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Introduction
The function of the dynamic cytoskeleton in synapse formation 
and maintenance is poorly understood. At the neuromuscular 
junction (NMJ) the array of synaptic proteins such as the acetyl-
choline receptors (AChRs) is determined by the specific set of 
genes induced by the nerve selectively in the muscle nuclei 
underlying the synapse. However, although the nerve-induced 
synaptic gene expression program can explain the set of pro-
teins expressed in the synaptic region, it does not account for 
their focal insertion into the postsynaptic muscle membrane 
where the density of, e.g., AChRs declines sharply from 
10,000/µm2 to <5/µm2 within a few micrometers of muscle 
fiber length. One possibility is a focal transport involving micro-
tubules (MTs) oriented toward and captured at the subsynaptic 
muscle membrane. Indeed, the NMJ is associated with dense, 

subsynaptic networks of cortical actin filaments and micro-
tubules (Jasmin et al., 1990; Ralston et al., 1999). Actin filaments 
are thought to be involved in anchoring AChRs along with other 
proteins that play a part in NMJ formation and maintenance 
(Dai et al., 2000; Borges and Ferns 2001), and they may be in-
volved in MT capturing. However, the generation of the sub-
synaptic actin networks has not been investigated. Likewise, it 
is not known how MTs are organized, and whether and how they 
are involved in the formation of the postsynaptic membrane.

The behavior of MTs and their interactions with other 
intracellular components are largely regulated by MT plus-
end tracking proteins (+TIPs), which specifically associate 
with the growing, or “plus” ends of the MTs (Galjart 2010). In 
motile fibroblasts, a paradigm for studying MT behavior in cul-
tured cells (Akhmanova et al., 2001), a subset of MTs is oriented 
toward the leading edge and becomes selectively stabilized 

Agrin is the major factor mediating the neuronal 
regulation of postsynaptic structures at the verte-
brate neuromuscular junction, but the details of 

how it orchestrates this unique three-dimensional struc-
ture remain unknown. Here, we show that agrin induces 
the formation of the dense network of microtubules in the 
subsynaptic cytoplasm and that this, in turn, regulates 
acetylcholine receptor insertion into the postsynaptic 
membrane. Agrin acted in part by locally activating 
phosphatidylinositol 3-kinase and inactivating GSK3, 
which led to the local capturing of dynamic microtubules 

at agrin-induced acetylcholine receptor (AChR) clusters, 
mediated to a large extent by the microtubule plus-end 
tracking proteins CLASP2 and CLIP-170. Indeed, in the 
absence of CLASP2, microtubule plus ends at the subsyn-
aptic muscle membrane, the density of synaptic AChRs, 
the size of AChR clusters, and the numbers of subsynaptic 
muscle nuclei with their selective gene expression pro-
grams were all reduced. Thus, the cascade linking agrin 
to CLASP2-mediated microtubule capturing at the synap-
tic membrane is essential for the maintenance of a normal 
neuromuscular phenotype.
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Subsynaptic MT induction can be mediated by agrin in vivo. 
Specifically, agrin secreted from muscle fibers upon intracellu-
lar injection of expression plasmid into nonsynaptic regions 
of innervated muscle fibers (Jones et al., 1997) induces ectopic 
AChR clusters, which have a MT network associated with them 
similar to that observed in vivo (Fig. 1 c). This suggests that the 
nerve normally induces the subsynaptic MTs, at least in part, by 
the secretion of agrin.

To examine the orientation of subsynaptic MTs at the NMJ, 
muscle fibers of knock-in mice expressing GFP-tagged CLIP-170 
(Akhmanova et al., 2005) at the plus ends of the MTs were fixed 
in a way that preserves dynamic MTs (see Materials and meth-
ods). Labeling with an antibody against GFP showed CLIP-170 
enriched at synaptic AChR clusters (Fig. 1 d). 3D reconstruction 
of NMJs from confocal image stacks showed that the plus ends of 
the MTs were preferentially colocalized with the synaptic AChR 
cluster. In contrast, in many instances they were completely 
absent from the synaptic gutter containing the nerve terminal 
(Fig. 1 d). These findings indicate that the plus ends of MTs pro-
bing the interior of the cell cortex become preferentially associ-
ated with synaptic AChR clusters.

In cultured cells, MT stabilization is promoted by several 
+TIPs, including CLASP2, which are directly or indirectly linked 
to the actin network (Galjart 2010). Cortical actin is highly en-
riched at the NMJ (Dai et al., 2000; Bruneau et al., 2008), and is 
thought to be involved in the anchoring of the AChRs in the 
subsynaptic muscle membrane. Immunolabeling of CLASP2 
suggested that it was organized in a pattern similar to that of 
CLIP-170, with an enrichment at the crests of the synaptic folds 
(i.e., between troughs marked by AChR-rich lines [Fig. 2 a], as well 
as along the edge of the AChR cluster [Fig. 2 c]). Interestingly, 
the AChR cluster edge is where new AChRs are inserted into the 
synaptic membrane of developing NMJs (Kummer et al., 2004). 
Imaging NMJs after 3 d of denervation, i.e., when nerve terminals 
were degenerated, produced similar results (not depicted). Thus, 
CLIP-170 and CLASP2 immunoreactivities were postsynaptic.

Double stainings of CLIP-170 and CLASP2 at the synapse 
revealed significant colocalization of these proteins at the NMJ 
(Fig. 2 b), indicating that subsynaptic MT ends contain both +TIPs. 
However, MT capture and stabilization can still occur in the 
absence of either of these proteins as indicated by the synaptic MT 
networks at Clasp2/ (Fig. 2 d) and at Clip1/;Clip2/ NMJs 
(not depicted) visualized by Tyr-tubulin and Glu-tubulin stain-
ings. Although no impairment of stable synaptic MTs could be 
resolved by tubulin stainings in either of these mutants due to 
variable staining conditions, MT capture as revealed by CLIP-170 
staining was reduced by the deletion of CLASP2 (see Fig. 4). 
Taken together, these findings suggest that agrin/MuSK trig-
gers downstream signals that capture MTs at synaptic AChR 
clusters by a process that includes CLIP-170 and CLASP2, and 
that this, in turn, promotes the insertion of AChRs into the syn-
aptic membrane.

NMJs are impaired in Clasp2/ mice
To test this hypothesis, we investigated NMJs in mice in 
which CLASP2 had been genetically deleted. The phenotype 
of NMJs in adult Clasp2/ mice was abnormal in several ways. 

(Bulinski and Gundersen 1991). Posttranslational modifications 
on lattice-incorporated tubulin subunits, such as de-tyrosination 
or acetylation, accumulate on stable MTs, allowing their rec-
ognition with specific antibodies (Bulinski and Gundersen 1991). 
Specific signaling pathways that are activated at the leading 
edge mobilize downstream effectors to recruit stable leading 
edge–oriented MTs. Signaling molecules include lysophos-
phatidic acid (LPA), which triggers a pathway dependent on 
the Rho-GTPase and the formin mDia (Gundersen et al., 2004), 
and phosphatidylinositol 3-kinase (PI3-K) acting via glycogen 
synthase kinase-3 (GSK3; Akhmanova et al., 2001). Several 
+TIPs have been implicated in selective MT capturing and 
stabilization, including APC, ACF7, CLIP-170, and CLASP2 
(Galjart 2010). Although CLASPs were discovered (and named) 
through their interaction with CLIP-115 and -170, the func-
tional significance of this interaction is still unknown, and its 
in vivo relevance has not yet been described.

The major factor mediating the neural regulation of post-
synaptic membrane assembly at the vertebrate NMJ is agrin, a 
heparansulfate proteoglycan secreted from motor nerve ter-
minals and acting through its receptor/effector, LRP4/MuSK 
(muscle-specific kinase; Kim et al., 2008; Zhang et al., 2008; 
Wu et al., 2010), in the muscle fiber membrane. Agrin on its 
own is sufficient to induce differentiation of functional synaptic 
membranes in vivo in the absence of motor nerves (Jones et al., 
1997). This major organizing function makes agrin-induced 
AChR clustering in cultured myotubes an ideal system in which 
to analyze how the subsynaptic MTs come to be organized and 
to elucidate their roles in synapse formation in vivo.

Here, we present evidence for a novel signaling pathway 
downstream of agrin that allows dynamic MTs probing the in-
terior of the muscle fiber membrane to become immobilized 
and captured at the synaptic membrane. Specifically, in both 
adult muscle and cultured myotubes, agrin triggers the activation 
of PI3-K, leading to the phosphorylation of GSK3 at the sub-
synaptic muscle membrane. This serves to cause the local cap-
ture of the plus ends of dynamic MTs at the synaptic, but not at 
the extrasynaptic membrane via a process involving CLASP2 and 
CLIP-170. Agrin/CLASP2/CLIP-170–mediated MT capturing 
in turn directs the focal AChR insertion into the synaptic mem-
brane. Our data reveal, for the first time, the in vivo relevance of 
a CLIP-170–CLASP2 interaction in this process.

Results
The nerve terminal and agrin induce a 
subsynaptic network of MTs oriented 
toward the subsynaptic membrane
The subsynaptic muscle membrane is associated with a dense 
network of MTs as visualized by immunofluorescent label-
ing of dynamic MTs (or Tyr-tubulin; Fig. 1 a) and total MTs 
(or -tubulin; Fig. 1 b). Labeling of de-tyrosinated tubulin 
(or Glu-tubulin) reveals an even higher enrichment of a sub-
population of stable subsynaptic MTs (Fig. 1 b). These data 
suggest that MTs are enriched and specifically stabilized near 
the NMJ and suggest the involvement of specific +TIPs in 
this process.
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subsynaptic nuclei which, through their muscle activity–resistant 
expression of AChR subunit and other synaptic genes, con-
tribute to the maintenance of the NMJ.

If both CLASP2 and CLIP-170 are involved in subsynap-
tic MT capturing, as is also suggested by their colocalization at 
the NMJ (Fig. 2 b), one would expect a similar NMJ phenotype 
in mice lacking CLIP-170 as in the CLASP2-deficient mice. 
We therefore measured synaptic AChR density in CLIP-115/ 
170–deficient mice, and found a reduction to 80% of control 
(Fig. 3 c), similar to what we observed in the Clasp2 knockouts. 
These results suggest that the CLASP2–CLIP-170 interaction 
that was documented in vitro serves to regulate synaptic func-
tion in vivo.

CLASP2 promotes attachment of  
MT plus-ends to synaptic membranes  
of mature NMJs
To test for a role of CLASP2 in MT stabilization at the NMJ, we 
compared the localization of MT plus-ends as visualized by 

Specifically, when compared with size-matched wild-type mice 
with similar muscle fiber diameters, the area of synaptic AChR 
clusters, the numbers of subsynaptic nuclei, and the density of 
synaptic AChRs were all reduced to 75% of control (Fig. 3, a 
and b), resulting in a decline of synaptic AChR number to <60% 
(0.75 × 0.75). Strikingly, the rate at which AChRs were replaced 
was also reduced in NMJs (Fig. 3 b), suggesting a role for 
CLASP2 in the accumulation of this important receptor, akin to 
its function in polarized vesicle trafficking in motile cells (Miller  
et al., 2009). Although the defects in the structure of NMJs in 
Clasp2/ mice would be expected to lower the safety factor for 
neuromuscular impulse transmission, this effect was not great 
enough to precipitate impairment of impulse transmission as 
judged from the animal’s gross motor behavior.

These data indicate that CLASP2 contributes to normal 
synaptic function in multiple ways: by increasing synaptic AChR 
density through delivery of AChRs to the synaptic membrane; 
by increasing synaptic area and, by inference, increased quantal 
content of the endplate potential; and through the recruitment of 

Figure 1. The subsynaptic network of MTs at the neuromuscular junction is induced by agrin. (a) NMJ in mouse sternomastoid muscle labeled for AChRs 
(red) and for Tyr-tubulin (green) reveals subsynaptic network of MTs. Bar, 10 µm. (b) MTs at the NMJ are posttranslationally modified by de-tyrosination. 
Labeling for -tubulin, Glu-tubulin, and AChRs reveals synaptic and nonsynaptic MTs (red), selective de-tyrosination of subsynaptic MTs (green), and AChRs 
(blue). Note MTs are also present in presynaptic nerve terminal branches (arrowheads). Bar, 10 µm. (c) Network of MTs (tyr-tubulin, green) is present 
at nerve-free, ectopic postsynaptic membranes (marked by accumulation of AChRs [red]) induced by ectopic application of recombinant neural agrin to 
nonsynaptic region of adult muscle fiber. Note the accumulation of muscle nuclei, revealed by the surrounding MTs, at same site. Bar, 20 µm. (d) Tips of 
growing MTs are enriched at synaptic AChR clusters in epitrochleo-anconeus (ETA) muscle from GFP-Clip-170ki/ki mutant mouse. Top: en-face view of NMJ 
marked by AChRs (red). MT plus-ends are stained with anti-GFP antibody. Bar, 5 µm. Bottom: part of a synaptic AChR cluster (red) stained for CLIP-170 
with anti-GFP antibody (green) and reconstructed in 3D from a stack of confocal images. Left, view from muscle side of AChR cluster; note the MT plus-ends 
approaching the synaptic AChR cluster from below the postsynaptic membrane. Right, view from presynaptic side of same AChR cluster; note absence of 
MT tips from primary synaptic gutter where nerve terminal was located (not stained).
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Figure 2. Synaptic localization of CLASP2, Tyr-tubulin, and Glu-tubulin in wt and Clasp2/ NMJs. (a) Staining of CLIP-170 and CLASP2 at NMJ of wild-
type muscle. Like CLIP-170 (left, green), CLASP2-decorated MT plus-ends (right, green) are enriched at synaptic AChR clusters primarily at their edges 
and at the crests of synaptic folds (arrowheads; troughs of folds marked by the AChRs). Bar, 5 µm. Note that images in panel a are from the level of the 
synaptic folds, i.e., deeper in the synaptic gutter; in contrast, maximum intensity projections from optical slices taken at the level of the edge of the synaptic 
AChR cluster and thus of the synaptic gutter (such as in Fig. 1 d, top images) reveal pronounced CLIP-170 enrichment compared with adjacent perisynaptic 
membrane. This explains the apparent difference in CLIP-170 intensity along the edge of the clusters in the two images (Fig. 2 a vs. 1 d). (b) Double stain-
ing of CLIP-170 and CLASP2 at NMJ of wild-type muscle. Accumulation of both +TIPs at edge of synaptic AChR cluster (blue) and overlap of the two +TIPs 
(marked by asterisks) is consistent with cooperation between CLIP-170 and CLASP2 at MT plus-ends. Note that some of the CLIP-170 and CLASP2 staining 
does not overlap, which may reflect differences in antibody accessibility and staining, or, alternatively, independent functions of these proteins in the NMJ. 
For localization of CLIP-170 in Clasp2/ NMJ, see Fig. 4. Bar, 2.5 µm. (c) Top: CLASP2 is enriched at edge of synaptic AChR cluster at wild-type NMJ. 
Bottom: absence of CLASP2 staining of NMJ from Clasp2/ muscle shows specificity of antibody used. Bars, 5 µm. (d) Both Tyr-tubulin (top) and Glu-tubulin 
(bottom) are enriched at NMJs of Clasp2/ muscle. Bars, 10 µm.
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CLIP-170 labeling in wild-type and in Clasp2/ mice. As de-
scribed above, CLIP-170 was prominent at the edges of the syn-
aptic AChR clusters at wild-type NMJs but was also present 
throughout the postsynaptic membrane in the primary synaptic 
fold. In Clasp2/ mice the synaptic localization of CLIP-170 
was reduced. This was most readily seen from the decrease of 
CLIP-170 immunoreactivity along the edges of the synaptic 
AChR clusters (Fig. 4 a).

Because the resolution of confocal microscopy is limited, 
in particular in the z-direction, some synapses were imaged by 
using structured illumination microscopy, which increases res-
olution both in x-y and in z-directions by a factor of 2 compared 
with conventional confocal microscopy (Gustafsson et al., 
2008). In individual optical slices taken through synaptic AChR 
clusters oriented en face, AChR labeling appeared as contour 
lines following the synaptic membrane at that respective z-level. 
In wild-type animals, puncta of CLIP-170 immunoreactivity 
precisely followed these lines. This indicates that in wild-type 
mice the plus ends of the MTs were present exactly, within the 
limit of z-resolution, at the level of the synaptic membrane. In 
contrast, at Clasp2/ synapses CLIP-170 puncta were largely 
absent from the AChR contour lines (Fig. 4 b). Thus, in the ab-
sence of CLASP2, the incidence of MT plus-ends at the level of 
the AChRs was markedly reduced. This observation implicates 
CLASP2 in the capturing of CLIP-170–labeled MT ends (and 
thus of MTs) at the agrin-induced AChR cluster.

Agrin phosphorylates GSK3 through PI3-K
Next we examined how agrin regulates CLASP2-mediated MT 
capturing. At the leading edge of motile fibroblasts CLASP2-
mediated MT capturing is regulated by phosphatidylinositol 
3-kinase (PI3-K) and glycogen synthase kinase-3  (GSK3; 
Akhmanova et al., 2001). In many instances, PI3-K activates 
AKT through its recruitment to inositol lipids and subsequent 
phosphorylation by PDK-1; AKT in turn phosphorylates GSK3, 
which is active by default but is rendered inactive by phosphory-
lation on Serine 9 (Ser9). The inactivation of GSK3 triggered 
by PI3-K prevents phosphorylation of CLASP2 and, as a conse-
quence, enhances its affinity to MT plus-ends (Akhmanova et al., 
2005; Kumar et al., 2009; Watanabe et al., 2009). Blockade of 

Figure 3. Genetic deletion of CLASP2 impairs NMJs in vivo. (a) The size of 
synaptic AChR clusters and the number of subsynaptic nuclei per synapse 
are reduced in Clasp2/ muscle. NMJs in soleus muscles of wild-type 
and mutant animals of equal weights were stained for AChRs (red), the 
Schwann cell marker S-100 (green), and nuclei with DAPI (blue). Synaptic 
area was determined from AChR labeling of synapses lying en face (see 
Materials and methods). Nuclei surrounded by S-100 labeling were con-
sidered as terminal Schwann cells (see inset in panel labeled S100/DAPI). 
The number of subsynaptic muscle nuclei was estimated by subtract-
ing the number of Schwann cell nuclei (marked by asterisks) from the 

number of nuclei underlying the AChR cluster (marked by arrowheads). 
Bar, 10 µm. Graphs show mean values of respective parameters ± SEM, 
n = 47 wild-type and 52 Clasp2/ NMJs from 3 muscles of each genotype 
analyzed (*, P < 0.05; **, P < 0.01, two-sided t test). (b) AChR density 
and AChR insertion rates are reduced in Clasp2/ muscle. To determine 
AChR densities sternomastoid muscles were saturated with -BTX–Alexa 
594. Bar, 25 µm. Means ± SEM, n = 63 and 72 NMJs from 3 wild-type  
and 3 Clasp2/ muscles analyzed (*, P < 0.05; **, P < 0.01, two-sided 
t test). To estimate AChR insertion rates sternomastoid muscles were dener-
vated to increase AChR turnover; 7 d later AChRs in superficial endplates 
were saturated in vivo with -BTX–Alexa 488. After another 7 d (to  
allow AChR turnover), endplates were saturated with -BTX–Alexa 594, 
and the average intensity of Alexa 488 fluorescence in Clasp2/ NMJs 
was normalized to that in wild-type muscles. Bar, 25 µm. Means ± SEM, 
28 wild-type and 25 Clasp2/ endplates analyzed (*, P < 0.05; **, P < 
0.01, two-sided t test). (c) AChR density is reduced in Clip1/;Clip2/ 
muscle. Analysis similar as in b. Given are means ± SEM, n = 30 wild-type 
and 31 Clip1/;Clip2/ (*, P < 0.05; **, P < 0.01, two-sided t test). 
Bar, 25 µm.
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with agrin, which more closely resembles physiological agrin 
presentation (Fig. 5 a, right; for full blots see Fig. S2). Thus 
agrin, by activating PI3-K and AKT, phosphorylates (i.e., in-
activates) GSK3 in cultured myotubes.

We next examined whether activated PI3-K and p-GSK3 
are present at the NMJ in vivo. PI3-K activity at NMJs was  
assessed by measuring relative synaptic GFP fluorescence lev-
els in fibers electroporated with expression constructs encod-
ing either a wild-type or a mutant fragment of Bruton’s tyrosine  
kinase (BTK). Both constructs comprised a GFP tag coupled 
to the respective wild-type and mutant BTK pleckstrin homo-
logy domains, of which the wild type, but not the mutant, binds 
to PtdIns(3,4,5)P3 formed by active PI3-K (Várnai et al., 1999). 
Fig. 5 b shows that the synaptic GFP fluorescence signal was 
greatly reduced when fibers expressed the mutant BTK-GFP 
construct, indicating that PI3-K is activated at the NMJ. 

PI3-K is known to inhibit agrin-induced AChR clustering in 
cultured myotubes (Nizhynska et al., 2007). We therefore tested 
the hypothesis that agrin, by activating PI3-K, induces phos-
phorylation of GSK3 at Ser9 (p-GSK3).

To this end, C2C12 and primary wild-type myotubes were 
exposed to 5 nM of either agrin isoforms that are selectively 
expressed by motor neurons (neural agrin) or those expressed 
by nonneural tissues such as muscle. Of these, only neural agrin 
can induce synaptic membranes in muscle (Meier et al., 1998). 
Western blotting of lysates showed a pronounced but transient 
increase in both p-AKT and p-GSK3 within a few minutes in 
response selectively to neural, but not to nonneural agrin. Both 
AKT and GSK3 phosphorylation could be blocked by pre-
treating cells with PI3-K inhibitors (LY294002 or ZSTK474) or 
with AKT inhibitor (A6730; Fig. 5 a, left). Similar results were 
seen when myotubes were grown on a substrate impregnated 

Figure 4. Absence of CLASP2 reduces the density of 
GFP-CLIP-170–decorated MTs at the synaptic membrane 
of the NMJ in vivo. (a) The localization of MT plus-ends  
(visualized by GFP labeling) at synaptic AChR clusters is 
reduced in Clasp2/;GFP-Clip170ki/ki myotubes. Bar, 5 µm.  
Graph shows percentage of synapses with GFP-CLIP-170  
enriched at the edge of the AChR cluster in wild-type and 
Clasp2/ synapses (means ± SEM, n = 13 wild-type and  
18 CLASP2/ synapses from 3 muscles each (*, P < 0.05;  
**, P < 0.01, Mann Whitney U-Test). A synapse was clas-
sified “blindly” by visual inspection as enriched in CLIP-170 
(arrowheads), when edges of AChR clusters were deco-
rated with GFP puncta along >80% of their lengths. Note 
that further information on, e.g., number and intensity of 
CLIP dots cannot be extracted from these confocal images  
(for details, see Materials and methods). (b) Analysis by struc-
tured illumination microscopy (SIMELRYA S.1; Carl Zeiss)  
of the localization of GFP-CLIP-170–decorated MTs at 
the synaptic membrane (marked by AChRs) in wild-type 
and Clasp2/;GFP-Clip-170ki/ki NMJs. NMJs stained for 
AChRs (red) and GFP (green). Bars, 1 µm, 3 µm, and 1.5 µm.  
Stacks of images of NMJs en face were taken through 
the entire depth of the synapse at 0.125-µm steps and pro-
cessed. 10–20 µm of contour lines of AChRs (as the one illus-
trated by the white line in the 3D-reconstructed cluster in 
top panel) at each of three z-levels for each synapse were 
selected, and CLIP-170 puncta per length of contour line 
were counted (arrowheads). Bottom panels show sample 
AChR contour lines and CLIP-170 immunoreactivity, in-
cluding enlarged insets. Graph shows combined data 
from three synapses each in wild-type and Clasp2/ 
muscle (*, P < 0.05; **, P < 0.01, two-sided t test). Note 
the marked reduction in the density of CLIP-170 puncta 
on AChR contour lines in the absence of CLASP2.

http://www.jcb.org/cgi/content/full/jcb.201111130/DC1
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Figure 5. Agrin phosphorylates PI3-K, AKT, and GSK3 in muscle cells. (a) Neural, but not nonneural, agrin phosphorylates GSK3 via phosphorylation 
of PI3-K and AKT in cultured myotubes. Western blots of lysates from C2C12 myotubes to which soluble neural (5 nM) or nonneural (5 nM) agrin was 
added. Blots probed with antibodies as described in Materials and methods. Panels showing p-GSK3 and p-AKT are derived from same blot exposed for 
different times. Note that (1) AKT and GSK3 are not phosphorylated by nonneural agrin (top left panel, right lane); (2) their phosphorylation by neural 
agrin is inhibited by the PI3-K blocker LY294002 (50 µM), and the AKT inhibitor A6730 (0.5 µM, bottom left panel), respectively. Neural agrin also 
phosphorylates AKT and GSK3 when presented attached to culture substrate (top right panel, see Materials and methods). Full blots are shown in Fig. S1.  
Bar, 20 µm. (b) PI3-K is activated at the postsynaptic membrane of the NMJ. Soleus muscles of wild-type mice were electroporated with expression  

http://www.jcb.org/cgi/content/full/jcb.201111130/DC1
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other type of behavior (here called type II), the GFP-CLIP-170 
fluorescence appeared stable over a period of 160 s or longer, 
with fluorescence flashing up at discrete spots along the track 
for tens of seconds before fading. Type II behavior suggests re-
duced freedom of GFP-CLIP-170 movement, and the capture of 
GFP-CLIP-170–labeled MT ends. Conspicuously, GFP-CLIP-170 
dynamics was different inside and outside agrin-induced AChR 
clusters. Inside clusters, 75% of GFP-CLIP-170 tracks observed 
were of type II, and the remaining 25% of type I. In contrast, 
this ratio was reversed outside receptor clusters, where only 
25% were of type II (Fig. 6 f).

As suggested above for adult NMJs, MT stabilization at 
agrin-induced AChR clusters in cultured myotubes was medi-
ated by PI3-K activation and CLASP2. Specifically, when MT 
dynamics were examined in primary GFP-CLIP-170 myotubes 
treated with the PI3-K inhibitor ZSTK474 (Fig. 6 d), or in myo-
tubes derived from Clasp2/;GFP-Clip-170ki/ki (i.e., knockout/
knock-in) mice (Fig. 6 e; see Video 2), type I and II comets 
were equally common in both cluster and noncluster regions 
(Fig. 6 f), suggesting nonspecific MT plus-end capturing both 
outside and inside the clusters. These experiments demonstrate 
that agrin enables the capture of CLIP-170–coated MT ends 
through a process requiring CLASP2, and that this process 
depends on PI3-K activation.

CLIP-170 is increased at plus ends of  
MTs in the proximity of agrin-induced 
AChR clusters
The GFP fluorescence of MT plus-ends imaged inside agrin-
induced AChR clusters in control wild-type myotubes appeared 
brighter by eye than those in the same myotubes outside the 
AChR cluster. This difference could be due to MTs coming 
closer to the internal myotube membrane inside clusters than 
outside and/or to an increased load of CLIP-170 molecules on 
MT tips induced by agrin. To examine these possibilities, myo-
tubes were labeled for CLIP-170 and EB3, a member of the 
EB1-family of “core” +TIPs that is expressed in myotubes (Fig. 7). 
Myotubes were then imaged by confocal microscopy, and the 
intensity of CLIP-170 fluorescence on MT plus-ends, identified 
by their EB3 immunoreactivity, was assayed inside and outside 
AChR clusters by line scans. At MT plus-ends inside AChR 
clusters in control myotubes the intensity of CLIP labeling was 
significantly higher than outside clusters, whereas EB3 was not 
changed (Fig. 7 a). This suggests that pathways activated by 
agrin increase the affinity of CLIP-170 for MT plus-ends.

Next, we examined whether the increase in CLIP-170 
load was mediated through PI3K and CLASP2 by repeating the 

Consistent with our hypothesis for the agrin-induced signal-
ing cascade, we further observed by immunofluorescence that 
p-GSK3 was colocalized with the synaptic membrane of nor-
mal (Fig. 5 c; for specificity of the antibody used, see Fig. S2) 
and denervated NMJs (not depicted), excluding that the p-GSK3 
immunoreactivity was presynaptic. p-GSK3 was not distrib-
uted evenly but appeared focally localized at the crests of the 
synaptic folds between the regions carrying the AChRs (Fig. 5 d), 
i.e., similar to CLIP-170 and CLASP2 (Fig. 2 a). When com-
bined, these results indicate that agrin, by activating PI3-K, 
phosphorylates and thus inactivates GSK3 at the NMJ.

MTs are captured at agrin-induced AChR 
clusters by a process involving PI3-K  
and CLASP2
If agrin induces the trapping of plus ends of dynamic MTs at 
differentiating synaptic spots, it should be possible to visualize 
this in real time using GFP-tagged +TIPs. To mimic the stable 
presentation of agrin to the muscle at mature NMJs, we depos-
ited neural agrin in small patches (20–60 µm in diameter) onto 
a laminin substrate. Myotubes that contact these agrin deposits 
form large AChR clusters that include stabilized AChRs and 
have associated with them a cluster of myonuclei that express 
the synapse-specific form of AChRs (Fig. 6 a; Jones et al., 1996). 
We therefore compared the dynamics of MTs in primary GFP-
CLIP-170–expressing myotubes, inside and outside agrin-induced 
AChR clusters, using TIRF microscopy.

Analysis of individual frames of time-lapse movies (see 
Video 1) of wild-type myotubes suggested a much higher den-
sity of GFP-CLIP-170–labeled MT plus-ends inside the AChR 
clusters than outside (Fig. 6 b, center). However, maximum 
intensity projections (MIPs) of all 160 frames of the time-
lapse imaging experiment showed that also outside the cluster 
many MT ends do reach the membrane (Fig. 6 b, right). The 
fact that inside the cluster the difference in MT plus-end den-
sity between single frames and MIPs is less pronounced than 
outside suggests that MT ends reaching the cell membrane in-
side the cluster are more likely to be captured than they are 
outside the cluster.

Analysis of changes in GFP-CLIP-170 labeling and distribu-
tion in distance versus time plots (so-called kymographs) revealed 
two types of behavior (Fig. 6 c). One type (here called type I) 
consisted of largely continuous movement of GFP-CLIP-170 
“comets” during the time they remained within the penetration 
range of the evanescent wave. These comets had an average 
speed of 0.15 ± 0.01 µm/s (SEM, n = 73 tracks) and represent 
the continuous advance of the plus ends of growing MTs. In the 

constructs for PH-BTK or PH-BTKmut, i.e., pleckstrin homology domain fragments of Brutton tyrosine kinase, which specifically bind (PH-BTK-GFP) or do not 
bind (PH-BTK_R28C-GFP) to PIP3, a read-out for PI3-K activity. Both constructs were tagged with eGFP (see Várnai et al., 1999; Bohnacker et al., 2009). 
Top: longitudinal confocal sections passing through NMJs of muscle fibers expressing elevated GFP (green) at synaptic AChR cluster (BTX594, red). Bars, 
10 µm. Bottom: cross sections through fibers electroporated with the two constructs. Synaptic localization of PH-BTK-GFP is higher than that of PH-BTKmut-
GFP, indicating synaptic PI3-K activity. Graph shows means ± SEM of fold change in GFP intensity at synaptic AChR clusters at 10–14 d after electro-
poration with PH-BTK or PH-BTKmut, respectively (n = 20 synapses on GFP-positive fibers per construct examined, *, P < 0.05; **, P < 0.01, two-sided 
t test). Bars, 7.5 µm and 3 µm. (c) P-GSK3 is enriched at the NMJ. Immunoreactivity is abolished by pretreatment of muscle with lambda-phosphatase. 
Bar, 10 µm. For specificity of antibody used, see Fig. S2. (d) High resolution confocal image of p-GSK3 immunoreactivity. GSK3-(Ser9)P labeling was 
not distributed evenly. Rather, p-GSK3 labeling was preferentially located between the crests of the synaptic folds carrying the AChRs, as is the case for 
CLIP-170 and CLASP2 (Fig. 2 a). Enlarged inset and corresponding line profiles of AChR and GSK3-P fluorescence are shown on the right. Bars, 3 µm 
and 0.5 µm.
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Figure 6. Capturing of dynamic MTs at agrin-induced AChR clusters in cultured myotubes is abolished by pharmacological inhibition of PI3-K and by genetic 
elimination of Clasp2. (a) Scheme illustrating focal impregnation of culture substrate with neural agrin. Transfected COS1 cells secrete and locally deposit neural 
agrin on a laminin substrate, and the cells are then lysed. Stable AChR clusters form where GFP-Clip-170ki/ki myotubes contact agrin deposits. (b) MT plus-ends 
decorated with GFP-CLIP-170 as observed by TIRF microscopy at 1-s intervals for 160 s. Shown are AChR cluster, surface reflective interference contrast (SRIC) 
image of same myotube, first frame and maximum intensity projection of all 160 images of the stack. Note higher density and brighter GFP signal at AChR cluster 
(marked in red). Bars, 10 µm. (c) Representative examples of kymograms of type I and type II comet behavior. See text for discussion of comet behavior and criteria 
for comet classification. (d) Same as in b, except that myotubes had been incubated for 90 min in ZSTK474 (5 µM) before GFP analysis. Note that “cluster”-specific 
comet behavior is abolished. Bars, 10 µm. (e) Same as in b, except that myotubes derived from Clasp2/;GFP-Clip-170ki/ki mice were used. Note that “cluster”-
specific comet behavior is abolished. Bars, 10 µm. (f) Quantification of comet behavior inside and outside agrin-induced AChR clusters. Comet immobilization by 
neural agrin is abolished by inhibition of PI3-K or the absence of CLASP2. Comets are grouped from kymograms into type I (mobile) and type II (stable) comets as 
described in the text, and the percentages of stable comets, both inside and outside agrin-induced AChR clusters, is given (means ± SEM, n = 4 myotubes for each 
condition; number of comets analyzed: wild type: 374; wild type, ZSTK474-treated: 342; Clasp2/: 323; *, P < 0.05; **, P < 0.01, two-sided t test).
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above experiment in wild-type myotubes treated with ZSTK474 
(Fig. 7 b) and in Clasp2/ mutant myotubes (not depicted). In 
both cases the enrichment of CLIP-170 was reduced to extra-
synaptic levels (Fig. 7 c). Thus, in addition to CLASP2 defi-
ciency, blockade of PI3-K inhibited CLIP-170 enrichment. These 
data strongly suggest that agrin leads to CLASP2-mediated MT 
capture and regulates the load of CLIP-170 at MT plus-ends, 
whereas EB3 remains unchanged; they provide further evidence 
for the in vivo relevance of a CLIP–CLASP interaction.

MTs are required for insertion of AChRs 
into agrin-induced AChR clusters in 
cultured myotubes in a manner dependent 
on PI3-K and CLASP2
Having found that CLASP2 deletion reduces the area and den-
sity of synaptic AChR clusters at NMJs in vivo, we examined 
the role of MT capturing in the maintenance of agrin-induced 
AChR clusters in cultured myotubes. In a first set of experi-
ments, we asked whether MT integrity was essential for the 
maintenance of agrin-induced AChR clustering. Myotubes were 
treated with 10 µM nocodazole for 3 h, sufficient to depolymer-
ize most MTs. At the end of the drug treatment, the AChR clus-
ters were labeled with -BTX, and their area measured. The 
clusters of AChR in nocodazole-treated myotubes were mark-
edly (60%) smaller than those in untreated myotubes (Fig. 8 a). 
The density of AChRs was, however, unchanged. These data 
indicate that the number of AChRs in the clusters was decreased 
by nocodazole.

This decrease might occur through reduced AChR inser-
tion into, or accelerated AChR removal from, the clusters. To 
distinguish between these possibilities the experiment was re-
peated, but with AChR clusters stained at the beginning of the 
drug incubation period. With this protocol, AChR cluster size was 
similar in control and in nocodazole-treated myotubes (Fig. 8 b). 
Thus, once AChRs had been inserted into the cluster, their  
removal was not affected by nocodazole. These experiments 
thus demonstrate that nocodazole reduces AChR cluster size 
by impairment of AChR insertion, and further, that in these 
experiments, measuring AChR cluster size can be used to differ-
entiate between AChR insertion and removal.

Finally, we tested the effects of inhibitors of PI3-K, AKT, 
and GSK3, on AChR insertion. Using the criteria just de-
scribed, inhibition of PI3-K and AKT decreased and inhibition 
of GSK3 increased AChR insertion into AChR clusters (Fig. 8 a). 
Likewise, genetic deletion of Clasp2 (using Clasp2/ myo-
tubes) reduced AChR insertion (Fig. 8 c). In these Clasp2/ 
myotubes, in contrast to wild-type myotubes, inhibition of PI3-K 

Figure 7. The CLIP-170 load relative to EB3 at MT plus-ends is greater 
inside than outside AChR clusters and is reduced by PI3-K inhibition and 
by deletion of Clasp2. (a) Comets in AChR clusters in GFP-Clip-170ki/ki 
myotubes revealed by immunolabeling of EB3 and of GFP, to visualize 
CLIP-170. Regions outlined by boxes within and outside AChR cluster are 
shown enlarged at bottom. Agrin-induced AChR clusters in blue, GFP-CLIP-
170 in green, EB3 in red. Note increased load of CLIP-170 at comets in 
AChR cluster (arrowheads) compared with comets outside cluster lacking 
increased CLIP-170 (asterisks). Bars: (top) 10 µm; (bottom) 5 µm. (b) Same 

as panel a but after blockade of PI3K with ZSTK474. Note reduction in 
CLIP-170 load in PI3-K–blocked compared with nonblocked myotubes. 
Bars: (top) 10 µm; (bottom) 5 µm. Asterisks same as in panel a. (c) Quantifi-
cation of CLIP-170 staining on EB3-stained comets inside relative to that of 
comets outside AChR clusters. The elevated CLIP-170 load at agrin-induced 
AChR clusters observed in wild-type myotubes is abolished by PI3-K inhibi-
tion and by genetic deletion of Clasp2. EB3 staining is similar inside and 
outside AChR clusters. Percentages are means ± SEM from 84 to 245 
comets analyzed in wild-type, ZSTK474-blocked, and Clasp2/ myotubes 
(4 cells each). *, P < 0.05; **, P < 0.01, two-sided t test.
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Figure 8. Impairment of MT function by nocodazole, by inhibition of PI3-K and AKT, and by genetic deletion of CLASP2 impairs AChR insertion into agrin-
induced AChR clusters in cultured myotubes. (a) Areas of agrin-induced AChR clusters in primary myotubes appear smaller when AChRs are stained after 
3 h of treatment with the following drugs: nocodazole (10 µM); inhibitors of AKT (A6730, 0.5 µM); PI3-K (ZSTK474, 5 µM; only the effect of ZSTK474 is 
illustrated). However, the density of AChRs in clusters remains unchanged. Conversely, inhibiting GSK3 activity (CHIR99021, 0.1 µM) increases AChR 
cluster size. Bar, 30 µm. Means ± SEM. Total numbers of AChR clusters analyzed in two independent experiments: Control (wild type): 78; nocodazole: 
67; A6730: 68; ZSTK474: 38; CHIR99021: 54 (*, P < 0.05; **, P < 0.01, two-sided t test). (b) In contrast, AChR clusters appear unchanged after 3 h 
of drug treatment when AChRs are stained at the time of drug addition; again, AChR densities in clusters remain unchanged. Bar, 60 µm. Means ± SEM.  
Total numbers of AChR clusters analyzed in two independent experiments: Control (wild type): 30; nocodazole: 46; ZSTK474: 27; CHIR99021: 21  
(*, P < 0.05; **, P < 0.01, two-sided t test). (c) AChR clusters are smaller in Clasp2/ than in wild-type muscle, and unlike in wild-type muscle (see panel 
a), cluster size is not affected by ZSTK474 (5 µM) or CHIR99021 (0.1 µM). AChRs were stained after drug treatment. Bar: 30 µm. Graphs give means ± SEM, 
20–78 clusters analyzed from 2 cultures for each condition (*, P < 0.05; **, P < 0.01, two-sided t test). AChR clusters marked by arrowheads.
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Here, we have used the NMJ of a GFP-CLIP-170 knock-
in mouse mutant as a model for studying the role of MTs at the 
synapse. This model has two major advantages. First, sub-
synaptic differentiation and maintenance of the NMJ, including 
the regulation of a stable subsynaptic MT network, are controlled 
by one major organizer, agrin. In our in vitro paradigm, agrin 
was presented in a locally stable fashion, similar to that in the 
muscle fiber’s synaptic basal lamina in vivo. Second, the use of 
myotubes derived from GFP-CLIP-170 knock-in mice ensures 
normal expression levels of this GFP-tagged +TIP, which func-
tions in vivo like nontagged CLIP-170 (Akhmanova et al., 
2005). This allows us to observe GFP-CLIP-170–decorated dy-
namic MTs at agrin-induced AChR clusters under completely 
physiological conditions.

The classical function of agrin is to cluster AChRs (and 
other synaptic proteins) in the subsynaptic muscle membrane. 
This involves the induction of a scaffold for anchoring these 
proteins at high density to the subsynaptic actin cytoskeleton. 
The present experiments, both at NMJs in vivo and in cultured 

(ZSTK474) did not reduce AChR insertion any further (Fig. 8 c), 
nor did inhibition of GSK3 with CHIR 99021 increase recep-
tor insertion, indicating that PI3-K, p-GSK3, and CLASP2 are 
part of the same signaling cascade. Taken together, these exper-
iments are consistent with our observations at mature NMJs 
(Fig. 3 b) and strongly support our model (see Fig. 9) that agrin, 
acting through PI3-K and p-GSK3, promotes MT capturing at 
the synapse (Fig. 4 b and Fig. 6), and that this enhances AChR 
insertion into agrin-induced AChR clusters.

Discussion
The role of dynamic MTs in synaptic function is only beginning 
to be understood. It has only recently been reported that dynamic 
MTs enter dendritic spines transiently in a way that appears to  
be dependent on synaptic activity and correlated with LTP 
(Gu et al., 2008; Hu et al., 2008; Jaworski et al., 2009). However, 
neither the mechanisms that regulate MT entry into spines nor  
their role in modulating synaptic plasticity have been established.

Figure 9. Regulation and function of CLIP-170/CLASP2-dependent microtubule stabilization at the postsynaptic membrane of the neuromuscular junction. 
(a) Working model summarizing the role of neural agrin to capture MTs at the postsynaptic membrane of the NMJ. Agrin-induced MT capturing at AChR 
clusters is regulated through: (1) local GSK3 inactivation promoting the recruitment of unphosphorylated CLASP2 to MT plus-ends and lattice; (2) recruit-
ment of CLIP-170 through CLIP/CLASP and CLIP/MT interactions; (3) local, PI3-K–dependent recruitment and immobilization of LL5 in the synaptic mem-
brane. Molecules and their interactions inferred from work published in other systems rather than from present data in muscle cells are marked by broken 
symbols. (b) At developing NMJs, constitutively expressed synaptic AChRs are delivered to synaptic membrane by lateral diffusion in the plane of the cell 
membrane (arrows). At adult NMJs, MTs stabilized by mechanisms outlined in panel a ensure focal delivery of synaptic AChRs to the crests of synaptic 
folds. Cartoon in panel b is modified from Ruegg, 2005.
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The directed transport of synaptic components to the end-
plate membrane as proposed here for CLASP2-mediated synap-
tic MT capturing may be more important at mature NMJs than 
during early stages of their development. Early in NMJ devel-
opment, muscle fibers express high levels of synaptic proteins, 
including AChRs, along their entire surface as part of their de-
velopmental program. This allows the recruitment of proteins to 
the developing synapse by lateral diffusion in the plane of the 
cell membrane (Anderson and Cohen 1977; Flanagan-Steet  
et al., 2005). In contrast, at later stages of NMJ maturation, when 
nerve-induced electrical muscle activity has down-regulated 
extrasynaptic AChR expression, the supply of synaptic mole-
cules from nonsynaptic membrane is no longer available. This 
necessitates the transport of AChRs and other synaptic proteins 
from the TGN below the synaptic membrane where synapse-
specific gene expression is maintained by the agrin-induced 
transcription from the fundamental muscle nuclei underlying 
the synapse (Brenner et al., 1990). The mechanisms described 
here can explain the highly focal nature of this transport to the 
synaptic muscle membrane through mechanisms similar to those 
controlling polarity and directed migration in motile cells.

Materials and methods
Animals
Generation of the Clasp2 single knockout strain and of the Clip1;Clip2 
double knockout mouse strain will be described elsewhere. In brief, the 
genes encoding CLIP-170 (Clip1 gene) and CLIP-115 (Clip2 gene) were 
targeted by homologous recombination in embryonic stem (ES) cells. In 
the case of the Clip1 gene we inserted a GFP-loxP-Neo-loxP casette (where 
Neo indicates the neomycin resistance gene) into the exon containing 
the ATG translation initiation codon. This yielded the Clip1 knockout allele. 
Removal of the neomycin resistance gene in ES cells by Cre recombinase 
yielded the GFP-Clip170 knock-in (ki) allele (Akhmanova et al., 2005). In 
the case of the Clip2 gene we inserted a loxP-neo-loxP casette at the 5 end 
of the gene and a loxP-Puro-loxP-LacZ casette (where Puro indicates the  
puromycin resistance gene, and LacZ the -galactosidase gene) at the  
3 end of the gene. Cre-mediated recombination in ES cells yielded the Clip2 
knockout allele (Hoogenraad et al., 2002). Single Clip1 and Clip2 knock-
out and GFP-Clip170ki mice were obtained by germline transmission of the 
modified alleles in chimeric mice, which were in turn obtained by injecting 
ES cells carrying the modified alleles into recipient blastocysts. The Clip1 
and Clip2 single knockout mice were crossed to generate the double knock-
out line.

For electroporation and in vivo stainings, animals were anesthetized 
with ketamine (87 mg per kg body weight) and xylazine (13 mg per kg 
body weight). Postoperative analgesia was by 4 injections of buprenor-
phine at 12-h intervals. Mice were sacrificed with CO2. Animal handling 
was approved by the Cantonal Veterinary Office of Basel-Stadt.

Depending on experimental suitability, soleus (for electroporations), 
epitrochleo-anconeus (ETA; for optimal preservation of dynamic micro-
tubules) or sternomastoideus (for estimates of AChR density from whole BTX-
Alexa 488–stained NMJs) muscles were used.

Chemicals and antibodies
ZSTK474 (LC Laboratories) was used at 1 or at 5 µM on cultured myotubes 
analyzed biochemically or by imaging, respectively. All other reagents 
were applied in the following concentrations: nocodazole (10 µM; Sigma-
Aldrich), LY294002 (50 µM; Sigma-Aldrich), A6730 (500 nM; Sigma-
 Aldrich), CHIR99021 (100 nM; Axon Medchem) -protein phosphatase 
(2,000 U; New England Biolabs, Inc.), and rapamycin (100 nM; LC Labo-
ratories). AChRs were labeled with -BTX–Alexa 488, 594, or 647 (Invitro-
gen). GFP-CLIP-170 (by staining for GFP), EB1, and CLASP2 were visualized 
with antibodies from Invitrogen, BD, and Absea, respectively. Polyclonal 
rabbit antibodies against human EB3 (image clone 714028) were custom 
made at Absea, using a bacterially expressed and purified GST-EB3 fusion 
protein as antigen, as described previously (Stepanova et al., 2003). 
Antibodies against AKT, p-AKT (S473), GSK3, p-GSK3 (S9; no. 9336), 

myotubes, now reveal an additional aspect of agrin function in 
the clustering process, i.e., in the insertion of the AChRs into 
the synaptic receptor cluster. AChR insertion into the synaptic 
muscle membrane requires MTs captured at the synaptic mem-
brane via a pathway downstream of agrin regulating, through 
PI3-K and GSK3, the CLASP2-mediated MT capture at the 
subsynaptic membrane. Thus, synaptic MT capturing at the NMJ 
might be regulated similarly as at the leading edge of migrating 
cells where, by inactivation of GSK3, CLASP2 is dephosphory-
lated, which increases its association with MTs (Kumar et al., 
2009; Watanabe et al., 2009).

MTs can be linked through nonphosphorylated CLASP2 
to cortical sites in two nonmutually exclusive ways: (1) through 
the PIP3 sensor LL5 (Lansbergen et al., 2006; Hotta et al., 
2010), and (2) through direct binding of CLASP2 to actin  
(Tsvetkov et al., 2007). In addition, as suggested by the in-
crease of the CLIP load on MTs at AChR clusters, increased 
(de-phosphorylated) CLASP2 at the clusters might increase 
binding of CLIP-170 via direct CLASP2–CLIP interactions. 
Whether increased CLIP also participates in MT capturing  
at the NMJ, e.g., through the Rac effector IQGAP1 to actin  
(Fukata et al., 2002; Watanabe et al., 2004) or through potentiat-
ing further CLASP2 binding, is not known, but would be con-
sistent with the reduced AChR density at Clip115/;Clip170/ 
NMJs (Fig. 3 c).

Of the potential CLASP2 interactors, LL5 is expressed 
in the endplate membrane and is localized at the crests between 
the AChR-rich regions at the mouth of the folds (Kishi et al., 
2005), i.e., where p-GSK3, CLIP-170, and CLASP2 are en-
riched (Figs. 1, 2, and 4). Further, its depletion inhibits AChR 
clustering (Kishi et al., 2005). LL5 is thus a strong candidate 
for mediating the GSK3-/CLASP2–dependent MT capturing 
observed here. Our working model for CLASP2-mediated aspects 
of synaptic MT capturing is illustrated in Fig. 9.

MT capturing at the NMJ might also be mediated via the 
+TIPs APC (Zumbrunn et al., 2001) and ACF7 (Wu et al., 2011). 
Of these, APC is enriched at the NMJ, and overexpression of  
a dominant-negative APC truncation mutant inhibits agrin- 
dependent AChR clustering in cultured myotubes (Wang et al., 
2003). Finally, ankyrin has been shown to be involved in the 
MT organization at the NMJ perhaps by acting as a membrane 
receptor for dynactin, with which it interacts (Ayalon et al., 2008), 
and which stabilizes MTs at adherens junctions (Shaw et al., 
2007). Such additional mechanisms for synaptic MT capturing 
may account for the relatively mild phenotype at Clasp2/ and 
at Clip1/;Clip2/ NMJs.

The 30% reduction in the number of junctional nuclei at 
Clasp2/ NMJs raises the alternative possibility that reduced 
synapse-specific AChR gene expression might account for the 
reduction in synaptic size and AChR density. Although we can-
not exclude this for synaptic size, AChR density is unlikely to 
be affected by 30% reduced AChR expression, as AChR densi-
ties are similar at NMJs of AChR+/+ and AChR+/ synapses 
(Missias et al., 1997), and the amplitudes of miniature endplate 
currents do not change between the first and ninth postnatal 
weeks (Witzemann et al., 1996), when synaptic size and nuclear 
number increase dramatically.
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chicken agrin (Jones et al., 1996), were seeded at a density of 7–20 x 103 
cells per 30 mm laminin-coated culture dish. After 48 h cells were extracted 
for 1 h in 2% Triton X-100 in PBS, followed by intensive washing (6–8x 1 h 
PBS) and myoblast seeding (Schmidt et al., 2011). Subsequent differentia-
tion was in DME, 5% horse serum, and 1% antibiotic/antimycotic solution. 
For biochemistry, 6-well dishes were coated with 10 µg/ml laminin (Invitro-
gen) followed by coating with agrin solution (0.5 µg/ml, 37°C, 2 h) before 
cell plating (Schmidt et al., 2011). It should be noted that throughout the 
present paper, agrin was applied attached to the culture substrate rather 
than in solution to mimic the in vivo situation.

Immunocytochemistry
All immunostainings of MTs and +TIPs were done on mice epitrochlearis-
anconeus (ETA) muscle, which at its thinnest part contains only 6 fiber 
layers; this makes it optimally suited for snap fixation in cold methanol, 
which proved crucial for preservation of +TIP-decorated MT plus-ends. ETA 
muscles were pinned out after excision on Sylgard supports in a culture 
dish, allowing medium access from both sides. To allow recovery from  
potential preparative stress, muscles were bathed in DME gassed with 95% 
CO2/5% O2 at 37°C for 1 h and containing 1 µg/ml fluorescent -BTX for 
AChR staining. After Collagenase type 1A treatment (0.5%, 37°C, 15 min), 
myotube culture dishes and recovered ETA muscles were rapidly transferred 
to 80°C methanol for 2 h, then transferred to a 1:1 mixture of methanol 
and 4% PFA at 20°C for 1 h, followed by 30-min periods at 4°C and at RT. 
Final fixation was in 4% PFA (RT, 10 min). Teased bundles of 4–10 muscle 
fibers were then incubated at 4°C for 15 min in 100 mM glycine and per-
meabilzed in 20% normal goat serum (NGS)/PBS/2% Triton X-100 at 
RT for 2 h. In the case of cultured myotubes, glycine treatment was fol-
lowed by permeabilization in 20% NGS/PBS/0.5% Triton X-100 (RT, 1 h). 
Primary and secondary antibodies were diluted in 5% NGS/PBS/0.1% 
Triton X-100 and were applied at 4°C overnight (primaries) or at RT for 
45 min (secondaries).

GSK3 phosphorylated at Ser9 was labeled in sternomastoid mus-
cles treated with 1% Collagenase type 1A (37°C, 30 min). Muscles were 
fixed in 4% PFA (37°C, 20 min) and permeabilized. Teased fibers were 
then incubated in protein phosphatase buffer (50 mM Hepes, 100 mM NaCl, 
2 mM DTT, 1 mM MnCl2, and 0.01% Brij-35, pH 7.5) with or without 
2,000 U -protein phosphatase at RT for 1 h, washed 3x with PBS, and 
processed as described above.

Quantification of GFP-CLIP-170 load on EB3 comets
The mean fluorescence of GFP-CLIP-170 and EB3, visualized with the re-
spective fluorescent antibodies, was determined in ImageJ (Plugin “Measure 
RGB”) in and outside of the AChR cluster area in nonsaturated, nonproc-
essed confocal images. The ratio of GFP-CLIP-170 and EB3 fluorescence 
served as a measure for the load of GFP-CLIP-170 on EB3 comets. For EB3 
fluorescence quantitation, only the intensities of EB3 comets were taken 
into account.

Estimation of number of subsynaptic myonuclei
Soleus muscles from wild-type or clasp2/ mice of similar weight were 
stained with 1 µg/ml of -BTX–Alexa 594 in buffered L-15 medium (RT, 1 h), 
fixed with 4% PFA for 2 h, and individual fibers were teased and permea-
bilized in 20% NGS and 2% Triton X-100. Staining with S100 was per-
formed overnight at 4°C. After incubation with secondary antibody, fibers 
were mounted in ProLong Gold containing DAPI. En-face synapses were 
imaged in 1-µm stacks using an ACS APO 63x/1.3 NA objective at the 
SPE confocal microscope (DMI 4000B; Leica). For synapse area measure-
ments, synapses were outlined in the maximum intensity projection for each 
image manually and the area of the outlined region was calculated using 
ImageJ. Schwann cell nuclei marked by S100 staining were discounted 
from the total nuclear count as visualized by DAPI. For measurement of 
muscle fiber areas, muscles were treated and sectioned as described in 
Estimation of synaptic PI3-K activity. To delineate muscle fiber plasma mem-
branes, cryosections were postfixed for 5 min in 2% PFA, washed, stained 
with Wheat Germ Agglutinin Oregon Green 488 overnight, and mounted. 
The analySIS software from Olympus was used to outline fiber ferrets and 
calculate cross-sectional area.

Structured illumination microscopy (SIM)
Fixed samples were imaged using the ELYRA S.1 structured illumination  
microscope (Carl Zeiss). Images were acquired using a 63x/1.40 oil Plan 
Apochromat objective and an EMCCD camera (iXon 885; Andor Technol-
ogy). Stacks of images of NMJs en face were taken through the entire 
depth of the synapse at 0.125 µm. Image processing was performed using 
the Carl Zeiss Zen software to achieve a maximal resolution of 110 nm in 

and actin were purchased from Cell Signaling Technology. All other pri-
mary antibodies were obtained from Sigma-Aldrich (anti-tyrosinated -tubulin, 
anti-neurofilament), Millipore (anti-detyrosinated -tubulin), Santa Cruz Bio-
technology, Inc. (anti-myc), and Dako (anti-S100; Z0311). Secondary anti-
bodies were goat anti–rabbit, goat anti–mouse, or goat anti–rat antibodies 
conjugated to Alexa 488 (Invitrogen) as well as donkey anti–chicken Cy2 
(Jackson ImmunoResearch Laboratories, Inc.). HRP-conjugated secondary 
antibodies were from Santa Cruz Biotechnology, Inc. Ringer’s solution was 
obtained from Braun. Phosphatase inhibitors PIC1 and 2 as well as Collage-
nase type 1A were purchased from Sigma-Aldrich, protease inhibitors and 
Fugene HD from Roche, and PDGF-BB from Peprotech. Rapamycin was a gift 
from M.N. Hall (Biozentrum, University of Basel, Basel, Switzerland).

Estimation of synaptic PI3-K activity
40 µg of pPH-BTK-GFP or pPH-BTK R28C-GFP (Várnai et al., 1999) in 10 µl 
0.9% NaCl was injected with a Hamilton syringe into the soleus muscle of 
anesthetized C57BL76 mice (8–10 wk old). After suturing the skin, 8 pulses 
(20 ms, 1 Hz, 200 V/cm) were applied to the leg using an ECM 830 elec-
troporation system. 10–14 d later, electroporated soleus muscles were dis-
sected, AChRs stained with 1 µg/ml -BTX-Alexa 594 for 1 h at RT, fixed in 
4% paraformaldehyde (PFA) for 2 h, placed in 30% sucrose/PBS over-
night, and frozen. Muscles were then embedded and sectioned at 12-µm 
thickness in a cryostat (CM 1950; Leica). Sections were mounted in Citifluor 
and GFP and -BTX-Alexa 594 stainings imaged using an ACS APO 
63x/1.3 NA objective on an SPE confocal microscope (DMI 4000B; Leica). 
For the measurement of synaptic GFP intensity, the -BTX–stained synapse 
of GFP-positive fibers was defined as a region of interest (ROI). Using ImageJ 
(National Institutes of Health), green fluorescence in this synaptic ROI was 
measured, the ROI moved to the extrasynaptic region of the same fiber pro-
file, and the extrasynaptic green fluorescence was measured. Because the 
level of GFP expression varies across fibers within an individual muscle, the 
ratio of green fluorescence at the synapse to that in nonsynaptic membrane 
was taken as an estimate of synaptic PH-BTK-GFP or PH-BTK R28C-GFP 
binding, respectively.

Confocal microscopy
Muscle fibers and myotubes were imaged with an SPE confocal scanning 
laser microscope (DMI 4000B; Leica) at a resolution of 1024 × 1024 pix-
els 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 images used in 3D reconstructions, step sizes of 100 nM were 
used, and image stacks were deconvolved using Huygens Essential soft-
ware (Scientific Volume Imaging). For comparison of different samples the 
same laser settings were applied. Quantitative differences potentially due 
to changes in the light source or camera were excluded by imaging control 
and mutant muscles within the same session. Nevertheless, the quality of 
confocal images, taken at different NMJs, was too variable to allow quan-
titatively precise measurements of intensity and number of GFP-CLIP-170 or 
CLASP2 dots or of subsynaptic MT networks visualized by Tyr-tubulin or 
Glu-tubulin stainings for comparison between, e.g., wild-type and mutant 
NMJs. This was due to unequal fixation and/or unequal penetration of anti-
body in different fibers (for details, see Immunocytochemistry section). Pres-
ervation of CLIP-170– and CLASP2-positive MT plus-ends in adult muscle 
required the use of the thin epitrochlearis-anconeus (ETA) muscle, fixed in 
80°C methanol; moreover, fibers were stained in bundles, such that not 
all endplates within a bundle were equally exposed to antibody; finally, 
images needed different contrasting to optimally resolve GFP-CLIP-170 or 
CLASP2 dots. As a consequence, only qualitative information such as the 
number of endplates with clear enrichment of GFP-CLIP-170 dots along 
edges of synaptic AChR clusters could be extracted.

3D reconstructions (surface renderings) were performed in Imaris  
x64 7.4.0 on stacks acquired with a sample distance of 0.05 × 0.05 × 0.1 µm.

Preparation of primary muscle cultures
Neonatal leg muscles from wild-type and mutant neonatal muscle were 
minced, dissociated with collagenase type IV and dispase type II, and cells 
were plated on a laminin substrate in DME containing 2 mM glutamine, 
20% FCS, 5 ng/ml recombinant human basic FGF, and 1% antibiotic/
antimycotic solution. After 2 d, they were resuspended in PBS by brief tryp-
sinization, treated with rat monoclonal anti–mouse 7-integrin antibody, 
and purified using (magnetic) Dynabeads coated with sheep anti–rat IgG 
and a Dynal-MPC-L magnetic particle concentrator (Blanco-Bose et al., 
2001; Escher et al., 2005). C2C12 or wild-type myotubes 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 
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Immunoblotting
Myotubes were lysed in 3x SDS-lysis buffer (150 mM Tris, pH 6.8, 300 mM 
DTT, 6% SDS, 0.2% bromophenol blue, and 30% glycerol) supplemented 
with phosphatase inhibitors (1:100), protease inhibitors (1/10 tablet per 
ml lysis buffer), and 100 mM DTT. Lysates were denatured at 95°C for 5 min 
and loaded on a 10% SDS-PAGE. Gels were transferred onto PVDF mem-
branes and developed with ECL after incubation with primary and second-
ary antibodies.

Statistical analyses
Data are given as mean ± SEM. The Shapiro-Wilk test was used to test if 
datasets belong to a normally distributed population. If so, quantitative 
comparisons of numerical datasets were tested for statistical significance 
by means of the parametric, nonpaired, two-sided Student´s t test. Other-
wise the nonparametric, two-sided U test (Mann & Whitney) was applied. 
One asterisk marks P values below 5% (P < 0.05), whereas two asterisks 
correspond to P values below 1% (P < 0.01).

Online supplemental material
Fig. S1 shows the full blots from which Fig. 5 a was extracted. They show 
the effect of neural vs. nonneural agrin on phosphorylation of GSK3 and 
AKT and the effects of AKT, mTOR, and PI3-K inhibitors. Fig. S2 shows the  
tests used to demonstrate the specificity of the anti-phospho-GSK3 anti-
body (no. 9336; Cell Signaling Technology), using myc-tagged GSK3 wt  
and S9A mutant transfected into COS cells. Video 1 shows capturing of  
GFP-CLIP-170 comets at agrin-induced AChR clusters in primary of 
GFP-CLIP-170ki/ki myotubes, using TIRF microscopy. Video 2 shows inhi-
bition of capturing of GFP-CLIP-170 comets at agrin-induced AChR clusters  
in Clasp2/;GFP-Clip-170ki/ki primary myotubes, using TIRF microscopy. 
Online supplemental material is available at http://www.jcb.org/cgi/ 
content/full/jcb.201111130/DC1.
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