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ABSTRACT In skeletal muscle Z bands, the ends of the thin contractile filaments 
interdigitate in a tetragonal array of axial filaments held together by periodically 
cross-connecting Z filaments. Changes in these two sets of  filaments are responsi- 
ble for two distinct structural states observed in cross section, the small-square and 
basketweave forms. We have examined Z bands and A bands in relaxed, tetanized, 
stretched, and stretched and tetanized rat soleus muscles by electron microscopy 
and optical diffraction. In relaxed muscle, the A-band spacing decreases with 
increasing load and sarcomere length, but the Z lattice remains in the small-square 
form and the Z spacing changes only slightly. In tetanized muscle at sarcomere 
lengths up to 2.7 #m, the Z lattice assumes the basketweave form and the Z spac- 
ing is increased. The increased Z spacing is not the result of sarcomere shortening. 
Further, passive tension is not sufficient to cause this change in the Z lattice; active 
tension is necessary. 

I N T R O D U C T I O N  

The Z band is an essential part  of  the sarcomere and is required for tension trans- 
mission along the myofibril. Therefore,  the relationship between Z spacing and A 
spacing in adjacent sarcomeres has been explored. As a muscle shortens, the sar- 
comere length decreases and the A spacing (d~0 of  the hexagonal lattice) increases 
(Elliott et al., 1967; Yu et al., 1977). X-ray diffraction studies of  living muscle also 
shows that a reflection attributable to the Z band moves in conjunction with the A 
spacing (Elliott et al., 1967; Yu et al., 1977). Fur thermore,  Davey (1976) has shown 
by electron microscopy that Z spacing changes with A spacing. The interpretation 
has been that the Z spacing varies as a function of  sarcomere length (Squire, 1981). 
However,  in none of  these studies was the contractile state of  the muscle correlated 
with the structural state of  the Z band. The assumption was that the Z lattice had a 
single structural state. 

In the Z band, the ends of  the thin contractile filaments interdigitate in a te- 
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tragonal array o f  axial filaments held together  periodically by cross-connect ing Z 
filaments (Knappeis and Carlsen, 1962; Reedy, 1964; Kelly and Cahill, 1972; Fran- 
zini-Armstrong, 1973; Goldstein et al., 1977; Yamaguchi  et al., 1985). We have 
shown that the Z band  can exist in two different structural states, each having a 
characteristic optical diffraction pat tern  (Goldstein et al., 1979, 1982). Individual 
subunits a n d / o r  regions within a single Z-band lattice can exhibit two different  
structural  appearances  in cross section owing to the a r rangement  o f  the cross-con- 
nect ing filaments. Using two-dimensional project ions o f  a three-dimensional  model ,  
we showed how movement  o f  the cross-connect ing Z filaments could explain the 
two lattice forms (Goldstein et al., 1982). We predic ted that if muscles were fixed in 
a completely relaxed or  a maximally activated state, we would observe one fo rm 
predomina t ing  in each case. We have shown that in relaxed muscle, the Z band  is in 
the small-square form, and  in tetanized muscle, it is in the basketweave fo rm (Gold- 
stein et al., 1986). A 20% increase in the Z spacing for  the basketweave fo rm com- 
pared with the small-square fo rm was observed for  sarcomeres near  rest length 
(Goldstein et al., 1986). 

The purpose  o f  the present  study is to quest ion what happens  to the fo rm and 
dimensions o f  the Z band  as the sarcomere length changes. We use an experimental  
situation where we know the contracti le state o f  the muscle and the structural  state 
o f  the Z band. We have examined stretched muscle by increasing load: (a) u n d e r  
condit ions that allow the muscle to resist stretch, (b) u n d e r  condit ions where the 
muscle cannot  resist stretch, and (c) unde r  tetanizing condit ions after  the muscle is 
stretched. We have documen ted  Z spacing, A spacing, and the lattice fo rm in cross 
sections and sarcomere  lengths in longitudinal sections for  each o f  these three 
experimental  groups.  

M A T E R I A L  AND ME THODS 

Dissected fragments 6-8 mm in length and 500-1,000 #m in diameter were placed in double- 
jacketed Plexiglas baths and force was monitored on a polygraph (Park et al., 1982). Each 
bath contained Krebs-Ringer bicarbonate buffer at 29~ and was oxygenated by bubbling 
with 95% 02/5% CO2. A muscle from each rat (n = 7) was preloaded with 0.25 g, field-stim- 
ulated 6 times/min by pulses 1 ms in duration and 20% above threshold voltage for an equil- 
ibration period of 30 min, and then stretched until maximum active force was observed. At 
this length or at longer lengths (n ~ 8) for stretched and tetanized preparations, the muscles 
were tetanized (1,000-1,800 stimuli/min) and fixed within 10-30 s by addition of  pure 50% 
glutaraldehyde to allow a 2% final concentration in the bubbling bath. Control muscles were 
placed in the bath, equilibrated for 30 rain as noted, and fixed at rest length. 

We used different stretched preparations to obtain a variety of  long sarcomere lengths and 
to test the effect of  preparation on the small-square form. The stretched muscles were equil- 
ibrated and then (a) stretched by a 6-g load and maintained for 60 min before fixation 
(n = 2); (b) placed in 100 mM PIPES buffer, instead of  Krebs-Ringer bicarbonate, equili- 
brated, stretched to different loads (3-12 g), and maintained 30 min before fixation (n = 8); 
(c) placed in the bath in Krebs-Ringer bicarbonate, field-stimulated 6 times/rain by pulses 1 
ms in duration and 20% above threshold voltage continually while stretching the muscle by 
increasing increments of load up to 12 g, and stabilized at the maximum load before fixation 
(n = 8). 

The final length and tension were recorded at fixation. Muscle strips were removed after 
30 rain and fixed for an additional 30 min in the same fixative, weighed, minced into small 
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cubes, immersed in 2% glutaraldehyde in 100 mM PIPES buffer for 1 h, and processed for 
electron microscopy (Goldstein et al., 1977, 1986). 

Blocks of  muscle in longitudinal orientation were selected at random from the same rat 
muscles selected for optical diffraction measurements and were oriented with the long axis of  
the myofibers parallel to the knife edge. Measurements of  sarcomere length (one per myofi- 
bril made with dial calipers on prints at x 14,000) were therefore minimally affected by com- 
pression. A mean length _+ SEM of each muscle (one block per muscle) was determined. 

Electron micrographs from at least one block in cross section from every muscle were 
examined to show the Z-band lattice form. These and/or additional blocks were selected at 
random for suitable orientation. Then optical diffraction analysis was carried out as previ- 
ously described (Goldstein et al., 1977). Observations (260) from 34 muscles (5 control, 10 
stretched, 6 stretched with EGTA, 5 tetanized, and 8 stretched and tetanized) were then 
pooled to determine whether the small-square form of  the Z band has the same range of  
spacings irrespective of  the sarcomere length or type of  preparation and whether the basket- 
weave form has consistently larger spacings. 

Means and standard deviations for Z spacings in each lattice form were computed. A least- 
squares linear fit was used to express the relationship between Z spacing and sarcomere 
length for each Z-band lattice form in each data set. 

RESULTS AND D I S C U S S I O N  

A Z band  f rom relaxed muscle in cross section exhibits the small-square pattern.  
The  electron mic rograph  in Fig. 1 A resembles those taken in a previous in situ 
study f rom muscles not  tetanized and  muscles tetanized bu t  allowed to relax for  10 
min before  fixation (Goldstein et al., 1986). A maximally activated state (tetanized 
muscle) consistently p romotes  a basketweave pa t te rn  in the Z-band lattice (Fig. 1 B) 
at many different  sarcomere  lengths ranging  f rom 1,8 to 2.7 vm. The  mic rograph  o f  
in vitro tetanized muscle in Fig. 1 B resembles others  taken at different sarcomere  
lengths in this study and  those shown previously for  prepara t ions  kept  at rest length 
(average sarcomere length, 2.18 -+ 0.17 #m In = 20 muscles]; Goldstein et al., 
1986). The transition f rom small square to basketweave is always accompanied  by an 
expansion o f  the Z lattice as de te rmined  by measuremen t  o f  optical diffraction pat- 
terns. The  Z spacing (defined as the distance o f  the side o f  a te tragonal  array 
fo rmed  by the cross-cut ends o f  the thin filaments f rom one  sarcomere;  see Fig. 1 C) 
consistently increases by ~20% f rom the small-square fo rm to the basketweave fo rm 
independent ly  o f  sarcomere  length. 

Fig. 2 is a graph  o f  Z spacing as a funct ion o f  sarcomere  length for  bo th  structural  
forms o f  the Z band. The  small-square fo rm o f  the Z band  has the same range o f  
spacings regardless o f  sarcomere  length and type o f  preparat ion.  The  basketweave 
fo rm o f  the Z band  has consistently larger  Z spacings. Note  that the basketweave 
values cluster at the shor ter  sarcomere  lengths. The  average Z spacing for  the small- 
square fo rm is 19.96 +_ 1.01 nm (n = 196) for  sarcomere  lengths ranging  f rom 1.8 
to 3.7 #m (see inset o f  Fig. 2). Fur thermore ,  the average Z spacing for  the basket- 
weave fo rm is 24.15 _+ 1.09 nm (n = 54) for  sarcomere  lengths up  to 2.7 #m. A 
linear least-squares fit to all Z spacing data, poo led  with no  distinction made 
between structural  states, reveals an apparen t  decrease in Z spacing with sarcomere  
length, and the slope is similar to that r epor ted  in x-ray diffraction studies (Elliott et 
al., 1967; Yu et al., 1977) and an e lec t ron-microscope study by Davey (1976). The  
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inset in Fig. 2 shows the best-fit least-squares line for  each o f  the two distinct struc- 
tural states. In  each structural  state, the Z spacing is essentially independen t  o f  sar- 
comere  length. Note  that at a given sarcomere  length, the transit ion f rom small 
square to basketweave is invariably accompanied  by a 20% increase in Z spacing. 
Thus,  tetanus must  induce a force with a c o m p o n e n t  perpendicular  to the myofibril. 
We agree with Davey (1976) that the Z band  may contr ibute  to the series elastic 
force. However ,  the structural  constraints def ined in this study require a more  com- 
plex mechanism than expansion caused by sarcomere shortening.  

Passive tension along the direct ion o f  the myofibril axis is not  sufficient to change 
the Z lattice f rom small square to basketweave. Regardless o f  the amoun t  o f  load 

FIGURE 1. Electron micrographs of 
cross-sections of  rat soleus muscle, 
x 150,000. (A) Z band in the small- 
square form typical of control and 
stretched rat soleus muscles. Muscle 
of  sarcomere length = 2.5 #m +_ 0.01 
(n = 50) and force per cross-sectional 
area = 14 mN/mm 2. (B) Z band in 
the basketweave form typical of  
soleus muscles fixed during tetanic 
contraction. Muscle of  sarcomere 
length = 2.3 um _+ 0.01 (n = 50) and 
force = 24 mN/mm 2. The insets in 
both figures are computer-gener- 
ated, two-dimensional projections 
from the three-dimensional model 
based on experimentally derived 
dimensions. (C) The diagram indi- 
cates the Z spacing recorded by 
optical diffraction. 

applied to the end o f  the muscle strip and the type o f  prepara t ion  as sarcomere  
lengths increase, the Z lattice stays in the small-square fo rm (see Fig. 3). These data 
suggest that  the Z band  imparts mechanical  stability to the sarcomere dur ing  passive 
stretch. That  is, if the ends o f  the thin filaments in the small-square Z lattice are 
initially at a min imum separation, the small-square fo rm would persist at longer  sar- 
comere  lengths, regardless o f  passive tension. This constancy o f  the small-square Z 
spacing does not  interfere with the cont inuing  decrease in A spacing as the sarco- 
mere  lengthens. The  observed constant  Z spacing in the small-square fo rm at rest 
length and shor ter  sarcomere  lengths shows that sarcomere  shor tening also does 
not  change the fo rm and dimension o f  the Z band. 
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Values for  Z spacing in the basketweave fo rm (Fig. 2) are f r o m  stretched and  
tetanized muscle and  f rom tetanized, uns t re tched  in vitro prepara t ions  r epor t ed  in 
this study pooled  toge ther  with values f rom tetanized in situ prepara t ions  near  rest 
length taken f rom a previous study (Goldstein et al., 1986). At  sarcomere  lengths 
near  rest length and  shorter ,  a plateau phase o f  tetany is easy to maintain and the 
basketweave f o r m  is very consistently observed.  I t  is increasingly difficult to  induce 
the basketweave f o r m  u n d e r  tetanizing condit ions at sarcomere  lengths >2 .7  #m. 
W h e n  the muscle is s t re tched by increasing load before  tetanizing condit ions,  the 
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FIGURE 2. Z spacing for each Z structure, the small-square form (B) and the basketweave 
form (t3). Each observation is an average of  two to four measurements of the [2, 0] and [4, 0] 
or [1, 1] spacings in an optical diffraction pattern. The line is a linear least-squares fit of  the 
pooled data with a slope of  -2 .23  +- 0.22 nm/um and an intercept at 26.86 + 0.58 nm. The 
inset shows a linear least-squares fit for each of  the Z structures: the fit for the hasketweave 
data has a slope of  -0 .47  _+ 0.76 nm/#m and an intercept at 25.12 _+ 1.64 nm; the fit for the 
small-square data has a slope of -0 .59  _+ 0.17 nm/um and an intercept at 21.73 _+ 0.47 
r i m .  

decline in active tension is rapid (the plateau phase o f  tetany is hard  to maintain and 
few muscles contain Z bands  with the basketweave form). These observations are 
apparen t  in the clustering o f  basketweave values for  sarcomere  lengths <2 .7 / zm (see 
Fig. 2) and the observat ion o f  the small-square fo rm o f  the Z lattice in s tretched and  
tetanized muscles at longer  sarcomere  lengths (Goldstein et al., 1987). The  Z spac- 
ing in this data g r o u p  resembles all o ther  s t re tched and relaxed prepara t ions  shown 
in Figs. 2 and 3. 

We have measured  the co r re spond ing  A-band dl0 values u n d e r  all these condi- 
tions. A decrease in A spacing with increasing sarcomere  length was observed for  
bo th  Z-band data sets: s t re tched muscle in the small-square f o r m  and tetanized mus- 
cles in basketweave form. Thus,  A spacing changes as a funct ion o f  sarcomere  
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length,  as shown previously  by o the r s  in con t r ac t ing  muscle  (Elliott  et  al., 1967; Yu 
et  al., 1977; Z a p p e  and  Maeda ,  1985). Unlike the  A spacing,  Z spac ing  for  a par t ic-  
u la r  s t ruc tura l  s tate varies only slightly with s a r c o m e r e  length.  O n e  would  p red ic t  
then  that  the  Z / A  ra t io  would  vary di rec t ly  with s a r comere  length,  unl ike the  con-  
s tant  Z / A  ra t io  r e p o r t e d  in x-ray d i f f rac t ion  s tudies  (Elliott et  al., 1967; Yu et  al., 
1977). We  have p r e s e n t e d  a de ta i l ed  discussion o f  this po in t  e l sewhere  (Golds te in  et  
al., 1987). 

We  conc lude  that  the  Z b a n d  can have two states: a r e laxed  smal l -square  fo rm 
with Z spac ing  o f  20 n m  and  a maximal ly  ac t iva ted  e x p a n d e d  basketweave fo rm o f  Z 
spac ing  24 n m  at s a r comere  lengths  be tween  1.8 and  2.7 #m. The  basketweave fo rm 
is consis tent ly  associa ted  with the  t e tan ized  o r  ac t iva ted  state. At  all s a r comere  
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FIGURE 3. Z spacing vs. sarcomere length. Each observation is an average of  two to four 
measurements of the [2, 0] and [4, 0] or [1, 1] spacings in an optical diffraction pattern. 
EGTA-treated muscles in PIPES (11), unstimulated stretched muscles in PIPES (+), and stim- 
ulated stretched muscles in Krebs-Ringer (• are shown. The line is a linear least-squares fit 
to all the data with a slope of  - 0 . 3  _+ 0.21 nm/#m and an intercept at 20.63 :e 0.59 nm. 
These values are comparable to those for all small-square data shown in Fig. 2. 

lengths,  expans ion  o f  the  Z spac ing  occurs  in the  t rans i t ion  f rom small square  to  
basketweave.  N o  change  in s a r comere  length,  such as s a r comere  shor ten ing ,  is 
r e q u i r e d  to induce  the  inc reased  Z spacing.  
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