 ± 1 degrees/ms, duration 9.1 ± 0.2 ms (Mean ± SEM, n= 14 trials from 5
embryos). The maximum angle was slightly larger in control siblings and significantly different
from δ2YFP/sop−/− siblings (student’s t test; p < 0.05). However, the peak angular velocity
and the duration were not different (p > 0.05). In spite of this small difference at 3dpf, δ2YFP/
sop−/− embryos follow a normal course of development. δ2YFP/sop−/− embryos develop swim
bladders at 4–5 dpf, a phenotype never observed in sop−/− embryos lacking the transgene (Fig.
4c).

The expression pattern of δ2YFP in stable lines was uniform among individual muscle cells
(Fig. 4a), unlike embryos with a stochastic expression (Fig. 2 and Fig. 3). While some muscle
cells express a low level of YFP in cytoplasm early in development, the majority of YFP signals
were localized to the plasma membrane and form clusters at synapses (Fig. 5a). The pattern of
YFP clusters resembles that of AChR distribution in wild type embryos when visualized by
α-Btx staining.

We compared synaptic currents resulting from AChRs containing δ2YFP to those of wild type
fish. Miniature end plate currents (mEPCs) were recorded from muscle cells of embryos by
voltage clamping at −90mV. Skeletal muscle cells in zebrafish embryos are categorized into
two groups: fast and slow twitch fibers (Pette and Staron, 1990; Devoto et al., 1996). Fast and
slow fibers in fish correspond to those in mammals although there are some important
differences. First, slow fibers in zebrafish do not fire action potentials, whereas mammalian
slow fibers do (McArdle et al., 1980; Buckingham and Ali, 2004). Second, mammalian muscle
is a mixture of these two types, whereas in teleosts they are spatially segregated and can be
identified visually under the microscope (Buss and Drapeau, 2002). The mEPCs recorded from
each type are different, thus mEPCs from each cell type were compared separately. In wild
type embryos, the current amplitude was 879 ± 67 pA (mean ± SEM) for slow muscle and 464
± 22 pA for fast muscle. The rise time was 0.40 ± 0.04 ms for slow muscle and 0.25 ± 0.02 ms
for fast muscle. The decay time constant of a single exponential fitting was 1.70 ± 0.08 ms for
slow muscle and 0.63 ± 0.02 ms for fast muscle (n = 87 from 4 slow muscle cells, n = 89 from
3 fast muscle cells). When mEPCs were recorded from fast and slow muscles in δ2YFP/
sop−/− embryos, the current amplitude was 178 ± 18 pA for slow muscle and 95 ± 11 pA for
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fast muscle. The rise time was 0.57 ± 0.03 ms for slow muscle and 0.31 ± 0.01 ms for fast
muscle. The decay time constant was 1.99 ± 0.07 ms for slow muscle and 0.71 ± 0.02 ms for
fast muscle (n = 101 from 3 slow muscle cells, n = 159 from 3 fast muscle cells). The rise time
and decay time constant were slower in δ2YFP/sop−/− embryos compared to wild type
embryos, both in fast muscle and slow muscle (p < 0.05, Fig. 5e). The difference of the current
amplitude was more pronounced: the current amplitude in δ2YFP/sop−/− was smaller than that
of wild type fish, both in fast and slow muscle (p < 0.05; Fig. 5e).

When extracellular stimulation was applied to the spinal cord, end plate current (EPC) was
recorded from voltage clamped muscle cells. The time course of the synaptic currents was
comparable to those from wild type embryos (Fig. 5d). This indicates that the pre-synaptic
machinery of vesicle release is intact in δ2YFP/sop−/− embryos. Normal vesicle release was
expected because presynaptic vesicle recycling is intact even in the complete absence of δ-
subunits. This is evidenced by a study of sop−/− embryos using FM1-43 (Li et al., 2003).

δ2YFP/sop−/− embryos survive beyond sexual maturation
δ2YFP/sop−/− embryos grow-up normally to full sexual maturation, which is approximately
3 months after hatching. Because these fish cannot be distinguished from wild type or
sop+/− siblings, they need to be identified as δ2YFP/sop−/− by genotyping with tail-clippings.
A sexually mature, 12 month-old fish, identified as δ2YFP/sop−/−, is shown in Fig. 6. Its
genotype was confirmed by two methods: using BccI and direct sequencing (Fig. 6b). The fish
was anatomically normal (Fig. 6a), and displayed swimming behaviors close to age-matched
wild type fish (Fig. 6c). This fish was able to mate normally and produced offspring. Normal
development of δ2YFP/sop−/− embryos occurred in multiple lines arising from independent
founder fish (F0), indicating the locus of genome integration is not critical. The transgene
continued to be expressed and the YFP signal was maintained in the NMJ of the δ2YFP/
sop−/− fish (Fig. 6d). In the cross-sectioned muscle, YFP signals were observed in the periphery
of individual muscle fibers, and these YFP signals overlapped with α-Btx staining. Thus the
introduced δ2YFP continues to express and function in adults supporting the normal
development and behavior of these transgenic fish.

Discussion
In the current study, we established transgenic zebrafish whose synaptic transmissions in the
NMJ depend exclusively on an exogeneously introduced AChR subunit. A modified δ-subunit
was expressed in the background of a zebrafish null-mutant line, sofa potato (sop−/−). The
introduced δ-subunit has one or two YFP molecules fused to the intracellular loop. We
examined the development of the NMJ and synaptic current in rescued embryos.

Green fluorescent proteins (GFP), originally isolated from jellyfish (Shimomura et al., 1962),
are now widely used in the biomedical field. They are particularly useful when fused to other
proteins, rendering them visible in vivo (Tsien, 1998). We previously fused GFP to rapsyn to
visualize rapsyn molecules at the NMJ in vivo. The disruption of rapsyn function was minimal,
as evidenced by the ability of the fusion protein to rescue the phenotype of rapsyn-null mutants
(Ono et al., 2002). Channels and receptors also have been fused to fluorescent molecules, but
their functions are more easily disrupted (Fucile et al, 2002). Fluorescent molecules have been
added to the intracellular loop of some genes in the AChR family, including α4, α6, β2 and β3
(Nashmi et al., 2003; Drenan et al., 2008). Integration at this site resulted in the least disturbance
of the AChR channel properties (Nashmi et al., 2003). Interestingly, this intracellular loop
between the transmembrane regions 3 and 4 of the subunit plays a critical role for the trafficking
of some AChR molecules. For example, swapping the intracellular loop of the α7-subunit with
that of the α3-subunit changes its trafficking. α7, which is localized perisynaptically in ciliary
ganglion neurons, is now directed to the synapse (Williams et al., 1998). In terms of synapse
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formation, we did not see any effect of the YFP addition to the δ-subunit. δ1YFP or δ2YFP
form pentamers with the other receptor subunits, as evidenced by α-Btx staining. They also
make synaptic clusters comparable to those in wild type fish, with the clusters found apposed
to the motor nerve terminals (Fig. 3). Thus, the addition of one or two YFPs to the long
intracellular loop did not produce any effect on the trafficking of δ-subunits or assembled
pentamers.

Fluorescence intensity of δ1YFP and δ2YFP was not obviously different when observed under
the same optical condition (Fig. 2b). In theory, δ2YFP is expected to emit twice the amount of
photons per single AChR pentamer compared to δ1YFP. However, in stochastic expression,
the level of protein expression is variable from cell to cell, and the difference in signal strength
per molecule may be obscured by the larger variability of the expression level. Alternatively,
one YFP molecule in the δ2YFP-subunit may not be fluorescent.

Luna et al. performed a careful analysis of synaptic currents in slow and fast fibers, using
intracellular recording as well as extracellular field current measurements (Luna and Brehm,
2006). The rise time and decay time were slower in slow fibers. A similar difference was also
observed in wild type larvae in this study, though larvae used in this study were younger
compared to those used by Luna et al. Synaptic currents from δ2YFP/sop−/− stable lines
showed small differences from wild type embryos in rise time and decay time constant. The
difference between wild type and δ2YFP/sop−/− was more pronounced in the current
amplitude. The maximum currents generated by δ2YFP/sop−/− were close to those of wild
type, but the amplitude distribution was different, leading to a different average (Fig. 5). It was
reported that the fusion of fluorescent molecules to some nicotinic receptors changes the
receptor kinetics (Palma et al., 2002; Fucile et al., 2002). The slower rise time and decay time
may reflect the change of rate constants between channel states. The smaller amplitude may
arise from a smaller conductance of individual channels. Alternatively it may result from a
reduction in the receptor number at the synapse due to the reduced expression level of δ2YFP
compared to the endogenous δ. Overall, however, the effect of YFP fusion on the synaptic
current was unexpectedly mild, even with the addition of two YFP molecules. Further analysis
at the single channel level from δ2YFP/sop−/− fish will determine the nature of the altered
channel kinetics.

In spite of these synaptic current changes, embryos did not display noticeable abnormality in
behavior throughout development. Introduction of δ2YFP into sop−/− embryos rescued the
swimming behavior in the stable line. The swimming pattern is close to normal, and analysis
at 1000 fps revealed only a small difference in the escape response at 3dpf. A hallmark of
normal development in δ2YFP/sop−/− embryos is the development of a swim bladder (Fig.
4c). Many zebrafish locomotion mutants fail to develop swim bladders. For example,
shocked mutants fail to develop swim bladders, in spite of its ostensible recovery of swimming
behavior after initial swimming defects (Luna et al., 2004;Cui et al., 2005). This shows that
the swimming behavior of δ2YFP/sop−/− embryos is better than that of the “recovering”
locomotion mutants.

Indeed, δ2YFP/sop−/− embryos survive to adulthood. They display no obvious anatomical
abnormality (Fig. 6a), whereas human embryos lacking δ-subunits exhibit an array of
anatomical defects including nuchal hygroma, pterygia, contractures, and scoliosis (Michalk
et al., 2008). In terms of movement, δ2YFP/sop−/− adult fish perform normal locomotion
including a C-shaped bending of the body, which is important for the change of swimming
directions in teleosts (Fig. 6c). As a result, they can perform activities for survival. Eating flake
food on the water surface requires a highly coordinated movement of different parts of the
body, which δ2YFP/sop−/− can perform without difficulty (Fig. 6c). Normal zebrafish reach
sexual maturity around 3 months after hatching. δ2YFP/sop−/− can perform a normal mating
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behavior and generate viable offspring. Thus in every aspect we observed, δ2YFP/sop−/−

displays movements and behaviors close to that of wild type fish, though its synaptic
transmission is dependent on the δ2YFP throughout development.

When expressed in Xenopus oocytes, mammalian AChR subunits function in the absence of
δ-subunit, though with a reduced conductance (Kullberg et al., 1990; Liu and Brehm, 1993).
Interestingly, δ-less receptors form with γ-subunit (embryonic-type), but not with ε-subunit
(adult-type). Therefore, human embryos lacking the ε-subunit may exhibit low conductance
AChR current at NMJ before the γ-to-ε switch is complete. Weakness of the synaptic current
or the failure of transition to adult-type current may be the cause of FADS symptoms and the
premature death in human. Frogs are different from mammals in that their δ-subunit is
necessary for the functional AChR formation (Paradiso and Brehm, 1998). It is clear that
zebrafish also need the δ-subunit, because in the absence of a functional δ-subunit, the NMJ
in sop−/− does not display a synaptic current (Ono et al., 2001). The survival of the δ2YFP/
sop−/− fish shows that even such severe defects of NMJ can be rescued.

The normal development of δ2YFP/sop−/− was unexpected for two reasons. First, the synaptic
current is changed, most notably in the current amplitude. The NMJ is believed to have a safety
margin to ensure the faithful contraction of muscle in response to nerve stimuli. However, in
some forms of CMD, the compromised current amplitude leads to symptoms in the skeletal
muscle. The normal development and behavior of the δ2YFP/sop−/− fish indicates that the
altered synaptic current causes no deleterious effect on the animal throughout development.
Second, the expression of δ2YFP is regulated not by the native promoter of the δ-subunit gene
but by the α-actin promoter. The expression of δ2YFP will be different from that of the
endogenous δ-subunit in terms of timing and quantity. Many genes that play roles in
development are regulated spatially and temporally by factors in cell-autonomous or non-
autonomous fashion. AChR subunit transcripts become concentrated to synaptic sites with
innervation (Burden, 1998). In mice, the δ-subunit gene becomes selectively transcribed at
synaptic nuclei, which is mediated by the N box sequence in the promoter (Schaeffer et al.,
2001). The normal development of δ2YFP/sop−/− indicates that the strict regulation of the δ-
subunit gene is not essential for animal development. It may be that only one of the subunits
comprising the pentamer needs to be strictly regulated.

The larger than expected flexibility of the NMJ to enable normal development of animals may
be useful for future studies. First, the addition of two YFP molecules to the intracellular loop
of the AChR δ-subunit leads to a minimal functional defect at NMJs in vivo. Similar strategies
will enable optical studies that require attachment of a large-sized molecule to receptors, such
as chameleon (Miyawaki et al., 1997), in a living fish. It may even allow the visualization of
receptor molecules in different states, using biophysical techniques that are sensitive to the
relative orientation of two fluorescent molecules (Vogel et al., 2006). Second, it may provide
a useful model system to study genetic diseases affecting NMJ, including FADS and CMD.
Normal development of δ2YFP/sop−/− fish suggest that the synapse is flexible enough for a
replacement gene with altered transcriptional regulation and channel kinetics to support the
survival of the animal. Further studies may delineate requirements for gene therapies of
diseases affecting the NMJ.
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Figure 1.
a. Construct of δYFP. A schematic of the DNA construct for the expression of the zebrafish
AChR δ-subunit clone in sop−/− embryos. The δ-subunit sequence has an insertion of YFP in
the intracellular loop between transmembrane regions 3 and 4. δ1YFP, which has one YFP,
and δ2YFP, which has 2 YFPs, are shown. The fusion gene is flanked by the α-actin promoter
and the polyA addition signal. The expression of the fusion gene is driven by the muscle-
specific α-actin promoter.
b. Amino acid sequence of the long intracellular loop of the zebrafish δ-subunit. One or two
YFPs were inserted at the indicated site. TM3 and TM4 indicate transmembrane regions 3 and
4, respectively.
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c. PCR for genotyping sop−/− embryos. Primers were designed to the introns of the δ-subunit
gene flanking the exon that contains the critical T to C mutation of sop. The PCR product was
generated only from the genomic sequence and not from the introduced transgene (δ1/2YFP).
The PCR product was digested with BccI to distinguish between amplicons from the wild type
allele and the sop allele.
d. Electrophoresis of PCR products after BccI digestion. When PCR products are treated with
BccI restriction enzyme and run on an agarose gel, sop+/+ (wild type), sop+/− (heterozygous)
and sop−/−(homozygous) display distinct patterns. The upper band corresponds to 397 bps
which is the full amplicon not digested with BccI. The lower bands correspond to 181 bps and
214 bps, which are products of the BccI digestion.
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Figure 2.
a. Movement of wild type embryo. Sequential images showing movement of a 3dpf wild type
embryo in response to tactile stimulation. Each panel represents images taken at 0 ms, 10 ms,
20 ms, 30 ms, 40 ms, or 50 ms after the initiation of movements. A montage image of the same
embryo at 0 ms and 200 ms in a wider view is shown at the bottom.
b. Movement of δ2YFP–injected sop−/− embryo displayed in the same fashion as a.
c. Sop−/− embryo exhibits no voluntary movement at 0 ms, 50 ms or 200 ms.
d. Expression of δ1/2YFP in injected sop−/− embryo. YFP fluorescence in a sop−/− embryo
expressing δ1YFP (top) or δ2YFP (bottom) at 3 dpf. Embryos were injected at the 1 cell stage.
Fluorescence in the eye (arrowhead) and yolk sack (arrow) is endogenous. YFP signal resulting
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from the expression of δ1/2YFP is detected in muscle cells in the trunk. Expression occurs in
a stochastic fashion, and the fluorescence is mosaic.
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Figure 3.
Clustering of AChRs comprised of 2α, β, γ/ε and δ1YFP or δYFP subunits. Confocal images
of sop−/− embryos expressing δ1YFP (left) or δ2YFP (right) were taken at 3dpf. Top panels
show the YFP signal. While some muscle cells with high expression of δ1/2YFP have
cytoplasm filled with YFP signals (arrow), cells expressing lower level of δYFP exhibit
clusters. These clusters of YFP colocalize with α-BTX signals (2nd row). In the 3rd row, nerve
terminals are visualized by anti-SV2 antibody. In muscle cells that express δ1/2YFP, YFP
clusters, α-Btx and SV2 staining overlap and display white color in the merged picture
(Bottom). Scale bar: 50 µm.
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Figure 4.
a. YFP fluorescence of a 3dpf sop−/− embryo stably expressing δ2YFP (δ2YFP/sop−/−) in all
muscle cells.
b. Western blot of δ2YFP protein using antibody against YFP. A band is observed ~110kDa
in δ2YFP/sop−/− embryos. A corresponding band is not present in wild type fish.
c. Lateral view of a δ2YFP/sop−/− larva at 7dpf. Notice the formation of a swim bladder
(arrow). Sop−/− embryos without the transgene never form swim bladders.
d. Movement of embryos at 3dpf in response to a tail stimulus. A δ2YFP/sop−/− embryo is
shown in the upper panel and a wild type embryo (sop+/+ without the transgene) is shown in
the lower panel. Superimposed images of embryos at 0 ms, 10 ms, 20 ms, 30 ms and 40 ms
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are shown to the left. Rostral midlines at each time point are shown as white lines. Insets
represent swimming as a series of rostral midlines. The beginning of the line corresponding to
the head is shown as red circles and the end of the line is shown as blue triangles. Head angles
plotted against time for each trace are shown on the right. Note the initial angle is determined
by the positioning of the embryo before touch, and is different from trial to trial.
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Figure 5.
a. Confocal images showing the distribution of AChR clusters in wild type embryos visualized
by α-Btx (left), and the distribution of AChR clusters visualized by YFP in δ2YFP/sop−/−

embryo, stably expressing δ2YFP (right). Both images were obtained at 3dpf.
b. mEPCs recorded from a single slow-twitch muscle cell of a wild type embryo (left) and a
δ2YFP/sop−/− embryo (right) at 3dpf. Amplitude and decay time constant of individual mEPCs
are plotted. Averaged traces are shown as insets. Scale: 50 pA, 6 ms.
c. mEPCs recorded from a single fast-twitch muscle cell of a wild type embryo (left) or a
δ2YFP/sop−/− embryo (right). Amplitude and decay time constant of individual mEPCs are
plotted. Averaged traces are shown as insets. Scale: 50 pA, 6 ms.
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d. EPC recordings in response to spinal cord stimulation. Stimulation artifacts are marked with
asterisks. Scale: 500 pA (wild type), 200 pA (δ2YFP/sop−/−), 5 ms.
e. Accumulated data of fast-twitching and slow-twitching muscle cells from wild type and
δ2YFP/sop−/− embryos. Current amplitude (left), rise time (middle) and decay time constant
(right) of mEPCs are shown. Bar graphs represent the mean and error bars are SEM.

Epley et al. Page 20

J Neurosci. Author manuscript; available in PMC 2009 June 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
a. A 1 year-old δ2YFP/sop−/− fish. The fish is anatomically indistinguishable from wild type
fish. Scale: 1 cm.
b. The δ2YFP/sop−/− fish was genotyped with BccI and direct sequencing. The chromatogram
of sequencing results is shown, which is complementary to the coding strand. This fish shows
G at the critical site (marked with an asterisk; top), whereas a heterozygous fish shows a mixture
of A and G (middle), and a wild type fish shows A (bottom).
c. Behaviors of a δ2YFP/sop−/− fish. In the upper panel, it is making a C-bend. In the lower
panel, it is eating a flake of food on the water surface.
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d. YFP fluorescence detected from a transverse section of muscle in δ2YFP/sop−/− fish. The
left panel is a merged image of the YFP signal and transmitted light. The middle panel is a
merged image of the α-Btx signal and transmitted light. The right panel is the merged image
of all signals.
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