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Introduction

Macroautophagy (hereafter short autophagy) refers to a mem-
brane-engulfment process leading to degradation of bulk mate-
rial in response to various stress stimuli, including starvation. 
Selective autophagy is a process by which ubiquitinated target 
structures, such as cytosolic protein aggregates and organelles, 
are engulfed and degraded via autophagy (for recent review, see1). 
Sequestration and transport of ubiquitinated targets to newly 
forming autophagosomes is typically mediated by selective auto-
phagy receptors, like SQSTM12 and NBR13 that interact with 
both the polyubiquitin chain of the target and the autophagic 

marker protein, MAP1LC3A.4 While most targets for selective 
autophagy described so far include cytosolic protein aggregates,5 
damaged mitochondria6 and bacteria,7 information regarding 
the degradation of plasma membrane-bound transmembrane 
receptor molecules via selective autophagy is emerging recently.8

CHRN is a pentameric ligand-gated ion-channel present in 
the central nervous system and in skeletal muscle.9 In the lat-
ter it mediates nerve-induced muscle contraction and exhibits 
extremely high densities of about 10,000 molecules per square 
micron in the postsynaptic membrane of the nerve-muscle syn-
apse, called the neuromuscular junction.10 For simplicity, in the 
following text we refer to muscle-type CHRN, which is composed 
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Removal of ubiquitinated targets by autophagosomes can be mediated by receptor molecules, like SQSTM1, in a 
mechanism referred to as selective autophagy. While cytoplasmic protein aggregates, mitochondria, and bacteria are the 
best-known targets of selective autophagy, their role in the turnover of membrane receptors is scarce. We here showed 
that fasting-induced wasting of skeletal muscle involves remodeling of the neuromuscular junction (NMJ) by increas-
ing the turnover of muscle-type CHRN (cholinergic receptor, nicotinic/nicotinic acetylcholine receptor) in a TRIM63-
dependent manner. Notably, this process implied enhanced production of endo/lysosomal carriers of CHRN, which also 
contained the membrane remodeler SH3GLB1, the E3 ubiquitin ligase, TRIM63, and the selective autophagy receptor 
SQSTM1. Furthermore, these vesicles were surrounded by the autophagic marker MAP1LC3A in an ATG7-dependent fash-
ion, and some of them were also positive for the lysosomal marker, LAMP1. While the amount of vesicles containing 
endocytosed CHRN strongly augmented in the absence of ATG7 as well as upon denervation as a model for long-term 
atrophy, denervation-induced increase in autophagic CHRN vesicles was completely blunted in the absence of TRIM63. 
On a similar note, in trim63−/− mice denervation-induced upregulation of SQSTM1 and LC3-II was abolished and endog-
enous SQSTM1 did not colocalize with CHRN vesicles as it did in the wild type. SQSTM1 and LC3-II coprecipitated with 
surface-labeled/endocytosed CHRN and SQSTM1 overexpression significantly induced CHRN vesicle formation. Taken 
together, our data suggested that selective autophagy regulates the basal and atrophy-induced turnover of the pentam-
eric transmembrane protein, CHRN, and that TRIM63, together with SH3GLB1 and SQSTM1 regulate this process.
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of the 5 subunits CHNRA1 (2 subunits), CHRNB1, CHRND, 
and CHRNE (in adult muscle) or CHRNG (in developing/
regenerating muscle). CHRN are bona fide transmembrane pro-
teins and are composed of 5 subunits that are synthesized and 
assembled at the level of the endoplasmic reticulum, before they 
reach the postsynapstic membrane via Golgi apparatus and exo-
cytic vesicles.11,12 After their arrival at the membrane, CHRN 
can either persist there or get endocytosed in vesicular carriers13,14 
from where it might be either recycled back to the membrane or 
get degraded15-17 in lysosomes.18 While the expression of CHRN 
displays strong upregulation under muscle wasting conditions,19,20 
such as immobilization and denervation, its metabolic stability 
decreases at the same time,10,21-23 implicating post-transcriptional 
regulation in CHRN turnover under stress. Indeed, CHRN is 
subject to a wealth of regulatory post-translational modifica-
tions ranging from phosphorylation24,25 to ubiquitination.26,27 

We have recently reported that the 
E3-ubiquitin ligase TRIM63 plays 
an important role in the turnover 
of CHRN.28 TRIM63 was found 
to be highly enriched in the peri-
synaptic region and to copre-
cipitate with CHRN that was in 
vivo-labeled with α-bungarotoxin 
(BGT)-biotin. Furthermore, 
in vivo imaging showed that 
TRIM63-GFP is almost exclu-
sively localized to endo/lysosomal 
structures containing endocy-
tosed CHRN, and metabolic 
destabilization of CHRN protein 
upon denervation-induced muscle 
atrophy was significantly halted 
in trim63−/− mice. Since yeast 
2-hybrid screens previously indi-
cated direct interaction between 
TRIM63 and SQSTM1,29 we 
tested the hypothesis that CHRN, 
is directed to selective autophagy 
via TRIM63.

Results

Starvation destabilizes CHRN
A wealth of previous reports 

describes a strong negative 
impact of skeletal muscle dener-
vation on the metabolic stabil-
ity of CHRN.10,21-23 However, it 
is unclear if this effect is due to 
a generalized atrophic signaling 
or specific to the lack of nerve-
derived input. To address this 
point, we used a recently estab-
lished in vivo-labeling approach 
that measures the metabolic stabil-

ity of CHRN.23 This assay is based on the irreversible binding to 
CHRN of 125I-labeled BGT (125I-BGT), an 8 kDa, non-cell-pen-
etrating snake venom (for scheme, see Fig. 1). The total amount 
of radioiodine that is present in the muscle is determined at 
several time points without discriminating between different 
locations (e.g., on the cell surface, in endocytic compartments, 
etc.). In fact, radioiodine emission is only lost if CHRN and 
with it bound 125I-BGT is degraded and the 125I, incorporated 
in tyrosine residue 54 of BGT, is shuttled out of the muscle into 
the blood stream (Fig. 1D). As previously described, in dener-
vated muscles an increase in size of a short-lived pool of CHRN 
(half-life of about 1 d) and a reduction in half-life of a long-lived 
receptor pool from 13 to 8 d had been observed.23 Now, we 
applied the approach to fasted mice. Animals were sorted into 
4 different groups. While CHRN in the hind legs of all animals 
were pulse labeled with 125I-BGT at day 0, 3 groups were kept 

Figure  1. Radioiodine labeling detects total amount of 125I contained in muscle. Scheme illustrating the 
working principle of the radioiodine approach. (A) Pre-pulse situation. CHRN channels (white barrels) are 
present at high amounts in the postsynaptic membranes of muscle fibers. Small amounts of CHRN are con-
stantly internalized by endocytic retrieval. From there, CHRN might undergo recycling back to the plasma 
membrane or follow a degradative pathway. (B) Pulse labeling with 125I-BGT (black dots). About 10% of the 
125I-BGT binds to CHRN in the injected hind limb, the rest of the 25I-BGT is washed out and binds to other 
muscles or is excreted. (C and D) CHRN labeled with 125I-BGT undergo either recycling (C) or are degraded 
(D). Only in the latter case, 125I is removed from the muscle (gray cloud), i.e., the radioiodine approach mea-
sures the rate of 125I removal from the muscle as a consequence of CHRN degradation.
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without food for 48 h. This happened either immediately before 
pulse labeling (days -2 to 0, group B), or 1 (days 1 to 3, group 
C) or 7 d after pulse labeling (days 7 to 9, group D). A control 
group (group A) was fed ad libitum for the entire course of the 

experiment. 125I-emission from the hind limbs was then recorded 
at shown intervals for the next 4 weeks and was normalized to 
the values measured on day 1. This showed that compared with 
control (Fig. 2A) CHRN lifetime was mildly but significantly 

Figure  2. Fasting affects CHRN turn-
over only of newly formed receptors 
in a TRIM63-dependent manner. (A–E) 
Tibialis anterior muscles of WT or 
trim63−/− mice were labeled with 125I-
BGT (“pulse-labeling”) on day 0 and 
125I-emission from hindlegs was then 
repetitively monitored at indicated 
time points. Animals were either fed ad 
libitum (A) or starved for 48 h 2 d before 
(B and E), 1 d (C) or 7 d after pulse-
labeling (D). Graphs depict residual 
125I-emission normalized to the values 
measured on day 1. Symbols and red or 
black lines represent measured values 
(mean ± SEM, n = 32, n = 15, n = 14, and 
n = 4 muscles in A–D, respectively) and 
2-term exponential fits, respectively. 
Orange and gray lines show 95% confi-
dence intervals. The ” WT fed” graph is 
repeated in (A–D) for better compari-
son. Significance was tested between 
measurement values at each time 
point: *P < 0.05; **P < 0.01 according to 
the Welch test. Note significant CHRN 
destabilization in (B and C), but not in 
(D and E). (F–H) WT mice were either 
fasted for 48 h or fed ad libitum with 
amino acid-free chow for 7 d. Animals 
were weighed immediately before and 
after treatment and one more time 3 to 
4 weeks later. After 7 d of amino acid 
deprivation, tibialis anterior muscles 
of amino acid-deprived animals were 
labeled with 125I-BGT (“pulse-labeling”) 
on day 0 and 125I-emission from hind-
legs was then repetitively monitored 
at the indicated time points. (F) Body 
weights of animals before (white col-
umns), after (light gray columns), and 3 
to 4 weeks after fasting (dark gray col-
umns). Mean ± SEM (n ≥ 3 mice for each 
condition). *P < 0.05; **P < 0.01 accord-
ing to the Welch test. (G) Graphs depict 
residual 125I-emission normalized to 
the values measured on day 1. Symbols 
and black/red lines show measured 
values (mean ± SEM, n = 3 mice for 
each condition) and 2-term exponen-
tial fits, respectively. Orange and gray 
lines show 95% confidence intervals. 
Significance was tested between mea-
surement values at each time point. 
(H) Images depict western blot signals 
(upper) and Coomassie-stained cor-
responding SDS-PAGE (lower). Lanes, 
loading of muscle lysates from animals 
that were either control fed (lane 1), 
starved for 48 h (lanes 2 to 5), or amino 
acid-deprived for five days (lanes 6 to 
8). Arrow indicates height of TRIM63.
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reduced in mice starved immediately before and immediately 
after pulse labeling (Fig. 2B and C). In both cases starvation led 
to an increase in size of the short-lived receptor pool. The half-
life of the long-lived pool was either unaffected or even slightly 
higher. Notably, CHRN lifetime was completely unaffected 
when fasting was executed 7 d after pulse labeling (Fig.  2D). 
These data show that the metabolic status of mice directly and 
immediately affects the stability of CHRN. This effect is tran-
sient and acts primarily on the ratio between short- and long-
lived CHRN.

Starvation-induced destabilization of CHRN is absent in 
trim63−/− mice

Given the recently described role of the atrogene and E3 ubiq-
uitin ligase TRIM63, in regulating the turnover of CHRN28 and 
the known importance of TRIM63 in fasting-induced muscle 
remodeling,19,30,31 we then asked if this atrogene also participates 

in starvation-induced regulation of CHRN turnover. Therefore, 
trim63−/− mice were starved for 48 h and the radioiodine experi-
ment was performed as before. This revealed indistinguishable 
CHRN lifetime curves for starved and unstarved trim63−/− mice 
(Fig. 2E), indicating a central role of TRIM63 in this process.

Amino acid deprivation-induced muscle loss is not sufficient 
to destabilize CHRN

Muscle wasting is due to an imbalance between protein syn-
thesis and degradation.32 Although both amino acid deprivation 
as well as total fasting lead to muscle atrophy, the underlying 
mechanisms triggering the metabolic response are likely to be 
different.33 To address specific reasons for the destabilization 
observed upon total starvation, we thus switched to an amino 
acid-deprivation paradigm. As expected, the rate of weight loss 
was smaller under this condition, but after 7 d of amino acid 
deprivation the total weight loss was comparable to that upon 2 

Figure 3. Starvation leads to increased CHRN turnover and enhances the amount of endo/lysosomal carriers containing CHRN at the NMJ. CHRNs in 
tibialis anterior muscles were labeled with BGT-AF647 (“old receptors”) after 48 h of starvation and 10 d later muscles were reinjected with BGT-AF555 
(“new receptors”). Then, in vivo microscopy was performed and an automated algorithm determined the relative amount of pixels dominant for either 
“new receptor” or “old receptor” signals. The number of endo/lysosomal carriers containing CHRN was counted manually after electronically enhancing 
the signal using ImageJ. (A and B) Maximum z-projections of confocal stacks showing automatically segmented NMJs from fed (A) and starved (B) mice. 
In the overlay panels (right) old receptor and new receptor signals are shown in green and red, respectively. (C) Quantitative analysis. Graph depicts 
mean ± SEM of the relative amounts of pixels dominant for either new receptor or old receptor signals in each NMJ (n = 12 [293 NMJs] and n = 4 [106 
NMJs] muscles for fed and starved conditions, respectively). **P < 0.01 according to the Welch test. (D and E) Maximum z-projections of NMJs from fed 
(D) and fasted muscles (E). Arrowheads indicate BGT-AF positive endo/lysosomal carriers. (F) Quantitative analysis. Graph depicts the average amount 
of BGT-positive vesicles per NMJ. Mean ± SEM (n = 6 and n = 3 muscles for fed and fasted conditions, respectively. 50 NMJs analyzed for each condition). 
**P < 0.01 according to the Welch test.
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d of complete starvation (Fig. 2F). 
Thus, the 125I-BGT metabolic-
labeling approach was repeated 
with animals that were either fed 
with full diet [wild type (WT) fed] 
or with amino acid-free chow for 
7 d preceding the 125I-BGT-pulse 
(WT AA deprivation). This treat-
ment was insufficient to induce any 
detectable change in CHRN life-
time (Fig. 2G). Western blot anal-
ysis showed that compared with 
normally fed mice TRIM63 protein 
was more abundant in muscles from 
completely fasted but not amino 
acid-deprived animals (Fig.  2H). 
This is consistent with the notion 
that TRIM63 is not universally 
connected to atrophic conditions 
and together with the radioio-
dine experiments in the presence 
(Fig.  2A to D) and absence of 
TRIM63 (Fig. 2E) this finding fur-
ther supports a role of TRIM63 in 
CHRN stabilization.

Internalization of synaptic CHRN is enhanced upon fasting
A logical consequence of the increased turnover of CHRN 

upon total fasting would be enhanced endocytic retrieval in endo-
somes and subsequent degradation of CHRN. Since the radioio-
dine assay is incapable of discriminating between the different 

Figure 4. Endo/lysosomal carriers con-
taining CHRN colocalize with TRIM63 
and are capped by MAP1LC3A. Mouse 
tibialis anterior muscles were either 
transfected with GFP-MAP1LC3A (A–F) 
or cotransfected with GFP-MAP1LC3A 
and TRIM63-mCherry (G–J). After 7 d, 
CHRNs were marked with BGT-AF555 
(A–F) or with BGT-AF647 (G–J) and 24 
h later, in vivo imaging was performed. 
(A–C) Single optical slice of a GFP-
MAP1LC3A-positive fiber showing the 
NMJ as pretzel-shaped structure in 
(A) and endocytic CHRN-containing 
puncta at the upper right corner of the 
NMJ. GFP-MAP1LC3A signals in (B), (C) 
overlay of CHRN (red) and MAP1LC3A 
(green). (D–F) Blow-up of the upper 
right corner of NMJ as depicted in 
(A–C). (G–J) Confocal slices showing 
exemplary colocalization patterns for 
CHRN, GFP-MAP1LC3A, and TRIM63-
mCherry. Mostly, MAP1LC3A capped 
CHRN- and TRIM63-double-positive 
puncta at two ends, but also more 
complex patterns were observed (J). 
Similar marker distributions were 
observed upon at least 2 different 
transfections.

subcellular locations of CHRN after their arrival at the plasma 
membrane (see Fig. 1), we next addressed this issue with in vivo 
imaging as described previously.25 In brief, a first pool of CHRN 
(“old receptors”) was fluorescently labeled with BGT-AlexaFluor 
647 (BGT-AF647, infrared dye) after 48 h of fasting. Ten days 
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after this first mark, newly arrived 
CHRN (“new receptors”) were 
stained with BGT-AlexaFluor 555 
(BGT-AF555, red dye) and ani-
mals were imaged shortly after-
wards. The ratio of red to infrared 
label intensity, thus, indicated the 
turnover of CHRN. Furthermore, 
the imaging also provided insights 
into CHRN distribution. This 
approach clearly confirmed an 
increased turnover of CHRN. 
Compared with unstarved con-
trols (Fig.  3A), where the “old 
receptor” label was maintained 
indicating low receptor turn-
over, fasted muscles exhibited 
much more “new receptor” labels 
(Fig.  3B). This was also evident 
from the quantitative analysis 
performed in a semiautomated 
manner (Fig.  3C). In addition, 
the in vivo imaging revealed the 
presence of 2 to 3 times more 
BGT-positive, i.e., endocytosed 
CHRN-containing vesicular 
structures per NMJ in fasted vs. 
nonfasted muscles (Fig. 4D–F).

Internalized CHRN are 
accompanied by MAP1LC3A

Despite the extraordinary 
physiological importance of 
CHRN, surprisingly little is 
known about many of its life-
cycle aspects, including the regu-
lation of its degradation. Our 
previous extensive work on the 
mechanisms underlying CHRN 
recycling25,34,35 and CHRN deg-
radation identified an interac-
tion between CHRN and the E3 
ligase TRIM63.28 Furthermore, 
the previously reported direct 
interaction between TRIM63 and 
SQSTM129 prompted us to specu-
late that TRIM63 may induce 
selective autophagy as a princi-
pal route for CHRN removal. To 
address this issue, we first trans-
fected the autophagic marker 
GFP-MAP1LC3A into live 
mouse muscle. In this construct, 
GFP was fused N-terminally to 
MAP1LC3A to avoid separa-
tion of the fluorescent tag from 
the autophagic marker protein 

Figure 5. Endo/lysosomal carriers containing CHRN colocalize with a panel of autophagic and lysosomal 
markers. Mouse tibialis anterior muscles were cotransfected with TRIM63-mCherry and either GFP-
MAP1LC3A (A), SQSTM1-GFP (B), or LAMP1-GFP (C). After 7 d, CHRNs were marked with BGT-AF647 and  
24 h later, muscles were imaged using in vivo confocal microscopy. All panels show single optical slices with 
CHRN signals (left column), TRIM63-mCherry signals (middle column) and GFP-constructs (right column) 
followed by an overlay. Similar marker distributions were observed upon at least 2 different transfections.
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in the course of the conjugation 
process that leads to the recruit-
ment of MAP1LC3A to the phago-
phore.36 Few days later, CHRN were 
labeled with BGT-AF555 and then 
imaged in vivo. This revealed an 
intimate relationship between endo-
cytic carriers bearing CHRN and 
MAP1LC3A. Indeed, MAP1LC3A 
was not only found in a typical stri-
ated pattern corresponding to the 
sarcomeric organization of skeletal 
muscle, but it was also enriched in 
the region of the NMJ (Fig.  4A to 
C). Notably, many BGT-positive, 
i.e., internalized CHRN-containing 
puncta were surrounded by 1, 2, 
or many point- or crescent-shaped 
MAP1LC3A signals (Fig.  4D to 
F), as it is to be expected during 
the process of phagophore forma-
tion. To understand if TRIM63 is 
involved in these processes, we then 
cotransfected GFP-MAP1LC3A 
and TRIM63-mCherry in muscle 
and imaged the NMJ in the pres-
ence of BGT-AlexaFluor 647. This 
clearly demonstrated the codistri-
bution of CHRN and TRIM63 
signals, which in most cases were 
again accompanied by MAP1LC3A-
positive puncta (Fig.  4G to J). In 
some cases, MAP1LC3A almost 
completely surrounded the CHRN-
TRIM63 complex (Fig.  5A–A’, see 
insert).

CHRN colocalizes in vivo with 
selective autophagy markers

To fulfill the requirements of 
selective autophagy the CHRN-
TRIM63 complex is expected to 
interact with selective autophagy 
receptors and, upon further pro-
gression to the autolysosome, with 
lysosomal markers. To investi-
gate these points, we cotransfected 
SQSTM1-GFP or LAMP1-GFP 
with TRIM63-mCherry and visu-
alized muscles in vivo in the pres-
ence of BGT-AF647. In both cases, 
colocalization of all 3 markers was 
observed in immediate vicinity of the NMJ (Fig.  5B and C), 
further consolidating the assumption that CHRN is targeted to 
autophagic decay. In the case of SQSTM1-GFP one elongated 
structure showed 3 different domains in which either CHRN, 
TRIM63, or SQSTM1 were most prominent (see upper left of 

3 TRIM63-positive puncta in Fig. 5B’) with TRIM63 appear-
ing to act as a linker between the flanking domains enriched in 
CHRN or SQSTM1.

SH3GLB1 colocalizes with TRIM63 and targets to auto-
phagosomes containing CHRN

Figure  6. SH3GLB1 perfectly matches endocytic CHRN carriers and is capped by MAP1LC3A in an 
ATG7-dependent manner. Tibialis anterior muscles of WT (A–E and H–K) or atg7−/− mice (F and G) were 
cotransfected with either SH3GLB1-mCherry and GFP-MAP1LC3A (A–G) or with SH3GLB1-mCherry and 
TRIM63-GFP (H–K). After 7 d, CHRNs were marked with BGT-AF647 and 24 h later, muscles were imaged 
using in vivo confocal microscopy. (A) Overview single optical slice showing the general codistribution 
of MAP1LC3A (green) and SH3GLB1 (red) in WT muscle. (B–E) Details from (A) showing exemplary colo-
calization patterns. While SH3GLB1 and CHRN colocalize perfectly and almost quantitatively, MAP1LC3A 
accompanies SH3GLB1- and CHRN-positive puncta either on 1 side (B), on 2 ends (C), or with more com-
plex arrangements (D and E). (F and G) In atg7−/− muscle MAP1LC3A is mostly distributed on sarcomeric 
striations and does not accompany SH3GLB1 and CHRN double-positive vesicles. (H–K) Maximum z-pro-
jection of a double-transfected fiber at the level of the NMJ. Fluorescence signals as indicated on top 
right angle of panels. In the overlay (I), TRIM63 signals are shown in green, SH3GLB1 in red, CHRN in blue. 
Triple-positive signals are indicated with red arrowheads.
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Recently, another player in autophagy, SH3GLB1/Bif-1/
endophilin B1,37 was found to directly interact with TRIM63 and 
to be present in endocytic CHRN vesicles.28 To address, whether 
SH3GLB1 might be involved in autophagy of CHRN in skeletal 
muscle, we cotransfected muscles with GFP-MAP1LC3A and 
SH3GLB1-mCherry and performed in vivo imaging after BGT-
AlexaFluor 647 labeling of CHRN. As expected, SH3GLB1-
mCherry nicely colocalized with endocytic CHRN vesicles and 
was capped by GFP-MAP1LC3A (Fig.  6A to E). To address 
whether the capping of CHRN-SH3GLB1 double-positive 
puncta by MAP1LC3A is linked to its lipidation we tested the 
distribution patterns of CHRN, SH3GLB1-mCherry, and GFP-
MAP1LC3A upon transfection of atg7−/− mice.38 In contrast to 
WT muscle, the typical capping of CHRN-SH3GLB1 double-
positive puncta by GFP-MAP1LC3A was here almost completely 
abolished and GFP-MAP1LC3A was mostly localized in sarco-
meric striation patterns (Fig. 6F and G) or larger aggregates (not 
shown). To prove codistribution of TRIM63 and SH3GLB1 we 
then performed in vivo imaging in the presence of TRIM63-
GFP, SH3GLB1-mCherry, and BGT-AlexaFluor 647. This 
revealed that most TRIM63-positive puncta were also positive 
for CHRN and SH3GLB1 (Fig. 6F–I).

Proliferation of autophagic CHRN-containing structures 
upon atrophy induction is dependent on TRIM63

Next, we tested the hypothesis of an involvement of TRIM63 
in the autophagic removal of CHRN by using trim63−/− mice. 
Thus, WT or trim63−/− mice were cotransfected with GFP-
MAP1LC3A and SH3GLB1-mCherry. To discriminate between 
basal and atrophic states, hindlimb muscle atrophy was induced 
by sciatic denervation and 5 d later in vivo microscopy in the 
presence of the CHRN marker, BGT-AF647, was performed. 
First, quantitative analysis of the diameters of all visualized fibers 
showed significantly smaller numbers in denervated vs. inner-
vated muscles of WT but not trim63−/− mice (Table 1). Second, 
in WT muscles, the amounts of endocytic CHRN-positive and 
SH3GLB1-positive puncta per NMJ region strongly increased 
upon denervation (Fig.  7A and B; Fig. 7F and G). In dener-
vated WT muscles CHRN and SH3GLB1 puncta often aggre-
gated in sac-like structures that were surrounded by a multitude 
of MAP1LC3A puncta (see red arrowheads in Fig.  7B), remi-
niscent of multivesicular bodies or amphisomes.39 Quantitative 
analysis revealed a triplication of CHRN and SH3GLB1 punc-
tate structures in WT muscles upon denervation as compared 

with the innervated control state (Fig. 7F and G). Colocalization 
of CHRN and SH3GLB1 was around 90% in innervated and 
denervated WT muscles (Fig. 7H) demonstrating a very strong 
link between both partners. About 60% of CHRN-positive 
puncta were accompanied by enhanced MAP1LC3A signals and 
this value did not vary between innervated and denervated mus-
cles (Fig. 7I). Upon starvation, colocalization of CHRN-positive 
puncta with SH3GLB1 and MAP1LC3A was similar, although 
the increase in CHRN-positive vesicles was less pronounced 
as compared with denervated muscle (not shown). Notably, in 
trim63−/− muscles the denervation-induced massive increase in 
endocytic CHRN- and SH3GLB1-containing vesicles was com-
pletely absent (Fig. 7C and D; Fig. 7F and G). Conversely, the 
relative proportion of MAP1LC3A-capped structures was only 
mildly or not at all reduced (Fig.  7I). Colocalization between 
CHRN and SH3GLB1 was consistently reduced but not zeroed 
(Fig.  7H). In summary, these data demonstrate an important 
role of TRIM63 in the atrophy-induced but not the basal auto-
phagy of CHRN. To further substantiate the hypothesis of an 
involvement of autophagy in CHRN removal we also worked 
with autophagy-deficient atg7−/− mice. Notably, the amounts of 
CHRN or SH3GLB1 positive carriers in these innervated mus-
cles were comparable to the values in denervated WT muscles 
(Fig. 7F and G). While the absence of ATG7 had no impact on 
the cotargeting of CHRN and SH3GLB1 (Fig.  7H), the link 
between MAP1LC3A and CHRN puncta was grossly reduced 
(Fig. 7I). Together, these findings further corroborate an impor-
tant role of autophagic processing in CHRN turnover.

Biochemical, immunofluorescence, and imaging evidence 
strengthen the view of a functional link between CHRN, 
TRIM63, and selective autophagy

All previously shown data strongly suggest a central function 
of TRIM63 in autophagic removal of CHRN under atrophic 
conditions. To consolidate this assumption a set of additional 
ascertainments were performed. First, western blot analysis 
of innervated and denervated muscles showed that SQSTM1 
and LC3-II are upregulated upon denervation in a TRIM63-
dependent manner (Fig.  8A). Second, we performed affinity 
precipitation of endogenous surface-labeled CHRN using in vivo 
injection of BGT coupled to biotin. This revealed cosedimen-
tation of TRIM63, ACTN1, SQSTM1 and LC3-II, but not of 
ADRB2 (negative control) (Fig. 8B). Third, immunostaining of 
denervated muscle slices yielded colocalization between endog-
enous SQSTM1 and CHRN-positive puncta in the presence but 
not in the absence of TRIM63 (Fig.  8C). Fourth, overexpres-
sion of heterologous SQSTM1-GFP in innervated WT muscles 
induced a massive increase in the total amount of SH3GLB1- 
and CHRN-positive carriers (Fig.  8D). Quantitative analysis 
detected 121.6 ± 11.2 (mean ± SEM; n = 3 muscles; 2674 struc-
tures analyzed) BGT-positive vesicles per NMJ, i.e., about 4 times 
more than under comparable conditions lacking SQSTM1-GFP 
(see Fig.  7F). Notably, vesicle number was again doubled to a 
value of 224.8 ± 20.1 (mean ± SEM; n = 4 muscles; 5973 struc-
tures analyzed) BGT-positive vesicles per NMJ in the presence 
of the mutant SQSTMΔC-GFP. This lacks both the ubiquitin-
associated domain and LC3 interacting region and targets to the 

Table 1. Effect of denervation on fiber diameters in tibialis anterior 
muscles

Fiber diameter (µm)a SEM n

WT, innervated 55.3 5.85 3

WT, denervated 33.3b 5.44 3

trim63−/−, innervated 54.5 8.80 3

trim63−/−, denervated 53.1 3.48 3

aMaximal fiber diameters were obtained from confocal microscopy pictures 
of WT and trim63−/− mice that were denervated for 5 d and then imaged in 
vivo. bP < 0.05 for the difference between WT innervated vs. denervated, 
according to Welch test.
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autophagosome formation site in a process involving self-oligo-
merization but not necessarily interaction with MAP1LC3A.40

Discussion

Skeletal muscle atrophy is a process that can be triggered by 
a variety of factors including disuse, fasting, denervation, and 
aging, as well as by several diseases like cardiac and renal fail-
ure, diabetes, AIDS, or cancer. Skeletal muscle constitutes about 
40% to 60% of our body mass and is also a major metabolic 
organ system. Therefore, chronic muscle atrophy is increasingly 

perceived as a major obstacle during the re-convalescence in an 
increasing and diverse group of patients.41,42 While the most 
upstream triggers might vary between different atrophy induc-
tion processes, the basal protein network mediating protein 
breakdown that is consistently induced upon several forms of 
atrophic stimuli was previously identified and its constituents 
were called “atrogenes.”31 A principal member of the atrogene 
family is the E3 ubiquitin ligase TRIM63,30 and it was proposed 
to be a major driving force for the ubiquitin-proteasomal degra-
dation of primarily sarcomeric muscle proteins.19 However, this 
function is increasingly challenged by different observations. 

Figure 7. Endocytic CHRN carriers proliferate upon denervation in a TRIM63-dependent manner. Mouse tibialis anterior muscles of WT, trim63−/−, or 
atg7−/− mice were cotransfected with SH3GLB1-mCherry and GFP-MAP1LC3A. Five days before imaging, WT and trim63−/− muscles were unilaterally 
denervated. Twenty-four hours before in vivo confocal microscopy imaging CHRNs were stained with BGT-AF647. (A–E) Maximum z-projections of indi-
vidual SH3GLB1 and MAP1LC3A double-positive fibers at the level of their NMJs from innervated (A, C, and E) or denervated muscles (B and D) of either 
WT (A and B), trim63−/− (C and D), or atg7−/− mice. Red arrowheads in (B) depict sac-like triple-positive structures, which resemble multivesicular bodies or 
amphisomes. (F–I) Quantitative analyses as indicated. All graphs depict mean ± SEM (WT and trim63−/−: n = 3 muscles, between 616 and 1415 structures 
were analyzed per condition. atg7−/−: n = 4 muscles, 2800 structures were analyzed). *P < 0.05; **P < 0.01 according to the Welch test.
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Exemplary is that the expression profile of TRIM63 does not 
in all cases match to observed muscle protein breakdown.43 
Furthermore, a recent report shows that proteasomal activity 
upon muscle denervation is actually increased and not decreased 
in the absence of TRIM63.44

We have recently shown that endogenous TRIM63 is highly 
enriched at the nerve-muscle synapse, the neuromuscular 

junction, and heterologous expression 
of TRIM63-GFP is detected by in vivo 
microscopy in puncta colocalizing with 
internalized CHRN, the major post-
synaptic ion channel of the NMJ.28 
Furthermore, since CHRN half-life 
upon denervation is significantly sta-
bilized in trim63−/− mice and TRIM63 
coprecipitates with CHRN, a crucial 
role of TRIM63 for CHRN turnover 
was claimed.28 Despite the enormous 
physiological relevance of CHRN, 

deplorably little is known about the mechanisms driving its 
turnover. In particular, the pathway leading to the degradation 
of this pentameric ion channel remains largely elusive. Evidence 
for lysosomal degradation of CHRN comes from studies using 
iodinated protein flux45,46 and from the effects of lysosomal 
inhibitors on CHRN levels in C2C12 muscle cells.18,47 Given 
the recent discussions about the physiological roles of TRIM63 

Figure  8. SQSTM1 is upregulated in a 
TRIM63-dependent manner, it colocalizes 
with endocytic CHRN and regulates CHRN 
carrier formation. (A) Representative west-
ern blot signals against TRIM63, ACTN1 
(loading control), SQSTM1 and MAP1LC3A 
from lysates of WT or trim63−/− gastroc-
nemius muscles, that were either inner-
vated (inn.) or denervated for 5 d (den.). 
(B) WT mouse gastrocnemius muscles 
were injected with BGT-biotin (left 2 lanes) 
or with saline (right 2 lanes). Five hours 
later, mice were sacrificed, and muscles 
harvested and lysed. Subsequently, BGT-
biotin labeled CHRN were sedimented 
with NeutrAvidin-coupled beads. Depicted 
are representative western blot immuno-
signals using antibodies against CHRN, 
SQSTM1, MAP1LC3A, TRIM63, ACTN1 (posi-
tive control), and ADRB2 (negative control). 
LYS, lysate; AP, biotin-neutravidin affinity 
precipitate. (C) Denervated EDL muscles 
from WT and trim63−/− mice were sectioned 
and stained with BGT-AF555 against CHRN 
and with an antibody against SQSTM1. 
Shown are single confocal sections depict-
ing parts of individual NMJs surrounded by 
some punctate CHRN-positive structures 
(arrowheads). While in the WT most of 
these puncta also exhibit SQSTM1 immu-
nofluorescence signals, this is not the case 
in muscle lacking TRIM63. In the overlay 
pictures, BGT and anti-SQSTM1 signals 
appear in red and green, respectively.  
(D and E) WT tibialis anterior muscles were 
cotransfected with SH3GLB-mCherry and 
either SQSTM1-GFP (C) or SQSTM1ΔC-GFP 
(D). After 7 d, BGT-AF647 was injected and 
24 h later, muscles were imaged in vivo. 
Shown are en face maximum z-projections. 
In the overlay pictures, GFP-, mCherry- and 
BGT-signals appear in green, red, and blue, 
respectively.
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in muscle atrophy and the findings of its possible function in 
the turnover of the CHRN, we focused on this process in more 
detail.

First, we observed a direct impact of full starvation but not of 
amino acid depletion on the stability of CHRN (Figs. 2 and 3). 
Notably, TRIM63 protein was clearly more abundant upon total 
fasting but not upon amino acid deprivation (Fig. 3C). While 
amino acid deprivation is thought to primarily block protein 
synthesis through the mechanistic target of rapamycin complex 
1 (MTORC1) via amino acid-sensing mechanisms,33 full star-
vation negatively acts on the class I phosphoinositide 3-kinase-
AKT/PKB pathway (thus blocking MTORC1) on the one hand, 
and acts to induce FOXO3 as a master switch in skeletal muscle 
atrophy on the other hand.48 FOXO3, in turn, activates the atro-
gene program and, consequently, TRIM63 expression.48 Notably, 
as revealed by in vivo imaging of mouse muscle the full starva-
tion protocol significantly increased the amount of endocytic 
carriers containing CHRN per NMJ (Fig. 4), which were then 
also found to be largely positive for TRIM63 and a set of auto-
phagic/lysosomal markers, including MAP1LC3A, SQSTM1, 
and LAMP1 (Figs. 5–7). While all other markers in this list typ-
ically showed point-to-point colocalization with CHRN signals, 
MAP1LC3A was rarely directly on top of the CHRN puncta. 
Rather, it was mostly accompanying the CHRN-positive puncta 
where it displayed punctual or crescent shapes. This is in perfect 
agreement with a function of MAP1LC3A in forming phago-
phores that are caught in the process of engulfment. Notably, 
such a localization pattern was almost entirely dependent on the 
presence of ATG7 (Figs. 6 and 7), suggesting that only cleaved 
and lipidated LC3 (LC3-II) interacts with CHRN containing 
carriers. One of the most frequent features was the “double cap” 
where MAP1LC3A signals were found at 2 ends of a CHRN-
positive structure (see e.g., Fig. 4G and H). In summary, these 
findings demonstrate that CHRN is targeted into autophagic 
compartments.

Recently, SH3GLB1 was described to be intimately involved 
in the autophagic process. It was suggested to regulate ATG9 
trafficking and to mediate fission of autophagic donor mem-
branes to trigger starvation-induced autophagy.37,49,50 Consistent 
with the in vitro interaction of SH3GLB1 and TRIM63 as 
suggested by yeast two-hybrid and pull-down experiments, 
we found SH3GLB1-GFP in close proximity to the NMJ in 
CHRN-containing puncta.28 Most SH3GLB1- and CHRN-
positive puncta were exactly overlaying with TRIM63 (Fig. 6) 
and accompanied by MAP1LC3A (Fig. 6). Notably, under con-
trol conditions nearly all SH3GLB1-positive puncta were also 
positive for CHRN, but only about 60% of these structures were 
surrounded by MAP1LC3A (Fig. 7). This suggests that in mus-
cle SH3GLB1 is more likely codistributing with the autophagic 
cargo than with the autophagic donor membranes, although we 
cannot completely exclude that also the latter occurs. Strikingly, 
denervation led to a massive increase of SH3GLB1 and CHRN 
double-positive puncta (Fig.  7), which was almost completely 
blocked in trim63−/− mice (Fig. 7), showing that TRIM63 plays 
a crucial role in atrophy-induced endocytic retrieval of CHRN 
and its subsequent autophagic processing. This also provides an 

explanation for the stabilization of CHRN lifetime upon dener-
vation in a trim63−/− background.28 It is noteworthy that the 
rate of colocalization between SH3GLB1 and CHRN as well as 
between MAP1LC3A and CHRN was significantly decreased 
in the trim63−/− under control conditions. This is in agreement 
with earlier data that connected SH3GLB1 to endocytic process-
ing rather than autophagy assistance,51-53 and also suggests that 
TRIM63 controls a pool of autophagic carriers under unchal-
lenged conditions.

Mechanistically, the data provided in this study suggest 
that CHRN is targeted to the LC3-II-positive autophagosome 
in a process of selective autophagy that is regulated and medi-
ated by TRIM63, SH3GLB1, and SQSTM1. Yet, a couple of 
questions are still open. First, selective autophagy entails target 
ubiquitination. But what is the target? There are different pos-
sibilities, including CHRN, TRIM63 or other components. 
While TRIM63 is well known to autoubiquitinate itself, CHRN 
ubiquitination has been investigated so far only in cell cultures 
and this revealed smears of ubiquitinated protein.26,27 Our own 
attempts used exclusively whole muscle extracts and both, precip-
itation of ubiquitinated proteins or of BGT-biotin surface-labeled 
CHRN followed by western blot against CHRN or polyubiq-
uitinated protein, respectively (Fig. S1). This showed discrete 
bands, in particular one band at about 55-kDa molecular mass. 
It is unlikely that this band is unspecific, since it was found 
with 2 different methods and controls (e.g., test for unspecific 
binding to resin and for unspecific secondary antibody bind-
ing) were all negative. Thus, one can ask whether this represents 
mono- or oligoubiquitinated CHRN that could serve as a target 
for selective autophagy. Given that this band was also found in 
trim63−/− preparations (not shown) this option may seem rather 
improbable. However, it needs to be stressed that CHRN turn-
over appears to be regulated only upon atrophy by TRIM63, 
while basal turnover might be controlled by another E3 ligase. 
Unfortunately, our precipitation experiments were then not 
quantitative enough to demonstrate a TRIM63-dependent dif-
ference of the CHRN ubiquitination pattern between basal and 
atrophic conditions (not shown). Another point to be further 
investigated concerns the functions of SQSTM1 and SH3GLB1. 
The multiple conjectures described here between these 2 proteins 
and TRIM63 and CHRN very strongly suggest a direct role of 
both in the autophagic turnover of CHRN. Based on our data 
we speculate that SH3GLB1 is important in initial endocytic 
CHRN vesicle formation and then escorts the receptor trough 
multiple further steps. SQSTM1 also displayed a strong CHRN 
vesicle-inducing propensity, which was levered in the pres-
ence of the SQSTM1 mutant lacking the ubiquitin-associated 
domain and LC3 interacting region (Fig. 8). This suggests that 
SQSTM1 is involved in CHRN vesicle formation and might 
serve in progressing these carriers to the autophagosome. The 
increase in vesicle number in the presence of the SQSTM1ΔC 
mutant suggests that this progression is not completed and thus 
previously formed carriers accumulate.

In summary, using live mouse imaging, radiolabeling 
approaches, and biochemistry we here deliver evidence that 
CHRN degradation is dependent on the metabolic state of the 
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muscle, and that this is likely mediated by selective autophagy, 
both under normal as well as under atrophic conditions. While 
TRIM63 is essential for this process upon atrophy induction, 
basal autophagy of CHRN seems to be only partially controlled 
by TRIM63 and might involve additional E3 ligases. Future stud-
ies should address their identity and further clarify the mecha-
nistic interplay between TRIM63, SQSTM1, and SH3GLB1and 
functional regulation network that controls these interactions.

Materials and Methods

Animals
Experiments used a total of 105 adult male C57BL/10 J, 

trim63−/−,29 and atg7−/-38 mice with a typical weight between 30 
and 36 g. Animals were maintained in the local animal facilities. 
Use and care of animals were as approved by German authorities 
and were according to national law (TierSchG7). Anesthesia was 
administered using either inhalation of Isoflurane (cp-pharma, 
AP/DRUGS/220/96) or intraperitoneal (i.p.) injection of 
Xylavet® 20 mg/ml (cp-pharma) and Zoletil® 100 (Laboratoires 
Virbac). For total starvation, litter was exchanged and food 
removed, water was supplied ad libitum. Since the effect of 
fasting on the reduction of mouse tibialis anterior muscle was 
described previously (loss of approximately 15% to 20% of cross-
sectional area),54 and we needed to maintain the animals after 
the fasting period for further analyses, muscle loss could not be 
demonstrated by standard cross-sectional area or muscle weight 
determinations, but was only indirectly addressed by weighing 
the animals before, during, and after the fasting period. Amino 
acid-deprivation experiments used ad libitum access to special 
protein-free chow (SSniff, E15200-14) or the corresponding con-
trol food (SSniff, E15000-40). Transfections and sciatic dener-
vations were as previously described.34,55 Loss of mouse skeletal 
muscle mass upon denervation was previously measured in other 
studies and accounted for about 30% (tibialis anterior muscle) 
and 56% (quadriceps muscle) after 619 and 14 d of denervation,28 
respectively. Although muscle weights were not taken in the 
present study, we determined fiber diameters for all measured 
fibers from in vivo confocal images. Therefore, the fiber width 
was determined at the biggest width in the image stacks show-
ing GFP-MAP1LC3A signals. Furthermore, successful and per-
sistent denervation was checked at the end of each experiment by 
careful visual inspection of the initially dissected pelvic region.

Biochemical analyses
For Figure  2, WT mice were, either, fed, starved for 48 h, 

or supplied with protein-free chow for 5 to 7 d. Subsequently, 
mice were killed, complete gastrocnemius muscles prepared, 
shock frozen in liquid nitrogen, and stored at -80 °C. Then, tis-
sues were levigated under liquid nitrogen and homogenized in 
extraction buffer (8 M urea, 2 M thiourea, 3% SDS, 50 mM 
Tris/Cl pH 6.8, 0.015% bromophenol, 75 mM DTT). After 
incubation at 60 °C for 20 min, extracts were centrifuged for 
10 min at 18,000 × g. Supernatant fractions were aliquoted and 
frozen at -80 °C until use. For western blots, samples were run 
on 4–12% BisTris-Gels (Invitrogen, NP0322BOX) and blot-
ted onto nitrocellulose membranes. Detection of TRIM63 was 

performed with chicken anti-TRIM63 (Myomedix, MuRF1-3), 
and anti-chicken-alkaline phosphatase (Jackson, 303-055-003). 
For affinity coprecipitation (Fig.  8B; Fig. S1) gastrocnemius 
and tibialis anterior muscles were injected with biotinylated 
BGT (Invitrogen, B1196) and then surgically extracted 6 h later. 
Tissue lysis, affinity precipitation with NeutrAvidin agarose 
(Thermo Scientific, 29202), and western blot (Fig. 8B; Fig. S1) 
were all performed as described previously.25,35 Antibody com-
binations used for detection of various proteins were as follows: 
chicken anti-TRIM63 (Myomedix, MuRF1-3) and anti-chicken-
horseradish peroxidase (HRP) (Jackson, 303-035-003), guinea 
pig anti-SQSTM1 (Progen, GP62-C) and anti-guinea pig-
HRP (Thermo Scientific, PA1-28597), rabbit anti-MAP1LC3A 
(Abgent, AP1802a) or rabbit anti-ADRB2 (Santa Cruz, Sc-569) 
and anti-rabbit-HRP (Daco, P0448), mouse anti-ACTN1 
(Sigma Aldrich, A7811) or mouse anti-CHRN (BD Bioscience, 
Affinity precipitation, 610989) and anti-mouse-HRP (Daco, 
P0447). For pulldown of polyubiquitinated proteins, TUBEs 
kit purchased from LifeSensors (UM102) was used as per the 
supplier’s protocol. Western blot analysis was performed as 
for Figure S1. CHRN protein bands were detected using rat 
anti-CHRN antibody (Covance, MAb210) and anti-rat-HRP 
(Thermo Scientific, 31470). Polyubiquitin was probed using 
mouse anti-polyubiquitin antibody (MBL, MBL-D058-3) and 
anti-mouse-HRP antibody (DACO, P0447).

Radioiodine assay for measuring CHRN half-life and data 
analysis

The radioiodine approach was performed as previously 
described.23 In brief, 0.7 pmol of 125I-BGT with high specific 
activity from Perkin Elmer (NEX126H050UC) was injected 
intramuscularly to the tibialis anterior muscle at day 0 and sub-
sequent 125I-emission measurements from entire hind legs were 
performed under mild isoflurane anesthesia using liquid nitro-
gen-cooled GX-3018 (Canberra GmbH) and electrically cooled 
GEM-FX5825P4-S (AMETEK GmbH, ORTEC Division) 
Germanium semiconductor detectors.

In vivo visualization and measurement of CHRN turnover 
rate

CHRN turnover was measured as described previously.25,34,35 
In brief, infrared fluorescent BGT-AF647 (25 pmol, Life 
Technologies, B35450) and red fluorescent BGT-AF555  
(25 pmol, Life Technologies, B35451) were sequentially injected 
at a temporal distance of 10 d, to label the old and new recep-
tor pool respectively. After the second injection the superficial 
200 µm of tibialis anterior muscles were examined in vivo with 
an upright Leica SP2 (Leica Microsystems) confocal micro-
scope equipped with a 63×/1.2 NA water immersion objective. 
Automated analysis of CHRN turnover was done as previ-
ously described.25 Briefly, 3D stacks at 512 × 512 pixel resolu-
tion were taken of BGT-AexaFluor647 (“old receptors”) and 
of BGT-AF555 signals (“new receptors”) using a 63× objective 
and confocal in vivo imaging. The 3D stacks were automati-
cally segmented using a custom-made algorithm, and pixel signal 
intensity values for AF555 and AF647 were extracted. Then, the 
fraction of pixels per NMJ, having AF555 signal intensity higher 
than that of AF647 was calculated.
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Immunofluorescence stainings
Denervated WT and trim63−/− EDL muscles were harvested 

and immediately fixed in freshly prepared 4% paraformalde-
hyde in phosphate-buffered saline (PBS, 137 mM, NaCl, 2.7 
mM KCl, 10 mM Na

2
HPO

4
 × 2 H

2
O, 2 mM KH

2
PO

4
, pH 7.4). 

Muscles were embedded in 2% agarose gel and 50-μm thick 
sections were prepared using a vibratome (Leica VT1000S). 
Sections were then permeabilized using 0.5% Triton X-100 
(ROTH, 3051.2) in PBS and blocked with 2% bovine serum 
albumin (GENTAUR, PAA-K41-001) in PBS. Primary antibody 
against SQSTM1 (Progen, GP62-C) was incubated over night at 
4 °C, followed by thorough washing and incubation with anti-
guinea pig-AF488 secondary antibody and BGT-AF555 (both 
LifeTechnologies, A-11073 and B-35451, respectively) for 8 h. 
Finally, sections were washed in 2% bovine serum albumin in 
PBS and then imbedded in MOWIOL (Calbiochem, 475904) 
on glass slides for confocal imaging.

Plasmids, in vivo transfection, and endocytic CHRN pool 
labeling

Constructs encoding heterologous fusion proteins EGFP-
MAP1LC3A and LAMP1-EGFP, SH3GLB1-mCherry, 
TRIM63-mCherry, SQSTM1-EGFP (Addgene, 3827740), and 
SQSTM1ΔC-EGFP (Addgene, 3828240) were transfected into 
the tibialis anterior muscle as described.34,55 Eight days later, the 
transfected muscles were exposed and superficial parts of the 
muscles were visualized under the microscope, but 24 h prior 
to microscopy, the transfected muscles were injected either with 
BGT-AF647 (for EGFP and mCherry-fusion protein-cotrans-
fected muscles) or BGT-AF555 (for EGFP-fusion protein-trans-
fected muscles) to label the surface exposed receptors, some of 
which are subsequently endocytosed.

Data processing and statistics
Images were electronically processed using ImageJ software 

(NIH). For quantitative analysis of vesicle numbers and colo-
calizations, the following procedure was used. First, images 
were cropped to just leave the NMJ-spanning width of a fiber 

complete. Then, the channel containing SH3GLB1-mCherry 
signals was median filtered (kernel 1 × 1) and thresholded 
to just exclude the background. Next, all objects larger than  
10 pixels were segmented and imported into the ROI man-
ager, visual inspection excluded unspecific signals or signals 
from neighboring fibers. Subsequently, the channel contain-
ing CHRN signals was screened for additional CHRN-positive 
structures and these ROIs were back-screened in the SH3GLB1 
channel. This procedure yielded total amounts of CHRN 
and SH3GLB1 positive structures. Finally, all segments were 
screened in all channels for local maxima to yield the quan-
tity of structures being positive for CHRN, SH3GLB1 and/
or MAP1LC3A. In the case of MAP1LC3A, those structures 
were counted as positive which clearly displayed dot-, crescent- 
or circular-shaped local maxima fitting to the segment. Image 
composition used Adobe Photoshop and Adobe Illustrator 
(both Adobe Systems Software), and ImageJ. Graphic represen-
tation of data was achieved by Microsoft Excel:mac2008 and 
subsequent incorporation into Adobe Illustrator composites. 
Statistical analysis employed SigmaPlot v.12 (Systat Software 
Inc.) for calculation of regressions of radioiodine experiments. 
Significance was tested with the Student t test or Welch test, 
where applicable. Therefore, Kolmogorov-Smirnow-test for 
normal distribution and F-test for homo/heteroscedasticity 
were performed.
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