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SUMMARY

Skeletal muscle contraction depends on activation of clustered acetylcholine receptors (AchRs)
and muscle-specific Na* channels (Nav1.4). Some Nav1.4 channels are highly enriched at the
neuromuscular junction (NMJ) and their clustering is thought to be essential for effective muscle
excitation. However, this has not been experimentally tested, and how NMJ Na* channels are
clustered is unknown. Here, using muscle-specific AnkyrinR, AnkyrinB, and AnkyrinG single,
double, and triple-conditional knockout mice we show that Nav1.4 channels fail to cluster only
after deletion of all three ankyrins. Remarkably, ankyrin-deficient muscles have normal NMJ
morphology, AchR clustering, sarcolemmal levels of Nav1.4, and muscle force, and they show no
indication of degeneration. However, mice lacking clustered NMJ Na* channels have significantly
reduced levels of motor activity and their NMJs rapidly fatigue after repeated nerve-dependent
stimulation. Thus, the triple-redundancy of ankyrins facilitates NMJ Na* channel clustering to
prevent neuromuscular synapse fatigue.
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Zhang et al. show that Nav1.4 Na* channels are clustered at the neuromuscular junction (NMJ)
through ankyrin scaffolding proteins. Their experiments uncouple the function of non-synaptic
Nav1.4 from its role at the NMJ. Neuromuscular junctions without clustered Nav1.4 fatigue more

easily.
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INTRODUCTION

The neuromuscular junction (NMJ) has been successfully used as a model for synapse
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development, function, and refinement. These studies revealed in remarkable detail neuron-

derived factors and activity-dependent mechanisms responsible for muscle membrane

specialization and postsynaptic neurotransmitter receptor clustering [1]. However, AchRs
are not the only ion channel necessary for muscle contraction. AchR activation generates

an endplate potential that activates the muscle-specific Nav1.4 Na* channels required
for the muscle action potential [2]. Although Nav1.4 channels are found throughout the

sarcolemma, they are also highly and specifically clustered in the junctional folds of the
endplate [3]. NMJ Na* channels are proposed to be important for effective muscle excitation
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by amplifying the effect of transmitter action on AchRs [4]. Furthermore, computational
modeling suggests that structural variation in synapses may be compensated for by the
high density of postsynaptic Nav1.4 [5]. However, the function of clustered NMJ Nav1.4
channels has not been directly tested since it has not been possible to separate the function
of sarcolemmal Nav1.4 from NMJ Nav1.4.

In contrast to AchRs, NMJ Na* channel clustering mechanisms are unknown. Much is
known about the molecular mechanisms responsible for Na* channel clustering at nodes
of Ranvier in myelinated axons where action potentials are regenerated to facilitate

rapid action potential conduction [6]. For example, in the peripheral nervous system two
independent Schwann cell-directed mechanisms cluster nodal Na* channels. First, the
secreted and Schwann cell-derived protein gliomedin clusters the axonal cell adhesion
molecule Neurofascin 186 (NF186), which then recruits the Na* channel-binding and
scaffolding protein AnkyrinG (AnkG); AnkG and Na* channels are then stabilized in the
membrane and linked to the actin cytoskeleton by p4 spectrin. Second, paranodal axoglial
junctions flanking each node assemble a B2 spectrin-dependent cytoskeleton that functions
as a barrier to restrict AnkG and Na* channels to nodes. In the absence of AnkG or

4 spectrin, a cytoskeletal complex consisting of AnkyrinR (AnkR) and B1 spectrin can
compensate to cluster and maintain nodal Na* channels, but in the absence of both AnkG
and AnkR, Na* channels fail to cluster [7]. Like nodes of Ranvier, NMJs have clustered Na
channels, ankyrins, spectrins, and cell adhesion molecules. For example, both AnkG and
ANkR have been reported to co-exist at the NMJ [8, 9], and to colocalize with Na* channels
and a molecularly unidentified p spectrin [10]. Thus, nodes of Ranvier are an attractive
paradigm for the mechanism of NMJ Na* channel clustering [11]. If the mechanisms
responsible for Nav1.4 channel clustering were identified and subsequently blocked, it
would then be possible to experimentally test the contribution of clustered Nav1.4 to
neuromuscular synapse and muscle function.

+

To this end, we generated muscle-specific ankyrin-deficient mice. We found it was
necessary to simultaneously remove all three vertebrate ankyrins to block NMJ Na* channel
clustering. Using these mice, we directly tested the role of clustered NMJ Na* channels

in neuromuscular synapse function. Unexpectedly, mice with ankyrin-deficient muscles
were viable, had normal NMJ morphology and muscle strength, and showed no indication
of muscle degeneration. Nevertheless, mice lacking clustered NMJ Na* channels were
significantly less active and their neuromuscular synapses fatigued more quickly. Together,
our results reveal an ankyrin-dependent mechanism for NMJ Na* channel clustering that
increases the safety factor for action potential initiation by preventing neuromuscular
synapse fatigue.

Nav1.4 Na* channels are clustered at a-Bungarotoxin (Btx)-labeled NMJs (Figures 1A, B).
These channels can also be detected at NMJs using a pan Na* channel (PanNav) antibody
(Figure 1C). Consistent with previous reports [3], we found that NMJ Nav1.4 channels
accumulate postnatally and become highly enriched by 3 weeks after birth (Figure 1E);

the increase in channel density is concomitant with an increase in NMJ area (Figure 1F).
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All vertebrate Na* channels, including Nav1.4, have an ankyrin-binding motif located in

the cytoplasmic linker between domains Il and I11; in neurons, this motif is necessary

and sufficient for ankyrin-dependent targeting of channels to axon initial segments (AIS)
and nodes of Ranvier [12, 13]. The NMJ is also highly enriched with AnkG (Figure 1D),
suggesting that AnkG may cluster Nav1.4 at the NMJ. AnkG is a large scaffolding protein
that undergoes extensive alternative splicing with major variants including 190, 270, and
480 kDa forms. Using antibodies that specifically recognize AnkG480, and consistent with
previous reports [14], we found that AnkG480 is prominently located at nodes of Ranvier
and weakly in the distal unmyelinated motor axon presynaptic terminal. However, AnkG480
is not present at the NMJ endplate (Figure 1G). Using antibodies that recognize AnkG
epitopes common to both AnkG270 and AnkG480, we found very strong immunoreactivity
at the NMJ (Figure 1H), indicating that AnkG270 is the variant present at the NMJ endplate.
Like Na* channels, KCNQ2 K* channels are clustered at AlS and nodes of Ranvier [15],
and they have an AnkG-binding motif very similar to the one found in Na* channels [16].
Immunostaining revealed that KCNQ2 K* channels are also found at the NMJ (Figure 11).

The remarkable molecular similarities between AIS, nodes of Ranvier, and NMJ caused

us to consider whether other nodal and AIS proteins, including p4 spectrin and the ankyrin-
binding cell adhesion molecule NF186, which can be linked to the extracellular matrix,
might also be part of the NMJ (Figure 1J). Immunostaining showed that although p4
spectrin and neurofascin (Nfasc) are highly enriched at nodes, they are not enriched at

the NMJ (Figures 1K, L). At nodes of Ranvier, but not AIS, Na* channels may also be
clustered by a complex of AnkR and B1 spectrin when AnkG or B4 spectrin is absent [7,
17]. Although we did not find p4 spectrin enriched at the NMJ, we did find both AnkR and
B1 spectrin highly clustered at the NMJ (Figures 1M, N), confirming that AnkG and AnkR
co-exist at the NMJ [8] and suggesting that they may be linked to the actin cytoskeleton
through B1 spectrin. One previous report suggested that AnkB may also play important roles
in NMJ function and assembly [18]. However, we only found presynaptic, axonal AnkB
(Figure 10). Together these results suggest that Nav1.4 Na* channels are clustered at the
NMJ through the cytoskeletal scaffolding proteins AnkG and AnkR, and that this complex
may be stabilized in the postsynaptic junctional folds by B1 spectrin.

Muscle-specific loss of single ankyrins

To determine the molecular mechanisms of NMJ Nav1.4 channel clustering we generated
conditional knockout (cKO) mice lacking skeletal muscle AnkR, AnkB, or AnkG by
crossing Myo-Cre mice with Ank1™f, Ank2”" or Ank3” mice, respectively (hereafter
referred to as AnkR cKO, AnkB cKO, or AnkG cKO). Immunoblots of muscle homogenates
show a complete loss of AnkG270, and the nearly complete loss of AnkB and AnkR
(Figure 2A); the residual AnkB and AnkR may reflect detection of axonal and red blood
cell ankyrins, respectively. Immunostaining of NMJs in AnkG ckO mice show the complete
loss of NMJ AnkG (Figure 2B), while Nav1.4, AnkR, and B1 spectrin were still highly
enriched (Figures 2C-E). Similarly, AnkR cKO mice lacked AnkR at the NMJ (Figure 2G)
but still had robustly clustered Nav1.4 (Figure 2H). AnkB cKO mice showed low levels

of axonal AnkB (Figure 2J), but unperturbed NMJ Nav1.4 channel clustering (Figure 2K).
In contrast to Nav1.4, we found that loss of AnkG was sufficient to block the clustering
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of KCNQ2-containing K* channels (Figure 2F). Consistent with the sufficiency of AnkG,
KCNQ2 was still clustered at the NMJ in AnkR and AnkB cKO mice (Figures 21, L).

When we measured the ratio of NMJ Nav1.4 immunofluorescence to Btx we found no
difference between controls (Ank1™", Ank2™ or Ank37 mice) and AnkR cKO, AnkB cKO,
or AnkG cKO mice (Figure 2J). Furthermore, all control and cKO mice performed normally
on the rotarod (Figure 2K). Together, these results show that no single ankyrin is required
for NMJ Nav1.4 channel clustering, but AnkG alone is required to cluster NMJ KCNQ2
subunit-containing K* channels.

Muscle-specific loss of two ankyrins simultaneously

To further define the redundancy among ankyrins for NMJ Nav1.4 channel clustering, we
generated double-conditional knockout (dcKO) mice lacking skeletal muscle AnkB and
AnkG (AnkB/G dcKO), AnkR and AnkG (AnkR/G dcKO), or AnkR and AnkB (AnkR/B
dcKO). We compared NMJ Nav1.4 channel clustering in the dcKO mice to their floxed
controls (Figures 3A-1). We confirmed loss of NMJ ankyrins (although presynaptic axonal
AnkB was preserved; Figure 3B) in the AnkB/G and AnkR/B dcKO mice), but found that
Nav1.4 clustering still occurred in all dcKO mice (Figures 3B, E, and H). Immunostaining
for AnkR in AnkB/G dcKO mice and AnkG in AnkR/B dcKO mice showed that these
scaffolds were highly enriched at the NMJ in the dcKO mice and are sufficient to cluster
Nav1.4 (Figures 3C and 31). However, we did not detect enrichment for AnkB at the
postsynaptic NMJ in AnkR/G dcKO mice (Figure 3F). Instead, we only observed axonal
AnkB despite the persistent clustering of NMJ Nav1.4. Nevertheless, measurement of the
ratio of NMJ Nav1.4 to Btx showed that although Nav1.4 was present in all dcKO synapses,
AnkB/G and AnkR/G dcKO mice had significantly reduced Nav1.4 channel density (Figure
3J). In contrast, AnkR/B dcKO mice had normal NMJ Nav1.4 channel density (Figures

3H, J). Despite the reduced NMJ Nav1.4 in AnkB/G and AnkR/G dcKO mice, they were
indistinguishable from their floxed controls on the rotarod (Figure 3K). These results
suggest that there is triple-redundancy for NMJ Nav1.4 channel clustering.

Muscle-specific loss of all ankyrins

To determine if ankyrins are required for NMJ Nav1.4 channel clustering and muscle
function in general, we generated triple conditional knockout (tcKO) mice lacking AnkR,
B, and G (AnkR/B/G tcKO). Immunoblots of muscle homogenates showed loss of all
ankyrins (Figure 4A). Importantly, morphometric analysis of AchR and endplate area, NMJ
fragments, and compactness all showed no difference between triple floxed control mice
and AnkR/B/G tcKO mice (Figures 4B-E), indicating that loss of ankyrins does not disrupt
NMJ structure. In contrast to floxed controls (Figure 4F), and all cKO and dcKO mice
(Figures 2 and 3), we found that AnkR/B/G tcKO mice lacked all NMJ clustering of Nav1.4
(Figure 4G). The ratio of Nav1.4 to Btx also showed complete loss of NMJ Nav1.4 channel
clustering (Figure 4H). Importantly, the loss of NMJ Nav1.4 did not affect the total pool of
Nav1.4 protein present in the muscle (Figure 41), indicating that loss of muscle ankyrins did
not globally affect Nav1.4 protein but rather prevented only the highly specific clustering
of Nav1.4 at the NMJ. We also found that B1 spectrin is not clustered at the postsynaptic
membranes of AnkR/B/G tcKO mice (Figure 4J), consistent with the observation that in
neurons, spectrin localization and clustering is dictated by ankyrins [7, 19]. In contrast to

Curr Biol. Author manuscript; available in PMC 2022 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

Nav1.4 and 1 spectrin, Ankyrin-binding dystrophin [18], which is also enriched in the
postsynaptic junctional folds [20], is still clustered in AnkR/B/G tcKO mice (Figure 4K).
Taken together, these results demonstrate that there is triple-redundancy among muscle
ankyrins, and that they are required for the clustering of Nav1.4 at the NMJ.

Loss of NMJ Nav1.4 causes neuromuscular synapse fatigue

How does loss of Nav1.4 from the NMJ affect muscle function? Based on the proposed
functions of postsynaptic NMJ Na* channels [4], we expected AnkR/B/G tcKO mice to

be significantly impaired. However, simple visual inspection of tcKO mice showed they
were indistinguishable from their floxed controls. Furthermore, we found that neither grip
strength (Figure 5A) nor latency to fall from the rotarod (Figure 5B) was affected by

loss of ankyrins, and this was true at both 2 and 5 months of age. To further determine

if loss of muscle ankyrins impacts muscle function or health, we first measured extensor
digitorum longus (EDL) muscle weight and found no difference between floxed control and
ANnkR/B/G tcKO mice (ctrl: 8.98 +/- 0.36 grams; tcKO: 9.35 +/- 0.23 grams, mean +/-
SEM). We next measured the peak muscle force after direct muscle stimulation ex vivo

and found no difference between floxed control and AnkR/B/G tcKO mice (Figure 5C).
Finally, we measured the percent reduction in muscle force over 900s of direct muscle
stimulation (Figure 5D); we found no significant difference between floxed control and
tcKO mice. Histology of muscle cross sections also showed no indication of atrophy or
muscle degeneration (Figure 5E). Together these results strongly suggest that loss of muscle
ankyrins does not affect muscle strength or cause apparent muscle degeneration.

Mice will spontaneously run long distances and for long periods of time (4-6 hours) when a
running wheel is included in their home cage. Therefore, to further examine muscle function
in AnkR/B/G tcKO mice, we included freely accessible running wheels in their cages and
measured their activity on the running wheel continuously for six days. We found that
although tcKO and their floxed controls initially (day 1) spend the same amount of time on
the running wheel and run for the same distance (Figures 5F and G), they rapidly diverge
with tcKO mice spending significantly less time on the running wheel and running for
significantly shorter distances for the remaining five days (Figures 5F and 5G). Since direct
stimulation of muscles for a long period of time did not reveal any increased muscle fatigue
in tcKO mice compared to controls (Figure 5D), our results suggest loss of ankyrins and
NMJ Nal.4 channel clustering may cause neuromuscular synapses to fatigue with repeated
use.

To further investigate NMJ function and more specifically the nerve-dependent muscle
activation, we measured compound muscle action potentials (CMAPS) by stimulating the
sciatic nerve and measuring CMAPSs in the hind paw of all control, single, double, and triple
conditional knockout mice; all mice had a normal appearing CMAP (data not shown). Since
ANkR/B/G tcKO mice lack NMJ Na* channels, we next stimulated nerves at 20, 40, and 60
Hz. We found that after just a few stimulations, AnkR/B/G tcKO CMAP amplitudes rapidly
declined and were significantly smaller than floxed controls at 40 and 60 Hz stimulation
(Figure 5H). These results suggest that NMJ Nav1.4 prevents neuromuscular synapse fatigue
in response to repetitive stimulation.
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DISCUSSION

In this study we sought to answer two questions: 1) what molecular mechanisms underlie
NMJ Nav1.4 channel clustering, and 2) what do clustered Na* channels do at the NMJ? To
answer the first, we used nodes of Ranvier as a paradigm since the molecular mechanisms
for nodal Na* channel clustering are worked out in detail [6]. Among nodal proteins only
ankyrins are required for Na* channel clustering. Our experiments show that NMJ Nav1.4
clustering also requires ankyrins, that there is redundancy among the ankyrins, and the three
vertebrate ankyrins have differing degrees of efficiency for channel clustering. Since the
dcKO mice lacking AnkG had reduced NMJ Nav1.4 compared to dcKO mice with AnkG
(Figure 3J), this suggests a hierarchy for channel clustering with AnkG being most efficient.
These properties are similar to those found at nodes of Ranvier [7].

In contrast to the redundancy among ankyrins for NMJ Nav1.4 clustering, we found that
NMJ KCNQ2-containing K* channels required AnkG and that neither AnkR nor AnkB can
cluster KCNQ?2. This observation matches that at nodes of Ranvier where in the absence

of AnkG, nodal Na* channels but not nodal KCNQ2 K* channels are clustered by AnkR
[21]. Interestingly, mutations in KCNQ2 cause episodic ataxia and myokymia (muscle
rippling), but this is considered to be neuronal, rather than muscular, in origin [22] since
these channels are also found at axon initial segments and nodes of Ranvier. KCNQ2 K*
channels underlie 1Ks, a slow K* current which because of its slow kinetics is thought to
exert very little influence on repolarization of the action potential [23]. Future studies of
these K* channels will be required to define their roles at the NMJ.

While there are key similarities for Na* channel clustering between NMJ and nodes

of Ranvier, there are also important differences. For example, nodal ankyrins, and their
associated Na* channels, can be clustered through two distinct mechanisms: through binding
to NF186 or by a paranodal spectrin-dependent cytoskeletal barrier. We did not detect
NF186 at the NMJ, or any other LLCAM membrane protein (data not shown). One previous
study reported that antibodies against phosphorylated-FIGQY, the common AnkG-binding
motif in LLCAMSs, label the vertebrate NMJ [24]. However, phosphorylation of the FIGQY
motif inhibits ankyrin binding [25]. Alternatively, B-dystroglycan and dystrophin may
function to recruit ankyrins to the NMJ, since both dystrophin and p-dystroglycan bind
AnkG [18]. In support of this idea, we found that dystrophin was still appropriately clustered
in the junctional folds of the endplate in the absence of muscle ankyrins, suggesting that its
recruitment through p-dystroglycan may be dictated by extrinsic and ankyrin-independent
mechanisms. Future studies will be required to determine if p-dystroglycan functions at the
NMJ to recruit ankyrins, similar to how NF186 recruits ankyrins at nodes.

We found no evidence for enriched 4 spectrin at the vertebrate NMJ. This is surprising
since at AlS and nodes of Ranvier, 34 spectrin is the obligate binding partner for AnkG

[26, 27]. Furthermore, one previous study reported p4 spectrin at the sarcolemma and
myopathy in a patient with loss of B4 spectrin [28]. Instead, among the B spectrins, we found
only B1 spectrin at the NMJ; B1 spectrin is also found at nodes of Ranvier when AnkR

is present [7, 29]. We found that NMJ ankyrins are required to cluster B1 spectrin. This

is in contrast to previous studies at Drosophila NMJs where recruitment of postsynaptic

Curr Biol. Author manuscript; available in PMC 2022 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 8

ankyrin was reported to depend on spectrins [30]. Furthermore, loss of post-synaptic
spectrin in Drosophila disrupted subsynaptic muscle membranes, and active zone size and
spacing. Future studies will be necessary to determine the function of B1 spectrin at the
vertebrate NMJ, whether it binds to both AnkG and AnkR, and if, like at nodes of Ranvier,
NMJ spectrins function mainly to stabilize and maintain ankyrin and Na* channel protein
complexes [29].

Muscle AnkB was previously reported to be required for proper localization of dystrophin
and adult NMJ morphology [18]. However, our results show that dystrophin and NMJ
morphology are unaffected in muscle-specific ankyrin tcKO mice. Surprisingly, although
we found that all three ankyrins can cluster NMJ Nav1.4, we were unable to detect AnkB
enriched at the postsynaptic NMJ membrane like AnkR or AnkG. Instead, our results show
that AnkB is more highly enriched in the presynaptic axon, and present at lower levels

in the postsynaptic NMJ. If AnkB is not clustered at the NMJ, how does it function as a
mechanism to cluster NMJ Nav1.4? It is possible that as for muscle AnkG, there are unique
splice variants not detected using our antibodies. Alternatively, AnkB may not function

in the junctional folds, but instead may participate in a cytoskeletal barrier surrounding

the NMJ that functions like the cytoskeletal barrier at the distal end of the AIS or at

the paranodal junctions flanking nodes of Ranvier [31, 32]. Since the dcKO mice lacking
AnkG/AnkR have reduced amounts of NMJ Nav1.4 channels, such a cytoskeletal barrier
mechanism is less efficient than when Nav1.4 binds directly to AnkG.

Our results, combined with previous studies of ankyrins in neurons, show surprising degrees
of ankyrin redundancy that depend on subcellular context. For example, all three vertebrate
ankyrins can cluster NMJ Nav1.4, but only AnkG can cluster AIS Na* channels, despite

the expression of all three ankyrins in vertebrate neurons. Although greater redundancy is
usually thought to imply more essential functions, loss of all muscle ankyrins is not lethal
and phenotypes are mild. In contrast, loss of AIS AnkG alone causes death at birth [7, 17],
and simultaneous loss of AnkR and AnkG from sensory neurons causes death within one
week of birth [7]. Paradoxically, the greater the redundancy for ankyrins in Na* channel
clustering, the less important the Na* channel clustering actually is for survival.

What do clustered Na* channels do at the NMJ? In our experiments we showed that ankyrin-
deficient muscles had normal amounts of total Nav1.4, but no clustered NMJ Nav1.4.

Thus, an ankyrin-dependent NMJ Nav1.4 channel clustering mechanism provides a unique
opportunity to test the specific function of NMJ Na* channels. Behaviorally, we found

that cKO, dcKO, and tcKO mice were indistinguishable from their controls on the rotarod.
Furthermore, AnkR/B/G tcKO mice had normal grip strength, peak muscle force, and
percent muscle force over time. These results were surprising since NMJ Na* channels were
previously thought to be important for efficient synaptic transmission and muscle function
[4, 9]. Nevertheless, we found that AnkR/B/G tcKO mice were significantly less active

and ran for significantly shorter distances on a running wheel than their floxed controls.
Most importantly, direct and repeated nerve stimulation followed by measurement of
CMAPs showed that tcKO neuromuscular synapses fatigue significantly more quickly than
control mice. Synaptic transmission failure can result from several postsynaptic mechanisms
including AchR desensitization and reduced sarcolemmal excitability. Our experiments
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suggest that ankyrin-dependent clustering of NMJ Nav1.4 Na* channels in the junctional
folds increases the safety factor to prevent neuromuscular synapse fatigue and synaptic
transmission failure. We speculate that during aging, clustered NMJ Nav1.4 may protect
against fatigue, while during injury loss of clustered NMJ Nav1.4 may contribute to muscle
fatigue.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Dr. Matthew Rasbhand
(rasband@bcm.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines—Myo-Cre were kindly provided by Dr. Eric Olson (Department of
Molecular Biology, UT Southwestern Medical Center). Ank1?, Ank2"" or Ank3”f mice
were all described previously [7, 33, 34]. Animals were housed with a 12/12 h light/dark
cycle and free access to food and water. Both male and female mice were used in our
experiments. All experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) of Baylor College of Medicine and were performed in accordance with
the National Institutes of Health guidelines for the care and use of laboratory animals.

METHOD DETAILS

Immunofluorescence labeling and microscopy—For NMJ staining, whole-mount
hind-limb lumbrical muscles were stained as previously described [35]. Briefly, the hind-
limbs of the mouse are isolated and foot skin detached. The flexor digitorum brevis (FDB)
tendon is cut transversely near the ankle, lifted up and the entire muscle mass is isolated by
cutting the distal ends of the tendon. The FDB tendon is placed with ventral side up, the
lumbrical muscles are located between the tendon ends and can be collected by removing
the connective tissues. Dissected lumbrical muscles were fixed in 4% paraformaldehyde
(PFA) in 0.1 m phosphate buffer (PB) at 4°C for 15 min, rinsed three times with PBS (pH
7.4). Muscles were permeabilized in 24 well plates with 2% (v/v) Triton X-100 in PBS for
30 min. They were blocked in 10% (v/v) normal goat serum and 1% (v/v) Triton X-100

in PBS for 30 min. Samples were incubated overnight at 4 °C in blocking solution with
primary antibodies. After washing four times for 20 min each with 1% Triton X-100 in PBS,
tissues were incubated with Alexa Fluor 350-conjugated or Alexa Fluor 594-conjugated
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secondary antibody and Alexa Fluor 488-conjugated a-BTX for 2 h at room temperature.
After washing four times for 20 min each with 1% Triton X-100 in PBS, tissues were
mounted in mounting medium and covered with a coverslip. Z-serial images were collected
with a Nikon fluorescence microscope (Nikon Eclipse Ni-E microscope) and projected into a
single image. The fluorescence intensity was quantified using NIH Fl1JI/ImageJ software. In
brief, each NMJ was manually traced, after which area, mean fluorescence were measured.
The background fluorescence was also measured. The corrected total fluorescence intensity
was calculated after background subtraction. For all measurements of Nav1.4/Btx ratios
experimenters were blinded to genotype.

Muscle Histology—EDL muscles were dissected then immediately frozen in OCT using
liquid nitrogen. Muscles were cryosectioned at 25 pm, collected on microscope slides

and stored at —80 until staining. For staining, room temperature slides with mounted
sections were immersed for 10 minutes in hematoxylin staining solution. Slides were rinsed
repeatedly, then immersed in Eosin solution for three minutes, then again rinsed repeatedly.
Stained slides were then successively immersed and transferred from 50% ethanol for 20
sec, 70% ethanol for 20 sec, 90% ethanol for 20 sec, 100% ethanol for 1 min and xylene for
3 min. The labeled sections were then dried and mounted with coverslips.

SDS-PAGE and Immunoblot Analysis—Immunoblot analysis was performed using
tibialis anterior muscles. Samples were homogenized in 50mM Tris-HCL, (pH7.6), 15mM
NaCl, 2mM EDTA, 1 % NP-40, 10mM PMSF, and 10 pg/mL aprotinin. Total protein levels
were measured using the bicinchoninic acid assay (BCA); proteins (50 pg/sample) were
size fractionated on SDS-PAGE gels and subsequently transferred to nitrocellulose blotting
membrane (GE Healthcare Life sciences) using a Trans-Blot Turbo Transfer System (Bio-
Rad, Hercules, CA). Nitrocellulose membranes were blocked for 1hour at room temperature
in 5% bovine serum albumin (BSA). Membranes were then probed with primary antibodies
and secondary antibodies. After extensive washing, the membranes were incubated with
SuperSignal West Pico Plus Chemiluminescent Substrate (Thermo Scientific).

Behavioral Assays—An accelerating rod (Ugo Basile) was used to measure the motor
coordination and balance of the animals. In brief, mice were placed on a rotating rod
(3-cm diameter) and the time each animal was able to stay on the rod was recorded. The
rotarod’s speed increased from 4 to 40 rpm over a 5-min period. Mice were pre-trained
for one trial on the accelerating rod before the test. A grip-strength meter (Columbus
Instruments) was used to measure the general neuromuscular strength. Mice were held
and lowered toward the meter, allowed to grasp a metal rod, and then pulled horizontally
away from the rod. The force on the bar when the grasp was released was recorded as the
grip strength. Spontaneous wheel running was assessed using the Respironics MiniMitter
Vitalview system with stainless steel running wheels (diameter; 11cm, width 5¢cm) in
Tecniplast housing cages (30cm x 15cm). Animals were maintained on a 12:12 light/dark
cycle with the light phase from 6:00am — 6:00pm. Distance traveled by wheel running
was quantified using the Vitalview software based on the wheel revolutions detected via
magnetic reed switch sensors. Animals were recorded for 6 days, and provided ad /ibitum
with access to food and water. Animals and wheel running instruments were monitored daily
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to confirm the health of the animals and the functioning of the sensors. For all behavioral
experiments, experimenters were blinded to study groups.

NMJ Morphology Analysis—The post synaptic morphology of control and ankyrin triple
knock out NMJs was analyzed using an NMJ Morph protocol [36]. Briefly, using Fiji [37],
fluorescent micrographs of the post synaptic apparatus labelled with a.Btx were manually
thresholded to create a binary image. A polygonal region of interest was drawn around the
binary image. The area of the thresholded pixels and the area of the region of interest was
measured corresponding to AChR area and endplate area respectively. The AChR area was
divided by the endplate area to record the compactness of the NMJ. Fragments were counted
by using the analyze particles tool on the thresholded image. Non-continuous receptor
clusters that were larger than 5 pm?2 were included in the counts for each NMJ. 47 — 50
NMJs per condition were measured.

Measurement of CMAPs—CMAPs were measured using a PowerLab signal acquisition
system (AD Instruments, CO, USA) as described [38] with modifications. Briefly, mice
were anesthetized with isoflurane/oxygen inhalation with a controlled body temperature of
37° C. The sciatic nerve was stimulated by inserting stimulating electrodes at the sciatic
notch and the signal was recorded at the foot by inserting recording electrodes in the
hindpaw. For single CMAP measurement, the nerve was stimulated with single pulse of

0.2 ms duration, with supramaximal current ranging up to 10 mA at 1 Hz. Signals were
recorded at 40 kHz. To investigate synapse fatigue, the baseline CMAP was measured before
stimulating the nerve with pulses of 0.2 ms duration repeated at 20, 40, or 60 Hz for a

total of one second. Another baseline CMAP was recorded 30 seconds after high frequency
stimulation. CMAP amplitude was defined by the difference in mV between depolarization
and repolarization voltage. The recordings were analyzed using LabChart version 8 (AD
Instruments, CO, USA).

Muscle Force Analysis—The extensor digitorum longus (EDL) muscle was surgically
dissected. One end of the EDL was attached to a fixed hook and the other to a force
transducer (F30, Harvard Apparatus) using silk suture (5-0). The muscle was placed in

a physiological saline solution containing (in mM): 2.0 CaCl,, 120.0 NaCl, 4.0 KCl,

1.0 MgSQy, 25.0 NaHCO3, 1.0 KH,POy, 10.0 glucose, 0.0005 d-tubocurare, pH 7.3 and
continuously gassed with 95% 0,-5% CO, at 25 °C. Optimal muscle length (L) and
voltage (Vmax) Were adjusted to elicit maximum twitch force. Force was measured in
response to 60Hz stimulation (pulse and train durations of 0.5 and 250 ms, respectively)
every 30s for 900s At the end of the contractile protocol muscle length was measured using
a hand-held electronic caliper and fiber bundles were trimmed of excess connective tissue,
blotted dry, and weighed.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism. Statistical tests used for
comparisons are indicated in each figure legend. All statistical comparisons are shown with
error bars +/- SEM.
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Highlights:
. Ankyrin scaffolding proteins cluster Nav1.4 channels at neuromuscular
junctions
. Ankyrin-deficient muscles have normal muscle force and do not degenerate
. Nav1.4 channel clustering prevents neuromuscular synapse fatigue
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Figure 1. The neuromuscular junction is highly enriched in Nav1.4 Na* channels, ankyrins and
spectrins.
(A) Labeling of adult mouse lumbrical muscles using fluorescent a-bungarotoxin (Btx,

green), and antibodies against Nav1.4 (red) and neurofilament-M (NFM, white). Scale bar
= 30 um. (B) Nav1.4 immunostaining of muscle shown in (A). (C, D) Immunostaining of
NMJ using PanNav (C) and AnkG (D) antibodies (red) and Btx (green). Scale bars = 10 pm.
(E) The ratio of Nav1.4 fluorescence to Btx fluorescence at NMJs at 1, 3, and 8 weeks of
age. N= 3 mice/age, n=20 NMJs/mouse. ***, p<0.001; ****, p<0.0001; Students’s t-test.
Error bars, +/- SEM. (F) Relative increase in NMJ area during development. AU, arbitrary
units. N=4-5 mice. n= 38-44 NMJs. **** p<0.0001; Students’s t-test. Error bars, +/-
SEM. (G, H) Immunostaining of lumbrical muscle using antibodies against AnkG480 (G,
red) or AnkG270/480 (H, red), NFM (blue), and Btx (green). Boxed regions showing NFM
and AnkG labeling is shown in lower panels. Scale bars = 10 um. (I) Immunostaining of
NMJ for KCNQ2 K* channels and Btx. Scale bar = 10 um. (J) Cartoon of NMJ showing
the proposed molecular interactions responsible for Nav1.4 clustering in the junctional
folds. (K) Immunostaining of lumbrical muscle using antibodies against p4 spectrin (red),
NFM (blue), and Btx (green). Boxed regions showing NFM and p4 spectrin labeling is
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shown in lower panels. Scale bars = 10 um. (L) Immunostaining of lumbrical muscle using
antibodies against neurofascin (Nfasc) (blue), NFM (red), and Btx (green). Boxed regions
showing NFM and Nfasc labeling is shown in lower panels. Scale bars = 10 um. (M-0)
Immunostaining of NMJs using antibodies against AnkR (M), p1 spectrin (N), and AnkB
(0), and Btx (green). Scale bars = 10 um.
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Figure 2. Loss of a single muscle ankyrin does not impair Nav1.4 channel clustering or muscle
function.

(A) Immunaoblots of AnkG cKO, AnkB cKO, and AnkR cKO and their floxed controls.
(B-F) Labeling of AnkG cKO NMJs using antibodies against AnkG (B), Nav1.4 (C), AnkR
(D), B1 spectrin (E), KCNQ2 (F), NFM (white, except for panels (E and F)), and Btx
(green). Scale bars = 10 um. (G-L) Immunostaining of AnkR cKO (G-1) and AnkB cKO
(J-L) mice for AnkR (G), AnkB (J), Nav1.4 (H, K), and KCNQ?2 (I, L), NFM (white), and
Btx (green). Scale bars = 10 um. (M) The ratio of Nav1.4 fluorescence to Btx fluorescence
at NMJs in AnkG, AnkB, and AnkR cKO mice compared to their floxed controls. N=4
mice, n=26 NMJs/mouse; all mice were 2 months old. Error bars, +/— SEM. (N) Latency to
fall in seconds from the rotarod for 2 month-old mice of the indicated genotypes. N=11-15
mice per genotype. Error bars, +/— SEM. Statistical comparisons were performed using the
Mann-Whitney test.
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Figure 3. Loss of two muscle ankyrins.
(A-C) Immunostaining of control (A) and AnkB/G dcKO (B, C) NMJs using the indicated

antibodies and Btx. (D-F) Immunostaining of control (D) and AnkR/G dcKO (E, F) NMJs
using the indicated antibodies and Btx. (G-1) Immunostaining of control (G) and AnkR/B
dcKO (H, 1) NMJs using the indicated antibodies and Btx. For A-I, scale bars = 10 um.

(J) The ratio of Nav1.4 fluorescence to Btx fluorescence at NMJs in dcKO mice compared
to their floxed controls. N= 4 mice/age, n=22-26 NMJs/mouse; all mice were 2 months

old. **** p<0.0001; Student’s t-test with Welch’s correction. Error bars, +/— SEM. (K)
Latency to fall in seconds from the rotarod for 2 month-old mice of the indicated genotypes.
N=6-16 mice per genotype. Statistical comparison showed no significant difference using
the Mann-Whitney test. Error bars, +/— SEM.
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Figure 4. Muscle-specific triple ankyrin knockouts lack clustered NMJ Nav1.4.
(A) Immunoblots of tcKO muscles using antibodies against AnkR, AnkB, and AnkG, and a.-

Tubulin as a loading control. (B-E) Morphometric analysis of NMJs. (F, G) Immunostaining
of control (F) and tcKO (G) mice for Nav1.4 (red and inverted image at right) and NFM
(white), and labeling of NMJs using Btx (green). Scale bars = 50 um. (H) The ratio of
Nav1.4 fluorescence to Btx fluorescence at NMJs in tcKO mice compared to their floxed
controls. N=4 mice/age, n=22-26 NMJs/mouse; all mice were 2 months old. (1) Immunoblot
showing the amount of Nav1.4 protein in control and tcKO mice with a-Tubulin as a loading
control. (J, K) Labeling of control and tcKO NMJ for 1 spectrin (J, red) or dystrophin (K,
red) and Btx (green). Scale bars = 10 um. All statistical comparisons were performed using
Student’s t-test with Welch’s correction. Error bars, +/— SEM.
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Figure 5. Loss of NMJ Nav1.4 results in neuromuscular synapse fatigue.
(A) Comparison of grip strength between control and tcKO mice at 2 and 5 months of age.

N=14-18 mice per genotype. ns, not significant Student’s t-test. (B) Comparison of latency
to fall from the rotarod between control and tcKO mice at 2 and 5 months of age. N=

14-19 mice per genotype. ns, not significant Student’s t-test. (C) Normalized peak muscle
force in N/em2. N= 13 control, 10 tcKO mice. (D) Comparison of muscle force measured

ex vivo between control and tcKO mice. N=13 control, 10 tcKO mice. Differences were

not significant as determined using the multiple Kolmogorov-Smirnov test. (E) Hematoxylin
and eosin staining of control and tcKO muscles cross sections. Scale bar = 36 pm. (F,

G) Average number of rotations (F) and active minutes (G) by control and tcKO mice on

a running wheel for 6 days. N=11 control, 13 tcKO mice. *, p<0.01; **, p<0.001; ***,
p<0.0001; **** p<0.00001; statistical comparison was performed using the Mann-Whitney
test. (H) Measurement of compound muscle action potential (CMAP) as a percentage of the
first CMAP during 20, 40, or 60 kHz stimulation. N= 11 control, 13 tckO mice *, p<0.01,
** p<0.001; statistical comparison was determined using the multiple Kolmogorov-Smirnov
test. All error bars +/- SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

mouse monoclonal anti-Nav1.4 clone N255/38 Neuromab RRID:AB_2877201
mouse monoclonal anti-Pan Nav sodium channel clone N419/78 | Neuromab RRID:AB_2877588
mouse monoclonal anti-AnkG clone 106/36 Neuromab RRID:AB_2877524
mouse monoclonal anti-p1 Spectrin clone N385/21 Neuromab RRID:AB_2877418

goat polyclonal anti-AnkG

Dr. Vann Bennett, Duke University

N/A

rabbit polyclonal anti-AnkB Rasband lab RRID:AB_2315635
rabbit polyclonal anti-AnkR Rasband lab RRID:AB_2833096
Mouse monoclonal anti-a-Tubulin Sigma RRID:AB_477582
rabbit polyclonal anti-dystrophin Abcam RRID: AB_301813
rabbit polyclonal anti-B4 spectrin Rasband lab RRID: AB_2315634

mouse monoclonal Neurofilament-M clone 2H3

Developmental Studies Hybridoma
Bank

RRID:AB_531793

Rabbit polyclonal anti-AnkG480 Dr. Paul Jenkins, University of N/A
Michigan
Rabbit polyclonal anti-AnkG270/480 Dr. Paul Jenkins, University of N/A

Michigan

Chicken anti-Neurofascin

R&D Systems

RRID:AB_10890736

Alexa Fluor 594 goat anti-rabbit 19G

Thermofisher

RRID:AB_2534079

Alexa Fluor 594 goat anti-mouse 1gG1

Thermofisher

RRID:AB_2535767

Alexa Fluor 594 goat anti-mouse 19G2a

Thermofisher

RRID:AB_2535774

Alexa Fluor 594 goat anti-mouse 1gG2b

Thermofisher

RRID:AB_2535781

Alexa Fluor 350 goat anti-mouse 1gG

Thermofisher

RRID:AB_2534100

horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG

Jackson ImmunoResearch

Cat # 111-035-003

horseradish peroxidase (HRP)-conjugated goat anti-mouse 1gG

Jackson ImmunoResearch

Cat # 115-035-146

Chemicals, peptides, and recombinant proteins

Alexa Fluor 488 a-Bungarotoxin

Thermofisher

Cat # B13422

Eosin Y sodium salt

Santa Cruz Biotechnology

Cat# sc-203734

Hematoxylin Solution

Ricca Chemical Company

Cat# 3530-16

d-tubocurare Sigma Cat# 5.05145
Supersignal West Pico plus chemiluminescent substrate Thermofisher Cat# 34579
Triton X-100 Sigma Cat# X100
Paraformaldehyde Sigma Cat# 441244
Goat Serum Sigma Cat# G9023

Tissue plus OCT compound

Fisher Scientific

Cat# 23-730-571

Experimental models: Organisms/strains

Myo-cre

Dr. Eric Olson, UT Southwestern

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ank1?* Rasband lab JAX mice, stock number 036512
Ank2"f Peter Mohler, Ohio State University JAX mice, stock number 031428
Ank37 Vann Bennett, Duke University JAX mice, stock number 029797

Oligonucleotides

Genotyping primers for Myo-cre:
AGGTTCGTTCACTCATGGA
TCGACCAGTTTAGTTACCC

This paper

N/A

Genotyping primers for Ank1%:
GGGAAACTCCACAGAGCCTGACGGGTCAGT
GGCGTCCCTATGTTCCATCCTATAGATGACT

This paper

N/A

Genotyping primers for Ank2™:
GCAGTCTCAACACAACTAAGCCATCCTTTA
GCTGAGGAGGTAGACAAGAACCTTTTTGTG

This paper

N/A

Genotyping primers for Ank3™:
TTGGGATGCTTTGATTCAGGG
TTAATTTGGGGAGGGGGGAGTC

This paper

N/A

Software and algorithms

Fiji

37

https://imagej.net/Fiji/Downloads

Prism

Graphpad

RRID:SCR_002798

Labchart version 8

AD Instruments

RRID:SCR_017551
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