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Abstract

:

Simple Summary


Skeletal muscle injuries are very common in everyday life and especially in sports. In most cases, these injuries can be treated conservatively and rarely require surgical therapy. Adenosine, lidocaine and Mg2+ (ALM) is a novel solution that has already achieved promising results in experimental studies. Among other things, ALM is cardioprotective and pulmoprotective and improves oxygenation. Our purpose was to determine whether ALM also has protective effects on traumatized peripheral skeletal muscle. Seventy male Wistar rats were anesthetized and subjected to standardized open skeletal muscle trauma. Standardized contusion was performed with the protection of the neurovascular structures. Subsequently, the experimental animals were randomly assigned to the saline control and ALM group and received intravenous infusions of saline or ALM. After 1, 4, 7, 14 and 42 days, the biomechanical regenerative capacity was examined using incomplete tetanic force and tetany. In addition, muscle tissue was assessed for proliferation and apoptosis characteristics by immunohistochemistry. After ALM therapy, biomechanical force development and cell behavior showed significant benefits. More proliferative cells and fewer apoptotic cells were detectable in ALM-treated animals. This indicates that traumatized skeletal muscle could be positively affected by ALM therapy. ALM could be considered in the future as an adjuvant therapy option in clinical practice.




Abstract


Skeletal muscle trauma is a common injury with a range of severity. Adenosine, lidocaine and Mg2+ (ALM) is a protective solution and improves tissue perfusion and coagulopathy. Male Wistar rats were anesthetized and subjected to standardized skeletal muscle trauma of the left soleus muscle with the protection of the neurovascular structures. Seventy animals were randomly assigned to saline control or ALM. Immediately after trauma, a bolus of ALM solution was applied intravenously, followed by a one-hour infusion. After 1, 4, 7, 14 and 42 days, the biomechanical regenerative capacity was examined using incomplete tetanic force and tetany, and immunohistochemistry was used to examine for proliferation and apoptosis characteristics. Biomechanical force development showed a significant increase following ALM therapy for incomplete tetanic force and tetany on days 4 and 7. In addition, the histological evaluation showed a significant increase in proliferative BrdU-positive cells with ALM therapy on days 1 and 14. Ki67 histology also detected significantly more proliferative cells on days 1, 4, 7, 14 and 42 in ALM-treated animals. Furthermore, a simultaneous decrease in the number of apoptotic cells was observed using the TUNEL method. ALM solution showed significant superiority in biomechanical force development and also a significant positive effect on cell proliferation in traumatized skeletal muscle tissue and reduced apoptosis.
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1. Introduction


Skeletal muscle is constantly exposed to various types of injuries. Skeletal muscle injuries are among the most common injuries in primary care and sports [1,2,3]. In clinical practice, acute therapy includes rest, ice, compression and elevation to minimize hematoma. In combination, nonsteroidal anti-inflammatory drugs are also frequently administered [4,5]. In most cases of minor trauma and limited muscle damage, conservative therapeutic procedures are sufficient and lead to a good functional outcome [6]. Few indications require surgical therapy for skeletal muscle injury [6,7,8,9,10]. Healing of skeletal muscle occurs via a constant repair process that is independent of the etiology of the injury [11,12]. The process is divided into three phases: destruction (1), repair (2), and remodeling (3) [11,12]. First, rupture is followed by necrosis of the myofibers [5]. Hematoma is associated with the immigration of inflammatory cells and phagocytes to degrade the resulting hematoma [11,12,13,14]. In addition, an inflammatory cellular response occurs, activating growth factors, cytokines, and chemokines [5,12]. Second, satellite cells begin repairing the injured myofibers. They differentiate into myoblasts and combine into multinucleated myotubes to fuse with the injured muscle fibers [15]. The connective tissue scar is formed between the muscle fiber stumps, and the injury site is revascularized by ingrowing capillaries [5,16]. In the remodeling phase after myoblast differentiation, the focus is on restoring the functional capacity of the muscle [5]. Due to the production of type I collagen, the tensile strength of the connective tissue scar increases significantly [17,18,19]. The myofibers form more and more branches and, thus, penetrate the scar tissue so that the scar tissue decreases over time [11,20]. Patients suffering from major muscle trauma and delayed or inadequate post-traumatic healing of the injured muscle could benefit from supportive and regenerative therapeutic options.



The individual components of adenosine, lidocaine and Mg2+ (ALM) have been well-known and researched for many years. Adenosine is an endogenous nucleoside involved in nucleotide production, adenosine triphosphate turnover, and restoration of imbalances. Lidocaine is a fast Na+ channel blocker and is used as a local anesthetic and Class 1B antiarrhythmic. Magnesium is a naturally occurring electrolyte and essential for ionic regulation and cellular bioenergetics. Individually, each plays important roles in metabolism, immunomodulation, inflammation and coagulation [21]. ALM solution demonstrated increased survival in hemorrhagic shock, cardioprotective effects, improved microvascular perfusion with concomitant improved oxygenation, and pulmoprotective and nephroprotective properties in small and large animal studies conducted to date [22,23,24,25]. Furthermore, Morris et al. demonstrated less arthrofibrosis with ALM therapy in an animal model with total knee arthroplasty [26]. ALM therapy has also demonstrated reduced systemic inflammation, thrombocyte dysfunction, and coagulopathy after different trauma states [27,28]. More recently, ALM therapy has been shown to preserve hepatocyte architecture with less inflammation and necrosis 3 days after surgical resection, hemorrhage, and shock [29]. In addition, ALM induced cellular quiescence in the surgical margin, which may be a strategy for improved barrier protection and healing [29]. Importantly, the drug combination is unique; Adenosine, Lidocaine or Mg2+ alone do not confer these benefits [21]. Therefore, we hypothesized that the ALM solution might improve peripheral skeletal muscle regeneration and functionality after standardized open crush injury.




2. Materials and Methods


2.1. Animal Model and Experimental Groups


Seventy male Wistar rats (250–300 g body weight; 8 weeks old; Charles River Laboratories, Sulzfeld, Germany) were used for the experiments. The animals received water and standard laboratory chow ad libitum. Experiments were performed in accordance with the German Animal Welfare Act (LALLF M-V/TSD/7221.3-1-057/16).



Rats were intraperitoneally anesthetized with ketamine 10% (90 mg/kg bw, bela-pharm, Vechta, Germany) and xylazine 2% (25 mg/kg bw, Rompun®, Bayer Healthcare, Leverkusen, Germany), and the left hind leg was first shaved and disinfected with povidone–iodine (Betaisodona®, Mundipharma, Frankfurt am Main, Germany). Subsequently, the skin of the left hind leg was incised posterolaterally at the level of the Achilles tendon insertion approximately 3.5 cm longitudinally in the direction of the knee joint. The fasciotomy was performed parallel to the skin incision. Afterward, the soleus muscle could be mobilized by blunt dissection from the gastrocnemius muscle, as previously described [30]. The crush injury was performed with an instrumented clamp a total of seven times for 10 s each with a force of 25 N (DMC plus, Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany). The left soleus muscle was contused in a standardized manner across its entire width from proximal to distal, leaving out the neurovascular structures (Figure 1). The surgical area was post-traumatically lavaged with a sterile 0.9% saline solution. Subsequently, after the crash, a bolus of ALM (composition of ALM: adenosine 2.5 mg/kg/h, lidocaine 5 mg/kg/h and Mg2+ 2.5 mg/kg/h in 10 mL 0.9% NaCl) was administered (0.5 mL/kg bw) through intravenous access in the tail vein (BD GmbH, NeoflonTM 26G, Heidelberg, Germany) followed by a one-hour infusion (1.3 mL/kg bw) using ALM stock solutions described by Letson and colleagues [28]. The control group (Saline) received equivalent amounts of saline. The superficial muscle and the skin were sutured using 4-0 Vicryl sutures (Johnson & Johnson Medical GmbH Ethicon, Norderstedt, Germany) in each case. A heating plate was used to keep the body temperature constant between 36–37 °C throughout the operation (Klaus Effenberger, Medizintechnische Geräte, Pfaffing, Germany). After awakening from anesthesia, the animals remained in individual cages with free access to water and standard laboratory chow. For postoperative pain therapy, metamizole was added to the drinking water (375 mg per 100 mL drinking water, daily change, Novaminsulfon Lichtenstein 500 mg/mL, Zentiva Pharma, Berlin, Germany). The ALM group (n = 35) and the control group (n = 35) were examined after 1 (n = 7), 4 (n = 7), 7 (n = 7), 14 (n = 7), and 42 (n = 7) days. For immunohistochemical analysis of muscle cell proliferation, animals received a single intraperitoneal injection of BrdU (50 mg/kg) 48 h before the final experiments on days 1, 4, 7, 14, and 42 [31,32,33]. Based on group classification, the group evaluated on day one was injected with BrdU immediately after crush injury, 24 h before evaluation.




2.2. Muscle Strength Measurement


To assess muscle strength in vivo, as described by Matziolis et al. [30], the animals were intraperitoneally re-anesthetized with ketamine 10% (90 mg/kg bw, bela-pharm, Vechta, Germany) and xylazine 2% (25 mg/kg bw, Rompun®, Bayer Healthcare, Leverkusen, Germany) and placed on the heating plate for the duration of the study (n = 7 per group and time point). After bilateral exposure of the sciatic nerve and soleus muscle, the Achilles tendon was cut and interspersed with a reinforcement suture (4-0 Vicryl sutures, Johnson & Johnson Medical GmbH Ethicon, Norderstedt, Germany). Afterward, the fixation of the respective hind leg was performed at the knee joint and at the distal lower leg, and the reintwitched Achilles tendon was clamped in the measuring apparatus (NM-01, Experimetria, Budapest, Hungary). The muscle strength measurement was first performed on the healthy right soleus muscle and directly followed by the strength measurement of the traumatized left soleus muscle. The force measurement took only a few minutes per side. The muscle was only kept moist with isotonic saline during the muscle strength measurement. For indirect stimulation of the soleus muscle, the ipsilateral sciatic nerve was stimulated using a curved stimulation electrode (CRS-ST-02-0, Experimetria, Budapest, Hungary) (Figure 2). For incomplete tetanic force stimulation with 9 mA/75 Hz, bipolar was applied five times for 0.1 s each time at an interval of 5 s; for tetany, stimulation was applied at 9 mA/75 Hz five times for 3 s each time at an interval of 5 s (Figure 2 and Figure 3). The contraction forces of complete and incomplete tetany were analyzed by calculating the mean of the maximum values from the first five contractions and expressed as a percentage of the corresponding values of the contralateral healthy muscle (Figure 3). At the end of the experiments, muscle tissue was resected for subsequent histochemistry and immunohistochemistry (see below).




2.3. Histochemistry and Immunohistochemistry


The muscle tissue was fixed in formalin 4% for 2–3 days, then embedded in paraffin and sectioned longitudinally from proximal to distal in 4 µm width. This procedure ensured the assessment of uninjured muscle tissue, injured muscle tissue and the muscle tissue immediately next to the injury zone (penumbra, see Figure 4). The penumbra, defined as the area immediately adjacent to the crush injury, was evaluated by light microscopy at 400× magnification in 10 fields of view per preparation. To evaluate whether intravenous ALM therapy has a positive effect on the number of proliferating cells, the muscle tissue was examined histologically using the immunohistochemical stains BrdU and Ki67. Proliferating BrdU-positive cell nuclei located at the border between muscle fiber and interstitial space were also quantitatively evaluated. These cell nuclei are declared as transitional proliferating cell nuclei in this study. Ki67 is an immunohistochemical marker that shifts from the interior of the nucleus to the surface of the chromosome during the active phase of the cell cycle during mitosis. Because of this property, the Ki67 protein is a good marker to represent the growth fraction of a cell population [34]. Using the Ki67 technique, it is possible to identify nuclear antigens expressed in all phases of the cell cycle (G1-, S, G2-, and M-phases), with the exception of G0-phase [35,36,37]. Similarly, a strong correlation has been demonstrated between the BrdU and Ki67 techniques, and it has been confirmed that Ki67 can reliably detect growth fraction in paraffin-embedded rat tissues [38,39,40,41,42]. Cell apoptosis was quantified by the TUNEL method.



To demonstrate the presence of BrdU in the muscle tissue, we employed a monoclonal mouse anti-BrdU antibody (1:50 dilution; No. M0744, Dako Cytomation, Hamburg, Germany) for Ki67 staining a monoclonal rabbit anti-Ki67 antibody was used (1:200 dilution; No. 15580, Abcam, Berlin, Germany). For visualization, 3,3′-diaminobenzidine was utilized as the chromogen. The sections were examined using a light microscope (BX 51, Olympus, Hamburg, Germany) with a ×40 objective lens (numerical aperture 0.65). The resulting data were presented as the number of cells per square millimeter (mm2). Apoptotic cells were detected using the ApopTag kit (ApopTag, S7101, Merck Millipore, Temecula, CA, USA) by the TUNEL method.




2.4. Statistical Analysis


The statistical evaluation with the calculations of the mean values, as well as the standard error (SEM) and the graphical representations of the experimental results, were performed with Sigmaplot 13.0 (Systat Software Inc., San Jose, CA, USA). The respective results are given as mean values ± SEM. If the values were normally distributed (Shapiro–Wilk test), the statistics for the group comparison were determined by two-way analysis of variance (two-way ANOVA). Significance levels are indicated at p < 0.05. Because of a lack of normal distribution in the evaluation of apoptotic cells, the Mann–Whitney rank sum test with Bonferroni correction was performed.





3. Results


3.1. General Observations In Vivo


All animals with open crush injury of the left soleus muscle awoke from anesthesia without complications. Use of the left hind leg was only slightly restricted during the first one to three days. No other signs indicating pain or disease were to be observed. The healthy right hind leg showed no limitations in all force measurements and is used as a reference in incomplete tetanic force and tetany to determine the functional deficit of the traumatized left hind leg.




3.2. Muscle Strength Measurement


Measurement of contraction forces at the uninjured soleus muscle of the contralateral hindlimb revealed a mean incomplete tetanic force of 0.55 ± 0.01 N and a mean tetanic force of 0.91 ± 0.02 N (n = 70). As a result of the open crush injury to the left soleus muscle, a markedly reduced contractile force was measured on day one, with 18% (ALM, incomplete tetanic force) vs. 19% (Saline, incomplete tetanic force) and 13% (ALM and Saline group, tetany) of the force of the contralateral uninjured, healthy soleus muscle. On day four, the traumatized muscle tissue showed recovery of contractile force to 43% (ALM) and 27% (Saline) for incomplete tetanic force and to 42% (ALM) and 20% (Saline) for tetany compared with the force of the contralateral muscle. During the further observation period, the traumatized muscle tissue showed further improvement in muscle force at day 7 to 62% (ALM), as well as 46% (Saline) for incomplete tetanic force and 47% (ALM), as well as 33% (Saline) for tetanic force compared with the force of the contralateral muscle. By day 14, the force development of the contraction force increased to 70% (ALM, incomplete tetanic force) and 66% (Saline, incomplete tetanic force), respectively, to 56% (ALM, tetany) and 55% (Saline, tetany) in relation to the contraction force of the healthy muscle (Figure 5).




3.3. Muscle Tissue Proliferation and Apoptosis


Quantitative analysis of muscle tissue after open crush showed different kinetics of cell proliferation in the ALM group compared with the control group. In the evaluation of BrdU-positive cells, all proliferative cells reached their maximum value at day 1, with 36.7 ± 2.2 cells per mm2 in ALM-treated animals compared to 25.1 ± 2.3 cells per mm2 in controls (p < 0.05) (Figure 6). On day 4, cell numbers were 28.9 ± 4.0 cells per mm2 (ALM) and 23.0 ± 1.4 cells per mm2 (Saline). Day 7 showed reduced proliferation behavior with 20.0 ± 3.7 cells per mm2 in the ALM group and 18.8 ± 1.3 cells per mm2 in controls. At day 14, 24.0 ± 0.9 cells per mm2 (ALM) and 13.1 ± 0.7 cells per mm2 (Saline) were verifiable. After 42 days, the number of proliferative cells was further regressed in both groups, with 5.9 ± 0.6 cells per mm2 (ALM) and 2.5 ± 0.1 cells per mm2 in controls (Figure 6).



Transitional cells (e.g., cells located at the border between muscle fibers and interstitial space) were assessed separately. On day 1, significantly more transitional cells were detectable in the ALM group (22.4 ± 1.6 vs. 16.3 ± 0.0). Day 4 also showed a significantly higher number of transitional proliferating cell nuclei in the ALM group compared to the control group (22.3 ± 3.9 vs. 16.5 ± 2.6). In the further course, a reduced proliferation behavior was found on day 7, with 13.4 ± 3.1 in the ALM group and 11.2 ± 1.2 in the control group. After 14 and 42 days, a significant difference between the two groups was again observed (ALM-14: 16.7 ± 0.1 vs. Saline-14: 10.6 ± 0.6 and ALM-42: 4.0 ± 0.3 vs. Saline-42: 2.1 ± 0.1).



The proliferation behavior in the evaluation of Ki67-positive cells was similar to that in the BrdU analysis. However, in contrast to BrdU, there were significantly more Ki67-proliferative cells in the ALM group than in saline controls at all time points (Figure 7). On day 1, 83.4 ± 1.4 cells per mm2 (ALM) and 57.8 ± 3.5 cells per mm2 (Saline) were detected. Progressive values were seen on day 4 with 87.3 ± 2.5 cells per mm2 (ALM) and 63.0 ± 2.3 cells per mm2 (Saline). Maximum values were reached on day 7 with 90.8 ± 2.5 cells per mm2 (ALM) and 72.1 ± 3.7 cells per mm2 (Saline). In the further course, the number of proliferative cells was regressive. After 14 days, 70.0 ± 2.4 cells per mm2 (ALM) and 51.1 ± 2.2 cells per mm2 (Saline) were measured. The lowest number of proliferative cells was seen after 42 days, with 48.1 ± 2.7 cells per mm2 (ALM) and 23.1 ± 0.5 cells per mm2 (Saline) (Figure 7).



Quantification of cell apoptosis in traumatized muscle tissue was performed using the TUNEL method. On days 1, 4, and 7, significantly fewer apoptotic cells were detected in ALM-treated animals than in controls (Figure 8). On day 1, there were 10.2 ± 0.8 cells per mm2 (ALM) and 13.0 ± 1.0 cells per mm2 (Saline), with numbers increasing to 11.4 ± 0.0 cells per mm2 (ALM) and 22.7 ± 0.8 cells per mm2 (Saline) by day 4. At day 7, the number of apoptotic cells was regressive, with 7.0 ± 0.3 cells per mm2 (ALM) and 12.3 ± 0.3 cells per mm2 (Saline) (p < 0.05). After 14 days, 4.4 ± 0.1 cells per mm2 and 2.7 ± 0.1 cells per mm2 were detected in ALM and control groups, respectively. At day 42, there was a decrease in apoptotic cells to baseline physiological levels in both groups, with 0.4 ± 0.1 cells per mm2 (ALM) and 0.4 ± 0.0 cells per mm2 (Saline) (Figure 8).



In contrast to the different values of cell numbers at the initial study time points, cell proliferation and cell apoptosis were the same in animals from both groups at the end of the study period.



Histological analysis was conducted on the intact, healthy soleus muscle to examine its proliferation behavior and apoptosis. The results are summarized in Table 1. Significant differences in proliferation values were measured in BrdU staining. This suggests that altered proliferative activity also occurs on uninjured skeletal muscle with the influence of ALM.





4. Discussion


In the present study, we have evaluated ALM solution in an animal model of standardized severe muscle trauma for the first time to the best of our knowledge. Recent studies have identified several effects of ALM that may have a positive impact on polytrauma patients, including improvement in cardiac and hemodynamic function, more rapid correction of coagulopathy, reduction in inflammation, endothelial injury, and infection, and improvement in oxygenation [21,23,27,43,44]. In addition, ALM is thought to have anti-apoptotic effects, which have also been demonstrated in the current study in traumatized skeletal muscle tissue [45]. Therefore, better recovery of muscle function could be shown within the period after trauma induction.



To better understand the pathophysiology of muscle trauma, appropriate experimental trauma models are needed that can realistically represent the trauma, are standardizable and reproducible and allow for further assessment [46].



4.1. Animal Skeletal Muscle–Trauma Model


The trauma model used with the contusion of the soleus muscle is an established and standardized model of open severe soft tissue trauma. The muscle is isolated and traumatized, and the blood and nerve supply remain intact. This is a major advantage of this model, as one can achieve standardized myofiber damage without denervation [46]. The preparation of the muscles of the hind leg and, in particular, the soleus muscle, as well as localization of the sciatic nerve, are surgically easily realizable. Due to these properties, the selected trauma model shows high standardization and reproducibility [30,33]. The study focuses on histomorphological and biomechanical regeneration behavior. In their study, Stratos et al. described the different regeneration behavior of the soleus muscle during a sevenfold contusion of the muscle with an instrumented clamp for 10 s each with a force of 5 N, 25 N or >99 N. The traumatized muscle with a force of 5 N showed complete regeneration after 42 days, while for the greater degrees of trauma, a lower regeneration capacity was demonstrated [33]. For the present study, the contusion with the mean degree of the trauma of 25 N was selected because this tissue traumatization has a comparable regenerative potential and does not show complete convalescence after 42, so potential influences of therapeutic approaches on muscle regeneration can be investigated. Furthermore, in the chosen model, it was possible to keep the trauma intensity and severity constant at all times [33]. Alternatively, a variety of other trauma models are available to analyze the regenerative behavior of skeletal muscle tissue. Muscle regeneration is strongly dependent on the chosen trauma model and the severity of the muscle injury. For example, experimental trauma models are possible in which mechanical, by external force application, a closed muscle trauma is generated. For force application, depending on the model, a hammer, a drop weight, or a pneumatically driven bolt is used [47,48,49,50]. The advantages of these methods are that no wound healing of the skin is necessary, infection is excluded, and the muscle injury can be well transferred to the injury mechanism in humans, because many soft tissue injuries are associated with no injury to the skin [47,48,49,50]. Significant disadvantages of the method are the lack of visual verifiability of the muscle application in order to avoid damage to neighboring structures, such as musculature, vessels and nerves [47]. The trauma model used in this study was chosen because of its standardization and reproducibility in trauma induction, the direct visualization of muscle contusion and the comparable regeneration potential.




4.2. Groups and Post-Traumatic Examination Times


In order to evaluate muscle recovery in terms of biomechanical strength and histomorphological parameters, the groups were examined at five different postoperative time points. On a postoperative day 1, the evaluation of group 1 was performed to determine the direct influence of the applied ALM solution on the early histomorphologic regeneration process [33]. Between the third and fifth day after trauma, essential processes of proliferation take place. Therefore, the second time point was defined as the fourth postoperative day [12]. Group 3 was evaluated on day seven and group 4 on day 14 after the trauma induction to evaluate the medium-term course of muscle recovery. Between day seven and day 14, the regenerating muscle cells closed the central zone (the gap between the distracting muscle stumps) of the trauma and the resulting scar tissue becomes denser [12]. The final analysis, 42 days after trauma, is designed to investigate the longer-term effects of the ALM application on the regenerative capacity of the muscle tissue, as already after three weeks, the myofibers have largely fused again, and there is only a few scar tissue between them [12].




4.3. Timing, Dosage and Mode of Application of ALM


The timing of the ALM application was chosen immediately after induction of crush injury in order to directly influence the regeneration process. The dosage of ALM solution used in this study was based on previous successful studies in other animal models of the rat [28]. The single bolus administration followed by infusion has been used several times in animal models [28,51,52]. The one-hour duration of the infusion was chosen because the stabilization of vital signs over a period of three to four hours, as in other animal models, was not necessary for this study [51,52]. Higher doses do require more intensive monitoring because of the cardiovascular effects of ALM. In the present study, the intravenous application was chosen, as the effect of ALM has only been investigated in this setting. An intramuscular or intraperitoneal application would also be conceivable for the investigations on the traumatized skeletal muscle, as these modes of application also achieved successful results with some modulators [32,53].




4.4. Muscle Strength Measurement


The assessment of muscle regeneration through the contraction force provides information about the functional success of therapeutic approaches [54]. In the present study, it was demonstrated that trauma induction of the left soleus muscle leads to a significant reduction in relative muscle strength. In the post-traumatic course, there was a significant increase in relative muscle strength following ALM application on days 4 and 7, demonstrating the enhanced regenerative capacity of the traumatized skeletal muscle. Several studies demonstrated that muscle strength increased over the course of the study period employing various stimuli of muscle regeneration, as was observed here [32,53].



From previous studies on ALM solution, it is known that small-volume ALM therapy has multiple protective effects on the whole organism, such as the improvement of the cardiac and hemodynamic function, correction of coagulopathy, reduction of inflammation, endothelial injury, and infection, as well as improvement of oxygenation [21,23,27,43,44]. Additionally, the antifibrotic and antiapoptotic effect of ALM therapy may explain the significantly higher strength on days 4 and 7 compared with the control groups [26,45].




4.5. Muscle Cell Proliferation and Apoptosis after Crush Injury and ALM


Cell proliferation was detected by two methods. BrdU, which is a standard method and Ki67, which is easier to handle because no in vivo administration is required. The number of Ki67-positive cells is much higher than the number of BrdU-positive cells because BrdU detects cells in the S phase of the cell cycle, and Ki67 is expressed throughout the mitotic process (G1-, S-, G2-, and M-phase) and as a result, approximately 50% more cells are marked than with the BrdU method [55].



Immunohistochemistry is adapted from other studies also performed on peripheral skeletal muscle. Ferreira et al. describe that the cells with labeled nuclei were typed according to their position as satellite cells (peripheral location), central myonuclei, endothelial cells, and interstitial nonendothelial cells (Fibroblasts) [31]. Additionally, Anderson et al. describe satellite cell activation that resulted in DNA synthesis was determined by immunostaining for BrdU-positive nuclei in satellite cells attached to fibers and in cells that had migrated away from fibers [56].



The improved muscle function by ALM was also demonstrated at the histological level. Animals treated with ALM showed significantly higher numbers of transitional proliferating cell nuclei and interstitial cells. Studies performed on the same trauma model with post-traumatic EPO (Erythropoietin) or G-CSF (Granulocyte-Colony Stimulating Factor) application also showed an increased cell proliferation rate in the early postoperative days, especially on days 1 and 4 [32,53]. This is also consistent with the results of this study and shows that the highest proliferation rates are to be expected in the first post-traumatic days. In particular, satellite cells, as myogenic stem cells, are essential for muscle regeneration [57,58]. Until now, the exact mechanism of how ALM exerts proliferative effects in skeletal muscle is not yet known and requires further studies. There are more options for immunohistochemical staining for the detection of satellite cells which had not been applied here, making the direct proof of satellite cells difficult.



A possible antiapoptotic effect of ALM has been reported previously [22,45]. A clear antiapoptotic effect was also demonstrated in our study, especially on days 4 and 7. This is also consistent with the study conducted with G-CSF, which also showed the maximum of apoptotic cells on day 4 in the control group [53]. Reduced apoptosis after traumatic muscle injury may have important clinical benefits for recovery. However, further studies are needed to explore the exact mode of action.




4.6. Limitations of the Present Study


ALM is an innovative combination of active ingredients that have been widely researched in multiple experimental trauma studies. The protective effect of ALM has already been demonstrated in several organ systems [21,59]. Because ALM has been administered intravenously in previous studies, we used this route of administration, which may not be the preferred route for isolated muscle injury. Intraperitoneal or intramuscular application or even multiple applications, as in other studies of open severe soft tissue trauma, might be considered in the future [32,53]. Additionally, complementary and advanced histological methods are needed to further evaluate the effect of ALM on injured peripheral skeletal muscle (e.g., for treatment of skeletal muscle tissue: quickly frozen in liquid nitrogen pre-cooled isopentane or the myogenic markers: Pax7, MyoD and myogenin). Another limitation of the present study is the exclusive use of male rats, with additional studies required to determine sex-specific treatment effects. Additionally, the effects of ALM on other species are of high relevance. Further studies are also needed to explore the mechanisms of the regenerative effect of ALM on traumatized skeletal muscle. Finally, clinical studies are required to prove the efficacy, safety and quality of the ALM solution in order to establish ALM as a therapeutic agent.





5. Conclusions


Intravenous ALM therapy in an animal model of the rat hindleg with standardized open severe soft tissue trauma achieved significantly better functional regeneration of skeletal muscle and also induced an increased number of proliferative cells with a concomitant lower number of apoptotic cells compared to saline controls. The observations justify further research in this promising approach to better muscle preservation and function following severe muscle trauma. ALM could be a promising and innovative therapy option that could provide adjuvant support to the post-traumatic regeneration process in everyday trauma surgery.







Author Contributions


Conceptualization: T.M. and R.R.; methodology: T.M., G.P.D., R.R. and N.S.H.; software: R.R., I.S. and N.S.H.; validation: T.M., R.R., B.V. and N.S.H.; formal analysis: R.R. and N.S.H.; investigation: N.S.H.; resources: N.S.H.; data curation: N.S.H.; writing—original draft preparation: N.S.H.; writing—review and editing: T.M., R.R., B.V., I.S. and G.P.D.; visualization: N.S.H.; supervision: T.M. and R.R.; project administration: T.M. and R.R.; funding acquisition: T.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of LALLF M-V (LALLF M-V/TSD/7221.3-1-057/16).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy and ethics.




Acknowledgments


The authors kindly thank the medical and technical assistants of the Institute for Experimental Surgery, University of Rostock, for excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kääriäinen, M.; Järvinen, T.; Järvinen, M.; Rantanen, J.; Kalimo, H. Relation between myofibers and connective tissue during muscle injury repair. Scand. J. Med. Sci. Sport. 2000, 10, 332–337. [Google Scholar] [CrossRef] [PubMed]

	



Rahusen, F.T.G.; Weinhold, P.S.; Almekinders, L.C. Nonsteroidal anti-inflammatory drugs and acetaminophen in the treatment of an acute muscle injury. Am. J. Sport. Med. 2004, 32, 1856–1859. [Google Scholar] [CrossRef] [PubMed]

	



De Souza, J.; Gottfried, C. Muscle injury: Review of experimental models. J. Electromyogr. Kinesiol. 2013, 23, 1253–1260. [Google Scholar] [CrossRef]

	



Prisk, V.; Huard, J. Muscle injuries and repair: The role of prostaglandins and inflammation. Histol. Histopathol. 2003, 18, 1243–1256. [Google Scholar] [CrossRef] [PubMed]

	



Järvinen, T.A.; Järvinen, M.; Kalimo, H. Regeneration of injured skeletal muscle after the injury. Muscles Ligaments Tendons J. 2013, 3, 337–345. [Google Scholar] [CrossRef] [PubMed]

	



Huard, J.; Li, Y.; Fu, F.H. Muscle injuries and repair: Current trends in research. J. Bone Jt. Surg. Am. 2002, 84, 822–832. [Google Scholar] [CrossRef]

	



Kujala, U.M.; Orava, S.; Järvinen, M. Hamstring injuries. Current trends in treatment and prevention. Sport. Med. 1997, 23, 397–404. [Google Scholar] [CrossRef]

	



Menetrey, J.; Kasemkijwattana, C.; Fu, F.H.; Moreland, M.S.; Huard, J. Suturing versus immobilization of a muscle laceration. A morphological and functional study in a mouse model. Am. J. Sport. Med. 1999, 27, 222–229. [Google Scholar] [CrossRef]

	



Aärimaa, V.; Kääriäinen, M.; Vaittinen, S.; Tanner, J.; Järvinen, T.; Best, T.; Kalimo, H. Restoration of myofiber continuity after transection injury in the rat soleus. Neuromuscul. Disord. 2004, 14, 421–428. [Google Scholar] [CrossRef]

	



Ahmad, C.S.; Redler, L.H.; Ciccotti, M.G.; Maffulli, N.; Longo, U.G.; Bradley, J. Evaluation and management of hamstring injuries. Am. J. Sport. Med. 2013, 41, 2933–2947. [Google Scholar] [CrossRef]

	



Hurme, T.; Kalimo, H.; Lehto, M.; Järvinen, M. Healing of skeletal muscle injury: An ultrastructural and immunohistochemical study. Med. Sci. Sport. Exerc. 1991, 23, 801–810. [Google Scholar] [CrossRef]

	



Järvinen, T.A.H.; Järvinen, T.L.N.; Kääriäinen, M.; Kalimo, H.; Järvinen, M. Muscle injuries: Biology and treatment. Am. J. Sport. Med. 2005, 33, 745–764. [Google Scholar] [CrossRef]

	



Tidball, J.G. Inflammatory cell response to acute muscle injury. Med. Sci. Sport. Exerc. 1995, 27, 1022–1032. [Google Scholar] [CrossRef] [PubMed]

	



Cannon, J.G.; St Pierre, B.A. Cytokines in exertion-induced skeletal muscle injury. Mol. Cell. Biochem. 1998, 179, 159–167. [Google Scholar] [CrossRef]

	



Hurme, T.; Kalimo, H. Activation of myogenic precursor cells after muscle injury. Med. Sci. Sport. Exerc. 1992, 24, 197–205. [Google Scholar] [CrossRef]

	



Järvinen, M. Healing of a crush injury in rat striated muscle. 3. A micro-angiographical study of the effect of early mobilization and immobilization on capillary ingrowth. Acta Pathol. Microbiol. Scand. A 1976, 84, 85–94. [Google Scholar] [PubMed]

	



Lehto, M.; Duance, V.C.; Restall, D. Collagen and fibronectin in a healing skeletal muscle injury. An immunohistological study of the effects of physical activity on the repair of injured gastrocnemius muscle in the rat. J. Bone Jt. Surg. Br. 1985, 67, 820–828. [Google Scholar] [CrossRef]

	



Lehto, M.; Sims, T.J.; Bailey, A.J. Skeletal muscle injury--molecular changes in the collagen during healing. Res. Exp. Med. 1985, 185, 95–106. [Google Scholar] [CrossRef]

	



Kääriäinen, M.; Kääriäinen, J.; Järvinen, T.L.; Sievänen, H.; Kalimo, H.; Järvinen, M. Correlation between biomechanical and structural changes during the regeneration of skeletal muscle after laceration injury. J. Orthop. Res. 1998, 16, 197–206. [Google Scholar] [CrossRef]

	



Vaittinen, S.; Hurme, T.; Rantanen, J.; Kalimo, H. Transected myofibres may remain permanently divided in two parts. Neuromuscul. Disord. 2002, 12, 584–587. [Google Scholar] [CrossRef]

	



Dobson, G.P.; Letson, H.L. Adenosine, lidocaine, and Mg2+ (ALM): From cardiac surgery to combat casualty care--Teaching old drugs new tricks. J. Trauma Acute Care Surg. 2016, 80, 135–145. [Google Scholar] [CrossRef] [PubMed]

	



Granfeldt, A.; Nielsen, T.K.; Sølling, C.; Hyldebrandt, J.A.; Frøkiær, J.; Wogensen, L.; Dobson, G.P.; Vinten-Johansen, J.; Tønnesen, E. Adenocaine and Mg2+ reduce fluid requirement to maintain hypotensive resuscitation and improve cardiac and renal function in a porcine model of severe hemorrhagic shock*. Crit. Care Med. 2012, 40, 3013–3025. [Google Scholar] [CrossRef]

	



Granfeldt, A.; Letson, H.L.; Dobson, G.P.; Shi, W.; Vinten-Johansen, J.; Tønnesen, E. Adenosine, lidocaine and Mg2+ improves cardiac and pulmonary function, induces reversible hypotension and exerts anti-inflammatory effects in an endotoxemic porcine model. Crit. Care 2014, 18, 682. [Google Scholar] [CrossRef] [PubMed]

	



Letson, H.L.; Dobson, G.P. 3% NaCl adenosine, lidocaine, Mg2+ (ALM) bolus and 4 hours “drip” infusion reduces noncompressible hemorrhage by 60% in a rat model. J. Trauma Acute Care Surg. 2017, 82, 1063–1072. [Google Scholar] [CrossRef]

	



Letson, H.L.; Granfeldt, A.; Jensen, T.H.; Mattson, T.H.; Dobson, G.P. Adenosine, Lidocaine, and Magnesium Support a High Flow, Hypotensive, Vasodilatory State with Improved Oxygen Delivery and Cerebral Protection in a Pig Model of Noncompressible Hemorrhage. J. Surg. Res. 2020, 253, 127–138. [Google Scholar] [CrossRef] [PubMed]

	



Morris, J.L.; Letson, H.L.; McEwen, P.; Biros, E.; Dlaska, C.; Hazratwala, K.; Wilkinson, M.; Dobson, G.P. Comparison of intra-articular administration of adenosine, lidocaine and magnesium solution and tranexamic acid for alleviating postoperative inflammation and joint fibrosis in an experimental model of knee arthroplasty. J. Orthop. Surg. Res. 2021, 16, 726. [Google Scholar] [CrossRef]

	



Letson, H.L.; Dobson, G.P. Correction of acute traumatic coagulopathy with small-volume 7.5% NaCl adenosine, lidocaine, and Mg2+ occurs within 5 minutes: A ROTEM analysis. J. Trauma Acute Care Surg. 2015, 78, 773–783. [Google Scholar] [CrossRef]

	



Letson, H.; Dobson, G. Adenosine, lidocaine and Mg2+ (ALM) fluid therapy attenuates systemic inflammation, platelet dysfunction and coagulopathy after non-compressible truncal hemorrhage. PLoS ONE 2017, 12, e0188144. [Google Scholar] [CrossRef]

	



Letson, H.L.; Morris, J.L.; Biros, E.; Dobson, G.P. ALM Induces Cellular Quiescence in the Surgical Margin 3 Days Following Liver Resection, Hemorrhage, and Shock. J. Surg. Res. 2022, 275, 16–28. [Google Scholar] [CrossRef]

	



Matziolis, G.; Winkler, T.; Schaser, K.; Wiemann, M.; Krocker, D.; Tuischer, J.; Perka, C.; Duda, G.N. Autologous bone marrow-derived cells enhance muscle strength following skeletal muscle crush injury in rats. Tissue Eng. 2006, 12, 361–367. [Google Scholar] [CrossRef]

	



Ferreira, R.; Neuparth, M.J.; Ascensão, A.; Magalhães, J.; Vitorino, R.; Duarte, J.A.; Amado, F. Skeletal muscle atrophy increases cell proliferation in mice gastrocnemius during the first week of hindlimb suspension. Eur. J. Appl. Physiol. 2006, 97, 340–346. [Google Scholar] [CrossRef] [PubMed]

	



Rotter, R.; Menshykova, M.; Winkler, T.; Matziolis, G.; Stratos, I.; Schoen, M.; Bittorf, T.; Mittlmeier, T.; Vollmar, B. Erythropoietin improves functional and histological recovery of traumatized skeletal muscle tissue. J. Orthop. Res. 2008, 26, 1618–1626. [Google Scholar] [CrossRef] [PubMed]

	



Stratos, I.; Graff, J.; Rotter, R.; Mittlmeier, T.; Vollmar, B. Open blunt crush injury of different severity determines nature and extent of local tissue regeneration and repair. J. Orthop. Res. 2010, 28, 950–957. [Google Scholar] [CrossRef]

	



Scholzen, T.; Gerdes, J. The Ki-67 protein: From the known and the unknown. J. Cell. Phys. 2000, 182, 311–322. [Google Scholar] [CrossRef]

	



Gerdes, J.; Li, L.; Schlueter, C.; Duchrow, M.; Wohlenberg, C.; Gerlach, C.; Stahmer, I.; Kloth, S.; Brandt, E.; Flad, H.D. Immunobiochemical and molecular biologic characterization of the cell proliferation-associated nuclear antigen that is defined by monoclonal antibody Ki-67. Am. J. Pathol. 1991, 138, 867–873. [Google Scholar]

	



Gerdes, J.; Lemke, H.; Baisch, H.; Wacker, H.H.; Schwab, U.; Stein, H. Cell cycle analysis of a cell proliferation-associated human nuclear antigen defined by the monoclonal antibody Ki-67. J. Immunol. 1984, 133, 1710–1715. [Google Scholar] [CrossRef]

	



Gerdes, J.; Schwab, U.; Lemke, H.; Stein, H. Production of a mouse monoclonal antibody reactive with a human nuclear antigen associated with cell proliferation. Int. J. Cancer 1983, 31, 13–20. [Google Scholar] [CrossRef]

	



Fedrowitz, M.; Westermann, J.; Löscher, W. Magnetic field exposure increases cell proliferation but does not affect melatonin levels in the mammary gland of female Sprague Dawley rats. Cancer Res. 2002, 62, 1356–1363. [Google Scholar]

	



Enami, Y.; Kato, H.; Murakami, M.; Fujioka, T.; Aoki, T.; Niiya, T.; Murai, N.; Ohtsuka, K.; Kusano, M. Anti-transforming growth factor-beta1 antibody transiently enhances DNA synthesis during liver regeneration after partial hepatectomy in rats. J. Hepatobiliary Pancreat. Surg. 2001, 8, 250–258. [Google Scholar] [CrossRef]

	



Birner, P.; Ritzi, M.; Musahl, C.; Knippers, R.; Gerdes, J.; Voigtländer, T.; Budka, H.; Hainfellner, J.A. Immunohistochemical detection of cell growth fraction in formalin-fixed and paraffin-embedded murine tissue. Am. J. Pathol. 2001, 158, 1991–1996. [Google Scholar] [CrossRef]

	



Ito, T.; Mitui, H.; Udaka, N.; Hayashi, H.; Okudela, K.; Kanisawa, M.; Kitamura, H. Ki-67 (MIB 5) immunostaining of mouse lung tumors induced by 4-nitroquinoline 1-oxide. Histochem. Cell Biol. 1998, 110, 589–593. [Google Scholar] [CrossRef] [PubMed]

	



Muskhelishvili, L.; Latendresse, J.R.; Kodell, R.L.; Henderson, E.B. Evaluation of cell proliferation in rat tissues with BrdU, PCNA, Ki-67(MIB-5) immunohistochemistry and in situ hybridization for histone mRNA. J. Histochem. Cytochem. 2003, 51, 1681–1688. [Google Scholar] [CrossRef] [PubMed]

	



Dobson, G.P.; Letson, H.L.; Sharma, R.; Sheppard, F.R.; Cap, A.P. Mechanisms of early trauma-induced coagulopathy: The clot thickens or not? J. Trauma Acute Care Surg. 2015, 79, 301–309. [Google Scholar] [CrossRef]

	



Griffin, M.J.; Letson, H.L.; Dobson, G.P. Small-Volume Adenosine, Lidocaine, and Mg2+ 4-Hour Infusion Leads to 88% Survival after 6 Days of Experimental Sepsis in the Rat without Antibiotics. Clin. Vaccine Immunol. 2016, 23, 863–872. [Google Scholar] [CrossRef] [PubMed]

	



Letson, H.L.; Morris, J.L.; Biros, E.; Dobson, G.P. Adenosine, lidocaine, and Mg2+ fluid therapy leads to 72-hour survival after hemorrhagic shock: A model for studying differential gene expression and extending biological time. J. Trauma Acute Care Surg. 2019, 87, 606–613. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, T.; von Roth, P.; Matziolis, G.; Schumann, M.R.; Hahn, S.; Strube, P.; Stoltenburg-Didinger, G.; Perka, C.; Duda, G.N.; Tohtz, S.V. Time course of skeletal muscle regeneration after severe trauma. Acta Orthop. 2011, 82, 102–111. [Google Scholar] [CrossRef]

	



Järvinen, M.; Sorvari, T. Healing of a crush injury in rat striated muscle. 1. Description and testing of a new method of inducing a standard injury to the calf muscles. Acta Pathol. Microbiol. Scand. A 1975, 83, 259–265. [Google Scholar]

	



Knappe, T.; Mittlmeier, T.; Eipel, C.; Amon, M.; Menger, M.D.; Vollmar, B. Effect of systemic hypothermia on local soft tissue trauma-induced microcirculatory and cellular dysfunction in mice. Crit. Care Med. 2005, 33, 1805–1813. [Google Scholar] [CrossRef]

	



Crisco, J.J.; Jokl, P.; Heinen, G.T.; Connell, M.D.; Panjabi, M.M. A muscle contusion injury model. Biomechanics, physiology, and histology. Am. J. Sport. Med. 1994, 22, 702–710. [Google Scholar] [CrossRef]

	



Schaser, K.-D.; Vollmar, B.; Menger, M.D.; Schewior, L.; Kroppenstedt, S.N.; Raschke, M.; Lübbe, A.S.; Haas, N.P.; Mittlmeier, T. In vivo analysis of microcirculation following closed soft-tissue injury. J. Orthop. Res. 1999, 17, 678–685. [Google Scholar] [CrossRef]

	



Griffin, M.J.; Letson, H.L.; Dobson, G.P. Adenosine, lidocaine and Mg2+ (ALM) induces a reversible hypotensive state, reduces lung edema and prevents coagulopathy in the rat model of polymicrobial sepsis. J. Trauma Acute Care Surg. 2014, 77, 471–478. [Google Scholar] [CrossRef]

	



Letson, H.L.; Dobson, G.P. Adenosine, lidocaine, and Mg2+ (ALM) resuscitation fluid protects against experimental traumatic brain injury. J. Trauma Acute Care Surg. 2018, 84, 908–916. [Google Scholar] [CrossRef] [PubMed]

	



Stratos, I.; Rotter, R.; Eipel, C.; Mittlmeier, T.; Vollmar, B. Granulocyte-colony stimulating factor enhances muscle proliferation and strength following skeletal muscle injury in rats. J. Appl. Physiol. 2007, 103, 1857–1863. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, T.; von Roth, P.; Matziolis, G.; Mehta, M.; Perka, C.; Duda, G.N. Dose-response relationship of mesenchymal stem cell transplantation and functional regeneration after severe skeletal muscle injury in rats. Tissue Eng. Part A 2009, 15, 487–492. [Google Scholar] [CrossRef] [PubMed]

	



Kee, N.; Sivalingam, S.; Boonstra, R.; Wojtowicz, J.M. The utility of Ki-67 and BrdU as proliferative markers of adult neurogenesis. J. Neurosci. Methods 2002, 115, 97–105. [Google Scholar] [CrossRef]

	



Anderson, J.; Pilipowicz, O. Activation of muscle satellite cells in single-fiber cultures. Nitric Oxide 2002, 7, 36–41. [Google Scholar] [CrossRef]

	



Ehrhardt, J.; Morgan, J. Regenerative capacity of skeletal muscle. Curr. Opin. Neurol. 2005, 18, 548–553. [Google Scholar] [CrossRef]

	



Anderson, J.E. The satellite cell as a companion in skeletal muscle plasticity: Currency, conveyance, clue, connector and colander. J. Exp. Biol. 2006, 209, 2276–2292. [Google Scholar] [CrossRef]

	



Dobson, G.P.; Letson, H.L. Far Forward Gaps in Hemorrhagic Shock and Prolonged Field Care: An Update of ALM Fluid Therapy for Field Use. J. Spec. Oper. Med. 2020, 20, 128–134. [Google Scholar] [CrossRef]








[image: Biology 12 00870 g001 550] 





Figure 1. Trauma induction of the left soleus muscle (A) and the macroscopic result immediately after the contusion (B). 
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Figure 2. Experimental setting of the biomechanical force measurement (A). For indirect stimulation, the sciatic nerve was applied to the stimulation electrode (B). The soleus muscle was clamped in the experimental device (C). The muscle force was measured by a measuring device and visualized. 
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Figure 3. Illustrative data sequences of the muscle force of the soleus muscle of a rat. The x-axis shows the time, and the y-axis the tensile force of the muscle during direct stimulation of the sciatic nerve with 9 mA/75 Hz. The upper field shows 5 incomplete tetanic contractions, each of the injured left soleus muscle (A) and the non-injured right soleus muscle (B) after stimulation of the sciatic nerve for 0.1 s. The lower field shows the tetany of the injured left soleus muscle (C) and the non-injured right soleus muscle (D) after 5-fold stimulation of the sciatic nerve for 3 s each. To determine the relative increase in force during incomplete tetanic contraction, the maximum values of 5 continuous incomplete tetanic contractions of the left soleus muscle were averaged (A) and divided by the average of the maximum values of 5 continuous incomplete tetanic contractions of the right soleus muscle (B). In the same way, the relative increase in force during tetany was calculated (C,D), and the force of the left soleus muscle was expressed as a percentage of the force of the contralateral side. 
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Figure 4. The box shows the transition zone (penumbra zone) between healthy and traumatized tissue of the soleus muscle. The right image shows an exemplary light microscopic image at 400× magnification of BrdU-positive cells in the control group on day four after trauma induction. The cell marked in the circle represents BrdU-positive cells. The scale corresponds to 25 µm. 
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Figure 5. Relative biomechanical force development during incomplete tetanic force (A) and tetany (B) of the traumatized soleus muscle after indirect stimulation of the sciatic nerve compared to the healthy contralateral muscle. The ALM groups with adenosine, lidocaine and Mg2+ (ALM) are shown in red (n = 7), and the control groups in gray (n = 7). Data are given as mean values ± SEM, * p < 0.05. For both incomplete tetanic force and tetany, relative biomechanical force development on days 4 and 7 was significantly higher in the ALM groups than in the control groups. 
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Figure 6. Histological evidence of all BrdU-positive cells in the ALM groups (red, n = 7) and control groups (gray, n = 7) (C). Data are given as mean values ± SEM, * p < 0.05. (A,B) show exemplary light microscopic images at 400× magnification of BrdU-positive cells in the control group (A) and ALM group (B) on day four after trauma induction. The cells marked in the circle represent BrdU-positive cells. The scale in (A,B) corresponds to 25 µm. 
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Figure 7. Histological evidence of all Ki67-positive cells in the ALM groups (red, n = 7) and control groups (gray, n = 7) (C). Data are given as mean values ± SEM, * p < 0.05. (A,B) show exemplary light microscopic images at 400× magnification of Ki67-positive cells in the control group (A) and ALM group (B) on day four after trauma induction. The cells marked in the circle represent Ki67-positive cells. The scale in (A,B) corresponds to 25 µm. 
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Figure 8. Histological evidence of all TUNEL-positive cells in the ALM groups (red, n = 7) and control groups (gray, n = 7) (C). Data are given as mean values ± SEM, Mann–Whitney rank sum test with Bonferroni correction. (A,B) show exemplary light microscopic images at 400× magnification of TUNEL-positive cells in the control group (A) and ALM group (B) on day four after trauma induction. The cells marked in the circle represent TUNEL-positive cells. The scale in (A,B) corresponds to 25 µm. 
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Table 1. Quantitative analysis of BrdU-, Ki67-, and TUNEL-positive cells of the right, healthy soleus muscle. After testing for normal distribution, an unpaired t-test was performed to examine significant differences in cell number between ALM groups and controls. Data are given as mean values ± SEM, * p < 0.05.
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BrdU-Positive Cells [n/mm²]

	
Ki67-Positive Cells [n/mm²]

	
TUNEL-Positive Cells [n/mm²]




	
Day

	
ALM

	
Saline

	
ALM

	
Saline

	
ALM

	
Saline






	
1

	
11.4 ± 0.01 *

	
6.6 ± 0.93

	
5.7 ± 0.95

	
5.3 ± 0.19

	
0.8 ± 0.28

	
0.5 ± 0.09




	
4

	
11.5 ± 0.35 *

	
7.1 ± 0.63

	
10.6 ± 0.56

	
13.7 ± 1.62 *

	
0.3 ± 0.16

	
0.6 ± 0.23




	
7

	
8.6 ± 0.45 *

	
6.6 ± 0.38

	
11.6 ± 0.26

	
13.0 ± 0.65

	
0.6 ± 0.15

	
0.5 ± 0.14




	
14

	
7.2 ± 0.68 *

	
5.1 ± 0.39

	
18.5 ± 0.97 *

	
14.9 ± 1.41

	
0.4 ± 0.15

	
0.4 ± 0.01




	
42

	
3.8 ± 0.84 *

	
2.2 ± 0.27

	
17.2 ± 0.25

	
14.2 ± 0.65

	
0.6 ± 0.20

	
0.6 ± 0.12
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