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ABSTRACT A hallmark of the neuromuscular junction (NMJ) is the high density of acetylcho-
line receptors (AChRs) in the postsynaptic muscle membrane. The postsynaptic apparatus of
the NMJ is organized by agrin secreted from motor neurons. The mechanisms that underlie
the focal delivery of AChRs to the adult NMJ are not yet understood in detail. We previously
showed that microtubule (MT) capture by the plus end-tracking protein CLASP2 regulates
AChR density at agrin-induced AChR clusters in cultured myotubes via PI3 kinase acting
through GSK3B. Here we show that knockdown of the CLASP2-interaction partner LL5f by
RNAIi and forced expression of a CLASP2 fragment blocking the CLASP2/LL5f interaction
inhibit microtubule capture. The same treatments impair focal vesicle delivery to the clusters.
Consistent with these findings, knockdown of LL5B at the NMJ in vivo reduces the density
and insertion of AChRs into the postsynaptic membrane. MT capture and focal vesicle deliv-
ery to agrin-induced AChR clusters are also inhibited by microtubule- and actin-depolymeriz-
ing drugs, invoking both cytoskeletal systems in MT capture and in the fusion of AChR vesicles
with the cluster membrane. Combined our data identify a transport system, organized by
agrin through PI3 kinase, GSK3p, CLASP2, and LL58, for precise delivery of AChR vesicles
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from the subsynaptic nuclei to the overlying synaptic membrane.
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INTRODUCTION

The density of neurotransmitter receptors accumulated in the post-
synaptic membrane of synapses is determined by the balance
between receptor insertion and removal. Although numerous factors
involved in receptor density regulation, including molecular signals
and the pattern of impulse traffic across the synapse, have been
identified, the cell biological mechanisms underlying these processes
are poorly understood. The neuromuscular junction (NMJ)—the syn-
apse between motor neurons and skeletal muscle fibers—is particu-
larly well suited for their examination because the differentiation of
the postsynaptic muscle membrane is organized by one major factor
secreted by the motor nerve terminal, agrin (McMahan et al., 1992;
Cohen et al., 1997; Jones et al., 1997; Wu et al., 2010), which acts
through its receptor/effector LRP4/MuSK in the muscle fiber mem-
brane (Kim et al., 2008; Zhang et al., 2008). As a consequence, syn-
aptic membranes comparable in many respects to the postsynaptic
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muscle membrane of the NMJ in vivo and amenable to molecular
and cell biological manipulation, can be easily generated by cultur-
ing myotubes on patches of agrin attached to the culture substrate.

One factor contributing to synaptic AChR accumulation in fetal
muscle is the trapping and anchoring of constitutively expressed
AChRs diffusing in the surface membrane; the AChRs are trapped
via the agrin-induced subsynaptic apparatus, which is anchored to
a synapse-specific, cortical actin cytoskeleton (Hall et al., 1981; Dai
et al., 2000; Geng et al.,, 2008; Chen et al., 2014). In the adult,
however, in which extrasynaptic AChR levels are very low, a trans-
port system for focal delivery to the synaptic membrane is needed.
Indeed, sorting of post-Golgi vesicles containing AChRs polarized
to the postsynaptic membrane has been observed in Torpedo
electric organ, a homologue of skeletal muscle (Camus et al.,
1998). Recently we showed that agrin stimulates the capture of
microtubules (MTs) at agrin-induced AChR clusters in cultured my-
otubes through regulation of the MT plus end-tracking protein
(+TIP) CLASP2, a process required for MT-dependent AChR trans-
port to the cluster membrane. Similar to CLASP2-mediated MT
capture at the leading edge of migrating cells (Akhmanova et al.,
2001; Watanabe et al., 2009), MT capture in myotubes occurs
through inhibition of GSK3B-dependent phosphorylation of strate-
gically located serine residues in CLASP2 (Basu et al., 2014), which
increases CLASP2 binding to MT plus ends (Kumar et al., 2009) and
thus enables their capture through interaction with the cluster
membrane. Of interest, a known interaction partner of CLASP2 in
migrating cells, the phosphatidylinositol-3,4,5-triphosphate (PIP3)-
binding protein LL5B (Lansbergen et al., 2006), is also present at
the NMJ (Kishi et al., 2005), where it may be involved in the transi-
tion of the AChR cluster topology from plaque to pretzel (Smith
and Slater, 1983) that occurs during normal NMJ maturation
(Proszynski et al., 2009; Proszynski and Sanes, 2013).

Here we show that LL5 is recruited by agrin to the postsynaptic
membrane through its PH domain. LL5f thus enriched preferentially
captures CLASP2-decorated MT plus ends at the synapse, thus pro-
viding for focal transport of AChR vesicles. Accordingly, knockdown
of LL5B in vivo reduces AChR insertion and AChR density at the
NMJ in adult mice. Unexpectedly, MTs also require filamentous ac-
tin for focused capture, revealing a role for the subsynaptic actin
cytoskeleton in AChR clustering not only directly through AChR an-
choring, but also indirectly through its involvement in MT capture
and AChR delivery.

RESULTS

LL5 is recruited to agrin-induced clusters

Focal, CLASP2-mediated MT capture at agrin-induced AChR clus-
ters in cultured primary myotubes requires a CLASP2-interaction
partner at the cluster membrane. A prime candidate to mediate
agrin/CLASP2-dependent MT capture is LL5: first, it binds CLASP2
in fibroblasts (Lansbergen et al., 2006), and second, it is elevated at
the postsynaptic membrane of the NMJ, where it is involved in
AChR clustering (Kishi et al., 2005). However, its mode of action at
the NMJ is unknown. To see whether LL5f affects AChR clustering
through capturing of CLASP2-decorated MTs that in turn deliver
AChRs to the cluster membrane, we first examined the localization
of LL5B and CLASP2 in relation to agrin-induced AChR clusters. Pri-
mary myotubes were cultured on a laminin substrate that was focally
impregnated with agrin in small patches (20-60 ym in diameter).
Where they contacted agrin deposits, myotubes formed large clus-
ters of AChRs. LL5B stained with a specific antibody (monoclonal
antibody TH12 from Kishi et al., 2005) was colocalized with the
agrin-induced AChR clusters (Figure 1A). Within some of these,
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the levels of LL5B over the cluster area were uneven (Figure 1A,
arrowheads), but levels were always greater than those outside
the cluster; moreover, within clusters, LL5B levels correlated with
those of (force expressed) green fluorescent protein (GFP)-CLASP2
(Figure 1, B and C). Thus CLASP2 and LL5B colocalize at discrete
regions of the synaptic cluster, consistent with a role for LL5 in
CLASP2-mediated MT capture.

Interaction between CLASP2 and LL5B is required for MT
capture at agrin-induced clusters

If LL5B is involved in CLASP2-dependent MT capture at AChR clus-
ters, knockdown of LL5B by RNA interference (RNAI) should abolish
the enrichment of MTs normally observed at the clusters. The effi-
ciency of LL5B knockdown by RNAi was confirmed by Western blot-
ting of cultured myotube lysates (Figure 2A). Similarly, the accumu-
lation of LL5B at AChR clusters was also abolished (Supplemental
Figure S1). Because individual myotubes expressing short hairpin
RNAs (shRNAs) could be identified by coexpressed red fluorescent
protein (RFP; see Materials and Methods), the effect of LL5B knock-
down on MT capture could be assessed by immunofluorescence
staining of MT plus end densities inside and outside AChR clusters.
MT plus ends, visualized by staining for EB3 (Figure 2B), were about
twice as dense at agrin-induced AChR clusters in myotubes express-
ing a scrambled shRNA (shScrambled) than in myotubes expressing
the shLL5B that effectively knocked down endogenous levels of
LL5B protein (Figure 2, B and D). These data show that LL5B is re-
quired for MT capture at agrin-induced AChR clusters.

Because in Hela cells, CLASP2 interacts with cortical LL5B to
attach distal MT ends to the cell cortex (Lansbergen et al., 2006),
overexpression of a CLASP2 fragment that binds to LL5B but does
not bind to MT plus ends would be expected to abolish MT cap-
ture at agrin-induced AChR clusters. Such a fragment, CLASP2-C,
comprising amino acids 1254-1338, was identified biochemically
(Lansbergen et al., 2006); when overexpressed, CLASP2-C should
saturate the LL5B domain interacting with CLASP2 without binding
to MT plus ends (Kumar et al., 2009), thus abolishing MT capture
at the cluster membrane. We examined, therefore, whether over-
expressing GFP-CLASP2-C abolished MT capture and AChR clus-
tering at agrin-induced AChR clusters. Indeed, unlike in myotubes
expressing GFP alone, in myotubes induced to express GFP-
CLASP2-C, the increase in EB3 comet density normally seen inside
versus outside AChR clusters was abolished (Figure 2, C and D)
and AChR cluster size declined (Supplemental Figure S2). Com-
bined these experiments indicate that LL5B promotes AChR clus-
tering by mediating MT capturing at agrin-induced AChR clusters
through its interaction with MT plus end-bound CLASP2.

Clustering of prelabeled surface AChRs is not affected

by LL5@ knockdown

LL5B knockdown impairs clustering of AChRs in myotubes grown on
laminin alone (Kishi et al., 2005), consistent with the present data.
However, AChRs in those experiments were stained after clusters
had formed, leaving open the possibility that LL5p affects AChR clus-
tering through trapping rather than through delivery or that sponta-
neous and agrin-induced AChR clustering are differentially affected
by LL5pB. Therefore we tested whether LL5f affected AChR trapping.
To this end, we cultured myotubes on agrin-free substrate. At 48 h
after LL5B knockdown, surface AChRs were pulse labeled with o-
bungarotoxin (0-BTX)-Alexa 488, and soluble chicken mini-agrin
cN25;C21Bg (Lin et al., 2008) was added to the culture medium at
10 nM for 18 h. AChR clusters were then compared with those in
control myotubes infected with shScrambled. In two independent
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FIGURE 1: LL5p colocalizes with CLASP2 at agrin-induced AChR clusters. (A) LL5f is enriched at agrin-induced AChR
clusters. Primary myotubes were cultured on focal agrin deposits on a laminin substrate, and AChR clusters were stained
with a-BTX-Alexa 488 (green) and for LL5f (red). Arrowheads mark uneven distribution of LL5B. Scale bar, 5 pm.

(B) Regions of elevated LL5p (red) inside AChR clusters (blue) are enriched for CLASP2 (green, marked with arrowheads),
consistent with an LL53-CLASP2 interaction and CLASP2-dependent MT capture at synaptic membranes by LL53. At

48 h postinfection, myotubes expressing adenovirus-delivered GFP-CLASP2 were stained for AChRs (blue), endogenous
LL5B (red), and GFP with antibody. Bottom, magnification of boxed area at top. Scale bar, 10 pm (top), 5 pm (bottom).
(C) Quantification of LL5B and CLASP2 inside AChR clusters. Bar graph shows that CLASP2 load/area increases with
LL5PB levels within the myotube region indicated on x-axis. Means + SE; **p < 0.01; *p < 0.05; n = 6 myotubes with

>10 comets/cell.

experiments, the AChR clusters were similar in LL5B-knockdown and
control myotubes with respect to cluster number per myotube,
AChR density, and cluster size (Figure 2, E and F). These experiments
indicate that LL5p affects agrin-induced AChR clustering by a mech-
anism other than AChR trapping or metabolic stabilization.

Knockdown of LL58 by RNAi reduces AChR density

and insertion at NMJs in vivo

LL5B may be recruited to the synaptic membrane via its PH domain
(Kishi et al., 2005), which is known to bind to PIP3 (Paranavitane
etal., 2003). Given the local activation of phosphoinositide 3-kinase
(PI3K) at the cluster membrane by agrin (Schmidt et al., 2012), we
first examined whether LL5B is recruited to synaptic membrane in
vivo through mutations in its PH domain critical for binding to PIP3.
To this end, we electroporated constructs coding for wild-type (WT)
LL5B-GFP and a mutant form (Mut) of LL5B-GFP, in which two point
mutations in its PH domain (K1162A/R1163A) abolished LL5f bind-
ing to PIP3 (Paranavitane et al., 2003), into soleus muscle; 2-3 wk
later, the intensities of GFP fluorescence at the synaptic relative to
extrasynaptic membrane were about five times lower in fibers ex-
pressing MutLL5B-GFP than in fibers expressing WT-LL5B-GFP (Sup-
plemental Figure S3A). This is in agreement with data by Kishi et al.
(2005), who found impaired synaptic localization of a LL5 mutant in
which the entire PH domain was deleted. Thus LL5p is localized to
the synaptic membrane depending on its PH domain and on agrin-
induced PI3-K activity at the clusters.
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Abolition of CLASP2-dependent MT capture at NMJs in vivo re-
sults in lowering of synaptic AChR density, likely through abolition of
MT-mediated AChR transport to the synaptic membrane (Schmidt
et al., 2012). If LL5B is involved in AChR delivery at the NMJ through
CLASP2-mediated MT capturing, its knockdown should reduce syn-
aptic AChR density as does Clasp2 deletion (Schmidt et al., 2012).
We thus examined whether lowering the expression level of LL5f by
RNAI affects synaptic AChR density. To this end, we electroporated
sternomastoid muscles of wild-type mice with constructs expressing
shLL5B or a scrambled shRNA (shScrambled) control together with
Histone-2B-monomeric RFP serving to mark nuclei of successfully
electroporated fibers (Supplemental Figure S3B). Eleven days after
electroporation, AChRs on the surface of muscle cells were labeled
to saturation in vivo with fluorescent a-BTX-Alexa 488, and the fluo-
rescence intensities of labeled AChRs in fibers containing mRFP posi-
tive nuclei were compared in knockdown and control fibers. In LL5B-
knockdown muscles, AChR fluorescence at NMJs was significantly
lower (~30%) than in control (scrambled shRNA) synapses (Supple-
mental Figure S3, C and D). Our data indicate, therefore, that LL5f
recruited to the synaptic membrane via its PH domain contributes to
AChR density at the NMJ in vivo. Given its function to mediate
CLASP2-dependent MT capture (Figure 2), which in turn promotes
AChR delivery to AChR clusters (Schmidt et al., 2012), we predict that
LL5B acts by promoting AChR delivery to the synaptic membrane.

To test this prediction at NMJs in vivo, we stained sternomastoid
muscles electroporated to express shLL5B and imaged them as
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Knockdown of LL5B expression and overexpression of CLASP2-C abolish capture of
MT plus ends at agrin-induced AChR clusters. (A) Western blot of LL5p isolated from cultured
primary myotubes expressing shLL5f3 and shScrambled (ctrl). Myotubes were infected with
lentiviral constructs encoding shLL5 (hairpin no. 2, see Materials and Methods) or shScrambled
for control. Two days later, LL5B expression levels were analyzed. (B) MT plus end densities
visualized by staining for EB3 are reduced inside AChR clusters upon LL58 knockdown with
shLL5p. Two days after infection with shLL5B or with shScrambled (control), respectively,
myotubes were stained for AChRs with 0-BTX-Alexa 488 (green) and EB3 (red), and densities of
EB3-decorated comets inside vs. outside AChR clusters were compared. Boxes 1 (inside cluster)
and 2 (outside cluster) are enlarged on the right. Scale bars, 10 pm; enlarged, 2.5 ym. Similar
data were obtained with hairpin no. 4 (see Supplemental Methods). (C) Forced expression of
GFP-CLASP2-C (green) abolishes increase in EB3 (red) comet density at agrin-induced AChR
clusters compared with noncluster region, indicating impairment of MT capture. Boxes are
enlarged at the bottom. Scale bar, 10 pm; enlarged, 2.5 um. (D) Density of EB3 comets inside
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summarized in Figure 3A. Specifically, 4 d
postelectroporation, synapses were stained
to saturation with o-BTX-Alexa 488 and
then immediately imaged. Reimaging them
again 6 d later revealed the amount of AChR
removal. As shown in Figure 3, B and C, the
AChR removal in LL5B-knockdown synapses
was slightly increased compared with non-
electroporated, neighboring synapses in
the same muscles. To estimate the rate at
which new AChRs were inserted into the
synaptic membrane, we resaturated the syn-
apses with a-BTX-Alexa 488 and reimaged.
Electroporated synapses showed only ~60%
recovery of the initial intensity, as compared
with close to 100% recovery for nonelec-
troporated synapses (Figure 3C). Therefore
knockdown of LL5B reduces the rate of in-
sertion of acetylcholine receptors in vivo. Of
importance, on the time scale used in these
experiments (10-11 d total), neither the
electroporation procedure itself nor the
LL5B knockdown affected gross endplate
morphology as judged by the absence of
NMJ fragmentation (Figure 3 and Supple-
mental Figure S3C).

On their removal from the synapse, a
fraction of the internalized AChRs becomes
reinserted into the synaptic membrane (re-
cycled AChRs; Bruneau et al., 2005). To ex-
amine whether LL5B knockdown differen-
tially affects the rate of insertion of newly
made and recycled AChRs, we stained and
imaged AChRs as outlined in Figure 3D.
Briefly, to estimate the initial AChR density,
we first imaged 7-d-postelectroporation
synapses immediately after labeling with
biotin-conjugated a-BTX, followed by satu-
rating streptavidin—-Alexa 488. Three days
later, the rate of removal was calculated by

relative to outside AChR clusters in scrambled
control vs. LL5B-knocked-down myotubes and
in GFP control vs. GFP-CLASP2-C~transfected
myotubes. Means + SE. N=12 ctrl, 12
shLL5pB, 6 GFP-CLASP2-C, and 7 GFP alone.
*p < 0.05. (E) Clustering of prelabeled AChRs
by agrin is not affected by LL5B knockdown,
indicating that LL53 does not act by trapping
AChRs. Representative images of primary
myotubes infected with control and shLL53
lentivirus and stained with o-BTX-Alexa 488,
followed by addition of 10 nM mini-agrin for
18 h. Arrowheads point to examples of AChR
clusters. Scale bar, 50 pm. (F) Quantification
of cells from E. Number of clusters per
myotube was quantified (left); N = 167
clusters for control and 138 for shLL53
knockdown cells. Quantification of relative
AChR cluster density (middle) and area (right);
N = 65 clusters in control and 74 clusters in
shLL5B-knockdown cells. All bars depict
means * SE.
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Knockdown of LL5f expression levels in muscle fibers reduces the stability and insertion rate of AChRs at
the neuromuscular junction in vivo. (A-C) Stability and insertion rate of synaptic AChRs are reduced at NMJs upon
knockdown of LL5f. Histone2B-RFP-expressing pLKO.1-shLL5B or pLKO.1-shScrambled was electroporated into
sternomastoid muscles. (A) Schematic depiction of the experimental protocol. (B) Examples of synapses imaged (in
pseudocolor) and nuclei marked by RFP in their subsynaptic nuclei used for identification of successfully electroporated
fibers. Scale bar, 10 um. (C) Bar graphs summarizing the effect of LL5B knockdown on AChR stability and insertion.
Numbers in columns give numbers of synapses analyzed. Bars indicate mean fluorescence intensities (+ SE) relative to
that at t=0. ***p <0.0001; **p < 0.005; two sided t test. (D-F) The stability and insertion rate of both recycled and
newly inserted AChRs at NMJs are reduced upon knockdown of LL5. Electroporation of constructs was as in A).

(D) Schematic depiction of the experimental protocol. (E) Examples of synapses in pseudocolor. Scale bar, 10 pm.
(F) Graphs summarizing the effect of LL5B knockdown on stability and insertion of recycled and newly inserted AChRs.
All other indications are as in B and C. Numbers on columns give numbers of synapses analyzed. Bars depict means + SE.

***p <0.0001; two sided t test.

imaging existing AChRs without further labeling. Then a fresh treat-
ment of streptavidin-Alexa 488 was used to estimate the amount of
recycled AChRs, and finally, the fraction of newly inserted AChRs
was calculated by relabeling with biotin-0-BTX and streptavidin—
Alexa 488 (see also Materials and Methods). Quantitative analysis of
fluorescence recovery showed that the insertion rates of recycled
and newly made AChRs were affected similarly (Figure 3, E and F),
consistent with similar insertion routes for the two types of AChRs.
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LL5B and actin are required for MT-dependent AChR
delivery to agrin-induced AChR clusters in cultured
myotubes

To investigate the mechanisms of AChR delivery in more detail, we
developed an assay to monitor, in cultured myotubes, the dynam-
ics of AChR insertion at agrin-induced clusters. To this end, we
induced myotubes to express GFP-tagged AChRs (GFP-AChRs),
using an adenoviral vector (Gensler et al., 2001); together with
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FIGURE 4: LL5B and actin are required for MT-dependent AChR delivery to agrin-induced
AChR clusters in cultured myotubes. (A-D) Primary myotubes grown on laminin substrates with
local deposits of neural agrin were infected with adenovirus expressing the AChR-y-GFP
subunit, and GFP-AChR clusters were visualized by TIRF microscopy. Photobleaching was
begun 90 min after addition of drugs and carried out in their presence. (A) Examples of
GFP-AChR clusters in control and nocodazole- (10 pM, >90 min) and CytoD-treated myotubes
(2 pM, >90 min) before, immediately at, and 20 min after bleaching. Images were acquired
every minute for 45 min after bleaching, when monitor bleaching began to interfere. Scale bars,
10 pm. (B) Fluorescence recovery is reduced in myotubes upon LL5B3 knockdown upon
treatment with nocodazole or with CytoD. Note that suppression of fluorescence recovery is
almost identical for all treatments. Values of mean fluorescence + SE as a function of time.
Clusters containing bleached regions were imaged every minute for a total of 45 min;
background fluorescence outside cells was subtracted; the fluorescence values for each time
point were processed to correct for monitor bleaching, and residual fluorescence at t = 0 was
normalized to zero as described in Materials and Methods. Means + SE from eight untreated,
six nocodazole-treated, six CytoD treated, and seven shLL5f-treated cells. (C) Scheme used for
testing whether fluorescence recovery was due to diffusion of GFP-AChRs from unbleached to
the bleached regions. To this end, total fluorescence intensity per area in an annulus (/) at the
periphery of the bleached region was compared, during recovery, with that in a circle (I.) at its
center. Their radii were as follows: entire FRAP region, 6 pm; inner circle, 2.3 pm; inner edge of
annulus, 4.0 um (resulting in a distance between the outer edge of the circle and the inner edge
of the annulus of 1.7 pm); and outer edge of annulus, 4.7 pm (resulting in width of the annulus
of 0.70 pm). (D) Graph of the ratio I./I, as a function of time. A value of 1, reached within the
first 10 min after bleaching, indicates no gradient from the periphery to the center and, thus,
negligible diffusion, consistent with FRAP due to insertion of new GFP-AChRs. Means + SE
from N =5 control cells. (E) CytoD treatment used for experiments in A and B is effective in
breaking down actin cables, as revealed by phalloidin staining. Primary myotubes cultured on
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constitutively expressed AChR subunits,
GFP-AChR-y will form GFP-tagged AChRs
that cluster at agrin patches; 2 d after GFP-
AChR-y infection, upon photobleaching
the GFP-AChR clusters, we observed fluo-
rescence recovery after photobleaching
(FRAP), sampling fluorescence every min-
ute by total internal reflection fluorescence
microscopy (TIRFM; Figure 4, A and B). Re-
covery of GFP fluorescence upon bleach-
ing was ~80% complete in control cells by
40 min, when observation was stopped
due to monitor bleaching (Figure 4B; see
also Materials and Methods). The contribu-
tion to recovery by diffusion of GFP-AChRs
from the nonbleached into the bleached
region of the cluster was minor, since 5-10
min after bleaching, no gradient of GFP
fluorescence from the periphery toward
the center of the bleached region could be
resolved (Figure 4, C and D). Moreover, fu-
sions of vesicles containing GFP-AChRs
(see later discussion of Figure 6) were
slightly more frequent near the periphery
of the bleached region than in its central
region, probably due to vesicles originat-
ing from outside the bleached zone. Thus
the recovery into the bleached region can
be largely attributed to the insertion of
new, unbleached GFP-AChRs.

MTs contributed significantly to the re-
covery of GFP fluorescence. Their contribu-
tion was revealed by pretreating myotubes
with nocodazole (10 uM, >90 min), a drug
that disrupts MTs. In the presence of nocoda-
zole, FRAP of GFP-AChRs was significantly
reduced. Of importance, and consistent with
LL5B knockdown abolishing MT capturing
described earlier (Figure 2), knocking down
LL5B suppressed AChR delivery to agrin-in-
duced AChR clusters to a degree similar to
that by nocodazole (Figure 4B). Finally, FRAP
of GFP-AChRs was reduced to a similar de-
gree after myotubes had been pretreated
with ZSTK474 (unpublished data), a specific
inhibitor of PI3K, which blocks MT capture
through inhibition of CLASP2 binding to MT
plus ends (Schmidt et al., 2012; Basu et al.,
2014). These experiments suggest that LL5B
affects AChR delivery by mediating CLASP2-
dependent MT capture, consistent with the
decrease in MT plus end density upon LL5B
knockdown and overexpression of CLASP2-
C shown earlier (Figure 2, B-D).

Synaptic targeting of AChRs is believed
to require a synapse-specific actin cytoskel-
eton that traps AChRs diffusing in the

agrin substrate were stained with o-BTX-
Alexa 488 (green) and phalloidin-Alexa 594
(red) 90 min after CytoD treatment. Scale
bar, 10 ym.
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surface membrane (Dai et al., 2000; Geng et al., 2009). However,
indirect evidence also suggests the involvement of actin in active
AChR transport mechanisms to the cluster membrane (Lee et al.,
2009). To see whether a role of actin in AChR delivery could be re-
solved in our FRAP assay, we treated myotubes with cytochalasin D
(CytoD; 2 pM, >90 min), a drug that disrupts actin filaments by inhib-
iting polymerization of actin monomers (Figure 4E). Indeed, CytoD
suppressed FRAP of GFP-AChRs and, thus, AChR delivery to the
clusters, down to the levels found after nocodazole treatment or
LL5B knockdown (Figure 4B).

An intact actin cytoskeleton is required for MT capture

at AChR clusters

Capture of dynamic MTs at AChR clusters can be visualized in living
cultured myotubes by observing MT plus ends decorated with GFP-
tagged CLIP170 in the TIRF microscope (Schmidt et al., 2012). To
examine whether actin was involved in AChR delivery at the level of
MT capture in living myotubes, we pretreated myotubes derived
from Gfp-Clip-170 knock-in mice (Akhmanova et al., 2005) with
CytoD (Figure 5). The dynamics of GFP-tagged MT plus ends was
then analyzed from kymographs (Figure 5, A-C) generated from
time-lapse movies. As previously observed in untreated control
myotubes, the mobility of MTs inside the clusters was significantly
smaller than outside, indicating MT capture preferentially at the
cluster membrane (Schmidt et al., 2012). This difference was re-
duced upon treatment with CytoD, that is, the majority of MT plus
ends was mobile inside the clusters (Figure 5C). In contrast, outside
AChR clusters, MT dynamics appeared unaffected by CytoD treat-
ment (compare red columns in Figure 5C). The average speeds of
GFP-CLIP170 plus ends were also unchanged, with GFP-CLIP170
having an average speed of 0.163 + 0. 0.078 pm/s in control cells
and 0.147 + 0.069 pm/s in CytoD-treated cells (mean + SD from
30 tracks each), in quantitative agreement with previous measure-
ments (Schmidt et al., 2012). This indicates that the behavior of MT
plus ends near the membrane is greatly altered inside but remains
unchanged outside clusters. We also observed that the total density
of plus ends at the cluster relative to outside was slightly decreased
upon CytoD treatment (unpublished data), thereby pointing to a
role of synaptic actin in guiding plus ends to AChR clusters.

A similar result was obtained when the density of comets visu-
alized by EB3 staining in fixed cells was used as a readout of MT
capture. Specifically, in control myotubes, EB3 comet density ob-
served by confocal laser scanning microscopy (CLSM) was in-
creased inside compared with outside clusters, and it was largely
abolished in CytoD-treated myotubes (Figure 5, D and E). These
data indicate that MT capture at AChR clusters requires an intact
actin cytoskeleton.

Finally, we tested whether the intact actin cytoskeleton at the
cluster may be required for the MT capture process itself or for sta-
bilizing the signaling cascade linking agrin to MT capture (Schmidt
et al., 2012). The latter possibility was excluded by our findings that
CytoD treatment did not affect the agrin-induced phosphorylation
(= inactivation) of GSK3P (Supplemental Figure S4A) or the recruit-
ment of LL5B to the agrin patch (Supplemental Figure S4B).

Analysis of AChR delivery at the level of single vesicles

Close inspection of the bleached region at higher acquisition rates
showed that soon after bleaching, spots of GFP-AChR fluorescence
~200 nm in diameter appeared, and they disappeared within a few
seconds (Figure 6, A-C, and Supplementary Movies S1 and S2).
Such events observed in TIRFM can be interpreted as the arrival of
vesicles filled with GFP-tagged AChRs into the TIRFM plane of view,

S. Basu et al.

944 |

followed by fusion of the vesicle with the cell membrane. Indeed,
we observed internal AChR vesicles along dynamic MTs by costain-
ing intracellular AChRs with tyrosinated tubulin (Supplemental
Figure S5). To estimate the AChR insertion rate, we counted the oc-
currence of fusion events in the bleached region within the first 30 s
after bleaching at an acquisition rate of 3 frames/s using automated
tracking (see Materials and Methods). In accordance with previously
observed docking times for vesicle fusion events (Schmoranzer and
Simon, 2003; Toonen et al., 2006; Grigoriev et al., 2007), we consid-
ered only discrete spots of fluorescence that persisted for >1 s in
our analysis, as events that lasted <1 s most likely represent unteth-
ered vesicles moving in and out of the TIRF plane. With these crite-
ria, we observed in control myotubes between 15 and 20 fusion
events per 30 s in a bleached region 7 ym in diameter. For further
characterization, we examined the spatial distribution of the fusion
events over the bleached area, their durations, and their fluores-
cence intensities.

Fusion events were not randomly distributed over the bleached
region. For example, in the fusions shown in Figure 6, two of
15 events occurred at the same site (Figure 6, B and D, and F,
arrowheads) at different times after bleaching. The appearance of
these events is shown schematically in Figure 6E as a three-dimen-
sional visualization of the time lapse for the cell shown, in which the
two double events are indicated in red and the rest are depicted in
green. Given the area of a single event of ~0.32 pm? (diameter,
0.2 um) and the total area of the bleached region of 38 um?
(diameter, 7 um), the probability for two fusions occurring randomly
at one and the same site is calculated to be 0.32/38 =8 x 1073, and
for two more fusions coinciding at another site, it is 6.4 x 1075, that
is, much lower than actually observed. Similar findings were ob-
tained in a total of 12 cells analyzed, where the total number of
fusions was 178, 30 of which were double events. These data sug-
gest that there are preferred sites of vesicle delivery within the
agrin-controlled AChR clusters.

Of interest, the mean fluorescence intensities of each fluorescent
spot appearing in time (those from the representative cell shown in
Figure 6A are plotted in Figure 6F) were quite similar, except for
some for which fluorescence was about twice as high (Figure 6F,
events 8 and 13). These results support our conclusion that the fluo-
rescent spots are indeed vesicles filled with similar amounts of AChR
molecules. Events with twice the fluorescence intensity can be inter-
preted as two fusions at the same site overlapping in time.

Finally, the events appeared to occur with slight preference at
the periphery of the bleached region (unpublished results), perhaps
reflecting unbleached GFP-AChRs moving in from the nonbleached
region of the myotube (see also Figure 4, B and D).

Agrin-induced AChR vesicle transport to the synapse
depends on LL5B and F-actin integrity

In accordance with our interpretation that suppression of recovery of
“global” GFP-AChR fluorescence was due to impairment of AChR
delivery by interfering with MT capture, the frequency of fusion
events within the 30-s observation period was strongly reduced af-
ter LL5B knockdown (Figure 7A) and even more after CytoD treat-
ment (Figure 7D). As expected for a function in vesicle trafficking
rather than in loading of receptors into vesicles, the fluorescence
intensity was not affected by either treatment (Figure 7, C and F).
However, LL5B knockdown and CytoD appeared to interfere with
different aspects of the fusion process. First, the fusion frequency
was reduced more strongly by CytoD than by LL5B knockdown
(compare Figure 7, A and D); second, in the LL5B-knockdown myo-
tubes, although the frequency of fusion events was reduced, the
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fraction of double-fusion events in all fusions
resolved (103 fusions in 14 clusters exam-
ined) remained unchanged (0.16 in LL5B
knockdown; 0.17 in controls); and third, un-
like LL5B knockdown, which had no effect
on the duration of the fusion events (Figure
7B), this parameter was reduced ~25% by
interfering with the normal function of the
actin cytoskeleton (Figure 7E).

Finally, pretreating myotubes with the
PI3K inhibitor ZSTK474 reduced the fre-
quency of fusion events to 25% of that in
controls without an effect on event duration
or fluorescence intensity (unpublished
data); this is in full agreement with the

The actin cytoskeleton is required
for MT capture at AChR clusters. (A-C) CytoD
inhibits MT plus end capture at agrin-induced
AChR cluster in live myotubes. Myotubes
derived from GFP-CLIP170-KI mutant mice
were cultured on agrin patches, and dynamics
of GFP-labeled MT plus ends was recorded in
TIRFM at 1 frame/s for 180 s with and
without CytoD treatment. (A) First frames
(left) and projection of all 180 frames
superimposed in control (top) and CytoD-
treated myotubes (bottom). The outlines of
AChR clusters are shown by solid black lines.
Note higher number of stable comets (dots in
projection) in clusters in control than in
CytoD-treated myotubes. Scale bar, 5 ym.

(B) Examples of kymographs generated from
stable and moving MT plus ends;
kymographs were generated from time-lapse
recordings as illustrated in A. (C) Graph
summarizing the percentages of stable MT
plus ends inside and outside AChR clusters.
Note the lowered percentage of stable MT
plus ends inside AChR clusters in CytoD-
treated myotubes, whereas percentages
outside clusters remained unchanged. Owing
to differing MT plus end abundance between
myotubes, percentage values of stable
comets inside relative to outside AChR
clusters were calculated for each myotube,
and percentages were averaged. Bars give
means * SE (N = 4 cells each for control and
CytoD-treated myotubes). (D, E) CytoD
inhibits MT plus end capture at agrin-induced
AChR clusters, as visualized in fixed
myotubes by density of EB3-stained MT plus
ends. (D) Myotubes were cultured on agrin
patches, fixed after 90 min of CytoD
treatment, and stained with a-BTX-Alexa 488
(AChRs, green) and an antibody to EB3 (red).
Right, boxes 1 (inside) and 2 (outside clusters)
enlarged to visualize EB3-positive plus end
densities. Scale bar, 7.5 ym; boxes, 2.5 pm.
(E) Bars summarizing densities of EB3-stained
MT plus ends inside relative to outside
clusters. Means + SE; N = 18 cells for

control, 19 cells for CytoD-treated myotubes;
*p < 0.05.
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Analysis of AChR vesicle delivery to agrin-induced AChR clusters in myotubes expressing GFP-AChR-y
subunit. (A-F) GFP-AChR clusters were bleached and fluorescence recovery observed at 3 frames/s for 30 s in TIRFM.
(A) AChR cluster before, immediately after, and 30 s after bleaching. Scale bar. 10 um. (B) Example of a single frame
containing a vesicle fusion event (red box) and its intensity profile during the fusion process as calculated using the SOS
plug-in (see Materials and Methods). Scale bar, 2.5 pm. (C) Enlarged red square, showing the complete sequence of
frames for the same vesicle as in B during the entire fusion process. (D) Double-fusion event occurring at the same site
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DISCUSSION
The present work demonstrates a new role
for LL5B in the maintenance of the NMJ.
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& e with LL5B), the capture of MT plus ends at
- 0- AChR clusters is abolished. The involve-
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LL5B knockdown and CytoD treatment differentially affect frequency, duration, and
GFP fluorescence intensity of AChR vesicle fusions. All methods and parameters as defined in
Figure 6. Bars give means + SE. (A-C) LL5B-knockdown myotubes. Note the reduction of fusion
numbers during 30-s observation period upon LL5B knockdown without changes in duration and
intensity of fusion events. The relative number of double fusions at the same sites was not
affected (see text). N = 12 cells for control and 14 for cells for LL5B-knockdown myotubes.
Means * SE. *p < 0.05. (D-F) CytoD-treated myotubes. Note stronger reduction of fusion
numbers during 30-s observation period upon CytoD treatment, with significant reduction in
duration but not intensity of fusion events. Means + SE. N = 14 cells for control and 14 cells for

CytoD-treated myotubes. **p < 0.001, ***p < 0.0001.

demonstrated role of PI3K in LL5B recruitment and GSK3 inactiva-
tion (Schmidt et al,, 2012). These data combined indicate that
whereas LL5B is required for MT-dependent vesicle delivery to the
synaptic membrane, it is apparently not required for membrane fu-
sion itself. Instead, the failure of LL5B knockdown to affect the dura-
tion and intensity of fusion events suggests that fusion occurs nor-
mally in LL5B-depleted cells. However, an intact actin cytoskeleton
appears to be required for several aspects of focal AChR delivery,
including MT capture and vesicle fusion with the membrane.

ment of MTs captured through CLASP2/
LL5B-interaction in AChR delivery is re-
flected by the reduction in the recovery of
GFP-AChR fluorescence upon photobleach-
ing, which was quantitatively similar upon
LL5B knockdown, treatment of myotubes
with the MT-depolymerizing drug nocoda-
zole, and with the PI3K inhibitor ZSTK474;
consistent with our model, both nocodazole
and ZSTK474 also abolish CLASP2-depen-
dent MT capture and focal delivery of AChR
vesicles. Finally, the physiological relevance
of this process for the maintenance of synaptic AChR density in vivo
is demonstrated by the reduced density and insertion of new and
recycled AChRs at NMJs in mice upon LL5B knockdown and in
Clasp2- mice (Schmidt et al., 2012).

AChR delivery to clusters was not continuous but appeared to
occur in discrete steps, which we interpret as the focal fusion of GFP-
AChR-containing vesicles with the cluster membrane. A small pro-
portion of these discrete events also showed lateral movement
within the bleached region; however, most of them seemed to

as in B at a later time point during the acquisition and its corresponding intensity profile. (E) Snapshot of a schematic
three-dimensional projection showing the time lapse of the cell in A to illustrate the appearance of double-fusion events
at the same position. The bleached region was cropped, individual events were marked as green circles, and double
events corresponding to events 8 and 15 were marked as red circles using the MTrackJ plug-in. The time lapse was then
projected in the Vaa3D software. The z-axis corresponds to the time scale. (F) GFP fluorescence intensities of all 15
fusion events in the cell shown in A. Bars denote mean + SE of intensities sampled over the entire duration of the fusion
event at 3 frames/s (see the example shown in B). The open triangles denote the number of frames used in the
calculation of each such event intensity and SE. Note the uniform intensities of events. The fusions 8 and 13 each can be
interpreted as events arising from two consecutive fusions at the same site partly overlapping in time, thus accounting

for the higher SE.

Volume 26 March 1, 2015

LL5B/actin regulate AChR delivery | 947



appear, persist in the TIRF plane, and then disappear in time. We
propose therefore that whereas the laterally moving vesicles might
represent movement along MT tracks into the membrane, the major-
ity of fusions observed come from MT tracks directly underneath the
plasma membrane. Some of the characteristics of the fusion events
in response to LL5B knockdown are suggestive of specific mecha-
nisms involved. First, individual fusions occurred at preferred sites,
consistent with preferred sites of MT capture, which may be ex-
plained by the speckled distribution of LL5B within the cluster (see,
e.g., Figure 1). Second, with abolished MT capture upon LL5B knock-
down, only the frequency, but neither the duration of the fusion
events nor their intensity, was reduced, suggesting, within the limits
of the resolution of our experiments, that LL5f is not involved in the
fusion process itself. The more robust reduction by LL5B knockdown
in FRAP of GFP-AChR fluorescence (~2.5-fold; Figure 4B) than in MT
capture (~2-fold; Figure 2D) cannot be interpreted to suggest an in-
volvement of LL5B in the fusion process because CLSM, by probing
MT plus ends more deeply into the cell than TIRFM (used to assess
GFP-AChR insertion), likely included MTs that did not reach the cell
cortex and thus were not captured; as a consequence, when probed
by CLSM, the densities of effectively captured MTs both at clusters
and in noncluster regions will be overestimated, leading to underes-
timation of their ratio (e.g., Figures 2D and 5E). Third, MT capture
and AChR delivery depend on the integrity of the actin cytoskeleton;
again, their suppression by the actin- depolymerizing drug CytoD
was quantitatively similar to that after nocodazole treatment and
LL5B knockdown. However, unlike LL58 knockdown, CytoD treat-
ment affected not only the fusion frequency, but also the fusion pro-
cess itself; this is indicated by the shortening of its duration.

The striking effect of CytoD treatment to dramatically reduce dy-
namic MT capture implies some interaction between MTs and actin
filaments in directing MTs to or in the MT capture process at the
cluster membrane itself, likely involving the subsynaptic actin cy-
toskeleton. We did observe a slight decrease in the delivery of plus
ends to the synaptic cluster (albeit not significant) but not outside it.
Taking this together with our observation that average vesicle fusion
times were significantly reduced upon CytoD treatment, we con-
clude that synapse-specific actin regulates the guidance and cap-
ture of MTs, as well as vesicle fusion into the synaptic membrane.

Considering the importance of MT capture for vesicular AChR
delivery, the amount of MTs captured at AChR clusters appears to
be very low. Indeed, whereas capture of GFP-CLIP170-decorated
MT plus ends is readily resolved by TIRFM at agrin-induced AChR
clusters in living MTs, immunofluorescence staining of MTs with an-
tibodies in fixed cells to o-tubulin or to detyrosinated tubulin did not
reveal MT accumulations at AChR clusters (unpublished results). The
question remains, therefore, of how dynamic MTs contribute signifi-
cantly to AChR delivery. In CNS neurons, dynamic MTs transiently
entering dendritic spines to influence actin dynamics (Jaworski et al.,
2009) may also be involved in the transport of cargo toward synaptic
sites (Penzes et al., 2009); such cargo may be transferred from MT
transporters to actin motor proteins. Indeed, myosin Va, which has
been reported to mediate AChR recycling at the NMJ (Roder et al.,
2008), can track MT plus ends by hitchhiking on EB1 in melanocytes
(Wu et al., 2005). Further, F-actin itself can regulate the entry of MTs
into dendritic spines through the actin- and MT-binding partner
drebrin (Merriam et al., 2013), a process believed to play a role in
the trafficking of synaptic proteins, although the molecular cargo
believed to be transported by spine MTs remains unidentified.

Recently LL5B has been implicated, in, besides mediation of
CLASP2-dependent MT capture and AChR delivery, another aspect
of NMJ differentiation: it has been suggested that the postnatal
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transformation of the AChR cluster from an immature, plaque-like to
a mature, pretzel-shaped topology is regulated through corralling
AChRs, involving podosomes rich in LL5B and several of its associ-
ated proteins (Kishi et al., 2005; Proszynski et al., 2009; Proszynski
and Sanes, 2013). In our experiments with clusters induced by spots
of agrin on the substrate, we did not see the complementary stain-
ing of LL5p foci interspersed among AChR microclusters, as is seen
in laminin-induced clusters, perhaps because the high concentra-
tion of agrin in our agrin spots overrides this muscle-autonomous
process.

In summary, combined with our previous findings (Schmidt et al.,
2012), the present experiments strongly suggest that agrin promotes
the delivery of AChRs (and possibly other synapse-specific mole-
cules) to the synaptic muscle membrane via the following mecha-
nisms: 1) local inactivation, through activation of PI3K, of GSK3p
maintaining its substrate CLASP2 in a dephosphorylated state near
the synaptic membrane, 2) binding of dephosphorylated CLASP2 to
MT plus ends, 3) recruitment of LL5B to the synaptic membrane
through activation of PI3-K, and 4) local interaction of MT plus end-
bound CLASP2 with synaptic LL5p, thus promoting MT capture at
the synapse. In support of this model, the reduction in synaptic
AChR density at NMJs in vivo upon deletion of Clasp2 (Schmidt
etal., 2012) is similar to that upon knockdown of LL5B found here.

MATERIALS AND METHODS

Animals

For electroporation, C57Blé mice were anesthetized with ketamine
(87 mg/kg body weight) and xylazine (13 mg/kg body weight).
Postoperative analgesia was by four injections of buprenorphine at
12-h intervals. Mice were killed with CO5. Animal handling was ap-
proved by the Cantonal Veterinary Office of Basel-Stadt. Generation
of the Gfp-Clip170 knock-in mice has been described previously
(Akhmanova et al., 2005).

Electroporation of adult mouse muscle

A 40-pg amount of DNA (LL5B-GFP or Mut-LL58-GFP) in 10 pl of
0.9% NaCl was injected with a 27-gauge Hamilton syringe into the
soleus muscle of anesthetized 8- to 10-wk-old C57BL76 mice. After
suturing of the skin, eight pulses (20 ms, 1 Hz, 200 V/cm) were ap-
plied to the leg using an ECM 830 square wave electroporation
system (Harvard Apparatus, Holliston, MA).

For the sternomastoideus, electroporation was done as described
in Bruneau and Akaaboune (2010). Briefly, the sternomastoid muscle
was surgically exposed, and 7 pl of shRNA (shLL5pB or shScrambled;
4 mg/ml) was layered over the muscle surface. Gold electrodes were
placed parallel to the muscle fibers on either side of the muscle, and
eight monopolar square-wave pulses were applied perpendicular to
the long axis of the muscle. After electroporation, the mouse was
sutured and allowed to recover in a heated recovery chamber.

In vivo labeling, live-animal imaging, and quantitative
fluorescence measurements

Histone2B-RFP expressing pLKO.1-shLL5pB or pLKO.1-shScrambled
(described in the Constructs section of Supplemental Methods) was
electroporated in mouse sternomastoid muscle as described and
analyzed 2-3 wk later. To determine AChR density at the synapse,
the sternomastoid muscle was labeled for 1 h with 5 pg/ml o-BTX~
Alexa 594 (a dose that has been demonstrated to be sufficient to
saturate all receptors; Bruneau et al., 2005), and superficial synapses
were imaged. Only fibers in which synaptic nuclei were marked by
Histone2B-RFP, indicative of either shLL5B or shScrambled expres-
sion, were analyzed.
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To determine the removal rate of the different AChR pools
(preexisting and recycled AChRs), the sternomastoid muscle of
anesthetized mice was exposed to a-BTX-biotin (1 pg/ml, 10 min),
followed by a single saturating dose of streptavidin—Alexa 488, so
that synaptic transmission remained functional (Akaaboune et al.,
2002), and synapses were imaged. Three days later, preexisting
receptors from the same synapses were imaged, following which,
recycled receptors that had lost the streptavidin—Alexa 488 in the
process of recycling (Bruneau et al., 2005) and were reinserted into
the synaptic membrane were labeled with streptavidin-Alexa 488
and reimaged. Finally, newly added receptors were labeled with a
saturating dose of BTX-biotin/streptavidin-Alexa 488 and imaged.
All controls for the specificity of the biotin-streptavidin dissociation
have been worked out previously (Bruneau et al., 2005). Live-animal
imaging and quantitative fluorescence measurements were per-
formed as described (Turney et al., 1996; Akaaboune et al., 1999;
Martinez-Pena y Valenzuela et al., 2005).

Analysis of LL5B recruitment to synaptic muscle membranes
in vivo

A 40-ug amount of pGFP-LL5B or pGFP-LL5B-Mut (Paranavitane
et al., 2003) was electroporated in mouse soleus muscle as de-
scribed. At 10-14 d later, electroporated muscles were dissected,
AChRs stained with 1 pg/ml 0-BTX-Alexa 594 for 1 h at room
temperature, fixed in 4% paraformaldehyde for 2 h, placed in 30%
sucrose/phosphate-buffered saline overnight, and frozen. Muscles
were then embedded and sectioned at 12-um thickness in a cry-
ostat (CM 1950; Leica Biosystems, Nussloch, Germany). Sections
were mounted in Citifluor and imaged using an ACS APO 63x/1.3
numerical aperture (NA) objective on an SPE confocal microscope
(DMI 4000B; Leica Microsystems, Mannheim, Germany).

For the measurement of synaptic GFP intensity, the o-BTX-
stained synapse of GFP-positive fibers was defined as a region of
interest (ROI). Using ImageJ (National Institutes of Health, Bethesda,
MD), we measured green fluorescence in this synaptic ROI, moved
the ROI to the extrasynaptic region of the same fiber profile, and
measured the extrasynaptic green fluorescence . Because the level
of GFP expression varies across fibers within an individual muscle,
the ratio of green fluorescence at the synapse versus extrasynaptic
regions was calculated individually for every fiber.

Preparation of primary muscle cultures
Preparation of primary myotube cultures from mouse neonatal leg
muscle has been described (Schmidt et al., 2012). Myoblasts were
cultured on laminin-coated dishes focally impregnated with agrin. For
the preparation of the dishes, COS-1 cells transfected with a plasmid
coding for full-length chicken agrin (Jones et al., 1996) were seeded
at a density of (7-20) x 103 cells per 30-mm laminin-coated culture
dish. Myoblasts were then seeded as described (Schmidt et al., 2011).
Subsequent differentiation was in DMEM, 5% horse serum, and 1%
antibiotic/antimycotic solution. Note that throughout this article,
agrin was applied attached to the culture substrate rather than in so-
lution to mimic the in vivo situation, unless otherwise mentioned.
For gene delivery in vitro using conventional transfection,
myoblasts were transfected at confluency immediately before
switching to fusion medium using FUGENEé6 (Roche Diagnostics,
Basel, Switzerland). For adenoviral and lentiviral transduction,
cells were infected after formation of myotubes.

Immunofluorescence

Staining of +TIPs and other proteins in cultured myotubes was
performed as described (Schmidt et al, 2012) after fixation in
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—80°C methanol. For staining intracellular AChRs, primary myotubes
cultured on agrin substrate were first treated with a saturating dose
of 0-BTX-Alexa 488 (8 pg/ml, 4 h). After frequent washes in pre-
warmed differentiation medium for 30 min, cells were fixed in —80°C
methanol as described. Cells were then incubated in Tyr-tubulin an-
tibody overnight at 4°C and subsequently treated with secondary
antibody for 45 min. 0-BTX-Alexa 647 (0.3 pg/ml) was added during
the last 10 min of incubation, followed by washing and mounting in
Prolong Gold (Invitrogen, Life Technologies, Carlsbad, CA).

Confocal laser scanning microscopy

Confocal microscopy was performed as described (Schmidt et al.,
2012). Myotubes were imaged with an SPE confocal scanning laser
microscope (DMI 4000B; Leica) at a resolution of 1024 x 1024 pixels
using an HCX PL APO 100x objective (NA 1.46) or an ACS APO
63x objective (NA 1.30). Image stacks were acquired with a step size
of 300 nm. For comparison of different samples, the same laser
settings and gains were applied.

Structured illumination microscopy

Fixed samples were imaged using the ELYRA PS.1 structured illumi-
nation microscope (Carl Zeiss AG, Jena, Germany). Images were
acquired using a 63x/1.40 oil plan Apochromat objective and an
Andor iXon DU 885 electron-multiplying charge-coupled device
(EMCCD) camera (Oxford Instruments, Belfast, UK). Stacks of im-
ages of cultured myotubes were acquired at a step size of 0.110 pm.
Image processing was performed using the Zeiss Zen software. For
colocalization experiments, precise pixel alignment between differ-
ent acquisition channels was ensured by correcting potential pixel
shifts via the channel alignment function within the Zen software
(Zeiss). Maximum-intensity projections and volume rendering was

performed using Fiji (Schindelin et al., 2012).

Total internal reflection microscopy

The dynamics of the insertion of AChRs into and their stability in
agrin-induced clusters were examined in primary mouse myotubes
by TIRFM. Myotubes derived from C57BI/6 mice were stained with
0-BTX-Alexa 594 for 30 min and then washed with prewarmed
DMEM for 1 h before imaging. For viral infections, myotubes were
infected with the indicated viral supernatants 2 d before imaging.
Cells were imaged at 37°C in Krebs Ringer’s solution (140 mM NaCl,
5 mM KCI, 1T mM Mg?*, 2 mM Ca?*, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 1 MM NaHPQO,4, and 5.5 mM glucose)
at pH 7.4. Images were acquired either on an inverted Nikon TI
Eclipse microscope (Chiyoda, Tokyo, Japan), fitted with a 100x Apo
TIRF objective from Nikon (NA 1.49), using an EMCCD camera
(Evolve; Photometrics, Tucson, AZ) with 491- and 561-nm laser lines
(20 mW) and a filterblock from Chroma (Chroma Technology,
Bellows Falls, VT) and the Lambda 10-3 shutter (Sutter Instrument
Company, Novato, CA), or on a TIRF Nikon Eclipse Ti-E inverted
microscope with Nikon CFlI APO TIRF 100x (1.49 NA) oil objective
equipped with a Nikon perfect focus system and QuantEM 512SC
EMCCD cameras (Photometrics) and with dichroic filter 565dcxr
(Chroma) and a HQ530/30m emission filter (Chroma). The iLAS2
FRAP module (Roper Scientific, SAS, Evry Cedex, France) integrated
into MetaMorph (Molecular Devices, Sunnyvale, CA) was used dur-
ing photobleaching. Focus was maintained throughout imaging
with the help of a perfect focus system.

Fluorescence recovery after photobleaching

AChR insertion was assessed from the recovery of GFP fluorescence
in clusters of GFP-AChRs upon photobleaching a circled region of
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6-pum radius with 95% laser power for 1100 ms. After photobleach-
ing, fluorescence in the bleached and surrounding nonbleached re-
gions of the cluster was monitored every minute for 45 min under
identical acquisition settings and exposure times of 300 ms. The raw
fluorescence data were then processed as follows: for every cluster
at every time point, a circle of similar size as the bleached region was
defined in the adjacent nonbleached region (red dotted in Figure
4A) and just outside the cell, and their mean fluorescence intensities
were determined using ImageJ (Schneider et al., 2012). For every
time point, background fluorescence outside myotubes was sub-
tracted from those of the bleached and nonbleached regions, re-
spectively. To correct for bleaching due to TIRFM sampling (monitor
bleaching), the fluorescence within the bleached region relative to
that of immediately adjacent, unbleached region was calculated.
This ratio was then normalized to a scale between O (= fluorescence
intensity [FI] immediately after bleaching, FI(0)) and 1 (= FI before
bleaching), according to recovery, R(t) = 1 - [1 — F®))/[1 — F0)]; this
procedure sets recovery to O, independently of completeness of
bleaching (which was normally between 70 and 80%). A major con-
tribution to fluorescence recovery by diffusion of GFP-AChRs from
nonbleached regions could not be resolved (Figure 4, B and C).

Visualization of GFP-AChR vesicle fusions with the cluster
membrane

Vesicles could be resolved in the bleached region when the bleach-
ing time was reduced to 585 ms to minimize bleaching in the Golgi
underlying the bleached region, and image acquisition was
performed continuously every 300 ms (exposure time, 300 ms).
Analysis of vesicle delivery upon CytoD treatment was performed
using the same settings but a different microscope from the one
used for LL5B knockdown (see Total internal reflection microscopy).

+TIP comet dynamics

Dynamics of GFP-CLIP170 comets was measured in primary myo-
tubes derived from Gfp-Clip170 knock-in mice. Agrin-induced
AChR clusters were stained with a-BTX-Alexa 594 (1 pg/ml, 30 min)
and, after washing with prewarmed DME cells, were incubated at
37°C for 1 h before imaging. For TIRF imaging of GFP-CLIP170,
images were acquired at 1 frame/s for 160-180 s with an exposure
of 1000 ms. Dynamics of CLIP170 inside and outside agrin-induced
AChR clusters was analyzed using ImageJ as described in Schmidt
et al. (2012).

Quantitative analysis of vesicle fusion events

Single-particle tracking was performed using a custom-written
plug-in for ImageJ. The plug-in first applied a detection algorithm
based on a weighted least-squares Gaussian fitting of point-spread-
functions (Thompson et al., 2002) within manually outlined regions
of interest (FRAP regions). To efficiently localize particles of interest
in the noisy images and deal with spurious detections, the images
were first preprocessed using the multiscale isotropic undecimated
wavelet transform (Olivo-Marin, 2002). The local maxima in the re-
sulting images were taken as the candidate positions. To discrimi-
nate between true particles and noise, a two-dimensional Gaussian
fitting algorithm (Thompson et al., 2002) was applied to the origi-
nal images at these maxima, which yielded for each candidate po-
sition its subpixel coordinates (x, y), amplitude /, and size, expressed
as the SD ¢ of the Gaussian fit. All positions for which | > |, and
0 €[Omin,Omax] were then accepted as true particle positions.
Typical values used for the parameters were Imin= 30-40 (for
8-bit images), omin = 40-50 nm, and Omax = 150-200 nm. Tracks
were subsequently created for the obtained detections using a
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nearest-neighbor (based on the Euclidean distance) linking
approach and visualized using the MTrackJ plug-in of ImageJ
(Meijering et al., 2012). In other words, each trajectory consisted of
detections with the interframe displacement not larger than 120 nm.
Further, only trajectories >3 frames were used for the analysis.
Three-dimensional projections of the bleached region were gener-
ated in Vaa3D (Peng et al., 2010).

Quantitative analysis of +TIP comet density in fixed cells
Immunostaining in cultured myotubes was performed as described
previously (Schmidt et al., 2012). The AChR cluster was defined as
an RO, and total number of EB3 comets was counted using ImageJ.
A similar ROl was selected outside the cluster for each cell, and EB3
comets were counted within this as well. The number of comets per
unit area was then calculated inside and outside the clusters to ob-
tain EB3 comet density.

Quantitative analysis of AChR cluster size

To examine the effect of LL5B knockdown on clustering of surface
AChRs, primary myotubes were infected with the indicated lentiviral
constructs 24 h after switching to differentiation medium, and sur-
face AChRs were stained with 1 pg/ml a-BTX-Alexa 488 at 36 h
later, followed by frequent washing (every 5 min for 1 h at 37°C).
Then 10 nM soluble chicken mini-agrin was added to the cultures for
18 h, following which, cultures were fixed with 2% paraformalde-
hyde for 10 min and imaged on an inverted Nikon Ti Eclipse micro-
scope using a 40x objective (Nikon Plan Fluor/1.30 NA). To analyze
AChR area and density in CLASP2-C—transfected myotubes,
primary myoblasts grown on agrin patches were transfected with
appropriate constructs and switched to differentiation medium the
next day. At 48 h later, myotubes were stained with 1 ug/ml o-BTX-
Alexa 594, fixed in 2% paraformaldehyde, and imaged as described.
Quantification was done in ImageJ, as described in Basu et al.
(2014).
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