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Extracellular matrix (ECM) structures within skeletal muscle play an important, but under-appreciated, role in muscle development, function and adaptation. Each individual muscle is surrounded by epimysial connective tissue and within the muscle there are two distinct extracellular matrix (ECM) structures, the perimysium and endomysium. Together, these three ECM structures make up the intramuscular connective tissue (IMCT). There are large variations in the amount and composition of IMCT between functionally different muscles. Although IMCT acts as a scaffold for muscle fiber development and growth and acts as a carrier for blood vessels and nerves to the muscle cells, the variability in IMCT between different muscles points to a role in the variations in active and passive mechanical properties of muscles. Some traditional measures of the contribution of endomysial IMCT to passive muscle elasticity relied upon tensile measurements on single fiber preparations. These types of measurements may now be thought to be missing the important point that endomysial IMCT networks within a muscle fascicle coordinate forces and displacements between adjacent muscle cells by shear and that active contractile forces can be transmitted by this route (myofascial force transmission). The amount and geometry of the perimysial ECM network separating muscle fascicles varies more between different muscle than does the amount of endomysium. While there is some evidence for myofascial force transmission between fascicles via the perimysium, the variations in this ECM network appears to be linked to the amount of shear displacements between fascicles that must necessarily occur when the whole muscle contracts and changes shape. Fast growth of muscle by fiber hypertrophy is not always associated with a high turnover of ECM components, but slower rates of growth and muscle wasting may be associated with IMCT remodeling. A hypothesis arising from this observation is that the level of cell signaling via shear between integrin and dystroglycan linkages on the surface of the muscle cells and the overlying endomysium may be the controlling factor for IMCT turnover, although this idea is yet to be tested.
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INTRODUCTION

Intramuscular connective tissue plays a critical role in the development and growth of muscle tissue and its quantity and distribution vary greatly between muscles with different functional properties. Yet surprisingly, relatively little is known about the properties and adaptation of IMCT in comparison with the knowledge of muscle function and plasticity (Kjaer, 2004). There have been several different general terms and abbreviations used to describe the extracellular matrix (ECM) within muscle. The term “intramuscular connective tissue” (IMCT) will be used consistently here.

This article reviews the structure and roles of connective tissue structures within skeletal muscle tissues, with an emphasis on recent developments and remaining questions. This subject has a rich history; connective tissue structures surrounding individual muscle fibers muscle were first described by Bowman (1840). There have been substantial investigations of the variations in amount and spatial distribution of IMCT between different muscles of farm animals because of the large influence IMCT has on the sensory qualities of muscle when cooked and eaten as a food (Lehmann, 1907; Mitchell et al., 1927; Ramsbottom et al., 1945; Strandine et al., 1949; Loyd and Hiner, 1959; Rowe, 1981). The role of covalent crosslinks between collagen molecules in modifying the properties of IMCT with increasing physiological age has also been well-documented. From the observation that newly synthesized collagen was the most easily extracted, Jackson and Bentley (1960) rationalized that the degree of collagen stabilization by covalent crosslinking increased with time post synthesis. Newly synthesized fibrillar collagen is stabilized divalent crosslinks between lysine and hydroxylysine residues in the non-helical portion of the molecule and hydroxylysine residues in the helical portion of adjacent molecules (Shimokomaki et al., 1972). A slow process of condensation between these divalent crosslinks to produce more stable trivalent crosslinks (Eyre, 1987) is associated with stronger and stiffer IMCT. Gao et al. (2008) demonstrated that epimysium from the tibialis anterior muscle of rats became stiffer with animal age. A complete description of lysyl-derived crosslinking of collagen is given by Scott et al. (2012) and will not be discussed further here, but is relevant to considerations of the influence of IMCT on changes in muscle functionality in human aging (Kragstrup et al., 2011).



THE STRUCTURAL COMPONENTS OF INTRAMUSCULAR CONNECTIVE TISSUE

There are numerous comprehensive reviews of the structure of IMCT in the literature. Purslow (2014) tabulated 17 previous reviews of IMCT structure, mechanical properties, development, turnover, and function. Gillies and Lieber (2011) also review some pathological changes in IMCT in addition to its basic structure, composition and properties. With such a wide choice of excellent sources it is unprofitable to repeat an in-depth review of basic IMCT structure here and, instead, a summary of IMCT structure will be provided together with a discussion of what is relatively new information, and questions that remain to be clarified.

The general structure of IMCT is summarized in Figure 1. Each muscle is an individual organ that is surrounded by an outer ECM layer, the epimysium (Schmalbruch, 1985). Internally, the muscle is divided onto fascicles or bundle of muscle fibers by a continuous network of connective tissue structures termed perimysium. The perimysial network is connected to the epimysium at the surface of the muscle. Within each fascicle or fiber bundle, another continuous network structure, the endomysium, lies between individual muscle fibers. As emphasized elsewhere (Purslow and Delage, 2012), it is common for previous literature to describe the endomysium and perimysium as tubes or sheaths that surround each fiber and fascicle, respectively, giving the impression that these “sheaths” individually surround and separate each fiber and fascicle. In reality, (as is evident from Figure 1E) the endomysium forms a continuous three-dimensional network throughout the fascicle, provided a connection between adjacent muscle fibers rather than separating them. The perimysium is also a continuous three-dimensional network that runs the length and breadth of the muscle, linking the muscle fascicles that lie in the interstices of this network.
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FIGURE 1. The general structure of intramuscular connective tissue. (A) Schematic diagram showing the general arrangement of the epimysium, perimysium, and endomysium within muscle. (B) Schematic diagram depicting the sparse junction zones between the thick perimysium and the endomysium of muscle fibers in the surface layer of the fascicle. (C) Schematic diagram showing myofibrils of an individual muscle cell residing in the honeycomb network of the endomysium. (D) Low magnification scanning electron micrograph of IMCT structures in muscle after treatment with NaOH to remove myofibrillar proteins and proteoglycans. The thicker perimysium is seen surrounding the honeycombed endomysial network within a fascicle. (E) A higher magnification view of the endomysial network after NaOH treatment. From Purslow (2014), with permission. Panels (D,E) from Purslow and Trotter (1994), with permission.


It is a common assumption that muscle fibers typically run the entire length of a muscle fascicle, inserting onto tendons by myotendinous junctions at both ends. However, numerous studies on a wide variety of species have shown that many muscles have muscle fibers that do not span then entire fascicle, Muscles with non-spanning or intrafascicularly terminating muscle fibers are actually quite common (Gaunt and Gans, 1993; Trotter, 1993; Hijikata and Ishikawa, 1997). Hijikata and Ishikawa (1997) distinguish between non-spanning fibers that terminate on tendinous insertions in some muscles (e.g., mammalian rectus abdominis) and those having short muscle fibers that taper down at each end and terminate within the fascicle, with no connection to the tendons or tendinous insertions (intrafascicularly terminating fibers), the series-fibred muscle. For example, the main locomotory muscles of birds (pectoralis muscles) are series fibers in 63 species studied, from hummingbirds to turkeys (Gaunt and Gans, 1993). In series fibred muscles, connections between fibers via the endomysium are the only possible route for contractile force transmission.


Structure of the Endomysium

Each muscle fiber (cell) is bounded by its plasmalemma (sarcolemma) and, external to this, a 50 nm thick basement membrane layer comprized of non-fibrous type IV collagen and laminin in a proteoglycan matrix. Lying between the two basement membranes of two adjacent muscle fibers, the fibrous network layer of the endomysium forms a continuum between the two basement membranes. Schmalbruch (1974) estimated that this network layer can be between 0.2 and 1.0 μm in thickness. The fine collagen fibers that make up the bulk of the network layer, together with an amorphous proteoglycan matrix, comprise a planar feltwork of quasi-randomly orientated, wavy fibers (Figure 1E). Transmission electron micrographs of cross sections through the endomysium show that all the collagen fibers run in the plane parallel to the muscle fiber surfaces (Trotter and Purslow, 1992). The preferred orientation of the collagen fibers in the endomysial network changes with muscle sarcomere length, but at all sarcomere lengths the great majority of collagen fibers are still wavy (Purslow and Trotter, 1994) and therefore relatively compliant in tension.



Structure of the Perimysium

The perimysium is described as a well-ordered criss-cross lattice of two sets of wavy or crimped collagen fiber bundles in a proteoglycan matrix, with each of the two parallel sets of wavy fibers at angle symmetrically disposed about the muscle fiber axis (Rowe, 1974, 1981: Borg and Caulfield, 1980; Purslow, 1989). These collagen bundles again lie in the plane parallel to the muscle fiber surface and their long axes lie at +55° and −55° to the muscle fiber direction at muscle rest length. The orientation of each of the two crossed-plies of collagen fibers and the crimp angle varies systematically with muscle sarcomere length (Purslow, 1989). Gillies and Lieber (2011) are of the opinion that it is not known if perimysium forms a continuous network across the width of a muscle and from origin to insertion of fascicles, whereas the micrographs from studies on a range of muscles from rats, rabbits, sheep, pigs, cattle, and chickens appear to demonstrate quite clearly that the perimysium does indeed form a continuous network across the muscle fascicle (Rowe, 1981; Nishimura et al., 1994; Purslow and Trotter, 1994; Liu et al., 1995; Passerieux et al., 2007). A considerable amount of experience has been accumulated in our laboratory in dissecting out large sheets of perimysium from the bovine semitendinosus muscle for mechanical testing and thermal analysis in a series of publications ranging from 1989 (Lewis and Purslow, 1989) up until the present day (Latorre et al., 2019), which leads this author to the conclusion that perimysium does indeed form a continuous network across the width of a muscle and from origin to insertion of fascicles. It is also clear that the thickness and spatial distribution of perimysium varies greatly between different muscles, as shown in Figure 2 for three bovine muscles (Purslow, 1999). It should also be noted that the resilient protein elastin is present in small amounts in the perimysium of most muscles but that the amount of elastin is increased dramatically in muscles such as bovine latissimus dorsi and semitendinosus (Bendall, 1967), where it is thought to act as an elastic energy store. Rowe (1986) showed that elastin fibers were predominantly associated with the perimysium and epimysium of bovine semitendinosus and longissimus dorsi muscles.
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FIGURE 2. Micrographs of large transverse sections of three muscles from the same (bovine) animal, showing differences in the division of muscles into fascicles by perimysium. Top panel: pectoralis profundus; middle panel: sternocephalicus; bottom panel: rhomboideus cervicus. Differences in fascicle shape, size, and perimysial thickness can be seen between muscles and within each muscle. White gaps visible between fascicles are shrinkage artifacts (separating perimysium from the endomysium of surface muscle fibers) produced by fixation. Adapted from Purslow (2005).




Structure of the Epimysium

The epimysium is a thick connective tissue layer that is composed of coarse collagen fibers in a proteoglycan matrix. The epimysium surrounds the entire muscle and defines its volume. The arrangement of collagen fibers in the epimysium varies between muscles of different shapes and functions. For instance, the collagen fibers in the relatively thin epimysium of the long strap-like M. sternomandibularis in the cow has two sets of collagen fibers running at ± 55 to the muscle long axis (Purslow, 2010), whereas the collagen fibers in the thicker epimysium of M. semitendinosus in the same animal are close-packed and parallel to the muscle long axis, and merge into the tendon. The thicker epimysium of pennate muscles form a sheet-like aponeurosis that acts as a wide base of muscle attachment (Sakamoto, 1996).



Continuity of IMCT, Tendons and Deep Fascia

Although the various IMCT structures are often described as sheaths that separate individual fibers (endomysium) fascicles (perimysium) and whole muscles (epimysium), in reality these structures form continuous networks that connect and coordinate the muscle elements within them. The endomysium clearly forms a continuous network structure within a fascicle and perimysium clearly forms another continuous network within the whole muscle As the perimysium approaches the surface of the muscle it merges seamlessly with the epimysium (Turrina et al., 2013). At the ends of the muscle, the epimysium thickens and merges with the tendons (Benjamin, 2009). Tendinous connections from several muscles onto the deep fascia of limb muscles have been observed, and it appears that these connections provide myofascial continuity between the different muscles of the limb (Stecco et al., 2007). It is hypothesized that this continuity of connections between IMCT and fascia coordinate the action of agonistic muscles. Within this hierarchy of connections, the nature of connections between the endomysial and perimysial networks at the surface of muscle fascicles. is less well defined. Rowe (1981) observed an open network of fine wavy collagen fibers joining the thick, dense planar network of collagen fiber bundles in the perimysium to the endomysium of muscle fibers at the surface of a muscle fascicle. Passerieux et al. (2006) similarly reported connections between the perimysium and the endomysium of muscle fibers at the surface of fascicles in bovine flexor carpi radialis muscle that they termed perimysial junction plates (PJPs). These periodic junctions are formed by branching collagen fiber bundles from the perimysium inserting into the surface of the endomysium. Gillies and Lieber (2011) show some evidence of similar connections in their scanning electron micrographs of preparations from mouse extensor digitorum longus muscles. PJPs are staggered at the surface of each muscle fiber and separated by a distance of approximately 300 μm. Transmission electron microscopy and immunohistochemistry studies of PJPs have revealed a concentration of muscle fiber nuclei and mitochondria in the muscle fiber underneath the PJP (Passerieux et al., 2006). This suggests that PJP’s may be a point of transmission of mechanical information and stimuli into the muscle fibers which affects expression in the cell (i.e., points of mechanotransduction). A point of debate is whether these junctions can also function as pathways for transmission of active and passive forces. The preparation of specimens for Figure 3 involved the fracture of freeze-dried fixed samples, and Passerieux et al. (2006) noted that fracture removed the dense layer of perimysium from the surface of the fascicle, leaving only the perimysial collagen strands attached to PJPs. They argue that this means that these junctions are very strong. However, these connections are only sporadic (more than 100 sarcomeres apart) and mechanical tests (Lewis and Purslow, 1990) showed that the breaking strength of endomysial junctions was considerably below the strength of the perimysial network, indicating that these junctions may not be strong enough to transmit large forces.


[image: image]

FIGURE 3. Perimysium excised form bovine semitendinosus muscle 24 h post-mortem (A) upstretched and (B) stretched transverse to the muscle fiber direction, with the resulting load-deformation curve shown in (C). In (D) measurements of the angle between the collagen fiber bundles and the stretching direction (triangles) are a reasonable fit to a model sf strain-induced reorientation (Purslow, 1989; fitted line) in the perimysium. Reproduced from Purslow (1999).


The main components of IMCT are the fibrous collagen types I and III in a matrix of proteoglycans, with the non-fibrous type IV present in the basement membrane of the muscle cells. Small amounts of fibrous type V collagen and several of the fiber-associated collagens are also present. The endomysium and perimysium have distinct proteoglycan and collagen compositions, as detailed by Purslow and Duance (1990). Light and Champion (1984) estimated that type III made up 16% of the total (type I + III) in epimysium, 28% in the perimysium and 62% of the endomysium in bovine pectoralis muscle. These proportions vary between the IMCT of different muscles. Comparing six bovine muscles, Light et al. (1985) reported type III contents in the range of 14–30% in the epimysium, 25–43% in the perimysium and a much smaller variation of 53–58% in the endomysium.




PHYSIOLOGICAL ROLES OF IMCT

Intramuscular connective tissue has a wide range of functions. At the most mundane level, it organizes and carries the neurons and capillaries that service each muscle cell. Especially at the level of the perimysium, it provides the location of intramuscular deposits of fat. It patterns muscle development and innervation, as proliferation and growth of muscle cells is stimulated and guided by cell–matrix interactions. These roles have been discussed previously (Purslow, 2002). This review focuses on the current knowledge of the mechanical roles of IMCT in relation to the transmission of contractile force, passive tension in stretched muscle, and the adaptation of muscle due to mechanotransduction.

Hill (1949) stated that the mechanical properties of skeletal muscle could be described by a contractile element (CE), an elastic element in series with this (SE) and another Eleatic component in parallel to the CE and SE. He was at pains to point out that this was a mechanical description only, and that it was not necessary to identify the structures responsible for the SE and PE response. By “elastic” he meant that these elements would return to their original dimensions after loading, and so act as spring-like stores of strain energy. He noted that the stress-strain behavior of his hypothetical SE and PE elements would be non-linear, in that their stiffness would increase with strain. This “Hill-type three element model” conditioned many discussions of the mechanical behavior of muscle subsequently. This model essentially focuses on the contribution of each “element” in tension, a constraint that is discussed below.


Experimental Data

Two papers published in the mid 1980’s characterize two very different streams of thought about the contribution of IMCT to the mechanical functioning of muscle. Magid and Law (1985) measured the passive load-extension behavior of single fibers from frog muscle with and without surrounding endomysium and concluded that this IMCT structure contributed very little to the passive tension of muscle. This finding generated a focus on titin as the principal intracellular structure responsible for passive elasticity in the tissue. Looking at Figure 1E, it is clear that dissection of a single muscle fiber with some surrounding endomysium must involve the disruption of the continuous network structure of the endomysium, a process that is much easier to achieve without damaging the muscle fiber in frog muscle than in mammalian species, hence frog muscle being the material of choice for single fiber physiology studies. It is more difficult, but possible, to isolate viable single fibers from mouse extensor digitorum longus muscle and measure their properties (Lännergren and Westerblad, 1987, 1991; Westerblad et al., 1993). Measurements of the passive elasticity of muscle by tensile tests on single fibers have also been used to look at changes in IMCT in diseased human muscle (Mathewson et al., 2014) or changes due to unloading on rat soleus fibers (Toursel et al., 2002). Meyer and Lieber (2018) made a direct comparison of the passive elasticity of mouse versus frog single fibers using the same apparatus and protocol, and showed that endomysium had a greater contribution to passive elasticity in the mouse muscle fibers than those from the frog. By testing the tensile properties of whatever remnant of the endomysial network that clings to the surface of an isolated single fiber, these investigations unequivocally demonstrate the non-linear tensile properties of the endomysium. The thinking behind this line of investigation is very much in accord with the three-element Hill-type model of muscle mechanics that distinguishes a contractile element, a series-elastic element and a parallel elastic element. By equating the endomysium with the parallel elastic element, this type of analysis forces our thinking into consideration of the tensile properties of the endomysium. Purslow and Trotter (1994) studied changes in the orientation and waviness of collagen fibers in the endomysial network layer with muscle sarcomere length and found that endomysium is non-linearly elastic but extremely compliant in tension over the physiological range of sarcomere lengths. A similar investigation with perimysium also showed that this network of crimped collagen bundles is very compliant in tension over the range of physiologically relevant sarcomere lengths (Purslow, 1989). By constraining thought to tensile properties of these planar fibrous networks of wavy collagen fibers or fiber bundles, it was concluded that IMCT structures are too compliant in tension to efficiently contribute to the transmission of contractile force at the sarcomere lengths where muscle generates most force. However, as noted above, this conclusion is simply based on the assumption that these ECM structures are working in tension. As discussed below, that is now thought to be incorrect, and that their through-plane shear properties are more important. Using finite element models based upon the Hill-type three-element model, Marcucci et al. (2019) have recently suggested that the contribution to the parallel elastic component in passive muscle elasticity may nevertheless be substantial.

The second stream of thought about the functioning of connective tissue within muscle was generated by the observation by Street (1983) that short segments of myofibrils from adjacent fibers adhering to the endomysium of a single fiber dissected from frog semitendinosus muscle changed length when the intact fiber was stretched. This gave birth to the idea that forces are transferred laterally between adjacent fibers by shear through the endomysium. This mechanism explains why length changes in non-activated muscle fibers follow the length changes of actively contracting neighboring fibers when only a subset of muscle motor units are activated in sub-maximal contraction.

A general recognition that force transmission can readily occur between adjacent muscle fibers has been followed by evidence that myofascial force transmission can occur between fascicles even between adjacent muscles, as summarized by Huijing (2009); Maas and Sandercock (2010), and Maas (2019). While there is some dispute that epimysial force transfer between individual muscles is significant (Diong et al., 2019), the general idea of lateral force transmission between adjacent fibers within a muscle fascicle is less controversial. However, this concept requires a change of mental picture about the functional properties of IMCT is two ways. Firstly, although it is possible to discern the tensile properties of endomysium by comparing the tensile properties of skinned single muscle fibers to muscle fibers with endomysium, or small groups of fibers with a part of intact endomysial network between them, the relevance of this needs to be rethought. If a prime function of the endomysium is to coordinate strains between adjacent muscle fibers and keep sarcomeres in register with each other by transmission of forces by shear, does measurement of tensile properties really help to understand these important shear properties? Secondly, from a materials science or biophysical view of endomysium and perimysium, it is natural to focus on the tensile, in-plane properties of a planar fibrous network and the non-linear behavior that these exhibit due to strain induced reorientation and de-crimping. This was the approach originally applied to analysis of the perimysium (Purslow, 1989) and to the endomysium (Purslow and Trotter, 1994), and in both cases the result was only to highlight the worryingly high compliance of these networks in tension. It should be remembered that the endomysium studied by Purslow and Trotter (1994) was from a very obviously series-fibred muscle (bovine sternomandibularis muscle) where the none of the intrafascicularly terminating, short muscle fibers run the length of a fascicle and the great majority have no myotendinous attachment, so that transmission of contractile force via the endomysium is the only option. We should also note that the endomysial connections between intrafascicularly terminating fibers in series-fibred muscles are essentially acting as part of the series elastic component in Hill’s three-element model; efficient transfer of force from the contractile element out to tendons and eventually bones requires a series-elastic “link” that (a) does not dissipate energy (which would waste the energy of contraction) but stores it elastically, and (b) is relatively stiff, as a very stretchy or compliant linkage would not efficiently translate muscle contractions into movement of the bones. Analysis of tensile properties of these planar collagenous networks continues to be a common mindset (e.g., Bleiler et al., 2019). The highly compliant tensile properties of endomysium provide little resistance to the longitudinal and circumferential dimensional changes in working muscle fibers; the endomysium easily allows and follows changes in fiber geometry as muscle contracts and is passively lengthened. This, however, is not inconsistent with providing a reasonably efficient transmission of force by translaminar shear (shear through its thickness).

Tensile tests on small sheets of perimysium isolated by careful dissection from muscle are possible and show the obvious non-linear stress-strain behavior expected of a compliant network that suffers reorientation at finite strains and a straightening of initially wavy or crimped collagen fiber bundles. An example if given in Figure 3. Tensile tests on isolated perimysium from large bovine muscles have continued to be performed only because of the relevance of these properties to the textural properties of muscle eaten as meat (e.g., Latorre et al., 2019), but of course do not shed light on the functioning of this IMCT structure in vivo, except to reinforce the point that perimysium, like endomysium, is easily deformed in tension at resting muscle lengths.

It is clear that the majority of muscles undergo shape changes as they contract (Dick and Wakeling, 2017, 2018; Roberts et al., 2019); fusiform muscles bulge in mid-section as they contact, as do fan-shape muscle such as the pectoralis and all unipennate, bipennate and multipennate muscles. This sounds like a trivial observation, but consideration of how a fibrous composite tissue can change shape reveals that, in order to do so, some elements in the tissue as a whole must be allowed to shear past neighboring elements. The question is; which elements, at what scale of structure? If the endomysium is tightly coordinating forces and displacements between adjacent muscle fibers in a fascicle, then the likelihood is that shear displacements could be accommodated between fascicles. In a crude experiment, Purslow (2002) demonstrated that shape changes caused by manipulation bovine semitendinosus muscle in rigor produced slippage between fascicles, but not within fascicles. Schmalbruch (1985) also discusses this mechanism. The shear strains within different muscles are substantial and vary between diverse muscles (Mutch, 2015).

It has been postulated that variations in the size and shape of fascicles, and therefore in the spatial distribution of perimysium, was related to variations in the shear strains that need to be accommodated in differently shaped muscles as they contract (Purslow, 2002, 2010). This idea has since been supported by computational models (see below) and argues that shear stains in the perimysium must be larger than shear strains though the endomysium between muscle fibers in a fascicle. This is in contrast to the interpretation of those researchers (e.g., Huijing, 2009; Maas, 2019) who stress the importance of lateral force transmission between fascicles and between entire muscles (epifascial force transmission) as an important physiological function, as a perimysium easily deformed in shear would not be an efficient means to transmit contractile force laterally between fascicles.



Modeling Stress Transfer Between Muscle Fibers by Shear

Models of the shear properties of perimysium and endomysium at different sarcomere lengths (Purslow, 2002; Appendix A) led to the idea that shear transmission of force could be relatively efficient over a wide range of sarcomere lengths. These simple ideas based on fibrous composites theory were developed using estimated ranges of shear parameters, as no measured values were available. In developing these models of translaminar shear through a reorientating planar network of near-random, wavy collagen fibrils, Purslow (2002) reasons that in practical terms the shear modulus of the endomysium would be relatively insensitive to changes in sarcomere length. These models have not been tested, because of the difficulty in making experimental observations. It has been proposed to use an overlapping shear configuration of three muscle fibers (as shown in Figure 4) to directly measure the shear stiffness of the endomysium. These experiments have not yet been performed in the author’s laboratory due to a lack of the strain vector mapping necessary to extract shear displacements in the mid region of the specimen. The specimen is shown only to demonstrate the viability of such preparations.
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FIGURE 4. Three muscle fibers dissected post-rigor from rat gastrocnemius muscle forming a Y-shaped specimen suitable for measuring the shear properties of endomysium. Bottom: schematic representation. Middle panel: polarized light micrograph of the whole preparation. Top panel: higher-magnification phase contrast image of the mid-section, showing the free ends of the outer two fibers.




Computational Models of Stress Transfer in Muscle by Shear

Various computational models (principally finite elements (FE) models) have been used to explore the possible role of IMCT in the active and passive mechanical properties of muscles. These models are very attractive in that they can represent the complex three-dimensional architecture of the tissue at various levels. A full anisotropic set of (non-linear) moduli (both extensional and shear) and the anisotropic poisons ratios for both muscle fiber elements and IMCT elements, together with a detailed representation of their shape and spatial distribution would be an ideal starting point for building such complex computational models. However, a full set of extensional, shear and poison’s ratio parameters for muscle fibers and either the endomysium of perimysium, or both, is not available. So, while a great number of parameters can be estimated from experimental studies, inevitably there needs to be some assumed range of values for many of the parameters, not least the shear properties of the IMCT components (both for shear through the thickness along the muscle fiber direction and transverse to it). Thus, Yucesoy et al. (2002) used a non-linear strain energy density function to model the IMCT in their FE model of interactions between muscle fibers and endomysium that contained different extensional stiffness constants along and across the muscle direction but equal shear stiffness in all directions. This Linked Fiber-Matrix Mesh model approach has been discussed further by Yucesoy and Huijing (2012) and applied to a study of muscle paralysis by botulinum toxin (Turkoglu and Yucesoy, 2016). Sharafi and Blemker (2011) were very explicit (in their table 1) of the sources of the range of parameters that they included in their FE model of force transmission from intrafascicularly terminating muscle fibers. They noted that shear moduli for the endomysium had not been measured and used estimated values for an (isotropic) shear modulus in the range 3.7–5 kPa. In their geometrically simplified FE model of a single cylindrical muscle fibers embedded in an endomysial matrix, Zhang and Gao (2012) use a range of mechanical property parameters from previous models, including that of Sharafi and Blemker (2011). They assume a shear modulus of 0.3–0.6 kPa along the muscle fiber direction and 0.15–0.3 transverse to the muscle fiber direction. These three FE models were are all very useful in exploring the patterns of complex forces and deformations in muscle as a composite tissue and, not withstanding the differences in assumed shear parameters and other differences in the model assumptions and constraints, all three produced results which indicated a strong role for transmission of force between fiber and ECM or between adjacent fibers by shear. Sharafi and Blemker (2010) also used the FE model approach to examine the effects of fascicle shape and size (and therefore perimysial spatial distribution) on the properties of muscle. They noted that measured values of shear moduli for muscle fibers, fascicles and IMCT did not exist, and were likely to vary considerably from muscle to muscle, so explored a wide range of these parameters in their model. Using fascicle size and shape data from two muscles (rabbit rectus femoris and soleus), Sharafi and Blemker (2010) showed that perimysial thickness, the spatial staggering of fascicles to each other and the anisometric ratio of the fascicle were most important in determining the overall macroscopic mechanical properties of each muscle. Over a range of mechanical parameters studied, their simulations predicted higher shear strains in the perimysium than within the fascicles (i.e., in muscle fibers or the endomysium) and supported the concept that variations in the spatial distribution of perimysium in a muscle, defining muscle fascicles of varying sizes and shapes, generally follow the need to accommodate more of less shear strains in a given plane depending on the shape changes and ranges of motions necessary for different muscles to fulfill their different functions. This idea is echoed by Mutch (2015) who supposes that fascicles are smaller, and separated by thinner perimysium, in long strap-like muscles such as bovine sternomandibularis or human sartorius because these contraction of these muscles produce only small shear displacements within them, compared to the bigger fascicles and thicker perimysium in some pennate muscles, where shear displacements are greater. From a range of ultrasonic imaging studies on human muscles in vivo, Purslow (2002) in his table 2 presented data to show that maximum shear strains between fascicles in pennate muscles could be as high as 2.05, and could vary substantially between the muscles studied.

While actual measurements of the shear properties of endomysium through experiments such as those proposed above in relation to Figure 4 may provide accurate data to feed into such computational models, it is this author’s view that the conclusions form FE models such as those cited here would not be affected greatly, if at all. Over a wide range of simulated mechanical parameters, these models form a consensus view that shear transmission of force through a relatively stiff endomysium is an important feature of muscle function, whereas the more shear-compliant perimysium provides a mechanism for fascicles to shear past each other, permitting the macroscopic shape changes necessary for muscles to change shape as they contract.

Supersonic shear imaging (SSI) studies have provided estimates of the macroscopic shear modulus of muscles in vivo. Lacourpaille et al. (2012) measured values of shear modulus in the range of 2.99–4.5 kPa in nine resting muscles of human subjects. Nakamura et al. (2016) reported increasing values of 8.1–41.6 kPa for human gastrocnemius with increasing passive ankle dorsiflexion. In their review, Lima et al. (2018) cite values from a range of studies on different muscles ranging from 7 to 70 kPa depending on degree of muscle lengthening and joint rotations and note that values increase with increasing muscle activity. Chakouch et al. (2015) used the different technique of magnetic resonance elastography (MRE) to measure the shear modulus along nine muscles in the human thigh at rest and report values ranging from 3.91 to 6.15 kPa. SSI and MRE both use high frequency waves to study the tissue. Because of the frequency-dependent viscoelastic nature of muscle and IMCT, the shear moduli measured in SSI and MRE are likely to be high estimates. However, these data do give values for macroscopic shear properties of muscle that could be used as end-point comparisons from computational models. It should be emphasized that these reported shear moduli are for the whole muscle tissue, not the IMCT. It is clear that these shear moduli vary between active and passive muscle and increase with increasing muscle length or displacement. It is reasonable to speculate that the translaminar shear moduli of the perimysium and endomysium may also change with muscle length, as changes in the orientation of collagen fibers with the IMCT network with changing sarcomere length have been reported for both perimysium (Purslow, 1989) and endomysium (Purslow and Trotter, 1994). Simple fibrous composite modeling of the effects of collagen fiber reorientation (Purslow, 2002) do predict that, over the entire range of sarcomere lengths that can be achieved in muscle, the translaminar shear modulus in the longitudinal direction will become greater at very long sarcomere lengths, and the translaminar shear modulus in the circumferential direction will become greater at very short sarcomere lengths. However, near muscle rest length the two translaminar moduli are predicted from this simple model (Purslow, 2002) to be more nearly equal and to only change to a very small degree within the normal physiological range of sarcomere length changes. As noted above, this led Purslow (2002) to hypothesize that the shear modulus of the endomysium would be relatively insensitive to changes in sarcomere length. This argument can be equally applied to the shar properties of the perimysium. However, this hypothesis is yet to be confirmed by direct measurements of the shear properties of these IMCT networks.

Pamuk et al. (2016) combined magnetic resonance and diffusion tensor imaging methods to assess deformation along the muscle fiber direction in human medial gastrocnemius muscle in vivo, including shear strains. As well as noting a great inhomogeneity in longitudinal strains between muscle fibers, Pamuk et al. (2016) observe that analysis of along-fiber shear strains confirm that there is a great amount of shear displacement between muscle fascicles during in vivo movements of this muscle.

If the shear properties of the endomysium are designed to keep adjacent muscle fibers closely aligned and coordinated with efficient force transfer between them, whereas the shear properties of the perimysium are designed to facilitate large shear strains in a working muscle, then it follows that (a) computational models should not use the same estimates of shear properties for both endomysium and perimysium, and (b) the mechanisms for adaptive growth or degradation of endomysium and perimysium may be differently regulated, or may respond to different ranges of stimuli.




CHANGES OF IMCT IN MUSCLE ADAPTATION

Part of the adaptation of muscle to exercise, disuse and overload injury involves changes to the IMCT (Kjaer, 2004; Mackey et al., 2011, 2017; Hyldahl et al., 2015). There are also some changes in the IMCT content of muscles as animals and people grow and age, as reviewed by Kragstrup et al. (2011). Post natal muscle growth is generally by muscle fiber hypertrophy, which means that, if the thickness of endomysial and perimysial structures remains constant, there would be a decreased intramuscular collagen concentration as the volume of the muscle cells increased. In the rapid growth of muscle in young farm animals, there is no obvious change in collagen concentration (McCormick, 1994), arguing that the volume fraction of muscle occupied by endomysial and perimysial IMCT structures keeps pace with the growth in muscle fiber volume. Kragstrup et al. (2011) review the complicated evidence from both animal and human studies indicating that, after maturity is reached, there is a increase in intramuscular collagen content, as well as change in the properties of IMCT due to age-related covalent crosslinking. In the study of advanced human aging, it is unclear if an increase in IMCT concentration is simply a function of muscle fiber volume loss due to inactivity. It is also clear that the connections within muscle tissue afforded by IMCT and myotendinous joint connections are predominant sites of lesions in muscle strain injuries, as highlighted in a recent meta-analysis (Wilke et al., 2019).

Maintenance and regeneration of IMCT is a balance of synthesis by fibroblasts versus degradation. Matrix metalloproteinases (MMPs) are the principal proteolytic enzymes of IMCT together with the family of metalloendopeptidases described as a disintegrin and metalloproteinase (ADAMs), which act as sheddases, cleaving off the extracellular portions of integrins at the muscle cell surface (Christensen and Purslow, 2016). In their studies of rat soleus muscle, Cha and Purslow (2010a) demonstrated that MMP activity occurs at the endomysium and perimysium, but that the muscle fibers themselves produce large quantities of MMPs. When subject to biaxial stretching a stronger increase in MMP activity is produced by myoblasts than fibroblasts (Cha and Purslow, 2010b). In the response of muscle to overload injury it is particularly evident that connections between muscle cells and IMCT are broken down before remodeling occurs (Mackey et al., 2011; Hyldahl et al., 2015).

Myoblasts and myotubes can produce their own basement membrane collagens (Bailey et al., 1979; Kühl et al., 1982), normally the type I and III collagen fibrous structures of the interstitial region of the endomysium and of the perimysium are considered to be primarily produced by fibroblasts (Chapman et al., 2016). However, this very much depends on the stage of development and conditions within the muscle (such as muscle injury, disease or chronic inflammation). Myoblasts produce type I collagen but this production normally decreases substantially when the myoblasts differentiate into myotubes whereas satellite cells produce type I and III collagens (Alexakis et al., 2007). In contrast, in the mdx mouse, a model for Duchenne muscular dystrophy (DMD), the satellite cells in older muscle can still produce type III collagen but cease to produce type I collagen (Alexakis et al., 2007). Substantial amounts of type I collegen, produced by non-myogenic cells, are present in the fibrosis evident in DMD. Transforming growth factor β (TGF-β) is elevated in muscle injury and also in pathological conditions such as DMD. TGF-β is a well-known regulator of muscle fiber size but also causes elevated collagen type I expression from both myoblasts and differentiated myotubes in cell culture (Hillege et al., 2020). Myogenic progenitor cells arising from satellite cells in growing or repairing muscle form part of the regulation of synthesis of new collagen in the IMCT by fibroblasts. Satellite cells activated by mechanical overload proliferate and secrete exosomes containing microRNAs (MiRNAs) into the ECM. Binding of MiRNAs, and specifically MiR-206, to fibroblasts suppresses collagen synthesis by its inhibiting action on Ribosome-binding protein 1 (Fry et al., 2017). In the absence of satellite cells, or upon their depletion in chronic overload or disease, the lack of exosome-mediated regulation of collagen synthesis in fibroblasts leads to fibrosis. There is therefore evidence to suggest that both collagen synthesis in the endomysium and its degradation by MMPs may be regulated by muscle cells and their associated satellite cells. It is less obvious that these mechanisms are relevant to the control of collagen deposition and degradation in the perimysium, which is not in contact with the muscle cells.

While there has been assumption that high rates of muscle growth must be accompanied by a high rate of turnover (degradation and resynthesis) of IMCT (Etherington, 1987), investigations of collagen metabolism resulting from manipulations of animal nutrition fail to reliably back this up. McCormick (1989) summarized a number of studies on this and concluded that the processes controlling collagen synthesis, degradation and stabilization via covalent crosslinking in response to high or low growth rate are far from clear, based on the fact that some dietary manipulations producing high rates of muscle accretion are accompanied by more intramuscular collagen with a higher solubility (which is presumed by Rompala and Jones (1984) to indicate newly synthesized collagen) whereas some others do not. If collagen solubility is indeed a reasonable measure of newly synthesized collagen, it difficult to explain increased solubility of collagen in the muscle of pigs on a restricted diet, with low growth rate (Kristensen et al., 2002; Therkildsen et al., 2002).

Muscle immobilization also results in changes in IMCT, and these responses may also shed light on its role. Jozsa et al. (1988) reported that the collagen content of soleus, gastrocnemius and tibialis anterior muscles of rats increased when their hind limbs wee immobilized. This was partially a result of loss of muscle fiber volume, but an increase in endomysial and perimysial thickness was also noted. Järvinen et al. (2002) noted similar patterns of fibrotic depositions in both the endomysium and perimysium in the same three muscles of the rat hind limb upon immobilization. Excessive deposition of ECM (fibrosis) js a well-know feature of muscular dystrophies, myopathies and severe muscle injuries, as reviewed by Mahdy (2019). It may be that a fibrotic deposition of IMCT is a mechanism to prevent over-extension and catastrophic rupture of weakened muscle fibers and fascicles. However, the appearance of myofibroblasts as opposed to fibroblasts at sites of connective tissue injury and muscle injury (Li and Huard, 2002; Contreras et al., 2016) complicates the issue and suggests that fibrosis may be a response of a differentiated cell type with a different set of response conditions than normal fibroblasts.


Mechanotransduction Between Muscle Cells and IMCT; Which Mechanical Signals Matter, and Is It a Two-Way Street?

Mechanotransduction refers to the signally pathways by which cells sense and respond to mechanical stimuli by changes in their expression. Mechanotransduction in muscle is a well-understood concept that has been reviewed extensively (Hornberger and Esser, 2004; Burkholder, 2007; Olsen et al., 2019). It is generally recognized to involve connections from the ECM via integrins (Boppart et al., 2006) with intracellular signaling in large part via MAP Kinases (Martineau and Gardiner, 2001). Constantin (2014) reviews evidence that the dystroglycan complex is another important transmembrane connection involved in muscle mechanotransduction. Other intracellular signaling pathways involved in the response of muscle cells to external mechanical signals include calcium channels (Damm and Egli, 2014) and Yes-associated protein (YAP) activated pathways (Fischer et al., 2016). Nitric oxide synthase also participates as a regulatory mechanism of protein synthesis and degradation in skeletal muscle (Shenkman et al., 2015). However, the IGF-1-Akt-mTOR is thought to be the main positive regulator of skeletal muscle size (Schiaffino et al., 2013).

From the viewpoint of regulating and adapting both muscle fiber volume and properties and IMCT structures to functional demands on muscles, there are two aspects of current muscle mechanotransduction research worth noting. Firstly, while the exact nature of the intracellular signaling pathways and resulting changes in expression have been studied with great precision, the exact nature of the mechanical stimuli that stimulates these is generally less well defined. While Burkholder (2007) is careful in his general discussion to distinguish forces from deformations and to make the important distinction between tension and shear, as well as discussing cyclic versus static loading, the primary investigations he reviewed are generally less concerned with the precise type of mechanical signal that elicited the responses in the signaling pathways they studied. Given that shear transmission of force through the endomysium seems to be an important feature of muscle functioning, an emphasis on shear stresses or shear strains as a primary mechanical signal could be an interesting focus in future work. Juffer et al. (2014) showed that myotubes are sensitive to shear stress imposed by fluid flow. Huijing and Jaspers (2005) postulate that shear effects between adjacent muscle fibers is an important component of the mechanical signals for adaptation. Fischer et al. (2016) stated that regulation of YAP pathways by shear in muscle have not been characterized, but noted that fluid shear stress does activate YAP in osteoblasts and chondrocytes. Meanwhile, information on the activation of the PI3K/AKT/mTOR pathway by mechanical stimulation of cells continues to be obtained by use of cyclic biaxial membrane stretching as a stimulus (Da et al., 2020) where it is hard to dissect the exact mechanical component of the stimulus. Although the activation of the mTOR pathway by elevated IGF-1 is a principal mechanism in the regulation of muscle fiber size, it should be noted that a variety of other factors activate mTOR, including reduced myostatin expression (Egerman and Glass, 2014) and nitric oxide synthase (NOS) signaling (Ito et al., 2013), as well as the direct effects of mechanical loading (Hornberger et al., 2006). Mechanical loading of differentiated myotubes by either cyclic biaxial stretching (Wozniak and Anderson, 2009) or pulsating fluid shear stress (Juffer et al., 2014) promotes Nitrous oxide (NO) production.

The second point to note is that most studies of mechanotransduction in muscle are concerned with transfer of mechanical information from the ECM to the muscle cells. But connections between muscle cells and ECM also transmit forces into the ECM. Regulation of IMCT due to mechanical signaling from contractile forces is far less studied. This is an important aspect if we want to know what signals could control the deposition or remodeling of IMCT beyond passive stretching of the muscle. Mechanical signals for IMCT deposition or degradation can reasonably be expected to be either strains or stresses experienced by fibroblasts, and indeed collagen and proteoglycan synthesis is primarily the function of these cells. Our current understanding of muscle function envisages relatively small shear strains within a fascicle, i.e., efficient force transmission through an endomysium with a relatively high shear stiffness, whereas perimysial boundaries allow large shear strains between fascicles. Given these differences, it is not unreasonable to suggest that the amplitude or nature of the signals controlling the growth or degradation of these two different IMCT structures are likely to be different. Miller et al. (2015) demonstrated an increase in the rate of collagen synthesis within human gastrocnemius muscle after an acute bout of strenuous exercise in the same timeframe as increased myofibrillar protein synthesis, indicating a coordination of response from both myocytes and fibroblasts. However, it was not possible in this study to distinguish between synthesis of collagen in the endomysium versus the perimysium. It is also possible that some of the collagen synthesis was related to micro-injury in response to overload and the consequent macrophage infiltration and TGF-β upregulation of fibroblast activity seen in muscle injury repair (Kim and Lee, 2017). While mechanisms of mechanotransduction in fibroblasts generally are known (Chiquet et al., 2003, 2007), fibroblasts in different tissues have different responses (Mackley et al., 2006) and fibroblasts isolated from different muscles in the same animals are known to have different expression (Archile-Contreras et al., 2010). By definition, fibroblasts synthesizing components of endomysium have a different expression than fibroblasts synthesizing perimysial components in the same muscle.

The control of degradation by MMPs may also be via signaling to fibroblasts, although it is more likely that signaling within muscle cells also has a large contribution to MMP expression and activity, as discussed above. Any study of the effects of stimuli on the production of MMPs by muscle cells is complicated by the fact that MMPs function as intracellular signaling molecules as well as extracellular proteases (Mannello and Medda, 2012). A perinuclear concentration of MMP activity has been observed in myoblasts (Cha and Purslow, 2010a) and in differentiated myotubes (Purslow et al., 2012).

As discussed above, the tight linkage of mechanotransduction at the muscle cell-ECM interface focuses attention on endomysial-muscle cell interactions, but the perimysium is only sporadically connected to the endomysium of muscle cells at PJPs. While the mechanotransduction pathway afforded by PJP structures (with their concentrations of sub sarcolemmal myonuclei) may be pass external mechanical information into the muscle cells, it is more difficult to postulate that the muscle cells also regulate turnover of the perimysium, unless perimysial fibroblasts are differentiated from endomysial fibroblasts and respond differently to signals coming from the muscle cells so as to synthesize and degrade this separate and distinct IMCT structure separately.

A final consideration on the control of IMCT turnover and deposition centers on the scaling of stresses at muscle fiber surface with respect to muscle fiber growth. A normal assumption is that the force produced by a fiber will increase in proportion to its cross-sectional area, i.e., radius squared, on the basis that the number of myofibrils per muscle cell should scale with CSA. As the muscle fiber contracts, the generated surface shear stress would be proportional to the force divided by the surface area of the fiber (which is a linear function of radius). This would imply that, as a fiber grows in radius through hypertrophy, for a given force output per myofibril, the shear stress at the surface of the fiber would be increasing. Above a limiting value, increased signaling to the muscle cell could then trigger remodeling by release of MMPs/ADAMs, and paracrine signaling from muscle cells to fibroblasts could affect collagen synthesis. At least in cardiac muscle, the sheddase activity of ADAMS is thought to reduce integrin-mediated signaling with the ECM during hypertrophy (Manso et al., 2006). An increase in the thickness of the endomysium will lower the shear strains in it back to some value below this triggering value. However, the assumption that muscle hypertrophy proportionally increases the number of myofibrils in the cross-section of growing muscle fibers, increasing the force the produce in relation to the square of the muscle fiber radius, has been called into question (Haun et al., 2019). Krivickas et al. (2011) demonstrate that contractile force generated in single muscle fibers is a linear function of their diameter (or radius). If this analysis is true, then there would be no change in the magnitude of shear stresses on the fiber surface of muscle fibers grow (as shear stress to contractile stress is a constant ratio of both contractile stress and surface shear stress scales linearly with radius). However, force measurements with intact (non-skinned) muscle fibers from the iliofibularis muscles of Xenopus larvae clearly show that the fiber cross-sectional area is proportionately related to the forces they can generate (Jaspers et al., 2008). This issue could be resolved by a clearer understanding of the shear properties of the endomysial- muscle fiber interface and the cellular responses of both muscle cells and fibroblasts specifically to interfacial shear stimuli.




CONCLUSION

Our understanding of the role of IMCT in normal muscle functioning and its role in muscle adaptation and response to injury has undergone considerable revision and is continuing to evolve. It is arguably a legacy of the Hill three-element model that a great deal of thinking on the mechanical roles of IMCT and experimental approaches designed to measure these have centered in the past on tensile properties, in relation to the “passive elastic element.” However, we must remember that the Hill model is just a representation of the macroscopic mechanical behavior of muscle, rather than a mechanistic representation with insight into molecular or structural mechanisms. Although Hill (1949) warned that a three-element model was only a representation of the mechanical behavior of muscle, and that structural elements of the muscle cells and IMCT could not be directly assigned to the SE and PE elements, a mindset of elastic “springs” in series and parallel with the contractile elements has blinkered attention to tensile mechanical behaviors of components. In reality, the in-plane tensile properties of the endomysium and perimysium are very compliant at normal in vivo sarcomere lengths, so freely allowing the length changes needed in actively contracting and passively stretching muscle fibers. But, the shear linkages through the thickness of the endomysium keeps adjacent fibers in register and laterally transmits force. While shear deformations in IMCT can be interpreted in terms of its contribution to the effective tensile stiffness of muscle in the muscle fiber direction, the field is moving toward a clear understanding that the shear properties of IMCT networks are different from tensile properties, and most probably the growth and turnover of IMCT structures are sensitive to shear parameters. While measures of tensile properties of endomysium as a passive elastic element in single fiber experiments has provided many insights into muscle properties, it is arguable that what the field needs most is detailed measurements of the translaminar shear properties of the endomysial and perimysial networks.
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