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   2	
  

Abstract  1	
  

 2	
  

In skeletal muscle fibers, intermediate filaments and actin filaments, provide 3	
  

structural support to the myofibrils and the sarcolemma. For many years, it was 4	
  

poorly understood from ultrastructural observations how these filamentous structures 5	
  

were kept anchored. The present study was conducted to determine the architecture of 6	
  

filamentous anchoring structures in the subsarcolemmal space and the intermyofibrils. 7	
  

The diaphragms (Dp) of adult wild type and mdx mice (mdx is a model for Duchenne 8	
  

muscular dystrophy (DMD)) were subjected to tension applied perpendicular to the 9	
  

long axis of the muscle fibers, with or without treatment with 1% Triton X-100 or 10	
  

0.03% saponin. These experiments were conducted to confirm the presence and 11	
  

integrity of the filamentous anchoring structures. Transmission electron microscopy 12	
  

(TEM) revealed that these structures provide firm transverse connections between the 13	
  

sarcolemma and peripheral myofibrils. Most of the filamentous structures appeared to 14	
  

be inserted into subsarcolemmal densities, forming anchoring connections between 15	
  

the sarcolemma and peripheral myofibrils. In some cases, actin filaments were found 16	
  

to run longitudinally in the subsarcolemmal space to connect to the sarcolemma or in 17	
  

some cases to connect to the intermyofibrils as elongated thin filaments. These 18	
  

filamentous anchoring structures were less common in the mdx Dp. Our data suggest 19	
  

that the transverse and longitudinal filamentous structures form an anchoring system 20	
  

in the subsarcolemmal space and the intermyofibrils. 21	
  

 22	
  

 23	
  

 24	
  

 25	
  



	
   3	
  

Introduction  1	
  

 2	
  

The cytoskeletons of muscle fibers, except those of myofibrils, contain several types 3	
  

of filamentous structures. The three major types of filamentous structures in the 4	
  

cytoskeleton are actin filaments, microtubules and intermediate filaments. Proper 5	
  

organization of these filamentous structures is critical for establishing the internal 6	
  

architecture of muscle fibers, as well as for maintaining the mechanical integration 7	
  

and stability of the myofibrils and the plasma membrane (sarcolemma) [1-4]. 8	
  

The myofibrils, which are key components of skeletal muscle, are composed 9	
  

of sarcomeres. Sarcomeres are repeating units of interdigitating actin (thin filaments) 10	
  

and myosin (thick filaments) [4, 5]. The sarcomeres are laterally attached to the 11	
  

sarcolemma at the costameres [4-6]. 12	
  

 Recently, research on the cytoskeletons of skeletal muscle fibers has expanded 13	
  

the definition of costameres. In the earliest report, costameres were recognized as rib-14	
  

like structures (costa is Latin for “rib”) overlying the Z lines of nearby myofibrils [6]. 15	
  

Costameres are currently described as having three distinct domains. Two domains 16	
  

run transversely from the peripheral myofibrils to the sarcolemma; Z-domains are 17	
  

linked to the Z disks of peripheral myofibrils, and M-domains are aligned with the M 18	
  

lines of peripheral sarcomeres. L-domains, the third type, run longitudinally [2, 7, 8]. 19	
  

The correlation of L-domains with the internal parts of myofibrils remains unknown 20	
  

[2, 6-15]. The functions of costameres have been reported to include maintaining the 21	
  

internal framework that links peripheral myofibrils to the sarcolemma [1-4, 16-18]. 22	
  

Other functions include the transmission of force and the stabilization of the 23	
  

sarcolemma during the contractile cycle [2, 4-7, 9, 10, 12, 19]. Even though 24	
  

costameres have such important functions, the ultrastructural characteristics of their 25	
  



	
   4	
  

components remain poorly understood.  1	
  

 Filamentous structures in the subsarcolemmal and intermyofibrillar spaces have 2	
  

been studied by electron microscopy, and they have been described as anchoring 3	
  

structures [16-21]. Some researchers have also proposed that actin and intermediate 4	
  

filaments could be components of the filamentous anchoring structures. Detailed 5	
  

studies have focused on Z-domains, whereas descriptions of M-domains and L-6	
  

domains have been limited. Some filamentous structures have also reportedly been 7	
  

observed at subsarcolemmal densities connected to the Z disks of peripheral 8	
  

myofibrils [16, 22, 23]. Subsarcolemmal densities are distinctive electron-dense 9	
  

plaques that occur on the cytoplasmic side of the sarcolemma [16, 22]. 10	
  

Subsarcolemmal densities have been proposed to be associated with costameres, 11	
  

though this association is still under discussion [2, 4-7, 9, 10, 12, 19, 22]. Several 12	
  

other studies have shown that the sarcolemmal regions between the costameres can 13	
  

bulge outwards during muscle contraction, whereas the costameres remain tightly 14	
  

connected to the Z disks of the peripheral myofibrils [1, 2, 16, 19, 22]. These bulges, 15	
  

or “festoons” [4, 5, 19], are indicative of the presence of very firm connections 16	
  

between the sarcolemma and the peripheral myofibrils [4-7, 19].  17	
  

 Recently, some groups have studied the characteristics of costameric molecules 18	
  

[3, 4, 9], but these studies have mainly relied on observations using light microscopy 19	
  

[9]. Immunofluorescence studies have suggested that vinculin, gamma-actin, spectrin 20	
  

and intermediate filament proteins are structural components of costameres and 21	
  

intermyofibrils at the Z disk level [6, 10, 11, 18, 23, 24]. Ultrastructural studies have 22	
  

also been conducted to study the characteristics of costameres. Immunoelectron 23	
  

microscopic studies have indicated that desmin intermediate filaments serve as 24	
  

physical links between myofibrils, especially at Z-domains. These filaments have also 25	
  



	
   5	
  

been shown to connect the Z disks of peripheral myofibrils to the sarcolemma through 1	
  

their associations with plectin 1, dystrophin, vinculin, β-synemin, α-dystrobrevin, 2	
  

actin and subsarcolemmal densities [18, 23, 25]. Molecules in the other costameric 3	
  

domains, such as the M-domains and the longitudinal domains, have not yet been 4	
  

identified.  5	
  

 For the filamentous anchoring structures, the complete picture has yet to be 6	
  

elucidated. To uncover the precise spatial relationships of the components of the 7	
  

anchoring structures that connect the sarcolemma to the peripheral myofibrils or 8	
  

intermyofibrils, we conducted ultrastructural analyses of the filamentous anchoring 9	
  

structures in the subsarcolemmal space and the intermyofibrils. 10	
  

 11	
  

 12	
  

Materials	
  and	
  methods	
  13	
  

	
  14	
  

Animals 15	
  

C57BL/10ScN mice and mdx mice were obtained from the Central Institute for 16	
  

Experimental Animals (Kawasaki, Japan). The mice (2-4 months old) were deeply 17	
  

anesthetized by inhalation of diethyl ether and intraperitoneal injection of 18	
  

pentobarbital. The protocol used in this study was approved by the Animal Care and 19	
  

Experimentation Committee of Gunma University (#10-061). 20	
  

 21	
  

Muscle preparation 22	
  

Diaphragm (Dp) muscles from adult wild-type (WT) mice were used as samples 23	
  

without saponin or detergent treatment. After removal, muscles were directly washed 24	
  

in calcium-free rat Ringer’s solution (156 mM NaCl, 5.4 mM KCl, 5 mM HEPES (pH 25	
  



	
   6	
  

7.4), 10 mM glucose, 5 mM EGTA, 6 mM MgCl2, 0.5 mM NaH2PO4) at 4 °C. They 1	
  

were then pinned down for transverse tension treatment [16, 17] and fixed by 2	
  

immersion in 2% paraformaldehyde (PFA), 2.5% glutaraldehyde (GA) and 0.1 M 3	
  

sodium cacodylate buffer (pH 7.3) containing 0.2% tannic acid [2, 6, 7, 9, 10, 12, 23] 4	
  

at 4 °C for 30 minutes to one hour. Samples were trimmed into small blocks and fixed 5	
  

in the same solution at 4 °C overnight. The following day, samples were post-fixed in 6	
  

1% OsO4 in the same buffer, and they were block-stained with 1% aqueous uranyl 7	
  

acetate. The samples were embedded in Epon 812. For samples treated with saponin, 8	
  

Dp muscles from WT mice were used. After being pinned down, they were treated 9	
  

with 0.03% saponin in calcium-free rat Ringer’s solution containing a protease 10	
  

inhibitor cocktail (1:100; Nacalai Tesque code no. 25955-11, Kyoto, Japan) for 30 11	
  

minutes at room temperature, then fixed in 2.5% glutaraldehyde (GA) and 0.2% 12	
  

tannic acid in 0.1 M sodium cacodylate buffer (pH 7.3) [23] at 4 °C overnight. For 13	
  

samples treated with detergent, Dp muscles from WT and mdx mice were used. These 14	
  

samples were treated with 1% Triton X-100 in calcium-free rat Ringer’s solution 15	
  

containing the protease inhibitor cocktail, then fixed in 2.5% glutaraldehyde in 0.1 M 16	
  

sodium cacodylate buffer (pH 7.3) containing 0.2% tannic acid. The remaining steps 17	
  

of the procedure were performed as described above. 18	
  

 19	
  

Transmission electron microscopy (TEM) 20	
  

Ultrathin sections were observed using a Hitachi H-800 or JEOL JEM-1010 21	
  

transmission electron microscope. Filament diameter was measured on printed images 22	
  

at ×50,000 or ×60,000 using a ×7 micrometer eyepiece [26]. Only straight filaments 23	
  

with a distinct margin and little overlying debris were identified and measured.  24	
  

 25	
  



	
   7	
  

 1	
  

Results 2	
  

 3	
  

To reveal the filamentous architecture as transverse and longitudinal anchoring 4	
  

structures in the subsarcolemmal space and the intermyofibrils, we used several 5	
  

treatments of the TEM samples. Transverse tension treatment, with or without 1% 6	
  

Triton X-100 or 0.03% saponin, was used to confirm the existence and integrity of the 7	
  

filamentous structure. Dp was used because it is easier to stretch transversely than 8	
  

other skeletal muscles [16]. Moreover, in mdx mice, Dp shows the typical features of 9	
  

muscular dystrophy, including degeneration, fibrosis and severe functional deficit. 10	
  

mdx mice are dystrophin-deficient mice that serve as an animal model for Duchenne 11	
  

muscular dystrophy (DMD) [27, 28]. We also used mdx mice for comparisons with 12	
  

WT animals.  13	
  

 14	
  

Ultrastructure of the filaments in the subsarcolemmal space and the intermyofibrils of 15	
  

WT Dp  16	
  

 17	
  

We found that tension treatment, with or without detergent or saponin, made it 18	
  

possible to observe filamentous anchoring structures in the subsarcolemmal space and 19	
  

the intermyofibrils. Dp samples without transverse tension or detergent (Fig. 1a) 20	
  

failed to show filamentous structures providing anchorage between the sarcolemma 21	
  

and peripheral myofibrils. The subsarcolemmal space was not identifiable because the 22	
  

sarcolemma was closely attached to the peripheral myofibrils. When tension was 23	
  

applied without detergent treatment (Fig. 1b), the subsarcolemmal space was 24	
  

identified between the sarcolemma and peripheral myofibrils. Some filamentous 25	
  



	
   8	
  

structures were observed within the subsarcolemmal space. Many membrane 1	
  

organelles of unknown origin remained, most likely because no detergent treatment 2	
  

was applied. Dp samples subjected to 1% Triton X-100 without tension treatment 3	
  

(Fig. 1c) also failed to show filaments. Dp samples with both 1% Triton X-100 and 4	
  

transverse tension treatment (Fig. 1d) yielded better results for the observation of 5	
  

filamentous anchoring structures. 6	
  

Three independent Dp samples (Figs. 2a-c) were stretched transversely and 7	
  

then fixed without detergent. In these samples, the subsarcolemmal space could be 8	
  

visualized, but organelles of unknown origin obscured the underlying structures and 9	
  

interfered with observation in some locations. The filamentous anchoring structures 10	
  

appeared to survive the transverse tension treatment. Filaments from the same group 11	
  

(Figs. 2a-c) that had less overlying debris and more distinct margins were measured. 12	
  

Higher magnification figures from the boxed areas that illustrated with two white 13	
  

arrows showing a 10-nm space between them are shown to clarify the measuring 14	
  

process of filaments diameter (Figs. 2d-f). The diameter of thin filaments were within 15	
  

the space of two white arrows, while the diameter of intermediate filaments were 16	
  

exceeded. Length between the filaments margins were measured and then calculated 17	
  

to have the value of filament diameter. From the samples (Figs. 2a-c), the diameters 18	
  

of the thin filaments were 8.20 ± 1.16 nm (n = 12) and the 10-nm-filaments were 19	
  

11.65 ± 1.63 nm (n = 4). Based on the measured diameters, it is highly possible that 20	
  

these thin filaments (8.20 ± 1.16 nm) represent actin filaments. The 10-nm filaments 21	
  

(11.65 ± 1.63 nm) appeared to be intermediate filaments [29]. This interpretation is 22	
  

consistent with previous reports that the costameric cytoskeleton mainly comprises 23	
  

intermediate filaments and actin filaments [3, 4]. Some elongation of the thin 24	
  

filaments was apparent in both the subsarcolemmal space and the intermyofibrils. As 25	
  



	
   9	
  

reported previously, subsarcolemmal densities can sometimes be observed at the 1	
  

membrane level at attachment sites of the filamentous systems from the Z lines or M 2	
  

lines of peripheral myofibrils [16, 22]. Most actin filaments were found to be inserted 3	
  

into these subsarcolemmal densities. Transverse sections of Dp samples treated in the 4	
  

same manner (Figs. 3a, b) confirmed the appearance of the filamentous anchoring 5	
  

structures that connect the sarcolemma to peripheral myofibrils. Thin filaments (8.29 6	
  

± 0.55 nm; n = 11) were clearly visible originating from the A-band, and some 7	
  

filaments stretched from the I-band to the sarcolemma. As seen in longitudinal 8	
  

sections (Figs. 2a-c), these thin filaments may represent actin filaments. They appear 9	
  

to make direct contact with the subsarcolemmal densities. 10	
  

To ensure the presence and integrity of the filamentous structures, three 11	
  

independent samples of Dp (Figs. 4a-c) were treated with transverse tension and 1% 12	
  

Triton X-100. The subsarcolemmal space was clearly exposed. Higher magnification 13	
  

figure showed that the diameter of thin filament was less than the 10-nm space of the 14	
  

two white arrows, while the diameter of intermediate filament was exactly filled the 15	
  

space (Figs. 4d). The filamentous structures, including actin filaments (8.23 ± 0.44 16	
  

nm; n = 9) and intermediate filaments (10.38 ± 0.52 nm; n = 8), formed firm 17	
  

transverse connections between the sarcolemma and the Z disks and M lines of 18	
  

peripheral myofibrils. Most of the longitudinal structures were elongated thin 19	
  

filaments. Some subsarcolemmal densities were observed, especially above the Z disk 20	
  

and M line areas. Membrane organelles of unknown origin were less common but still 21	
  

present. The persistent appearance of firm anchoring structures, despite treatment with 22	
  

1% Triton X-100 and the application of transverse tension, made it clear that the 23	
  

filamentous structures are transverse and longitudinal anchoring structures that 24	
  

connect the sarcolemma to peripheral myofibrils.  25	
  



	
   10	
  

Transverse and longitudinal filamentous structures were also present in Dp 1	
  

samples treated with 0.03% saponin and transverse tension (Figs. 5a, b). Those 2	
  

filamentous structures could be identified in longitudinal sections (Fig. 5a) and in 3	
  

transverse sections (Fig. 5b). Actin filaments (7.69 ± 0.33 nm; n = 8) and intermediate 4	
  

filaments (10.00 ± 0.50 nm; n = 7) were clearly visible in the sections, and they 5	
  

formed transverse connections between the sarcolemma and the Z disks. The 6	
  

longitudinal structures appeared as elongated thin filaments that were mainly located 7	
  

in the intermyofibrils. The insertion of some actin filaments into subsarcolemmal 8	
  

densities was also observed. 9	
  

	
  10	
  

Loss of filamentous architecture in the M line domain in mdx Dp 11	
  

 12	
  

We demonstrated that treatment with transverse tension and 1% Triton X-100 or 13	
  

0.03% saponin allows observation of the filamentous anchoring structures in the 14	
  

subsarcolemmal space and intermyofibrils (Figs. 4 and 5). In the next set of 15	
  

experiments, we used mdx mice to determine whether particular ultrastructural 16	
  

features of the anchoring system were affected by these treatments.  17	
  

Samples of mdx Dp [Fig. 6a, b (insert)] were treated with transverse tension 18	
  

and 1% Triton X-100. As with the WT Dp samples that received the same treatment, 19	
  

the subsarcolemmal space was clearly exposed. However, there were differences in 20	
  

the appearance of the filamentous anchoring structures. There were fewer filamentous 21	
  

structures in the mdx Dp. Connections between the M lines and the sarcolemma were 22	
  

barely observed. Some 10-nm filaments were present above the Z disk areas.  23	
  

 24	
  

 25	
  



	
   11	
  

 Discussion 1	
  

 2	
  

In this study, we provide morphological evidence of filamentous anchoring structures 3	
  

in the subsarcolemmal space and intermyofibrils. The filamentous anchoring 4	
  

structures discussed here are applied to the transverse and longitudinal filamentous 5	
  

structures that appear in the three costameric domains and the intermyofibrils. These 6	
  

filamentous structures can survive treatment with transverse tension and 1% Triton X-7	
  

100 or 0.03% saponin. Moreover, these structures are able to connect the peripheral 8	
  

myofibrils to the sarcolemma or intermyofibrils (Figs. 4 and 5). Functionally, these 9	
  

lateral linkages would help individual muscle fibers avoid disruptive contraction and 10	
  

would aid in the generation of force [7, 18, 19].  11	
  

 Because our ultrastructural evidence for filamentous anchoring structures in 12	
  

the subsarcolemmal space and intermyofibrils was obtained by electron microscopy of 13	
  

intact muscle treated with Triton X-100 or saponin, we must consider the possibility 14	
  

that these procedures may introduce artifacts, such as filament redistribution or 15	
  

superimposition onto the subsarcolemmal space, Z disks or M lines. A classic 16	
  

experiment by Pierobon-Bormioli demonstrated that muscle framework is difficult to 17	
  

preserve [16]. However, our results, which were obtained from several independent 18	
  

mice and several different treatments, suggest that the observed filamentous 19	
  

anchoring structure distribution was not artifactual. First, Dp samples with no 20	
  

transverse tension or detergent treatment (Fig. 1a) failed to show filamentous 21	
  

structures because the subsarcolemmal space could not be visualized. Second, when 22	
  

tension was applied without detergent treatment (Fig. 1b), some filamentous 23	
  

structures could be observed within the subsarcolemmal space, but the presence of 24	
  

many membrane organelles interfered with observation. Third, Dp samples subjected 25	
  



	
   12	
  

to 1% Triton X-100 treatment but not tension treatment (Fig. 1c) also failed to show 1	
  

filaments. Fourth, Dp samples treated with both 1% Triton X-100 and transverse 2	
  

tension (Fig. 1d) yielded better results for the observation of filamentous anchoring 3	
  

structures. Treatment with only transverse tension or transverse tension treatment 4	
  

combined with 1% Triton X-100 or 0.03% saponin (Figs. 2, 4, 5) enabled observation 5	
  

of the filamentous anchoring structures in the subsarcolemmal space and 6	
  

intermyofibrils. These findings are in agreement with previous studies [6, 10, 16-24], 7	
  

and we have obtained new evidence that provides a more comprehensive 8	
  

understanding of the filamentous anchoring structures.  9	
  

Based on the present and previous data, filamentous anchoring structures in 10	
  

the subsarcolemmal space may be depicted, as shown in Fig.7. Transverse anchoring 11	
  

filamentous structures that laterally interlink the Z disks and M lines of peripheral 12	
  

myofibrils to the sarcolemma were clearly visible, and they were composed of actin 13	
  

and intermediate filaments (Figs. 2-5). By measuring the filament diameters, we 14	
  

confirmed that actin filaments and intermediate filaments are the most likely 15	
  

candidates for linking peripheral myofibrils to the cytoplasmic surface of the 16	
  

sarcolemma [1, 3, 4, 7, 9]. The possibilities that the filamentous anchoring structures 17	
  

were also composed of membrane skeleton protein, such as dystrophin and/or spectrin 18	
  

are low because these molecules are thinner than actin filament [30, 31]. At the Z-19	
  

domains of costameres, actin and intermediate filaments appeared to cooperate to 20	
  

attach the Z disks of peripheral myofibrils to the sarcolemma (Figs. 4a, 4c, 5a). Actin 21	
  

filaments in particular seem to take the form of longitudinal anchoring structures or 22	
  

elongated filaments, not only in the subsarcolemmal space (Figs. 2-5) but also in the 23	
  

intermyofibrils (Figs. 2 and 5). This result supports the findings of previous 24	
  

immunofluorescence studies, which indicated that costameric actin filaments and 25	
  



	
   13	
  

intermediate filaments serve as structural components of both costameres and 1	
  

intermyofibrils at the level of Z lines [10, 18, 23, 24]. Different from the Z-domains, 2	
  

our findings at the M-domains of costameres suggest that only intermediate filaments 3	
  

form the connections between the M lines of peripheral myofibrils and the 4	
  

sarcolemma (Figs. 2b, 4a, 4b). This result is in accordance with previous reports [2, 3, 5	
  

19, 32]. In the later researches, not only desmin [2, 18, 23, 25] but also keratin 6	
  

filaments [2, 3, 8, 12], are the types of intermediate filaments that are being proposed 7	
  

as anchoring structures between sarcolemma and peripheral myofibril. Desmin 8	
  

enriched at the Z-domains of costameres [2, 3], but was not present in significant 9	
  

amounts at M-domains or L-domains of costameres [7]. The other type is composed 10	
  

of keratin filaments containing keratin 8 (K8) and keratin 19 (K19) [3, 8]. Although 11	
  

keratins are present in smaller amounts than desmin, K8 and K19 are found at both 12	
  

the Z-domains and M-domains of costameres [8, 12]. Our ultrastructural findings 13	
  

ascertained the previous reports by clearly showing that the intermediate filaments are 14	
  

component of filamentous anchoring structures between sarcolemma and peripheral 15	
  

myofibrils. 16	
  

We were able to visualize the elongation of thin filaments in the 17	
  

subsarcolemmal spaces and in the intermyofibrils (Figs. 2-5). The path of elongation 18	
  

of thin filaments from the peripheral myofibrils to the sarcolemma was clearly 19	
  

demonstrated by our data. This information was lacking in previous studies by Bard 20	
  

and Franzini-Armstrong [17]. Those authors suggested that peripheral filaments are 21	
  

composed of actin and are anchored to Z lines [17], which is consistent with our 22	
  

results. In the subsarcolemmal space, the elongated thin filaments obliquely arose 23	
  

from the peripheral myofibrils and then longitudinally extended before finally 24	
  

inserting into the subsarcolemmal densities (Figs 2-5). Based on this evidence, it is 25	
  



	
   14	
  

possible that these elongated thin filaments extending from the peripheral myofibrils 1	
  

to the sarcolemma are actually the ultrastructural L-domains of the costameres. 2	
  

 In Figures 2-5, we also observed the appearance of electron-dense plaques on 3	
  

the cytoplasmic side of the sarcolemma. These plaques are most likely 4	
  

subsarcolemmal densities, as reported previously by Pierobon-Bormioli [16] and 5	
  

Shear [22]. Membrane skeleton proteins such as vinculin [6, 10, 22], dystrophin and 6	
  

β-spectrin [11] are considered to be components of subsarcolemmal densities.  From 7	
  

our results, the subsarcolemmal densities appeared in all three domains of costameres. 8	
  

We clearly visualized the association of subsarcolemmal densities with the 9	
  

filamentous anchoring structures, particularly the elongated thin filaments coming 10	
  

from the peripheral myofibrils (Figs. 2, 3, 5). These results remind us of a previous 11	
  

study that mentioned the relationship of subsarcolemmal densities with extracellular 12	
  

structures [22]. In 1985, Shear observed that the densities were associated with 13	
  

extracellular thin filaments that extend from the sarcolemma through the basal lamina 14	
  

[22]. Our observations complete the picture by revealing that the subsarcolemmal 15	
  

densities are also associated with filamentous anchoring structures from the peripheral 16	
  

myofibrils. This association might play a role in anchoring the sarcolemma to the 17	
  

peripheral myofibrils. Thus, we propose that subsarcolemmal densities and their 18	
  

associated filamentous anchoring structures constitute the ultrastructural 19	
  

representation of costameres. 20	
  

Previous experiments suggest that costameres may serve to laterally transmit 21	
  

contractile forces from the sarcomeres across the sarcolemma to the extracellular 22	
  

matrix, ultimately transmitting the force to neighboring muscle cells [9, 10, 19]. 23	
  

Dystrophin and its associated proteins are found at the sarcolemma in association with 24	
  

the Z-domains of costameres [33, 34]. Confocal immunofluorescence analysis showed 25	
  



	
   15	
  

that dystrophin forms a strong mechanical attachment to the sarcolemma [24, 33]. 1	
  

Immunoelectron microscopy revealed that dystrophin distributed close to the 2	
  

cytoplasmic surface of the plasma membrane [35, 36]. In muscle fibers skinned with 3	
  

Triton X-100, immunoelectron microscopy labeled dystrophin at outer-side surface of 4	
  

subsarcolemmal densities [23]. Freeze-fracture replica immunoelectron microscopy 5	
  

showed that labeling of spectrin and dystrophin were at the cytoplasmic surface of the 6	
  

plasma membrane [37]. Dystrophin in the subsarcolemmal densities is associated with 7	
  

integral membrane proteins such as β-dystroglycans [3, 24, 38, 39]. These proteins 8	
  

interaction are associated subsequently with suprasarcolemmal α-dystroglycans, 9	
  

forming a structural links in the sarcolemma and with the basal lamina by binding 10	
  

laminin-2 [23, 39, 40]. On the other hand, dystrophin do not make filaments between 11	
  

sarcolemma and sarcomeres. Dystrophin links to the sarcomeres through other 12	
  

proteins interaction, such as gamma-actin filaments [3, 24]. Our results showed that 13	
  

the subsarcolemmal densities still remained after tension treatment. Thus, dystrophin, 14	
  

spectrin, and other associated proteins might still retained in the densities. DMD is 15	
  

caused by mutations in the gene encoding dystrophin [41-43]. The mdx mouse, which 16	
  

is an animal model for DMD, carries a mutation in the dystrophin gene and lacks the 17	
  

native protein [28, 44]. When dystrophin is absent, the link between the costamere 18	
  

and sarcolemma is disrupted, resulting in compromised sarcolemmal integrity [9]. 19	
  

This study provides the first ultrastructural evidence showing the differences between 20	
  

the filamentous anchoring structures of WT and mdx Dp samples subjected to the 21	
  

same treatment (Figs. 4 and 6). There were fewer filamentous anchoring structures in 22	
  

the mdx Dp samples. Especially connections between the M lines and the sarcolemma 23	
  

were barely observed in the mdx samples. Our data support previous studies that 24	
  

found that the M line domains of the costameres are more susceptible to disruption in 25	
  



	
   16	
  

mdx mice [2, 11, 13]. The absence of dystrophin and the destabilization of the 1	
  

filamentous anchoring structures may cause the costamere abnormalities observed in 2	
  

mdx mice [7, 9, 24, 45].  3	
  

Taken together, the data from this study show that tension treatment, with or 4	
  

without detergent or saponin treatment, allows observation of the filamentous 5	
  

anchoring structures in the subsarcolemmal and intermyofibrillar spaces. Actin and 6	
  

intermediate filaments show their presence and integrity as components of the 7	
  

transverse and longitudinal anchoring structures in the subsarcolemmal space and the 8	
  

intermyofibrils. 9	
  

 10	
  

 11	
  

Conclusion 12	
  

We showed that the transverse and longitudinal anchoring structures along with the 13	
  

subsarcolemmal densities and elongated thin filaments in the subsarcolemmal space 14	
  

might represent the ultrastructural components of the costamere. We also reported a 15	
  

lack of filamentous anchoring structures in mdx mice. The mechanism underlying 16	
  

how these structures were lost was not revealed in this study. Further study of mdx 17	
  

mice may provide new insights into cytoskeleton organization in skeletal muscle 18	
  

fibers and may contribute to a more comprehensive understanding of how defects 19	
  

cause membrane fragility and muscle wasting. 20	
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Figure Legends 1	
  

 2	
  

Fig. 1 Electron micrographs of WT Dp samples showing the effects of transverse 3	
  

tension and 1% Triton X-100 treatment. Dp samples without transverse tension or 4	
  

detergent treatment (a) failed to show filamentous architecture between the 5	
  

sarcolemma and peripheral myofibrils. The subsarcolemmal space (the space between 6	
  

the two black open arrows) cannot be identified because the sarcolemma (three black 7	
  

arrowheads) remains closely attached to the peripheral myofibrils. When tension was 8	
  

applied without detergent treatment (b), the subsarcolemmal space (the space between 9	
  

the two black open arrows) could be identified between the sarcolemma (three black 10	
  

arrowheads) and peripheral myofibrils. Some filamentous structures could also be 11	
  

observed. Many membrane organelles of unknown origin (white open arrowheads) 12	
  

were still present, most likely because there was no detergent treatment. Dp samples 13	
  

subjected to 1% Triton X-100 without tension treatment (c) also failed to show 14	
  

filaments. Dp samples subjected to both 1% Triton X-100 and transverse tension 15	
  

treatment (d) provided better observations of the filamentous anchoring structures. Z, 16	
  

Z disk; M, M line. 17	
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Fig. 2 High-magnification electron micrographs of longitudinally sectioned WT Dp 1	
  

samples treated with transverse tension only. Three independent Dp samples (a, b, c) 2	
  

were used. The subsarcolemmal space could be observed between the sarcolemma 3	
  

(three black arrowheads) and peripheral myofibrils. The filamentous anchoring 4	
  

structures apparently survived the tension treatment. Transversely running thin 5	
  

filaments (white arrow) and 10-nm filaments (black arrow) could be identified. The 6	
  

thin filaments (white arrowheads) showed oblique elongation in the subsarcolemmal 7	
  

space and in the intermyofibrils. Subsarcolemmal densities (white open arrows) were 8	
  

found to be in direct contact with the filamentous structures. Organelles of unknown 9	
  

origin (white open arrowheads) were found in some locations. The boxed areas in a, 10	
  

b, and c are shown at a higher magnification (d, e, f). Length of the filament diameter 11	
  

was measured and then calculated to have the value of filament diameter. The space 12	
  

between two white arrows is 10 nm. In images a, b, and c, thin filaments (white 13	
  

arrow) were 8.20 ± 1.16 nm (n = 12) and 10-nm filaments (black arrow) were 11.65 ± 14	
  

1.63 nm (n = 4). Z, Z disk; M, M line. 15	
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Fig. 3 Electron micrographs of transversely sectioned WT Dp samples treated with 1	
  

transverse tension only. These sections (a, b) confirmed the appearance of the 2	
  

filamentous anchoring structures connecting the sarcolemma (three black 3	
  

arrowheads) and peripheral myofibrils. Thin filaments (white arrows) were clearly 4	
  

observed to originate from the A-band (A), and some were observed to originate from 5	
  

the I-band (I). In both cases, the filaments were connected to the sarcolemma. 6	
  

Subsarcolemmal densities (white open arrows) were in direct contact with the 7	
  

filamentous structures. Membrane organelles of unknown origin (white open 8	
  

arrowheads) were observed between the structures. Filament diameter was measured 9	
  

in the samples (a and b), and the thin filaments (white arrows) were 8.29 ± 0.55 nm (n 10	
  

= 11). Z, Z disk. 11	
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Fig. 4 Electron micrographs of longitudinally sectioned WT Dp samples treated with 1	
  

1% Triton X-100 and transverse tension. The subsarcolemmal spaces were clearly 2	
  

exposed in these three independent samples (a, b, c). The filamentous structures, thin 3	
  

filaments (white arrows) and 10-nm filaments (black arrows) formed firm transverse 4	
  

connections between the sarcolemma (three black arrowheads) and the Z disks (Z) 5	
  

and M lines (M) of peripheral myofibrils. Most of the longitudinal structures were 6	
  

elongated thin filaments (white arrowheads). Some subsarcolemmal densities (white 7	
  

open arrows) were observed, especially above the Z disk (Z) and M line (M) areas. 8	
  

Debris from membrane organelles (white open arrowheads) was present but less 9	
  

abundant. The persistent appearance of firm anchoring structures despite treatment 10	
  

with 1% Triton X-100 and transverse tension ascertained the existence of filamentous 11	
  

structures as transverse and longitudinal anchoring structures between the sarcolemma 12	
  

and peripheral myofibrils. The boxed area in a is shown at a higher magnification (d). 13	
  

Length of the filament diameter was measured and then calculated to have the value 14	
  

of filament diameter. The space between two white arrows is 10 nm. In images a, b, 15	
  

and c, thin filaments (white arrows) were 8.23 ± 0.44 nm (n = 9) and 10-nm filaments 16	
  

(black arrows) were 10.38 ± 0.52 nm (n = 8).  17	
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Fig. 5 Electron micrographs of WT Dp samples treated with 0.03% saponin and 1	
  

transverse tension. The subsarcolemmal space can be observed in these samples (a, 2	
  

b). The filamentous structures can be identified in longitudinal sections (a) and 3	
  

transverse sections (b). Thin filaments (white arrows) and 10-nm filaments (black 4	
  

arrows), which are clearly visible, form transverse connections between the 5	
  

sarcolemma (three black arrowheads) and the Z disk (Z) (a, b). The longitudinal 6	
  

structures appear to be elongated thin filaments (white arrowheads), which are located 7	
  

in the intermyofibrills (a). Some subsarcolemmal densities (white open arrows) and 8	
  

membrane organelles of unknown origin (white open arrowheads) were present. 9	
  

Filament diameter was measured in the samples (a, b); thin filaments (white arrows) 10	
  

were 7.69 ± 0.33 nm (n = 8) and 10-nm filaments (black arrows) were 10.00 ± 0.50 11	
  

nm (n = 7).  12	
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Fig. 6 Electron micrographs of longitudinally sectioned mdx Dp samples treated with 1	
  

1% Triton X-100 and transverse tension [a, b (insert)]. As with the WT Dp samples 2	
  

subjected to the same treatment, the subsarcolemmal space (the space between the 3	
  

two black open arrows) was clearly exposed (a). The filamentous anchoring 4	
  

structures had a distinct appearance in the mdx samples. There were fewer 5	
  

filamentous structures in the mdx Dp, and there were very few structures connecting 6	
  

the M line (M) to the sarcolemma (three black arrowheads). Some 10-nm filaments 7	
  

(black arrow) were present above the Z disk (Z) areas (b [insert)]. Subsarcolemmal 8	
  

densities (white open arrows) were observed. Debris from the membrane organelles 9	
  

of unknown origin (white open arrowheads) was present in some locations. Filament 10	
  

diameter was measured in the samples [b (insert)]; 10-nm filaments (black arrow) 11	
  

were 10 nm (n = 2).  12	
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Fig. 7 Schematic representation of the ultrastructural components of the costamere. 1	
  

Filamentous anchoring structures along with the subsarcolemmal densities and 2	
  

elongated thin filaments in the subsarcolemmal space are depicted as components of 3	
  

costameres. Filamentous anchoring structures are composed of actin and intermediate 4	
  

filaments. Subsarcolemmal densities appear in all three domains of costameres. Based 5	
  

on the present study, the filamentous structures depicted to be inserted into 6	
  

subsarcolemmal densities. Z-domains, M-domains, and L-domains are illustrated. At 7	
  

the Z-domains of costameres, actin and intermediate filaments appeared to cooperate 8	
  

to attach the Z disks of peripheral myofibrils to the sarcolemma. While at the M-9	
  

domains of costameres, our results suggest that only intermediate filaments form the 10	
  

connections between the M lines of peripheral myofibrils and the sarcolemma. The 11	
  

subsarcolemmal densities in Z-domains and M-domains interact with integral 12	
  

membrane proteins (β-dystroglycans, sarcoglycans, integrin, etc). These proteins 13	
  

interactions continue to form a structural link by subsequently associate with 14	
  

suprasarcolemmal protein (α-dystroglycans, etc) and with the basal lamina proteins 15	
  

(laminin-2, etc). At the L-domains of costameres, elongated thin filaments extend 16	
  

from the peripheral myofibrils to the sarcolemma. Interaction between 17	
  

subsarcolemmal densities in L-domain with integral membrane protein is expected, 18	
  

but detail information is still unknown (dotted areas).  19	
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Fig 2 (continued) 1	
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Fig. 4 (continued) 1	
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