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Abstract 

Motor endplates (MEPs) are the important interfaces between peripheral nerves and muscle fibers. 
Investigation of the spatial distribution of MEPs could help us better understand neuromuscular 
functional activities and improve the diagnosis and therapy of related diseases.  
Methods: Fluorescent α-bungarotoxin was injected to label the motor endplates in whole-mount 
skeletal muscles, and tissue optical clearing combined with light-sheet microscopy was used to 
investigate the spatial distribution of MEPs and in-muscle nerve branches in different skeletal 
muscles in wild-type and transgenic fluorescent mice. Electrophysiology was used to determine the 
relationship between the spatial distribution of MEPs and muscle function.  
Results: The exact three-dimensional distribution of MEPs in whole skeletal muscles was first 
obtained. We found that the MEPs in the muscle were distributed in an organized pattern of lamella 
clusters, with no MEPs outside the lamella zone. Each MEP lamella was innervated by one 
independent in-muscle nerve branch and mediated an independent muscle subgroup contraction. 
Additionally, the MEPs changed along the lamella clusters after denervation and regained the initial 
pattern after reinnervation. The integrity and spatial distribution of MEPs could reflect the functional 
state of muscles. The signal absence of a certain MEP lamella could suggest a problem in certain part 
of the muscle.  
Conclusions: The MEP lamella clusters might be the basis of neuromuscular function, and the 
spatial distribution of MEPs could serve as a testbed for evaluating the functional status of muscle 
and the therapeutic targeting map related to MEPs. 
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Introduction 
Motor endplates (MEPs) are important structural 

and functional interfaces between motor neurons and 
skeletal muscle fibers [1]. MEPs receive electrical 
signals from motor neurons, generate endplate 
potentials, and consequently induce muscle 
contractions [2]. The morphological structure of 
MEPs, especially their three-dimensional (3D) spatial 

distribution in skeletal muscle, is closely related to the 
motor function of the muscle. In the study of 
peripheral nerve regeneration, on the one hand, to 
assess the regeneration and recovery of motor 
neurons, an intramuscular injection of a retrograde 
tracer dye is often used to label the motor neurons 
through the dye uptake by nerve terminals at the 
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MEP. The efficiency of labeling depends on whether 
the dye is located near the MEP. Due to the lack of 
spatial distribution of MEPs, there is a "blind" nature 
of intramuscular injection, which may lead to an 
underestimation of the number of motor neurons, 
thereby affecting the assessment efficacy [3, 4]. On the 
other hand, MEP degeneration after nerve injury is a 
hotspot in the field of peripheral nerve regeneration 
research, and most current research focuses on the 
changes of ultrastructure or local morphology of 
MEPs during injury and repair [5-7]. However, MEPs 
are not evenly distributed in skeletal muscles, and 
local structural information does not accurately reflect 
the condition of MEPs in overall skeletal muscles. 
Clinically, MEP is also a key target for the treatment of 
various diseases; for instance, an intramuscular 
injection of botulinum toxin type A can alleviate 
muscle spasms, and its efficacy depends on whether 
the injection site is near the MEP or the aggregation 
area [8-11]. Therefore, whether it is an in-depth 
understanding of the functional connection between 
nerves and muscles or research into nerve injury 
repair and clinical intervention, it is urgent to obtain 
the 3D spatial distribution of MEPs at the overall level 
of skeletal muscles. 

 There are several approaches to obtain the 
structures of MEPs. Some researchers use traditional 
immunohistochemical techniques [12-14], but only 
structural information of extremely thin muscle 
tissues, such as the diaphragm and the intercostal 
muscle, can be obtained; other researchers use 
acetylcholinesterase whole-muscle staining to observe 
the structure of MEP on the surface of a skeletal 
muscle [4, 13], but this method cannot provide the 
distribution information inside the skeletal muscle. 
There is also a method that combines traditional tissue 
sectioning, immunolabeling and computer simulation 
to reconstruct the 3D distribution of MEPs [3], but the 
entire process of slicing, mounting, labeling and 
imaging requires a large number of manual operat-
ions, which are both time-consuming and labor- 
intensive, followed by an extremely complicated 
image registration and data loss [15]. Overall, the 
structural information obtained by traditional 
methods is still in a fragmented state and cannot 
provide a sufficient scientific basis for the research 
and interventional treatment of nerve injury repair. 
Hence, there is an urgent need for new methods to 
obtain overall structural information of MEPs in 
skeletal muscles. 

 The development of various micro-optical 
imaging technologies provides important tools for 
high-resolution imaging of 3D structures of large 
tissues [16-20]. Traditional optical imaging technolo-
gies have limited imaging depth in biological tissues 

and cannot meet the imaging needs of large tissues. 
For example, the depth of a confocal microscope is 
approximately 100-200 μm, and the imaging depth of 
a two-photon microscope is approximately 500-800 
μm [16-18]. Light-sheet microscopy, developed in 
recent years, is a rapid imaging method that is 
suitable for imaging large tissues, but is only 
applicable to transparent samples [19, 20]. The 
imaging depth of these optical imaging techniques is 
limited by the high scattering properties of biological 
tissues.  

 The emergence of tissue optical clearing 
technology provides a new perspective for 3D 
imaging of large-volume tissues by introducing 
chemical agents and physical strategies to overcome 
the scattering of biological tissues [21-23]. The 
combination of tissue optical clearing and optical 
imaging provides an important means to acquire 3D 
images of tissue structures. In the past decade, various 
optical clearing methods have been developed, such 
as SeeDB [24], ScaleS [25], 3DISCO [26], CUBIC [27], 
and CLARITY [28], in addition to the corresponding 
series methods [29-35]. Most of tissue optical clearing 
methods were developed for brain, spinal cord or 
embryonic tissues and have not been reported in the 
study of skeletal muscle MEPs.  

 In this study, we aim to obtain 3D, structural 
information and spatial distributions of MEPs in 
different skeletal muscles based on the tissue optical 
clearing technique. First, we established a method to 
image MEPs in whole-mount skeletal muscles based 
on a modified MEP-labeling method and tissue 
optical clearing combined with light-sheet 
microscopy. Then, we obtained intact intramuscular 
MEPs in normal skeletal muscles and analyzed their 
spatial distribution pattern. Further, based on the 
nerve injury and repair model, we tracked the 
adaptive morphological and topological changes of 
MEPs. Finally, we explored the relationship between 
the spatial structure and muscle function by an 
electrophysiological examination. This work will help 
us better understand the structural and functional 
connections between nerves and muscles and 
hopefully provide a reference for research and clinical 
interventions related to nerve injury and repair. 

Methods 
Animals  

 Wild-type C57BL/6J mice (8-9 weeks old) were 
obtained from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). Transgenic 
Thy1-YFP-16-line mice (8-9 weeks old) were obtained 
from Jackson Laboratory (Bar Harbor, Maine, USA). 
The experimental protocols were carried out in strict 
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accordance with the Chinese guidelines for the care 
and use of laboratory animals and were approved by 
the Animal Ethics Committee of Peking University 
People’s Hospital (Beijing, China). 

Animal models: denervated injury and tibial 
nerve repair 

 Wild-type C57BL/6J mice were anesthetized 
with isoflurane, and then the sciatic nerve and its 
main branches in the right limbs were exposed. The 
sciatic nerve was transected at 5 mm proximal to the 
bifurcation with a 3-mm-long nerve defect. The 
proximal and distal stumps were ligated with 5-0 
nylon sutures separately and stitched to the adjacent 
muscles in reverse to prevent neural growth. For the 
tibial nerve repair model, the tibial nerve was 
transected at 3 mm distal to the bifurcation. Then the 
transected proximal and distal stumps were sutured 
with 12-0 nylon sutures by the “in situ epineurium 
suture” microsurgical technique [36]. The wound was 
closed with 5-0 nylon sutures. Picric acid was used to 
prevent toe self-biting behavior. Animals were raised 
with free access to food and water. 

Labeling MEPs 
 Alexa Fluor 647-conjugated α-bungarotoxin 

(α-BTX 647) (Invitrogen, Carlsbad, California, USA) 
was injected via the tail vein to label MEPs. α-BTX 647 
resulted in a lower background autofluorescence in 
muscles (i.e., a higher signal-to-noise ratio) than Alexa 
Fluor 594-conjugated α-bungarotoxin (α-BTX 594) 
(Invitrogen, Carlsbad, California, USA) (Figure S1). 
Hence, we used α-BTX 647 to label MEPs in this 
study. After injecting fluorescent α-BTX (0.3 µg/g) via 
the tail vein with a 2-h conjugation time, the animals 
were perfused transcardially and the gastrocnemius 
was dissected. Then, 100 μm tissue slices were made 
using a vibratome (Leica VT1000 S, Wetzlar, 
Germany). After imaging by confocal microscopy, the 
muscle slices were incubated in the α-BTX 647 
solution (1:500 in phosphate-buffered saline, PBS) at 
room temperature for 30 min and then rinsed with 
0.01 M PBS several times. After restaining, the slices 
were imaged again under the same confocal 
microscope. Additionally, to validate the labeling of 
acetylcholine receptors (AChRs) of MEPs in 
denervated muscles, we imaged the labeled and 
unlabeled gastrocnemius muscles after one-month 
denervation by ultramicroscopy. The unlabeled 
muscle did not present any bright spots with strong 
signals, indicating that nothing looking like MEP was 
present before BTX labeling. 

Electrophysiological examination 
 To assess the labeling efficiency of fluorescent 

α-BTX, electrophysiological examination was 

conducted at 0, 15, 30, 60, 90, and 120 min after 
injecting α-BTX 647. Following anesthesia, the sciatic 
nerve and its main branches were exposed. The 
stimulating electrode was placed at 0.5 cm proximal 
to the bifurcation. The recording electrodes were 
placed in the gastrocnemius muscle, while the ground 
electrode was placed in the subcutaneous tissue. 
Rectangular pulses (duration: 0.1 ms; intensity: 0.06 
mA; frequency: 5 pulses per second) were used 
(Medlec Synergy, Oxford Instrument Inc., Oxford, 
UK), and the compound muscle action potentials 
(CMAPs) in the gastrocnemius were recorded. α-BTX 
is a selective antagonist of AChRs that induces 
decreased CMAPs. Hence, the labeling efficiency was 
judged by the amplitude decrease of the CMAPs. 

 To further validate the functional relationship of 
in-muscle nerve branches to muscle contraction based 
on structural lamella clusters, rectangular pulses 
(duration: 0.1 ms; intensity: 0.06 mA; frequency: 100 
pulses per second) were used to induce tetanic 
contraction, which was used to judge the responses of 
each gastrocnemius subgroup to the electrical 
stimulation on the corresponding nerve branch. 

Perfusion and sample preparation 
 Animals were anesthetized with a mixture of 2% 

chloral hydrate and 10% urethane through 
intraperitoneal injection and perfused transcardially 
with 0.01 M PBS followed by 4% paraformaldehyde. 
The gastrocnemius, tibialis anterior, quadriceps, 
biceps brachii, and triceps brachii were dissected and 
post-fixed overnight at 4 °C in 4% paraformaldehyde. 
Then, the muscles were rinsed with PBS several times. 
To investigate the influence of the optical clearing 
technique on the samples’ fluorescence, the 
gastrocnemius was sliced into 100 μm cross-sections 
with a vibratome. For the denervation model, the 
muscles were excised at 1 week, 2 weeks, 1 month, 2 
months, 3 months, and 6 months after operation. For 
the tibial repair model, the mice were sacrificed at 1 
year after operation and processed in the same way. 

Labeling of muscle fibers 
 The dissected and post-fixed muscles, including 

gastrocnemius, tibialis anterior, quadriceps, biceps 
brachii, and triceps brachii, were cut from the mid-
belly of the fixed muscles and rinsed in water for 12 h. 
After that, the samples were dehydrated in 50%, 70%, 
80%, 95% and 100% ethanol solutions (each for 30 
min), immersed in xylene twice (each for 12 min) and 
embedded in paraffin. Then, the samples were cut 
into 4-μm-thick cross-sections by a microtome 
(RM2016, Leica, Wetzlar, Germany) and stained with 
hematoxylin and eosin (H&E). Following H&E stain-
ing, the cross-sections were imaged with a microscope 
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(NIKON CI-S, NIKON, Tokyo, Japan) equipped with 
a color digital camera (DS-Fi2, NIKON, Tokyo, Japan). 
The obtained images were viewed with the NDP.view 
2.3.1 software (Hamamatsu Dentist Databases 
Records, Hamamatsu, Japan) and the number of the 
muscle fibers on each H&E-stained cross-section was 
counted manually by an independent researcher. 

Tissue optical clearing 
  For most of the muscles, we used a typical 

clearing method, called 3DISCO, for clearing. First, 
tetrahydrofuran (Sinopharm Chemical Reagent Co., 
Ltd, Shanghai, China) and dibenzyl ether 
(Sigma-Aldrich, St. Louis, USA) were preprocessed 
with basic activated aluminum oxide (Sigma-Aldrich, 
St. Louis, USA) to remove the residual peroxides. 
Then, the fixed muscle samples were incubated with 
50%, 70%, 80%, and 100% tetrahydrofuran for 
dehydration, each for 2-3 h (30 min for muscle slices) 
in glass vials while gently shaking. After that, the 
samples were placed into dibenzyl ether until they 
became completely transparent. For the muscles from 
Thy1-YFP-16 mice, an optimized method, called 
FDISCO, was used [35]. For the other clearing 
methods, including FRUIT, SeeDB, ScaleS, and CUBIC 
(Figure S2), the clearing protocols were performed 
following the original publications [24, 25, 27, 29]. 

Laser-scanning confocal microscopy 
 Before and after clearing, muscle slices were 

mounted with two cover glasses and imaged with an 
inverted confocal fluorescence microscope (LSM710, 
Zeiss, Oberkochen, Germany) equipped with the 
Fluar 10×/0.5 objective (dry, working distance: 2.0 
mm) and Plan-Apochromat 20×/0.8 objective (dry, 
working distance: 0.55 mm).  

Ultramicroscopy  
 The UltraMicroscope I (LaVision BioTec, 

Bielefeld, Germany), equipped with 2×/0.5 objective 
(dry, working distance: 20 mm), was used to image 
the cleared intact muscles. This instrument could 
create a thin light-sheet to illuminate the cleared 
biological samples while imaging perpendicular to 
the light-sheet. For the AChRs labeled with α-BTX 647 
or α-BTX 594, 633 nm or 561 nm was applied as the 
exciting wavelength, respectively. The z step size was 
set to 5 μm. After setting the imaging parameters 
appropriately, images of the samples were acquired 
for subsequent processing and analysis. 

Data processing and quantification  
 Image processing was executed using a Dell 

workstation with an 8-core Xeon processor, 128 GB 
RAM and an AMD Radeon HD 7900 Series graphics 
card. The obtained bright-field and fluorescent images 

were analyzed with ImageJ (National Institutes of 
Health, Bethesda, Maryland, USA) and Imaris 
software (Bitplane, Zurich, Switzerland). The 3D 
visualization and quantification were performed via 
the Spots, Surfaces and Filaments modules in Imaris. 
Quantification graphs were drawn using MATLAB, 
Microsoft Excel, or GraphPad Prism.  

  Fluorescence was quantified with the freehand- 
selection tool in ImageJ. For the characteristic measur-
ement of muscles, maximum-intensity projections of z 
stacks were made with ImageJ, and the Straight Line 
tool was used to measure the maximum diameter. For 
the measurement of band width of MEPs’ lamella 
clusters, the reconstructed data of intact gastrocnem-
ius were resampled in the cross-section, and 
maximum-intensity projections of z stacks (thickness 
= 200 μm) were made with ImageJ (Figure 4A). The 
width was measured perpendicular to the direction of 
the trend line of each band while taking into account 
the uneven distribution of each band. Five to ten 
positions in each band were measured (Figure S3), 
and the maximum value of each band was used for 
averaging to calculate the band width of the MEPs. 
For the evaluation of linear deformation, the unclear-
ed and cleared muscles were put in a glass dish filled 
with PBS or clearing solution and photographed with 
a camera on grid paper. Transmission and reflection 
images were taken for each muscle. Based on 
top-view photos, the lines parallel and perpendicular 
to the muscle fibers were determined with ImageJ. 
The linear deformations after clearing in these two 
directions were quantified by normalizing the value 
to that before clearing. All the relative data in this 
paper were calibrated with the corresponding 
shrinkage ratio. Based on the automated calculation 
and segmentation of Imaris, we also modified the 
segmentation results with manual selection or cutting 
based on artificial judgment to distinguish two MEPs 
that were too close or to eliminate incorrect data 
points, such as the background point with strong 
intensity from the residual bubbles in samples after 
clearing and the autofluorescence from muscle fibers. 

Statistical analysis  
 GraphPad Prism5 was used for statistical 

analysis. The one-sample t-test was used in Figure 
1G. One-way ANOVA was used to compare the 
differences between more than two groups. If 
ANOVA results were significant, the Dunnett’s post 
hoc test for multiple comparisons was conducted 
(Figure 3B, D). The paired t-test was used to compare 
samples’ shrinkage data between fiber direction and 
the perpendicular direction (Figure S4B). In Figure 
3F, the non-parametric test (Kruskal-Wallis test) was 
conducted based on a non-normal distribution. 
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Results 
Labeling and optical clearing for 3D imaging of 
MEPs in un-sectioned skeletal muscles 

 To label the AChRs on the postsynaptic 
membrane of MEPs in un-sectioned skeletal muscles, 
α-BTX 647 was injected into the tail vein of wild-type 
C57BL/6J mice. Electrophysiological examination 
showed that the amplitude of the CMAP in the 
gastrocnemius was reduced by 82% at 60 min after 
injecting α-BTX 647, which indicated that more than 
80% of the MEPs were blocked and labeled (Figure 
1A). At 120 min after injecting α-BTX 647, almost no 

CMAP was induced, indicating that almost all of the 
MEPs were labeled. The specific fluorescence signal of 
MEPs could be observed clearly at 120 min after 
injecting α-BTX 647. To corroborate the high labeling 
efficiency of the MEPs, we relabeled the muscle slices 
through a traditional incubation in α-BTX 647 
solutions after in vivo injection (Figure 1B-C). The 
results indicated almost complete labeling of MEPs, 
with no significant difference in the MEP counts 
before and after relabeling. This technique, therefore, 
provided a simple and highly efficient method for the 
uniform labeling of MEPs in skeletal muscles. 

 

 
Figure 1. Labeling and clearing of skeletal muscles. (A) Electrophysiological examination by electrical stimulation on the sciatic nerve at 0 min, 15 min, 30 min, 60 min, 90 
min, and 120 min after injecting α-BTX 647 via the tail vein. The amplitude of the CMAP in the gastrocnemius was reduced by over 80% at 60 min after injecting α-BTX 647, and 
nearly no CMAP was induced in the gastrocnemius at 120 min. (B) Schematic diagrams illustrating MEP labeling by the in vivo injection of α-BTX, and post-cut restaining of the 
same muscle slices by traditionally incubating in α-BTX 647 solution for 30 min. Notably, α-BTX 647 was a better choice due to the lower background autofluorescence 
compared to α-BTX 594 (Figure S1). (C) MEPs in the cross-section (100 μm) of the gastrocnemius labeled by an in vivo injection (red) and post-cut restaining using the 
traditional incubation method (green). Pseudo-colors are used in the images, and both pre- and post-cut labeling were done with the same α-BTX 647. Scale bar: 200 μm. (D) 
Diagram of sample processing. (E) Transparency of the gastrocnemius before and after 3DISCO clearing. Grid size: 1.45 mm × 1.45 mm. (F) Confocal images of MEPs labeled with 
α-BTX 647 before and after 3DISCO clearing. Insets are the enlarged images indicated by the white frame. Scale bar: 100 μm. (G) Fluorescence quantification. The intensities of 
fluorescence before and after clearing were both measured (n = 10). The relative fluorescence intensity was calculated by dividing the intensity after clearing by the value before 
clearing. Hence, the relative intensity before clearing is 1, and the data after clearing are presented as the mean ± s.d. The fluorescence intensity shows a significant increase after 
clearing. (One-sample t-test; ***P < 0.001). 
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 Optical clearing techniques provide a powerful 
tool for 3D mapping of large-volume biological 
samples. We compared the transparency of 
gastrocnemius sample cleared with FRUIT, SeeDB, 
ScaleS, CUBIC, and 3DISCO, and found that 3DISCO 
presented the best clearing capability on samples 
(Figure S2). As shown in Figure 1D-E, after clearing 
with 3DISCO, the muscle showed good transparency 
with a clear grid background. As a critical factor for 
deep-tissue imaging, fluorescence preservation was 
also investigated. Confocal imaging under the same 
parameters showed that there was no obvious 
decrease in the fluorescence signal intensity of α-BTX 
647-labeled MEPs (Figure 1F). Further fluorescence 
quantification revealed that the mean fluorescence 
intensity increased significantly after clearing (Figure 
1G), which might have been due to the shrinkage of 
muscle samples (Figure S4). These results indicate 
that the 3DISCO protocol can achieve good 

transparency of skeletal muscles and fluorescence 
preservation of fluorescent α-BTX, and the 
combination of in vivo injection of α-BTX 647 and 
3DISCO can be used for the clearing and imaging of 
mouse muscle samples. 

The distribution pattern of MEPs in skeletal 
muscles 

 In vivo injection of fluorescent α-BTX as well as 
the 3DSICO protocol were combined with 
ultramicroscopy to further determine the 3D 
distributions of MEPs in different skeletal muscles, 
including gastrocnemius, tibialis anterior, quadriceps 
femoris, biceps brachii and triceps brachii. Our results 
showed that the MEPs were distributed in lamella 
clusters (Videos S1-5). Each skeletal muscle had 
distinctive patterned lamella clusters (Figure 2 and 
Figure S5). The distribution of the lamella clusters in 
the tibialis anterior and quadriceps femoris resembled 

 

 
Figure 2. Three-dimensional distributions of MEPs in different skeletal muscles. (A-L) Three-dimensional reconstruction of MEPs in the gastrocnemius and 
quadriceps. A and G show the horizontal view of raw image stacks (white). B and H show the segmentation of muscle surfaces (light gray) and MEPs (red). C and I show the 
MEPs (red). D, E, F, J, K, and L reveal the cross-sectional view corresponding to A, B, C, G, H, and I. Three-dimensional reconstructions of the tibialis anterior, biceps, and 
triceps are shown in Figure S5. BS: bone surface; Di: distal end; DS: dorsal surface; Pr: proximal end. Scale bar: 1000 μm. (M-P) The statistical results of different muscles (n = 
3 for each muscle): the total number of MEPs (M), volume (N), maximum diameter (O), and number of muscle fibers (P). B: biceps; G: gastrocnemius; Q: quadriceps; T: triceps; 
TA: tibialis anterior. Data are presented as the mean ± s.d. (Q-T) The correlation analysis between the number of MEPs and each of the following parameters: the number of the 
head of origins (Q), volume (R), diameter (S), and fiber number (T) of muscles. 
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a “bougainvillea” (Figure S5A-F) and “calla lily” 
(Figure 2G-L), respectively. For the triceps brachii and 
gastrocnemius muscle, the distribution of the lamella 
clusters resembled a check mark (i.e. “”) (Figure 
S5M-R) and the capital letter “M” (Figure 2A-F), 
respectively. The lamella clusters were parallel in the 
biceps brachii, with one broad triangle-like lamella 
cluster and one narrow stripe-like lamella cluster 
(Figure S5G-L). 

 Moreover, we counted the MEPs in each muscle. 
The results demonstrated obviously different values 
among the muscles. To examine the relationship 
between the number of MEPs and the morphologic 
parameter of the muscles, we further measured the 
volume, maximum diameter, and fiber number of 
different muscles and recorded the heads of origins 
(Figure 2M-P). The correlation analysis between the 
number of MEPs and each morphologic parameter 
showed that the number of MEPs was highly 
correlated with the number of muscle fibers, muscle 
volume and muscle diameter (Figure 2Q-T), which 
means that a greater fiber number, muscle volume, or 
diameter was associated with a greater number of 
MEPs. Taking gastrocnemius as an example, the mean 
width of the lamella clusters was 138 ± 16 μm, and the 
mean area of the maximum-intensity projection (MIP) 
of the lamella clusters was (38.8 ± 7.0) × 104 μm2, 
occupying 3.6 ± 0.4% of the largest cross-section in the 
gastrocnemius. 

The adaptive changes of MEPs in skeletal 
muscles after peripheral nerve injury and 
repair 

 To investigate the adaptive changes to MEPs 
after muscle denervation, the muscle atrophy and the 
anatomical characteristics of MEPs were investigated 
in the denervated model with the sciatic nerve 
transected (Figure 3A). The weight of the denervated 
gastrocnemius decreased from 0.18 ± 0.02 g to 0.06 ± 
0.01 g at 6 months after denervation (Figure 3B). The 
mean width of the lamella clusters was increased from 
138 ± 16 μm to 368 ± 50 μm at 2 months after 
denervation, with a significant decrease in the mean 
volume of single MEP (Figure 3C-F). The number of 
MEPs (or MEP fragments) increased from 12886 ± 266 
to 15506 ± 306 during the first month after 
denervation, then decreased to 447 ± 114 at 6 months 
after denervation (Figure 3E). Our results suggest that 
the AChRs in MEPs stained by α-BTX were 
disintegrated and fragmented along the lamella 
clusters after denervation until they completely 
disappeared (Video S12). In addition, after one-year 
recovery in the tibial nerve repair model, the 
gastrocnemius regained its patterned distribution of 
the lamella clusters (Figure S6). These results indicate 

that the gastrocnemius lost or regained 
neuromuscular function on the basis of the MEP 
lamella clusters. 

Relationship between the distribution of MEPs 
and muscle function 

 Based on fundamental knowledge of traditional 
anatomy, the gastrocnemius can be divided into the 
medial head and the lateral head. However, the lateral 
head can be further divided into three subparts 
according to the distribution of the MEP lamellas. 
Figure 4 and Table 1 show the structural composition 
and electrophysiological characteristics of the 
different components of MEP lamellas, respectively. 

 

Table 1. Electromyography of gastrocnemius in mice.  

 Tibial nerve trunk MNB LNB1 LNB2+LNB3 LNB2+LNB3  
(with LNB3 transected) 

MML 
  

- - - 

LML1 
 

- 
 

- - 

LML2 
 

- - 
  

LML3 
 

- - 
 

- 

When stimulating the MNB, LNB1, LNB2, and LNB3 separately, an independent 
compound muscle action potential and muscle contraction was induced in the area 
of medial MEP lamella (MML), lateral MEP lamella 1 (LML1), LML2, and LML3, 
respectively. 
MML: medial MEP lamella; MNB: medial nerve branch; LML1: lateral MEP lamella 
1; LNB1: lateral nerve branch 1; LML2: lateral MEP lamella 2; LNB2: lateral nerve 
branch 2; LML3: lateral MEP lamella 3; LNB3: lateral nerve branch 3. 

 
 The observation that MEPs were distributed in 

distinct lamella clusters in skeletal muscles suggested 
that there might be a functional relationship between 
the distribution pattern and muscle function. Thus, 
we analyzed the innervation pattern of lamella 
clusters in the gastrocnemius by imaging the branches 
of the tibial nerve using a specific fluorescent protein 
(YFP) signal (from Thy1-YFP-16 mice) and MEPs 
through the in vivo injection of α-BTX 647. We found 
that the gastrocnemius had four lamella clusters, with 
one or more in-muscle nerve branches in each lamella 
cluster (Figure 4 and Video S6). Moreover, the other 
skeletal muscles revealed similar lamella cluster–like 
characteristics with one or more in-muscle nerve 
branches, such as tibialis anterior (Video S7), 
quadriceps (Video S8), biceps (Video S9) and triceps 
(Video S10). This phenomenon suggested that for 
each lamella cluster, the corresponding nerve 
branches and innervated muscle fibers might be a 
distinctive structural and functional unit. Further, we 
conducted electrophysiological examination in mouse 
gastrocnemius and found that when stimulating each 
in-muscle branch of the tibial nerve as indicated in the 
gross anatomy of the gastrocnemius (Figure 4E), 
including the medial nerve branch (MNB), lateral 
nerve branch 1 (LNB1), lateral nerve branch 2 (LNB2), 
and lateral nerve branch 3 (LNB3), an independent 
CMAP and muscle subgroup contraction could be 
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recorded at each branch corresponding to the MEP 
lamella cluster (Table 1 and Video S11). Thus, the 
gastrocnemius probably consists of four functional 
units based on the distribution of the MEPs, each of 
which consists of one lamella cluster formed by MEPs, 
the corresponding nerve branches and the innervated 

muscle fibers (Figure 4E). The integrity and 
distribution of MEPs could reflect the functional state 
of muscles. The signal absence of a certain MEP 
lamella could suggest a problem in certain part of the 
muscle. 

 
 

 
Figure 3. Characteristics of MEPs in the denervated gastrocnemius muscles over time. (A) A schematic diagram of the denervated mouse model. (B) Weight of the 
denervated gastrocnemius relative to healthy muscle. The weight ratio at 2 weeks (W), 1 month (M), 2 M, 3 M, and 6 M after denervation was significantly different from that at 
1 W. ***P < 0.001 (one-way ANOVA). Data are presented as the mean ± s.d. (C) Spatial conformation of AChRs stained by α-BTX in MEPs at different time points (0 W, 1 W, 
2 W, 1 M, 2 M, 3 M, and 6 M) after denervation. The cross-sectional images in the second row are maximum projections of z stacks (thickness = 250 μm), which are located at 
the position similar to 0 W, indicated with the yellow dotted box. The enlarged images indicated by white frames are shown in the third row. The scale bars represent 1000 μm 
for the first row, 500 μm for the second row, and 100 μm for the third row. (D) Band width of the lamella clusters (n = 3, 4, 6, 6, 6 mice for 0 W, 1 W, 2 W, 1 M, 2 M, 
respectively). n.s.: not significant; **0.001 < P < 0.01; ***P < 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) compared with 0 W. Note that there were no obvious 
MEP lamella clusters at 3 M and 6 M in (C); thus, we could not measure the data. (E) The total number of AChR-concentrated fragments in MEPs with the varying denervation 
times (n = 3, 4, 6, 6, 6, 5, 6 for 0 W, 1 W, 2 W, 1 M, 2 M, 3 M, 6 M, respectively). Data are presented as the mean ± s.d. (F) Box plots of the volume of a single AChR-concentrated 
fragment in MEP. Bars indicate the 10th and 90th percentiles. Statistical significance was assessed by the Kruskal-Wallis test. ***P < 0.001, compared with 0 W. 
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Figure 4. Distribution of MEPs and the innervation pattern of the gastrocnemius. (A) A schematic diagram of the MIP of the cross-section. (B) MIP of the 
horizontal-section (thickness = 600 μm). MGL: gastrocnemius lateralis; MGM: gastrocnemius medialis. (C) Resampling cross-sections of the intact gastrocnemius. DS: dorsal 
surface; TS: tibial surface. (D) Lamella clusters of MEPs in cross-section (thickness = 200 μm) indicated with yellow arrowheads. (E) Gross anatomy of the gastrocnemius and its 
innervating nerve branches. The gastrocnemius consists of four functional units based on the distribution of MEP lamellas, which are innervated by the medial nerve branch 
(MNB), the lateral nerve branch 1 (LNB1), the lateral nerve branch 2 (LNB2) and the lateral nerve branch 3 (LNB3), respectively. Grid size: 1.45 mm × 1.45 mm. (F) Segmentation 
of MEPs (red) and tracing of the nerve branches (green). Scale bar: 500 μm. 

 
Figure 5. Schematic diagram of the functional group based on MEP lamella distribution. Each functional group is formed by one MEP lamella cluster, the 
corresponding in-muscle nerve branches, and the innervated muscle fibers. 

 

Discussion 
 The spatial distribution of MEPs in whole 

skeletal muscles was obtained in this study. To find 
the distributions of MEPs in un-sectioned mouse 
skeletal muscles, a novel and convenient method 
combining in vivo injection of fluorescent α-BTX with 
optical clearing and ultramicroscopy was utilized 
here. As an antagonist of AChR, α-BTX selectively 
binds to AChRs on the postsynaptic membrane, 
blocks transmitters’ transmission at the MEPs, and 
prevents muscle contractions [37]. Fluorescent α-BTX 

can be transported to label the whole skeletal muscle’s 
MEPs easily through blood circulation after injection 
via the tail vein [38]. According to our 
electrophysiological and post-cut restaining results, 
most of the MEPs were labeled. This labeling method 
avoids the common problems associated with 
traditional histological methods [3, 39], which are 
laborious and time-consuming. After clearing with 
3DISCO, we imaged different muscles with 
ultramicroscopy and obtained 3D structures by serial 
optical sectioning with a thin light-sheet (thickness: 
5-10 μm). This could also eliminate the large defects 
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and the loss of information associated with traditional 
histologic sectioning and imaging [20, 40, 41], 
facilitating subsequent 3D reconstruction. In 
summary, the clearing method combined with 
light-sheet microscopy provides a new and 
convenient tool to investigate the characteristics of 
MEPs in un-sectioned skeletal muscles, such as the 
distribution, number, and volume of MEPs. 

 Our results revealed that the MEPs in mouse 
skeletal muscles were distributed in an organized 
pattern of lamella clusters. The MEPs were 
concentrated around thin-layer areas (i.e., lamella 
clusters) in skeletal muscles. Almost no MEPs were 
outside of the lamella clusters. MEP lamella clusters 
were embedded in a stretched- or curled-layer-like 
pattern in the muscles, with one or more 
corresponding in-muscle nerve branches. As shown in 
Figure 5, a peripheral nerve trunk has several 
branches. When the nerve penetrates into the muscle, 
it sends out several in-muscle nerve branches, each of 
which corresponds to one MEP lamella cluster. Each 
MEP lamella cluster is the interface between the 
ending network of the in-muscle nerve branch and 
muscle fibers, and submaximal contractions of 
gastrocnemius or other muscles are due to the 
recruitment of a number of motor units from different 
lamella clusters rather than to the synchronous 
activity of motor units within the same cluster. Thus, a 
muscle can be divided into several subgroups 
according to the distribution of the MEP lamellas. The 
number, volume, and distribution of MEP lamellas 
constitute the ties between nerve innervation and 
muscle function, determining the fine movement of 
skeletal muscles. Previous studies also described 
bands or columns of MEPs in human skeletal muscles. 
Coers and Durand observed, in longitudinal sections 
of whole muscles of three infant cadavers, that the 
MEPs were always situated at the midpoint of the 
muscle fibers and were concentrated in narrow zones 
[42]. Christensen examined muscles from stillborn 
infants and confirmed that, in the unipennate 
muscles, the MEPs formed a transverse band through 
the middle of the muscle and, in the bipennate 
muscles, there was a concave endplate band [43]. 
Their findings are in agreement with ours. In this 
work, we mapped all MEPs in each muscle combining 
in vivo BTX staining, tissue clearing technique and 
light-sheet microscopy, which allowed the 
visualization and quantification of the 3D distribution 
of the MEPs in the intact muscle. The findings here 
give us a more intuitive way to understand the 
organization and contraction mechanism of a skeletal 
muscle. It will enrich our understanding of skeletal 
muscle movements and the complex and coordinated 
motion of the body.  The adaptive changes of MEPs 

after denervation or reinnervation also progressed in 
the organized pattern of lamella clusters. During 
denervation, the MEPs changed along the lamella 
clusters, with an increased mean width of the lamella 
cluster and a seemingly decreased mean volume of a 
single MEP fragment. As shown in Figure 3 and 
Figure S7, the AChRs on the postsynaptic membrane, 
which were stained by α-BTX, disintegrated to form 
small fragments. These fragments then spread over 
time and eventually disappeared completely. The 
increase in the fluorescence counting does not mean 
an increase in single MEPs, but reflects the process of 
disintegration of the MEPs. While the 
AChR-concentrated areas in MEPs were broken down 
into several small fragments and scattered, it looks 
like the band was broadening (Figure 3C). Such 
alterations in AChR density at the neuromuscular 
junction were also reported by Akaaboune et al [44]. 
Furthermore, we observed the pathological changes 
of MEPs following nerve repair and found that the 
gastrocnemius regained its “M”-like patterned 
lamella clusters of MEPs. All of these results revealed 
that the lamella cluster-like pattern of MEPs was the 
basis of neuromuscular function. However, the 
regained MEP organization did not mean the 
complete recovery of muscle function. It also involved 
changes in the composition and distribution of motor 
units, signal transference in neuromuscular junctions, 
and changes in muscle fibers after nerve injury. There 
are different types of motor units in the muscles, and 
the muscle fibers of each motor unit are scattered over 
relatively large areas of the muscle, with motor unit 
fields largely overlapping [45, 46]. In contrast, as 
shown in another study [47], motor units in 
reinnervated muscles occupy a considerably smaller 
area than normal (approximately one-third), despite 
the fact that they contain a similar mean number of 
fibers, thereby accounting for the type grouping 
observed by histochemistry in reinnervated muscles. 
This means that, although the anatomical 
organization of MEPs is apparently “regained” after 
reinnervation, the neuromuscular connections are 
altered, which explains the alterations of motor unit 
action currents in neurogenic lesions. Despite this, the 
distribution of MEPs could still be used as a reference 
to judge the status of muscle function.  

 Based on these results, one skeletal muscle could 
be divided into one or several functional groups, 
mainly according to the distribution of the MEP 
lamella clusters. Each functional group consists of all 
MEPs in one lamella cluster, the corresponding nerve 
branches and the innervated muscle fibers. Such a 
functional group receives electrical signals and 
induces muscle subgroup contraction. Electrophysio-
logical examination also indicated that an 
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independent muscle subgroup contraction could be 
induced when electrically stimulating each in-muscle 
nerve branch, which suggested that each functional 
group in gastrocnemius had an independent pathway 
of neuromuscular signal transmission. As the MEP is 
the interface between peripheral nerves and muscle 
fibers, the concentration of MEPs in the middle of the 
muscle fiber may contribute to the synchronous signal 
transference from the nerve ending to the muscle 
fibers. The contraction order from the neurons 
connected to the same cluster of MEPs will arrive to 
the muscle fibers and lead to actions of all involved 
fibers at the same time to cause the fine movement of 
the muscle. One muscle or one head of a muscle in 
traditional anatomy can, thus, be divided into more 
separate subunits and lead to a more precise 
movement of the muscle. The electrical signal changes 
and spatial locations of such functional groups could 
be used as novel diagnostic clues for disease diagnosis 
or treatment.  

In summary, the 3D images of un-sectioned 
mouse skeletal muscles were first obtained by 
combining tail vein injection of fluorescent α-BTX in 
vivo with the optical clearing technique and 
ultramicroscopy. The distribution of the MEP lamella 
clusters and results from electrophysiological 
examination will allow a better understanding of the 
detailed working pattern in skeletal muscle 
contraction and more exact descriptions of the 
pathological changes following peripheral nerve 
injury or other neuromuscular diseases. Clinically, 
surgeons should learn more about the distributions of 
the MEPs in the muscles and try their best to avoid or 
reduce injuries to peripheral nerves and MEP lamella 
clusters to maintain maximum muscle function 
[48-50]. In other words, during operations, surgeons 
should not only pay attention in choosing muscle gap 
as a surgical approach but also avoid destroying an 
MEP lamella, choosing the interlamellar approach. 
Additionally, the distribution of MEPs could help 
physicians to more precisely detect in-muscle nerve 
branch injury, which could be easily omitted by 
traditional electromyography. Muscles can be 
subdivided into more separate functional areas 
depending on the distribution of the MEP lamella, as 
shown in Figure 4 and Table 1. A muscle in a 
traditional electrophysiological examination will be 
divided into multiple functional areas for a more 
careful electrophysiological examination. This will 
help to identify the injured nerve branches more 
accurately. In a traditional electrophysiological 
examination, a single muscle is considered as a whole. 
If the electrode is placed in the unit of the normal MEP 
lamella, the result may indicate that no problem 
exists. In fact, such a result only reflects the status of 

one in-muscle branch of the nerve. For patients who 
have problems with the other in-muscle nerve branch 
of the same muscle, it may not be detected. According 
to our results, the electrophysiological examination 
protocol should be done at the lamellar level. Each 
MEP lamella unit needs to be independently 
examined according to its distribution, especially for 
patients with clinical symptoms but negative results 
of traditional electrophysiological examinations. 
According to the MEP distribution pattern, 
intramuscular injection of viral vectors containing 
therapeutic genes or other active pharmaceutical 
ingredients could be more precise and effective [51, 
52]. Physicians could refer to the information on the 
localization of MEP zones relative to external 
anatomical landmarks. With these guidelines, the 
injection of medical agents can be directed to the areas 
with the largest concentration of MEPs. As the effect 
relies on its uptake at the presynaptic membrane of 
the MEP, the injection should be given into the MEP 
area. Further studies should be performed to confirm 
the roles of MEP distribution in muscle movement 
and neuromuscular signal transmission. 
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