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The �-Syntrophin PH and PDZ Domains Scaffold Acetylcholine
Receptors, Utrophin, and Neuronal Nitric Oxide Synthase at the
Neuromuscular Junction
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At the neuromuscular junction (NMJ), the dystrophin protein complex provides a scaffold that functions to stabilize acetylcholine receptor
(AChR) clusters. Syntrophin, a key component of that scaffold, is a multidomain adapter protein that links a variety of signaling proteins and ion
channels to the dystrophin protein complex. Without syntrophin, utrophin and neuronal nitric oxide synthase � (nNOS�) fail to localize to the
NMJ and the AChRs are distributed abnormally. Here we investigate the contribution of syntrophin domains to AChR distribution and to
localization of utrophin and nNOS�at the NMJ. Transgenic mice expressing�-syntrophin lacking portions of the first pleckstrin homology (PH)
domain (�PH1a or �PH1b) or the entire PDZ domain (�PDZ) were bred onto the �-syntrophin null background. As expected the �PDZ
transgene did not restore the NMJ localization of nNOS. The �PH1a transgene did restore postsynaptic nNOS but surprisingly did not restore
sarcolemmal nNOS (although sarcolemmal aquaporin-4 was restored). Mice lacking the �-syntrophin PDZ domain or either half of the PH1
domain were able to restore utrophin to the NMJ but did not correct the aberrant AChR distribution of the �-syntrophin knock-out mice.
However, mice expressing both the transgenic �PDZ and the transgenic �PH1a constructs did restore normal AChR distribution, demonstrat-
ing that both domains are required but need not be confined within the same protein to function. We conclude that the PH1 and PDZ domains of
�-syntrophin work in concert to facilitate the localization of AChRs and nNOS at the NMJ.

Introduction
Dystrophin is concentrated at the postsynaptic neuromuscular
junction (NMJ) along with its orthologs, utrophin and dystro-
brevin (Bewick et al., 1996). Mouse models lacking any one of
these proteins exhibit reduced AChR expression and/or aberrant
distribution (Lyons and Slater, 1991; Grady et al., 1997, 2000).
The dystrophin (or utrophin) complex consists of a myriad of
proteins that function to link the extracellular matrix to the actin
cytoskeleton and to provide scaffolding for precise localization of
signaling proteins. This scaffolding function relies primarily on the
ability of each of the dystrophin orthologs to bind two syntrophin
molecules (Newey et al., 2000).

Syntrophins are a family of adapter proteins that link signaling
proteins to the dystrophin protein complex. Of the five syntro-
phin isoforms (�, �1, �2, �1, �2), four are present at the mam-
malian NMJ (Froehner et al., 1987; Peters et al., 1994, 1997; Alessi
et al., 2006). However, only �-syntrophin is at the crests of the
postjunctional folds colocalizing with the AChRs and utrophin
(Kramarcy and Sealock, 2000).

Each of the syntrophins has four core domains, a PDZ domain,
two PH (pleckstrin homology) domains, and a C-terminal SU (syn-
trophin unique) domain. The second PH domain (PH2) combined
with the SU domain is critical for binding dystrophin proteins (Ahn
and Kunkel, 1995; Kachinsky et al., 1999). This leaves the first PH
domain (PH1) and the PDZ domain free to interact with other mol-
ecules. The syntrophin PDZ domain binds ion channels (Gee et al.,
1998; Connors et al., 2004; Leonoudakis et al., 2004), G-protein-
coupled receptors (Chen et al., 2006), water channels (Neely et al.,
2001), kinases and associated proteins (Hasegawa et al., 1999;
Lumeng et al., 1999; Hogan et al., 2001; Luo et al., 2005), and nNOS
(Brenman et al., 1996). The syntrophin PH1 domain binds phos-
phoinositides but may interact with proteins as well (Chockalingam
et al., 1999; Yan et al., 2005).

The syntrophin scaffold is involved in a variety of diseases,
including multiple forms of muscular dystrophy (Compton et al.,
2005, 2008; Wakayama et al., 2006), brain edema (Amiry-
Moghaddam et al., 2003, 2004), and long QT syndrome (Ueda et
al., 2008). Syntrophin is also associated with key physiological
processes including insulin secretion (Ort et al., 2001) and blood
pressure regulation (Lyssand et al., 2008). At the NMJ the absence
of �-syntrophin results in structurally aberrant NMJs with re-
duced levels of AChRs (Adams et al., 2000). Instead of localizing
only opposite the nerve terminal, the AChRs radiate away from
the nerve in small spikes.

Utrophin is absent from the postsynaptic membrane of the
�-syntrophin knock-out mouse NMJ (Adams et al., 2000). Mice
lacking �-syntrophin do not have nNOS on the sarcolemma or at
the NMJ, although it is still present in the cytosol (Adams et al.,
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2000; Thomas et al., 2003). In this work, we use an in vivo ap-
proach to determine the contribution of syntrophin domains to
stabilizing AChR clusters and localizing utrophin and nNOS at
the postsynaptic NMJ.

Materials and Methods
Transgenic mice. Generation of the �-syntrophin knock-out mice and
mice expressing the full-length and �PDZ �-syntrophin transgenes has
been described previously (Adams et al., 2000, 2001). Here we generated
two additional transgenic mice expressing mouse �-syntrophin lacking

either the first half of the PH domain (�PH1a) or the second half of the
first PH domain (�PH1b). For the �PH1a construct, we replaced the
DNA encoding the first 71 aa of �-syntrophin with DNA encoding
the FLAG epitope tag (MDYKDDDDK). For the �PH1b construct, we
replaced DNA encoding amino acids 174-271 with a hemagglutinin
epitope tag (YPYDVPDYASL). Both constructs were cloned downstream
of the MCK promoter for muscle-specific expression (Adams et al.,
2001). Constructs were injected into oocytes at the Transgenic Resources
Program, University of Washington. Resulting founder mice (3 for
�PH1a, 4 for �PH1b) were bred onto the �-syntrophin knock-out mouse
background. Similar results were found in all founder lines for each con-
struct. Experiments were performed using muscles from both male and fe-
male mice with no gender-specific differences observed. The experimental
procedures performed on mice were approved by the Institutional Animal
Care and Use Committee of the University of Washington.

Antibodies. Rabbit polyclonal antibodies to utrophin and �-syn-
trophin have been described previously (Kramarcy et al., 1994; Peters et
al., 1997). Commercial antibodies were purchased as follows: anti -HA
from Zymed/Invitrogen, anti-Flag from Sigma Aldrich, anti-aqua-
porin-4 from Millipore Bioscience Research Reagents, and nNOS from
Immunostar. Fluorescently tagged secondary antibodies and bungaro-
toxin were purchased from Invitrogen.

Immunoblotting. Muscle protein extracts were prepared as previously
described (Peters et al., 1997) and subjected to electrophoresis on a

Figure 1. Generation of syntrophin transgenic mice. A, The protein domains of syntrophin are
depicted in the four constructs used to generate transgenic mice. FL is the full-length �-syntrophin
transgene. The first pleckstrin homology (PH) domain of syntrophin is naturally split by the PDZ do-
main into PH1a and PH1b. To generate the �PDZ transgene the PDZ domain was replaced by a
hemagglutinin epitope tag (HA). In the �PH1a and �PH1b constructs, the 1a and 1b portions of the
first PH domain were replaced by Flag and HA epitope tags, respectively. SU refers to the syntrophin
uniqueregion. B,Westernblotanalysisshowstherelativeexpressionlevelsof�-syntrophininmuscle
isolated from the transgenic mice. Note the reduced size of syntrophins missing domains. WT, Wild
type; KO, �-syntrophin knock-out. C, Immunofluorescence of NMJs in transverse sections of quadri-
ceps muscle. Fluorescent �-bungarotoxin (red) was used to label the postsynaptic acetylcholine re-
ceptors. �-Syntrophin is labeled in green. The �PH1b sample (and wild-type control) was labeled
using the HA antibody since the �-syntrophin-specific antibody epitope is absent in this construct.
Scale bar, 10 �m.

Figure 2. Transgenic rescue of aberrant NMJ structure in the �-syntrophin KO muscle. En face
views of NMJs from the sternomastoid muscle visualized using fluorescent �-bungarotoxin. The
spikes observed in the �-syntrophin KO mice are not present in the FL transgenic, which has contin-
uous smooth edges similar to those of the WT mouse. NMJs of mice lacking the PDZ or either portion of
the PH1 domain resemble the KO with spicules and fragmented edges. Scale bar, 20 �m.
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4 –15% gradient polyacrylamide gels (Bio-Rad), transferred to Immo-
bilon-P membrane (Millipore), and incubated with �-syntrophin-
specific antibodies as previously described (Peters et al., 1997).

Fluorescence microscopy. Immunofluorescence labeling of cross sec-
tions was performed on unfixed quadriceps muscle using 8 �m cryosec-
tions as described previously (Peters et al., 1997). Images were obtained
using a Leica TCS-NT confocal microscope. For en face views, teased

fibers of the sternomastoid muscle were incubated with Alexa 488
�-bungarotoxin to visualize AChRs. Images were obtained using a Zeiss
Meta 510 confocal microscope. All microscopy was performed at the
W. M. Keck Center for Advanced Studies in Neural Signaling at the
University of Washington.

Real-time PCR. RNA was purified from the quadriceps of 8 –12-week-
old mice using the fibrous tissue kit from Qiagen. Real-time quantitative
RT-PCR was performed using TaqMan chemistry and the ABI 7000 se-
quence detection system (Applied Biosystems) with 50 ng of RNA, the
One-Step RT-PCR Master Mix reagents (Applied Biosystems), and
primers specific for the A isoform of utrophin (primer 1—GGACTCT-
TGGCATCCCTCACT, primer 2—AGGCTTTCCCAGATCCTCTTCT).
The utrophin-A probe spanned an intron splicing site and had the sequence
CAACTGACAAGATTTAGCCTT. Samples were normalized using an in-
ternal GAPDH control primer/probe set (Applied Biosystems). Samples
were obtained from 3 mice of each genotype and each sample was run in
triplicate.

Results
We have previously shown that the �-syntrophin null mice have
structurally aberrant neuromuscular junctions (Adams et al.,
2000). Without �-syntrophin, the levels of AChRs are reduced
and the remaining receptors are disorganized and have a shallow
neural groove with radiating spikes of receptor. Furthermore, the
proteins nNOS and utrophin both fail to localize to the NMJ in
the absence of �-syntrophin. In this work, we address the mech-
anism of these defects by determining the functional regions of
syntrophin required for proper formation of the NMJ.

Generation and characterization of transgenic mice
Since NMJ formation cannot be fully reproduced in cell culture, we
took the in vivo approach of using transgenic mice to restore full-
length �-syntrophin or altered �-syntrophin to the �-syntrophin
knock-out mouse. We have previously generated transgenic mice
expressing full-length �-syntrophin and �-syntrophin lacking the
PDZ domain (Adams et al., 2001). In addition to these mice, we
generated transgenic mice lacking portions of the first PH domain
(Fig. 1). In one construct, we replaced the first half of the
�-syntrophin PH1 domain (PH1a) with a Flag epitope tag. In the
second construct, we replaced the PH1b domain with a hemagglu-
tinin epitope (HA) epitope tag. All of the transgenes were under
control of the same promoter (MCK) that is active only in striated
muscle. Each of the transgenic mice was bred onto the �-syntrophin

Figure 3. Postsynaptic utrophin is rescued by all transgenic mice. Immunofluorescence of
quadriceps transverse sections shows that postsynaptic utrophin (left panel and red right panel)
is present in all transgenic mice whereas it is absent in the �-syntrophin KO. �-Bungarotoxin
labeling of acetylcholine receptors (AChR) is shown in green. Scale bar, 10 �m.

Figure 4. Utrophin-A mRNA expression in mouse muscle. Real-time PCR of mRNA derived from
quadriceps muscle of wild type (WT), �-syntrophin knock-out (KO), and the full-length syntrophin
transgenic (FL) shows similar levels of expression in each of these mice. Error bars are SDs with n �3
mice.
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null background so that the only �-syntrophin expressed is that
produced by the transgene. All of the experiments below were per-
formed using mice bred onto the �-syntrophin null background.

Immunoblotting of skeletal muscle homogenates using our
�-syntrophin-specific antibody shows the relative expression lev-
els of the transgene product for 3 of the 4 mouse lines compared
to wild-type muscle (Fig. 1B). The epitope for our �-syntrophin-
specific antibody is located in the PH1b region and is therefore
missing in the �PH1b construct. We performed similar blots
using an anti-HA antibody but could not detect the �PH1b pro-
tein in muscle homogenates (data not shown). However, we were
able to detect small amounts of the �PH1b protein at the NMJ using
the anti-HA antibody by immunofluorescence (Fig. 1C). The
�PH1b construct was expressed at very low levels in all four founder
lines, suggesting that the PH1b region is required for stable expres-
sion of a-syntrophin. The other 3 transgenes express well and are
localized properly to the sarcolemma and NMJ (Fig. 1).

NMJ structure
In the absence of �-syntrophin, the postsynaptic NMJ is disorga-
nized with a shallow neural groove and AChRs radiating away
from beneath the nerve in small spikes [Adams et al. (2000) and
Fig. 2]. We tested whether the transgenic syntrophins lacking the
PH1a, PH1b, or PDZ domains could restore normal structure to
the NMJs of the �-syntrophin knock-out mouse. We collected
single myofibers from the sternomastoid muscle of each trans-
genic and control strain. The muscle fibers were labeled with
�-bungarotoxin and examined en face by confocal microscopy.

The full-length syntrophin transgene restored the AChR dis-
tribution similar to that of wild-type mice (Fig. 2). Both the wild-
type and full-length transgenic mice have AChR distributions

with smooth edges and well defined neural groove borders. Mus-
cle fibers from the other three transgenic mouse strains (�PDZ,
�PH1a, and �PH1b) had AChR distributions indistinguishable
from that of the �-syntrophin knock-out mouse (Fig. 2). There-
fore both the PH1 and PDZ domains of syntrophin are required
for proper distribution of AChRs at the NMJ.

Utrophin
In our previous characterization of the �-syntrophin null mouse,
we observed that in the absence of �-syntrophin, the protein
utrophin failed to localize properly at the NMJ. We hypothesized
that the reason that the syntrophin domain deleted transgenes are
unable to restore normal NMJ structures may be that they are
unable to restore utrophin to the NMJ. We tested this idea by
performing immunofluorescence studies on transverse sections
of mouse quadriceps muscle (Fig. 3). For these experiments, we
used an antibody that recognizes both the A (NMJ) and B (nerve
and blood vessel) forms of utrophin (Weir et al., 2002). This
allowed us to visualize the presynaptic utrophin, which serves as
an internal antibody control when no postsynaptic utrophin is
present (Fig. 3). We found that all four transgenes were able to
restore utrophin to the postsynaptic NMJ. This result indicates
that it is not the lack of utrophin that results in the inability of the
�PDZ and �PH1 transgenes to rescue the NMJ structural defects.

It is particularly surprising that the �PH1b mouse, which ex-
presses very low levels of the transgene at the NMJ, (see Fig. 1C) was
still able to restore utrophin to the NMJ. We currently do not know
the basis for the lack of postsynaptic utrophin in the absence of
�-syntrophin. The most likely possibilities are that �-syntrophin
affects the stability, transport, or transcription of utrophin. We in-
vestigated the latter by determining the relative levels of utrophin-A

Figure 5. The�PH1a transgenic mouse rescues nNOS expression at the NMJ but not on the sarcolemma. Immunofluorescence of quadriceps transverse sections shows that nNOS is absent from the NMJs of
the KO and�PDZ mice. NMJ nNOS expression is rescued by both the full-length and�PH1a transgenes. However, sarcolemmal nNOS is rescued only by the full-length transgene, not by the�PH1a transgene.
Another sarcolemmal protein, aquaporin-4 (AQP4) is rescued by the �PH1a transgene. Red, nNOS; AChR (green), �-Bungarotoxin-labeled acetylcholine receptors. Scale bar, 10 �m.
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mRNA expression in wild-type, �-syntro-
phin knock-out, and the full-length
�-syntrophin transgenic mouse muscle.
Real-time PCR using primers and probe
specific for the utrophin-A isoform showed
no significant difference in mRNA expres-
sion in the wild-type, �-syntrophin knock-
out, and FL transgenic mice (Fig. 4). We
conclude that utrophin-A transcription is
independent of �-syntrophin expression.

nNOS�
In addition to utrophin, the protein nNOS�
also depends on �-syntrophin for proper lo-
calization in muscle (Kameya et al., 1999;
Adams et al., 2000). In the absence of
�-syntrophin, nNOS� fails to localize to ei-
ther the sarcolemma or postsynaptic NMJ.
We therefore investigated whether the
transgenes could restore nNOS� to its
proper locations in skeletal muscle (Fig. 5).
The full-length �-syntrophin transgene re-
stored nNOS� to both the NMJ and the sar-
colemma (Fig. 5). As expected, the �PDZ
transgene was unable to restore nNOS� at
either location. However, it was curious that
the �PH1a transgene was able to restore
nNOS� at the NMJ but not on the sarco-
lemma. Following this surprising observa-
tion, we were concerned that by deleting the
PH1a domain, we may have inadvertently
altered the function of the PDZ domain.
Therefore we investigated the distribution
of another protein that is known to de-
pend on the �-syntrophin PDZ domain
for sarcolemmal expression, aquaporin-4.
Aquaporin-4 is normally present on the
sarcolemma of fast fibers but is absent
from all fibers in the �-syntrophin knock-
out muscle and the �PDZ transgenic
muscle (Frigeri et al., 1998; Adams et al.,
2000, 2001) (Fig. 5). Aquaporin-4 is re-
stored to the sarcolemma by either the
full-length �-syntrophin or the �PH1a
�-syntrophin, indicating that the �PH1a
transgene and its PDZ domain can func-
tion properly.

The �PDZ and the �PH1a transgenes
both retain the C-terminal domains known
to associate with dystrophin (and related
proteins) and both were able to localize
to the sarcolemma and NMJ (Figs. 1, 6).
Since the �PDZ transgene retains the PH1a
and the �PH1a constructs retains the PDZ domain, we postulated
that if expressed together these two syntrophin mutants may be able
to act in concert to restore syntrophin function. We therefore
crossed the two transgenic lines to produce mice expressing both
transgenes (�PDZ/�PH1a). Immunofluorescence using antibodies
to the HA (�PDZ) and Flag (�PH1a) showed that both proteins
were expressed on the sarcolemma and enriched at the NMJ as ex-
pected (Fig. 6). However, the coexpression of both transgenes was
unable to restore nNOS� to the sarcolemma. Instead the distribu-
tion of nNOS� looked indistinguishable from that of the �PH1a

Figure 6. NMJ structure is rescued when both the �PH1a and �PDZ transgenes are present. We generated mice
expressing both the �PH1a and �PDZ transgene as demonstrated by immunofluorescent labeling using antibodies to the
epitope tags present in each construct (see Fig. 1). Like the muscles of mice expressing only the �PH1a transgene, the
�PDZ/�PH1a muscles express nNOS only at the NMJ and not on the sarcolemma. An en face view of the NMJ (labeled using
fluorescent �-bungarotoxin) shows that the NMJs of these mice have smooth continuous edges and lack the radiating
spikes seen in the �-syntrophin knock-out mouse and in mice expressing only one of the parent transgenes (see Fig. 2).
Scale bar, 20 �m.

Table 1. Summary of mouse phenotypes

Mouse NMJ structure NMJ utrophin NMJ nNOS Sarcolemma nNOS

Wild type Normal P P P
�-KO Aberrant A A A
FLA Normal P P P
�PDZ Aberrant P A A
�PH1a Aberrant P P A
�PH1b Aberrant P ND ND
�PDZ/�PH1a Normal P P A

P, Present; A, absent; ND, not determined.
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alone with nNOS� only detectable at the NMJ. However, when we
looked at the NMJ structure in these mice, we found that the com-
bination of transgenes was able to restore normal AChR distribu-
tion. The NMJs of these mice have smooth, well defined edges and
lack the AChR spikes observed in the �-syntrophin knock-out mice.
This is in direct contrast to the NMJs of either parent strain, which
remain structurally aberrant. We conclude that at the NMJ the PH1a
and PDZ domains of syntrophin can function without being co-
valently attached.

Discussion
At the mammalian NMJ, AChRs are tightly packed into an array
at the crest of the postjunctional folds directly opposed to the
nerve terminal. Maintenance of this array is crucial for proper
neuromuscular signal transmission. The submembrane protein
assembly that provides stability to the AChR array includes sev-
eral members of the dystrophin protein complex, specifically
utrophin, dystrobrevin, and syntrophin. The absence of any of
these proteins leads to reduced levels of AChRs (Lyons and Slater,
1991; Grady et al., 1997, 2000; Adams et al., 2000). Additionally,
the NMJs of the �-syntrophin knock-out mouse have an abnor-
mal distribution of AChRs and do not properly localize the pro-
teins nNOS and utrophin (Adams et al., 2000). Experiments
described in this paper address the specific role of the protein
domains of �-syntrophin in determining the distribution of
AChRs, nNOS�, and utrophin at the NMJ. The key findings are
summarized in Table 1.

Utrophin is highly homologous with dystrophin but has a very
different distribution in skeletal muscle. Dystrophin is present on
the sarcolemma and concentrated at the NMJ where it is only in
the depths of the postjunctional folds (Bewick et al., 1996). In
normal, mature skeletal muscle utrophin is confined to the NMJ,
where it is localized at the crests of the postjunctional folds with
the AChRs. Both dystrophin and utrophin directly bind �-syn-
trophin, which is localized on the sarcolemma and throughout
the postjunctional folds (Kramarcy and Sealock, 2000). In the
complete absence of �-syntrophin, utrophin is no longer present
at the NMJ, but the distribution of dystrophin is unaffected
(Adams et al., 2000). The loss of utrophin in �-syntrophin null
mice suggests that �-syntrophin is important for utrophin stabi-
lization, trafficking, or transcription. Our real-time PCR results
indicate that utrophin mRNA levels are not significantly affected
by the loss of syntrophin (Fig. 4). Therefore, we conclude that
�-syntrophin most likely modulates utrophin stabilization or
trafficking to the NMJ.

It is interesting that even very low levels of �-syntrophin ex-
pression are able to restore utrophin to the NMJ. We detected
very little product of the �PH1b transgene (Fig. 1) but the low
levels were sufficient to restore utrophin to the NMJ (Fig. 3). This
is consistent with results from the Takeda laboratory (Hosaka et
al., 2002). This group generated an �-syntrophin exon 2-knock-
out mouse, which eliminated nearly all the �-syntrophin, but due
to low levels of exon 1 to exon 3 splicing, small amounts of
�-syntrophin are still present at the NMJ. These mice retain
postsynaptic utrophin (Hosaka et al., 2002).

We have previously shown that the PDZ domain of
�-syntrophin is necessary for the sarcolemmal localization of
nNOS� (Adams et al., 2001). The present work shows that
the postsynaptic NMJ localization of nNOS� also requires the
�-syntrophin PDZ domain (Fig. 5). The transgene expressing the
�PH1a construct restores nNOS� to the NMJ (Fig. 5). This was
the anticipated result since this construct contains a functional
PDZ domain. The surprising result is that the �PH1a transgene

does not restore sarcolemmal nNOS�. This is despite evidence
that the �PH1a transgene product is localized to the sarcolemma
and its PDZ domain is functional, as demonstrated by its ability
to restore sarcolemmal localization of aquaporin-4 (Fig. 5). It is
possible nNOS� is present on the sarcolemma of the �PH1a mice
at levels below the detection limit of our immunofluorescence
assay, but such a reduction would still be in sharp contrast to the
nNOS� levels at the NMJ, which are similar to those in wild-type
mice.

The presence of an �-syntrophin PDZ domain is necessary
but not sufficient for sarcolemmal localization of nNOS�. Pa-
tients with Becker muscular dystrophy affecting dystrophin ex-
ons 45– 48 lack sarcolemmal nNOS� despite expression of
sarcolemmal �-syntrophin (Wells et al., 2003). Similarly, mdx
mice expressing �-syntrophin artificially directed to the sarco-
lemma fail to localize nNOS� to the sarcolemma (Adams et al.,
2008). Furthermore, mdx mice expressing shortened forms of
dystrophin only recruit nNOS� to the sarcolemma if the region
encoded by exons 45– 48 (spectrin repeats 16 and 17) is included
in the construct (Lai et al., 2009). A likely possibility is that the
PH1 domain of syntrophin is linked to the exon 45– 48 region of
dystrophin either directly or indirectly to facilitate nNOS� asso-
ciation with the dystrophin complex. This could explain why
nNOS� fails to localize to the sarcolemma in the absence of the
�-syntrophin PH1a domain.

Results presented here show that proper AChR distribution at
the NMJ requires the presence of both the �-syntrophin PDZ
domain and the �-syntrophin PH1 domain. However, these do-
mains do not necessarily need to be on the same syntrophin
molecule to function (Fig. 6). Transgenic expression of both the
�PDZ and �PH1a syntrophin mutants in the same mouse re-
stored normal AChR distribution to the �-syntrophin knock-out
mouse. One interpretation of this result is that the two domains
are involved in separate signaling pathways and both are required
to facilitate AChR distribution. An alternate interpretation is that
these two domains work together in a common signaling path-
way. In this case, it is likely that both the PH1 and PDZ domains
need to be in close proximity (as they are in the intact molecule)
to function. Such close proximity could be facilitated in the trans-
genic mice by the tandem syntrophin binding sites present on
dystrophin protein family members (Newey et al., 2000). Alter-
natively, it is also possible that the two �-syntrophin transgenic
proteins form an intermolecular interaction that brings the do-
mains in close proximity. Since the PH1 domain is naturally split
(by the PDZ domain) the PH1a of the �PDZ transgene could
potential combine with the PH1b of the �PH1a transgene to
restore a functional unit where the PH1 and PDZ domains are
together in a manner similar to that of intact syntrophin. Such
intermolecular PH domain formations occur in other molecules
with split PH domains (van Rossum et al., 2005). Investigating
the �-syntrophin-based signaling mechanisms leading to AChR
stability at the mammalian NMJ will be the focus of future studies.
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Luo S, Chen Y, Lai KO, Arévalo JC, Froehner SC, Adams ME, Chao MV, Ip
NY (2005) {alpha}-Syntrophin regulates ARMS localization at the neu-
romuscular junction and enhances EphA4 signaling in an ARMS-
dependent manner. J Cell Biol 169:813– 824.

Lyons PR, Slater CR (1991) Structure and function of the neuromuscular
junction in young adult mdx mice. J Neurocytol 20:969 –981.

Lyssand JS, DeFino MC, Tang XB, Hertz AL, Feller DB, Wacker JL, Adams ME,
Hague C (2008) Blood pressure is regulated by an alpha1D-adrenergic re-
ceptor/dystrophin signalosome. J Biol Chem 283:18792–18800.

Neely JD, Amiry-Moghaddam M, Ottersen OP, Froehner SC, Agre P, Adams ME
(2001) Syntrophin-dependent expression and localization of Aquaporin-4
water channel protein. Proc Natl Acad Sci U S A 98:14108–14113.

Newey SE, Benson MA, Ponting CP, Davies KE, Blake DJ (2000) Alternative
splicing of dystrobrevin regulates the stoichiometry of syntrophin bind-
ing to the dystrophin protein complex. Curr Biol 10:1295–1298.

Ort T, Voronov S, Guo J, Zawalich K, Froehner SC, Zawalich W, Solimena M
(2001) Dephosphorylation of beta2-syntrophin and Ca2�/mu-calpain-
mediated cleavage of ICA512 upon stimulation of insulin secretion.
EMBO J 20:4013– 4023.

Peters MF, Kramarcy NR, Sealock R, Froehner SC (1994) �2-Syntrophin:
localization at the neuromuscular junction in skeletal muscle. Neurore-
port 5:1577–1580.

Peters MF, Adams ME, Froehner SC (1997) Differential association of syn-
trophin pairs with the dystrophin complex. J Cell Biol 138:81–93.

Thomas GD, Shaul PW, Yuhanna IS, Froehner SC, Adams ME (2003) Va-
somodulation by skeletal muscle-derived nitric oxide requires alpha-
syntrophin-mediated sarcolemmal localization of neuronal nitric oxide
synthase. Circ Res 92:554 –560.

Ueda K, Valdivia C, Medeiros-Domingo A, Tester DJ, Vatta M, Farrugia G,
Ackerman MJ, Makielski JC (2008) Syntrophin mutation associated
with long QT syndrome through activation of the nNOS-SCN5A macro-
molecular complex. Proc Natl Acad Sci U S A 105:9355–9360.

van Rossum DB, Patterson RL, Sharma S, Barrow RK, Kornberg M, Gill DL,
Snyder SH (2005) Phospholipase Cgamma1 controls surface expression
of TRPC3 through an intermolecular PH domain. Nature 434:99 –104.

Wakayama Y, Inoue M, Kojima H, Jimi T, Yamashita S, Kumagai T, Shibuya
S, Hara H, Oniki H (2006) Altered alpha1-syntrophin expression in
myofibers with Duchenne and Fukuyama muscular dystrophies. Histol
Histopathol 21:23–34.

Weir AP, Burton EA, Harrod G, Davies KE (2002) A- and B-utrophin have
different expression patterns and are differentially up-regulated in mdx
muscle. J Biol Chem 277:45285– 45290.

Wells KE, Torelli S, Lu Q, Brown SC, Partridge T, Muntoni F, Wells DJ
(2003) Relocalization of neuronal nitric oxide synthase (nNOS) as a
marker for complete restoration of the dystrophin associated protein
complex in skeletal muscle. Neuromuscul Disord 13:21–31.

Yan J, Wen W, Xu W, Long JF, Adams ME, Froehner SC, Zhang M (2005)
Structure of the split PH domain and distinct lipid-binding properties of
the PH-PDZ supramodule of alpha-syntrophin. EMBO J 24:3985–3995.

11010 • J. Neurosci., August 18, 2010 • 30(33):11004 –11010 Adams et al. • Syntrophin Domain Scaffolding at the Neuromuscular Junction


