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Clustering of nicotinic muscle acetylcholine receptors (AChRs) requires association with intracellular rapsyn, a protein with an intrinsic
ability to self-cluster. Previous studies on sofa potato (sop), an AChR null line of zebrafish, have suggested that AChRs may play an active
role in subsynaptic localization of rapsyn clusters. To test this proposal directly, we identified and cloned the gene responsible for the sop
phenotype and then attempted to rescue subsynaptic localization of the receptor–rapsyn complex in mutant fish. sop contains a leucine
to proline mutation at position 28, near the N terminus of the zebrafish AChR � subunit. Transient expression of mutant � subunit in sop
fish was unable to restore surface expression of muscle AChRs. In contrast, expression of wild-type � subunit restored the ability of
muscle to assemble surface receptors along with the ability of fish to swim. Most importantly, the ability of rapsyn clusters to localize
effectively to subsynaptic sites also was rescued in large part. Our results point to direct involvement of the AChR molecule in restricting
receptor–rapsyn clusters to the synapse.
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Introduction
Zebrafish mutated with ethylnitrosourea have permitted identi-
fication of a large number of mutant lines with defects in swim-
ming behavior (Granato et al., 1996). The defects range from
complete paralysis to exaggerated motility with touch. The ge-
netic bases for some of these mutants are beginning to be identi-
fied, and, not unexpectedly, many of the mutations affect the
motor pathway. The paralytic mutants nic-1 (Westerfield et al.,
1990) and sop (Ono et al., 2001), for example, lack muscle acetyl-
choline receptors (AChRs), whereas the paralytic line relaxed
lacks functional muscle dihydropyridine receptors (Ono et al.,
2001). The mutant twitch once shows weak and abbreviated
swimming in response to touch because of a mutation in muscle
rapsyn (Ono et al., 2002). Mutations in the same domain of hu-
man rapsyn recently were shown to underlie congenital forms of
myasthenic syndrome (Ohno et al., 2002). Another prevalent de-
fect in swimming is discoordinated and synchronous contrac-
tions of opposing muscles with touch. In two such lines this has
been shown to result from prolonged synaptic current decay pro-

ducing sustained contractions on both sides of the tail. In the line
ache slowed synaptic current results from the lack of muscle ace-
tylcholinesterase (Behra et al., 2002), whereas in the twister line
prolongation results from a mutation in the pore of the AChR �
subunit (Lefebvre et al., 2004).

Several factors can be credited for the recent success in iden-
tifying so many mutations involving the neuromuscular junction
in zebrafish. The unique opportunities for in vivo imaging and
physiological analysis of mutant synapses, the result of transpar-
ent skin and unfettered access to the neuromuscular synapse,
have played major roles. The greatest advantage, however, lies in
the rapid ex utero development of larvae, permitting even null
mutants to survive well past formation of synapses. Conse-
quently, mutations that are lethal in mammals at early stages of
development can be studied at mature synapses by using ze-
brafish. In the present study, we exploit this advantage through
use of an AChR null line of fish for which there is no mammalian
counterpart. This advantage affords the opportunity to test a pre-
vious proposal whereby AChRs play an active role in subsynaptic
localization.

The functional relationships among the many postsynaptic
proteins expressed at the neuromuscular junction remain the
focus of intensive studies (Sanes and Lichtman, 2001). At the
heart of postsynaptic organization lie AChR and rapsyn, for
which mutual interactions as well as interactions with other syn-
aptic proteins are only beginning to be understood. Progress has
been hampered by the fact that, in mammals, total knock-out of
AChRs is lethal early in development. Thus much of our infor-
mation has come from heterologous expression systems in which
synapses are lacking. In a previous study, we showed that sop
represents an AChR null mutant line of zebrafish. In this study,
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we found, quite unexpectedly, that rapsyn clusters failed to local-
ize effectively to the synapses in living fish (Ono et al., 2001). This
observation raised the possibility that the AChR was more than a
passive player in the process of organizing the synapse and may
actively navigate rapsyn clusters. However, without knowledge of
the mutation in sop, it was not possible to draw firm conclusions.
For example, a gene other than AChR could be mutated, and this
gene product could direct rapsyn positioning and AChR expres-
sion in a parallel manner. In this study, we demonstrate that the
mutation in sop, resulting in the absence of AChRs, is a point
mutation in the N terminus of the � subunit of the AChR. Using
this fish, we perform experiments to examine directly the role of
AChR in synaptic localization of rapsyn.

Materials and Methods
Fish strains. The mutant line of zebrafish sop tj19d was obtained from Max
Planck Institute (Granato et al., 1996; Ono et al., 2001). Adult fish het-
erozygous for the sop mutation were crossed to generate homozygous
embryos. Transgenic fish expressing rapsyn protein conjugated with
green fluorescent protein (rapsyn-GFP) were crossed with sop fish to
generate a sop heterozygous fish harboring a rapsyn-GFP transgene. Em-
bryos inheriting the rapsyn-GFP gene from both parents were not stud-
ied because this results in a large amount of extrasynaptic rapsyn-GFP
that complicates analyses.

Cloning of the acetylcholine receptor � subunit gene. The Expressed Se-
quence Tag (EST) database was searched for sequences showing homol-
ogies to � subunit genes of other species. Sequences encompassing the
start and the end of the coding region were retrieved (dbEST identifica-
tion: 1139897 and 1141774). Primers responding to the 5�-untranslated
region (UTR) and 3�-UTR of the putative gene were used to amplify �
sequence with PCR from cDNA of 4-d-old zebrafish. The accession num-
ber for zebrafish � subunit sequence is AB120372.

Imaging. The antibody staining by synaptic vesicle protein 2 (SV2;
Developmental Studies Hybridoma Bank, Iowa City, IA) was performed
on fish fixed overnight in 4% paraformaldehyde. After fixation the fish
were washed for 5 min, treated with �20°C acetone for 7 min, and
washed for an additional 5 min. Then the fish were placed in PBS con-
taining 2% horse serum and 0.5% Triton X-100. After 30 min the fish
were placed in PBS containing 0.5% Triton X-100 and the primary SV2
antibody (1:500) at 4°C for overnight. After being washed in PBS with
0.5% Triton X-100, the fish were treated with a goat anti-mouse Cy5-
conjugated secondary antibody (1:500; Molecular Probes, Eugene, OR)
at 4°C overnight. Then the fish were washed in PBS with 0.5% Triton
X-100 and imaged using confocal microscopy. The labeling of ACh re-
ceptors with rhodamine-�-bungarotoxin (rh-�-Btx; Molecular Probes)
was performed on both living and fixed fish. The procedure for labeling
living fish was described previously (Ono et al., 2002).

All of the images were taken using a Zeiss LSM510 Meta confocal
microscope. GFP signals were excited at 488 nm, and the emission was
bandpass filtered between 505 and 530 nm. Rhodamine signals were
excited at 544 nm, and the emission was bandpass filtered between 560
and 610 nm. Cy5 signals were excited at 633 nm, and the emission was
long-pass filtered at 650 nm.

The quantification of signal colocalization used the Zeiss LSM510 soft-
ware. Areas in confocal planes were selected so that background signals
close to the skin were excluded. Areas corresponding to V-shaped
boundaries of body segments also were excluded from the analysis be-
cause of the uncertainty as to whether this anatomical region represents
synapses. Because of the discontinuity in pixel intensity for either signal
within clusters, we determined colocalization on a pixel-by-pixel basis.
The signal strengths of two fluorescence indicators were determined in-
dividually so that pixels were deemed to be colocalized only when both
crossed threshold. The thresholds for determination of colocalization of
both fluorescent signals were set to one-half of the strongest signal am-
plitude encountered in each selected area. Colocalization of SV2 and
rapsyn was performed with two protocols. First, colocalization was de-
termined for large regions of body segments that included both Btx-

positive and Btx-negative muscle in the rescued sop fish. These broad
areas typically corresponded to hemisegments (see Fig. 5A) and included
�30,000 –100,000 pixels, depending on the resolution of the image. Sec-
ond, analyses of Btx-positive clusters were performed by restricting co-
localization measurements to 50 �m 2 areas encircling SV2 and rapsyn
clusters with a circle (see Fig. 5B). The clusters averaged �10 –100 pixels
compared with the 500 –1500 pixels of the region of analysis. The fraction
of X(�)Y(�) pixels among Y(�) pixels was calculated for each area and
used to determine the extent of colocalization and for statistical compu-
tations. To compare the colocalization of signals between fish (see Fig. 5),
we relied on statistical comparisons of selected areas, not pixels, using the
Student’s t test.

Transient expression of sop. The mouse transgene for rescue of sop was
constructed by ligating in sequence: �-actin promoter sequence (Hi-
gashijima et al., 1997), Kozak sequence, AChR � or � subunit mouse
cDNA, and polyadenylation signal sequence. The vector was derived
from pEGFP-N1 of Clontech (Palo Alto, CA). The injection of DNA into
one-cell-stage embryos was performed as described previously (Ono et
al., 2002). The construct for expression of the zebrafish � subunit cDNA
in sop was similar to the murine �/� clones except that, in addition, an
EGFP cDNA driven by the cytomegalovirus (CMV) promoter was in-
cluded. The � subunit sequence used in the construct was amplified with
PCR from wild-type fish cDNA and sequenced. The � subunit with L28P
mutation was amplified with PCR from cDNA of sop fish. The cDNA was
sequenced to make sure that it harbored only the L28P mutation. Con-
structs were linearized at a XhoI site before injection into one-cell-stage
sop embryos (Fig. 2). For the rescue experiments of sop shown in Figure 4
in which SV2, AChR, and rapsyn-GFP were visualized, the clone without
GFP gene was used.

Results
sop is an AChR � subunit gene mutant
Previous studies on sop revealed an absence of labeling by either
�-bungarotoxin fluorescent derivatives or � subunit-specific an-
tibodies and an absence of both spontaneous and evoked synaptic
responses. It was concluded from these findings that AChRs were
missing at the neuromuscular junction of sop, rendering the ho-
mozygous fish immotile (Ono et al., 2001). If the mutation was in
one of the five different AChR subunits, only the � or � subunits
were candidates. An � subunit mutation can be ruled out because
sop fish complement nic-1 fish, which are known to carry a mu-
tation on the � subunit (Sepich et al., 1998). The � and � subunits
are unlikely candidates because one can substitute for the other in
permitting assembly of the receptor (Missias et al., 1997; Taka-
hashi et al., 2002). In contrast, the � subunit is essential for as-
sembly and function of muscle nicotinic receptors in all species
(Liu and Brehm, 1993; Paradiso and Brehm, 1998). The � subunit
is not required for assembly and function in mammals (Kullberg
et al., 1990), but it is required for expression of frog AChRs
(Paradiso and Brehm, 1998). Therefore, the genes coding for the
� and � subunits were the primary candidates we set out to test.

Initially, the murine � and � subunits were expressed individ-
ually in sop fish in an attempt to rescue AChR expression in
muscle. For this purpose DNA encoding either subunit was mi-
croinjected into the one-cell stage of eggs generated from in-
crossing of heterozygous sop parents. Expression was driven by
the fish muscle �-actin promoter, which effectively and specifi-
cally targets foreign proteins in zebrafish muscle (Higashijima et
al., 1997; Ono et al., 2002). At 4 d after injection the embryos were
screened for any sign of behavioral rescue. Noninjected homozy-
gous sop fish are incapable of either touch-induced or spontane-
ous movements. Additionally, noninjected homozygous sop fish
exhibit a complete lack of labeling by rh-�-Btx or AChR-specific
antibodies (Ono et al., 2001). Similar results were obtained from
fish injected with the murine � subunit. One-quarter of the fish
was completely immotile, with no labeling by rh-�-Btx detected
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(data not shown). In contrast, one-quarter of the fish injected
with the � subunit gene showed signs of voluntary twitching and
weak swimming in response to touch. In these poor swimmers
rh-�-Btx staining was detected in some muscle cells along the
ends as well as at punctate sites in the middle of muscle cells,
reminiscent of AChR distribution in wild-type fish. This finding
pointed to the � subunit as the culprit mutated gene.

To identify the mutation, we cloned � subunit cDNA from
zebrafish. Zebrafish � has 66% amino acid identity with murine �.
Comparison of the sequences for wild-type and sop � revealed a
single amino acid difference. The 28th amino acid, correspond-
ing to the sixth amino acid following the end of the signal peptide,
was changed from leucine to proline in sop. This leucine is con-
served in � subunit genes of all reported species, suggesting the
functional importance of the amino acid in this position (Fig. 1).

To test directly whether this single amino acid change was
responsible for the phenotype of sop, we expressed individually in
sop fish the wild-type and mutant � subunit constructs contain-
ing a CMV-EGFP cassette (Fig. 2). After several days of develop-
ment the muscle cells expressing the introduced � gene under
control of the �-actin promoter were identified by green fluores-
cence. When wild-type fish � subunit DNA was injected into
embryos from a heterozygous sop fish in-cross, one-quarter of the
embryos showed weak motility patterns similar to those injected
with the murine � subunit DNA (Fig. 2A). Fish injected with
L28P-mutated � subunit DNA showed no movement in response
to touch (Fig. 2B). Confocal analysis of these fish revealed almost
wild-type levels of rh-�-Btx staining in muscle cells expressing
GFP in the cytoplasm (Fig. 2A). The pattern of rh-�-Btx distri-
bution was also similar to that of wild-type fish. In the cells lack-
ing GFP expression, on the other hand, rh-�-Btx labeling was
nonexistent or minimal. When cDNA coding for fish � subunit
containing the L28P mutation was injected into sop fish, one-
quarter of the embryos was completely immotile. These fish sub-
sequently were screened for green fluorescence in muscle and

then labeled with rh-�-Btx. In five fish that were examined, no
labeling by rh-�-Btx could be detected by confocal microscopy.
Even in those muscle cells with the highest expression of GFP we
failed to detect any rh-�-Btx-associated fluorescence (Fig. 2B).
These findings show that the L28P mutation in the AChR � sub-
unit gene mutation is responsible for the blocked expression of
AChRs in sop.

Subsynaptic distributions of rapsyn and AChRs determined
by SV2 labeling
Having established the identity of the sop mutation, we next ex-
amined the spatial relationship between postsynaptic rapsyn
clusters and presynaptic nerve terminals. For this purpose we
used an antibody directed against SV2, a vesicular protein in-
volved in presynaptic exocytosis (Buckley and Kelly, 1985). This
method effectively labeled presynaptic nerve terminals when
coupled to a Cy5-conjugated secondary antibody. Rapsyn-GFP
distribution was visualized simultaneously by means of a trans-
genic sop line that expresses the protein under control of a
muscle-specific promoter (Ono et al., 2001). In wild-type trans-
genic fish carrying a single copy of rapsyn-GFP the majority of
rapsyn-GFP molecules localizes to subsynaptic sites. This ap-
proach provides for simultaneous measurements of colocaliza-
tion by rapsyn and motor nerve terminals. Additionally, in both
wild-type fish and rescued sop fish the colocalization of AChR
and rapsyn can be determined by labeling of receptors with rh-

Figure 1. A, Amino acid sequence alignment of AChR � subunit genes. The 30 amino acids
starting from the first methionine are shown for sequences from zebrafish, Xenopus, human,
rat, and Torpedo. Conserved amino acids among all species are boxed and shaded. The 28th
amino acid is mutated from L to P in sop (indicated with an asterisk). The signal sequence
deleted in the final form is indicated. B, Sequence data from wild type (left) and sop (right). T to
C change in sop sequence is indicated with an asterisk.

Figure 2. Rescue of sop phenotype with introduction of zebrafish � subunit gene. The DNA
constructs used for injection of wild-type ( A) and L28P-mutated ( B) � subunit are indicated
aboveeachcorrespondingfluorescenceimage.Eachconstructcontainstwogenesundertwodifferent
promoters: the � subunit gene under �-actin promoter and the GFP gene under CMV promoter.
Shown is fluorescence imaging of tail muscle from a 4-d-old fish injected at the single-cell stage with
either wild-type � subunit ( A) or L28P mutant � subunit ( B). The GFP-positive muscle cells (green)
injected with wild-type � subunit exhibit associated labeling by rh-conjugated �-bungarotoxin ( A),
whereas this label is absent in the fish injected with mutant � subunit ( B). Superimposed high speed
images of fish swimming in response to touch are shown for both A and B. Fish injected with wild-type
� subunit can mount an escape response ( A), whereas no movement is detected in fish injected with
mutant � subunit ( B). Scale bar, 50 �m.
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�-Btx. The fluorescence labeling by SV2
antibody, however, was not as robust as
that observed for rh-�-Btx, so the pseudo-
color for rh-�-Btx was converted from the
red used in Figure 2 to blue for Figures 3–5.
This increased the color contrast so that
spatial comparisons were easier to discern.

We first obtained day 3 wild-type fish
that were carrying a single copy of the
rapsyn-GFP transgene. Fish carrying a
single copy of the rapsyn-GFP transgene
were considerably dimmer under stereo-
fluorescence than those with two copies.
The former fish were fixed, treated with
rh-�-Btx to label the receptors, and then
subsequently labeled with the anti-SV2 an-
tibody and the secondary antibody with
Cy5 to label nerve terminals (Fig. 3, wild
type). Confocal imaging clearly revealed a
consistent association between SV2 and
rh-�-Btx label. Synapses revealed by the
colocalization of SV2 and rh-�-Btx always
had associated clusters of rapsyn-GFP. Be-
cause of the colocalization of the three sig-
nals, synapses are shown as white spots in
the merged image. sop fish showed a dra-
matically different pattern (Fig. 3, sop). Be-
cause this fish lacks AChR expression, only
SV2 and rapsyn-GFP could be visualized.
The nerve endings labeled by SV2 exhibit a
weak visual overlap with the rapsyn-GFP
signal. To quantify the association be-
tween SV2 label and rapsyn-GFP, we cor-
related the distribution of each label on a
pixel-by-pixel basis. A pixel was deemed
positive for either GFP or Cy5 when the signal intensity was
�50% of the strongest signal in the confocal slice. Because SV2
staining typically labels the skin as well and the imaging is done
with the skin intact, it was important to exclude areas close to the
skin from our analysis. In wild-type fish the value for SV2(�) and
rapsyn-GFP(�) pixels among SV2(�) pixels is 25.5 � 12.8% (13
hemisegments in 3 fish). The corresponding value for sop is 2 �
2% (14 hemisegments in 3 fish; Fig. 5A). This quantitation con-
firmed our finding that synaptic localization of rapsyn clusters
was compromised in sop.

Rapsyn–AChR distribution in rescued muscle of sop
A direct role for AChRs in conferring subsynaptic localization of
rapsyn was tested by introducing the fish AChR � subunit into sop
one-cell-stage embryos. For these experiments the EGFP coding
cassette was deleted from the vector because the cytosolic GFP
signal would obscure the rapsyn-GFP signal. After 3 d of devel-
opment the candidates for rescued fish were identified on the
basis of weak swimming and spontaneous twitching. Only one of
the parents harbored the rapsyn-GFP transgene, ensuring that
fluorescent embryos had, at most, a single copy of rapsyn-GFP.
Labeling candidate fish with rh-�-Btx showed discrete clusters at
positions on muscle that are expected to correspond to synapses:
along the edges of myocomata and at punctate sites in the middle
of muscle (Fig. 4). Visual comparisons of the physical proximities
of the SV2, rh-�-Btx, and rapsyn-GFP label suggested that signif-
icant colocalization existed in muscle cells expressing the wild-
type fish � subunit (Fig. 4). Importantly, the majority of muscle

cells in all candidate fish failed to exhibit rh-�-Btx labeling, con-
firming the identification of sop�/� on the basis of behavior.

Two different methods were undertaken to quantitate the
ability of receptor expression to rescue the subsynaptic localiza-
tion of rapsyn-GFP observed in rescued muscle as seen in Figure
4. First, estimates of colocalization of rapsyn-GFP clusters and
nerve terminals were determined for large regions on the basis of
SV2-positive pixels that also exhibited rapsyn-GFP label (Fig.
5A). The measurements included an area of muscle that exhibited
at least one rh-�-Btx(�) muscle cell but also included additional
regions containing muscle cells that were SV2(�) but rh-�-
Btx(�). In this analysis the percentage of pixels above threshold
for SV2(�) or rapsyn-GFP is �1%, because the majority of pixels
in the area is close to the background level and deemed negative.
The value for SV2(�) and rapsyn-GFP(�) double positive pixels
among SV2(�) pixels measured 13 � 11% (9 hemisegments in 3
fish). This value obtained for rescued sop fish was significantly
higher than 2 � 2% obtained for sop ( p � 0.01, Student’s t test).
However, it was significantly lower than 25.5 � 12.8% obtained
for wild type ( p � 0.01, Student’s t test; Fig. 5A). This difference
between wild-type fish and the rescued sop fish stems presumably
from the mosaic expression of the wild-type � subunit gene in the
rescued fish wherein only a subpopulation of muscle cells ex-
presses AChRs on the cell surface (Fig. 2A). Indeed, the percent-
age of Btx(�)SV2(�) double positive pixels among SV2(�) pix-
els is 38 � 17% in wild-type fish, whereas it is 13 � 8% in the
rescued sop fish.

In a second series of measurements the analyses were re-

Figure 3. Synaptic localization of rapsyn is reduced in sop. Fluorescence indicators for AChRs (BTX panel), presynaptic nerve
terminals (SV2 panel), and rapsyn (Rapsyn panel) are shown for a region corresponding to three tail segments of a 72 hr postfer-
tilization wild-type fish (left panels) and sop fish (right panels). In both fish the receptors were labeled with rh-conjugated
�-bungarotoxin, and the nerve terminals were stained with anti-SV2 antibody and visualized by Cy5. The rapsyn distribution is
indicated by stable expression of a rapsyn-GPF fusion protein. The bottom panel is the merge of all three signals. Areas corre-
sponding to V-shaped boundaries of body segments were excluded from the analysis because it is unclear whether signals in this
anatomical structure represent synapses. Scale bar, 20 �m.
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stricted to rh-�-Btx-positive regions within single muscle cells of
rescued sop fish (Fig. 5B). A 50 �m 2 circular area was circum-
scribed around identified rh-�-Btx(�) clusters. The circum-
scribed area was, in all cases, considerably larger than the rh-�-
Btx cluster. In this analysis of the restricted area the percentage of
pixels above threshold for SV2(�) or rapsyn-GFP ranged from 2
to 15%. Among these rh-�-Btx(�) sites a measure of colocaliza-
tion between nerve terminals and rapsyn-GFP was provided by
calculating the percentage of SV2(�) and rapsyn-GFP(�) dou-
ble positive pixels among SV2(�) pixels. At these receptor-
positive sites colocalization coefficients corresponded to 48 �
21% for wild type and 43 � 18% for rescued sop ( p � 0.05,

Student’s t test; Fig. 5B). By random occurrence the colocaliza-
tion would be expected to be no larger than 2%. This estimate is
based on the largest size clusters observed for both signals. In the
data shown in Figure 5A and for smaller cluster sizes, the proba-
bility of random colocalization would be much smaller. These
data indicate that rapsyn more effectively localizes to subsynaptic
membrane when associated with AChRs.

Discussion
Our results demonstrate that in sop fish an L28P mutation in the
coding region of the � subunit gene completely abolishes the
expression of AChRs on the muscle cell surface. We find no evi-
dence of AChR expression in this mutant line on the bases of
either synaptic recordings or labeling with rh-�-Btx or � subunit
antibody (Ono et al., 2001). Consequently, sop fish are paralyzed
completely and incapable of any behavioral responses to touch.
Expression of this mutated � subunit in sop fish fails to restore
swimming or expression of surface AChRs. However, transient
expression of either murine or zebrafish wild-type � subunit in
sop fish is able to partially restore swimming movement and sur-
face expression of the AChRs in muscle.

Curiously, in another mutant zebrafish line also lacking ex-
pression of AChRs, nic-1, the homozygous fish are able to mount
slow twitching movements of their tail (Sepich et al., 1998). Such
movements have never been observed at any stage of develop-
ment in sop fish. The source of this movement is not clear, but it
is possible that nic-1 is not completely receptor null despite the
absence of labeling by rh-�-Btx. In nic-1 the lack of surface re-
ceptors results from a mutation in the � subunit AChR gene, but
the mutation resides in an intron rather than in an exon, leaving
open the possibility that a small number of � subunits potentially
could be transcribed and assembled into AChRs. Alternatively, a

Figure 4. Synaptic localization of rapsyn-GFP is rescued in sop muscle cells expressing wild-
type � subunit gene. A 72 hr sop fish that was injected with wild-type � subunit at the single-
cell stage shows wild-type-like labeling by rh-conjugated �-bungarotoxin in some muscle cells
(Btx panel). The position of nerve terminals is indicated by anti-SV2 (SV2 panel) and the location
of rapsyn by GFP (Rapsyn panel). The relative location of all three indicators is indicated by the
merged image (Merge panel). Examples of locations that exhibit overlap of three signals are
indicated with arrows. Scale bar, 20 �m.

Figure 5. Quantitation of rapsyn localization to synaptic sites in wild type, sop, and rescued
sop. A, The percentage of SV2(�) pixels that colocalize with rapsyn-GFP(�) pixels within a
large region corresponding to multiple muscle cells. In the case of the rescued fish this area
included regions of muscle that were not expressing receptors. B, Similar measurements from
synaptic sites in muscle identified as expressing receptors on the basis of Btx labeling. In the
areas judged to represent Btx clusters, the percentage of rapsyn-GFP(�) pixels among SV2(�)
pixels is shown. Mean�SDs are indicated. Typical areas in rescued sop fish used to calculate the
colocalization for the two methods of analyses are delineated with white lines below each
graph. In A, a ventral or dorsal half of a body segment was used. Note that Btx signal is detected
only in some muscle cells. In B, an area encompassing a synapse expressing AChRs judged by
Btx(�) signal is used. Scale bar, 20 �m.
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second muscle type � subunit, recently discovered in the gene
family of pufferfish, could account for low-level expression of
receptors in nic-1 (Jones et al., 2003). Thus, although some ques-
tion remains as to whether nic-1 is a true null allele, there seems to
be no question about sop. To date, no equivalent AChR null lines
have been reported for mammals, presumably because of the
lethal consequences of a total knock-out. Both the � and � sub-
units of the AChR subunits have been knocked out individually
in mice, but neither represents an AChR null line because these
two subunits are able to substitute for one another during devel-
opment (Missias et al., 1997; Takahashi et al., 2002). As a result,
knock-out of either subunit will only prevent expression of the
adult or embryonic form of the receptor. Consequently, zebrafish
mutant lines provide a unique vertebrate system in which neuro-
muscular development can be studied in the absence of AChRs
(Westerfield et al., 1990; Ono et al., 2001; Li et al., 2003).

The initial characterization of sop provided new insights into
the individual roles of rapsyn and AChRs during synapse devel-
opment. For example, studies on both cultured muscle and het-
erologous expression systems reached different conclusions as to
whether rapsyn can self-cluster in the absence of receptor. When
rapsyn was expressed in fibroblasts (Phillips et al., 1991) or in
Xenopus oocytes (Froehner et al., 1990), rapsyn formed self-
clusters without the coexpression of AChRs. On the other hand,
in C2 myotubes lacking expression of AChRs, the stability of
rapsyn was decreased and agrin treatment failed to cause aggre-
gation of rapsyn (Marangi et al., 2001). Our results from in vivo
showed that rapsyn was capable of self-clustering in the absence
of receptor. More significant, however, was the observation that
rapsyn clusters show greatly reduced ability to localize to the
synapse in the absence of receptor (Ono et al., 2001). This led to
the intriguing proposition that AChRs were not merely escorted
to the synaptic sites by their partner rapsyn but that instead the
AChRs might play an active role in localizing rapsyn clusters to
the subsynaptic membrane. This idea was fueled further by find-
ings from another neuromuscular mutant line, twitch once (Ono
et al., 2002). In twitch once, rapsyn is mutated in one of tetratri-
copeptide repeats (TPRs). The mutated rapsyn retained the abil-
ity to form self-clusters, but AChR clusters failed to form, sug-
gesting that rapsyn–AChR interaction was disrupted by this
mutation. An inability of rapsyn clusters to localize to the synapse
in this mutant line provided further support for the proposition
that association with AChRs was required for proper navigation.
We now confirm a role for the AChR in directing rapsyn clusters
to the synapse through rescue of sop. In muscle cells wherein the
fish � subunit is expressing at levels permissive to formation of
fully assembled AChRs, we find significantly higher levels of
AChR–rapsyn clusters at synaptic sites. Moreover, the mutant �
subunit is unable to rescue AChR expression, showing that the
mutation is directly responsible for the inability of rapsyn clusters
to undergo synaptic localization.

The sites governing rapsyn–receptor interaction were investi-
gated first by using heterologous cells. These studies indicate that
the coiled-coil regions of rapsyn mediate receptor interaction
(Ramarao and Cohen, 1998; Ramarao et al., 2001). However, in
vivo studies on a mutant line of zebrafish have indicated that the
tetratricopeptide region of rapsyn is involved. A single mutation
in the fourth tetratricopeptide repeat annihilates interaction with
receptor (Ono et al., 2002). The mechanisms causal to the depen-
dence of rapsyn on the AChR for synaptic localization are less
clear. One possibility is that the receptor provides a direct anchor
for the rapsyn cluster. Without the anchor the rapsyn clusters are
free to move about the cell surface. In fact, the association be-

tween synaptic MuSK (muscle-specific kinase) and rapsyn re-
quires an as yet to be identified transmembrane linker (Apel et al.,
1997). This function could be served by the transmembrane
AChR. Alternatively, the receptor-dependent synaptic localiza-
tion of rapsyn may not be mediated directly by the AChR. In-
stead, receptors might be required for the formation of a larger
synaptic complex that serves as a prerequisite for anchoring. A
different role for the AChR in rapsyn navigation is suggested on
the bases of recent studies showing that rapsyn and receptor are
cotransported and inserted into the plasma membrane (March-
and et al., 2000, 2002). The lack of receptor in the complex could
abrogate insertion and lead to ineffective assembly at the subsyn-
aptic sites.

The effects of mutations in the extreme N-terminal region of
the � subunit on AChR expression and/or function have not been
examined. However, according to the structure of a homologous
protein AChBP (Brejc et al., 2001), the 28th leucine is in the first
extracellular � helix and might be expected to affect folding of the
� subunit. Thus the mutated � subunit might be unable to asso-
ciate properly with the other subunits of the AChR. Given that
other zebrafish neuromuscular mutants have increased our un-
derstanding of human neuromuscular diseases such as myas-
thenic syndrome (Ohno et al., 2002; Ono et al., 2002) and slow
channel syndrome (Engel et al., 2003; Lefebvre et al., 2004), it
seems important to consider the potential implications of a �
subunit null in the human population. In frog the � subunit is
absolutely required for functional expression of both embryonic
and adult-type AChRs (Paradiso and Brehm, 1998), and our
findings from sop indicate that a similar dependence exists for
fish. However, unlike fish and frogs, the � subunit is apparently
not essential for surface expression of embryonic-type AChRs in
mammals (Kullberg and Brehm, 1990; Liu and Brehm, 1993).
This species difference raises the interesting possibility that mu-
tations resulting in omission of the � subunit may be viable in the
human population. What is the expected phenotype of �-less
receptors in vivo? Because the � subunit is required for adult
receptors (�-containing), but not embryonic (�-containing) re-
ceptors, knocking out � expression would be similar to an �
knock-out. Curiously, no � knock-out fish have been identified to
date, despite the fact that this subunit is the most highly mutated
subunit in the human population. However, in both mouse
knock-out (Witzemann et al., 1996) and human syndromes lack-
ing � (Engel et al., 1996; Milone et al., 1998; Croxen et al., 1999),
the consequence is muscle weakness very early in life, worsening
with age. This is because the normal transition to adult AChR
kinetics does not occur in these animals, and the developmental
elimination of embryonic receptors is delayed in the absence of �
(Missias et al., 1997). Thus our findings on sop predict a poten-
tially different behavioral outcome for an equivalent mutation in
human �. A sop equivalent in the human population may exist
and be causal to undisclosed and rare forms of neuromuscular
disorders.
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