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Abstract

The skeletal muscle extracellular matrix (ECM) supports muscle's passive mechanical function
and provides a unique environment for extracellular tissues such as nerves, blood vessels and a
cadre of mononuclear cells. Within muscle ECM, collagen is thought to be the primary load
bearing protein, yet its structure and organization with respect to muscle fibers, tendon, and
mononuclear cells is unknown. Detailed examination of extracellular collagen morphology
requires high-resolution electron microscopy performed over relatively long distances because
multinucleated muscle cells are very long and extend from several millimeters to several
centimeters. Unfortunately, there is no tool currently available for high resolution ECM analysis
that extends over such distances relevant to muscle fibers. Serial block face scanning electron
microscopy (SBEM) is reported here for the first time to examine skeletal muscle ECM
ultrastructure over hundreds of microns. Ruthenium red staining was implemented to enhance
contrast and utilization of variable pressure imaging reduced electron charging artifacts, allowing
continuous imaging over a large ECM volume. This approach has revealed previously
unappreciated perimysial collagen structures that were reconstructed via both manual and semi-
automated segmentation methods. Perimysial collagen structures in the ECM may provide a target
for clinical therapies aimed at reducing skeletal muscle fibrosis and stiffness.
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Introduction

Electron microscopic methods for examining biological tissues were developed, in large
part, for studies of skeletal muscle (Richards et al., 1942; Sj6strand, 1943). Such reports date
back to the 1940s with the first structural investigation of myofibrils (Hall et al., 1946).
Historically, skeletal muscle ultrastructural studies that focused on muscle fibers (Hall, et
al., 1946; Huxley & Hanson, 1954), sarcoplasmic reticulum and T-system (Eisenberg et al.,
1974), and the neuromuscular junction (Rash & Ellisman, 1974) were limited to a few thin
sections along the fiber length. In contrast to the contractile and regulatory machinery of
muscle fibers, the structure of the skeletal muscle extracellular matrix (ECM) has received
far less attention. Skeletal muscle ECM is traditionally subdivided into endomysium,
perimysium, and epimysium based upon cross-sectional morphology, but these subdivisions
are relatively arbitrary and, in very few cases, are any structural or biochemical differences
among regions actually specified. There are, however, notable exceptions to this oversight.
In the early 1980s, the endomysial collagen network and large collagen bundles in the
perimysium of several muscles were described (Borg & Caulfield, 1980; Rowe, 1981). The
arrangement and orientation of endomysial collagen fibrils were quantified as a function of
sarcomere length to yield a model of load bearing during passive muscle stretch (Purslow &
Trotter, 1994; Trotter & Purslow, 1992). More recently, perimysial junctional plates were
described in which very large collagen bundles appear to traverse great distances and
“insert” onto muscle cells at discrete locations along the fiber (Passerieux et al., 2006).

The primary reason that skeletal muscle ECM has not been thoroughly studied is that it has
been viewed as largely inert, providing only a supporting role to the more significant
contractile muscle fibers. However, recent reports have highlighted that, in response to
perturbation, it is actually the ECM that shows a greater degree of adaptation compared to
muscle fibers. For example, in response to intracellular deletion of the intermediate filament
desmin, it is actually the extracellular connective tissue matrix that shows the greatest
degree of adaptation (Meyer & Lieber, 2012). Further, in children with cerebral palsy, while
muscle fiber size decreases slightly, the ECM proliferates and becomes deranged, which
appears to be responsible for much of the clinical manifestations of this musculoskeletal
disorder (Smith et al., 2011). In these and similar cases, ECM structural changes that occur
are not well understood and are typically simply described as a “thickening” or increase in
area fraction of the endomysium and/or perimysium. These simplistic morphological
measurements or measurements of total collagen content do not correlate well with tissue
mechanical properties (Smith, et al., 2011).

Previous microscopy methods used to observe ECM are not sufficient to describe ECM
ultrastructure because they lack resolution (immunohistochemistry, confocal microscopy),
provide only a 2-dimensional view (transmission electron microscopy, TEM), do not
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provide information over long distances, or preparation methods disrupt in vivo tissue
organization (scanning electron microscopy, SEM). In this report, we show that, with the
development of 3-dimensional imaging technology and improved staining techniques, it is
now possible to detail skeletal muscle ECM ultrastructure over relatively large distances.
Serial block face scanning electron microscopy (SBEM) combines the benefits of TEM-
scale resolution and tissue structure preservation with the 3D visualization capability of
SEM (Denk & Horstmann, 2004; Starborg et al., 2013). Imaging skeletal muscle ECM with
SBEM presents specific challenges. Therefore the purpose of this study was to refine this
method in order to enable studies of ECM architecture and plasticity. To our knowledge, this
is the first application of SBEM to studies of skeletal muscle ECM structure.

Materials and Methods

Tissue Preparation and Staining

All work was approved by the UCSD IACUC prior to beginning. Fixation and embedding
reagents were obtained from Electron Microscopy Sciences (Hartfield, PA). Wild type
129/SV mice (n=5) were anesthetized with intraperitoneal injection of either pentobarbital
(100 mg/kg) or rodent cocktail (100 mg/kg ketamine, 10 mg/kg xylazine, 3 mg/kg
acepromazine) and transcardially perfused with mammalian Ringers solution warmed to
35°C containing heparin (20 units/ml) and 0.2% dextrose for 2 minutes followed by 2%
paraformaldehyde, 2.5%glutaraldehyde, 0.05% ruthenium red, and 0.2% tannic acid in
0.15M sodium cacodylate buffer containing 2mM calcium chloride at 35°C for 5 minutes.
After complete fixation, extensor digitorum longus (EDL) muscles were dissected and
incubated in the same fixative solution overnight at 4°C. Tissue was prepared using a
modified version of the methods reported by West et al. (West et al., 2010). Briefly, tissues
were washed with sodium cacodylate buffer followed by incubation in 2% osmium tetroxide
containing 1.5% potassium ferrocyanide and 0.05% ruthenium red in 0.15M sodium
cacodylate buffer for 30 minutes. Samples were washed in distilled water and incubated in
1% thiocarbohydrazide for 20 minutes. Tissues were then washed with distilled water,
incubated in 2% osmium tetroxide for 30 minutes, washed with distilled water, and placed in
2% urany| acetate overnight at 4°C. The following day, tissues were stained en bloc with
Walton's lead aspartate for 15 minutes at 60°C followed by washing with distilled water and
dehydration in graded ethanol. Finally tissues were embedded in Durcupan ACM resin
(Sigma-Aldrich, St. Louis, MO), trimmed to ~1mm? blocks and mounted onto aluminum
pins.

Serial Block Face Scanning Electron Microscopy

Specimens were placed into a Zeiss Sigma scanning electron microscope outfitted with a
serial block face-imaging chamber (Gatan 3View, Pleasanton, CA). Digital Micrograph
software (Gatan) was used to control knife and specimen movement within the chamber as
well as to collect data. Images were obtained at 3kV accelerating voltage with a 60mm
aperture under variable pressure (chamber pressure was varied from 28 to 35 Pa to offset
specimen charging). Beam stigmation and aperture alignment were performed as necessary
prior to data collection. Tissue blocks were sectioned at 70nm thickness. Images were
recorded at 2,300x magnification and raster size 8,000 x 8,000 with 1us dwell time,
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resulting in a spatial resolution of 4.51 nm/pixel. Approximately 2,000 images were
obtained during each session (extending a distance of ~150um), with focus and stigmation
adjusted periodically during imaging. Cutting speed was set to 0.5mm/second with
oscillation. Total sectioning time was ~36 hours per tissue block.

Image Processing

Results

Images were converted to 8bit for analysis and binned by a factor of 6 prior to segmentation.
Calculation of cross-correlation between adjacent images permitted alignment and stacking.
Both manual and semi-automated segmentation methods were used to identify objects of
interest including fibroblasts, capillaries, and grouped collagen fibrils (perimysial collagen
cables). Initial attempts at segmentation were performed manually with IMOD software
(Kremer et al., 1996). Manually drawn object contours were linearly interpolated over 10
images unless object branching or irregular changes in object shape and/or location
necessitated drawing contours on each image. In a second approach, Analyze 11.0 software
(Analyze Direct, Inc., Overland Park, KS) was also used to segment the same datasets.
Obijects were defined by thresholding a seed point close to the center of the object, and the
seed point and threshold settings were propagated onto neighboring images to grow the
object throughout the volume (Object Extractor tool). Voxel sizes depended upon imaging
parameters. Manual corrections were performed in Analyze as necessary after object
extraction completed.

A typical image of the extracellular space obtained from SBEM of EDL tissue is shown in
Figure 1 (see Supplementary Movie 1 for serial images of the entire volume). Manual
segmentation of all capillaries, fibroblasts, and perimysial collagen cables within the volume
shown in Supplementary Movie 1, interpolating every ~10 slices, required~40 hours for an
experienced user. Time required for semi-automated segmentation was highly variable, and
depended on factors such as computer processor speed and available RAM, user expertise,
and inherent properties of the volume (contrast between objects, object complexity, etc.).
However, active user time totaled about 10 minutes per hour of semi-automated
segmentation time. This is because user input was only required to set threshold parameters
and select seed points; supervision was not required while the segmentation algorithm was
running. Because segmentation of an object throughout the volume depended upon the
thresholding parameters that were set independently for each seed point, multiple seed
points were typically required to segment a single object. Approximately 20 hours of manual
corrections were required after semi-automated segmentation was complete for a single
sample. Thus, total user time for manual segmentation was ~40 hours per volume, while
with semi-automated segmentation, total user time was ~33 hours per volume.

Direct comparison between manual and semi-automated segmentation results showed that
Analyze was able to segment some collagen cables that could not be defined manually, but
was unable to segment collagen cables that were in close proximity to objects with similar
grayscale value (Fig. 2, arrows). While the same overall structures were identified between
methods, three-dimensional reconstruction of manually and semi-automatically segmented
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datasets differed in the appearance of their structure surfaces (Fig. 3). IMOD software
applies a mesh over the manually defined contours giving the 3D reconstruction a smooth
appearance, whereas individual voxels belonging to an object are highlighted in Analyze
giving objects a more textured appearance (rotations of the IMOD and Analyze segmented
3D reconstructions are provided as Supplemental Movies 2 and 3, respectively).

Regarding ECM structure, final segmentation using either method yielded a surprisingly
long network of collagen fibrils bundled together into “cables” that undulated along the
tissue and, in some cases, split into multiple cables. Because the structure of these cables
does not correspond to the traditional appearance of endomysium (Trotter & Purslow, 1992)
as well as their location, we defined them to be perimysial collagen. Perimysial collagen
cables appeared in close proximity to fibroblasts and were generally oriented along the
muscle fiber axis. In addition to perimysial cables, fibroblasts were also segmented and their
spatial proximity to perimysial cables was identified (Fig. 4). Long fibroblast processes were
closely associated with perimysial cables across hundreds of microns of distance as well as
the muscle fiber surface. Fibroblasts also formed long projections, but these projections did
not appear to be the so-called fibripositors (Canty et al., 2004). Fibroblast projections were
flat, wide and sheet-like or finger-like (Fig. 4). Their reconstruction reinforced the point that,
to adequately appreciate fibroblast morphology, high-resolution reconstruction of extended
distances is required.

Discussion

Three-dimensional SBEM imaging of skeletal muscle has revealed high-resolution micro-
and meso-scale structural information that was previously unappreciated. Because skeletal
muscle ECM contains a large volume of non-electron dense space, it presents special
challenges to the use of SBEM that have not been previously addressed. Earlier tissue
preparation methods (Denk & Horstmann, 2004; West, et al., 2010) were modified to
enhance ECM staining by incorporating ruthenium red during fixation and primary osmium
staining to enhance contrast of structures containing glycosaminoglycans (Luft, 1971a; Luft,
1971b). By incorporating the SEM variable pressure modality, electron charging artifacts
were reduced in areas of non-conductive space within the ECM and images could be
recorded over a relatively large volume depth. Without the variable pressure, charging
resulted in severe image distortion.

Manual and semi-automated segmentation methods were compared using the same raw
images from a muscle block. Total time required for segmentation was usually greater for
the semi-automated method, although active user time was significantly reduced compared
to manual segmentation. Semi-automated segmentation was less able to identify and
segment finer details of perimysial collagen cables and fibroblasts when objects with similar
intensities were in close proximity and therefore some manual corrections were required
(Fig. 2). However, when the object of interest had high contrast to its surroundings, semi-
automated segmentation was much faster and more accurate compared to manual
segmentation (Fig. 2). The level of detail resulting in this case was greater compared to
manual segmentation because Analyze highlights individual voxels belonging to an object
while IMOD performs the reconstructions from traced objects. As a result, in Analyze
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individual collagen fibrils were differentiated, whereas they were grouped into perimysial
collagen cable contours in IMOD and smoothed in the resulting 3D mesh (Fig. 3). Another
drawback of meshed manual 3D reconstruction is that meshing errors between images leave
gaps in the reconstruction, even if contours are present and accurate on every slice.

This report is the first to visualize 3D skeletal muscle ECM ultrastructure over hundreds of
microns. Perimysial collagen cables were identified that have been referred to previously
(Borg & Caulfield, 1980; Gillies & Lieber, 2011), but never viewed at this level of detail
and certainly not relative to associated structures such as capillaries and fibroblasts. Cables
were presumed to be primarily composed of collagen since individual collagen fibrils were
morphologically identified within cables based on their size and the classic collagen banding
pattern seen when cables were sectioned longitudinally. However, it is possible that other
structural proteins, such as elastin (Rowe, 1986), contribute to cable composition and that
fibrillar collagen types are heterogeneous among cables. The location and wavy structure of
perimysial cables suggest that they may act as the parallel elastic element in skeletal muscle
that bears passive load in classic muscle mechanics experiments (Hill, 1953). Unique
interactions between perimysial collagen cables and fibroblasts were also observed,
suggesting that fibroblasts may be involved in the formation and/or regulation of these
perimysial collagen cables.

Characterization of ECM ultrastructure may lead to identification of potential targets for
therapy in muscle injury and disease. After inadequate or failed regeneration, skeletal
muscle becomes fibrotic resulting in increased muscle stiffness and decreased muscle
function. Previous measurements of muscle stiffness correlate relatively poorly with
measures of endomysial content such as percent collagen and area fraction of ECM (c.f. Fig.
3 of Lieber & Ward, 2013; Meyer & Lieber, 2012; Smith, et al., 2011). We propose that
poor correlations are due to the lack of definition and quantification of ECM structures such
as the perimysial cables reported here. Future studies may clarify the functional role of these
cables by comparing perimysial cable, number, size and trajectory to passive muscle
viscoelastic properties and will be the subject of future publications. Future therapies
targeting these structures may reverse the functional deficits resulting from fibrosis.

Serial block face scanning electron microscopy for imaging and reconstructing skeletal
muscle ECM ultrastructure has been described. Perimysial collagen cables and their physical
interaction with fibroblasts and muscle fibers were identified using manual and semi-
automated volume segmentation. In future studies, this method will be used to determine
how these structures change in response to muscle pathology. By defining the ultrastructure
of fibrotic skeletal muscle ECM, therapeutic targets may be identified to reduce fibrosis and
associated muscle stiffness in patients with limited function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative single x-y slice obtained from serial block face scanning electron microscopy

(SBEM) of mouse extensor digitorum longus muscle (z=28 um; z range 0-140 pm). Scale
bar =5 um. M, myofiber; C, capillary; N, myonucleus; F, fibroblast; PC, perimysial
collagen cable.
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Figure 2.
Comparison of two x-y slices from a dataset segmented and reconstructed either manually

with IMOD (A and C) or semi-automatically with Analyze (B and D). Manual segmentation
created object contours on each slice, whereas semi-automated segmentation highlighted
individual voxels within an object. Analyze was able to segment perimysial collagen cables
that were highly contrasted compared to their surroundings (B, arrows), while the same
cables were too complex to manually define contours with IMOD (A, arrows). Without
sufficient contrast, Analyze was unable to distinguish cables from surrounding objects (D,
arrows), even when the cables could be followed visually through the volume and
segmented manually in IMOD (C, arrows). Capillary, pink; fibroblast, light blue; perimysial
collagen cable, yellow. Scale bar =5 pm.
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Figure 3.
Three-dimensional reconstruction of a dataset segmented manually with IMOD (A) or semi-

automatically with Analyze (B) viewed from the x-z plane. Capillary, pink; fibroblast, light
blue; perimysial collagen cable, yellow. Scale bar =5 pm.
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Figure 4.
Perimysial collagen cables were found in close proximity to fibroblasts. Thin finger-like

projections protruding from the end of a fibroblast were observed (white arrow). The model
has been rotated 90° around the z-axis and capillaries were hidden to show fibroblast detail.
Fibroblast, light blue; perimysial collagen cable, yellow. Scale bar = 5um; image obtained
by manual reconstruction.
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