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Abstract

In vertebrate striated muscle, the Z-line, which
defines the sarcomere length, presents diverse structural
patterns both in cross section and in longitudinal section.
Conflicting models have been proposed to explain the
microscopic observations. The protein composition of the
Z-line structure is unresolved. a-Actinin is  widely
accepted as a Z-line component, and actin filaments
extend into wide Z-lines. Based on recent findings from
our laboratory and others, we developed a new model
applicable to wide and narrow Z-lines. The model allowed
the observed ultrastructural patterns of Z-lines to be
simulated. Improved electron microscopic techniques
should allow further progress to be made in Z-line
research, an area of interest both because of the
degradation of the Z-line in meat storage and the
abnormalities of Z-lines that characterize a wide range of
muscle disorders.
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Introduction

In the past 30 years electron microscopy has played a
major role in showing the several bands that comprise the
vertebrate sarcomere in longitudinal section and elucidating
the orientations and spacing of aments in  muscle
Clarification of the array of muscle fibers provided a
framework for biochemical and physiological research and
contributed to our understanding of muscle contraction.
Most of the early ultrastructural studies were performed
with vertebrate striated muscle, which, because it is the
primary source of muscle for food, will be the focus of
this paper. Current understanding of muscle ultrastructure
will be summarized briefly, as the subject has been
extensively reviewed. For detailed information the reader
is referred to the excellent contributions of Schmalbruch,
(1986); Squire, (1981); Ishikawa et al., (1983); Peachey and
Franzini-Armstrong (1983); Eisenberg (1983); Pepe (1983);
Haselgrove (1983). A comprehensive discussion of Z-lines
then will be provided. Post-mortem degradation of the Z-
line is evident in ultrastructural examination of stored
meat (Goll, et al., 1970), and because of the importance of
the Z-line in maintaining the integrity of the myofibril,
the Z-line is of interest with regard to meat processing
and tenderness. Finally, advances in methodology for
electron microscopic study of muscle are considered.

Vertebrate Striated Muscle

Striated muscle, which includes skeletal and cardiac
muscle, is distinguishable from smooth muscle on the basis
of its striped appearance under the microscope. Skeletal
muscle consists of bundles of fibers. Fibers vary greatly
in size, and each contains approximately one thousand
myofibrils.

Within myofibrils, repeating units called sarcomeres
extend between the electron-dense Z-lines. In longitudinal
section the sarcomere shows a central protein-dense region,
the A-band. Between A-bands isotropic I-bands are found,
each with a Z-line at the center The contractile
apparatus in striated muscle is composed of a double array
of interdigitating thick and thin protein filaments (Huxley,
1969). Thin filaments are anchored at one end of the
transverse Z-line and extend between the thick filaments
at the other end. Thick filaments are composed primarily
of myosin, with a small amount of C-protein localized in
A-bands (Offer et al., 1973), 43 nm apart, on each side of
the bipolar filament, which may help to hold the thick
filament in its circular shape during tension development.
Another thick filament protein, X-protein, contaminates
C-protein preparations (Starr and Offer, 1983); its shape
and molecular interactions have been examined recently by




electron microscopy (Bennet et al, 1985). An M-line
containing poorly defined M-protein(s) crosslinks adjacent
thick filaments into the proper three-dimensional structure.
Thin filaments are thought to be composed of tropomyosin
and the troponin complex bound to an actin backbone
(Ebashi et al., 1969), with each thin filament having two
strands of actin filaments coiled in a helix. Thin filaments
undergo a structural rearrangement from a hexagonal
pattern near the A-band to a square net pattern near the
Z-line. Thin filaments extend into the A-band as far as
the paler H-zone and increase in density; the M-line is in
the center of the H-zone. Variation in I-filament length
has been demonstrated with serial cross sections (Robinson
& Winegrad, 1977; Traeger & Goldstein, 1983). In
addition to thick and thin filaments, elastic components
denoted as gap filaments have been reported (Locker and
Leet, 1975; 1976a,b; Locker and Daines, 1980). According
to these investigators, gap filaments are very extendible,
spanning gaps up to 12 um in stretched muscle, and
appear as thin (2-6 nm) extensions at the ends of the thick
filaments.  Elastic components are constituted of high-
molecular-weight proteins. Titin and nebulin (Wang and
Ramirez-Mitchell 1979, Wang et al., 1979; Wang, 1981,
1985) and connectin (Maruyama, 1976 Maruyama et al.,
1976, 1977a,b, 1981a,b, 1985) have high molecular weights,
but they have not been demonstrated conclusively to be
gap filament components.

Recent structural, biochemical, and
immunocytochemical studies indicate that intermediate
filaments (desmin) are major components which link
adjacent myofibrils together at the Z-line region and serve
as important cytoskeletal elements (Lazarides and Hubbard,
1976; Robson et al., 1981).

Z-line structure

The Z-line, besides defining sarcomere length, is of
interest because of its dual properties: it is the muscle
structure most resistant to physical forces but most
susceptible to proteases (Fukazawa and Yasui, 1967; Busch
et al., 1972; Okitani et al., 1980); thus, it is the initial
target during muscle degradation and protein turnover,

The molecular architecture of the Z-line has been
extensively studied, and conflicting structural views have
been reported. The Z-line as viewed in cross section at
electron microscope magnification is made up of filaments
that give it the appearance of a well-ordered structure
(Yamaguchi et al.,, 1983a,b) with at least three different
patterns: (1) an angled large woven (basket-weave) pattern
(Reedy, 1964), (2) an angled square pattern (diagonal
square net) with 15.5-nm periodicity (Knappeis and
Carlsen, 1962; Franzini-Armstrong, 1973), and (3) a small
square lattice with 11-nm periodicity (Landon, 1970). A
large woven or square net pattern (22-nm square) arises
from four of the small squares. In addition to the
structural diversity in section (Figure 1), the electron-
dense covering of Z-lines impedes structural studies.

The first model for the Z-line was proposed by
Knappeis and Carlsen (1962), who suggested that each thin
filament inserts at four Z-filaments which run obliquely
through the Z-line, deviating 10° from the direction of the
fiber axis, and connects to four thin filaments from the
opposite side. In cross sections the array of Z-filaments is
tilted by 45° with respect to the squares formed by the I-
filaments. Hence, cross sections through the Z-line show
an angled tetragonal lattice with 15.5 nm periodicity.
Franzini-Armstrong and Porter (1964) stated that thin
filaments of adjacent sarcomeres are connected by lamina
stretched into opposite directions by inserting thin
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filaments to give rise to a =zigzag appearance in
longitudinal sections from an array of oblique Z-filaments
and to produce an angled tetragonal lattice in cross
sections. Reedy (1964) hypothesized that each thin
filament untwists and frays into four Z-filaments, the
sense of twist being the same in all filaments approaching
the Z-line from one side, and opposite sarcomeres, so that
a basket-weave pattern results. Kelly (1967) assumed that
two subfilaments arise from each I-filament, run through
the Z-line, interlink with the subfilaments of opposite thin
filaments, then return to the side of origin, and again
enter the double helix of a thin filament. At each thin
filament tip one would see two originating Z-filaments and
both parts of a loop, giving the appearance of four Z-
filaments in all. Rowe (1971) proposed a model in which
4 subfilaments (2 actin strands and 2 tropomyosin strands)
arise from each thin filament, loop, and return to insert at
the same side of the Z-line in other thin filaments.

Landon (1970) and MacDonald and Engel (1971)
found that the image depends on the method of fixation,
with glutaraldehyde producing an 11-nm square lattice
pattern. According to MacDonald and Engel (1971) only
an image observed by Landon (SS & LS, see later section)
is compatible with the image after glutaraldehyde fixation,
whereas the Knappeis - Carlsen model only accounts for
the osmium tetroxide image. Landon (1982) explained the
11-nm square lattice pattern by a non-looping model in
which the thin filaments of adjacent sarcomeres overlap,
and their ends are cross-linked by transverse filaments.
Ullrick et al. (1977) thought that three Z-filaments attach
to each thin filament and loop without cross-linking so
that filaments can easily separate or split in two directions
to join adjacent thin filaments of the same sarcomere,
whereas Katchburian et al. (1973) contended that four Z-
filaments bound to thin filaments from one sarcomere
directly connect to thin filaments of the opposite
sarcomere.

In longitudinal sections vertebrate Z-lines show four
main patterns: interdigitation of thin filaments (Fawcett
and McNutt, 1969; Ovalle, 1972; Rowe, 1973), a zigzag
arrowhead-like pattern (Rowe, 1973), thick (11 nm) lines
with no interdigitation (Ovalle, 1972) and an amorphous
appearance (Katchburian et al., 1973). The different
images observed in longitudinal sections were explained by
different levels of sectioning and by mismatch between the
plane of sectioning and the square lattice (Katchburian et
al. 1973). Rowe (1973) claimed that his 4-strand looping
model applies to all types of Z-lines, and that the different
width of the Z-line is due to the fact that in white fibers
all loops from one side of the Z-line are in the same
plane. In red fibers, where the Z-line is thicker than in
white fibers, loops are in three planes, and in intermediate
fibers in two planes.

Z-line width varies widely (Figure 2): Z-lines in fish

are 30 nm wide (Franzini-Armstrong, 1973); mammalian
white muscle Z-lines, 40 nm and mammalian red muscle
Z-lines, 60 nm; mammalian cardiac muscle Z-lines, 100
nm (Fawcett and McNutt, 1969).
The width of the Z-line can be used to determine fiber
types (Gauthier, 1969, 1970). Fast-twitch muscle fibers
subjected to long-term stimulation and exercise undergo
ultrastructural transformation and the Z-line width
increases relative to that of slow-twitch muscle fibers.
Thus, Z-line width seems to be related to muscle
function.

Protein Constituents of Z-line Structures

The entire protein composition of the Z-line




Muscle Z-line structure

Figure 1. Cross sectional view of canine cardiac
muscle Z-line. Z-line displays various patterns including
small square net (SS), and basket weave (BW) structure
Structural diversity of Z-line cross section is very common
in both skeletal and cardiac muscles. This specific
electron micrograph shows the SS form together with the
BW form

Difference in Z-line width. Fish (guppy)
White skeletal muscle (a) and dog cardiac muscle (b) Z-
line widths are compared in longitudinal section. The
great variation in width between the two Z-lines is
obvious. The width of Z-line is probably related to
muscle function.

Figure 2.

structure which holds the thin filaments in their proper
juxtaposition is not known, although evidence for the
involvement of « -actinin has accumulated (Masaki et al.,
1967; Robson et al., 1970; Goll et al., 1972; Stromer and
Goll, 1972; Suzuki et al., 1976; Chowrashi and Pepe, 1982).

By dissection of Z-lines and hypertrophic Z-lines or
Z-rods with CAF, Yamaguchi et al., (1983a, b, 1985a)
have obtained evidence that suggests the width of all wide
Z-line structures is determined by the amount of overlap
of antipolar actin filaments from adjacent sarcomeres
This new finding means that actin filaments from I-
filament continuously extend into the Z-line and are
involved as a structural component of wide Z-lines.

The Z-line lattice differs from the crystal lattice of
tropomyosin (Stromer et al., 1969), and crude muscle
extracts not containing tropomyosin are able to reconstitute
solubilized Z-lines (Stromer et al., 1967, 1969). However,
tropomyosin is likely to be associated with actin filaments
at a Z-line in the same manner as with thin filaments
(actin) in the myofibril, because of the continuity of thin
filaments with actin filaments at the Z-line and because of
the size of actin filaments at the Z-line is the same as that
of myofibrillar thin filaments (Yamaguchi et al., 1983a).

The extract obtained by solubilizing the Z-lines,
contains «-actinin (Briskey et al., 1967; Goll et al., 1969),
a protein that cross-links actin polymers (Ebashi and
Kodama, 1965). «-Actinin amounts to about 50% of the
mass of the Z-line (Suzuki et al., 1976). When actin
filaments of muscle or nonmuscle cells are decorated with
heavy ~meromyosin (HMM) SI  subfragments, the
arrowheads formed point away from the Z-lines (Ishikawa
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et al, 1969). It is conceivable that « -actinin is involved
in the organization of the actin filaments, and that it is
responsible for the polarization of thin filaments within the
sarcomeres of muscle fibers (Huxley, 1963; Goll et al.,
1972) and may constitute Z-filaments (Chowrashi & Pepe,
1982; Yamaguchi, 1983a,b 1985a) Other proteins
suggested to be present in Z-filaments include actin
(Reedy, 1964), tropomyosin (Reedy, 1964, Goldstein et al.,
1979), and Z-protein (55,000 MW, Ohashi & Maruyama,

1979; Ohashi et al., 1982). Other possible Z-line
components include amorphin (Chowrashi and Pepe, 1982),
Eu-actinin (Kuroda et al.,, 1981), Z-nin (Suzuki et al.,
1981), Filamin (Bechtel 1979, Wang et al, 1975),

Zeugmatin (Maher et al., 1985) and 220,000 dalton protein
(Muguruma et al., 1978, 1981).

Z-line abnormalities

Anomalous Z-line structures, including rod bodies,
are associated with many diseases including nemaline
myopathy (Shy et al., 1963; Conen et al., 1963), chronic
alcoholism (Martinez et al., 1973), schizophrenia (Meltzer
et al, 1973). Anomalous Z-lines also occur in aging
cardiac muscle (Munnel and Getty, 1968; Fawcett, 1968)
and rheumatic heart disease (Roy and Morin, 1971) and
can be induced through tenotomy (Resnick et al., 1968;
Yamaguchi et al, 1983b) and through injection of
neostigmine methyl sulfate, which inhibits cholinesterase
(Osame et al., 1975). How closely these structures are
related to Z-lines is debated, but several recent studies
(Stromer et al., 1976; Goldstein et al., 1977, 1980, 1982;
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Yamaguchi et al., 1978; 1983a, b) suggest the basic
backbone structure of the rod bodies is very similar if not
identical to what would be seen if lateral Z-line polymers
were formed. Nemaline rod bodies are rather electron-
dense, develop in association with the Z-lines, and display
a crystalline structure. In one plane they resemble cross
sections through Z-lines showing the small square lattice;
in others they reveal parallel filaments with a transverse
periodicity of 12 to 20 nm (Engel and Gomez, 1967),
HMM-SI binds to the filaments within the rods; thus, they
contain actin (Yamaguchi et al., 1978), and antibody
staining reveals that the rods contain «-actinin as well. A
calcium-ion- activated protease which is known to dissolve
selectively the Z-lines of muscle fibers (Busch et al., 1972)
dissolves the matrix of the rods but leaves the actin
filament lattice intact (Stromer et al., 1976).

New model of muscle Z-lines

Yamaguchi et al., (1985a, b) introduced a new
model, which is applicable to both narrow and wide Z-
lines, supported by evidence from electron microscopic
studies. The model is based on a pair of Z-filaments
(Figure 3) (termed a Z-unit), which are linked near their
centers at 90° angle and form bridges between neighboring
antipolar thin (actin) filaments,

Figure 3. Z-filament assembly in Z-unit. A
proposed model of Z-filament geometry shows a pair of
Z-filaments (the pair comprises a Z-unit) bound at their
centers (arrows) at an angle of 90°. Assumed polarity of
Z-filaments is indicated by the white (head) and cross-
marked (tail) portions. The planes defined by the two
thin filaments on the left (white; thin filaments A & B))
and the two thin filaments on the right (black; thin
filaments E & F) are shown below the Z-unit. Note that
the thin filaments denoted by A, B, E, and F in Fig. 3 are
labeled with the corresponding letters in Fig. 4. The Z-
filament/Z-filament binding region is indicated by two
arrows in Figs. 3 and 4. The Z-filament connected to
thin filament A is connected to thin filament F, and the
Z-filament connected to thin filament B is connected to
thin filament E. (shown by permission of Academic Press,
Yamaguchi et al., 1985a,b)
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A square lattice of four Z-filament pairs (Figure 4) (the
basic structure of the Z-line termed a Z-line unit) defines
the geometrical position of the I-square unit.

In this native state of the Z-line, small square (SS) and
large square (LS) net forms appear in cross section. Other
cross-sectional patterns of Z-lines, including basket-weave
(BW) and diagonal-square net (DS) patterns, can be
explained by detachment of the Z-filament-to-Z-filament
binding region within each Z-filament pair due to
chemical or physical stress. Dissection of Z-lines and Z-
line analogs with calcium-activated neutral protease
provides evidence that the width of all wide Z-line
structures is determined by the amount of overlap of
antipolar thin filaments from adjacent sarcomeres.
Longitudinal patterns of narrow and wide Z-lines also can
be explained in relation to the model. To test the proposed
model, the dynamics of the Z-line unit structure was
computer simulated.

Figure 4. Structure of basic Z-line unit. The
determination of the thin filament square net by assembly
of four Z-units (i.e., four pairs of Z-filaments) into a
basic Z-line unit is represented schematically. The LS (22
nm, see top) or SS (11 nm, see four SS forms) form would
appear in cross section depending on sectioning position
(i.e., the LS pattern would only be observed at the very
outside edge of the Z-line, which includes the four Z-
filament/Z-filament binding regions indicated by arrows).
In this figure four Z-filaments, each connected to thin
filaments A, B, C, and D, bind to the thin filament E of
opposite polarity. (shown by permission of Academic
Press, Yamaguchi et al., 1985a,b)

The computer simulations demonstrated that the structural
transitions among the SS, and therefore LS net, as well as
BW and DS forms seen in cross sections could be caused
by movements of thin filaments less than 10 nm in any
direction. Figure 5 shows the model of narrow Z-line
structure. Stretching Z-filaments to the maximum extent
in the longitudinal direction of the myofibril would
convert the model to that of Knappeis and Carlsen (1962).
Z-filament stretching could result from the combined
effect of thin filament lattice expansion within the plane
of the Z-line as well as Z-filament-Z-filament (Z-unit)
detachment, and would result in the DS form in cross
section.




Muscle Z-line structure

Q1 Narro Z-line ;
1 unit{/f -

Figure 5. Proposed model of narrow Z-line. The
assembly of Z-line units that comprise the narrow Z-line
are schematically represented in the figure. Four pair of
Z-units form a Z-line unit (emphasized lines) and dictate
the position of thin (actin) filaments in the I-square net
(A,B,C,D corresponding to alphabetical notation in Fig. 4)
Stretching Z-filaments to the maximum extent in the
longitudinal direction of myofibril would convert the
model to that of Knappeis and Carlsen (1962). Z-filament
stretching also could result from the combined effect of
thin filament lattice expansion as well as Z-filament - Z-
filament (Z-unit) detachment, and would result in the DS
form in cross section. A lesser degree of stretching of Z-
filaments would result in the BW form first described by
Reedy (1964). (shown by permission of Academic Press,
Yamaguchi et al., 1985a,b)

A lesser degree of stretching of Z-filaments would
result in the BW form first described by Reedy (1964).

The paradoxes in Z-filament behavior and structural
diversity of Z-lines reported in the literature (e.g.,

Knappeis and Carlsen, 1962; Huxley, 1963; Reedy, 1964;
Landon, 1970; MacDonald and Engel, 1971; Rowe, 1971;
Kelly and Cahill, 1972; Franzini-Armstrong, 1973; Rowe,
1973; Ullrick et al., 1977) were explained by computer-
assisted simulation of this model (Figure 6, unpublished
result).

Improved electron microscopic techniques
of interest for studv of muscle

Sawada et al, (1978) have combined improved
preparative methods with high-resolution scanning
electron microscopy to provide a detailed look at the
surface of frog skeletal muscle; these authors discuss the
usefulness and limitations of SEM.

The immunogold staining method (Faulk and Taylor,
1971; Geoghegan and Ackerman, 1977) provides excellent
detail in immunocytochemistry and may be useful in
identification and localization of myofibrillar proteins.

Heuser et al, (1979) introduced a revolutionary
procedure  for preparing biological samples for
transmission electron microscopy. The method is called
quick-freeze, deep-etch, rotary-replication (QDR). QDR
should be extremely useful for muscle studies because it
can resolve protein-protein interactions. In addition, no
chemical fixatives or dehydrating agents are used. Tissues
in the living state are frozen quickly enough (0.2 msec-
Imsec) to avoid ice crystal formation at the onset, whereas
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Figure 6. Computer simulated narrow (a) and wide
(b) Z-lines. Three-dimensional reconstitution of computer
simulated patterns of narrow (one Z-line unit) and wide
(five repeating Z-line units) Z-lines in the BW form. The
x-, y- and z- axes are indicated by arrows. Because of
their structural simplicity, narrow Z-lines would probably
be more susceptible to changes caused by thin filament
and Z-filament movement than wide Z-lines would be.
In wide Z-lines containing multiple Z-line units, the
structure would be more rigid because greater overlap of
thin (actin) filaments and the more numerous attached Z-
filaments would contribute to structural stability.

with previous freezing techniques sizable ice crystals could
grow and physically distort the sample. Advantages to
QDR are that the need for cryoprotectants is eliminated
and a remarkable degree of three-dimensional structure is
preserved. Freeze-drying is limited to a brief deep-
etching period at low temperature after freeze-fracture.
QDR has been effective in visualizing cellular structures
of 10 to 100 nm (i.e., the size of macromolecular
assemblies) in situ and in vitro. QDR was used to study
actin-myosin interaction (Heuser and Cooke, 1983), and
Tsukita and Yano (1985) applied similar methodology to
obtain the first clear micrographs of myosin cross-bridges
in contracting muscle preserved under physiological
conditions

Acknowledgements

This work was supported in part by grants from the
American Heart Association (83-1188) Central Ohio Heart
Chapter, and Muscular Dystrophy Association of America
to the Ohio State University, the OSU Canine Research
Fund, and the OSU Equine Research Fund.




References

Bechtel PJ (1979). Identification of a high molecular
weight actin-binding protein in skeletal muscle. J. Biol.
Chem. 254, 1755-1758.

Bennett P, Starr R, Elliott A, Offer G. (1985). The
structure of C-protein and X-protein molecules and a
polymer of X-protein. J. Mol, Biol. 184, 297-309.

Briskey EJ, Seraydarian K, Mommaerts WFHM.
(1967). The modification of actomyosin by a-actinin, I
The effect of a-actinin upon contractility. Biochem
Biophys. Acta. 133, 412-423.

N Busch WA, Stromer MH, Goll DE, Suzuki A. (1972).
Ca“*- specific removal of Z lines from rabbit skeletal
muscle. J. Cell Biol. 52, 367-381.

Chowrashi PK, Pepe FA. (1982) The Z-band:
85,000-dalton amorphin and alpha-actinin and their
relation to structure, J. Cell Biol. 94, 565-573.

Conen PE, Murphy EG, Donohue WL. (1963). 1
and electron microscopic studies of myogranules in
with hypotonia and muscle weakness. Canad. Med. /
J. 89, 983-986.

sht
child
SOC.

Ebashi S, Kodama A. (1965). A new protein factor
promoting aggregation of tropomyosin. J. Biochem. 58,
107-109.

Ebashi S, Endo JM, Ohtsuki I. (1969). Control of
muscle contraction. Q. Rev. Biophys. 2, 351-384.

Eisenberg BR. (1983). Quantitative ultrastructure of
mammalian skeletal muscle. Skeletal muscle pp. 73-112,
Section 10, Handbook of physiology. (Eds) LD Peachey,
R. Adrian, S. Geiger. American Physiological Society
Williams & Wilkins Press Baltimore, Maryland.

Engel AG, Gomez MR. (1967). Nemaline (Z disk)
myopathy: observations on the origin, structure and
solubility properties of the nemaline structures. J.
Neuropathol. Exp. Neurol. 26, 601-619.

Faulk WP, Taylor GM. (1971). An immunocolloid
method for the electron microscope. Immunochem. 8,
1081-1083.

Fawcett DW. (1968). The sporadic occurrence in
cardiac muscle of anomalous Z bands exhibiting a periodic

structure suggestive of tropomyosin. J. Cell Biol. 36,
266-270.

Fawcett DW, McNutt NS. (1969). The ultrastructure
of the cat myocardium. I. Ventricular papillary muscle.
J. Cell Biol. 42, 1-45.

Franzini-Armstrong C. (1973). The structure of
simple Z line. J. Cell Biol. 58, 630-642.

Franzini-Armstrong C, Porter KR. (1964). The Z disc
of skeletal muscle fibrils. Z. Zellforsch. Mikrosk. Anat.
61, 661-672.

Fukazawa T, Yasui T. (1967). The change in zig-zag
configuration of the Z-line of myofibrils. Biochem.
Biophys. Acta. 140, 534-537.

M. Yamaguchi et al.

Gauthier GF. (1969). On the relationship of
ultrastructural and cytochemical features to color in
mammalian skeletal muscle. Z. Zellforsch. Mikrosk. Anat.
95, 462-482.

Gauthier GF. (1970). The ultrastructure of three fiber
types in mammalian skeletal muscle. Physiology and
Biochemistry as a Food. pp. 103-130 (Eds) EJ Briskey,
RG Cassens, BB Marsh. University of Wisconsin Press
Madison, Wisconsin.

Geoghegan WD, Ackerman GA. (1977). Absorption
of horseradish peroxidase, ovomucoid and
antiimmunoglobulin to colloidal gold for the indirect
detection of concanavalin A, wheat germ agglutinin and
goat antihuman immunoglobulin G on cell surfaces at the
electron microscopic level: A new method, theory and
application. J. Histochem. Cytochem. 25, 1187-1200

Goldstein MA, Schroeter JP, Sass R. (1977). Optical
diffraction of the Z lattice in canine cardiac muscle. J.
Cell Biol. 75, 818-836.

Goldstein MA, Schroeter JP, Sass R. (1979). The Z
lattice in canine cardiac muscle. J. Cell Biol. 83, 187-204.

Goldstein MA, Stromer MH, Schroeter JP, Sass RL.
(1980). Optical reconstruction of nemaline rods. Expl.
Neurol. 70, 83-97.

Goldstein MA, Schroeter JP, Sass RL. (1982). The Z-
band lattice in a slow skeletal muscle. 3, 333-348.

Goll DE, Mommaerts WFHM, Reedy MK. (1969).
Studies on « -actinin-like proteins liberated during trypsin
digestion of a-actinin and of myofibrils. Biochem.
Biophys. Acta 175, 174-194.

Goll DE, Arakawa N, Stromer MH, Busch WA,
Robson RM. (1970). Chemistry of muscle proteins as a
food. pp. 755-800. Physiology and Biochemistry as a
Food. (Eds) EJ Briskey, RG Cassens, BB Marsh.
University of Wisconsin Press Madison, Wisconsin.

Goll DE, Suzuki A, Temple J, Holmes GR. (1972).
Studies on purified « -actinin. 1. Effect of temperature
and tropomyosin on the « -actinin/fractin interaction. J.
Mol. Biol. 67, 469-488.

Haselgrove JC. (1983). Structure of vertebrate
striated muscle as determined by X-ray-diffraction
studies.  Skeletal muscle. pp. 143-172,  Section 10
Handbook of Physiology. (Eds). LD Peachey, R.
Adrian, S. Geiger. American Physiological Society.
Williams & Wilkins Press Baltimore, Maryland.

Heuser JE, Cooke R. (1983) Actin-myosin
interactions visualized by the quick-freeze, deep-etch
replica technique. J. Mol. Biol. 169, 97-122.

Heuser JE, Reese TS, Dennis MJ, Jan Y, Jan L,
Evans L. (1979). Synaptic vesicle exocytosis captured by
quick freezing and correlated with quantal transmitter
release. J. Cell Biol. 81, 275-300.

Huxley HE. (1963). Electron microscope studies on
structure of natural and synthetic protein filaments from
striated muscle. J. Mol. Biol. 7, 281-308.




Muscle Z-line structure

Huxley F (1969). The mechanism of muscular
contraction. Science 164, 1356-1366

Ishikawa H, Bischoff R, Holzer H. (1969). Formation
of arrowhead complexes with heavy meromyosin in a
variety of cell types. J. Cell Biol. 43, 312-328

Ishikawa H, Sawada H, Yamada E. (1983). Surface
and internal morphology of skeletal muscle. Skeletal
Muscle. pp. 1-21. Section 10. Handbook of Physiology.
(Eds) LD Peachey, R. Adrian S. Geiger. American
Physiological Society. Williams & Wilkins Press Baltimore,
Maryland.

Katchburian E, Burgess AMC, Johnson FR. (1973).
The effect of tilting ultrathin sections on the image of the
Z-disc of skeletal muscle. Experientia 29, 1020-1022.

Kelly DE. (1967). Models of muscle Z band fine
structure based on a looping filament configuration. J
Cell Biol. 34, 827-840.

Filamentous and
Anat. Rec

Kelly DE, Cahill MA. (1972).
matrix components of skeletal muscle Z discs.
172, 623-642.

Knappeis GG, Carlsen F. (1962). The ultrastructure
of the Z-disc in skeletal muscle. J. Cell Biol. 13, 323-335.

Kuroda M, Tanaka T, Masaki T. (1981). Eu-actinin,
a new structural protein of the Z-line of striated muscles.
J. Biochem. 89, 279-310.

Landon DN. (1970). The influence of fixation upon
the fine structure of the Z disc of rat striated muscle. J
Cell Sci. 6, 257-276.

Landon DN. (1982). Skeletal muscle-normal
morphology, development and innervation. Inz: FL
Mastaglia, Sir Walton (Eds). Skeletal Muscle Pathology
pp 1-87. (Edinburgh): Churchill, Livingstone.

Lazarides E, Hubbard BD. (1976). Immunological
characterization of the subunit of the 100 A filaments
from muscle cells. Proc. Natl. Acad. Sci. USA 73, 4344-
4384.

Locker RH, Daines GJ. (1980). Gap filaments- the
third set in the myofibril in fibrous proteins: Scientific,
Industrial, and Medical Aspects, DAD Parry, LK Creamer
(Eds). Vol. 2, pp. 43-55, Academic Press, New York

Locker RH, Leet NG. (1975). Histology of highly-
stretched beef muscle. 1. The fine structure of grossly
stretched single fibers. J. Ultrastruct. Res. 52, 64-75.

Locker RH, Leet NG. (1976a). Histology of highly-
stretched beef muscle. II. Further evidence on the location
and nature of gap filaments. J. Ultrastruct. Res. 55, 157-
172.

Locker RH, Leet NG. (1976b). Histology of highly-
stretched beef muscle. IV. Evidence for movement of
gap filaments through the Z-line, using the Nj-line and
M-line as markers. J. Ultrastruct. Res. 56, 31-38.

MacDonald RD, Engel AG. (1971). Observation
organizations of Z disk components and on rod-bodies of
Z disk origin. J. Cell Biol. 48, 431-436.

Maher PA, Cox GF, Singer SJ. (1985). Zeugmatin: A
new high molecular weight protein associated with Z-lines
in adult and early embryonic striated muscle. J. Cell Biol.
101, 1871-1883.

Martinez AJ, Hooshmand H, Fair AA. (1973). Acute
alcoholic myopathy. Enzyme histochemistry and electron
microscope findings. J. Neurol. Sci. 20, 245-252

Maruyama K. (1976). Connectin, an elastic protein
from myofibrils. J. Biochem. 80, 405-407.

Maruyama K, Natori R, Nonomura Y. (1976). New
elastic protein from muscle. Nature 262, 58-59.

Maruyama K, Matsubara S, Natori R, Nonomura Y,
Kimura S, Ohashi K, Murakami F, Harada S, Eguchi G.
(1977a). Connectin, an elastic protein of muscle.
Characterization and function. J. Biochem. 82, 317-337.

Ohashi K (1977b).
Comparative

Maruyama K, Murakami F,
Connectin, an elastic protein of muscle
biochemistry. J. Biochem. 82, 339-345.

Maruyama K, Kimura S, Ohashi K, Kuwano Y.
(1981a) Connectin, an elastic protein of muscle.
Identification of "titin" with connectin. J. Biochem. 89,
701-709.

Maruyama K, Kimura S, Ohashi K, Sukuki K,
Katsunuma N. (1981b). Connectin, an elastic protein of
muscle. Effects of proteolytic enzymes in situ. I
Biochem. 89, 711-715.

Maruyama K, Yoshioka T, Higuchi H, Ohashi K,
Kimura S, Natori R. (1985). Connectin filaments link
thick filaments and Z lines in frog skeletal muscle as
revealed by immunoelectron microscopy. J. Cell Biol. 101,
2167-2172

Masaki T, Endo M, Ebashi S. (1967). Localization 6S
component of «-actinin at Z-band. J. Biochem 62. 630-
632,

Meltzer HY, McBride E, Poppei TW. (1973). Rod
(nemaline) bodies in the skeletal muscle of an acute
schizophrenic patient. Neurology (Minneap.) 23, 769-780.

Muguruma M, Kobayashi K, Fukazawa T, Ohashi K,
Maruyama K. (1981). A new 220,000 dalton protein
located in the Z-line of vertebrate skeletal muscle. J.
Biochem. 89, 1981-1984,

Muguruma M, Yamada M, Fukazawa T. (1978).
Effect of calcium on extraction of Z-band proteins from
1-Z-1 brushes of rabbit striated muscle. Biochem.
Biophys. Acta 532, 71-80.

Munnel JF, Getty R. (1968). Canine myocardial Z-
disc alteration resembling those of nemaline myopathy.
Lab. Invest., 19, 303-308.

Offer G, Moos C, Starr R. (1973). A new protein of
the thick filaments of vertebrate skeletal myofibrils.
Extraction, purification and characterization. J. Mol. Biol.
74, 653-676.

Ohashi K, Maruyama K. (1979). A new structural
protein located in the Z-lines of chicken skeletal muscle.
J. Biochem. 85, 1103-1105.




Ohashi K, Mikawa T, Maruyama K. (1982).
Localization of Z-protein in isolated Z-disk sheets of
chicken leg muscle. J. Cell Biol. 95, 85-90.

Okitani A, Matsukura U. Kato H. Fujimaki M.
(1980). Purification and some properties of a myofibrillar
protein-degrading protease, cathepsin L from rabbit
skeletal muscle. J. Biochem. 87, 1133-1143,

Osame M, Kawabuchi M, Igata A, Sugita H. (1975).
Experimental nemaline rods induced by anticholinesterase
drug (Neostigmine methyl sulfate), Proc. Japn. Acad. 51,
598-603.

Ovalle WK. (1972). Fine structure of rat intrafusal
muscle fibers. The equatorial region. J. Cell Biol. 52,
382-396.

Peachey LD, Franzini-Armstrong C. (1983). Structure
and function of membrane systems of skeletal muscle
cells. Skeletal Muscle. pp. 23-71. Section 10 Handbook
of Physiology. (Eds) LD Peachey, R. Adrian, S. Geiger.
American Physiological Society. Williams & Wilkins Press
Baltimore, Maryland.

Pepe FA. (1983). Immunological techniques in
fluorescence and electron microscopy applied to skeletal
muscle fibers. Skeletal Muscle. pp. 113-141. Section 10.
Handbook of Physiology. (Eds) LD Peachey, R. Adrian,
S. Geiger. American Physiological Society. Williams &
Wilkins Press Baltimore Maryland.

Reedy MK. (1964). The structure of actin filaments
and the origin of the axial periodicity in the I substance
of vertebrate striated muscle. Discussion. Proc. R. Soc.
Lond., Ser. B. Biol. Sci. 160, 458-460.

Resnick JS, Engel WK, Nelson PG (1968). Changes
in the Z-disk of skeletal muscle induced by tenotomy,
Neurology (Minneap.) 18, 737-740.

Robinson TF, Winegrad S. (1977). Variation in thin

filament length in heart muscle. Nature (Lond). 267, 74-
5.

Robson RM, Goll DE, Arakawa N, Stromer MH.
(1970).  Purification and properties of « -actinin from
rabbit skeletal muscle. Biochem. Biophys. Acta. 200, 296-
318

Robson RM, Yamaguchi M, Huiatt TW, Richardson
FL, O'Shea JM, Hartzer MK, Rathbun WE, Schreiner PJ,
Kasang LE, Evans RR, Pang YYS, Ridpath JF. (1981).
Biochemistry and molecular architecture of muscle cell 10-
nm filaments and Z-line: Roles of desmin and «-actinin.
Reciprocal Meat Conf. Proceed. 34, 5-11. American Meat
Science Association Chicago, Illinois.

Rowe RWD. (1971). Ultrastructure of the Z line
skeletal muscle fibers. J. Cell Biol. 51, 674-685

Rowe RWD. (1973). The ultrastructure of Z-disks
from white, intermediate, and red fibers of mammalian
striated muscles. J. Cell Biol. 57, 261-277.

Roy PE, Morin PJ. (1971). Variations of the Z-band
in human auricular appendages. Lab. Invest. 25, 422-426.

M. Yamaguchi et al.

Sawada H, Ishikawa H, Yamada E. (1978). High
resolution scanning electron microscopy of frog sartorius
muscle. Tissue & Cell. 10, 179-190.

Schmalbruch H. (1986). Skeletal Muscle. Handbuch
der mikroskopischen Anatomie des Menschen. Springer-
Verlag. Press (In press)

Shy GM, Engel WK, Somer JE, Wauko T. (1963).
Nemaline myopathy, a new congenital myopathy. Brain
86, 793-810.

Squire J. (1981). The structural basis of muscular
contraction. Plenum Press New York.

Starr R, Offer G. (1983). Preparation of C-protein,
X-protein, and phosphofructokinase. Methods Enzymol.
85 (Part B), 130-138.

Stromer MH, Goll DE. (1972). Studies on purified a-
actinin II. Electron microscopic studies on the competitive
binding of «-actinin and tropomyosin to Z-line extracted
myofibrils. J. Mol. Biol. 67, 489-494

Stromer MH, Goll DE, Roth LE (1967). Morphology
of rigor-shortened bovine muscle and the effect of trypsin
on pre-and postrigor myofibrils. J. Cell Biol. 34, 431-445.

Stromer MH, Hartshorno DJ, Mueller H, Rice RV.
(1969). The effect of various protein fractions on Z- and
M-line reconstitution. J. Cell Biol. 40, 167-178.

Stromer MH, Tabatabai LB, Robson RM, Goll DE,
Zeece MG. (1976). Nemaline myopathy, an integrated
study: selective extraction. Exp. Neurol. 50, 402-421.

Suzuki A, Goll DE, Singh I, Allen RE, Robson RM,
Stromer MH. (1976). Some properties of purified skeletal
muscle a-actinin. J. Biol. Chem. 251, 6860-6870.

Suzuki A, Saito M, Okitani A, Nonami Y. (1981). Z-
nin, a new high molecular weight protein required for
reconstitution of the Z-disk. Agric. Biol. Chem. 45, 2535-
2542,

Traeger L, Goldstein A. (1983). Thin filaments are
not of uniform length in rat skeletal muscle. J. Cell Biol.
96, 100-103.

Tsukita S, Yano M. (1985). Actomyosin structure in
contracting muscle detected by rapid freezing. Nature
317, 182-184.

Ullrick WC, Toselli PA, Saide JD, Phear WPC. (1977).
Fine structure of the vertebrate Z-disc. J. Mol. Biol 115,
61-74.

Wang K. (1985). Sarcomere-Associated cytoskeletal
lattices in striated muscle. Cell and Muscle Motility Vol
6 pp. 315-369. (Ed). JW Shay. Plenum Publishing Corp
New York.

Wang K. (1981). Nebulin, a giant protein component
of Ny-line of striated muscle. J. Cell Biol. 91, 355a.

Wang K, Ramirez-Mitchell R. (1979). Titin: Possible
candidate as components of putative longitudinal filaments
in striated muscle. J. Cell Biol. 83, 389a.




Muscle Z-line structure

Wang K, McClure J, Tu A. (1979).
myofibrillar components of striated muscle.
Acad. Sci. US.A. 76, 3698-3702.

Titin: Major
Proc. Natl

Wang K, Ash JG, Singer SJ. (1975). Filamin, a new
high molecular weight protein of smooth muscle and non-
muscle cells. Proc, Natl. Acad. Sci. U.S.A. 72, 4483-4486.

Yamaguchi M, Robson RM, Stromer MH, Dahl DS,
Oda T. (1978). Actin filaments compose the backbone of
nemaline myopathy rod. Nature 271, 265-267.

Yamaguchi M, Robson RM, Stromer MH. (1983a).
Evidence for actin involvement in cardiac Z-line and Z-
line analogs. J. Cell Biol. 96, 435-442.

Yamaguchi M, Robson RM, Stromer MH, Cholvin N,
Izumimoto M. (1983b). Properties of soleus muscle Z-
lines anq induced Z-line analogs revealed by dissection
with Ca“*-activated neutral protease. Anat. Rec. 206,
345-362.

Yamaguchi M, Izumimoto M, Robson RM, Stromer
MH, (1985a). Fine structure of wide and narrow
vertebrate muscle Z-lines A proposed model and computer
simulation of Z-line architecture. J. Mol. Biol. 184, 621-
643.

Yamaguchi M, Hirai Y, Hage A, Kamisoyama H,
Anderson WD. (1985b). Small square (SS) net structure of
the narrow Z-line. J. Mol. Biol. 184, 644.

Discussion with Reviewer

Peter J. Bechtel :
Would you speculate on where other

Z-line proteins

are found in the proposed model?

Yamaguchi:

Neither I nor any other researcher has demonstrated
unequivocally the exact location of protein components of
the Z-line. Gap filaments are associated with the Z-line;
however, the number of gap filaments is much lower than
the number of actin filaments. Because the high-
molecular-weight gap filaments are highly susceptible to

proteases, some of the proteins identified as Z-line
constituents may be degradation products from gap
filaments. These components may occur on the periphery

of the Z-line and/or may be integral Z-line components.
Peter J. Bechtel:

What specific molecular changes may account for the
"Z-line abnormalities"?
Yamaguc!

Excessive « -actinin production may be one cause of
abnormal Z-lines, because « -actinin seems to be a major
component of hypertrophic Z-rods Z-rods contain
unusually long filaments,suggests there may be problem in
regulation of actin filament length in the hypertrophic Z-
line. Hypertrophic Z-lines are almost devoid of myosin;
thus, the disorder also may result from impaired myosin
filament assembly or rapid myosin degradation; more
likely myosin may not be formed proportionally to other
myofibrillar proteins used in assembly in
hypertrophic Z-lines.

sarcomere
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