
Food Structure Food Structure 

Volume 5 Number 2 Article 3 

1986 

Current Concepts of Muscle Ultrastructure With Emphasis on Z-Current Concepts of Muscle Ultrastructure With Emphasis on Z-

Line Architecture Line Architecture 

M. Yamaguchi 

H. Kamisoyama 

S. Nada 

S. Yamano 

M. Izumimoto 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.usu.edu/foodmicrostructure 

 Part of the Food Science Commons 

Recommended Citation Recommended Citation 
Yamaguchi, M.; Kamisoyama, H.; Nada, S.; Yamano, S.; Izumimoto, M.; Hirai, Y.; Cassens, R. G.; Nasu, H.; 
Muguruma, M.; and Fukazawa, T. (1986) "Current Concepts of Muscle Ultrastructure With Emphasis on Z-
Line Architecture," Food Structure: Vol. 5 : No. 2 , Article 3. 
Available at: https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss2/3 

This Article is brought to you for free and open access by 
the Western Dairy Center at DigitalCommons@USU. It 
has been accepted for inclusion in Food Structure by an 
authorized administrator of DigitalCommons@USU. For 
more information, please contact 
digitalcommons@usu.edu. 

https://digitalcommons.usu.edu/foodmicrostructure
https://digitalcommons.usu.edu/foodmicrostructure/vol5
https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss2
https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss2/3
https://digitalcommons.usu.edu/foodmicrostructure?utm_source=digitalcommons.usu.edu%2Ffoodmicrostructure%2Fvol5%2Fiss2%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/84?utm_source=digitalcommons.usu.edu%2Ffoodmicrostructure%2Fvol5%2Fiss2%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss2/3?utm_source=digitalcommons.usu.edu%2Ffoodmicrostructure%2Fvol5%2Fiss2%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/


Current Concepts of Muscle Ultrastructure With Emphasis on Z-Line Architecture Current Concepts of Muscle Ultrastructure With Emphasis on Z-Line Architecture 

Authors Authors 
M. Yamaguchi, H. Kamisoyama, S. Nada, S. Yamano, M. Izumimoto, Y. Hirai, R. G. Cassens, H. Nasu, M. 
Muguruma, and T. Fukazawa 

This article is available in Food Structure: https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss2/3 

https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss2/3


FOOD MICROSTRUCTURE, Vol. 5 (1986) , pp. 197 - 205 
SEM , In c., AMF O' Hare (Chicago). IL 60666 - 0507 U.S.A. 

0730-5419/86$1. 00• . OS 

CURRENT CONCEPTS OF MUSCLE ULTRASTRUCTURE WITH EMPHASIS ON Z- LINE ARCHITECTURE 
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In ve rteb rate st riated muscle, the Z-line, which 
defines the sa rcomere length, presents dive rse structural 
patterns both in cross sec ti on and in longitudinal sec tion. 
Conflicting models have been proposed to exp lain the 
microscopic obse rvations. The protei n composi ti on of the 
Z- line structure is unreso lved. o: -Actin in is widely 
accep ted as a Z-line component, and actin fil aments 
extend into wide Z-lines. Based on recent findings from 
our laborato ry and others, we developed a new mode l 
applicable to wide and narrow Z-lines. The mode l 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 th e 
deg radation of the Z-line in meat storage and th e 
abnormalities of Z- lines that characte ri ze a wide range of 
muscle disorde rs 
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In the past 30 years elect ron microscopy has played a 
majo r ro le in sho wing the severa l ba nds tha t comprise the 
vertebrate sarcomere in longitudinal sec tion and el ucidating 
the orientations and spac ing of fila ments in muscle . 
Clarification of the array of muscle f ibers provided a 
framework for biochemical and physio log ical research and 
cont ributed to our understandin g of musc le co ntraction . 
Most of the early ultrastructural studies were performed 
with verteb rate striated musc le, which, because it is the 
primary sou rce of muscle for food , will be the foc us of 
this paper. Cur rent understanding of musc le ultrastructure 
will be summarized briefl y, as th e subj ec t has been 
extens ively re viewed. For de tail ed information the reader 
is referred to the excel lent con tributio ns of Sch malbruch, 
(1986); Squire, (1981 ); Ishikawa et al., (1983); Peachey and 
Franzini-Armstrong (1983); Eisenberg ( 1983); Pepe ( 1983); 
1-l ase lgrove ( 1983). A comprehens ive discussion of Z- lines 
then will be provided. Post- mortem deg radat ion of the Z
line is ev ident in ultrastructural examination of stored 
mea t (Goll, et a!. , 1970), and because of the importance of 
the Z-l ine in maintaining the int eg rit y of the myofibri l, 
th e Z-l ine is of interes t with rega rd to meat process ing 
and tenderness. Finall y, advances in methodology for 
e lec tron mic rosco pic study of muscle are co nsidered. 

Verteb rate Striated Muscle 

Striated muscle, which includes skele tal and ca rdiac 
muscle, is distinguishable from smoo th musc le on the basis 
of its striped appearance under the microscope. Skeleta l 
musc le consists of bundles of fibe rs Fibers vary greatly 
in size, and each con tains approximately one thousand 
myofibrils 

Within myofibrils, repeating unit s ca ll ed sarcomeres 
extend between the electron-dense Z-lines. In longitudi nal 
sec tion the sarcomere shows a central prote in - dense region, 
the A-band. Between A- bands iso trop ic !-bands are found, 
each wi th a Z-line at the cente r. The con trac tile 
apparatus in striated musc le is composed of a double array 
of interdig itating thick and thin prote in filam ents (Huxley, 
1969) Thin filaments are anchored a t one end of the 
transverse Z-line and ex tend be twee n th e thick f ilaments 
at the othe r end. Thick fil aments a re composed primaril y 
of myosin, with a small amoum of C-p ro te in loca li zed in 
A-bands (Offer et a!. , 1973), 43 nm apa rt , on each side of 
th e bipolar filament , which may hel p to ho ld the thick 
filament in its circular shape during tension development. 
Another thick filament protein, X-protein, con taminates 
C-pro tein preparations (Starr and Offer , 1983); its shape 
and molecular interactions have been exam ined recently by 
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e lec tron microsco p y (Bennet et a l. , 1985). An M- line 
contain ing poorl y defined M-protein(s) cross links ad jacent 
thick filaments in to the proper three-d imensiona l structure. 
Thin filaments are thought to be composed of tropomyosin 
and the troponin complex bound to an ac tin backbone 
(Ebas hi et al., 1969), with each thin filam ent ha ving two 
strands of actin filaments coiled in a helix . Thin filam ents 
undergo a structural rearrangement from a hexago nal 
patte rn nea r the A-band to a square net pauern nea r 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 !- filam ent length 
has been demonstrated with serial cross sec tions (Robinson 
& Winegrad , 1977; Traeger & Goldste in , 1983) In 
addit ion to thick and thin filaments, e las ti c componen ts 
denoted as ga p filaments have been reported (Loc ker and 
Leet, 1975; 1976a,b; Locker and Daines, 1980). Accord ing 
to these investigators, gap filamen ts are very extendib le, 
spanning ga ps up to 12 1-~m in st retched muscle, and 
appea r as thi n (2-6 nm) extensions at the ends of the thick 
filamen ts. Elastic components are constituted of high
molecu lar-weight pr01eins. Titin and neb ulin (Wa ng and 
Ramirez-Mitche l! 1979, Wang et al., 1979; Wang, 1981, 
1985) and connec tin (Maru yama, 1976 Maruyama et al. , 
1976, 1977a,b, 198 la,b , \985 ) ha ve hig h molecular weights, 
but they ha ve not been demonstrated conclus ively to be 
gap filament components 

Recent structural, biochemica l, and 
immunocy tochemical studies indicate that intermedia te 
filaments (desmin) are major components which link 
adjacent myof ibrils together at the Z-line reg ion and se rve 
as important cytoskeleta l elements (Lazarides and Hu bbard, 
1976; Robson et al. , 1981 ). 

Z-line structu re 

The Z- line , besides defining sarcomere length, is of 
interest because of its dual properties: it is the muscle 
struc tu re most res istan t to ph ys ica l forces but most 
suscept ible to pro teases (Fukazawa and Yas ui , 1967; Busch 
e t a l. , 1972; Okitani et al., 1980); th us. it is the ini tial 
ta rget during muscle degradatio n and prote in turnover. 

The molecu lar architecture of the Z-line has been 
extensive ly studied , and confl ic ting structural views ha ve 
been reported. The Z-line as viewed in cross sect ion at 
elec tron microscope magnification is made up of filaments 
that give it the appearance of a well-ordered structu re 
(Yamaguchi et a\., 1983a,b) with at leas t three differe nt 
patterns: (I) an angled large woven (basket-weave) pa tt ern 
(Reedy, 1964), (2) an angled square pattern (diagonal 
square net) with 15.5-nm periodicit y (Knappe is and 
Carlsen , 1962; Franzini - Armstrong, 197 3), and (3) a small 
square latti ce with 11-nm periodicit y (Landon, 1970). A 
large woven or square net pattern (22-nm square) ari ses 
from four of the small squares In addition to th e 
struct ural d ive rsity in section (F igure 1), the electron
dense cover ing of Z-lines impedes structural studies. 

The first model for the Z-line was proposed by 
K nappeis and Carlsen (1962), who suggested that each thi n 
fi lament inserts at four Z-fi laments wh ich run oblique ly 
through the Z-line, dev iating 10" f rom the di rect ion of the 
fibe r axis, and connects to four thin filaments from the 
oppos ite side. In cross sec tions the array of Z-f ilamen ts is 
tilted by 45" with respect to the squares formed by the !
filaments. Hence, cross sections through the Z- li ne show 
an angled tetragonal lattice with 15.5 nm periodicity. 
Franzini-Armstrong and Porter ( 1964) stated that thin 
fil ame nts of adjace nt sarcomeres are connec ted by lamina 
stretched into opposite directions by inserting thin 
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filaments to give r ise to a zigzag appearance in 
longitud inal sec tions from an array of oblique Z-filaments 
and to produce an ang led tetragona l latt ice in cross 
sections. Reed y (1964) hypothes ized that each thin 
filament untwists and fra ys into four Z-filaments, the 
sense of twist being the same in all filaments approaching 
the Z - line from one side, and opposite sa rcomeres, so that 
a basket-weave pattern results. Kell y (1967) assumed that 
two subfilaments arise from each I-fi lamem, 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 hel ix of a thin filament. At each thin 
filament tip one would see two originating Z-filaments and 
both parts of a loop, giv ing the appearance of four Z
filaments in all. Rowe ( 197 1) proposed a model in which 
4 subfilaments (2 actin st ra nds 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 filam ents. 

Landon ( 1970) and MacDonald an d Engel (1971) 
found that the image depends on the me thod of fi xa ti on, 
with glutaraldehyde produc ing an 11 -nm square lattice 
pattern. Accordi ng to MacDonald and Enge l (1971) only 
an image observed by Landon (SS & LS, see later section ) 
is compatible with the image after glutaraldehyde fixation , 
whereas the Kn appeis - Carlsen model on ly accounts for 
the osmium tetroxide image. Landon ( 1982) explained the 
11-nm squa re lattice pattern by a non- loo ping model in 
which the thin filaments of adjacent sarcomeres overlap, 
and their ends are cross-linked by transve rse filaments. 
Ullrick et al. (1977) thought that three Z-filaments attach 
to each thin filament and loo p without cross- linking so 
that filaments can easily sepa rate or split in two directions 
to join adjacent thin filaments of the same sarcomere, 
whereas Katchburian et al. ( 1973) contended that four Z
f ilaments bound to thin fi laments from one sa rcomere 
directly connect to th in filaments of the oppos ite 

In longitudinal sec ti ons vertebrate Z- lines show four 
main patterns: interd ig itatio n of thin fi laments (Fawce tt 
and McNutt, 1969; Ovalle, 1972; Rowe, 1973), a zigzag 
arrowhead-like pattern (Rowe, 1973), thick ( II nm) lines 
with no interd igitation (Ovalle, 1972) and an amorphous 
appearance (Katchbur ian e t a l. , 1973). The different 
images observed in longitud inal sec tions we re explained b y 
d ifferent levels of sect ion ing and by mismatch between the 
plane of sec tioning and the square lattice (Katchburian et 
al. 1973). Rowe ( 1973) claimed th at hi s 4-st rand 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 fi be rs 
all loops from one side of the Z- line are in the same 
plane. In red fibers, where th e Z- line is thicker than in 
white fibers, loops are in three planes, and in intermediate 
fibers in two planes 

Z-line width varies wide ly (F igure 2): Z- lines in fish 
are 30 nm wide (Fra nzi ni -Armstrong, 1973); mammalian 
white musc le Z-lines, 40 nm and mammalia n 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 determ ine fiber 
types (Gauthier, 1969, 1970). Fas l-twitch muscle fibers 
subjected to long-term st imulatio n and exercise undergo 
ultrastructural transformation and the Z-l ine widt h 
increases relati ve to that of slow-twitch muscle fibers. 
Thus , Z- line width seems to be re lated to muscle 
function. 

Protein Constituents of Z-line Structures 

The entire protei n composi tion of the Z-line 



Muscle Z-line structure 

Figure I. Cross sec tional view of canine ca rdiac 
muscle Z-line. Z-line d isplays various pauerns including 
sma ll sq uare net (SS), and baske t weave (DW) st ru cture 
Struc tural diversit y of Z- line cross section is very com mon 
in both skeletal and cardiac musc les. This spec ific 
e lec tron microg raph shows the SS form together with the 
BW form . 

st ructure which holds the th in filam ents in their proper 
juxtaposition is not known, alt hough ev idence fo r the 
invo lvement of a -actin in has accum ulated (Masaki et a l. , 
1967; Robson et a l. , 1970; Ga ll et al. , 1972; Stromer and 
Go ll , 1972; Suzuki e t a l. , 1976; Chowrashi and Pcpe, 1982) 

By dissec tion of Z-lines and hypert roph ic Z- lines or 
Z-rods with CA F, Yamaguchi et a l. , ( 1983a, b, 1985a) 
have obtained evidence that suggests the width of a ll wide 
Z-line structures is deter mined by the amount of over la p 
of antipola r act in fi lamen ts from adjacent sarcomeres 
This new findi ng means that ac ti n filaments fro m ! 
filament continuously ex tend into the Z-l ine and are 
involved as a structu ra l component of wide Z-l ines. 

T he Z- line lattice differs from the crys tal lattice of 
tropomyosin (St romer e t a l. , 1969), and crude m uscle 
ex tracts not containing tropom yos in are able to reconstitute 
solubil ized Z- lines (Stromer eta\., 1967, 1969). However , 
tropomyos in is likely to be associated wi th ac tin f ilaments 
a t a Z-line in the same man ner as wit h thin fi lame nts 
(ac tin) in the myofibril , because of the cont inuity 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 fi laments (Yamaguchi e t al., 1983a) 

The extract ob tained by solubilizing the Z-l ines, 
conta ins a-ac tinin (Briske y et al., 1967; Gallet al. , 1969), 
a protein that cross- links act in polymers (Ebashi and 
Kodama, 1965). a-Actinin amou nts to about 50% of the 
mass of the Z-line (Suzuki et al., 1976). When actin 
filaments of muscle or nonmusc le cells are decorated with 
heavy meromyos in (HMM) SI subfragments, the 
arrowheads formed po int awa y from t he Z- lines (Ishikawa 
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Figure 2. Difference in Z- line width. Fish (guppy) 
White ske letal musc le (a) and dog cardiac musc le (b) Z
Jine wid ths are compared in lo ngit ud inal sec tion. The 
grea t var iatio n in widt h between the two Z- lines is 
obv ious. The width of Z- line is probably related to 
muscle function 

e t al. , 1969). It is conce ivab le that a - act in in is in vo lved 
in the orga ni zation of the act in filaments, and that it is 
respo ns ible fo r the po lar ization of thi n fi laments withi n the 
sa rcomeres of musc le fibers (Hux ley, 1963; Gall et al., 
1972) and may constitute Z-filaments (Chowrashi & Pepe, 
1982; Yamaguc hi , 1983a,b J98Sa ). Other proteins 
suggested to be present in Z-filamen ts inc lude actin 
(Reedy, 1964), tropomyosin (Reedy, 1964, Go ldstein et al. , 
1979), and Z-prote in (5 5,000 MW, Ohashi & Maruyama , 
1979; Ohashi e t a\. , 1982). Other possible Z-line 
components include amo rph in (Chow rash i and Pepe , 1982). 
Eu-ac tinin (Kuroda et al., 198 1), Z - nin (Suzuki et a\. , 
198 1), Fi lami n (Bech tel 1979, Wang et a\., 1975) , 
Zeugmatin (Ma her et al. , 1985) and 220,000 dalton pro tein 
(Muguruma e t al. , 1978, 198 1). 

Z-line abnormalities 

A nomalous Z -line structu res, incl ud ing rod bodies, 
associated with man y diseases including ncmaline 

myopathy (Shy et al. , 1963; Conen et al., 1963), chronic 
alcoholism (Martinez et al., 1973), schi zop hrenia (Meltzer 
et a!., 1973). Anomalous Z- lines also occur in agi ng 
cardiac musc le (Munnel and Getty, 1968; Fawcett , 1968) 
and rheumat ic heart disease (Roy and Morin, 197 1) and 
can be ind uced throug h tenotomy (Resnick et al., 1968; 
Yamaguchi e t at. , 1983b) and th roug h inj ection of 
neostigmine meth yl sulfate, which inhibits cholinesterase 
(Osame e t a t. , 1975). How close ly these structures are 
re lated to Z- lines is debated , but seve ral recent st udi es 
(Stromer e t a l. , 1976; Go ldstein e t a l. , 1977, 1980, 1982; 
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Yamaguchi et al., 1978; 1983a, b) suggest the basic 
backbon e structure of the rod bodies is very similar if not 
identical to what would be seen if latera l Z-line polymers 
were formed. Nemali ne rod bodies are rather elec tron
dense, develop in association with the Z-lines , and display 
a crys talline structure. In one plane the y resemble cross 
sec tions through Z-lines showing the small square lattice; 
in others they reveal parallel filaments with a transve rse 
periodicity of 12 to 20 nm (Enge l and Gomez, 1967) , 
HMM-SI binds to the filaments within the rods; thus, they 
contain act in (Yamaguchi et al., 1978), and antibody 
staining reveals that the rods contain a-ac tinin as well. A 
ca lcium - ion - activated protease which is known to dissolve 
se lect ively 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 e t al., (1985a , b) introduced a new 
model, which is applicable to both narrow and wide Z
lines, su pported by evidence from electron microscop ic 
studies. The model is based on a pair of Z-filaments 
(Figure 3) (te rmed a Z-unit), which are linked near the ir 
centers at 90° angle and form bridges between neighbo ring 
antipola r thin (acti n) 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 thei r 
cen ters (arrows) at an angle of 90°. Assumed polarity of 
Z-f ilaments is indicated by the white (head) and cross
marked (tail) portions. The planes defined by the two 
thin filamen ts on the left (white; thin filaments A & B)) 
and the two thin filaments on the right (black; thin 
filaments E & F) a re shown below the Z-unit. Note that 
the thin filaments denoted b y A, B, E, and F in Fig. 3 are 
labeled with the co rresponding letters in Fig. 4. The Z
filament / Z-f ilament binding region is ind icated 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-fi lament connected to thin filament D is connected to 
thin filam ent E. (shown by permission of Academic Press, 
Yamaguchi eta!., 1985a,b) 
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A square latt ice of four Z- filam ent pairs (Figu re 4) (the 
basic structure of the Z- line termed a Z- li ne unit) defines 
the geometrical position of the !-squa re unit. 
In this native state of the Z - line, small sq uare (SS) and 
large square (LS) net forms appear in cross sec tion . Other 
cross-sect ional patterns of Z- lines, including basket-weave 
(BW) and diagonal-squa re net (OS) patterns, can be 
explained by detachment of the Z-fi lament-to - Z-filament 
binding region within each Z-fi lament pair due to 
chemical or physical stress. Dissec tion of Z-lines and Z
line analogs with ca lcium-activated neutral protease 
provides evidence that the width of all wide Z-line 
structures is determined by the amount of overlap of 
antipolar thin fi laments 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 st ructu re was 
computer s imulated. 

., ~0 
~ 

Figure 4. Structure o f basic Z- line unit. The 
determination of the thi n filament square net by assembly 
of four Z-u nits (i .e., four pairs of Z-f ilaments) into a 
basic Z- line unit is represented schemati ca ll y. The LS (22 
nm, see top) or SS (II nm, see four SS forms) form would 
appear in cross section depe nding on sectioning position 
(i.e ., the LS pattern would o nl y 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 0, bind to the thin filament E of 
opposite polarity. (shown by permiss ion 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 OS fo rms seen in cross sec ti ons cou ld be caused 
by move ments of thin fi lame nts less than 10 nm in any 
direction. Figure 5 shows the mode l of narrow Z-line 
struc ture. Stretching Z-filamen ts to the ma ximum extent 
in the longitudinal direc tion of the myofib ril would 
convert the model to that of Knappe is and Carlsen ( 1962). 
Z-filament st re tching cou ld resu lt from the com bined 
effect of thin filament lattice expansion within the plane 
of the Z-line as well as Z-filament -Z-fi lament (Z-unit) 
detachment, and would result in the OS form in cross 
section 
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Figure 5. Proposed model of narrow Z- line. The 
assembly of Z- line units that comprise the narrow Z- li ne 
are schematicall y represented in the figure. Four pair of 
Z-units form a Z- line unit (emphasized lines) and di cta te 
the position of thin (actin) filaments in the 1-squa re net 
(A,B,C,D correspond ing to a lphabetical notation in Fig. 4). 
Stretching Z-fi laments to the maximum extent in the 
longitudina l direction of myofibril would convert the 
model to that of Knappeis and Carlsen (1962). Z-filament 
stretching also cou ld resu lt from the combined effect of 
thin filament lattice expansion as well as Z-filament - Z
filament (Z-unit) detachment, and would result in the OS 
form in cross section. A Jesser 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 wou ld 
res ult 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 Ca rlsen, 1962; Huxley, 1963; Reedy, 1964; 
Landon, 1970; MacDonald and Enge l, 1971; Rowe, 1971 ; 
Kell y and Cahill, 1972; Franzini-Armstrong, 1973; Rowe , 
1973; Ullrick et al., 1977) were explained by compute r
assisted sim ulation of this model (Figure 6, unpublished 
result). 

Improved electron microscopic techn iques 
of interest for study of muscle 

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

The immunogold staini ng method (Fau lk and Taylor, 
1971; Geoghegan and Ackerman, 1977) provides excellent 
detail in immunocytochemistr y and ma y be usefu l in 
identi fication and loca li za tion of myofibrillar prote ins 

Heuse r e t a l. , ( 1979) in troduced a revolutionary 
procedure for prepari ng biological samples fo r 
transmiss ion electron microscopy. The method is called 
quick-freeze, deep-etc h, rotar y-replication (QDR). QDR 
should be extremely usefu l for muscle studies because it 
can reso lve protein-prote in interactions. In addition, no 
chem ica l fixatives or dehydrating agents are used. Tissues 
in the living state are frozen quickly enough (0.2 msec-
1 msec) to avoid ice crystal formation at the onset, whereas 
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Figure 6. Computer s imulated narrow (a) and wide 
(b) Z-lines. Three-dimensional reconstitution of compu ter 
simulated patterns of narrow (one Z- line unit) and wide 
(five repeat ing Z-l ine units) Z- li nes in the BW form. The 
x-, y- and z- axes are indicated by a rrows. Because of 
their struc tural simplicity, narrow Z- lines would probably 
be more susceptible to changes caused by thin filament 
and Z-fi lamen t movemen t than wide Z- lines would be . 
In wide Z- lines conta ining multip le Z- li ne units , the 
structure would be more rigid because grea ter over lap of 
thin (actin) filaments and the more numerous attached Z
filam ents would contribute to structural stabili ty 

with previous freezing techniques sizab le ice crystals could 
grow and physically distort the sample. Advan.tages to 
QDR are that the need for cryoprotectants is ellminate.d 
and a remarkab le degree of three-d imensional str ucture IS 

preserved. Freeze- drying is limited to a brief deep
e tching period at low temperature after freeze-fracture 
QDR has been effective in visualizing ce llular st ructu res 
of 10 to 100 nm (i.e., the size of macromolecular 
assemblies) in situ and in vitro. QDR was used to study 
actin-myos in interaction (Heuse r and Cooke, 1983), and 
Tsukita and Yano ( 1985) applied similar methodology to 
obtain the first clear micrograp hs of myosi n cross-bridges 
in contracting muscle preserved under ph ys iologica l 
conditions . 
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Discussion with Reviewer 

Peter J . Bec htel· 
Would you speculate on where othe r Z- line proteins 

are found in the proposed model? 
Yamaguchi: 

Neither I nor any other researcher has demo nstrated 
unequivocally the exact location of prote in components of 
the Z-line. Gap filaments are associated with the Z-l ine; 
however, the number of gap filaments is much lower than 
the number of actin filaments Because th e high
molecular-weight gap filaments are highly susceptible to 
proteases, some of the proteins ident ified as Z-line 
co nst ituents may be degradation products from gap 
fi lamen ts. These components may occur on the periphe ry 
of the Z- line and/ or may be integ ral Z- line components. 
Peter J. Bechtel: 

What speci f ic molec ula r changes ma y account for the 
"Z- line abno rmali ties"? 
Yamaguchi: 

Excessive a -ac tin in product ion may be one cause of 
abnormal Z-l ines, because a -actin in seems to be a majo r 
component of hypertrophic Z-rods. Z-rods contain 
unusually long filaments, suggests the re may be problem in 
regu lation of actin filament length in the hypertro phic z
line. Hype rtrophic Z-lines are almost devoid of myos in ; 
thus, the disorder also may result from impaired myosin 
filament assembly or rapid myosin degradation; more 
likely myosin may not be formed proport ionally to other 
myofibr ill ar proteins used in sa rco mere assemb ly in 
hypertrophic Z-lines 
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