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Tourniquet application and its subsequent release cause serious injuries to the skeletal muscle, nerve, and neuromuscular junction (NMJ) due to mechanical compression and ischemia-reperfusion (IR). Monitoring structural and functional repair of the NMJ, nerve, and skeletal muscle after tourniquet-induced injuries is beneficial in exploring potential cellular and molecular mechanisms responsible for tourniquet-induced injuries, and for establishing effective therapeutic interventions. Here, we observed long-term morphological and functional changes of the NMJ in a murine model of tourniquet-induced hindlimb injuries. Unilateral hindlimbs of C57/BL6 mice were subjected to 3 h of tourniquet by placing an orthodontic rubber band, followed by varied periods of tourniquet release (1 day, 3 days, 1 week, 2 weeks, 4 weeks, and 6 weeks). NMJ morphology in the gastrocnemius muscle was imaged, and the endplate potential (EPP) was recorded to evaluate NMJ function. In NMJs, nicotinic acetylcholine receptor (nAChR) clusters normally displayed an intact, pretzel-like shape, and all nAChR clusters were innervated (100%) by motor nerve terminals. During 3 h of tourniquet application and varied periods of tourniquet release, NMJs in the gastrocnemius muscle were characterized by morphological and functional changes. At 1 day and 3 days of tourniquet release, nAChR clusters retained normal, pretzel-like shapes, whereas motor nerve terminals were completely destroyed and no EPPs recorded. From 1 to 6 weeks of tourniquet release, motor nerve terminals gradually regenerated, even reaching that seen in sham mice, whereas nAChR clusters were gradually fragmented with prolongation of tourniquet release. Additionally, the amplitude of EPPs gradually increased with prolongation of tourniquet release. However, even at 6 weeks after tourniquet release, the amplitude of EPPs did not restore to the level seen in sham mice (13.9 ± 1.1 mV, p < 0.05 vs. sham mice, 29.8 ± 1.0 mV). The data suggest that tourniquet application and subsequent release impair the structure and function of NMJs. Morphological change in motor nerve terminals is faster than in nAChR clusters in NMJs. Slow restoration of fragmented nAChR clusters possibly dampens neuromuscular transmission during the long phase following tourniquet release.
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INTRODUCTION

In vertebrates, the skeletal muscle requires motor nerve innervation to produce skeletal muscle contractions and to avoid muscle atrophy. Contact between motor neurons and their target muscle fibers forms a chemical synapse, known as the neuromuscular junction (NMJ). In the physiological condition, excited motor neurons release acetylcholine (ACh) from their nerve terminals, which diffuses across the synaptic cleft and binds to nicotinic acetylcholine receptors (nAChRs) on the postsynaptic membrane (known as the motor endplate) of the muscle. Binding of ACh to nAChRs can depolarize endplate potential (EPP) and may trigger a cascade of signals that eventually results in skeletal muscle contractions and movements (Tintignac et al., 2015).

Efficient neuromuscular transmission is highly reliable, in that a high density of postsynaptic nAChRs (about 10,000 receptors/μm2) is maintained in the motor endplate (Sanes and Lichtman, 2001) and redistributed to form nAChR clusters (Froehner et al., 1990; Phillips et al., 1991; Yu and Hall, 1994; Huh and Fuhrer, 2002). These compacted nAChR clusters are considered as safety mechanism in that the excess depolarization of the postsynaptic membrane in response to each nerve impulse ensures the occurrence of skeletal muscle contractions in healthy tissue (Wood and Slater, 2001).

Proper development and organization at the NMJ are necessary for effective neuromuscular transmission (Tintignac et al., 2015). However, a number of pathological conditions that may affect the innervation and distribution of nAChRs can lead to a reduction in the safety mechanism and result in the impairment of neuromuscular transmission (Wood and Slater, 2001). Injured peripheral nerves and skeletal muscles have a remarkable ability for tissue regeneration (Scheib and Hoke, 2013; Domingues-Faria et al., 2016), and regeneration of functional NMJs occurs after NMJ injury (McMahan et al., 1980; Darabid et al., 2014). Although, regenerated NMJs are mainly formed at original synaptic sites of the skeletal muscle (McMahan et al., 1980), growing evidence demonstrates that NMJs are also formed on regenerated axons and muscle fibers (Slater, 1982; Slater and Allen, 1985; Ijkema-Paassen et al., 2002; Nishizawa et al., 2003; Li and Thompson, 2011; Grumbles et al., 2012; Kang and Lichtman, 2013). The alteration of regenerated NMJs formed at both original synaptic sites and new synaptic areas, however, is associated with permanent neurological deficiency, and long-term skeletal muscle contractile dysfunction, even to the degree of complete limb paralysis (Creager et al., 2012).

The tourniquet is commonly used for severe limb hemorrhage and is often necessary to save life (Beekley et al., 2008; Inaba et al., 2015; Zietlow et al., 2015; Scerbo et al., 2016). However, a number of complications, including serious injuries to the skeletal muscle, nerve, and NMJ, are related to both tourniquet treatment and subsequent tourniquet release (Ochoa et al., 1971; Kam et al., 2001; Doyle and Taillac, 2008). Injuries from tourniquet-induced direct mechanical compression and ischemia-reperfusion (IR) have made recommended use of the tourniquet controversial and ambiguous. Animal models of tourniquet-induced limb injuries have been widely used to mimic human tourniquet-related extremity injuries for studying the pathophysiology and consequences of tourniquet-induced limb injuries. Using a mouse model of tourniquet-induced hindlimb injuries, our previous studies showed that 3 h of tourniquet application and 4 h of subsequent tourniquet release caused necrosis and apoptosis of the gastrocnemius muscle (Tran et al., 2011, 2012). Additionally, after 3 h of tourniquet followed by 6 weeks of tourniquet release, function of the NMJ, and skeletal muscle contractility are only partially recovered (Zhang et al., 2017). Monitoring morphological and functional changes of the NMJ and skeletal muscle after tourniquet application is beneficial to exploring the potential cellular and molecular mechanisms responsible for tourniquet-induced limb injuries, optimizing the tourniquet method to reduce major and direct damage to innervating motor axons and NMJs, and discovering effective therapeutic interventions to improve long-term recovery of the skeletal muscle, nerve, and NMJ from tourniquet-induced injuries. In the present study, we observed the time course for morphological and functional alterations of the NMJ in a murine model of tourniquet application and subsequent release at the hindlimb. We found that tourniquet application and subsequent release significantly altered the morphology of NMJs. In particular, motor nerve terminals and nAChR clusters did not present synchronizing regeneration in NMJs located on gastrocnemius muscles, which affected recovery of the neuromuscular transmission.

MATERIALS AND METHODS

Animals

Male C57/BL6 mice (7–8 weeks of age, 22–24 g, n = 65, Charles River Laboratory) were housed under controlled temperature and humidity and a 12:12-h dark–light cycle, and were provided water and mouse chow ad libitum. Body weights of animals in different time-points of treatments were shown in Table 1. Experiments were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee and were carried out in accordance with the National Institutes of Health (NIH Publication No. 85–23, revised 1996) and the American Physiology Society's “Guides for the Care and Use of Laboratory Animals.”


Table 1. Body weight in sham mice and mice with different periods of the tourniquet release after 3 h of tourniquet (1-d TR, 3-d TR, 1-wk TR, 2-wk TR, 4-wk TR, and 6-wk TR).
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A Mouse Model of Tourniquet-Induced Hindlimb Injuries

A mouse model of tourniquet-induced hindlimb injuries has been used in our previous studies (Tran et al., 2011, 2012; Zhang et al., 2017). Mice were anesthetized with a cocktail consisting of 100 mg/kg ketamine and 10 mg/kg xylazine, given as an intraperitoneal injection (0.01 ml/g body weight). The level of anesthesia was continuously monitored by observing the respiratory patterns and toe pinch reflex. Anesthesia was maintained throughout 3 h of tourniquet and initial 4 h of tourniquet release with additional anesthetic cocktail (0.1 ml) as needed. After the induction of anesthesia, fur was completely removed from left hindlimb with an electric shaver. The animals were restrained on a heating pad to maintain body temperature at 37°C until the animals woke up.

The tourniquet in unilateral hindlimb (left) was performed by placing an orthodontic rubber band at the hip joint, using a McGivney hemorrhoidal ligatorer. After 3 h of tourniquet, the orthodontic rubber band was released and the hindlimb underwent tourniquet release for 1 day (1-d TR), 3 days (3-d TR), 1 week (1-wk TR), 2 weeks (2-wk TR), 4 weeks (4-wk TR), or 6 weeks (6-wk TR), respectively. Sham-operated animals were subjected to the same procedure except for the application of the orthodontic rubber band. During 3 h of tourniquet application and the initial 4 h of tourniquet release, mice were kept well-hydrated with an intraperitoneal injection of 0.2 ml normal saline every 2 h.

Electrophysiological Recording of the EPP In situ (Zhang et al., 2017)

Under anesthesia (800 mg/kg urethane and 40 mg/kg chloralose, i.p.), the mouse was placed in prone position and maintained on a heating pad at 37°C. The middle and distal end of the left gastrocnemius muscle was isolated and then covered by warmed saline-moistened cotton. The distal cut end of the exposed sciatic nerve was placed on a bipolar platinum electrode and covered by cotton moistened with mineral oil. A specific muscle Na+ channel blocker, μ-conotoxin GIIIB (4 μM, 200 μL) was locally injected into the gastrocnemius muscle to inhibit muscle contraction, and muscle contraction was fully blocked 15 min after drug injection. The EPP were recorded by intracellular recording technique. A glass microelectrode filled with 3 M KCl (5–15 MΩ pipette resistance) was slowly inserted into the gastrocnemius muscle fiber and then connected with an intracellular preamplifier (IX 1; Dagan Corporation, Minneapolis, MN, USA). Proximity of the electrode to an endplate was determined by the presence of miniature endplate potentials (mEPPs). Sciatic nerve stimulation (10 V, 50 Hz, 0.1 ms) was used to evoke EPP. Recording of sciatic nerve stimulation-evoked EPPs was digitized and stored on computer by PowerLab 8/30 Data Acquisition System with LabChart 7 (AD Instruments) for analyzing the amplitude of EPPs. EPPs were recorded in 10–15 sites of the gastrocnemius muscle from each mouse in all experimental groups.

Fixation and Dissection of Muscle

At the end of sham or tourniquet-to-tourniquet release protocol, the mouse was anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) solution. The gastrocnemius muscle was immediately harvested and postfixed with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) for 15 min, followed by incubation in 0.1 M glycine for 15 min. The muscle was split into 8–10 small longitudinal segments to facilitate penetration of probes into neuromuscular junctions.

Immunohistochemistry of NMJs

Split segments of the gastrocnemius muscle were permeabilized in −20°C methanol for 10 min and blocked for 1 h in PBS containing 0.5% Triton and 1% BSA. Muscle segments were subsequently incubated overnight at 4°C in a cocktail of primary antibodies diluted in blocking solution. Axons and nerve terminals were labeled with mouse anti-neurofilament 200 (Sigma. N0142, 1:500) and rabbit anti-synaptophysin (ThermoFisher. MA5-16402, 1:100) antibodies. After several rinses with PBS, muscle segments were then incubated overnight at 4°C with Alexa Fluor® 594-labeled donkey anti-mouse (invitrogen. A21203, 1:200) and anti-rabbit (invitrogen. A21207, 1:200) IgGs, and Alexa Fluor® 488 labeled α-Bungarotoxin (α-BTX, invitrogen. B13422, 1:100). Muscle segments were thoroughly rinsed with PBS and mounted on glass slides. Immunohistochemically labeled NMJs were imaged using a laser scanning confocal microscope (Zeiss LSM 710).

Quantification of the NMJ Morphology and Imaging

Z-stack images of the NMJ were obtained from five different regions of each muscle segment and illustrated with maximum intensity projection. All analyses were performed on en-face NMJs. For quantification of the nAChR area in the NMJ, all endplate sizes labeled with α-BTX were estimated by manual tracing in ImageJ software (NIH Image) to calculate the number of discrete fragments per nAChR cluster, the nAChR area per nAChR cluster, the area per fragment, and the percentage of fragmented nAChR clusters in total nAChR clusters. Nerve terminal sizes labeled with neurofilament and synaptophysin in the endplate were measured to quantify the percentage of nerve innervation and the percentage of nerve terminal occupancy in NMJs. In the NMJ, the endplate with or without labeling for neurofilament and synaptophysin serves as an innervated or denervated endplate. The number of discrete fragments per nAChR cluster ≥5 was considered as a fragmented nAChR cluster. The nerve terminal occupancy in NMJs was calculated by overlapped area of the motor nerve terminal, with the nAChR cluster divided by total area of the nAChR cluster.

Data Analyses

All data are presented as mean ± SE. SigmaPlot 12 (Systat Software, Chicago, IL) was used for data analyses. One-way ANOVA, with a Bonferroni procedure for post-hoc, was used to determine statistical significance for multi-group comparison. A Chi-Square test was performed for percentage of fragmented nAChR clusters in total nAChR clusters and percentage of nerve innervation in the NMJ. Statistical significance was accepted when P < 0.05.

RESULTS

Changes of the NMJ Morphology during the Tourniquet and Subsequent Release (TR)

Motor nerve terminals and nAChR clusters in NMJs were labeled by neurofilament and synaptophysin, and BTX, respectively. In NMJs, the structure of pretzel-like nAChR clusters normally remained intact, and motor nerve terminals innervated nAChR clusters to form synapses for signal transmission (Figures 1A,B). TR significantly induced alterations of NMJ morphology (Figure 1). In 1-d TR and 3-d TR, all motor nerve terminals were eliminated, but the pattern of nAChR clusters had non-significant changes. In 1-wk TR, some motor nerve fibers appeared and a few motor nerve terminals innervated nAChR clusters, whereas there were no significant alterations in nAChR clusters. In 2-wk TR, although many motor nerve fibers regenerated within muscle nerve fascicles and approached NMJs, these motor nerve fibers did not enter endplates or only a part of motor nerve terminals formed synapses with nAChR clusters. At the same time, many nAChR clusters were fragmented in 2-wk TR. In 4-wk TR, motor nerve terminals began to sprout into endplates and form new NMJs, and many nAChR clusters remained to be fragmented. In 6-wk TR, motor nerve terminals almost overlapped with nAChR clusters, whereas some nAChR clusters were still fragmented (Figure 1).
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FIGURE 1. (A) Morphological changes in NMJs located on gastrocnemius muscles from sham mice and mice with different periods of tourniquet release after 3 h of tourniquet (1-d TR, 1-wk TR, 2-wk TR, 4-wk TR, and 6-wk TR). (B) Amplified photomicrographs for one NMJ in sham and 6-wk TR mice. Synaptophysin and neurofilament 200 (red color) and α-bungarotoxin (BTX; green color) were used to label presynaptic nerve terminals and post-synaptic nAChR clusters in NMJs.



Quantification for Alteration of Motor Nerve Terminals

The alteration of motor nerve terminals in the NMJ was then quantified (Figure 2). In sham animals, all nAChR clusters were innervated by motor nerve terminals (100%, 159 NMJs from 9 mice). In 1-d TR and 3-d TR, motor nerve terminals in the gastrocnemius muscle wholly disappeared in all NMJs (1-d TR: 0%, 43 NMJs from 3 mice; 3-d TR: 0%, 64 NMJ from 4 mice; p < 0.05 vs. sham). In 1-wk TR, a few motor nerve terminals re-innervated nAChR clusters (17.2%, 128 NMJ from 5 mice, p < 0.05 vs. sham). From 2-wk TR, nAChR clusters were gradually re-innervated by motor nerve terminals, with longer TR time, even reaching normal levels in 6-wk TR (2-wk TR: 62.9%, 159 NMJ 159 NMJs from 5 mice; 4-w TR: 99.2%, 125 NMJ from 4 mice; 6-w TR: 100%, 100 NMJ from 4 mice; Figure 2A).
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FIGURE 2. Motor nerve innervation to nAChR clusters on gastrocnemius muscles from sham mice and mice with different periods of tourniquet release after 3 h of tourniquet (1-d TR, 3-d TR, 1-wk TR, 2-wk TR, 4-wk TR, and 6-wk TR). (A) Motor nerve innervation to nAChR clusters. (B) Nerve terminal occupancy in NMJs. Data are mean ± SE, n = 43–159 NMJs from 3 to 9 mice in each group. *P < 0.05 vs. sham.



Although, motor nerve terminals innervate nAChR clusters in NMJs, the whole area of one nAChR cluster does not overlap with the innervated motor nerve terminal. Normally, the overlapping area is high in healthy NMJs (Tintignac et al., 2015). Nerve terminal occupancy in NMJs was calculated to compare the overlapping area in all experimental groups (Figure 2B). In sham mice, nerve terminal occupancy in NMJs was 76.31% ± 1.24. In 1-d TR and 3-d TR, there was no nerve terminal occupancy in NMJs (p < 0.05 vs. sham). From 1-wk TR to 6-wk TR, nerve terminal occupancy in NMJs was gradually restored with longer time of TR, especially approaching the normal level in 6-wk TR (5.14% ± 0.77 for 1-wk TR, 19.64% ± 1.27 for 2-wk TR, 50.58 % ± 2.17 for 4-wk TR, and 71.30% ± 1.65 for 6-wk TR; Figure 2B).

Quantification for nAChR Clusters

Changes in nAChR clusters were also quantified into 4 variables (Figure 3). The number of fragments in each individual nAChR cluster was no more than 4 in sham animals (1.83 ± 0.07, 159 nAChR clusters from 9 mice, Figure 3A). Compared to sham mice, there were no significant changes in the number of fragments per nAChR cluster before 1-wk TR (1-d TR: 1.55 ± 0.10, 43 nAChR clusters from 3 mice; 3-d RR: 2.33 ± 0.17, 64 nAChR clusters from 4 mice; 1-wk TR: 2.92 ± 0.14, 128 nAChR clusters from 5 mice; p > 0.05 vs. sham). From 2-wk TR to 6-wk TR, the number of fragments per nAChR cluster was significantly increased (2-wk TR: 5.50 ± 0.30, 159 nAChR clusters from 5 mice; 4-wk TR: 8.94 ± 0.67, 125 nAChR clusters from 4 mice; 6-wk TR: 6.88 ± 0.50, 100 nAChR clusters from 4 mice; p < 0.05 vs. sham; Figure 3A).
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FIGURE 3. Alterations of nAChR clusters on gastrocnemius muscles from sham mice and mice with different periods of tourniquet release after 3 h of tourniquet (1-d TR, 3-d TR, 1-wk TR, 2-wk TR, 4-wk TR, and 6-wk TR). (A) The number of fragments per nAChR cluster. (B) Fragmented nAChR clusters per total nAChR clusters. (C) Area per fragment. (D) Whole area per nAChR cluster. The number of discrete fragments per nAChR cluster ≥5 was considered as a fragmented nAChR cluster. Data are mean ± SE, n = 43–159 nAChR clusters from 3 to 9 mice in each group. *P < 0.05 vs. sham.



When the number of discrete fragments per nAChR cluster ≥5 was considered as a fragmented nAChR cluster, the percentage of fragmented nAChR clusters began to increase from 1-wk TR, and lasted until 6-wk TR (0% for sham, 0% for 1-d TR, 0% for 3-d TR, 14.8% for 1-wk TR, 55.4% for 2-wk TR, 72.8% for 4-wk TR, and 64% for 6-wk TR; Figure 3B).

Another variable, the area per fragment, began to decrease from 3-d TR, and gradually reduced to a lower level with longer TR time (516.6 ± 21.6 for sham, 551.1 ± 42.3 for 1-d TR, 430.8 ± 33.7 for 3-d TR, 320.5 ± 6.5 for 1-wk TR, 135.1 ± 18.1 for 2-wk TR, 101.7 ± 10.9 for 4-wk TR, and 150.4 ± 10.7 for 6-wk TR; Figure 3C).

There were no changes in the area per nAChR cluster (the area per fragment times the number of fragments) before 1-wk TR (761.1 ± 53.8 for 1-d TR, 764.7 ± 35.1 for 3-d TR, and 689.4 ± 17.9 for 1-wk TR), compared to sham animals (777.34 ± 17.98, Figure 3D). The area per nAChR cluster was markedly reduced in 2-wk TR and 4-wk TR (561.6 ± 18 and 523.4 ± 25.4, p < 0.05 vs. sham), but recovered to the normal level in 6-wk TR (717.1 ± 37.1, Figure 3D).

Functional Changes of NMJs during TR

As noted, the NMJ normally conveys electrical signals from the motor nerve to the skeletal muscle and initiates skeletal muscle contraction. As the index of neuromuscular function, sciatic nerve-stimulated EPPs in the gastrocnemius muscle were recorded in all experimental groups (Figure 4). In the sham group, the amplitude of sciatic nerve-stimulated EPPs was 29.4 ± 0.6 mV (135 NMJs from 12 mice). In 1-d TR and 3-d TR, sciatic nerve-stimulated EPPs were not detectable. After 1-wk TR, the amplitude of sciatic nerve-stimulated EPPs gradually increased with longer TR time (1-wk TR: 1.5 ± 0.5 mV, 20 NMJs from 3 mice; 2-wk TR: 5.8 ± 0.7 mV, 38 NMJs from 3 mice; 4-wk TR: 9.5 ± 0.9 mV, 38 NMJs from 4 mice; 6-wk TR, 13.9 ± 1.1 mV, 40 NMJs from 3 mice; p < 0.05 vs. sham). Of more importance, the amplitude of sciatic nerve-stimulated EPPs did not recover to the normal level, even in 6-wk TR (Figure 4).
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FIGURE 4. Sciatic nerve-stimulated endplate potentials (EPPs) recorded in gastrocnemius muscles from sham mice and mice with different periods of tourniquet release after 3 h of tourniquet (1-d TR, 3-d TR, 1-wk TR, 2-wk TR, 4-wk TR, and 6-wk TR). (A) Representative EPP recording in gastrocnemius muscles from sham and 6-wk TR mice. (B) Mean data illustrating the amplitude of EPPs recorded in gastrocnemius muscles from all experimental groups. Data are mean ± SE, n = 0–135 EPPs from 3 to 12 mice in each group. *P < 0.05 vs. sham.



DISCUSSION

In the present study, we found that structural changes of motor nerve terminals and nAChR clusters in NMJs located on mouse gastrocnemius muscles had different timing patterns after TR. Motor nerve terminals completely disappeared in 1-d TR and 3-d TR, and then gradually regenerated with longer TR time, even re-innervating to all nAChR clusters in 6-wk TR. nAChR clusters had no significant alterations in 1-d TR and 3-d TR, but then over half of nAChR clusters were fragmented with longer TR time (from 2-wk TR to 6-wk TR). As the index of neuromuscular function, sciatic nerve-stimulated EPPs in the gastrocnemius muscle were not detectable in 1-d TR and 3-d TR. Although, the amplitude of sciatic nerve-stimulated EPPS gradually increased with longer TR time, amplitude did not recover to normal levels even in 6-wk TR. These findings indicate that the morphological damage of NMJs, including motor nerve terminals and nAChR clusters, causes neuromuscular dysfunction in mouse limb TR model.

When the limb is subjected to hypoxia-reperfusion in ex-vivo nerve and muscle preparations, motor nerves are the most vulnerable neuromuscular component (Baxter et al., 2008). In general, the extent of tissue damage depends on the duration of tourniquet application, and this has been found to be so in patients with tourniquet use and in the animal limb TR model. Most clinical studies support that no more than 60–90 min of tourniquet are the upper limit of safe tourniquet time in operative theaters and pre-hospital settings (Beekley et al., 2008; Doyle and Taillac, 2008). Thirty minutes of tourniquet application and subsequent release for 24 h only result in minor morphological changes of motor nerve terminals, whereas more than 30 min of tourniquet causes denervation of motor endplates in the skeletal muscle (David et al., 2007). Three hours of ischemia induced by artery occlusion completely block nerve conduction, and subsequent reperfusion disrupts the structure of motor nerves (Blunt, 1960; Makitie and Teravainen, 1977; Schmelzer et al., 1989). Tombol et al. also reported ultrastructural changes of the NMJ in a rat model of 2 h of tourniquet followed by 4 weeks of release (Tombol et al., 2002). These structural changes include loss of synaptic vesicles, disruption of the presynaptic membrane, mitochondria dysfunction, and development of vacuoles in the NMJ (Tombol et al., 2002). In particular, motor nerve degeneration is the most severe at 24 h of tourniquet release, and lasts about 4 weeks after tourniquet release (Tombol et al., 2002). In the present study, we found that 3 h of tourniquet application and subsequent release completely wiped out motor nerve terminals in 1-d TR and 3-d TR (Figures 1, 2). Additionally, the regeneration of motor nerve terminals began at 1-wk TR, and motor nerve innervation to nAChR clusters and motor nerve occupancy in NMJs gradually increased with longer TR time, even reaching normal levels in 6-wk TR (Figures 1, 2). These results are consistent with data from other two research groups (Tombol et al., 2002; Iida et al., 2003).

A high density of nAChRs is the hallmark of NMJs. Highly compacted nAChR clusters ensure skeletal muscle contraction in response to each nerve impulse in healthy skeletal muscles (Wood and Slater, 2001). In adult skeletal muscles, nAChRs at the NMJ are clustered and stabilized on the skeletal muscle at a half-life of about 14 days (Akaaboune et al., 1999). Even if muscle fibers are ablated, a low level of nAChRs persists for some time (Li and Thompson, 2011). Stabilization of nAChR clusters results from nAChR recycling, regulated by the motor nerve terminal and by skeletal muscle activity (Akaaboune et al., 1999; Yampolsky et al., 2010; Li and Thompson, 2011; Ouanounou et al., 2016). With motor nerve denervation and aging, nAChR clusters undergo marked morphological remodeling, with a high percentage of nAChR cluster fragmentation (Falk et al., 2015; Tintignac et al., 2015). In the present study, although morphological changes of nAChR clusters were not as rapid as motor nerve degeneration, the removal of nAChRs from the skeletal muscle membrane gradually increased the number of fragments per nAChR cluster and decreased the area per fragment in the nAChR cluster with longer TR time (Figure 3). While criteria such as “5 or more” fragments have been used to classify the nAChR cluster as either “fragmented” or “non-fragmented” nAChR clusters (Valdez et al., 2010; Falk et al., 2015; Willadt et al., 2016), our findings demonstrate that over half of nAChR clusters were still fragmented in 6-wk TR, although motor nerve innervation to nAChR clusters and motor nerve terminal occupancy in NMJs were recovered to normal levels.

For neuromuscular transmission of motor nerve impulses, ACh released from motor nerve terminals binds to nAChRs in the endplate membrane and depolarizes the skeletal muscle so as to fire action potentials and muscle contractions. The motor nerve terminal can spontaneously induce fusion of a few synaptic vesicles for Ach release without motor nerve impulses, and this induces a very small depolarization in the endplate membrane, called the mEPP. The excitation of motor nerves causes simultaneous fusion of dozens of vesicles, and these elicit a local depolarization of the endplate by ~30 mV, called the EPP. EPPs initiated with motor nerve excitation can be used to evaluate the efficiency of NMJ transmission (Tintignac et al., 2015; Zhang et al., 2017). In the present study, sciatic nerve-stimulated EPPs could not be recorded in 1-d TR and 3-d TR. Although the amplitude of sciatic nerve-stimulated EPPs gradually increased with longer TR time, it was not recovered to the normal level, even in 6-wk TR (Figure 4). Both morphological alterations of NMJs (motor nerve terminals and nAChR clusters) and resulting of sciatic nerve stimulated-EPPs during the TR suggest that motor nerve denervation could be mainly involved in disability of NMJ transmission during early stage of TR, while fragmentation of nAChR clusters possibly is the key factor that causes inefficiency of NMJ transmission during late-stage of TR. Some previous studies have shown that fragmentation of an individual nAChR cluster might correlate with a decline in efficacy of the neuromuscular transmission in pathophysiological states (Maselli et al., 1995; Gonzalez-Freire et al., 2014; Steinbeck et al., 2015; Vescovo, 2015; Willadt et al., 2016). Our current study further demonstrates that dysfunction of NMJ transmission is mediated by both motor nerve denervation and the fragmentation of nAChR clusters during TR.

We clearly recognize that it is optimal to simultaneously measure the morphology (the structure of the NMJ) and function (EPPs) in the same single NMJ. However, this is currently not feasible, because it requires advanced techniques not yet developed. Nevertheless, by comparing the structure of the NMJ and sciatic nerve-stimulated EPPs at different periods of tourniquet release after 3 h of tourniquet application, the current study confirmed the correlation between morphological changes of the NMJ and dysfunction of NMJ transmission.

Although, motor nerve innervation and occupancy in NMJs were recovered to normal levels at 6-wk TR, it is possible that the functional alteration of motor nerves also affects the amplitude of sciatic nerve-stimulated EPPs. In future study, therefore, we will measure conduction velocity of motor nerves and acetylcholine release from motor nerve terminals in the gastrocnemius muscle, using the electrophysiological method (Oh et al., 2010) and micro-dialysis/HPLC technique (Huang et al., 2007), which can verify or exclude all of these possibilities.

In conclusion, TR resulted in acute and long-term morphological and functional alterations of NMJs in mouse gastrocnemius muscles. Motor nerve denervation mainly mediated disability of NMJ transmission during early stage of TR, whereas fragmentation of nAChR clusters could dampen NMJ transmission during late-stage of TR. The results suggest that, for tourniquet-induced extremity injuries, the animal model presented in this study is very useful to explore the potential cellular and molecular mechanisms of tourniquet-induced injuries, including NMJ dysfunction. Thereby, there is high potential to optimize the tourniquet method and discover therapeutic interventions that will improve outcomes for patients with tourniquet-induced injuries.
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