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Abstract

We used structured illumination microscopy (SIM) to obtain super-resolution images of muscle
attachment structures in C. elegans striated muscle. SIM imaging of M-line components revealed
two patterns: PAT-3 (B-integrin) and proteins that interact in a complex with the cytoplasmic tail of
B-integrin and localize to the basal muscle cell membrane (UNC-112 (kindlin), PAT-4 (ILK),
UNC-97 (PINCH), PAT-6 (a-parvin) and UNC-95), are found in discrete, angled segments with
gaps. In contrast, proteins localized throughout the depth of the M-line (UNC-89 (obscurin) and
UNC-98) are imaged as continuous lines. Systematic immunostaining of muscle cell boundaries
revealed that dense body components close to the basal muscle cell membrane also localize at cell
boundaries. SIM imaging of muscle cell boundaries reveal “zipper-like” structures. Electron
micrographs reveal electron dense material similar in appearance to dense bodies located adjacent
to the basolateral cell membranes of adjacent muscle cells separated by ECM. Moreover, by EM,
there are a variety of features of the muscle cell boundaries that help explain the zipper-like pattern
of muscle protein localization observed by SIM. Short dense bodies in afn-Z mutants that are null
for a-actinin and lack the deeper extensions of dense bodies, showed “zipper-like” structures by
SIM similar to cell boundary structures, further indicating that the surface-proximal components
of dense bodies form the “zipper-like” structures at cell boundaries. Moreover, mutants in thin and
thick filament components do not have “dot-like” dense bodies, suggesting that myofilament
tension is required for assembly or maintenance of proper dense body shape.
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Introduction

Sarcomeres, highly ordered assemblages of several hundred proteins, perform the work of
muscle contraction. Despite ever increasing knowledge of the components of sarcomeres
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and their functions, a clear picture about how sarcomeres are assembled and maintained in
the face of muscle contraction is still not available. A number of laboratories are studying
the questions of sarcomere assembly and maintenance in the model genetic organism, C.
elegans. In addition to being an excellent system to carry out mutational analysis in a whole
organism, through both forward and reverse genetics, this nematode offers several
advantages for studying muscle. These include its optical transparency, which allows
evaluation of myofibrillar structure by polarized light, and localization of GFP tagged
proteins in live animals. In addition, its usual self-fertilization allows propagation of muscle
mutants that would be unable to mate. The major striated muscle of C. elegansis found in
the body wall and used for locomotion, and the myofibrils are restricted to a narrow ~1.5 um
zone adjacent to the cell membrane along the outer side of the muscle cell [Moerman and
Fire, 1997]. The thin filaments are attached to the dense bodies (Z-disk analogs, not line but
“dot” or “finger” like structures), and the thick filaments are organized around M-lines.
Moreover, all the dense bodies and M-lines are anchored to the muscle cell membrane and
extracellular matrix (ECM, basement membrane), which is attached to the hypodermis and
thus to the cuticle [Waterston, 1988; Moerman and Fire, 1997; Moerman and Williams,
2006; Gieseler et al., 2016;]. This allows the force of muscle contraction to be transmitted
directly to the cuticle and allows movement of the whole animal.

Many of the proteins of myofilaments, attachment structures, and regulators of contraction/
relaxation have been identified through genetic and molecular biological analyses, and
characterized cell biologically by using specific antibodies and GFP fusion proteins
[Moerman and Fire, 1997; Qadota and Benian, 2010; Gieseler et al., 2016]. For C. elegans
muscle, electron microscopy images are also available [Waterston et al., 1980; Zengel and
Epstein, 1980; Waterston, 1988; Gieseler et al., 2016]. However, since conventional
fluorescence microscopy has limited resolution (~250 nm in the x-y plane) and EM provides
too narrow a view, whole muscle three-dimensional structure is difficult to perceive in single
images. In this study, we applied the super resolution microscopy technique, structured
illumination microscopy (SIM) with ~120 nm resolution, to observe C. elegans muscle
attachment structures, and learned greater detail about the differential localization of
components of M-lines and the composition and structure of muscle cell boundaries, and
from data using several genetic mutants we propose that muscle tension affects the structure
of dense bodies. In addition, we used electron microscopy to further interpret our SIM
images of muscle cell boundaries.

The base of M-lines contains multiple proteins localized in discreet separated segments

We applied the SIM technique to obtain a higher resolution view of sarcomere structures
upon immunostaining with a battery of antibodies to various proteins. Using this method
revealed a greater level of complexity and order than could be viewed with conventional
widefield or confocal immunofluorescence microscopy. With conventional microscopy, M-
lines appear as continuous lines [Moerman and Williams, 2006]. Using SIM, antibodies to
multiple proteins show localization to discreet segments (Figure 1A). SIM images of M-
lines immunostained with anti-PAT-3 (p-integrin), anti-UNC-112 (kindlin), anti-PAT-4
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(ILK), anti-UNC-97 (PINCH), anti-PAT-6 (a-parvin), and anti-UNC-95, showed
discontinuous and angled lines (see enlarged images on the right side of Figure 1A). These
proteins are localized near the cell membrane [Gieseler et al., 2016]. UNC-112 interacts
directly with the cytoplasmic tail of p-integrin (PAT-3) [Qadota et al., 2012]; by genetic
criteria, yeast 2-hybrid data, and co-immunoprecipitation experiments, UNC-112/PAT-4/
PAT-6/UNC-97 form a four-protein complex [Mackinnon et al., 2002; Lin et al., 2003;
Norman et al., 2007; Qadota et al., 2014]. Measurements from Figure 1A indicate that the
discontinuous lines of localization of each of the four-protein complex proteins span 1.4—
1.9 um, with maximum overlaps of 200 nm (see interpretative drawing, Figure 1B). In
contrast, SIM images of anti-UNC-98, anti-UNC-89 (obscurin), and anti-MHC A (myosin
heavy chain A) staining of M-lines showed straight continuous lines (Figure 1A). (It should
be noted that MHC A is not just restricted to the M-line, but more broadly distributed in the
center of the A-band, as MHC A is a component of the central region of thick filaments
spanning a region of 1.8 um (Miller et al., 1983)).

3D reconstructions of SIM images revealed additional information about the M-line. A 3D
reconstruction of co-staining with anti-PAT-6 (magenta) and anti-UNC-89 (green) is shown
in Figure 2A-D. Viewing a single M-line from the side (Figure 2B) confirms that PAT-6 is
localized in discrete segments with gaps (or sometimes more continuous), that UNC-89 is
localized in a continuous wall, and this wall fills the gaps between PAT-6 segments. Thus,
the base of the M-line is actually continuous with the cell membrane with no gaps. This
image also confirms our previous report that UNC-89 is localized throughout the depth of
the myofilament lattice [Warner et al., 2013]. As indicated in Figure 2B, the maximum
height of the UNC-89 “wall” is ~2.0 um, which is close to the maximum heights of M-lines
observed by electron microscopy (1.5-2 pm). We also performed 3D reconstruction of
immunostaining of two additional components of M-lines, the C2H2 Zn finger protein
UNC-98 [Mercer et al., 2003], and myosin heavy chain A (MHC A) [Miller et al., 1983]. As
shown in Figures 2E and 3A, UNC-98 and MHC A, each localize as continuous walls
spanning ~2 um from near the muscle membrane to deeper inside the sarcomere. The
deepest part of the UNC-98 staining, which appears fuzzy, is likely to be artifact due to a
weak signal. Co-staining of anti-UNC-89 with anti-MHC A (Figure 3B) shows that UNC-89
(green) does not extend as close to the outer cell membrane, or as deep into the muscle cell
as MHC A. To summarize, our SIM observations show that the M-line, near the muscle cell
membrane, contains various components (PAT-3, UNC-112, PAT-4, PAT-6, UNC-97,
UNC-95), localized in separated segments, but other components of the M-line (UNC-89,
UNC-98 and MHC A) are localized throughout the depth of the sarcomere as a continuous
wall and fill-in these gaps.

Components of muscle cell boundaries

Next, we wanted to examine muscle cell boundary structures. Some muscle cell attachment
proteins have been reported to be localized at muscle cell boundaries [Gieseler et al., 2016],
but the protein composition of muscle cell boundaries has not been characterized
systematically. In some cases, localization has been performed using overexpressed GFP
fusions rather than the localization of endogenous proteins using specific antibodies (for
example, UNC-97 [Hobert et al. 1999] and UNC-95 [Broday et al. 2004]). We
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immunostained C. efegans muscle with antibodies to a set of 13 proteins, and examined
muscle cell boundaries using confocal microscopy (Figure 4). UNC-52 (perlecan), PAT-3 (B-
integrin), UNC-112 (kindlin), PAT-4 (ILK), UNC-97 (PINCH), PAT-6 (a-parvin), UNC-95
and DEB-1 (vinculin) were localized at muscle cell boundaries, but ALP-1 (enigma), ATN-1
(a-actinin), UNC-89 (obscurin), MHC A (myosin heavy chain), and MHC B (myosin heavy
chain) were not localized at muscle cell boundaries. The common characteristic of the
proteins that localize to muscle cell boundaries is that these proteins also localize close to
the membrane or at the base of dense bodies. Moreover, proteins that localize specifically to
M-lines, the center of A-bands, or to the deeper parts of dense bodies do not localize at
muscle cell boundaries.

High-resolution structures of muscle cell boundaries

We further examined by SIM imaging the muscle cell boundary structures after
immunostaining with anti-PAT-3, anti-UNC-112, anti-PAT-4, anti-UNC-97, anti-PAT-6, anti-
UNC-95 and anti-DEB-1. It can be discerned that these cell boundary structures have a
“zipper-like” appearance, with half of the structure on each of the opposing muscle cells
(Figure 5). As described above, proteins that localize at muscle cell boundaries also localize
to the base of dense bodies. SIM imaging of a muscle cell when viewed from above,
immunostained with anti-PAT-6 or anti-UNC-95 (Figure 5A), reveals that there is a gradual
transition from dense body “dot-like” structures, to “zipper-like” structures at the muscle
cell boundary (in Figure 5A, begin with dots indicated by the blue arrow on the left, and
proceed to the right until zipper structures appear, indicated by the yellow arrow). All the
proteins that localize at muscle cell boundaries viewed by confocal microscopy (Figure 4),
localize as “zipper-like” structures by SIM (Figure 5B). 3D reconstruction of SIM images of
anti-PAT-6 or anti-UNC-95 staining shows these zipper-like structures in greater detail
(Figure 6). The zippers consist of short parallel walls oriented diagonally, approximately 45
degrees from the axis of M-line walls. In Figure 6A, the middle of each set of 3 panels
shows part of a muscle cell when viewed directly from above; on each side the plane has
been tilted slightly. Figure 6B shows localizations of these proteins at boundaries, dense
bodies and M-lines, from above (left panels), and from the side (right panels). From the side
views it can be discerned that the heights of the localizations of PAT-6 and UNC-95 are
approximately the same at boundaries, dense bodies and M-lines. Although Figure 6
suggests that PAT-6 and UNC-95 localize similarly in these structures, we wanted to
determine if the two proteins co-localize. Thus, we co-stained body wall muscle with both
antibodies. As shown in Figure 7A, this experiment indicates that PAT-6 and UNC-95 co-
localize at M-lines, dense bodies and cell boundaries. A similar experiment shows that
PAT-6 also co-localizes with UNC-112 (Figure 7B). We also attempted to determine if by
SIM, other members of the four-protein complex (UNC-112, PAT-4, PAT-6 and UNC-97)
also co-localized, but the weaker available antibodies to PAT-4 and UNC-97 precluded our
ability to do so.

ECM proteins localize between muscle cells

UNC-52 (perlecan) is a basement membrane protein that concentrates at the base of M-lines
and dense bodies and muscle cell boundaries [Mullen et al. 1999]. We co-stained worm
muscles with anti-UNC-95 and anti-UNC-52 (perlecan), and observed muscle cell boundary
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structures using SIM. Near the outer cell membrane, both proteins show “zipper-like”
structures as shown in Figure 8A (top panel). Traveling deeper into the muscle cell, UNC-95
localizes to “zipper-like” structures, but UNC-52 localizes to a straight line (Figure 8A).
This observation suggests that ECM proteins like UNC-52 exist between muscle cells. To
obtain more evidence for this hypothesis, we used SIM to observe muscle cells co-stained
with either anti-UNC-52 and anti-UNC-95, or with anti-UNC-52 and andi-UNC-112. As
shown in Figure 8B, UNC-52 (magenta) mostly localizes between the zipper-like structures
containing UNC-95 or UNC-112 (green).

We next wondered if other known ECM proteins could be detected at muscle cell
boundaries. Thus, we immunostained worms with antibodies to UNC-95, UNC-52 and
MIG-6 (Figure 8C). MIG-6 is homologous to the mammalian ECM proteins papilin and
lacunin, and is essential for embryonic hypodermal cell closure, proper distal tip cell
migration, and neuronal cell migration [Hedgecock et al. 1987; Kramerova et al., 2000;
Kawano et al., 2009]. Kawano et al. (2009) report that antibodies to MIG-6 stain muscle, but
no details were given. At the surface focal planes, UNC-95, UNC-52 and MIG-6 are
localized at dense bodies, M-lines, and cell boundaries. At the deeper focal planes, nearly all
UNC-95 has disappeared, whereas for UNC-52 and MIG-6, although M-line and dense body
staining is weak, cell boundary staining remains strong. (Figure 8C). Overall, our results
demonstrate that muscle cell boundaries are not “cell-to-cell” contacts, but “cell-ECM-cell”
contacts (Figure 9).

Absence of deeper components of dense bodies results in alteration in the shape of dense

bodies

Next we characterized muscle attachment structures in various mutants with the high
resolution SIM imaging technique. We examined the effects of loss of function mutations in
atn-1and unc-98. atn-1 encodes the sole a-actinin in nematodes that is localized to the
major deeper portion of the dense body but not at its membrane-proximal base [Barstead et
al. 1991]. unc-98encodes a C2H2 Zn finger protein that localizes to M-lines [Mercer et al.
2003]. Deletion of atn-1 results in short and wide dense bodies [Moulder et al., 2010].
Mutation in unc-98results in abolishment of M-lines [Mercer et al., 2003]. We stained each
of the mutant strains with anti-UNC-112, anti-UNC-95, anti-PAT-6 and anti-UNC-89, and
obtained SIM images. The unc-98 mutant shows normal dense bodies and normal M-lines at
their bases (stained with UNC-95, UNC-112 or PAT-6), but abnormal M-lines at their deeper
portions (stained with UNC-89). However, the afn-1 deletion mutant, 0k84, shows “zipper-
like” dense bodies and normal M-lines (Figure 10). The shape of dense bodies in the atn-1
mutant is similar to that of normal muscle cell boundary structures (compare Figure 5 and
Figure 10). In atn-1(0k84), M-lines visualized by anti-UNC-89 staining are normal. As
described above, the difference between normal dense bodies (“dots™) and normal cell
boundaries (“zippers™) is the presence of the deeper protein components of dense bodies,
like ATN-1. Thus, by SIM, the similarity in appearance between dense bodies of atn-1
mutants, which lack the deeper components of dense bodies (e.g. ATN-1, ALP-1, ZY X-1),
and the appearance of normal cell boundary structures, confirms this model.
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Ultrastructural appearance of cell-to-cell boundaries is consistent with SIM observations

Transmission EM images of the boundaries between adjacent body wall muscle cells
confirm and extend our SIM observations. As shown in cross sections in Figure 11A and B,
electron dense material similar in appearance to material that comprises dense bodies is
located adjacent to the basolateral cell membranes of adjacent muscle cells, separated by
ECM-appearing material (indicated by yellow arrows in Figure 11A and B). The structures
observed by EM likely correspond to the zipper-like structures observed by SIM. Indeed, by
examining serial thin sections, one can follow the gradual transition from the punctate
(“dot”) organization of the standard dense body as it moves along the base of a muscle
membrane from section to section until reaching the parallel spaced (“zipper”) dense body
domains when the dense body shifts to a cell-cell border, and then proceeds slowly back to a
dot organization in the next muscle on the opposite side of the zippered region (data not
shown).

One can also detect the presence of basement membrane material projecting into the
extracellular spaces between neighboring muscles, extending from the basal edge along the
lateral muscle surfaces, and sometimes accumulating in local spaces (labeled “BL” in Figure
11A). Sometimes this basal lamina projects all the way to the inward facing surface of the
body wall muscle, but it is often interrupted by the presence of gap junctions on these lateral
membranes, particularly at the most distal zones, away from basal structures. Furthermore,
EM views of the muscle cell-muscle cell border in transverse thin sections display a range of
different deflections of this lateral border that help to explain the zig zag zipper-like nature
seen by SIM (Figure 12). In many cases, the lateral borders are seen to slant almost
diagonally away from the dense body contact zones, with several minor changes in
orientation along the way. Sometimes a third thin wedge of muscle intervenes at this basal
border, coming from a neighboring muscle in the same quadrant (Figure 12C) to cause a
sharp deflection of the lateral border. In other places there are distinctive interlocking fingers
where one muscle cell pushes deeply into its neighbor. Such fingers feature dense body-like
material in some cases (more basally) but often feature one or more gap junctions where the
fingers interlock more apically (Figure 12B). All of the above geometries are likely to
contribute in part to the irregular zippering along lateral borders seen by SIM.

As seen by polarized light, the sarcomere lattice projects along the spindle-shaped muscle at
a shallow angle with respect to the central axis of the muscle spindle itself. This shallow
orientation difference accounts for the steady left/right progression of dense body structures
along the surface of the muscle membrane as one moves through serial sections. Polarized
light also helps to illustrate the long spindle-like shapes of these muscles, whose extreme
distal extensions lie in proximity to near neighbors (as shown in Figure 12C; see also
MusFIG 7 in WormAtlas (Altun and Hall, 2009) for a significant portion of total muscle
length. These situations contribute to slowly progressing diagonal interfaces when two
muscles are more similar in dimension, much like that shown in Figure 12A, and sharp
changes in the lateral borders when one muscle overrides the distal extreme of a neighbor.
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Mutations in components of thin filaments and thick filaments affect the shape of dense

bodies

Since the atn-1 null mutant displays a reduced ability to transmit the force of muscle
contraction [Moulder et al., 2010], we hypothesized that tension normally exerted by
myofilaments might change the shape of dense bodies from “zipper” like to “dot” like. To
obtain evidence for this idea, we immunostained unc-54(s74) and unc-94(sf20) mutants with
anti-UNC-112, anti-UNC-95, anti-PAT-6 and anti-UNC-89 antibodies and examined their
structures by SIM (Figure 13A). The unc-54 gene encodes myosin heavy chain B, and
localizes to the outer, major portions of muscle thick filaments, and not the inner portion of
thick filaments that are cross-linked at the M-line [Epstein et al., 1974; Miller et al., 1983].
unc-54(s74) contains an arginine to cysteine change near the ATP-binding site in the head
region of myosin heavy chain and shows nearly normal muscle structure by polarized light
microscopy and EM, but slow and stiff movement [Moerman et al., 1982; Dibb et al., 1985].
unc-94 encodes tropomodulin and is localized to the minus ends of thin filaments [Stevenson
et al., 2007], whereas the plus ends of thin filaments are located near dense bodies. The
unc-94(sf20) mutant has slow movement and disorganization of sarcomeres, including
abnormal accumulation of F-actin outside of normal thin filaments [Stevenson et al., 2007].
In both mutants, basal components of dense bodies, visualized by immunostaining of anti-
UNC-112, anti-UNC-95, and anti-PAT-6 showed no “dot” like structures. Similarly, the
deeper component of dense bodies, ATN-1, also does not have a dot-like appearance in
unc-54(s74) (Figure 13B). M-lines that are visualized by anti-UNC-89 staining were normal.
Since neither UNC-54 nor UNC-94 proteins are localized at dense bodies, our interpretation
is that reduced tension caused by defects in thick filaments or thin filaments changes the
shape of dense bodies (Figure 13C). These results and interpretation support our hypothesis
that myofilament tension is required for maintenance of the shape of dense bodies (Figure
13D).

Discussion

Differential localization of M-line and dense body components

Our SIM observations revealed two different patterns of localization for nine components of
M-lines: PAT-3, UNC-112, PAT-4, UNC-97, PAT-6 and UNC-95 localize to discrete angled
segments with gaps, and UNC-98, UNC-89 and MHC A localize to more continuous lines
(Figure 1A). Although SIM has allowed us for the first time to clearly observe these
discontinuities, previous reports have hinted at such discontinuities by conventional
microscopy. The best example was reported using antibodies to PAT-3 (B-integrin) by
Francis and Waterston (1985). Other examples include the localization of UNC-95, using a
GFP fusion (Broday et al., 2004), or an antibody (Qadota et al., 2007). The proteins found in
discrete segments with gaps are proteins that interact directly (UNC-112), or in complexes
with the cytoplasmic tail of p-integrin (PAT-3), and thus are likely to lie close to the muscle
cell membrane. Our previous confocal z-series [supplementary data in Warner et al., 2013],
showed that indeed UNC-112 and PAT-6 localize close to the muscle cell membrane. In
addition, the 3D reconstruction of a z-series taken by SIM (Figure 2), also shows that PAT-6
localizes close to the muscle cell membrane. Two proteins, UNC-89 and UNC-98, found in
continuous lines localize throughout the depth of the M-line, from near the muscle cell
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membrane to deep into the myofilament lattice: We had reported earlier that UNC-89
localizes throughout the depth of the M-line based on a z-series taken by confocal
microscopy [supplementary data in Warner et al., 2013]. By a similar method, UNC-98 is
also located throughout the depth of the M-line [Miller, 2006]. That UNC-89 is full depth is
further confirmed by examining the 3D reconstruction of a z series taken by SIM shown in
Figure 2. Moreover, this reconstruction shows that UNC-89 localizes as a continuous wall,
and that gaps of PAT-6 localization near the muscle cell membrane are “filled” with
UNC-89. Finally, MHC A also localizes as a continuous wall (Figure 3), and MHC A
extends somewhat more deeply than does UNC-89. This relationship between UNC-89 and
MHC A localization is consistent with transmission EM images which show that in cross
sections of body wall muscle, thick filaments are found more deeply into the muscle cell
than the limit of the M-line (e.g. see EM images in Gieseler et al. 2016), which is the
location of UNC-89.

Dense bodies also have differential localization of proteins depending on distance from the
muscle cell basal cell membrane [Gieseler et al. 2016]. The surface portion of dense bodies
contains integrins (PAT-2 and PAT-3), the integrin-associated four-protein complex
(UNC-112, PAT-4, UNC-97, and PAT-6), UNC-95, CPNA-1, and DEB-1. Middle and
deepest parts of dense bodies consist of ATN-1 and ALP-1. ZYX-1 is localized only at the
middle part of dense bodies. The differential localization of protein components of dense
bodies also might affect the assembly or maintenance of the shape of dense bodies (see
below).

Contact site structures for adjacent muscle cells contain a subset of integrin associated

proteins

M-lines and dense bodies consist of different sets of proteins. Some proteins are localized
both at M-lines and dense bodies (integrins (PAT-2 and PAT-3), the integrin-associated four-
protein complex (UNC-112, PAT-4, UNC-97, and PAT-6), UNC-95, and CPNA-1 [Gieseler
et al., 2016]. M-lines contain M-lines specific proteins (UNC-96, UNC-98, UNC-89, LIM-8,
and LIM-9). Dense bodies also contain dense body specific proteins (DEB-1, ATN-1, and
ALP-1). Proteins located at specific sites are likely to be required for site-specific functions,
such as the linkage from cell membrane to thin or to thick filaments (dense bodies and M-
lines, respectively). The muscle cell boundary involves a third set of proteins containing
integrins and integrin associated proteins. As shown in Figure 4, only those proteins that
localize to the base of dense bodies also localize to muscle cell boundaries. However,
proteins that localize only at cell boundaries have not yet been identified, other than the
innexins (Liu et al., 2013). Such proteins are likely to be important for the function of cell
boundary structures, for example essential for lateral force transmission, and/or the integrity
of each body wall muscle quadrant, as well as for cell-cell signaling. Further genetic and
molecular biological studies should identify such proteins.

When viewed from above, muscle cell boundary structures appear “zipper-like”, whereas
dense bodies appear “dot or dash-like”. We showed that muscle cell boundaries lack ATN-1
and ALP-1, which are components of the deeper parts of dense bodies, suggesting that the
cell boundary only contains the surface components of dense bodies. A component that is
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crucial for the characteristic shape of dense bodies is a-actinin, since in the atn-1 null
mutant, the dense bodies appear short and broad when viewed by EM [Moulder et al., 2010].
Similarly, in the afn-1 null mutant, when immuno-stained with antibodies to UNC-95,
UNC-112 and PAT-6, the dense bodies appear “zipper-like” (Figure 10), identical to the
normal boundary structures. EM observations (Figure 11) further support the concept that
cell boundary structures or adhesion plaques are similar to the short dense bodies that are
found in atn-1 mutants. 3D reconstruction of SIM images of anti-PAT-6 or anti-UNC-95
shows these zipper-like structures consist of short parallel walls oriented diagonally,
approximately 45 degrees from the axis of M-line walls, and these structures extend
somewhat less deeply than M-lines and dense bodies (Figure 6).

The muscle cell boundary attachment sites consist of cell-ECM-cell contacts

We showed that two ECM proteins (UNC-52 (perlecan), MIG-6 (papilin, lacunin)) localize
between adjacent muscle cells (Figure 8), suggesting that the lateral muscle cell attachment
site is a cell-ECM-cell structure. Supporting this finding, no cadherins or catenins have been
reported to localize at the muscle cell boundary, and loss of function mutations in either of
those proteins indicate involvement in hypodermal cell attachments, but not muscle cell
attachments [Costa et al., 1998; Pettitt et al., 2003]. We localized anti-UNC-52 and anti-
MIG-6 antibodies between adjacent muscle cells (Figure 8C). Using GFP fusion proteins,
Muriel et al. [2005] reported that FBL-1 (C. elegans fibulin) also localizes at the muscle cell
boundary. Furthermore, nematodes having mutations in 7b/-1 showed gaps at the muscle cell
boundary, suggesting that FBL-1 is crucial for maintaining contacts between adjacent
muscle cells [Muriel et al., 2005]. FBL-1 localization at the cell boundary has not yet been
examined for depth of localization, and the localization of other ECM proteins (for example,
type IV collagens (LET-2 and EMB-9)) that comprise the basement membrane have not yet
been examined at muscle cell boundaries. Further examination of ECM proteins at muscle
cell boundaries and their loss of function mutants should clarify which ECM proteins, in
addition to FBL-1, are essential components of muscle cell boundaries.

Tension is required for maintenance of the shape of dense bodies

We showed that mutations in a thin-filament specific protein, UNC-94 (tropomodulin) or a
thick filament-specific protein, UNC-54 (MHC B) result in a change in shape of dense
bodies from the normal “dot-like” to “zipper-like” (Figure 13A). Similar results were also
obtained using other unc-54 alleles (s95and st134, data not shown) and urnc-94 allele
(su177, data not shown). The mutations in these three unc-54 alleles are found in myosin
head region, and although these animals move slowly and stiffly, their muscle structure is
either normal or close to normal [Moerman et al., 1982; Moerman and Fire, 1997]. unc-94
encodes the F-actin minus end capping protein tropomodulin and two unc-94 mutant alleles
have basically the same phenotype [Stevenson et al., 2007]. It is noteworthy that neither
UNC-54 nor UNC-94 are located at dense bodies, but are located in thick filaments, or at the
minus ends of thin filaments, respectively (the plus ends of thin filaments are located near
dense bodies). These results with mutants suggest that defects in non-dense body
components can still result in disorganization of dense bodies. Mutations in other non-
structural components also result in disorganization of overall muscle structure. unc-27
encodes a troponin I, a component of the thin filaments, and regulator of muscle contraction,
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at least in vertebrate striated muscle. Mutations in urnc-27 show severe muscle
disorganization [Burkeen et al., 2004]. Muscle contraction and relaxation are required for
dynamic turnover of structural components [Ghosh and Hope, 2010] and defects in this
turnover cause muscle disease, such as muscle atrophy [Benian and Epstein, 2011; Epstein
and Benian, 2012]. In addition to turnover functions, we propose that normal muscle
activity, that produces muscle tension, might be essential for maintaining the structure of one
type of muscle attachment site, the dense body (Figure 13C and D). In other words,
structural and attachment components are essential for maintenance of overall structure, but
also normal contraction and relaxation activities themselves contribute to maintain overall
structure. This “bidirectional regulation” is conceptually similar to integrin outside-in and
inside-out signaling [Hu and Luo, 2013; Shen et al., 2012]. The molecular mechanisms by
which a change in tension translates into regulation of muscle attachment structures is
unclear, but further genetic and molecular biological studies may clarify these mechanisms.

EM observations help to explain the zipper-like structures observed by SIM

Electron micrographs (Figure 11) reveal electron dense material similar in appearance to
dense bodies located adjacent to the basolateral cell membranes of adjacent muscle cells
separated by ECM. These structures are thus compatible with the zipper-like structures filled
with ECM components that we observe by SIM immunostaining (Figures 5-9). In addition,
by EM, there are a variety of features of the muscle cell boundaries that help explain the zig-
zag pattern of muscle protein localization observed by SIM, including diagonal orientation
of lateral borders (Figure 11A, B, Figure 12A), and finger-like projections of one cell into
another cell (Figure 12B). These angled deviations of the borders and finger-like projections
are likely contribute to: (1) the angle of the zipper lines, and (2) the fact that the ECM
component, UNC-52, does not localize to a straight or continuous line (Figure 8A), and also
that there is actually some overlap between the zipper-like intracellular components UNC-95
and UNC-112, with the ECM component UNC-52 (Figure 8B; this can be seen as “white”
overlap between the magenta UNC-52 and green UNC-95 or UNC-112 signals). Moreover,
although ours is the first report of finger-like projections between body wall muscle cells,
interlocking fingers have been reported between pharyngeal muscle cells and between
marginal cells within each pharyngeal segment (Albertson and Thomson, 1976; Altun and
Hall, 2009). These fingers in both pharyngeal and body wall muscle cells are likely to
provide structural integrity and resistance to breakdown of the muscle tissue during the
stress of repeated contraction and relaxation. Finally, this is one of the first reports of gap
junctions connecting body wall muscle cells away from the muscle arms (Figure 11A,
Figure 12)(an earlier indication of these same appositions was reported by Chen et al.,
2007). These are likely to provide a route for signaling between body wall muscle cells, and
to permit them to act as larger functional units in C. elegans in which the mononuclear
striated muscle cells are not fused into a syncytium. Overall, the finger-like projections and
gap junctions that provide structural integrity and signaling between nematode body wall
muscle cells, is reminiscent of the intercalated disks of vertebrate cardiac muscle, which also
allow smaller mononuclear cells to function in larger units.
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Our SIM imaging as compared with confocal imaging, has revealed new details about
integrin adhesion sites in nematode striated muscle (Figure 14): The base components of M-
lines (e.g. PAT-6) have a discontinuous localization; some components used at the base of
dense bodies are also found at muscle cell boundaries, where they localize in a unique
zipper-like structure, filled with ECM components (e.g. UNC-52, MIG-6); and although our
view of dense body structure by SIM has not changed our previous views of this structure,
nevertheless, mutants in components of the sarcomere other than the dense body, that are
involved in generating contractile force (myosin heavy chain or tropomodulin), result in
disorganization of dense bodies, suggesting that tension is required to maintain dense body
structure. Finally, in regards to the muscle cell boundaries, our EM observations are
compatible with our SIM images, and the complexity of muscle cell to muscle cell
boundaries are more complex than previously appreciated. This complexity includes
diagonal geometry, finger-like projections from one cell to another and numerous gap
junctions. These intercellular specializations are all likely to contribute to structural integrity
and multiple spindle-shaped body wall muscle cells acting as larger functional units.

Materials and Methods

C. elegans strains

Standard growth conditions for C. elegans were used [Brenner, 1974]. We used Bristol N2 as
the wild-type strain and the following mutant strains: atn-1(0k84) (obtained from Dr. Bob
Barstead; (Moulder et al., 2010)), unc-98(sf19) [Mercer et al., 2003], unc-54(s74) [Moerman
et al., 1982] and unc-94(sf20) [Stevenson et al., 2007]. N2 (Bristol) and unc-54(s74) were
obtained from the Caenorhabditis Genetics Center.

Immunolocalization in adult body-wall muscle

Adult nematodes were fixed and immunostained according to the method described [Nonet
etal., 1993], and described in further detail [Wilson et al., 2012]. The following primary
antibodies were used at 1:200 dilution; anti-UNC-89 (mouse monoclonal MH42 [Benian et
al., 1996; Hresko et al., 1994]); anti-UNC-89 (rabbit polyclonal EU30 [Benian et al., 1996]);
anti-myosin heavy chain A (MHC A) (mouse monoclonal 5-6; [Miller et al., 1983]), anti-
myosin heavy chain B (MHC B) (mouse monoclonal 5-8; [Miller et al., 1983]), anti-
UNC-52 (mouse monoclonal MH2; [Mullen et al., 1999]), anti-DEB-1 (mouse monoclonal
MH24; [Francis and Waterston, 1991]), anti-ATN-1 (mouse monoclonal MH35; [Francis and
Waterston, 1991]), and at 1:100 dilution: anti-UNC-95 (rabbit polyclonal Benian-13;
[Qadota et al., 2007]), anti-UNC-112 (rabbit polyclonal; [Hikita et al., 2005]), anti-PAT-4
(rabbit polyclonal; [Qadota et al., 2012]), anti-UNC-97 (rabbit polyclonal; [Miller et al.,
2006]), anti-PAT-6 (rat polyclonal; [Warner et al., 2013]), anti-UNC-98 (rabbit polyclonal;
[Mercer et al., 2003]), anti-ALP-1 (rabbit polyclonal; [Han and Beckerle, 2009]), anti-
MIG-6 (rabbit polyclonal; [Kawano et al., 2009]). 5-6, MH2, and MH24 were obtained from
the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and
maintained at The University of lowa, Department of Biology, lowa City, 1A 52242.
Secondary antibodies, also used at 1:200 dilution, included anti-rabbit Alexa 488
(Invitrogen), anti-rat Alexa 594 (Invitrogen), and anti-mouse Alexa 594 (Invitrogen).
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Confocal microscopy

Images were captured at room temperature with a Zeiss confocal system (LSM510)
equipped with an Axiovert 200M microscope and an Apochromat x63/1.4 numerical
aperture oil immersion objective, in x2.5 zoom mode. The color balances of the images were
adjusted by using Adobe Photoshop (Adobe, San Jose, CA).

N-SIM microscopy

Super-resolution microscopy was performed with a Nikon N-SIM system in 3D structured
illumination mode on an Eclipse Ti-E microscope equipped with a 100x/1.49 NA oil
immersion objective, 488- and 561-nm solid-state lasers, and an EM-CCD camera (DU-897,
Andor Technology). Super-resolution images were reconstructed using the N-SIM module in
NIS-Elements software. The color balances of the images were adjusted by using Adobe
Photoshop (Adobe, San Jose, CA). A Z-series every 0.2 um was taken from the outer muscle
cell membrane deeper into the muscle cell. This Z stack was then reconstructed into a 3D
image using software on the N-SIM microscope. The reconstructed 3D z-stacks were
analyzed using Imaris 8.4 (Bitplane), to visualize the M-lines and rows of dense bodies. 3D
surfaces were manually thresholded to best represent the observed breaks in PAT-6 or
UNC-95 localization in the M-lines, and individual sections were displayed using clipping
planes to include only one M-line.

Electron microscopy

Adult animals were prepared for electron microscopy by standard methods [Hall, 1995].
Briefly, live animals were rinsed in M9 buffer and cut open using a razor blade in buffered
aldehydes, rinsed in buffer and re-fixed in buffered osmium tetroxide, then rinsed in buffer
and en bloc stained in uranyl acetate before dehydration and embedding in plastic resin.
Thin sections were collected onto Formvar-coated slot grids, re-stained with uranyl acetate
and/or lead citrate, then viewed with a Philips CM10 electron microscope. Images were
collected on film, or using an Olympus Morada digital camera system.
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SIM structured illumination microscopy

unc uncoordinated
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Figure 1. Differential localization of M-line components
(A) SIM imaging of M-line components. Wild type worms were immunostained with

antibodies to each of the indicated proteins, and imaged by SIM super resolution
microscopy. For images in the left column, black bar represents 10 um; for images in the
right column, the black bar represents 5 um. Blue triangles point to M-lines. PAT-3 (B-
integrin), UNC-112 (kindlin), PAT-4 (ILK), UNC-97 (PINCH), PAT-6 (a-parvin), and
UNC-95 are known or suspected to be located close to the muscle cell membrane. The
images show that antibodies to these proteins localize as discontinuous and angled lines.
UNC-98, UNC-89 and MHC A are known or suspected to be located throughout the depth
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of M-lines. The images show that antibodies to these proteins localize as straight, continuous
lines. (B) Diagram depicting the “span” and “overlap” of discontinuous localization of many
of the M-line proteins shown on the right side of part (A).
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Figure 2. 3D rendering of UNC-89, PAT-6 and UNC-98 localization
(A) Angled view of localization of UNC-89 (green) and PAT-6 (magenta) in a portion of a

single body wall muscle cell. A blue arrowhead points to an M-line, and a blue arrow points
to a row of dense bodies. Scale bar, 3 um. (B) Side view of a portion of a single M-line from
(A). Orientation: at the bottom is the outer muscle cell membrane, and at top is deeper into
the muscle cell. Note that PAT-6 (magenta) is localized to discrete segments near the muscle
cell membrane, and only partially co-localizes deeper with UNC-89 (green). UNC-89 spans
from near the muscle cell membrane deep into the sarcomere. Also note that UNC-89
extends close to the muscle cell membrane in the gaps of PAT-6 localization. Scale bar, 3

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Qadota et al.

Page 19

pum. (C) and (D) are the individual channels for PAT-6 and UNC-89 localization,
respectively, from (B). Scale bar, 3 ym. (E) Side view of a single M-line immunostained
with anti-UNC-98 (green) and anti-PAT-6 (magenta). Note that UNC-98, like UNC-89,
spans ~2 um from near the muscle cell membrane deep into the sarcomere. The deepest parts
of UNC-98 that appear fuzzy are likely to be non-specific staining. Scale bar, 3 pm.
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A

Figure 3. 3D rendering of localization of MHC A with UNC-95, and UNC-89 with MHC A
(A) Side view of a single M-line immunostained with anti-MHC A (green) and anti-UNC-95

(magenta). MHC A also spans ~2 um from near the muscle cell membrane deep into the
sarcomere. Scale bar, 2 pym. (B) Side view of a single M-line immunostained with anti-
UNC-89 (green) and anti-MHC A (magenta). Note that MHC A localizes beyond the
localization of UNC-89. Scale bar, 2 um.
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Figure 4. Components of structures at body wall muscle cell boundaries
Each panel shows immunostaining with antibodies to the indicated proteins, and imaged

with a standard confocal microscope. Yellow arrows point to boundaries between adjacent
spindle-shaped body wall muscle cells. As shown in the column of images on the left,
UNC-52 (perlecan), PAT-3 (B-integrin), UNC-112 (kindlin), PAT-4 (ILK), UNC-97
(PINCH), PAT-6 (a-parvin), UNC-95, and DEB-1 (vinculin), are localized at the muscle cell
boundary. These proteins are also known to localize at the membrane-proximal region of
dense bodies. As shown in the column of images on the right, muscle cell boundaries lack
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the following proteins: ALP-1 (Enigma), ATN-1 (a-actinin), UNC-89 (obscurin), MHC A
(myosin heavy chain A), and MHC B (myosin heavy chain B). White bar represents 10 ym.
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Figure 5. SIM imaging reveals new details about the structure of muscle cell boundaries
(A) Wild type nematodes were immunostained with anti-PAT-6 and anti-UNC-95 antibodies.

Blue arrows point to dense bodies, and yellow arrows point to muscle cell boundary
structures. Starting at a dense body indicated with a blue arrow and moving horizontally or
slightly diagonally to the right, it appears that the “dot” like dense body structures gradually
transition in appearance to the “zipper” like boundary structure indicated with the yellow
arrow. Black bar represents 10 um.

(B) Each panel shows a muscle cell boundary structure indicated with a yellow arrow stained
with an antibody to a different protein. Note that all the indicated proteins are part of the
“zipper” like structures found at the muscle cell boundary. Scale bar represents 10 pm.
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Figure 6. 3D rendering of muscle cell boundaries
3D rendering of a z-stack of portions of two adjacent body wall muscle cells immunostained

with either anti-PAT-6 or anti-UNC-95 are shown. (A) The center panel of each set of 3
images shows a view from the outer muscle cell surface; the panels on either side of the
center panel show the same portion of the cell tilted to the left or to the right, respectively.
Brackets indicate the muscle cell boundary. Scale bar, 2 uym. (B) Localization of PAT-6 and
UNC-95 at boundaries, dense bodies and M-lines, from above (0°), and from the side (90°).
From the side views note that the heights of the localizations of PAT-6 and UNC-95 are
approximately the same at boundaries, dense bodies and M-lines. Scale bar, 2 um.

0° 90°
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Figure 7. SIM imaging does not reveal any differences in the localization of three integrin
adhesion complex proteins, PAT-6, UNC-95 and UNC-112

(A) Image of two body wall muscle cells co-immunstained with antibodies to UNC-95 and
PAT-6. (B) Image of two body wall muscle cells co-immunostained with antibodies to
UNC-112 and PAT-6. Scale bar, 10 um.
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Figure 8. Muscle cell boundaries include extra cellular matrix proteins
(A) Worms were co-immunostained with antibodies to UNC-95 and the ECM component

UNC-52 (perlecan). Images were obtained by SIM, and each image was taken at 0.4 um
intervals. The yellow arrows point to muscle cell boundaries. Scale bar represents 10 pm.
(B) SIM images of a portion of two adjacent body wall muscle cells co-stained with either
antibodies to UNC-52 and UNC-95 (left), or UNC-52 and UNC-112 (right). Arrows mark
the muscle cell boundary. Note that most of the ECM protein UNC-52 lies between the
zipper-like structures labeled with either UNC-95 or UNC-112. Scale bar, 10 um.
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(C) UNC-52 (perlecan) and MIG-6 (papilin, lacunin) localize at muscle cell boundaries both
at “surface” (close to membrane adjacent to hypodermis) and “inside” (away from this
surface) focal planes. Animals were immunostained with antibodies to UNC-95, UNC-52
and MIG-6, and images were obtained by confocal microscopy, and show three consecutive
1.0 um optical sections. The yellow arrows point to muscle cell boundaries. White bar
represents 10 um.
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Figure 9. Drawing depicting ECM (orange), M-lines and dense bodies (blue) and attachment
plaques at a muscle cell boundary (yellow)

The ECM lies at the base of the cells, and extends between cells for a distance of
approximately 1-1.4 um, based on Figure 8A. The attachment plaques do not extend as
deeply as ECM between the muscle cells.
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Figure 10|. Ik_ack of a deeper component of dense bodies changes their shape from “dot” like to
“zipper” like

(A??Nild type, atn-1 (0k84), and unc-98 (sf19) worms were immunostained with antibodies
against UNC-95, UNC-112, PAT-6, and UNC-89. Anti-UNC-95, anti-UNC-112, and anti-
PAT-6, localize to dense bodies and M-lines. Anti-UNC-89, localize only to M-lines. Images
were captured by SIM. In the afn-1 (0k84) mutant, the dense bodies all appear like the
“zipper” like structures normally found at muscle cell boundaries (compare with Figure 5).
In contrast, in the unc-98(sf19) mutant, dense bodies mostly appear normal. Black scale bar
represents 10 um. (B) Enlargement of UNC-95 localization at a wild type cell boundary
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(left) and at an atn-1(0k84) dense body (right). Note the similarity in these two structures.
Scale bar, 1 pm.
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Figure 11. Transmission EM images of boundaries between adjacent body wall muscle cells
(A) and (B): Two cross-sectional views of body wall muscle, showing portions of two

adjacent muscle cells. Yellow arrows point to electron dense material at basolateral
membranes between two adjoining muscle cells (BWM1, BWM?2). Discontinuous patches of
this dense material can be followed along cell borders in serial thin sections to lead up to
dense bodies (blue arrows), and for the most part the same proteins localize to this zone as
for dense bodies. Flat black bars of electron dense material (red arrowheads) are also seen on
the basal membrane of the muscles beneath each sarcomere, and filling the thin hypodermal
layer (hyp) coincident with the sarcomeres; these represent attachment points between
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muscle, hypodermis and cuticle. Some basal lamina material (BL) projects inward from the
basal zone between muscle cells and can collect in spaces along their lateral borders. Cuticle
has an inner and outer layer, connected by struts. Mito, mitochondria. GJ, gap junction.
Scale bar, 1 um.
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Figure 12. Several geometries along the lateral border contribute to the zipper-like structure
there

(A,B,C). Three transverse electron micrographs display some of the variety of features along
the muscle cell-muscle cell apposition which help to produce a zig-zag pattern of the muscle
protein localization observed by SIM. (A) Here the two adjoining muscle cells feature an
overall slanting interface, from the region of the dense body at the basal surface to a large
gap junction (GJ) near the apical limit of the border zone. Some basement membrane (BL)
material fills the extracellular spaces here all the way to the gap junction. (B) Here a large
“finger” of muscle tissue (asterisk) protrudes from one muscle cell into its neighbor, and two
gap junctions (GJ) mark the base of this finger, connecting the two cells more intimately. (C)
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Here the border between two muscle cells (BWM1, BWM2) is invaded by the extreme distal
portion of a third muscle cell (BWM3), so that the dense body material (marked with a
yellow arrow) connects muscle cells 1 and 3, while the lateral border deviates sharply to
allow muscle cells 1 and 2 to meet further in; note that BWM cells 1 and 2 are also
connected by a gap junction (GJ). All of these geometries are common, and large enough to
contribute to the flexible zig-zag shapes detectable by SIM. Scale bars, 1 um.
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Figure 13. Reduced contractile force affects the shape of dense bodies
(A) Wild type, unc-54(s74), and unc-94(sf20) worms were immunostained with antibodies

against UNC-95, UNC-112, PAT-6, and UNC-89. Images were captured by SIM. The unc-54
gene encodes myosin heavy chain B, one of the components of thick filaments, and the 574
allele shows nearly normal sarcomere structure, but the animals move slowly and stiffly, as
compared to wild type. The unc-94 gene encodes a tropomodulin, localized at the pointed
ends of thin filaments. Both in the unc-54(s74) and unc-94(sf20) mutants, the membrane-
proximal components of dense bodies do not appear “dot” like, but appear closer to “zipper”
like. Black bar represents 10 um. (B) Wild type and urnc-54(s74) muscle stained with
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antibodies to ATN-1 (a-actinin), a deeper component of dense bodies. Note that the deeper
portions of dense bodies appear disorganized. Scale bar, 10 um. (C) Enlargement of single
dense bodies stained with anti-PAT-6 from wild type (top) and from unc-54(s74) muscle
(bottom). Note the that under normal tension conditions (wild type muscle) the dense body
appears as a dot, but that under reduced tension (unc-54(s74)), the dense body appears
fragmented. Scale bar, 1 um. (D) Model for determination of the shape of a type of muscle
attachment structure, the dense body. Lack of deeper part of dense bodies (a#n-Z mutant),
reduction of contractile force (unc-54 mutant), or defects in actin thin filaments (urc-94
mutant) causes alteration of dense body shape, suggesting that the maintenance of normal
“dot” like dense bodies requires normal myofilament tension.
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Figure 14. Summary of key findings revealed by SIM
The upper left image shows PAT-6 localized by confocal microscopy. As shown in the red

box, by confocal PAT-6 at the muscle cell boundary appears in irregular clusters, but is
revealed by SIM imaging (pointed to by a red arrow at the upper right) to exist in distinct
zipper like structures, separated by ECM (and depicted in drawing). As shown in the yellow
box, by confocal PAT-6 at the M-line appears as an irregular continuous line, but is revealed
by SIM (pointed to by a yellow arrow at the bottom left) to localize to distinct slightly
diagonal lines. This discontinuity of PAT-6 at the base of the M-line is also clear from 3D
rendering (very bottom left). As shown in the green box, by confocal PAT-6 at dense bodies
appear as a row of solid ovals. As shown by SIM, in wild type muscle, PAT-6 at dense bodies
has the same appearance as revealed by confocal. However, in mutants affecting thin
filament function (wnc-94 (encodes tropomodulin)) or thick filament function (unc-54
(encodes a myosin heavy chain)) but not appreciably sarcomere structure, dense bodies are
mis-shapen—elongated “dumb-bells”, very similar to the appearance of the zipper-like
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structures at the normal muscle cell boundary. The drawing to the right of the images convey
the model that normal tension generated by the thin and thick filaments is required to
maintain the proper structure of dense bodies, the main structures in nematode muscle upon
which contractile force is applied.
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