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ABSTRACT Mutations in the cytolinker protein plectin lead to grossly distorted morphology
of neuromuscular junctions (NMJs) in patients suffering from epidermolysis bullosa simplex
(EBS)-muscular dystrophy (MS) with myasthenic syndrome (MyS). Here we investigated
whether plectin contributes to the structural integrity of NMJs by linking them to the postsynaptic intermediate filament (IF) network. Live imaging of acetylcholine receptors (AChRs)
in cultured myotubes differentiated ex vivo from immortalized plectin-deficient myoblasts
revealed them to be highly mobile and unable to coalesce into stable clusters, in contrast to
wild-type cells. We found plectin isoform 1f (P1f) to bridge AChRs and IFs via direct interaction with the AChR-scaffolding protein rapsyn in an isoform-specific manner; forced expression of P1f in plectin-deficient cells rescued both compromised AChR clustering and IF network anchoring. In conditional plectin knockout mice with gene disruption in muscle precursor/
satellite cells (Pax7-Cre/cKO), uncoupling of AChRs from IFs was shown to lead to loss of
postsynaptic membrane infoldings and disorganization of the NMJ microenvironment, including its invasion by microtubules. In their phenotypic behavior, mutant mice closely mimicked EBS-MD-MyS patients, including impaired body balance, severe muscle weakness, and
reduced life span. Our study demonstrates that linkage to desmin IF networks via plectin is
crucial for formation and maintenance of AChR clusters, postsynaptic NMJ organization, and
body locomotion.
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INTRODUCTION
Mature neuromuscular junctions (NMJs) are highly specialized and
complex structures in which postsynaptic acetylcholine receptors
(AChRs) are densely packed and precisely aligned across motornerve terminals. Considering the heavy use of NMJs and their constant exposure to mechanical stress, the orderly assembly of AChRs
into dense clusters during synaptic development as well as their
stabilization throughout the life span is critical for proper muscle
function. At their cytoplasmic interphase, AChRs are directly bound
to rapsyn, a peripheral membrane protein that interacts with multiple synaptic proteins, leading to the clustering of AChRs and their
linkage to the underlying cytoskeleton (Wu et al., 2010). Tight regulation of the actin and microtubule (MT) networks has been shown
to play a role in vesicular trafficking of AChRs to the postsynaptic
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membrane (Lee et al., 2009; Schmidt et al., 2012), AChR movement,
and formation of clusters (Dai et al., 2000). In contrast, not much is
known about the molecular mechanisms that lead to the stabilization of NMJs and protect them against disassembly.
Previous studies showed that desmin intermediate filaments (IFs)
are enriched in the postsynaptic domain of NMJs (Burden, 1982;
Sealock et al., 1989; Mitsui et al., 2000). IFs are highly elastic, much
more flexible, and less dynamic than actin filaments or MTs (Mucke
et al., 2004; Kreplak et al., 2008), and they exhibit stiffening properties when subjected to mechanical stress (Janmey et al., 1991). Postsynaptic IF networks would thus be optimally suited to serve as a
physical link between endplates and the contractile apparatus and
to provide the structural backbone required for preservation of sarcolemmal infolding, positioning of myonuclei and mitochondria,
and stable anchorage of the AChR complex during fiber deformation caused by muscle contraction or regeneration of damaged
muscle. In fact, abortive muscle regeneration and modifications in
synaptic structure have been reported for desmin-knockout mice
(Agbulut et al., 2001). However, the molecular mechanisms underlying the targeting, spatial networking, and specific functions of postsynaptic IFs remained elusive.
Studies on various cell types, among them skeletal muscle fibers,
showed that plectin, a >500-kDa, IF-associated cytolinker protein,
plays a dominant role in determining IF network architecture and
can act also as regulator of IF assembly (Castañón et al., 2013). Plectin’s uniqueness as IF network organizer is based on two important
molecular features—a universal high-affinity binding site for IF proteins residing in its C-terminal domain and a variable N-terminal
sequence preceding a highly conserved actin-binding domain (ABD;
Fuchs et al., 1999). The different N-terminal sequences modify the
binding specificity of plectin’s N-terminus in such a way that different plectin isoforms are targeted to distinct cellular sites. By recruiting IFs via their C-termini to these sites, the different isoforms profoundly affect IF networking and cytoarchitecture (Wiche and Winter,
2011). On this basis, plectin could play a major role in connecting IFs
to the NMJ domain of muscle fibers. Moreover, some patients with
epidermolysis bullosa simplex with muscular dystrophy (EBS-MD),
the most common forms of plectinopathies (Winter and Wiche,
2013), also suffer from myasthenic syndrome (MyS). EBS-MD-MyS
manifests as severe deterioration of endplate morphologies, defects in neuromuscular transmission, and progressive limb muscle
weakness (Banwell et al., 1999; Forrest et al., 2010; Maselli et al.,
2010; Selcen et al., 2011); for review see Engel, 2012.
Studies of patients suffering from EBS-MD with MyS yielded important insights into the development of the disease but did not
provide an opportunity to study mechanisms of endplate degeneration on cellular and molecular levels. The generation of plectin-deficient immortalized myoblast cell lines that mimic the pathology of
EBS-MD (Winter et al., 2014) offered a unique opportunity to overcome these limitations. We used this tool to investigate whether
1) agrin-induced AChR clustering is affected by plectin deficiency,
2) plectin recruits desmin IFs to AChR complexes, 3) AChR coupling
to IFs affects the diffusional mobility of AChRs within the sarcolemma
and/or the formation and maintenance of stable clusters, 4) phenotypic alterations effected by plectin deficiency can be rescued by
forced expression of specific plectin isoforms, and 5) plectin interacts directly with endplate constituent proteins and, if so, in an isoform-specific manner. To investigate the effect of plectin deficiency
on NMJ integrity on the organismal level, we additionally generated
a conditional plectin-knockout mouse line (Pax7-Cre/conditional
knockout [cKO]) that enables deletion of the plectin gene in skeletal
muscle precursor (satellite) cells. Our study demonstrates that plectin
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mediates the linkage of AChR complexes to the desmin IF network
in an isoform-dependent manner and that this linkage is crucial for
endplate integrity and proper body locomotion.

RESULTS
Agrin-induced AChR clustering is diminished
in the absence of plectin
To study the molecular mechanism behind plectin’s contribution to
NMJ integrity, we first investigated cluster formation of AChRs in
myotubes that had been differentiated ex vivo from immortalized
plectin-positive (Plec+/+) and plectin-deficient (Plec−/−) myoblast cell
lines (Winter et al., 2014). Plectin-deficient myotubes, like their normal counterparts, are multinucleated and show signs of full differentiation, such as spontaneous contraction (Winter et al., 2014). In addition, Plec−/− myotubes closely mimic the pathology of EBS-MD
myofibers, including the development of desmin-positive protein
aggregates (Winter et al., 2014). To induce AChR clustering, myotubes were exposed to recombinant neural agrin, and AChRs were
visualized by Alexa 488–α-bungarotoxin (BTX) labeling (Figure 1A).
A morphometric analysis revealed that in plectin-deficient myotubes, the formation of large clusters (≥5 μm2 in size) was strikingly
reduced compared to wild-type (wt) cells (Figure 1C). Moreover,
such clusters showed reduced fluorescence intensity compared with
corresponding ones in plectin-positive myotubes (Figure 1B). On
the other hand, in plectin-deficient myotubes, we observed a significantly increased number of (micro) clusters of sizes <5 μm2 (Figure
1D). To test the responsiveness of Plec−/− myotubes to agrin-induced
AChR-clustering, we quantified large clusters at different time points
after initiating the treatment. In contrast to Plec+/+ myotubes, where
the number of AChR clusters increased consistently with time (Figure
1E), no increase was observed in Plec−/− myotubes. In control experiments in which AChR expression levels in myoblasts and myotubes
were assessed by immunoblotting, no differences were observed
between Plec+/+ and Plec−/− cells, regardless of whether or not they
had been treated with agrin (Supplemental Figure S1).
Because AChRs are believed to be incorporated into stable clusters through their linkage to the postsynaptic cytoskeleton (Borges
and Ferns, 2001), we investigated whether plectin strengthens such
a linkage. For this purpose, we performed a sequential extraction of
myotubes (treated or untreated with agrin) with solutions containing
increasing concentrations of Triton X-100 (0.01, 0.3, 0.1, and 1%).
From each extract, AChRs were precipitated using biotinylated αBTX and quantified by immunoblotting (Figure 1, F and G). We
found that in cells untreated with agrin, the majority of receptors
(69.1 and 78.9% in Plec+/+ and Plec−/− cells, respectively) were already solubilized in the combined first two extractions (0.01 and
0.03%; Figure 1, F and G). On treatment with agrin, the amount of
receptors extracted at low concentrations of detergent (0.01 and
0.03%) was reduced in plectin-positive cells (52.8%) but not in plectin-deficient cells (83.4%), suggesting that agrin effected a strengthening of the AChR linkage to the underlying cytoskeleton in Plec+/+
but not in Plec−/− myotubes. The proportions of receptors that were
extractable only at the higher concentrations of Triton X-100 (0.1
and 1%) were larger (particularly upon agrin treatment) in Plec+/+
than in Plec−/− myotubes (47.2 vs. 16.6%, respectively), indicating a
tighter association of the receptors with the underlying cytoskeleton
in the presence of plectin (Figure 1, F and G).

Plectin-promoted AChR clustering is accompanied
by desmin IF network anchorage
To investigate whether the observed weaker association of AChR
complexes with the underlying cytoskeleton in plectin-deficient
AChR coupling to intermediate filaments
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FIGURE 1: Analysis of cluster formation and detergent extractability of AChRs. (A) Representative images of Alexa
488–α-BTX–labeled AChR clusters forming spontaneously (no agrin; white arrowheads) or in the presence of agrin.
Right, higher magnification of boxed regions in middle. Note that fragmented and less compact clusters (typical of
plectin-deficient cells) are rarely seen in Plec+/+ cells. Bars, 30 μm (left and middle); 10 μm (right). (B) Statistically
evaluated fluorescence intensities (recorded bellow fluorescence saturation) of large (≥5 μm2) clusters. Plec+/+, n = 114;
Plec−/−, n = 218 clusters examined. (C, D) Quantification of large (C) and small (<5 μm2; micro, D) clusters per total
myotube area visualized. Myotubes analyzed: Plec+/+, 271, and Plec−/−, 357 (C); and Plec+/+, 57, and Plec−/−, 38 (D). Note
that upon agrin treatment, Plec−/− myotubes form approximately half as many (and ∼1.3-fold less dense) large clusters
compared with Plec+/+ cells. (E) Quantification of agrin-induced clusters at different time points (presented as
percentage increase over 0 h). Note that only Plec+/+ cells were responsive to agrin. Myotubes analyzed per time point:
Plec+/+, ≥200; Plec−/−, ≥203. (F) Immunoblotting (using antibodies to AChR subunit α) of affinity-purified (biotin–α-BTX)
AChRs after sequential extraction of Plec+/+ and Plec−/− myotubes with indicated concentrations of Triton X-100. (G) Bar
diagram showing proportional extractability (%) of AChRs at various concentrations of detergent. Mean ± SEM, three
experiments (B–E), five experiments (G), each. *p < 0.05 and ***p < 0.001 compared with Plec+/+ (D) or Plec+/+ agrin/no
agrin/0 h (B, C ,E). Unpaired Student’s t test.

myotubes was due to the detachment of desmin IFs and/or actin
from the complexes, we performed costainings of Plec−/− and Plec+/+
myotubes, using Alexa 488–α-BTX for visualization of AChRs and
antibodies to either desmin or actin. Confocal imaging revealed
dense desmin IF networks juxtaposed to the AChRs in Plec+/+ myo4132 | E. Mihailovska et al.

tubes, whereas in plectin-deficient myotubes, desmin IFs were detached from the AChR clusters and collapsed into massive aggregates (Figure 2A). In contrast, plectin-positive and -negative
myotubes showed no differences in AChR association with the actin
network (Figure 2A). To assess in a more direct way whether the
Molecular Biology of the Cell

FIGURE 2: Compromised AChR clustering in myotubes deficient in plectin or desmin. (A) Confocal images of Plec+/+
and Plec−/− myotubes double labeled for AChR (Alexa 488–α-BTX) and desmin (top) or actin (bottom). Note embedment
of AChRs in desmin IF networks in Plec+/+ cells vs. dispersal of the receptors and separation from aggregated networks
in Plec−/− myotubes. Note also the association of actin fibers with AChRs in both Plec−/− and Plec+/+ myotubes.
(B, C) Quantification of large AChR clusters per myotube area (B) and evaluation of their density (C) upon treatment of
Plec+/+ cells with OA or WFA or after overexpression of P1f-Ins16. Controls, untreated cells. Note the treatment-effected
reduction of both assessed parameters to levels even below those of Plec−/− myotubes. Myotubes analyzed (B): Plec+/+,
untreated, 188, and treated, 125; Plec−/−, 64. Clusters analyzed (C): Plec+/+, untreated, n = 92, and treated, n = 71; Plec−/−,
53. (D, E) Representative confocal images of AChR clusters in wt, Plec−/−, and Des−/− myotubes differentiated from
primary myoblasts (D) and numerical evaluation of AChR clusters per myotube area (E). Myotubes analyzed: wt, 406;
Plec−/−, 183; and Des−/−, 333. (F) AChR clusters quantified at different time points after withdrawal of agrin from myotubes
specified in D. Values at 0 h after withdrawal of agrin were set as 100%. Myotubes examined: n ≥ 26 per genotype at
each time point. Mean ± SEM, three experiments each. *p < 0.05 and ***p < 0.001 compared to Plec+/+ (B, C), or wt
(E, F). Unpaired Student’s t test (B, C), or one-way ANOVA (E, F). (G) Time-lapse images of Alexa 488–α-BTX–labeled
AChR clusters at indicated time points after withdrawal of agrin. Bars, 20 μm (A, top; D), 10 μm (A, bottom; G).

association of IF network with AChRs had an effect on the formation
and/or stability of clusters, we monitored agrin-induced clustering
after disruption of desmin IF networks in immortalized Plec+/+ myotubes using okadaic acid (OA). OA, a potent phosphatase inhibitor,
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was previously shown to cause IF collapse in a number of cell types,
including fibroblasts (Gregor et al., 2014) and keratinocytes (Strnad
et al., 2002; Osmanagic-Myers et al., 2006). As shown in Figure 2,
B and C, OA treatment of Plec+/+ myotubes led to a dramatic
AChR coupling to intermediate filaments
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reduction in the number and density of agrin-induced clusters to
levels even below those of plectin-deficient myotubes. To establish
that OA-effected abnormal clustering was directly linked to IF retraction from the receptors and did not represent just a secondary effect
of OA-induced hyperphosphorylation, we investigated receptor
clustering upon treatment with withaferin A (WFA), a small molecule
that covalently modifies the highly conserved α-helical coiled-coil 2B
domain of type III IFs, leading to their aggregation in vitro and in vivo
(Bargagna-Mohan et al., 2007). As shown in Figure 2, B and C, WFA
affected AChR clustering in a way very similar to OA. Furthermore,
to directly interfere with plectin’s IF-anchoring function, we transfected into Plec+/+ myoblasts a cDNA expression plasmid encoding
a defective plectin (plectin isoform 1f [P1f]–16-base pair insertion
mutation [Ins16]) that carried a mutation near its IF-binding domain
(IFBD); this mutation had previously been found to cause a human
plectinopathy characterized by a severely disorganized desmin filament network (Schröder et al., 2002). The analysis of myotubes derived from such cells clearly revealed a retraction of the desmin IF
network from the periphery of the cell and its collapse in interior regions (unpublished data). A quantitative analysis revealed a numerical reduction (Figure 2B), as well as a diminished density, of AChR
clusters (Figure 2C). Overall the effects of all these treatments (OA,
WFA, and forced expression of mutant plectin) on AChR clustering
were quantitatively very similar, strongly suggesting that IF network
collapse was indeed responsible for the diminished frequency and
density of the receptor clusters (Figure 2, B and C).
To assess whether plectin and desmin deficiencies affected AChR
clustering in similar ways, we directly compared agrin-induced AChR
cluster formation in myotubes generated by differentiation of either
Plec−/− or Des−/− primary myoblasts (Figure 2, D and E). In both cases,
we observed a striking reduction in the number of agrin-induced
clusters per myotube area (54.5 and 47.6% of wt levels, respectively), comparable to the levels measured for immortalized myocytes (Figure 1C).
To further verify the role of plectin and desmin as stabilizers of
AChR clusters, we quantified the number of AChR clusters remaining in wt, Plec−/−, and Des−/− myotubes after withdrawal of agrin. As
shown in Figure 2F, after 4 h of incubation in agrin-free medium, the
number of detectable clusters had declined in all cases. However, in
Plec−/− and Des−/− myotubes, the decline (19 and 25%, respectively)
was about twice as fast as in their wt counterpart (11%). After 10 h,
the number of clusters in Plec−/− and Des−/− myoblasts had dropped
to 48 and 52%, respectively, whereas in wt cells, it showed a decline
of only 16% (Figure 2F). Time-lapse live imaging (at 2-h intervals up
to 10 h after agrin withdrawal) of Alexa 488–α-BTX–labeled AChR
clusters in immortalized myoblast-derived Plec−/– and Plec+/+ myotubes confirmed the rapid degradation of clusters in plectin-deficient cells, whereas the vast majority of clusters in Plec+/+ myotubes
appeared to be stable up to the 10-h time point (Figure 2G). Hence
desmin-deficient myotubes phenotypically closely resembled their
plectin-deficient counterparts, suggesting that the loss of filaments
as a whole and the disruption of their anchorage due to plectin deficiency affected AChR clustering in similar ways.

Increased diffusional mobility of AChRs within the
sarcolemma of plectin-deficient myotubes
To visualize the dynamic interplay of AChR clusters and IFs, we performed live imaging of desmin–green fluorescent protein (GFP)–
transfected Plec+/+ and Plec−/− myotubes that after withdrawal of
agrin were additionally labeled with Rhodamine Red–streptavidinbiotin-α-BTX. Monitoring Plec+/+ cells for up to 2 h in the absence of
agrin, we observed compact and relatively immobile AChR clusters
4134 | E. Mihailovska et al.

enclosed in a lattice of desmin IFs (Figure 3A and Supplemental
Video S1). In contrast, in Plec−/− myotubes, collapsed desmin IF networks were visualized as aggregates that were distant from receptor
clusters without showing any overlap. Of interest, already as early as
6 min after initiating the imaging period, fragmentation and a drifting away from IF-disconnected larger clusters could be observed in
this case (Figure 3B and Supplemental Video S2). Moreover, large
clusters as a whole were changing their position within the plane of
the sarcolemma (Figure 3B and Supplemental Video S2). Finally,
transient and apparently unstable interactions between microclusters were detected, suggesting that these structures were unable to
fuse into more stable larger clusters (Figure 3B and Supplemental
Video S2). When agrin-induced AChR cluster formation was monitored by live imaging of transfected GFP-AChR-ε-subunit instead of
α-BTX labeling, similar results were obtained (Supplemental Videos
S5 and S6).
Measuring the number of mobile microclusters per visualized
myotube area, we found a strikingly higher number in Plec−/− than in
Plec+/+ cells (Figure 3C). Not only were the clusters in plectin-deficient myotubes traveling over longer distances, but they also moved
with higher velocity than their counterparts in normal cells (Figure 3,
D and E). To assess whether desmin IF disruption in Plec+/+ myotubes led to a phenotype resembling that of Plec−/− cells, we exposed plectin-positive myotubes to either OA or WFA or transfected
them with P1f-Ins16 (Supplemental Video S3). These manipulations
led not only to the expected disruption of desmin IF networks and
their detachment from receptor clusters, but also to an increase in
number, average velocities, and total distances traveled of mobile
clusters, approaching or even exceeding the values measured for
Plec−/− cells (Figure 3, C–E).

Plectin isoform–specific rescue of compromised AChR
clustering and IF network anchorage
Double labeling of soleus muscle fibers for plectin and presynaptic
(synaptophysin) or postsynaptic (AChR) marker proteins, using specific antibodies (plectin and synaptophysin) and Alexa 488–α-BTX
for visualization of AChRs, revealed extensive overlap of plectinspecific signals with the postsynaptic marker (Supplemental Figure
S2A). To identify the NMJ-associated isoform(s) of plectin, we performed double labeling of adult wt myofibers using Alexa 488–αBTX in combination with specific antibodies to plectin isoform 1 (P1)
and P1f, both of which had previously been shown to reside predominantly in peripheral areas of myofibers (Rezniczek et al., 2007;
Hijikata et al., 2008; Konieczny et al., 2008). As shown in Supplemental Figure S2B, P1f showed conspicuous codistribution with
AChRs, whereas anti-P1 antibodies, in agreement with previous
studies (Rezniczek et al., 2007), decorated predominantly structures
in the vicinity of synaptic nuclei, in fact generating a negative image
of Alexa 488–α-BTX–positive structures.
To assess whether AChR cluster formation and stabilization in
cells were directly linked to plectin and especially to P1f, the isoform
specifically associated with NMJs (Supplemental Figure S2B), we
performed rescue experiments in which Plec−/− myoblasts were transiently transfected with cDNA expression plasmids encoding fusion
proteins of GFP and various intact and mutated isoforms of plectin.
We found that after transfection of P1f-GFP expression plasmids into
myoblasts and their differentiation to myotubes, not only was P1fGFP primarily localized at the sarcolemma of the cells, showing a
specific enrichment at AChR clusters (Figure 4A), but, remarkably, it
also reestablished desmin IF network association with the receptors
(Figure 4A). A quantitative analysis revealed that the number of AChR
clusters was significantly increased compared with nontransfected
Molecular Biology of the Cell

FIGURE 3: Time-lapse video microscopy of desmin-GFP–expressing Plec+/+ and Plec−/− myotubes. (A) Top, confocal image
showing part of a desmin-GFP–expressing Plec+/+ myotube; Rows below, time-lapse images of the central area
(delineated by dashed lines). Bracket indicates region of a representative large AChR cluster embedded in a dense
network of desmin IFs. Note the nearly unchanged position and compactness of AChR cluster over the entire observation
period (0–52.5 min; see also Supplemental Video S1). (B) As in A, except that a Plec−/− myotube is shown. Cell margins are
outlined in white. Note the prominent desmin IF network aggregate, distant from clusters. White and yellow arrowheads,
microclusters separating from a large cluster; note their repeated transient mutual interaction during traveling and final
disassembly of the one labeled white in three even smaller microclusters. Purple arrowhead, separation of another
microcluster (magenta; time point 75 min) that drifts away and eventually vanishes completely (see also Supplemental
Video S2). Note also positional shift of the large cluster as a whole relative to its initial position (bracket). Bars, 10 μm
(A, B). (C–E) Statistical quantification of mobile cluster parameters (number, velocity, and total distance traveled) in Plec+/+
cells (before or after induction of IF network collapse using OA, WFA, or P1f-Ins16) and in unreconstituted or P1freconstituted Plec−/− cells. Myotubes analyzed in C: Plec+/+, untreated, 6, and treated, 7; Plec−/−, 5; and P1f-GFP, 5.
Clusters analyzed in D and E: Plec+/+, untreated, 202, and treated, 174; Plec−/−, 217; and P1f-GFP, 21. Mean ± SEM, three
independent experiments. *p < 0.05 and ***p < 0.001 compared with Plec+/+, untreated; unpaired Student’s t test.
Volume 25 December 15, 2014
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FIGURE 4: Plectin-isoform dependent rescue of compromised AChR clustering and IF anchorage in plectin-deficient
myotubes. (A) Confocal fluorescence images of Plec−/− (top five rows) and Plec+/+ (bottom row) myotubes after
transfection with plasmids encoding various intact or mutant versions of plectin-GFP fusion proteins. Schematic drawings
of plectin variants precede each row. Single- and two-channel images (merged) of triple-labeled specimens are
presented as indicated on top. Note that among three different isoforms of plectin tested, only P1f showed targeting to
AChR complexes (white arrowheads in the top and two lower rows), whereas recruitment of desmin IFs toward receptor
complex was dependent on P1f comprising an intact IFBD (yellow arrowheads). Bar, 10 μm. (B, C) Quantification of
numbers (B) and densities (C) of large AChR clusters measured in three independent experiments for each series of
transfections. Note that only full-length or rodless P1f could restore compact receptor clusters. Myotubes analyzed in B:
Plec+/+, 359; Plec−/−, untransfected, 727, and transfected 536. Clusters examined in C: Plec+/+, 273; Plec−/−, untransfected,
530, and transfected, 758. Mean ± SEM. *p < 0.05 and ***p < 0.001 compared with Plec+/+; unpaired Student’s t test.
4136 | E. Mihailovska et al.
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Plec−/− myotubes, approaching the level detected in plectin-positive
myotubes (Figure 4B). In contrast, when nuclear/ER membrane–associated isoform P1 (P1-GFP) and Z-disk–associated isoform P1d
(P1d-GFP) were expressed, neither of them colocalized with the receptor complex, nor did they reestablish desmin IF network accumulation in defined sarcolemmal areas, indicating that they failed to
promote AChR cluster formation (Figure 4, A and B). Similarly, when
the experiments were performed with plasmids encoding IF-binding–incompetent P1f (P1f-Ins16), neither reanchoring of IF networks
at AChR clusters nor improved receptor clustering was observed in
myotubes (Figure 4, A and B). On the other hand, a significant increase in the number of AChR clusters, paralleled by desmin reanchorage, was observed upon forced expression of P1f-rodless, a P1f
version lacking the rod but containing the other domains of the plectin molecule, including its IFBD (Figure 4, A and B). Codistribution of
P1f with AChR clusters was observed also upon its overexpression in
wt myotubes (Figure 4A). When the compactness of receptor clusters
in P1f-reconstituted versus unreconstituted myotubes was evaluated
by quantifying the fluorescence intensities of Cy5–α-BTX–labeled
clusters, only the expression constructs that encoded full-length or
rodless P1f were found to effect the formation of more compact
receptor clusters, whereas those encoding isoforms P1 or P1d or
P1f-Ins16 were not (Figure 4C).
Furthermore, using video microscopy, we showed that the elevated mobility of clusters in Plec−/− myotubes could be restored
to the lower levels typical of plectin-positive myotubes (Figure 3,
C–E, and Supplemental Video S4). These observations confirmed
that P1f-mediated IF anchorage of AChRs decreased their mobility and counteracted the formation of reassembly-incompetent
microclusters.

Targeting of plectin to the AChR complex is accomplished
by interaction of its ABD with rapsyn
To study P1f’s interaction with the AChR complex on the molecular
level, we selectively isolated sarcolemma-associated AChRs from
C2C12 myotubes by incubating live cells with biotinylated α-BTX
and purifying bound receptors after cell lysis with streptavidin-agarose (Borges and Ferns, 2001). Among the proteins copurifying with
the receptor, P1f could unambiguously be identified by immunoblotting using isoform-specific antibodies (Figure 5A). Of interest, P1f
copurified with the AChR complex at levels higher than background
only when myotubes had been treated with agrin, suggesting that
this was inducing P1f-AChR complex formation.
To examine whether P1f could interact with AChR complex–specific proteins that potentially could be involved in its targeting to
NMJs, we tested its interaction with the AChR-binding protein rapsyn. On immunoprecipitation of rapsyn from C2C12 myotube
lysates, endogenous P1f was one of the coprecipitating proteins
(Figure 5B). Moreover, this interaction was agrin dependent, as
greater than four times higher levels of P1f were coprecipitating from
lysates of agrin-treated versus untreated myotubes (Figure 5B).
To assess whether plectin’s isoform diversity played a role in rapsyn-binding, we expressed and purified recombinant histidine
(His)-tagged versions of N-terminal fragments of isoforms P1f and
P1d (each comprising the isoform-specific, first exon–encoded sequence and ABD encoded by the ensuing exons 2–8), as well as of
the ABD alone (without any preceding isoform-specific sequences;
Figure 5E, boxed area) and performed a pull-down assay in which
the binding of these proteins to a GST-rapsyn fusion protein immobilized on Sepharose beads was tested. Immunoblotting of bound
(eluates) and unbound fractions revealed rapsyn binding of
P1f-ABD, as well as of the ABD without preceding sequences
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(Figure 5C, top two rows, lanes 4 and 5), whereas P1d-ABD showed
hardly any binding (Figure 5C, top two rows, lane 6 vs. lane 9). Control experiments in which Sepharose beads coupled to glutathione
S-transferase (GST) instead of rapsyn-GST or uncoupled beads were
used were negative (Figure 5C, bottom four rows).
In an alternative assay, HEK cells were cotransfected with expression plasmids for rapsyn-hemagglutinin (HA) and GFP-tagged versions of N-terminal plectin fragments, followed by HA-specific immunoprecipitation and analysis of rapsyn-bound proteins by
immunoblotting using antibodies to GFP/HA tags. In this case, too,
P1f-ABD and ABD showed specific binding to rapsyn, whereas P1dABD did not (Figure 5D, top two rows, lanes 4-6); control experiments with HEK cells transfected with expression plasmids solely for
plectin fragments but not for rapsyn-HA were negative (Figure 5D,
bottom two rows). Overall these data suggested that exon 1f–encoded, but not P1d-specific, amino acid residues favored plectin’s
interaction with rapsyn.

Plectin deficiency causes NMJ deterioration and reduction
in AChR density in Pax7-Cre conditional knockout mice
The inefficient AChR clustering observed in ex vivo–differentiated
plectin-deficient myotubes, together with the grossly disorganized
structure of NMJs typical for patients suffering from plectinopathyassociated MyS (Engel, 2012), strongly suggested that postsynaptic plectin plays a role in maintaining dense AChR clusters at the
crests of sarcolemma infoldings. To examine on the organismal
level whether the lack of postsynaptic plectin causes defects in
NMJ morphology with consequences for muscle strength and
body balance, we generated a mouse line (Pax7-Cre/cKO) in which
plectin gene disruption was controlled by Pax7, a transcription factor that is expressed in muscle stem cells (Relaix et al., 2005). In
contrast to a previously generated MCK-Cre/cKO mouse line
(Konieczny et al., 2008), in which precursor satellite cells were exempt from ablation (allowing reexpression of plectin in adult myofibers during regeneration), Pax7-Cre/cKO mice were plectin negative not only in mature myofibers of limb muscles, but also in
satellite cells (Supplemental Figure S3) and consequently at NMJs
(Figure 6A). Whereas MCK-Cre/cKO mice were hardly distinguishable from their wt littermates until reaching adulthood, Pax7-Cre/
cKO mice suffered from body weakness, manifesting as small size,
profound kyphosis, and a survival rate of only 50% at the age of 19
wk (Figure 6, B and C).
To distinguish between presynaptic and postsynaptic contributions of plectin to the structural integrity of NMJs, we compared
morphological features of NMJs in specimens isolated from wt and
four different genetically modified mouse lines, namely Pax7-Cre/
cKO, MCK-Cre cKO (Konieczny et al., 2008), desmin-knockout
(Des−/−) mice (Li et al., 1996), and mice deficient in plectin isoform
1c (P1c), the major isoform expressed in motor neurons (Fuchs
et al., 2009). Of interest, in soleus muscle of adult Pax7-Cre/cKO
mice, we observed a dramatic deterioration of endplates into small
islands of AChRs, in sharp contrast to the continuous (pretzel-like)
appearance of AChR clusters in wt as well as in P1c-knockout mice
(Figure 7A). The quantification of Alexa 488– α-BTX–specific signals
in Pax7-Cre/cKO soleus muscle revealed a decrement of 51% compared to wt, suggesting a substantial reduction of AChR density in
the absence of plectin (Figure 7B). Deterioration of the typical pretzel-like appearance was noticeable also in Des−/− and MCK-Cre/
cKO mice, albeit in both of these cases it was less pronounced, as
clearly revealed by statistical quantification of the number and sizes
of fragmented clusters (Figure 7, C and D). Apart from soleus, severe fragmentation of NMJs was found in several other types of
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FIGURE 5: Targeting of P1f to the AChR complex via binding to rapsyn. (A) Copurification of P1f with sarcolemmaassociated AChRs. Membrane-bound AChRs were isolated from untreated or agrin-treated C2C12 myotubes by
incubation of cells with biotinylated α-BTX, followed by cell lysis and precipitation of the biotinylated AChR using
streptavidin-agarose. Input (lysates) and eluate fractions were analyzed by immunoblotting (IB). Lysates from BTXuntreated cells served as negative controls (lanes 4 and 6). (B) Coimmunoprecipitation of P1f with rapsyn from lysates of
untreated/agrin-treated C2C12 myotubes (input) using anti-rapsyn antibodies and protein G–agarose. Wash and eluate
fractions of precipitates were subjected to immunoblotting (IB) as indicated. Note that the levels of endogenous rapsyn
are very low and become detectable only upon immunoprecipitation of the protein. The bar diagram shows signal
intensities of P1f, densitometrically determined and normalized to coeluted rapsyn (P1f/rapsyn = 1, for agrin-untreated
cells). Note the greater than fourfold higher amount of P1f cosedimenting with rapsyn from agrin-treated C2C12
myotubes compared to control (no agrin). Mean value ± SEM, three experiments. ***p < 0.001 compared with no-agrin
control. (C) GST pull-down assay. Top two rows, recombinant rapsyn-GST coupled to glutathione–Sepharose beads was
incubated with His-tagged versions of plectin’s ABD, P1f-ABD, or P1d-ABD, and rapsyn-bound/unbound fractions were
separated by centrifugation. Aliquots of input (lanes 1–3), bound (eluates; lanes 4–6), and unbound fractions (lanes 7–9)
were analyzed by immunoblotting (IB) using antibodies to protein tags as indicated. Middle two and lower two rows,
like the top two rows, except that only recombinant GST protein (without fused rapsyn) or no protein at all, respectively,
was immobilized on glutathione–Sepharose beads. Note that P1f-ABD, as well as ABD, is coeluting with rapsyn-GST
(second row, lanes 4 and 5), whereas P1d-ABD is predominantly detected in the unbound fraction (lane 9). (D) Pull down
of N-terminal plectin fragments with rapsyn overexpressed in HEK cells. Top two rows, lysates derived from HEK-cells
cotransfected with rapsyn-HA and GFP-tagged plectin fragments were subjected to immunoprecipitation using
HA-specific antibodies and protein G–coupled agarose beads; input and eluate fractions were analyzed as in to D. Note
the binding of P1f-ABD and ABD (lanes 4 and 5), but not of P1d-ABD (lane 6), to rapsyn-HA. Bottom two rows, like the
upper two rows, except that HEK cells were single transfected (overexpressing plectin fragments but not rapsyn).
(E) Schematic representation of the domain structure of the four major plectin isoforms (P1f, P1d, P1, and P1b)
expressed in skeletal muscle. Recombinant His/GFP-tagged N-terminal domains of isoforms used for binding assays
and coimmunoprecipitation are boxed. Arrowheads and short lines on the left in A–D mark positions of molecular mass
markers (in kilodaltons): A and B, 43 and 250; C, 70 and 35; D, 55 and 43 (arrowheads and lines, respectively).

plectin-deficient muscle tested, such as extensor digitorum longus,
gastrocnemius, tibialis, and diaphragm (Supplemental Figure S4).
Concomitant with the fragmentation of NMJs, a disturbed topology of the nerve terminal was observed (Figure 7F). Moreover, we
found a dispersion of voltage-gated sodium channels (VGSCs) in
endplate regions of Pax7-Cre/cKO soleus muscle (Figure 7G), manifesting as approximately twofold reduced colocalization of VGSCs
with AChRs (Figure 7E).
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Monitoring age-dependent progression of NMJ fragmentation
in soleus muscle of wt, Pax7-Cre/cKO, and Des−/− mice in a comparative manner showed that the frequency of fragmented NMJs
(defined here as NMJs with ≥6 discontinuous fragments of AChRs)
in 1-mo-old animals already reached 21.2% in Pax7-Cre/cKO versus
only 4.1% in corresponding Des−/− mice (Figure 7H). At the age of
2 mo, Pax7-Cre/cKO mice displayed a striking deterioration of their
endplates (65% fragmented NMJs compared with only 24.4% in
Molecular Biology of the Cell

FIGURE 6: Phenotypic characterization of Pax7-Cre/cKO mice. (A) Longitudinal cryosections of soleus muscles derived
from adult wt, MCK-Cre/cKO, and Pax7-Cre/cKO mice were immunolabeled for plectin (yellow) and desmin (red) and
labeled for AChR with Alexa 488–α-BTX (green). Note the complete absence of plectin from myofibers (including
endplate regions) of Pax7-Cre/cKO mice, whereas myofibers from adult MCK-Cre/cKO mice showed some reexpression
and accumulation of plectin at endplate regions (arrowhead). (B) X-radiography of wt and Pax7-Cre/cKO mice. Note
severe kyphosis in Pax7-Cre/cKO mice. (C) Survival rates of wt and Pax7-Cre/cKO mice. Note greatly reduced lifespan
of mutant mice, showing a 50% survival rate of only 19 wk (n > 35 per genotype).

Des−/− samples), and after 4 mo, fragmentation had risen to 84.2%
in Pax7-Cre/cKO versus 54.5% in Des−/− mice (Figure 7H). Thus
Des−/− mice showed progressive but significantly milder fragmentation of NMJs than plectin-deficient animals (Figure 7H).
To investigate whether plectin deficiency affected the ultrastructure of NMJs, in particular the typical infoldings of the sarcolemma,
we subjected epoxy resin–embedded ultrathin sections of soleus
muscle from adult wt and Pax7-Cre/cKO mice to electron microscopy. Whereas in wt mice, the postsynaptic region was characterized by numerous, evenly distributed infoldings of uniform depth, in
Pax7-Cre/cKO mice, synaptic infoldings were strikingly rare and of
uneven shape (Figure 8, A, left and center, and B). In addition, a
dearth of postsynaptic mitochondria was noticeable (Figure 8, A,
right, and C).

Postsynaptic plectin deficiency causes retraction of IFs from
NMJs with ensuing network collapse and accumulation of
MT networks at endplates
To investigate whether plectin’s association with NMJs led to the
accumulation and anchorage of IF networks at the synapses, we
performed costaining of AChRs and desmin IFs. Consistent with
our observations made with ex vivo–differentiated myotubes
(Figure 2A), en face confocal imaging revealed dense desmin IF
networks juxtaposed to the NMJ in wt muscle, whereas in Pax7Cre/cKO muscle, desmin IFs were detached from the synapse and
showed collapse around synaptic nuclei (Figure 9A). Three-dimensional reconstructions of confocal Z-stack images of muscle fibers
costained for desmin, AChRs, and synaptophysin provided clear
evidence for the retraction of desmin IFs from NMJs in plectin-deficient muscle (Figure 9B and Supplemental Videos S7 and S8).
Similarly, cytokeratins, a second, although in muscle fibers less
abundantly expressed IF type (Ursitti et al., 2004), showed accumulation around NMJs in wt but not Plec−/− muscle fibers (Figure 9C).
Similarly, using antibodies to nestin, an IF protein that is specifically
expressed at NMJs and myotendinous junctions of adult skeletal
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muscle fibers (Carlsson et al., 1999), showed that nestin-positive
filaments were separated from the postsynaptic apparatus in plectin-negative fibers (Figure 9D). With the use of vimentin-specific
antibodies, in neither wt nor Plec−/− soleus muscle fibers were positive filaments observed (Figure 9E).
We recently showed that MT networks in plectin-deficient myotubes, similar to Plec−/− keratinocytes, were more stable and thus
less dynamic due to their increased association with MT-stabilizing
proteins such as tau and MAP2c (Raith et al., 2013; Valencia et al.,
2013). As a consequence, several important MT-dependent cellular
functions were found to be altered or compromised in plectin-deficient cells, among them vesicular transfer of glucose transporters to
the sarcolemma of muscle fibers (Raith et al., 2013). Because previous reports suggested a vectorial delivery of synaptic proteins via
stable MT tracks to the synaptic membrane (Marchand et al., 2000;
Schmidt et al., 2012), we investigated whether alterations in MT organization contributed to the compromised AChR clustering observed in plectin-deficient myotubes. Double labeling, using Alexa
488–α-BTX and antibodies to tubulin, showed that the MT networks
surrounding the IF-deserted AChR complexes in plectin-deficient
soleus muscle fibers (Figure 9F), as well as those in cultured myotubes (Supplemental Figure S5A), were indeed more dense and
thus more prominent than in wt cells. MTs in plectin-deficient muscle
also showed a higher extent of tubulin acetylation (Figure 9F) and
more prominent decoration with the MT assembly–promoting protein tau (Figure 9F and Supplemental Figure S5A), both indicators of
increased MT polymer stability.
To assess whether the stabilization of MTs in wt myotubes mimics
the situation of reduced agrin-inducible AChR clustering typical of
plectin-deficient cells, we either treated wt myotubes with Taxol or
subjected them to forced expression of tau-GFP before agrin exposure. Both treatments, although leading to a much more prominent
peripheral MT network compared with untreated cells, led to reductions in cluster formation to levels even lower than that of Plec−/−
cells (Supplemental Figure S5B).
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FIGURE 7: Comparative morphometric analyses of NMJs in wt and various mutant mouse lines. (A) Confocal Z-stack
image projections of Alexa 488–α-BTX–labeled AChR clusters on teased myofibers of soleus muscles. Note
fragmented and dispersed NMJ structures in both cKO (Pax7- and MCK-Cre) and Des−/− but not in wt and P1c KO
mice. (B) Densitometric analysis (voxel intensities) showing ∼50% decrement in intensity of Pax7-Cre/cKO in
comparison to wt samples (wt, n = 283; Pax7-Cre/cKO, n = 803). (C, D) Number (C) and size (D) of discrete AChRpositive islands per soleus myofiber NMJs of 2-mo-old mice. NMJs analyzed: wt, 103; P1c KO, 36; MCK-Cre/cKO,
40; Pax7-Cre/cKO, 32; and Des−/−, 45. (E) Quantification of VGSC-AChR colocalization in wt and Pax7-Cre/cKO
muscle. Mean ± SEM (B–D), three experiments. Mean ± SD (E), two experiments. *p < 0.05, **p < 0.01, and
***p < 0.001 compared with wt; unpaired Student’s t test. (F, G) Teased myofibers (F) or longitudinal sections of
soleus muscle (G) derived from wt and Pax7-Cre/cKO mice were double labeled as indicated. Arrowheads,
pronounced nerve branching (F) and partial delocalization of VGSCs from receptors (G). Bars, 10 μm (A, F, G).
(H) Time course of NMJ fragmentation frequency in plectin- and desmin-deficient soleus muscles. NMJs in soleus
muscle fibers of 1-, 2-, and 4-mo-old mice were classified as fragmented (≥6 discontinuous fragments of AChR),
partially fragmented (4–5 fragments), and normal (1–3 fragments). Note the early appearance of NMJ fragmentation
in Pax7-Cre/cKO mice (1-mo-old) and more dramatic progression with age compared with Des−/− mice. A minimum of
30 NMJs were analyzed from each genotype per age.
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FIGURE 8: Electron microscopy of NMJs in wt and plectin-deficient soleus muscle. (A) Cross-sectioned NMJs show
numerous densely assembled synaptic folds of comparable length and upright orientation in wt myofibers, contrasting
the mere two or three (mostly curved and disoriented) infoldings formed per presynaptic membrane in mutant mice (left
and middle, top vs. bottom row). Middle, 3× magnification of boxed areas in left. Right, survey views showing lower
frequency of postsynaptic mitochondria in plectin-deficient compared with wt muscle. Outlining (red), synaptic folds;
green, presynaptic membranes. Arrowheads, selected mitochondria. Note disoriented Z-disks in lower right. Bars, 1 μm.
(B, C) Numerical evaluation of infoldings (B) and NMJ-associated mitochondria (C), normalized to presynaptic membrane
length. Wt, n = 34; Pax7-Cre/cKO, n = 36. Mean ± SEM, two experiments. ***p < 0.001, unpaired Student’s t-test.

Postsynaptic plectin deficiency leads to impairment of
locomotor activity, muscle strength, and limb coordination
To examine whether plectin deficiency affected neuromuscular function, we measured the limb grip strength of adult Pax7-Cre/cKO and
wt mice using a grip strength meter. For wt mice, the average maximum grip strength (normalized to body weight) of forelimbs (FLs)
and of FLs and hindlimbs (HLs) combined was 5.0 and 8.3 g/g, respectively, whereas the corresponding values for the mutant mice
were only 2.5 and 4.3 g/g (Table 1). Alternatively, when limb muscle
strength was assessed as the latency of the mouse to let off from an
inverted mesh grid (clinging time), in a test series starting at 4 wk of
age and running over 10 wk, mutant mice showed a remarkably low
latency of ≤10 s, whereas the clinging time of wt mice surpassed the
60-s duration period of the tests (Supplemental Figure S6A). Furthermore, consistent with their pronounced muscle weakness, Pax7Cre/cKO mice displayed deficits in general locomotor activity and
rearing events as analyzed by the open-field test (Table 1 and Supplemental Figure S6B). Assessing whether the motor coordination
of adult mice was affected, in the Rotarod test, Pax7-Cre/cKO mice
showed a shorter latency in falling off an accelerating rod than their
wt littermates (Table 1).
To evaluate more quantitatively the severe deficits in muscle
strength and coordination of mutant mice, we measured a variety of
locomotor parameters related to the gait of mice during four types
of movements—overground walking and wading, skilled walking on
a horizontal ladder, and swimming. Tail and intralimb coordination
were analyzed by monitoring previously marked bony landmarks
and tail regions, such as iliac crest (IC), hip, knee, toe, and the base,
middle, and tip of the tail using the MotoRater experimental setup
Volume 25 December 15, 2014

(Supplemental Figure S6, C and D; Zörner et al., 2010). The data
obtained in these studies are shown in Tables 2–4. Summarized,
these studies confirmed the markedly reduced HL strength of Pax7Cre/cKO mice and clearly revealed a reduced body–HL coordination, complete loss in body–tail, as well as intratail coordination
(Supplemental Videos S9 and S10), and mildly compromised accuracy during skilled walking on a horizontal ladder. Overall these abnormalities resulted in reduced velocity of locomotion, as clearly
evident in the wading and swimming tests. In contrast to musclerestricted plectin deficiency (Pax7-Cre/cKO), presynaptic lack of
plectin did not cause reduced muscle strength, as mice deficient in
P1c (Fuchs et al., 2009) did not show any signs of muscle weakness,
performing indistinguishably from their wt littermates during the inverted mesh grip test (Supplemental Figure S6A). In all, because
Pax7-Cre/cKO mice mirrored the pathological features of plectinopathy-associated MyS, such as grossly distorted NMJ morphology,
significantly shortened life span, and reduced motility starting from
young age (Engel, 2012), they may serve as a useful animal model
for the disease.

DISCUSSION
Our study indicates that in fully developed myofibers, AChR–rapsyn
complexes, positioned at the crests of postsynaptic infoldings, are
physically linked via plectin to the desmin IF network. The isoform of
plectin that forms this linkage, P1f, binds in an isoform-dependent
manner directly to rapsyn. We demonstrate that this linkage keeps
the receptors immobilized in the form of stable clusters and provides mechanical support to the synaptic environment, including
the invaginating fold structure.
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FIGURE 9: Postsynaptic plectin deficiency leads to retraction from NMJs and collapse of IF networks. (A–E) Teased soleus
muscle fibers of adult Pax7-Cre/cKO mice and wt littermates labeled with Alexa 488–α-BTX (AChR) and counterstained
for the IF proteins desmin (A), cytokeratin 8 (C), nestin (D), or vimentin (E). Note IF-disconnected NMJs in Pax7-Cre/cKO
specimens, contrasting the condensed IF lattices surrounding AChRs in wt fibers. Arrowhead in A, pathological
aggregates of desmin IFs collapsed around synaptic nuclei. Confocal Z-stack images of fibers (triple labeled for desmin,
synaptophysin, and AChR) shown in B were reconstructed in three dimensions using Huygens software. (F) Like A, except
that muscle fibers were counterstained for tubulin, acetylated tubulin, or the tau protein. Note the more prominent MT
networks surrounding endplates, as well as enhanced tau signals in plectin-deficient specimens. Bars, 10 μm.

P1f-specifc sequences prime plectin’s ABD
for rapsyn binding
The observation that P1f, but not the Z-disk–associated isoform
P1d, binds to rapsyn provides a mechanistic explanation for P1f’s
targeting to NMJs. Our data suggest that the exon 1f–encoded sequence, in contrast to other isoform-specific sequences, promotes
rapsyn binding of plectin’s ABD. This idea is strongly supported by
4142 | E. Mihailovska et al.

the high sequence homology of the first exons (as well as of the
downstream ABD-encoding regions) of P1f and ACF7/MACF, another cytolinker protein with an ABD that has been implicated in
rapsyn binding (Antolik et al., 2007). However, even if both cytolinkers can target rapsyn and mediate actin binding (Andrä et al.,
1998; Karakesisoglou et al., 2000), due to its uniqueness as a general IF-binding protein, P1f clearly must exert postsynaptic functions
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Test
Parameter
Grip strengtha FLs (g/g)
Total (g/g)
Open fieldb
Global
distance (m)
Rearing
time (min)
Time spent
in peripheral
sector (%)
Time spent
in central
sector (%)
Rotarodc
Latency of
falling (s, day 1)
Latency of
falling (s, day 2)
Latency of falling (s, day 3)

wt

Pax7-Cre/cKO

Parameter

5.0 ± 0.2
8.3 ± 0.5
77.7 ± 4.2

2.6 ± 0.1***
4.3 ± 0.2***
50.1 ± 28.5***

12.4 ± 1.5

6.9 ± 0.4***

66.8 ± 2.7

67.7 ± 3.6

33.8 ± 2.0

33.5 ± 2.3

35.0 ± 2.0

19.1 ± 3.4*

69.7 ± 14.1

40.3 ± 3.5*

92.6 ± 8.3

64.2 ± 1.7

a

Grip strength of FLs and of FLs and HLs combined (total) of mutant compared
with wt mice assessed using a grip strength meter; measurements were normalized to body weight; mice analyzed: wt, 15; Pax7-Cre/cKO, 8. Mean ± SEM.
b
General locomotor activity (during 30 min) was assessed in open field test;
mice analyzed: wt, 28; Pax7-Cre/cKO, 26. Mean ± SEM.
c
To analyze body balance, the time mice abided on a rotating rod was measured; mice analyzed: wt,12; Pax7-Cre/cKO, 11. Mean ± SEM.
*p < 0.05, ***p < 0.001, unpaired Student’s t-test.

TABLE 1: Muscle strength, locomotor activity, and limb coordination
of adult Pax7-Cre/cKO mice.

wt

Pax7-Cre/cKO

Identical rungs targeted by FPs
and HPs (%)a

95.6 ± 0.2

89.5 ± 2.1

Functional paw placement (%)b

97.0 ± 0.1

96.2 ± 0.2

c

Distance between HPs (cm/g)

wt

1.9 ± 0.1***

TABLE 3: Analysis of skilled locomotion.

that are distinct from those of ACF7/MACF. The observation that
agrin was inducing P1f–rapsyn interaction (Figure 5B) speaks for the
specificity of the interaction. However, it remains to be shown
whether agrin triggers any modification (such as phosphorylation) of
rapsyn and/or P1f or of other myoblast proteins that may favor their
interaction. Alternatively, P1f could be targeted first to peripheral
proteins such as β-dystroglycan (Rezniczek et al., 2007), and only
agrin-induced assembly of AChR clusters may bring rapsyn close
enough to P1f for interaction to occur. In any case, the severe muscle weakness presented by limb-girdle muscular dystrophy patients
due to mutation in P1f’s first exon (Gundesli et al., 2010) strongly

Overground walking
Parameter

1.3 ± 0.1

Mice were recorded while walking on a horizontal ladder (see Supplemental
Figure S6D). The wt mice crossed the ladder without slipping and by placing
the HP on the same rung that previously had been occupied by their ipsilateral
forepaw (FP), whereas mutant mice showed a slightly less effective targeting of
identical rungs accompanied by several paw slips. Measurements done for each
step were averaged. Mice examined: wt, 27; Pax7-Cre/cKO, 20. Mean ± SEM.
a
FL-HL coordination was assessed by calculating the percentage of identical
rungs targeted by ipsilateral FPs and HPs.
b
Precise placements of FPs on rungs were analyzed, and percentage of paw
misplacements was calculated.
c
The larger distance between HPs suggested loss of HL strength.
***P < 0.001, unpaired Student’s t test.

Pax7-Cre/cKO

Wading
wt

Pax7-Cre/cKO

IC (height; mm)

23.6 ± 0.6

19.9 ± 1.2**

25.7 ± 0.9

24.7 ± 0.02

Ankle (height; mm)

14.2 ± 0.3

10.9 ± 0.4

22.3 ± 0.01

17.2 ± 0.2***

11.4 ± 0.5

8.8 ± 0.02*

8.4 ± 0.9

Toe (height; mm)

5.9 ± 1.5***

Base tail (height; mm)

18.5 ± 0.6

20.8 ± 0.04

17.4 ± 0.6

Middle tail (height; mm)

23.9 ± 1.2

7.6 ± 1.3***

19.4 ± 0.4

10.0 ± 0.7*

23.6 ± 1.8

2.6 ± 1.3***

11.4 ± 0.1

2.5 ± 0.6*

25.1 ± 0.9

32.7 ± 2.2***

N.A.

1.6 ± 0.2

2.3 ± 0.1***

1.7 ± 0.1

a

Tip of the tail (height; mm)

b

External rotation of HLs (deg)

Distance between HPs (mm/g)c
Retraction of HLs (deg)d
e

MTP velocity (cm/s)
Velocity (cm/s)f

N.A.
22.2 ± 1.0
N.A.

14.2 ± 0.9**

N.A.

70.9 ± 1.3

16.0 ± 0.3**

16.3 ± 1.3

N.A.

19.0 ± 1.6

N.A.
2.6 ± 0.1***
56.3 ± 1.9*
9.6 ± 0.7***
12.9 ± 0.4**

Mice placed in a long, horizontal compartment were video recorded while walking on dry ground or wading through shallow water (see Supplemental Figure S6D).
Each step while walking/wading over the distance of the platform was analyzed, and values were averaged. Note that under both experimental conditions, the
heights of different bony landmarks were lower in Pax7-Cre/cKO than in wt control mice, demonstrating weaker body support. Mice examined: wt, 27; Pax7-Cre/
cKO, 20. Mean ± SEM. N.A., not analyzed.
a
Tail dragging suggested abnormal tail coordination.
b
More extensive external rotation of HLs was measured as the angle between the HL and the anterior–posterior body axis.
c
The larger distance between hindpaws (HPs) suggested loss of HL strength.
d
HL retraction (angle between HP-IC and IC-ground axes; see also Supplemental Figure S6D, red lines) during swing phase of HLs appeared more acute in Pax7Cre/cKO mice, suggesting abnormal iliac crest–HL coordination.
e
Velocity of metatarsophalangeal joint (MTP) movement.
f
Note that the speed of wading was significantly lower in Pax7-Cre/cKO than in wt mice.
*p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test.

TABLE 2: Gait analysis during overground walking and wading.
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Parameter

wt
13.5 ± 0.5

FL strokesa
Tail’s sinusoidal oscillations

b

“Out-of phase” cycles in HLsc
Velocity (cm/s)

18.1 ± 1.3
0.4 ± 0.1
36.3 ± 2.5

Pax7-Cre/cKO
33.7 ± 0.7**
2.3 ± 0.1***
1.8 ± 0.6
23.4 ± 1.0***

Mice were video recorded while swimming (see Supplemental Figure S6D and
Supplemental Videos S9 and S10). Measurements were made for each stroke
and values averaged. Note that in contrast to wt mice, for which the navigation
and main driving force during swimming were well-coordinated HL strokes,
continuous sinusoidal tail oscillations, and only sporadic FL strokes (see also
Supplemental Video S9), Pax7-Cre/cKO mice completely lacked tail oscillations
and extensively used their FLs; the latter most probably was a compensatory
mechanism for impaired HL function (see also Supplemental Video S10). In
addition, in mutant mice, slightly impaired left–right HL coordination during
swimming was observed (see also Supplemental Video S10). As a consequence,
swimming velocity of Pax7-Cre/cKO mice was reduced ∼1.5-fold compared with
wt mice. Mice examined: wt, 27; Pax7-Cre/cKO, 20. Mean ± SEM.
a
Number of FL strokes per distance swum.
b
Number of tail oscillations upon HL extension.
c
An “out-of-phase” cycle is when strokes of an identical limb occur in a row.
Number of “out-of-phase” cycles per run is shown.
*p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test.

TABLE 4: Analysis of swimming locomotion.

attests to the biological significance of the exon 1f–encoded isoform-specific sequence.
Apart from rapsyn, several other postsynaptic proteins residing
at the NMJ have been identified as specific binding partners of
plectin, including spectrin (Herrmann and Wiche, 1987), ankyrin
(Maiweilidan et al., 2011) and the dystrophin–glycoprotein complex
(DGC) proteins α-dystrobrevin, utrophin/dystrophin, and βdystroglycan (Rezniczek et al., 2007; Hijikata et al., 2008). Plectin’s
interaction sites for some of these proteins have been mapped to
molecular domains distant from its N-terminus, making it unlikely
that the interactions of P1f with these proteins are isoform dependent. By binding to these proteins via domains other than its N-terminal rapsyn-targeting domain, P1f is likely to strengthen its affinity
to the junctional complex and its surroundings, thereby consolidating the compactness of the complex and its immobilization in the IF
network. In addition, by connecting IFs to several of the subsarcolemmal membrane proteins along the sides of the folds independently of rapsyn, P1f is likely to contribute to the stabilization of the
infolding structure (see later discussion).

NMJ integrity requires the anchorage of AChR clusters
into IF networks
Our study shows that the loss of plectin-mediated IF anchorage of
AChRs in plectin-deficient muscle leads to a remarkable distortion
of endplate architecture, manifesting as fragmentation of the AChR
clusters, disturbed topology of nerve terminals, depletion of mitochondria, dramatic degeneration of synaptic folds, and reduced
density of clustered receptors and ion channels. At the same time,
IF networks retract from peripheral areas and form aggregates, often in juxtanuclear areas. However, the association of AChRs with
actin (Figure 2A) and the DGC (implying linkage to the actin cytoskeleton; unpublished data) was maintained, suggesting that IFs
rather than cortical actin were responsible for maintaining dense
AChR clusters, as well as a normal NMJ morphology and a proper
microenvironment. Our analyses and those of others (Agbulut et al.,
2001) showed that fragmentation and disorganization of NMJs are
observed also in desmin-deficient mice, albeit in general the phenotypic manifestations were less severe. One reason for this difference
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probably is that plectin deficiency leads to the retraction of all, major (desmin) and minor (keratin, nestin), IF network systems from the
endplate domain, whereas in Des−/− mice, only the desmin network
is affected, enabling compensatory actions of the other systems.
However, it remains to be shown whether IFs other than of the
desmin type, such as cytokeratins (shown here for the first time to be
associated with NMJs), or nestin (previously shown to negatively
regulate AChR clustering during embryonic development) (Yang
et al., 2011) fulfill synaptic functions that are similar to those of
desmin in adult muscle.
As depicted by the model shown in Figure 10A, we suggest that
IFs in partnership with plectin serve NMJs in a dual way. First, they
promote and consolidate postsynaptic membrane infolding by being linked to AChR/rapsyn complexes at the crest of the folds and to
lateral DGCs along the sides of the folds. Second, by physically connecting the endplate region with myonuclei, mitochondria, and
Z-disks (via isoforms P1, P1b, and P1d), IFs provide the stable, and
at the same time flexible, subsarcolemmal microenvironment around
the folds that guarantees efficient force transmission and mechanosensitivity. In contrast, when IFs retract from the endplates and collapse into aggregates in the absence of plectin, endplates lose their
typically folded architecture, mobile AChRs remain loose without
forming immobilized clusters, and MTs become more prominent
(invading the space normally occupied by IFs; Figure 10B).
The reduced clustering of AChRs observed in myotubes deficient in plectin or desmin and the increased mobility of microclusters in plectin-deficient myotubes due to desmin collapse most
probably were the effects of lost IF anchorage combined with preferential linkage to the cortical actin network, which has been shown
to be responsible for AChR redistribution (Dai et al., 2000). In agreement with this conception is the reduction of microcluster mobility
after treatment of plectin-deficient myotubes with cytochalasin D
(unpublished data), as well as the live imaging of microcluster movement along actin fibers (unpublished data). Furthermore, the highly
enriched subsynaptic MT network found in plectin-deficient muscle
as a consequence of IF collapse may be responsible for excessive
delivery not only of membrane proteins (e.g. GLUT4; Raith et al.,
2013) toward the endplate region, but also of regulators and executers of the agrin signaling pathway. Given that tau protein binds
with high affinity to Src protein kinases (Lee et al., 1998), the observed accumulation of tau-studded MTs at endplates of plectindeficient myocytes in place of IF networks could easily contribute to
the massing up of tyrosine protein kinases in the NMJ domain, leading to the unbalanced agrin signaling and compromised AChR
clustering.
In conclusion, our study uncovered a crucial role of plectin in
stabilizing AChR clusters at NMJs. We found that P1f in an isoformdependent manner binds directly to rapsyn and reverses the pathology of abnormal cluster formation by immobilizing the AChR complex on the desmin IF network. Without such linkage, the IF network
collapses and forms aggregates, NMJs lose their characteristic infolding pattern, and AChRs become mobile and clustering incompetent. This study also adds another important facet to the global
role of plectin isoforms as organizers and functional determinants of
IF networks. The essentiality of P1f’s functional partnership with
desmin IFs for NMJs integrity matches that of P1a and keratin IFs for
hemidesmosomes in basal keratinocytes and of P1f, respectively P1,
and vimentin IFs for adhesion complexes in fibroblasts and Schwann
cells (Andrä et al., 2003; Burgstaller et al., 2010; Walko et al., 2013).
Extending the role of cytolinkers and IFs to synapses, this study provides a fertile ground to investigate analogous plectin-mediated
functions in the CNS, especially as P1c, the major isoform of plectin
Molecular Biology of the Cell

FIGURE 10: Schematic model of endplate regions depicting cytoskeleton anchorage in wt and plectin-deficient
myofibers. (A) In normal myofibers, plectin isoform P1f, specifically bound via its N-terminal molecular domain to
endplates, recruits desmin IFs (in blue) via its C-terminal IFBD; in addition, P1f interlinks IFs with DGC constituent
proteins laterally along the infoldings. In a similar way, other isoforms of plectin specifically link the nuclear/ER
membrane (P1), mitochondria (P1b), and Z-disks (P1d) to the IF network. In this way, a highly organized IF network
mechanically integrates endplates, cytoplasmic organelles, and the contractile apparatus, stabilizing the synaptic
microenvironment and enabling incorporation of AChRs into stable clusters. (B) In plectin-deficient myofibers, the IF
network becomes unbound from endplates and the sarcolemma, leading to its collapse and aggregation. This causes
marked architectural abnormalities of endplates (such as loss of infoldings), reduced AChR cluster stability, and
profound changes in the synaptic microenvironment, including altered morphology of myonuclei (unpublished data) and
mitochondria, as well as accumulation of MTs (in green).

expressed in neural cells, is enriched in postsynaptic dendrites
(Fuchs et al., 2009). On a final note, the Pax7-Cre/cKO mouse line
could become a useful tool for developing treatment strategies for
plectinopathies and other myopathies, including desminopathies,
manifesting with myasthenic syndrome.

MATERIALS AND METHODS
Mice
Animal studies were approved by the Federal Ministry for Science, Research and Economy, Vienna, Austria. Pax7-Cre/cKO
mice were generated by crossing Pax7-Cre mice (Keller et al.,
2004) to plectinflox/flox mice (Ackerl et al., 2007) until reaching homozygosity for both transgenes (Pax7-Cre/cKO). Control mice referred to as wt were homozygous for the Cre transgene and either
homozygous or heterozygous for the floxed plectin gene. Desminknockout (provided by D. Paulin, Université Paris, Paris, France),
MCK-Cre/cKO, and P1c KO mice have been described (Li et al.,
1996; Konieczny et al., 2008; Fuchs et al., 2009). Because no differences in phenotypes were observed between genders, data
obtained from male and female mice having the same genotype
were pooled in all experiments.

Antibodies
The following primary antibodies (Abs) were used for immunofluorescence microscopy (IFM), immunoblotting (IB), and immunoprecipitation (IP): rabbit antisera (As) to plectin (#46, IFM) (Andrä et al.,
2003) and synaptophysin (IFM; Life Technologies, Carlsbad, CA);
guinea pig As to cytokeratin 8 (IFM; Denk et al., 1982); affinity-purified (a.p.) rabbit Abs to P1f (IFM, IB; Rezniczek et al., 2007), P1 (IFM;
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Abrahamsberg et al., 2005) and a.p. goat Abs to vimentin (IFM;
Giese and Traub, 1986); mouse monoclonal (m) Abs to AChRα subunit (IB; BD Bioscience, San Jose, CA), rapsyn (IP, IB; Thermo Scientific, Waltham, MA), GST-tag (IP, IB; Sigma-Aldrich, St. Louis, MO),
His-tag (IP, IB; Qiagen, Venlo, Limburg, Netherlands), HA-tag (IB;
Covance, Princeton, NJ), HA-tag (IP; Sigma-Aldrich), α-tubulin (IFM;
clone T5168; Sigma-Aldrich), acetylated tubulin (IFM; clone T6793;
Sigma-Aldrich), desmin (IFM, IB; clone D33; Dako, Glostrup,
Denmark), pax7 (Developmental Studies Hybridoma Bank, Iowa
City, IA), and VGSCs (IFM; provided by R. Barchi, University of Pennsylvania, Philadelphia, PA; Casadei et al., 1984); rabbit mAbs to nestin (IFM; Covance); rabbit Abs to tau (IFM, IB; clone A0028; Dako),
and neurofilament heavy chain (IFM; clone RT97, Developmental
Studies Hybridoma Bank). As secondary Abs, we used donkey Rhodamine Red anti-mouse, -rat, and -guinea pig, goat Rhodamine Red
anti-rabbit, donkey Alexa 647 anti-mouse and anti-rabbit, and donkey Texas Red anti-goat immunoglobulin Gs (IgGs) for IFM (all from
Jackson ImmunoResearch, West Grove, PA), and goat horseradish
peroxidase–conjugated anti-mouse and -rat (Jackson Immuno
Research) and anti-rabbit (Vector Laboratories, Burlingame, CA)
IgGs for IB. Alexa 488– or biotin-conjugated BTX (Molecular Probes,
Eugene, OR), Cy5-streptavidin, and Rhodamine Red–streptavidin
(Jackson ImmunoResearch) were used for visualization or pull down
of AChRs.

cDNA constructs
cDNA constructs encoding truncated (N-terminal) or full-length versions of isoforms P1f, P1, and P1d (fused to C-terminal enhanced
GFP) have been described (Rezniczek et al., 2003). For bacterial
AChR coupling to intermediate filaments
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expression of plectin fragments, cDNAs encoding exons P1f-8, P1d8, and 2-8 (Rezniczek et al., 2003) were subcloned into modified
pET-15b vector (Novagen, Darmstadt, Germany). Variant P1f-rodless (pGR367) corresponds to full-length plectin without exon 30
(Elliott et al., 1997), subcloned into pEGFP-N2 (BD Clontech, Palo
Alto, CA). pKG31 (P1f-Ins16) was generated by exchanging the
mouse plectin cDNA sequence encoding P1f’s C-terminal 83 amino
acids with a fragment of human cDNA that includes the 16–base
pair insertion mutation (13803ins) and the new 47–amino acid residue–long tail arising due to the frameshift (Schröder et al., 2002)
and subcloning the hybrid construct into pEGFP-C1 (BD Clontech).
For agrin expression, plasmid C-Ag 4.8 encoding neural agrin was
used (Ferns et al., 1993). cDNA encoding mouse rapsyn fused to a
C-terminal HA tag was subcloned into pcDNA3.1 (Life Technologies). Expression plasmids for GFP-tagged AChRε-subunit (me-GFPpRK5) (Gensler et al., 2001), desmin-GFP (Winter et al., 2014), and
rapsyn-GST (Zhang et al., 2007) were kindly provided by V. Witzemann (Max Planck Institute, Heidelberg, Germany), M. C. Walter (Ludwig-Maximilians-Universität, Munich, Germany), and L. Mei (Georgia
Regents University, Augusta, GA), respectively.

Immunohistochemistry and electron microscopy
of muscle tissue
Preparation and immunostaining of teased fibers of limb muscles
and muscle sections were as described (Konieczny et al., 2008).
Processing of soleus muscle for electron microscopy was carried
out as described Konieczny et al. (2008), except for additional acetylcholinesterase staining (Karnovsky and Roots, 1964) after muscle
dissection. Morphometric ultrastructural analyses were performed
using analySIS FIVE software (Soft Imaging System, Muenster,
Germany).

Myocyte cultivation, manipulation, and AChR clustering
Primary myoblasts were isolated from neonatal skeletal limb muscles of mice, spread onto collagen-coated culture dishes, and cultivated in 20% fetal calf serum (FCS) and basic fibroblast growth
factor–supplemented growth medium (for details see Winter et al.,
2014). Immortalized (Plec+/+ and Plec−/−) myoblasts (Winter et al.,
2014) were cultivated under similar, and C2C12 cells under standard (DMEM, 10% FCS), conditions. To induce differentiation,
myoblasts of all types were switched to DMEM containing 5%
horse serum (fusion medium). Transient transfection of myoblasts
with cDNA expression plasmids was achieved by nucleofection,
using Amaxa Nucleofector kit for human dermal fibroblasts (VAPD1001; Lonza, Basel, Switzerland). To induce IF collapse or MT stabilization, differentiated myotubes were treated (16 h) with agrinconditioned medium (see later description) and subsequently
incubated with 0.1 μg/ml OA (Calbiochem, San Diego, CA), 1 μM
WFA (ChromaDex, Irvine, CA), or 0.5 μM Taxol (Sigma-Aldrich) for
3 h at 37°C.
To induce AChR clustering, myotubes were incubated in agrinconditioned medium for up to 16 h. Clusters were visualized by incubation with 0.2 μg/ml Alexa 488–α-BTX for 45 min at 37°C, rinsing
in phosphate-buffered saline (PBS), fixation with 2% paraformaldehyde, and mounting in Mowiol. When myoblasts were transfected
with expression plasmids encoding GFP-tagged proteins, AChR
clusters were treated with 0.2 μg/ml biotin-BTX for 45 min at 37°C,
followed by incubation with Rhodamine Red–conjugated streptavidin for 30 min at 37°C. For immunostaining after AChR labeling,
myotubes were fixed, washed, and immunolabeled as described
previously (Winter et al., 2008). To analyze the stability of agrin-induced clusters, myotubes (exposed to agrin overnight) were washed
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and kept in agrin-free fusion medium for 4–10 h, followed by AChR
labeling.
Agrin-conditioned medium was prepared by transient transfection of HEK 293T cells with cDNA expression plasmids for neural
agrin. AChR-clustering activity of agrin-conditioned medium was
assessed using differentiated C2C12 myotubes according to Herbst
and Burden (2000).

Confocal microscopy, image processing, and morphometric
analyses
Images of tissue sections and teased muscle fibers were recorded
with a fluorescence laser scanning microscope (LSM710; Carl Zeiss,
Jena, Germany) equipped with a Plan-Apochromat 63×/1.4 numerical aperture (NA) objective lens and Zeiss ZEN (2010) software. For
visualization of AChR clusters on cultured myotubes, ∼20 random
nonoverlapping fields/dish (n ≥ 3 dishes) were imaged using an
LSM510 microscope (Carl Zeiss) equipped with a Plan-Apochromat
40×/1.3 NA objective lens. All images were processed using ImageJ
(version 1.43; National Institutes of Health, Bethesda, MD) and Photoshop CS4 (Adobe, San Jose, CA) software packages. To measure
cluster densities in cultured myotubes, confocal images were recorded below fluorescence intensity saturation levels, and fluorescence emission intensities of distinct clusters were measured using
ImageJ. For endplate morphometry, maximum intensity projections
of NMJs were made using ImageJ, and the number and area of
discrete Alexa 488–positive islands per NMJ were quantified. Deconvolution of Z-stack images was done with Huygens Professional
software (version 4.4; SVI, Hilversum, Netherlands) using blind deconvolution. Three-dimensional reconstruction of desmin filament
networks at NMJs was done after deconvolution of immunostained
tissue fibers and surface rendering using the Surface Renderer tool
(Huygens Professional). To assess AChR densities at endplates, voxel
intensities of discrete AChR islands (recorded below fluorescence
intensity saturation levels) were measured after deconvolution of
Alexa 488–α-BTX–labeled AChRs images using the Object Analyzer
tool (Huygens Professional); data were analyzed as in Leu et al.
(2003). VGSC/AChR colocalization (percentage of overlapping
green and red pixels), areas, mean intensities, and total number of
AChR clusters were analyzed using ImageJ software. Number of
clusters (≥5 or <5 μm2 was normalized to the total visible area of the
myotubes.

Live imaging and tracking of receptors
To monitor AChR cluster stability, differentiated myotubes adhering to EHS laminin (Sigma-Aldrich)–coated dishes (Ibidi, Munich,
Germany) were exposed to agrin (16 h), washed twice in fusion
medium without agrin, and labeled (in sequence) with biotin–αBTX and Rhodamine Red–streptavidin (30 min, 37°C each). After
labeling, cells were subjected to time-lapse microscopy using a
Zeiss LSM710 confocal microscope equipped with a heated
stage (37°C) and constant 5% CO2 flow and a Plan-Apochromat
63×/1.4 NA objective lens. Images were taken at 15-s intervals
during 1- to 2-h recordings using the Time Series tool (ZEN 2009).
To monitor AChR mobility after inducing IF collapse, 0.1 μg/ml
OA or 1 μM WFA was added to the growth medium before
recording. Mobility of individual clusters was traced using the
Manual Tracking plug-in from the ImageJ software. Alexa 488–αBTX–labeled AChRs were monitored in a similar way at 2-h
intervals during a 10-h period after agrin withdrawal. For monitoring cluster formation in AChRε-GFP–transfected myotubes,
GFP-positive signals were recorded after addition of agrin, and
frames were taken at 2-s intervals for up to 1 h.
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Protein purification, in vitro binding assay,
and immunoblotting
Rapsyn-GST, GST, and His-tagged recombinant protein fragments
were expressed in Escherichia coli BL21 (DE3) and purified as described in Rezniczek et al. (2004). For GST pull-down assays, rapsynGST, immobilized on glutathione Sepharose (GE Healthcare,
Fairfield, CT), was incubated with His-tagged plectin variants, followed by washing and elution. Uncoupled or GST protein–coupled
glutathione Sepharose beads were used as negative controls. For
immunoblotting analysis, proteins were separated by 6, 10, or 12%
SDS–PAGE, transferred to nitrocellulose membranes (blocked with
5% bovine serum albumin in Tris-buffered saline/0.1% Tween 20)
before incubations with Abs. Chemiluminescence was detected
with Fusion FX7 system (Peqlab, Erlangen, Germany), and bands
were quantified with QuantiScan software (Biosoft, Palo Alto, CA).

AChR pull down, extractability, and rapsyn
coimmunoprecipitation from cell lysates
The preparation of lysates from cultivated cells has been described
in Winter et al. (2014). Membrane-bound AChRs were isolated according to Borges and Ferns (2001). To assess association of P1f
with AChRs, equal aliquots of eluates were analyzed on 10% (AChRα)
and 6% (P1f) gels. For AChR extractability assays, a modified protocol of Sadasivam et al. (2005) was followed. Differentiated myotubes
(treated or untreated with agrin for 1 h) were washed briefly in icecold PBS (supplemented with 1 mM Na orthovanadate) before addition of lysis buffer (30 mM triethanolamine, pH 7.5, 50 mM NaCl,
5 mM EDTA, 5 mM ethylene glycol tetraacetic acid, complete mini
protease inhibitor cocktail [Roche, Basel, Switzerland] and phosphatase inhibitor cocktails 1 and 3 [Sigma-Aldrich]) supplemented
with Triton X-100 at a final concentration of 0.01%. Extraction was
for 15 min. Cells were scraped from each dish, homogenized by pipetting up and down 10 times, and transferred to tubes that were
rotated for 5 min. Extracts were centrifuged for 3 min at 13,600 × g
at 4°C in a table-top centrifuge, and supernatants (first extraction)
were collected. Pellets were resuspended in lysis buffer containing
0.03% Triton X-100 and similarly extracted to yield supernatants
(second extraction). Pellets were subjected to two further extractions using lysis buffers supplemented with Triton X-100 at final concentrations of 0.1 and 1%, respectively (third and fourth extractions).
All extractions were then subjected to AChR pull-down assays using
biotinylated α-BTX, followed by immunoblotting for AChRα subunit. For immunoprecipitation (IP) of rapsyn, differentiated C2C12
myoblasts were lysed in 150 mM NaCl, 50 mM Tris-Cl, pH 7.4, 1%
NP-40, 1 mM EDTA, 0.25% Na deoxycholate, 1 mM phenylmethylsulfonyl fluoride, and 1 mM Na3VO4 supplemented with complete
mini protease inhibitor cocktail (Roche) and phosphatase inhibitor
cocktails 1 and 3 (Sigma-Aldrich). For IP of rapsyn-HA, HEK 293T
cells (transiently coexpressing rapsyn-HA and GFP-tagged plectin
variants) were grown to confluence on 78-cm2 culture dishes; cells
were homogenized, and after centrifugation (13,600 × g, 5 min,
4°C), supernatants were subjected to IP using HA tag–specific antibodies and protein G–agarose beads (Pierce, Rockford, IL). Lysates
of HEK cells (transiently expressing GFP-tagged plectin variants, but
no rapsyn-HA) were used as negative controls.

Muscle strength measurements and locomotor analyzes
Using the grip strength meter (Bioseb, Vitrolles, France), we assessed muscular strength as previously described (Winter et al.,
2014). To assess the exploratory behavior and general locomotor
activity in a new environment, mice were exposed to the open-field
test and recorded using a video tracking system (TSE Systems, Bad
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Homburg, Germany). For coordination and motor balance evaluation, up to five mice were placed on a rod (TSE Systems) rotating
with an accelerating mode (4–40 rpm) for 5 min/trial. Four trials with
an intertrial interval of 15 min were performed for three consecutive
days. To quantify a more refined locomotor function, we subjected
the animals to skilled walking (overground and on ladder), wading,
and swimming locomotion, using the MotoRater system (TSE Systems) following the protocols as described in Zörner et al. (2010).

Statistical evaluation
Comparisons between two groups or values of multiple groups
were made using an unpaired, two-tailed Student’s t test (α = 0.05)
or one-way analysis of variance (ANOVA; α = 0.05), respectively. The
significance between values of individual groups and controls was
subsequently determined using Tukey’s posthoc test.
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