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Abstract

Introduction—Duchenne muscular dystrophy (DMD) is caused by the loss of the structural 

protein, dystrophin, resulting in muscle fragility. Muscle stem cell (MuSC) transplantation is a 

potential therapy for DMD. Whether donor-derived muscle fibers are structurally innervated is 

unknown.

Methods—Green Fluorescent Protein (GFP) expressing MuSCs were transplanted into the tibials 

anterior of adult dystrophic mdx/mTR mice. Three weeks later, the neuromuscular junction was 

labelled by immunohistochemistry.

Results—The percent overlap between pre- and post-synaptic immunolabeling was greater in 

donor-derived GFP+ myofibers and fewer GFP+ myofibers were identified as denervated 

compared to control GFP− fibers (p = 0.001 and 0.03, Student’s t-test). GFP+ fibers also 

demonstrated acetylcholine receptor fragmentation and expanded end-plate area, indicators of 

muscle reinnervation (P = 0.008 and 0.033, Student’s t-test).

Conclusion—Whether GFP+ fibers are a result of de novo synthesis or fusion with damaged 

endogenous fibers is unclear. Regardless, donor-derived fibers demonstrate clear histological 

innervation.

Keywords

Duchenne muscular dystrophy; neuromuscular junction; muscle stem cell

Corresponding author: Kirkwood E Personius, P.T., Ph.D., Dept. of Rehabilitation Science, Kimball Tower Rm. 515, 3435 Main 
Street, Buffalo, NY 14214-3079, Phone: 716-829-6940; Fax: 716-829-3217; kep7@buffalo.edu.
*These authors contributed equally to the study.

The authors have no financial relationship with the company who manufactures any product or equipment discussed in this 
manuscript, or any other apparent conflict of interest.

HHS Public Access
Author manuscript
Muscle Nerve. Author manuscript; available in PMC 2017 October 01.

Published in final edited form as:
Muscle Nerve. 2016 October ; 54(4): 763–768. doi:10.1002/mus.25115.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Duchenne muscular DMD is an X-linked degenerative disorder which results in progressive 

muscle wasting beginning in early childhood1. DMD is caused by the loss of the cytoskeletal 

protein dystrophin2 that serves as a molecular link between cytoplasmic F-actin and β-

dystroglycan complex of the sarcolemma3. We and others have previously shown that 

significant structural denervation occurs in the diaphragm of mdx mice4–7. These changes 

include, fragmentation of the acetylcholine endplate into multiple punctate regions, reduced 

overlap between pre-synaptic nerve terminals and postsynaptic acetylcholine receptors 

(AChR), and abnormal sprouting of terminal Schwann cell processes (an important 

component of reinnervation). Interestingly, neurotransmission failure at physiological firing 

frequencies (35 & 100 Hz) is not increased in these structurally abnormal diaphragmatic 

neuromuscular junctions (NMJs), but variability of neurotransmission is increased indicating 

the loss of neuromuscular structure impacts the precision of neurotransmission5. Dystrophic 

muscle is particularly susceptible to eccentric injury8. The Lovering lab has shown that 

following eccentric injury, neurotransmission failure is acutely increased in mdx compared 

to control mice. The failure in neurotransmission occurs soon after eccentric injury, 

suggesting a mechanical disruption, rather than newly forming NMJs, as the cause of the 

transmission failure9,10. Thus, the NMJ of dystrophic muscle demonstrate impaired 

reinnervation and neurotransmission.

MuSC transplantation is a promising therapeutic approach for DMD. Transplantation of 

stem cell derived myogenic cells in to mdx mice have been shown to increase tissue 

regeneration and increase muscle force production11–15. Since muscle fibers are dependent 

upon innervation, determining whether dystrophic muscle fibers treated with MuSC are able 

to maintain their pre-existing innervation or establish new innervation is a critical question. 

Here, we investigate the structural neuromuscular innervation in the tibialis anterior (TA) 

muscle of mdx/mTR mice following MuSC transplantation. We report that donor-derived 

GFP+ muscle fibers demonstrate clear structural innervation.

Methods

Animals

All studies were performed in the TA of 15-week-old mdx/mTRG2 mice. Mdx/mTRG2 mice 

have shortened telomeres in addition to a complete lack of dystrophin. These mice 

demonstrate severe limb muscle degeneration which correlates with the decline in 

regenerative capacity of the MuSCs16. 8-week-old mdx/mTRG2 mice demonstrate shorter 

treadmill run and grid hang times and histological analyses reveals increased heterogeneity 

of myofiber diameter, mononuclear cellular infiltration, and necrosis16. By 24 weeks of age, 

mdx/mTRG2 mice are barely capable of running and start to die at 48 weeks16. We chose an 

age when the TA muscle would be undergoing active bouts of degeneration and 

regeneration, but would still be functional. All procedures were approved by the Institutional 

Animal Care and Use Committees of the University at Buffalo and Sanford Burnham Prebys 

Medical Discovery Institute.
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MuSC Isolation and Transplantation

Briefly, MuSCs were isolated by Fluorescent Activated Cell Sorting (FACS) from the TA 

muscle of green fluorescent protein (GFP) transgenic mice following enzymatic dissociated 

of nonmuscle tissue as previously described14,16. Thus, donor-derived GFP+ have normal 

dystrophin expression. MuSC were resuspended in PBS and 5,000 or 12,000 GFP+ MuSC 

were injected intramuscularly into both TA muscles of anesthetized mdx/mTRG2 mice. 

Experimental muscles were harvested 3 weeks after transplantation.

Immunolabeling

Each muscle served as both experimental and control, since GFP+ and GFP− fibers were 

compared within the same muscle. Hundreds of muscle fibers are visualized in 

cryosectioned preparations of the TA, thus muscles injected with 5,000 MuSC were used in 

experiments using cross-sectioned tissue. Muscles were cryosectioned mid-belly (20 µm) 

and only samples which contained >80% of the muscle were immunolabelled (n = 6 

muscles). In order to increase the chance of finding GFP+ fibers, TA muscles which were 

transplanted with 12,000 GFP+ MuSC were used for muscle whole-mount 

immunohistochemistry since only superficial muscle fibers can be analyzed in this type of 

preparation. (n = 6 muscles). For both cryosectioned and whole-mount tissue, the motor 

nerve axons and terminals were labeled with monoclonal primary antibodies against 

neurofilaments (2H3) and synaptic vesicles (SV2, Developmental Studies Hybridoma Bank, 

Iowa City, Iowa). To better visualize GFP+ fibers, GFP was immunolabeled with anti-GFP 

(Life Technologies). Primary antibodies were visualized with appropriate Alexa Fluor 

secondary antibodies (Molecular Probes). Postsynaptic AChRs were labeled with 

rhodamine-alpha-bungarotoxin (Molecular Probes). Cryosectioned muscles were imaged 

using a Zeiss Axioimager A1 AXiophot microscope at 20× magnification which allows 

image stitching. Thus, the entire muscle cross-section could be visualized at a relatively high 

magnification. The NMJ of whole-mount preparations were single plane projections of 

confocal stacks of images obtained with a Zeiss LSM 510 Meta NLO confocal microscope 

(63× 1.4 N.A. oil objective).

Quantification of Structural Innervation and muscle cross-sectional area

In cryosectioned muscle preparations, innervation was classified as denervated, weak, or 

strong (normal). AChR end-plates were classified as denervated when pre-synaptic labeling 

intensity was no different from background labeling intensity. Innervation was classified as 

weak when presynaptic labeling was diffuse, but intensity was above background level. 

Innervation was classified as strong (normal) when pre-synaptic labeling was punctate and 

intensity was visually clearly above background level. The area of pre-synaptic labeling was 

determined by identifying the region of overlap between pre-synaptic vesicles and post-

synaptic AChR labeling. Muscle whole-mount preparations were used to determine the 

extent of pre- and post-synaptic overlap (a measurement of structural innervation), the size 

of the AChR endplate (area), and number of discrete AChR regions per muscle fiber 

(fragmentation) using previously published methods from our laboratory4,17. All 

measurements were made by a single person blinded to the hypothesized outcomes. To 

determine the relative size of donor-derived muscle fibers, we measured muscle fiber cross-
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sectional area (CSA) and fiber perimeter in GFP+ and nearby GFP− fibers. The same 

number of GFP+ and GFP− fibers was measured per preparation. Muscle fiber CSA and 

AChR area were determined using MetaMorph software (Universal Imaging, Downingtown, 

Pennsylvania).

Statistical Analysis

All values are reported as mean ± SEM unless otherwise noted. A Student t-test was used to 

compare innervation classification, pre- and post-synaptic overlap, AChR end-plate area, and 

AChR fragmentation between GFP+ and GFP− muscle fibers. A two-way ANOVA was used 

to compare differences in muscle fiber CSA and perimeter between GFP+ and GFP− muscle 

fibers. In the event of a significant ANOVA, a Holm-Sidak post hoc analysis was used for 

pairwise comparisons. A p-value of ≤ 0.05 was considered significant.

Results

Structural Innervation in muscle cross-sections

TA muscles were cryosectioned and immunolabeled for GFP, AChR, presynaptic vesicles, 

and neurofilaments (Figure 1). In these mid-belly sections only a small subset of the total 

number of muscle fibers were sectioned at the level of the NMJ (AChR labeled in red, 

Figure 1A) and only a small subset of muscle fibers were GFP+ (~10%). Clusters of muscle 

fibers, most likely in the process of degeneration, demonstrated non-specific Alexa Fluor 

647 secondary-labeling (Figure 1A). A total of 507 NMJs from 6 muscles were analyzed (53 

from GFP+ fibers and 454 from GFP− fibers). NMJs were classified as structurally 

denervated (*, no overlap between presynaptic label and AChR receptors above 

background), weak (<, diffuse overlap between presynaptic label and AChR receptors), or 

strong (#, bright punctate overlap between presynaptic label and AChR receptors). A 

limitation of this qualitative analysis is that our results could be affected by location of the 

muscle section along the endplate band or changes in morphology of the NMJ. Examples of 

each classification are shown in paired colored and greyscale images in Figure 1 C–H. 

Denervated muscle fibers were identified in 1.4 ± 0.3% of GFP− fibers, but no denervated 

fibers were found in GFP+ fibers (Table 1, p = 0.032, one-way t-test). Since denervation is a 

transient event prior to the fiber disappearing altogether, we are not surprised by this small 

percentage. 15.5 ± 4.3% of GFP+ fibers showed weak presynaptic labeling compared to 27.8 

± 2.4% of GFP− fibers (Table 1, p = 0.038, one-way t-test). 84.5 ± 4.3% of GFP+ fibers 

showed strong labeling of nerve terminals compared to 70.8 ± 2.6% of GFP− fibers (Table 1, 

p = 0.026, one-way t-test). Thus, donor-derived GFP+ myofibers are structurally innervated 

and the quality of pre-synaptic labeling is similar to GFP− fibers.

NMJ Structure in muscle whole-mounts

To better analyze NMJ histology in donor-derived GFP+ fibers, we used muscle whole-

mount preparations to measure the extent of pre- and post-synaptic overlap (structural 

denervation), endplate AChR area, and counted the number of discrete AChR regions 

(fragmentation). A total of 106 NMJ from 6 muscle were analyzed (42 GFP+ and 64 GFP− 

fibers). Figure 2A shows two adjacent GFP− and GFP+ (pseudo-colored blue) fibers. The 

arrow indicates an area of structural denervation (i.e. post-synaptic region which lacks pre-
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synaptic coverage) on the GFP− fiber. GFP+ fibers had greater overlap between pre- and 

post-synaptic labeling compared to GFP− fibers (Figure 2B Right, 80 ± 2 vs. 62 ± 4%; GFP

+ vs. GFP−, Student t-test, p = 0.001). Since post-synaptic AChR area and muscle fiber CSA 

are correlated18, we determined the relative AChR area by normalizing for differences in 

fiber CSA between GFP+ and GFP− cells. Relative AChR area was significantly greater in 

GFP+ compared to GFP− muscle fibers (Figure 2B Left, 556 ± 50 vs. 423 ± 23 µm2; GFP+ 

vs. GFP−, Student t-test, p ≤ 0.001). The non-normalized AChR area was 406 ± 37 vs. 423 

± 23 µm2 for GFP+ vs. GFP−, respectively (Student t-test, p = 0.674). Figure 3 shows 

endplate regions from GFP− and GFP+ fibers. The endplate of GFP− fibers were generally 

made-up of a few contiguous regions (Figure 3A), but GFP− fibers occasionally show 

substantial AChR fragmentation (Figure 2A). Since significant degeneration is present in the 

limb musculature of mdx/mTRG2 mice, the presence of some fragmented end-plate regions 

in control GFP− fibers is not unexpected. The endplates of GFP+ fibers, however, were 

consistently fragmented (Figure 3B and C) as evidenced by GFP+ endplates averaging 7.2 

± 0.8 discrete regions compared to 5.1 ± 0.6 regions in GFP− endplates (Figure 2B Middle, 

Student t-test, p = 0.033). Expanded post-synaptic AChR area and fragmentation of the 

AChR end-plate region are both indicators of muscle fiber degeneration and NMJ 

reinnervation17,4,19,20. Thus, donor-derived GFP+ fibers appear to maintain structural 

innervation during regeneration of endogenous fibers and/or growth of de novo fibers.

Fiber Cross-Sectional Area—Figure 4 A shows example GFP+ and GFP− fibers. GFP+ 

fibers are visible as the bright fibers within the outlined area. Muscle fiber CSA and 

perimeter was assessed in 1300 GFP+ and 1300 GFP− fibers from 6 muscles. Muscle fiber 

CSA was significantly decreased in GFP+ compared to GFP− fibers (889 ± 14 vs. 1107 ± 21 

µm2; GFP+ vs. GFP−, two-way ANOVA, p ≤ 0.001). Muscle fibers were binned between 0 

and 5000 in 200 µm2 increments. Significant differences were seen between GFP+ and GFP

− fibers in 400, 600, 800, and 2400 µm2 bins (Figure 4B). GFP+ fibers showed a similar 

decrease in fiber perimeter (106 ± 1 vs. 125 ± 1 µm; GFP+ vs. GFP−, two-way ANOVA, p ≤ 

0.001). Muscle fibers were binned between 0 and 375 in 15 µm increments. Significant 

differences were seen between GFP+ and GFP− fibers in 60, 75, 90, 195 and 210 µm bins 

(Figure 4C). Thus, donor-derived GFP+ fibers appear to be growing (de novo myofibers) 

and/or undergoing regeneration (fusion with endogenous fibers).

Discussion

It has long been known that skeletal muscle is dependent on muscle innervation to maintain 

contractile function and that denervation results in muscle fiber degeneration21,22. Thus, the 

inability of donor-derived muscle fibers to maintain their innervation or new establish 

innervation is a potential limitation of stem cell therapy. Our data indicates that donor-

derived muscle fibers are structurally innervated and that the extent of pre- and post-synaptic 

overlap is more extensive when compared to endogenous GFP− fibers, though we 

acknowledge our analysis of the quality of pre-synaptic labeling in muscle cross-sections 

preparations may be affected by the altered neuromuscular morphology found in GFP+ 

fibers. The reduced fiber CSA and perimeter in donor-derived myofibers along with AChR 

fragmentation and relative expansion of the end-plate are indicators of ongoing muscle fiber 
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regeneration23,24. If GFP+ muscle fibers are undergoing regeneration, then GFP+ fibers 

would be expected to express embryonic MHC25. Since the adult TA predominately contains 

fast fiber types26 and endplate area decreases progressively from type IIb, IIx, IIa to I fibers 

when normalized for fiber diameter, then GFP+ fibers would be expected to have smaller 

endplate areas compared to GFP− fibers. Our results, however, are the opposite with GFP+ 

fibers having larger relative areas than GFP− fibers27. Thus, the alteration in neuromuscular 

morphology seen in GFP+ fibers may result from changes in MHC expression during the 

regeneration process28. Taken together, our results suggest that some GFP+ fibers are the 

result of fusion of MuSC with endogenous fibers during muscle regeneration.

The NMJ appears to be remarkably perdurable in degenerating dystrophic muscles, since 

neurotransmission failure is not increased in the diaphragm of mdx mice5. This functional 

stability is perhaps due to close interaction between AChRs, rapsyn and utrophin / 

dystrophin-associated complex at the NMJ29. Neuromuscular transmission failure and 

structural abnormalities, however, can be acutely increased following eccentric injury of 

limb muscles in mdx mice9,10. In sum, severe AChR fragmentation, expanded end-plate 

area, reduced pre- / post-synaptic overlap, terminal Schwann cell sprouting, and acute 

neurotransmission failure after muscle injury have been reported in dystrophic 

muscle4,5,9,10. Thus, the NMJ of dystrophic muscle appears to maintain synaptic function 

despite having significant structural abnormalities. Here, we show that donor-derived muscle 

fibers, whether via de novo synthesis or fusion with endogenous fibers, also demonstrate 

clear structural innervation although with structural abnormalities.
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Figure 1. 
GFP+ muscle fibers are innervated. (A) Cryosection of the tibialis anterior muscle (TA) 

immunolabeled for GFP (green), postsynaptic acetylcholine receptors (AChR, red) and 

presynaptic vesicles and neurofilaments (cyan). (B) The region marked by the square in A is 

shown at higher magnification. (C–H) Paired color images of pre- and post-synaptic overlap 

along with greyscale images of presynaptic vesicles and neurofilament label. Neuromuscular 

junctions were categorized as denervated (*, no overlap between presynaptic label and 

AChR receptors above background), weak (<, diffuse overlap between presynaptic label and 
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AChR receptors), or strong (#, bright punctate overlap between presynaptic label and AChR 

receptors). Fibers shown in C are from the area marked with a circle in A. Fibers shown in E 

& G are from area marked with a square in A and expanded in B. Scale bar = (A) 1000 µm, 

(B) 100 µm, and (C) 300 µm.
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Figure 2. 
The NMJ of GFP+ muscle fibers show signs of regeneration but remain innervated. (A) 

Adjacent GFP− and GFP+ (pseudo-colored blue) muscle fibers. The GFP− fiber shows 

reduced pre- and post-synaptic overlap (yellow regions) compared to the GFP+ fiber. The 

arrow indicates a region of structural denervation which lacks pre-synaptic labelling. The 

white lines show muscle fiber diameter. (B) Relative AChR area was increased in GFP+ 

fibers (556 ± 50 vs. 423 ± 22 µm2; GFP+ vs. GFP−, Student t-test, p = 0.008).) Some GFP− 

fibers demonstrated end-plate fragmentation (see example in A), but as a group, GFP+ fibers 

showed greater AChR fragmentation compared to GFP− fibers (7.2 ± 0.8 vs. 5.1 ± 0.6 

regions; GFP+ vs. GFP−, Student t-test, p = 0.033). The extent of pre- and post-synaptic 

overlap was measured as marker of structural innervation. GFP+ fibers had greater overlap 

than GFP− fibers (80 ± 2 vs. 62 ± 4%; GFP+ vs. GFP−, Student t-test, p = 0.001). Asterisks 

indicate significant difference. Scale bar = 20 µm.
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Figure 3. 
AChR fragmentation is greater in GFP+ fibers compared to GFP− fibers. (A) Four endplate 

regions of GFP− fibers showing normal AChR structure. (B &C) GFP+ fibers showed highly 

fragmented AChR endplate regions. The 1 & 2 in C indicate two distinct muscle fibers. 

Scale bar = 20 µm.
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Figure 4. 
GFP+ muscle fibers are smaller than GFP− muscle fibers. (A) Sample GFP+ and GFP− 

muscle fibers. GFP+ fibers are visible as the bright fibers within the outlined area. Muscle 

fiber cross-sectional area (CSA) and fiber perimeter was assessed in 1300 GFP+ and GFP− 

muscle fibers. Scale bar = 100 µm. (B) Frequency histogram of fiber CSA (closed squares 

are GFP+ fibers, open squares are GFP− fibers). Muscle fiber CSA was reduced in GFP+ 

fibers (889 ± 14 vs. 1107 ± 21 µm2; GFP+ vs. GFP−, two-way ANOVA, p ≤ 0.001). (C) 
Frequency histogram of fiber perimeter. Muscle fiber perimeter was similarly reduced in 

GFP+ fibers (106 ± 1 vs. 125 ± 1 µm; GFP+ vs. GFP−, two-way ANOVA, p ≤ 0.001). 

Asterisks indicate significant difference between GFP+ and GFP− muscle fibers at specific 

bin sizes.
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Table 1

Classification of Pre-synaptic nerve and vesicle labeling

NMJ Classification GFP+ (%) GFP− (%) p-value

Denervated 0 ± 0 1.4 ± 0.3 0.032

Weak labeling 15.5 ± 4.3 27.8 ± 2.4 0.038

Strong labeling 84.5 ± 4.3 70.8 ± 2.6 0.026

mean ± SEM, one-way Student’s t-test
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