
Comparison of neuromuscular junction dynamics following ischemic and 

aged skeletal muscle 

Berna Aliya1,2, Mahir Mohiuddin2,3, Jeongmoon J. Choi1,2, Gunjae Jeong2,3, Innie Kang1,2, 

Hannah Castels1,2, Cade Jones1,2, and Young C. Jang1,2,3,* 

 

1. School of Biological Sciences, Georgia Institute of Technology, Atlanta, GA, USA 30332 

2. Parker H. Petit Institute for Bioengineering and Bioscience, Georgia Institute of Technology, Atlanta, GA, 

USA 30332 

3. Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory 

University, Atlanta, GA, USA 30332 

 

 

 

 

 

*To whom correspondence should be addressed: 

Young C. Jang, Ph.D., email: young.jang@gatech.edu 

 

Keywords: neuromuscular junction, skeletal muscle, critical limb ischemia, aging  

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469760doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469760
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Abstract  

Both aging and neuromuscular diseases lead to significant changes in the morphology 

and functionality of the neuromuscular synapse. Skeletal muscles display a remarkable 

regenerative capacity, however, are still susceptible to diseases of aging and peripheral nerve 

perturbations. In this study, we assessed how neuromuscular synapses differ in aged and injured 

skeletal muscle using an improved neuromuscular junction (NMJ) staining and imaging method. 

We found that both aged and ischemic skeletal muscle display Wallerian degeneration of the 

presynaptic motor axons and fragmentation of postsynaptic acetylcholine receptors (AChRs). 

Quantifiable measurements of various metrics of the NMJs provide a more concrete idea of the 

dynamics that are occurring in the muscle microenvironment. We questioned whether neuronal 

degradation precedes myofiber atrophy or vice versa. Previously, it was shown that a cellular 

crosstalk exists among the motor neurons, myofibers, vasculature, and mitochondria within the 

muscle microdomain. It is apparent that lack of blood flow to motor neurons in ischemic skeletal 

muscle disrupts the structure of NMJs, however it is unclear if the aging condition experiences 

similar dynamics. We demonstrated that both aged and ischemic skeletal muscle demonstrate 

similar patterns of degeneration, characterized by a smaller percentage overlap of presynaptic 

and postsynaptic sides, greater fragmentation of AChRs, and a smaller area of AChR clusters. 

Together, these results reveal high resolution, precise parallels between the aged and ischemic 

NMJs.  
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Impact Statement  

The goal of this study was to assess changes in presynaptic motor neurons and postsynaptic 

acetylcholine receptors following an ischemic injury model and compare this with an aging 

model. This was accomplished by characterizing key components of NMJ morphology, 

including overlap and size of the receptors. There is currently limited research investigating the 

cellular communication between skeletal muscle fibers and motor neurons. Additionally, there is 

limited work comparing neuromuscular remodeling in aged and young models. With the 

substantial prevalence of neuromuscular disorders, especially in the aging population, it is 

essential to understand nerve-muscle interactions in order to promote increased mobility and 

improved quality of life in both injury and aging models.  

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.23.469760doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.23.469760
http://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction  

The major functional unit of the neuromuscular system is the motor unit, which consists of the 

presynaptic motor neuron and all the muscle fibers that it innervates. This unit is essential for 

producing movement. The synapse at which the alpha motor neuron innervates the postsynaptic 

acetylcholine receptor (AChR) on the muscle fiber is the neuromuscular junction (NMJ). The 

role of the NMJ is essential for proper functioning of the entire neuromuscular system and 

surrounding niche components. This includes, but is not limited to, the vasculature, muscle 

fibers, muscle satellite cells (MuSCs), and mitochondria.  

Blood vessels that are in close proximity to the motor neurons make up the neurovascular 

system and demonstrate an interdependence of the two tissues to influence one another’s 

remodeling (Martin & Lewis, 1989). Additionally, ischemia reperfusion injury that disrupts 

blood flow to skeletal muscles results in deficits in muscle function (Vignaud et al., 2010). This 

atrophy is further exacerbated by degeneration of the motor axon and the extent of denervation is 

especially pronounced in aged skeletal muscle (Rowan et al., 2012).  

The neuromuscular system is disrupted following disease states as well as with aging. 

The purpose of this study is to investigate how NMJ dynamics are altered in one particular 

disease state, critical limb ischemia (CLI), in comparison to uninjured aged muscle. CLI is 

considered the most severe form of peripheral artery disease (PAD), a condition that affects 8-12 

million people in the United States alone and characterized as an atherosclerotic syndrome that 

causes an obstruction of the peripheral arteries in the legs (Hirsch et al., 2001). Common risk 

factors for PAD include smoking, diabetes, and age (Hirsch et al., 2001). Although only 

approximately 1% of the entire PAD patient population is affected by CLI, these patients have 

the greatest mortality rate of approximately 70% within 10 years of their diagnosis (Varu et al., 
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2010). With no cure for this condition, current treatments attempt to relieve pain, increase 

mobility, and reduce cardiovascular risk factors (Slovut & Sullivan, 2008). Therapeutic 

angiogenic treatments are commonly used in patients to promote new blood vessel formation. 

Basic fibroblast growth factor is one example of an angiogenic factor that can be injected 

intramuscularly and results in improved transcutaneous oxygen pressure and ankle brachial 

index, as well as in the distance walked (Marui et al., 2007). Vascular endothelial growth factor 

is another angiogenic treatment that has demonstrated surges in collateral vascularization to 

muscle tissues (Cooke & Losordo, 2015). However, all these therapeutics have had very limited 

success in promoting a functional neurovascular and neuromuscular system, likely due to the 

ischemia-induced deterioration of muscle that hosts both blood vessels and motor neurons.   

Neuromuscular diseases have demonstrated significant disruptions in many components 

of the skeletal muscle tissue. Current treatments are insufficient in treating the entire 

neuromuscular environment and fail to promote a fully functional system. Skeletal muscle 

exhibits a strong regenerative capacity that may offer a more effective target for regenerative 

therapeutics. Muscle satellite cells (MuSCs) are stem cells that are essential for the regeneration 

of skeletal muscle. These cells proliferate and differentiate to fuse into myotubes and finally 

myofibers. Studies have demonstrated crosstalk evident between MuSCs and motor neurons. In 

fact, depletion of MuSCs induces a disruption of the morphology of NMJs, and regeneration of 

NMJs generates an increase in activity of neighboring MuSCs (Liu et al., 2015). Choi et al. 

(2020) also demonstrated that the crosstalk between MuSCs and motor neurons is diminished 

following disruption of NMJs. Overall, it is apparent that communication amongst MuSCs and 

neuronal cells is essential for the maintenance of a functional neuromuscular environment.  
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CLI and a majority of other neuromuscular disorders present themselves in old age. Thus, 

it is important to understand the naturally occurring NMJ dynamics that take place in aged 

skeletal muscle, in order to interpret how an injury model may extrapolate these conditions. It is 

interesting to note that muscles innervated by brainstem-derived motor neurons are more 

resistant to the effects of aging (Valdez et al., 2012), in contrast to the spinal nerve innervated 

skeletal muscles we investigated in this study. NMJ dynamics that occur in aging muscle can be 

attributed to either disturbances that occur in motor neurons or due to damage in muscle fibers. 

Aged NMJs have been shown to be relatively stable until experiencing some form of muscle 

atrophy and regeneration, as indicated by centrally nucleated myofibers (Li et al., 2011). 

Additionally, the depletion of MuSCs is associated with NMJ deterioration, but not necessarily 

denervation of the motor neuron (Liu, Klose, et al., 2017). This further supports the hypothesis 

that some form of paracrine signaling is present between myofiber and motor neurons. However, 

the particular signaling factor or mechanism that is disrupted in myofibers and subsequently 

leads to a degeneration of NMJs is not well understood.  

There has been limited work investigating the crosstalk between skeletal muscle fibers 

and motor neurons in both in an ischemic and aged muscle model. Both natural aging and age-

induced ischemia demonstrate impairments in myogenesis and neuronal function. Considering 

the high prevalence of CLI in the aged population, this comparison of the morphological changes 

in NMJs that occur in ischemic and aged muscle is an important aspect to investigate, although a 

majority of research conducted for ischemic injury has taken place in young models. By 

understanding the underlying dynamics that occur in healthy aged muscle, it is easier to 

understand how these dynamics are altered in an age-induced injury state.  
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For this study, we utilized Thy1-YFP transgenic mice, a motor neuron specific reporter, 

for clear visualization of motor neurons in skeletal muscle. Thy1-YFP mice were previously 

described (Feng et al., 2000). Due to the three-dimensional structure of NMJs, it is difficult to 

obtain clear images that portray complete dynamics of the synapse. To combat this issue, we 

obtained longitudinal sections of the NMJs by performing a whole-mount immunofluorescence 

staining procedure and imaging z-stacks with confocal microscopy. The question we aimed to 

address is, how do morphological dynamics of presynaptic motor neurons, postsynaptic AChRs, 

and the synapse as a whole differ between normal aging and the ischemic condition.  

Using an improved method of staining combined with microscopy, we are better able to 

visualize dynamic processes of NMJs in regenerating muscle following ischemic injury. This 

model can also be applied to more traumatic muscle injury models such as volumetric muscle 

loss (VML). Comparison of synapse morphology in the aged condition could help with the 

identification of chemical or molecular factors that may resist age-related changes to NMJs. This 

can be extended to also encompass neurodegenerative diseases.  

We report similar degrees of degeneration and fragmentation of NMJs in aged and 

ischemic skeletal muscle, indicating parallels between the two conditions. This provides a basis 

for beginning to understand what signaling pathways and molecular factors are impacted and can 

be attenuated in aging and neurodegenerative diseases to reduce synaptic damage.  
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Methods and materials 

Animals: B6.Cg-Tg(Thy1-YFP)16Jrs/J (#003709) mice purchased from Jackson Laboratories 

were used for all experiments. Both male and female mice aged 3 to 6 months, considered young 

adults, were used in a randomized manner all experiments in this study. Aged mice were those 

19 months and older. All mice were used according to the protocols approved by the Georgia 

Institute of Technology Institutional Animal Care and Use Committee.  

Ischemic injury: A murine hindlimb ischemia surgical model was applied to observe the effects 

of CLI. To perform this, the femoral artery was exposed by making a small incision from the 

ankle to approximately above the hip. Ligation of the femoral artery was performed using 5-0 

sutures between the epigastric and profunda femoris artery. Upon ligating proximal to the tibial 

artery branching, the artery segment between these ligations was removed, being careful to not 

sever the femoral nerve. The skin was finally closed using sutures and wound clips. A sham 

surgery, whereby a similar methodology was used but no ligation, was applied on the 

contralateral leg. Mice were maintained for 3-56 days following the CLI surgery in individual 

cages before euthanization by inhalation of CO2.  

Tissue histochemistry and immunostaining: Following euthanization of animals, hindlimbs 

were harvested and fixed in 4% paraformaldehyde for 2 hours at 4°C. The tibialis anterior (TA) 

and extensor digitorum longus (EDL) muscles were dissected. Prior to staining with antibodies, 

tissues were blocked for 1 hour using blocking buffer (5% BSA, 0.5% goat serum, 0.5% Triton-

X in 1X PBS). Staining media was prepared in blocking buffer using alpha-Bungarotoxin (BTX) 

conjugated with Alexa Fluor 555 (ThermoFisher, B35451, 1:200 dilution in PBS). Additionally, 

Alexa Fluor 488-conjugated anti-GFP (ThermoFisher, A21311, 1:250 dilution in PBS) and 

Alexa Fluor 647-conjugated phalloidin (ThermoFisher, A22287, 1:1000 dilution in PBS) 
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antibodies were added to the secondary staining solution. All secondary antibodies were 

incubated for 2-3 hours at room temperature. TA samples were separated into bundles and EDL 

samples were whole mounted using Fluoroshield Mounting Medium with DAPI (Abcam, 

ab104139) and stored at 4°C. 

Microscope imaging: Samples were imaged on the Zeiss 700 Laser Scanning Confocal 

Microscope at 63x magnification with oil immersion. Super-resolution images were taken on the 

Zeiss 780/Elyra PS.1 Superresolution Microscope using Structured Illumination Microscopy 

(SIM). SIM technique allows for a 115-120 nm resolution in the XY plane and 300 nm in the Z-

axis (Badawi & Nishimune, 2020). Z-stack images were taken using both imaging techniques 

and compiled with Zen Black software (Zeiss).  

Quantification of NMJs: Following microscopic imaging, NMJs were quantified on Fiji/ImageJ 

using the methodology described by Minty et al. (2020) and the ImageJ Binary Connectivity 

plugin available at https://blog.bham.ac.uk/intellimic/g-landini-software/ (Landini 2008). Images 

were cleaned up of any noise and thresholded. Presynaptic nerve terminal perimeter and area 

measurements were taken, and the complexity was computed. Postsynaptic AChR perimeter and 

area, endplate diameter, and endplate perimeter and area were taken. From these measurements, 

compactness, area of synaptic contact, overlap, average area of AChR clusters, and 

fragmentation were computed.  Data was grouped as control, injury time points, or aged. 

Approximately 15 NMJs were analyzed per sample size from n=3 animals for each group. 

3D reconstruction of images: Using CZI files obtained from z-stack images taken on confocal 

microscopy, 3D reconstruction of both NMJs and MuSC was accomplished using Volocity 

software from Quorom Technologies.  
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Statistical Analyses  

Statistical analyses in this study were performed in GraphPad Prism 7 software and data is 

represented as mean +- standard deviation for all figures. A two-tailed unpaired t-test with 

Welch’s correction was used to compare control and injury groups (Fig. 2) and between control 

and aged groups (Fig. 3). A p-value of less than 0.05 was considered statistically significant.  
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Experimental Results  

Whole mount immunostaining for NMJ exposure 

In this study, we utilize an improved method staining and microscopy to better visualize 

the dynamic processes present in NMJs. By utilizing Thy1-YFP mouse lines combined with 

alpha-BTX fluorescent tagging, we are able to obtain a more complete and detailed image of 

both presynaptic and postsynaptic sides of the neuromuscular synapse. Here, we use the EDL 

muscle that is easily separable into individual bundles and whole mounted. We apply a whole 

mount immunostaining protocol (Fig. 1A) to hindlimb skeletal muscles. Healthy, young NMJs 

display significant overlap between motor neurons and post-synaptic AChRs when imaged on 

laser confocal microscopy (Fig. 1B, top). 3D reconstructions of NMJs reveal a dense 

concentration of mitochondria (DAPI) at the synapse (Fig. 1B, bottom right). To visualize the 

postsynaptic AChRs at a higher resolution, super-resolution SIM microscopy was used (Fig. 1B, 

bottom left). These images reveal the striated pattern present in AChRs, whose nanoscale 

organization has previously been investigated (York & Zheng, 2017).  

NMJ dynamics following ischemic injury  

We assessed the morphological changes to the NMJs in Thy1-YFP mice and 

characterized how the AChR and motor neuron transform following various timepoints post-

ischemic injury. The disruption of blood flow induced by ischemic conditions, impacts the 

neuromuscular system by resulting in Wallerian degeneration of the presynaptic motor neuron 

and fragmentation of the postsynaptic acetylcholine receptor (Fig. 2A). It appears that the 

greatest postsynaptic fragmentation and most denervation occurs at day 7 post ischemic injury, 

followed by a dynamic remodeling of the NMJ up to 56 days following injury (Fig. 2A). 

Quantitative analysis of the NMJs was performed using the ImageJ/Fiji protocol as described by 
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Minty et al. (2020). We chose to compare only day 14 NMJs to control samples because they 

demonstrate the most severe phenotype following ischemia, but are still relatively easy to assess, 

unlike the day 7 samples which reveal too much fragmentation. ImageJ analysis quantified five 

categories: (1) % compactness, (2) average area of AChR clusters, (3) % overlap, (4) 

fragmentation ratio indicated by 1.0 being completely fragmented and 0.0 being completely 

intact, and (5) area of synaptic contact. Approximately 15 NMJs were assessed per biological 

sample (n=3).  

In day 14 ischemic samples, there was overall less percentage compactness of the 

postsynaptic AChR (48.37%) compared to the control group (55.40%)  (Fig. 2B, top left). The 

average area of postsynaptic clusters is significantly less in the ischemic group, 113.6 microns2 

(Fig. 2B, top right) and also displays a significantly greater ratio of fragmentation, 0.6504 (Fig. 

2B, middle right).  Conversely, control NMJs reveal an average area of 318.7 microns2 (Fig. 2B, 

top right), and a fragmentation ratio of 0.2920 (Fig. 2B, middle right). Finally, the control group 

demonstrates significantly higher percentage overlap of the presynaptic motor neurons and 

postsynaptic sides with 86.79% overlapped (Fig. 2B, middle left). In contrast, ischemic samples 

reveal 73.81% overlap (Fig. 2B, middle left). There is no significant difference shown for area of 

synaptic contact (Fig. 2B, bottom).  

Aged skeletal muscle present chronic NMJ degeneration   

Due to the increased likelihood of neurodegenerative diseases, such as CLI, in the aging 

population, it is important to study the impacts of age on NMJ regeneration. However, studies on 

NMJ dynamics in aged muscle have been limited. To investigate this, we used immunostaining 

to visualize NMJs in both aged and young skeletal muscle. Aged control samples display less 

proper innervation, less overlap of presynaptic and postsynaptic sides, and more Wallerian 
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degeneration (Fig. 3B) when compared to young control samples (Fig. 1B). This is likely due to 

naturally occurring cycles of denervation and innervation in aged myofibers. Aged samples 

display a smaller area of synaptic contact, 233.4 microns2, versus 354.2 microns2 in young 

samples (Fig. 3B, top middle). There is significantly less percentage overlap of pre- and post-

synaptic sides in the aged NMJs, which display 58.37% overlap, in comparison to the young 

NMJs with 86.96% overlap (Fig. 3B, top right). The average area of AChR clusters in aged 

NMJs are approximately 135.6 microns2 compared to 278.2 microns2 in young samples (Fig. 3B, 

bottom left). Finally, aged samples show a significantly higher ratio of fragmentation, 0.5555, 

versus 0.2732 in young NMJs (Fig. 3B, bottom right). The percentage compactness of NMJs 

shows no significant difference between young and aged.    
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Discussion 

The goal of this study was to characterize the neuromuscular dynamics that occur in ischemic 

skeletal muscle and compare these findings to the naturally occurring dynamics that occur in 

aged myofibers. Ischemia-induced disruption of vasculature prevents oxygen and nutrients from 

being supplied to motor neurons, thereby interrupting proper innervation patterns. A constant 

supply of oxygen and nutrients is needed for motor neurons to meet the high energy demands of 

maintaining the membrane potential. Our findings in this study indicate significant changes that 

occur to the morphology of NMJs following an ischemic injury. We observe Wallerian 

degeneration of presynaptic motor neurons and fragmentation of the postsynaptic AChRs. 

Ischemic injury impacts multiple characteristics of NMJ dynamics, including percent 

compactness, area of AChR clusters, percentage overlap of the synapse, and ratio of 

fragmentation (Fig. 2). Additional studies that have investigated the role of MuSCs in NMJ 

regeneration observed an increase in subsynaptic nuclei during the timepoints of greatest 

denervation following ischemic injury (Schultz, 1978). These nuclei form when MuSCs fuse into 

myofibers as new nuclei and are important for the formation of AChRs.  

Ischemia induced disruption of vasculature induces myofiber atrophy and subsequently 

damages motor neurons (Mohiuddin et al., 2019). Additionally, it has been shown that capillary-

to-fiber ratio increases upon inducing skeletal muscle contraction to stimulate NMJs (Shiragaki-

Ogitani et al., 2019). Thus, further supporting the notion of cellular crosstalk evident amongst 

cellular components of the muscle microenvironment. In both ischemic and aged skeletal muscle, 

many components of the neuromuscular system are damaged, thereby hindering proper 

remodeling of cellular domains.  
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In contrast, aging skeletal muscle goes through repeating cycles of denervation and 

reinnervation (Aare et al., 2016) leading to destabilized NMJs and chronic muscle atrophy. We 

observe significant differences in area of synaptic contact, percentage overlap, area of AChR 

clusters, and fragmentation ratio in aged NMJs (Fig. 3). Scanning electron microscope studies 

also reveal partially segmented endplates and increased branching of the nerve terminal in the 

aged NMJs (Fahim et al., 1983). Likely due to an underlying disruption in the cellular crosstalk 

amongst neuromuscular niche components, proper NMJ formation is hindered. However, the 

presence of abnormal NMJs in uninjured aged muscle is not unexpected, as it has been shown 

that NMJ remodeling occurs before any myofiber damage is even present (Deschenes et al., 

2010).  

The high prevalence of evidence for cellular crosstalk indicates that paracrine signaling 

likely plays a significant role in NMJ remodeling. One cellular domain that shows potential for 

understanding the molecular mechanisms responsible for NMJ dynamics is the mitochondria. 

Previous studies demonstrated that denervation in mouse skeletal muscle results in decreased 

mitochondrial respiratory capacity and that mitochondrial dysfunction is present prior to any 

myofiber atrophy (Spendiff et al., 2016). Mitochondria play a significant role in regulating 

reactive oxygen species (ROS), reactive chemicals that are associated with cellular damage. ROS 

have shown to be increased in aged muscle mitochondria along with increased myofiber atrophy 

(Muller et al., 2007). Additionally, we observed that ROS regulatory enzymes, superoxide 

dismutase 1 and 2 (SOD1 and SOD2) are disrupted in ischemic conditions, as indicated by a 

significant decline in specific activity of SOD2, a measure of the catalytic activity of the enzyme 

per total quantity (Fig. S1). This decline in catalytic activity correlates with the NMJ 

regeneration patterns present from day 7 to day 28 (Fig. 2), where we observe the presynaptic 
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and postsynaptic sides attempt to reinnervate as SOD2 enzyme content increases but activity 

decreases. This alludes to the presence of other factors in the muscle microenvironment that are 

likely hindering proper functionality of ROS regulatory enzymes. Stimulation of NMJs was 

shown to increase the number of oxidative myofibers, indicating that injured limbs improve their 

oxygen usage (Shiragaki-Ogitani et al., 2019). It is also evident that mitochondria are essential 

for the remodeling of NMJs due to their high concentration on both presynaptic and postsynaptic 

sides of the muscle synapse (Rygiel et al., 2016). Substantial changes in mitochondria 

morphology and protein composition are evident in aged rats, characterized by swelling and 

mitochondrial fusion (García et al., 2013). 

Likewise, mitochondrial dysfunction has been associated with age-related muscle 

atrophy, or sarcopenia. Primarily, mitochondrial energy metabolism pathways, such as oxidative 

phosphorylation and the Krebs cycle, have the most genes downregulated when assessing global 

gene expression profiles (Ibebunjo et al., 2013). For our future studies, it would be interesting to 

investigate the content and activity of these proteins in young and aged models and compare 

them to the ischemic condition. This would allow for a more comprehensive understanding of 

what molecular mechanisms contribute to age-related neuromuscular changes. MuSC-stemmed 

mitochondria show promising results in improving bioenergetic function (Mohiuddin et al., 

2020), thus are a promising therapeutic target for neuromuscular conditions that exacerbate 

mitochondrial dysfunction.  

 

Conclusion 

In summary, we demonstrate the prevalence of NMJ dynamics following ischemic and 

aged skeletal muscle. Cellular crosstalk amongst the vascular system, motor neurons, muscle 
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fibers, MuSCs, and mitochondria supports the notion of paracrine signaling and the likely 

influences that biochemical changes in one cell will have on a neighboring cell (Fig. 4). By 

understanding the underlying NMJ dynamics in aged muscle and the biochemical changes that 

cause this, we can better hypothesize the molecular mechanisms that are responsible for 

neuromuscular degeneration in age-induced diseases, such as CLI.  
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Figure 1: Immunostaining of hindlimb muscles for NMJ detection. A, Flowchart demonstrates 
the protocol used to obtain consistent immunostaining of skeletal muscle fibers. B, 
Immunostaining of young control muscle fibers. Top left image shows a low magnification 
image of several NMJs distributed along the muscle tissue. antiGFP-488 is shown in green to 
visualize motor neurons, BTX-555 is shown in red to visualize postsynaptic AChRs. Top right 
image shows a higher magnification of a single NMJ. Bottom left image shows a super-
resolution SIM image of the AChR (white) colabeled with DAPI (blue), visualizing the 
mitochondria, to demonstrate a nanoscale resolution of the receptor. Bottom right image 
shows a 3D reconstruction of the same NMJ to provide a more complete image of the cellular 
environment.  
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Figure 2: Remodeling of NMJs following ischemic injury. A, Confocal microscopy images of 
NMJs throughout timepoints up to day 56 following ischemia. The greatest fragmentation of 
AChR and most denervation occurs at day 7 post ischemic injury, followed by a remodeling of 
the NMJ up to 56 days following injury. B, Quantification of NMJs at 14 days post ischemic 
injury shows significantly less percent compactness, average area of AChR clusters, percent 
overlap, and significantly greater fragmentation when compared to control. Two tailed 
unpaired t-test with Welch’s correction: *p = 0.0135, ***p = 0.0005, ****p <0.0001 (n=3). Error 
bars represent the standard deviation. 
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Figure 3: Alterations of neuromuscular junction with aging. A, Quantification of aged NMJs 
shows significantly less area of synaptic contact, percent overlap, average area of AChR 
clusters, and significantly greater fragmentation when compared to young control. Two tailed 
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unpaired t-test with Welch’s correction: *p = 0.0163, ***p = 0.0005, ****p <0.0001 (n=3). Error 
bars represent the standard deviation. B, Immunostaining of aged control muscle fibers. First 
image shows a low magnification of several NMJs distributed along the muscle tissue. antiGFP-
488 is shown in green to visualize motor neurons, BTX-555 is shown in red to visualize 
postsynaptic AChRs. Second image shows a higher magnification of a single NMJ. Third image 
shows a super-resolution SIM image of the AChR (white) colabeled with DAPI (blue), visualizing 
the mitochondria, to demonstrate a nanoscale resolution of the receptor. Final image shows a 
3D reconstruction of the same NMJ to provide a more complete image of the cellular 
environment. 
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Figure 4: Crosstalk amongst cells of muscle microenvironment. Infographic representing 
various cellular components present in the muscle niche. This encompasses the vascular 
system, motor neurons, muscle fibers, muscle stem cells, and mitochondria. Created with 
BioRender.com. 
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