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ABSTRACT 

Passive stretch, isometric contraction, and shortening were studied in electron micrographs 
of striated, non-glycerinated frog muscle fibers. The artifacts due to the different steps of 
preparation were evaluated by comparing sarcomere length and fiber diameter before, 
during, and after fixation and after sectioning. Tcnsion and length were recorded in the 
resting and contractcd fiber before and during fixation. The I filaments could be traced to 
entcr the A band between the A filaments on both sides of thc I band, creating a zone of 
overlap which decreased linearly with stretch and increased with shortening. This is con- 
sistent with a sliding filament model. The decrease in the length of the A and I filaments 
during isometric contraction and the finding that fibers stretched to a sarcomere length 
of 3.7 # still developed 30 per cent of the maximum tetanic tension could not be explained 
in terms of the sliding filament model. Shortening of the sarcomeres near the myotendinous 
junctions which still have overlap could account for only one-sixth of this tension, indicating 
that even those sarcomeres stretched to such a degree that there is a gap between A and I 
filaments are activated during isometric contraction (increase in stiffness). Shortening, too, 
was associated with changes in filament length. The diameter of A filaments remained 
unaltered with stretch and with isometric contraction. Shortening of 50 per cent was 
associated with a 13 per cent increase in A filament diameter. The area occupied by the 
fibrils and by the interfibrillar space increased with shortening, indicating a 20 per cent 
reduction in the volume of the fibrils when shortening amounted to 40 per cent. 

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

The structural changes in striated muscle at the 
molecular level during stretch and contraction 
have been explained according to two different 
concepts: (a) unfolding and folding of molecular 
chains in myofilaments assumed to pass uninter- 
rupted throughout the sarcomere, and (b) sliding 
of two arrays of filaments past each other. 

Evidence from electron microscopy of ultrathin 
sections (1, 2), from phase contrast microscopy of 
glycerinated muscle (1), and from interference 
microscopy of living fibers (3) strongly favors the 

second concept, though recent electron micro- 
scopic studies have revived the folding model 
concept (4-6). Thus, SjSstrand and Andersson- 
Cedergren (5, 6) describe a substantial increase 
in filament diameter with shortening, and attribute 
previous electron microscopic evidence, supporting 
the sliding model, in part to the effect of glycerol 
extraction, phosphotungstic acid (PTA) staining, 
and methacrylate embedding (7). 

Undoubtedly, preparation of the sample for 
electron microscopy gives rise to distortions which 
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might  l imit  the use of electron microscopy in 
quant i ta t ive  studies. Almost  all electron micro-  
graphs of str iated muscle h i ther to  published show 
evidence of contract ion.  In the investigation 
presented in this paper  we have de te rmined  the 
degree of distort ion and  ascertained the mechani -  
cal state in which  the muscle fibers were fixed by 
measur ing  the sarcomere length  and  the mechan-  
ical tension in the resting and  the s t imulated 
fiber before and  dur ing  fixation. 

According to the in terdigi ta t ing f i lament model,  
the zone in which the two arrays of myofi laments  
overlap should decrease l inearly with passive 
stretch. Phase microscopy of glycerinated muscle 
fibrils (1) and  interference microscopy of l iving 
muscle (3) indicate  t ha t  the H zone (the l ighter  
region in the center  of the A band)  is wider  in 
s tretched muscle T he  quant i ta t ive  relat ionship 
could not  be established since the wid th  of the 
zone of overlap is near  the l imi t  of resolution. 
We have de te rmined  the wid th  of the zone of 
overlap in electron micrographs  of resting muscle 
fixed at different degrees of stretch. 

According to H. E. Huxley (2), the n u m b e r  of 
fi laments in the I band  of glycerinated muscle 
fibrils is equal  to the n u m b e r  of th in  fi laments in 
the adjoining A band,  indica t ing  tha t  the thick 
fi laments t e rmina te  at  the end of the A band.  
We have  confirmed these counts in u l t r a th in  
sections of non-glycerol-extracted fibrils, bo th  
stained with PTA and  unstained.  

So far, no studies have  been publ ished which 
deal in any detai l  wi th  the change in the zone of 
overlap dur ing  isometric contract ion.  Hanson  and  
H. E. Huxley (8) suggest tha t  the act in  fi laments 
move a short  distance into the A band  dur ing  
isometric contract ion.  This  would result  in an 
increase in the wid th  of the zone of overlap. We  
have carr ied out  a systematic investigation of the 
changes induced by isometric contrac t ion at  

different  degrees of s tretch and  found a decrease 

in the zone of overlap. In  view of the impor tance  
a t t r ibu ted  to the zone of overlap for the product ion  
of mechanica l  tension (2), we have fur thermore  

studied the s t ructural  changes in rest ing and  
cont rac ted  fibers s t re tched to such a degree tha t  
the overlap between the two filaments disappeared.  

T h a t  these fibers are still capable  of developing 
tension has been ascribed to shor tening of the 

sarcomeres nea r  the myotendinous  junct ions,  the 
r ema inde r  of the fiber being merely inact ive 

(9, 10). In l iving fibers and  in electron micro-  

graphs  we have invest igated the val idi ty  of this 
assumption. 

The  increase in the zone of overlap wi th  short-  
ening has been demonst ra ted  on u l t r a th in  sections 
of glycerinated muscle ( l ,  2) and  is evidenced by 
the d isappearance  of the I band  wi th  shor tening 
in ATP- induced  contract ions of glycerinated 
muscle fibrils (1) and  with physiological shor tening 
of living muscle fibers (3). F rom electron micro-  
graphs  of fibers fixed at  different degrees of 
shor tening we have  ascertained whe the r  there 
are changes in f i lament  length  in addi t ion  to 
sliding. 

Finally,  we have measured the d iamete r  of and  
the distance between A filaments in u l t r a th in  
sections of resting and  contracted muscle fibrils 
and  de te rmined  the change in volume of the 
interfibri l lar  space dur ing  contract ion.  

M E T H O D  

a) Dissection and Measurement of Sarcomere Length and 
Tension." Single fibers, small bundles of 4 to 20 
fibers, and, in a few instances, whole semitendinosus 
muscles of frogs were Used. The fibers or small 
bundles were dissected in ice-cooled Ringer's solu- 
tion from the semitendinosus muscle of Rana temporaria 
or Rana eseulenta. The mechanical tension at rest, 
during stretch of the resting fiber, and during iso- 
metric contraction was measured by means of an 
electromechanical transducer (RCA 5734) and 
recorded with an ink writer at a speed of 0.3 mm/sec. 
The tension was recorded before and during fixation, 
and for each sample the maximum force (P0) de- 
veloped during a tetanic contraction at equilibrium 
length was determined. The samples could be 
stretched to the desired length with a micrometer 
screw. To determine the degree of stretch, the fibers 
were photomicrographed before fixation and the 
equilibrium length was determined (sarcomere 
length 2.2 ~ (11)), the desired degree of stretch was 
applied, and time was allowed for adjustment to 
the new length. The muscle fibers were stimulated 
by 3- to 4-second trains of rectangular pulses. The 
pulse frequency was 40 to 60 per second and the 
pulse duration was 1.5 msec. 
b) Fixation: Fixation was performed in the same 
chamber in which the muscle fibers were tested 
before fixation. The muscles were fixed in a solution 
composed of 1 per cent osmium tetroxide, buffered 
at pH 7.2 with veronal-acetate (12), and of sodium, 
potassium, and calcium chloride to increase the 
osmotic pressure (13, 14). Depending on the number  
of muscle fibers, the sample was kept from 1 to 4 
hours in the OsO4 solution at about 0°C. 

To obtain the muscle fibers in a resting state the follow- 
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ing procedures  were used:  (a) the  samples  were 
kept  at 0°C before and  dur ing  fixation; (b) D-tubo- 
curar ine  chloride (50 /zg /ml )  was added  to the  
Ringer ' s  solution;  (c) two-thirds of  the  samples were 
immersed  for 2 to 4 hours  before fixation in isotonic 
Ringer ' s  solution with 6 t imes the  potass ium content  
(13 mM K) of no rma l  Ringer ' s  solution, while one- 
third of the  samples were immersed  in a Ringer ' s  
solution to which  a local anesthetic (lidoeaine 1 
m g / m l )  was added;  (d) the  OsO4 was added  stepwise 
in the  following concentra t ions:  1 : 104, 1 : 103, 1 : 102. 
Rep lacemen t  of  13 mM NaCJ by 13 mM KC1 did 
not  cause a visible increase in the  interfibrillar 
space as described (15) for an  isotonic Ringer ' s  
solution conta in ing 50 mM KC1. 

T o  obtain  isometrically contracted fibers at  a given 
degree of stretch, the  fibers were s t imula ted  tetani-  
cally immedia te ly  before and  several seconds after 
addi t ion of the  fixative. Abou t  a 1 per cent  concen- 
t rat ion of the  fixating agent  was ensured by with-  
d rawing  half  of the  Ringer ' s  solution s imul taneously  
with the  addit ion of a 2 per  cent  OsO4 solution. 
Samples  were discarded when  the isometric tension 
dur ing  fixation was less t han  the  tension in a pre-  
ceding tetanic contract ion or when  the  tension after 
addi t ion of the  fixing solution decreased by more  
t han  0.02 P0. 

To  s tudy  the s t ructural  changes  in shortened fibers 
the  sample  was allowed to shor ten  from equi l ibr ium 
length or 25 per  cent  stretch. Different degrees of 
shor tening were obta ined when  the  fibers shortened 
against  different loads. I n  two exper iments  the  
semitendinosus  muscle  or a bundle  of  its fibers was 
fixed in situ after it h ad  shor tened from its length  at 
max ima l  extension to its length  at m a x i m a l  flexion 
of the  leg. 

T h e  ratio of  the  length of the A band  to the  length  
of the  I band  as a funct ion of sarcomere  length  
differed systematically, depending  upon  whether  
the  fiber was fixed at rest, dur ing  isometric contrac-  
tion, or dur ing  shor tening (Fig. 1). Hence ,  the  A / I  
ratio can  serve as a sensitive check of the  state in 
which the  fiber was fixed. 
c) Dehydration and Embedding: After fixation the  
sample  was washed for 1 hour  in Ringer ' s  solution, 
removed from the myograph ,  and  s ta ined in 1 per  
cent  P T A  dissolved in 70 per  cent  e thanol  for 15 to 
20 hours  at 0 ° to 4°C. In  a series of exper iments  the  
effect of  P T A  was evaluated  by embedd ing  samples  
of  the  same muscle  with and  wi thout  staining.  To  
ensure  tha t  the  removal  of  the  sample  did not  cause 
changes  in length,  six exper iments  were performed 
in which  the  fiber (three experiments)  or the  muscle  
(three experiments)  r ema ined  in the  isometric 
m y o g r a p h  dur ing  s ta ining and  dehydrat ion.  The re  
was only a negligible increase in tension (at most  
0.03 Po). 

T h e  solut ions used for dehydra t ion ,  impregna t ion  
and  embedd ing  are listed in Tab le  I. T h e  tissue 
was embedded  in prepolymerized methacry la te  of  a 
honey-like viscosity and  polymerized at 45 ° to 60°C 
for 24 to 48 hours.  T h e  methaery la te  was v a c u u m -  
distilled after removal  of the  inhibitor.  
d) Sectioning: Before sectioning the  sample  was 
adjus ted unde r  the  microscope with its axis precisely 
in, or  perpendicular  to, the  cut t ing plane.  Both, 
longi tudinal  and  transverse sections were m a d e  at a 
speed of 60 sections per m inu t e  with a glass knife in 
an  L K B  3314A Sj6strand ul t ramicrotome.  To  esti- 
ma t e  the  compression caused by sectioning, longi- 
tud ina l  sections of each sample  were cut  with the  
fiber axis bo th  parallel  and  perpendicular  to the  
knife edge. x T h e  sections were usual ly  m o u n t e d  on 
carbon  films; in some cases films with holes were 
used. To  de termine  the  length  of the  different parts  
of  the  sarcomere,  sections were used in which  the  
fiber axis was parallel  to the  knife edge and  which  
were thick enough  to conta in  several  f i lament  layers. 
To  prevent  compression of the  s t ructures  transversely 
to the  fiber axis, the  longi tudinal  sections were cu t  
with the  fiber axis perpendicular  to the  knife edge 
and  were th in  enough  to conta in  only one or at 
most  two f i lament  layers. The  distances between 
fi laments and  the  f i lament  diameters  were measured  
in cross-sections and  the  f i lament  diameters  found 
in cross-sections were compared  with those found in 
longi tudinal  sections. 
e) Electron Microscopy: T h e  electron microscope used 
was an  R C A  type E M U - 2 B  modif ied with a 
Canalco  aper ture  system and  an  electrostatic pole 
piece compensator .  To  ascertain the  magnif icat ion 
the  following procedures  were used:  (a) T h e  electron 
microscope was cal ibrated at five evenly spaced 
t imes dur ing  the  series of experiments.  For these 
calibrat ions parts  of the  same  a l u m i n u m  replica 
f rom an  optical gra t ing  were used. T h e  spacing of 
the  replica was de te rmined  spectroscopically in 
sod ium light. I n  four of five calibrat ions the  magnif i -  
cat ions were the  same within  2 per cent ;  in one 
cal ibrat ion the  deviat ion was 5 per  cent. (b) T h e  
lenses were demagne t ized  two or three t imes before 
an  electron mic rograph  was taken.  This  reduces the  
effect of hysteresis. (c) T h e  voltage of the  reference 
batteries of  the  power  supply  was checked at least 
every two months .  Finally, to avoid hav ing  a system- 
atic change  in magnif ica t ion  affect the  measure -  
ments ,  the  electron micrographs  of samples  fixed at 
different degrees of  stretch or dur ing  contract ion 
were taken  in r a n d o m  order. 

Samples  with severe d a m a g e  from prepara t ion,  

1 T h e  inset d i ag ram in the  figures indicates whether  
longi tudinal  sections were cu t  with the  fiber axis 
parallel  or perpendicular  to the  knife edge. 
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T he  rat io  of the length  of the A b a n d  to tha t  of the I band  at  rest and  in contract ion,  as a funct ion of 
sm'comere length.  The  ra t io  var ied  wi th  the  state in which the fiber was fixed. The  numbers  a t  points 
on the curves indicate  the n u m b e r  of fibrils measured  at  the different sa reomere  lengths. The  sec- 
tions were cut wi th  the fiber axis para l le l  to the knife edge. 

inc luding those wi th  swelling dur ing  polymer iza t ion  
of methacryla te ,  were discarded. Electron micro-  
graphs  were taken at  r andom from regions with 
intact  sarcomeres. The  magnif ica t ion used was such 
tha t  sl ightly more  than  one sarcomere was in the 

field of view and hence non- l inear i ty  in magnif ica t ion 
due  to image  distort ion was negligible (less than  1 
per cent). The  d iamete r  of the A fi laments was 

measured  on electron micrographs  of cross-sections. 
The  measurements  were m a d e  in two direct ions 
perpendicular  to each other, and  the average of the 
two measurements  was taken as the f i lament d iam-  
eter. The  distance between A filaments was deter-  
mined  in cross-sections at  r ight  angles to the cu t t ing  
direct ion in order to avoid distortion due to com- 
pression. The  distances between 8 to 10 consecutive 
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T A B L E  I 

Diameter of Muscle Fiber Bundles before and during the Different Stages of Preparation for Electron MieroscolOy 

Stage of preparation Medium 

Experiment I Experiment II 

Diameter in Diameter in 
Measured per cent of per cent of 

after diameter be- Measured diameter be- 
hours fore fixation after hours fore fixation 

Before fixation Ringer ' s  solution 
Fixation Buffered 1% OsO4 
After fixation Ringer ' s  solution 
Dehydra t ion  33% ethanol  

Impregnat ion  

Embedding  

66 or 70% ethanol  

96% ethanol  
Absolute ethanol  

50% absolute ethanol  
d- 50% butyl  methacry la te  
Butyl methacry la te  + 1% 

benzoylperoxyd 
Butyl methacry la te  par t ia l ly  

polymerized 
After polymerizat ion at  60°C 

before sectioning 

0 100 6 100 
4 102 4 100 
5 98 5 103 
5 112 
51/~ I02 
5 ~  114 
6 84 211/~ 89 
61/~ 82 22 86 
7~/~ 82 24~  83 
8 79 25 83 

9 ~  76 2 7 ~  78 

28 74 

50 70 

A filaments in a section were measured in 50 resting 
and 50 contracted fibrils. 
f) Living Fibers: To study the distribution of sarco- 
mere lengths in the stretched muscle fiber, with 
particular regard to the effect of contraction at the 
myotendinous junctions, two procedures were used: 
(a) Isolated living muscle fibers were stretched and 
photomicrographed at the myotendinous junctions 
and in other parts of the fiber at rest and during 
isometric contraction (water immersion objective, 
X 40, N.A. 0.75). (b) Isolated fibers were marked 
with graphite granules 300 to 400/~ apart near the 
myotendinous junctions, and 800 to 1500 Ix apart 
in the remaining part of the fiber. In each fiber the 
maximum tension (/Do) was determined at equilibrium 
length. The fiber was then stretched and was photo- 
micrographed to determine the sarcomere length, and 
the site of the graphite granules was determined at 
rest by photographing the fiber in its entire length 
(Leitz Microsummar, X 3.5, field of view 30 mm). 
Then the fiber was stimulated tetanically, and, about 
4 seconds after the onset of stimulation, when the 
tension had become stationary, the site of the graphite 
granules was determined anew by photography. 

R E S U L T S  

The  electron micrographs  presented in this s tudy 
were all obta ined  from muscles fixed in OsO4 
wi thout  previous extract ion by glycerol. They  

appear  to have less contras t  than  those of glyceri- 
ha ted  fibers from which an  appreciable  protein 
fraction has been removed. 

Comparison between Living and Fixed Fibers 

1. The  influence of the different  steps of 
p repara t ion  of the muscle tissue for electron 
microscopy was evaluated  by measur ing  the 
changes in fiber d iamete r  and  in sarcomere 
length. Fixat ion of isometrically held fiber 
bundles  ( three fibers) for 4 hours  in OsO4 and  
subsequent  washing of the samples in Ringer ' s  
solution did  not  change  the fiber d iamete r  (Table  
I). Dehydra t ion  in e thanol  caused 20 per  cent  
decrease in d iamete r  after a t rans ient  increase. 
Impregna t ion  and  embedd ing  in methacry la te  
and  polymerizat ion of the methacry la te  were 
accompanied  by a I 0 per  cent  decrease in d iam-  
eter. Swelling of the sample due to the use of the 
methacry la te  monomer  for embedd ing  was in 
most  cases prevented by using par t ia l ly  poly- 
merized methacryla te .  The  result ing transverse 
shr inkage was thus 30 per  cent,  s imilar  to t ha t  
observed after  p repara t ion  of fibroblasts for 
electron microscopy (16). 

The  sarcomere length  was de te rmined  in isolated 
fibers before and  dur ing  the different steps of 
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preparation for electron microscopy and after 
sectioning as follows (Table I I ) :  (a) in four 
fibers (nos. 347, 359, 357, 358) by light microscopy 
before fixation and by electron microscopy after 
sectioning, (b) in one fiber (no. 296) by light 
microscopy before and after fixation and after 
embedding, (c) at the same point in one fiber 
(no. 386) by light microscopy after embedding be- 
fore sectioning and by electron microscopy after 
sectioning, with subsequent calibration of electron 
microscope magnification, (d) in two fibers (nos. 
398, 399) by light microscopy after fixation and 
during the different steps of preparation. With one 
exception the changes in sarcomere length were 
less than 3 per cent; in fiber 398 the sarcomere 
length changed by 10 per cent. 

In addition, the fiber length was determined in 
six single fibers, placed in an isotonic myograph, 
immediately after and 1 hour after addition of 
OsO4. The longitudinal shrinkage in five of these 
fibers was less than 1 per cent and in one fiber it 
was 3 per cent. In three single fibers and in three 
muscles placed in an isometric myograph the 
tension was measured before and during fixation 
and dehydration (cf. p. 97). The  small increase 
in tension during fixation and dehydration (0.01 
to 0.03 P0) found in these experiments is a further 
indication of the small longitudinal shrinkage. 

I t  is surprising that the longitudinal shrinkage 
was so much less pronounced than the transversal. 
In their measurements of the changes in length of 
parts from four fixed fiber bundles, A. F. Huxley 
and Peachey (10) found a slightly greater longi- 
tudinal shrinkage than we have observed (6 per 
cent during dehydration and 3 per cent after 
impregnation and embedding in methacrylate).  

2. Sectioning causes a compression of the tissue 
in the cutting direction (2, 4). In longitudinal 
sections cut with the fiber axis perpendicular to 
the knife edge, this compression caused a reduction 
in sarcomere length of 20 to 40 per cent. In 
longitudinal sections cut with the fiber axis 
parallel to the knife edge, the compression occurred 
in the transverse direction of the fibril, resulting 
in a reduction in filament diameter  and in the 
spacing between filaments (compare Fig. 2 and 
Fig. 6 a). Therefore, to avoid dimensional changes 
introduced by compression artifacts, the length of 
the sarcomeres was determined in sections cut 
with the fiber axis parallel to the knife edge. 

3. In addition to the comparison of sarcomere 
length in the living fiber and by electron micros- 
copy, the influence of artifacts could be evaluated 

by comparing the degree of shortening in the 
living fiber, as measured in the isotonic myograph, 
with the reduction in sarcomere length in the 
fixed fiber determined by electron microscopy. 
Shortening was calculated from the increase in 
the cross-sectional area of the fibrils and in the 
volume of the interfibrillar space. Assuming 
fiber volume to remain unaltered during shorten- 
ing, the calculated shortening was 43 per cent 
and corresponded to the observed 40 per cent 
shortening of the living fiber (cf. p. 110). 

A. The Muscle Fiber at Rest 

I. Equilibrium Length, Sarcomere Length 2.2/~: In 
longitudinal sections cut with the fiber axis parallel 
to the knife edge, the A band had a width of 1.43 

#, SD 0.03 #. It  contained a central  region, the 
H zone, 0.49 # wide, in which there were filaments 
about 100 A in diameter  (A filaments). The H 

zone was limited on each side by a marginal  zone 
of increased density due to the presence of a 
larger number  of filaments (Fig. 2). The  A fila- 
ments could be traced through both marginal  
zones of higher density (Fig. 3). In the center of 
the H zone the A filaments were slightly thicker, 
resulting in a dense zone 0.08/z in w id th - - t he  M 

line (Figs. 2 and 3). 
At equil ibrium length the I band had a width 

of 0.77 #, SD 0.04 ~. I t  contained filaments about  
50 A in diameter  (I filaments). In the I band the 
I filaments frequently appeared poorly aligned 
except near  the Z line, where the arrangement  
was more regular. In the stretched or contracted 
fibril the al ignment  was better than in the resting 
fibril at equil ibrium length. The I filaments could 

be traced to within the A band between the A 
filaments on both sides of the I band (Fig. 3). 
The  length of the I filaments from the edge of the 
H band in one sarcomere to the edge of the H 
band of the adjacent sarcomere was 1.72/~ -4- 0.01. 

Hence the length of the I filaments exceeded that 
of the I band by 0.94 #. The marginal  zones of 
higher density in the A bands are termed the 

zones of overlap (1). 
Both within and outside the zones of overlap 

the I filaments showed periodic changes in density, 
faint substriations, which can be seen better in 
thick than in thin sections. There  were 24 of these 
periods in the I filaments on each side of the Z 
line. Hence, with the total length of the I filaments 
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FIOURE 

To show the different structural components in a longitudinal section of resting myofibrils at equilib- 
rium length. The sarcomere |ength was the same as before fixation. A.b., A band; 0, zone of overlap; 
H, H zone; L, lines of reduced density adjacent to M; Lb., I band; Z, Z line; A.f., A filaments; Lf., 
I filaments; M, M stripe. 



FIGURE 3 

TO show the  larger n u m b e r  of  f i laments in the  zone of overlap as compared  with the  H zone and  the  
I band  in the  fibril wi thout  compression in the  t ransverse direction. Longi tud ina l  section of rest ing 
fiber at equi l ibr ium length.  
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1.72 ~, the spacing of the periodici ty was 

17,200 A 
- -  = 360 A 
2 X  24 

T h i r t e e n  of the 24 periods on each side of the Z 
line were si tuated within the zone of overlap. 

Corresponding to the findings in longi tudinal  
sections, cross-sections showed regions wi th  thin 
fi laments (50 A), regions wi th  thick fi laments 
(100 A), and  regions in which  there were bo th  
thick and  thin filaments. The  n u m b e r  of filaments 
per  0.1 /~2 in cross-sections th rough  the H zone, 
the zone of overlap,  and  the I b a n d  nea r  the Z 
line was 185, 525, and  380, respectively, i.e., 
1:3:2 .  This  rat io indicates tha t  there were 
fi laments in the A band  which  did  not  cont inue 
into the I band.  In the zone of over lap the thick 
and  the thin fi laments were a r ranged  in a double  
hexagonal  pa t te rn ,  as found by H. E. Huxley and  
Hanson  (1) in glycerinated fibers. Because of the 
20 per  cent  greater  distances between the A 
filaments in the shor tened state (cf. p. 110) this 
a r r angemen t  was more readily discernible in the 
shor tened than  in the rest ing muscle. We have 
seen this mixture  of thick and  thin filaments in 
the zone of overlap in resting fibers as well, bo th  
in those stained with PTA and  in uns ta ined ones 
(see, however,  reference 7). 
2. Stretch: The  most conspicuous change with 
stretch was the increase in the width  of the I band  
at  the expense of the zone of overlap. Thus,  50 
per  cent  stretch of the sarcomere was associated 
with a 90 per  cent  reduct ion in the zone of overlap, 
and  three-quar ters  of the increase in the sarcomere 
length could be accounted for by wi thdrawal  of 
the I filaments (Table  I I I ;  Fig. 4). F rom equil ib-  
r ium length  to a sarcomere length  of 3.3 /~ the 
zone of overlap decreased l inearly (17 per  cent  
decrease per  10 per  cent  stretch).  There  was, 
however,  a slight increase in f i lament  length;  
the length  of the A filaments increased by 8 per  
cent  f rom sarcomere length  2.2 to 2.8 # and  
remained  at  this length wi th  fur ther  stretch. 
The  I filaments remained  unchanged  from sarco- 
mere length 2.2 to 3.3 ~ and  increased by about  
8 per  cent  from sarcomere length 3.3 to 4.0 #. 
At  50 per  cent  stretch only 3 of the 24 periods in 
the I fi laments on each side of the Z line were 
si tuated in the two zones of overlap. At  still 
h igher  degrees of s tretch the two sets of filaments 
were separated by a zone of reduced density which  
increased l inearly with increasing stretch ( " g a p " ;  
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FIGURE 4 

Length of A and I bands, A and I filaments, over- 
lap, and "gap"  at rest (R) and in isometrically 
contracted fibrils (C) as a function of sarcomere 
length. Sections cut with fiber axis parallel to 
knife edge. 

see Fig. 5). T h e  width  of the " g a p "  as a funct ion 
of stretch represents a direct  cont inua t ion  of the 
l inear  decrease in overlap (Fig. 4). The  " g a p "  
conta ined  a f i lamentary s t ructure  which  possibly 
was cont inuous wi th  the I filaments,  bu t  all the 
24 periodic changes in density which  character ize  
the I fi laments were si tuated outside the " g a p "  
(Fig. 5, below). 

T h e  wid th  of the Z and  M lines and  of the two 
lines wi th  reduced density a round  M was not  
increased by stretch. 

B. Isometric Contraction 

1. Equilibrium Length: W h e n  the fiber was fixed 
dur ing  isometric contrac t ion at  equi l ib r ium length,  
the I band  increased and  the A band  decreased 
by abou t  0.15 ~ (Fig. 6 a and  b). The  width  of 
the zone of overlap decreased from 0.5 to 0.3 # 
and  the H zone increased from 0.5 to 0.7 #. 
These changes correspond to a decrease in the 
length  of the A and  I f i laments of 8 and  15 per  
cent ,  respectively. T h e  wid th  of the Z and  M 
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F~GURE 5 

To  show the zone of reduced density ( "gap" )  between A and  I. Longi tud ina l  section of a 70 per  cent  
s t re tched fiber. Above, " g a p "  in ten adjacent  fibrils; below, the  same in three  fibrils at h igher  magnif i -  
cation. 
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lines and of the two lines with reduced density 
adjacent to M remained unaltered during iso- 
metric contraction. 
2. Stretch: During isometric contraction of the 
stretched fiber the length of the A band decreased 
and that of the I band increased by 0.15 # inde- 
pendently of the degree of stretch (10 to 80 per 
cent). The  zone of overlap decreased linearly 
with stretch as found in the resting fiber, but the 
two zones of overlap were each reduced by about 
0.1 /~ (Table I I I ;  Fig. 4). The  zone of reduced 
density at the edge of the I band ("gap")  appeared 
during isometric contraction at a sarcomere 
length of 3.2 /z as compared with 3.4 /~ in the 
resting fiber. 

In terms of filament length, the I filaments 
shortened about 0.15 /z below 15 and above 55 
per cent of stretch; the A filaments shortened 
about 0.15 # at all degrees of stretch. The  Z and 
M lines and the zone of reduced density adjacent 
to M did not change during isometric contraction 
of the stretched fibril. 
3. Does a Sarcomere with a "Gap" Develop Tension? 
From the electron microscopic findings on fixed 
fibrils it must be assumed that when a living 
fiber is stretched 50 to 60 per cent above equilib- 
r ium length the A and I filaments no longer 
overlap but are separated by a "gap . "  At this 
degree of stretch an isolated fiber develops a 
tetanic tension of 0.3 to 0.5 P0 (17, 18; Fig. 8; 
Table  IV). The  question is whether the tension is 
developed in these stretched sarcomeres or in 
parts of the fiber in which the A and I filaments 
still overlap, as near  the myotendinous junctions 
(9, 10). 

Photomicrographs of isolated living fibers from 
five muscles at rest showed that the sarcomere 
length near  the myotendinous junctions was about 
20 per cent less than in the center portion of the 
fibers (Fig. 7). The  sarcomeres at the very end of 
the fiber may have been still shorter. In any case 
the region near  the myotendinous junctions of 
the fiber in which overlap still occurred amounted 
to at most 1 per cent of the total fiber length. 

Investigations were done to determine whether 
the shortening of these fiber regions could account 
for the tension developed during isometric 
contraction. In this case the tension would be 
derived from passive stretch of the portion of the 
fiber without overlap. 

For this purpose, (a) the length-tension diagram 
was determined in each resting fiber and the 

sarcomere length was measured on micrographs, 
(b) the isometric tetanic tension was recorded 
near equil ibr ium length and at different lengths 
above 60 per cent of stretch, (c) a comparison 
was made of the static and semidynamic elasticity 
of the resting fiber, and (d) the lengthening of the 
middle portion of the fiber which occurred during 
isometric contraction was determined by measur- 
ing the distance between graphite granules 
distributed along the fiber. 

Outside the fiber regions near the myotendinous 
junctions there was only a 1 to 2 per cent lengthen- 
ing during isometric contraction (Table IV). 
A similar increase was found by comparing the 
sarcomere lengths outside the regions of the fiber 
near the myotendinous junctions on micrographs 
of stretched isolated muscle fibers at rest and 
during isometric contraction. In electron micro- 
graphs we have found that the fiber portion near 
the myotendinous junctions containing sarcomeres 
with overlap extended over no more than 100/~ 
(7 fibers from two isometrically contracted muscles 
and 4 fibers from one resting muscle). Except 
near the myotendinous junctions, the A and I 
filaments were separated by a "gap"  and the 
variation in the sarcomere length did not  exceed 
10 per cent. 

It  is seen from the length-tension diagram that a 
resting fiber stretched 60 to 70 per cent develops 
an increment in tension of 0.05 P0 for an additional 
stretch of 1 to 2 per cent (Fig. 8). This is the tension 
which could be expected to develop in a similarly 
stretched fiber caused to contract if the whole 
tension were derived from passive stretch of the 
main portion of the fiber due to contraction of the 
sarcomeres near the myotendinous junctions. 

Under  semidynamic conditions the elasticity 
modulus is about twice that calculated from the 
static length-tension diagram of the resting fiber 
(19). In our experiments the ratio between the 
semidynamic tension recorded immediately after 
stretch and the adjusted tension measured about 
5 minutes later was maximally 1 : 2 (Fig. 8). Hence, 
the increase in tension due to an additional pas- 
sive stretch of 1 to 2 per cent in the 60 to 70 per 

cent stretched fibers would average 2 X 0.025 P0 
(Table IV, column 5). In  fact, the extra tension 
developed during tetanic contraction of the 60 to 
70 per cent stretched fiber was on the average 
0.3 P0. Column 6 in Table  IV indicates for each 
fiber the tension developed during contraction 
for 60 to 100 per cent stretched fibers. Passive 
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adjacent sarcomeres. 

stretch of the major  par t  of the fiber could account  
for only abou t  one-sixth of the tension actually 
measured dur ing  isometric contract ion.  

C. Contraction with Shortening 

W h e n  shor tening was induced from equi l ib r ium 
length  (sarcomere length 2.1 to 2.3 #),  the fiber 
shor tened 20 to 40 per  cent. T he  25 per  cent  
s tretched bundles  had  a sarcomere length  of 2.6 to 
2.9 p at  rest and  shortened by 25 to 30 per  cent  
of thei r  init ial  length (Table  V;  Fig. 9). The  most 
p rominen t  changes dur ing  shor tening were the re- 
duct ion in the length  of the I band ,  the increase in 
the zone of overlap, and  the corresponding de- 
crease in the wid th  of the H band  (Fig. 6 c). This  
is in agreement  with  the findings of H. E. Huxley 
and  Hanson  (1) on glycerinated fibrils. W h e n  the 
unst re tched fiber shor tened by  26 per  cent,  the I 
band  decreased 0.55 #, the  zone of overlap in- 
creased 0.16 #, and  the length  of the  A band  re- 

mained  practically unchanged.  W h e n  25 per  cent 
s tretched fibers were allowed to shorten to abou t  
the equi l ib r ium length of the rest ing fiber, the ! 
band  decreased 0.58 #, the zone of overlap in- 
creased 0.45 p, and  the length of the A b a n d  re- 
mained  unchanged.  Thus,  the increase in wid th  of 
the  zones of overlap on bo th  sides of the I band  
exceeded the decrease in the length of the I band  

by 0.32 #. These changes ind ica te  tha t  the I fila- 
ments  shor tened 0.24 # when  the unst re tched 

fiber shor tened 26 per  cent,  and  lengthened 0.32/~ 

when  a 20 per  cent  shor tening was induced in the 
25 per  cent  s tretched fiber. 

In  a heavily shor tened fiber it is difficult to 
decide whe the r  the I fi laments t e rmina te  at  or 

within the M line. Therefore,  in these fibrils the 

length of the I fi laments and  of the zone of overlap 

could only be de te rmined  to wi th in  abou t  10 per  
cent  (Table  V).  

Both wi th  a shor ten ing  of 20 per  cent  in a 25 per  

FIGURE 6 

To show the decrease in overlap in the isometrically contracted fibril and the increase 
in overlap in the shortened fibril, a, rest, equilibrium length; b, isometric contraction, 
equilibrium length; e, 20 per cent shortening, initiated from equilibrium length. 
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T A B L E  iV 

To Show That the Extra Tension Developed during 
Isometric Contraction in Fibers Stretched 60 per 
Cent or More Did Not Originate Solely from Short- 
ening of Sarcomeres near the Myotendinous Junctions 

1 2 3 4 5 6 

L AP~ AP m 
Fiber no. - -  - -  Pe ALm APm 

L o ~L Pc 

2 1.59 0.7 0.44 0.011 0.025 0.06 
1.67 0.8 0.32 0.017 0.048 0.15 

1 1.60 0.7 0.14 0.012 0.027 0.19 

7 1.63 1.2 0.11 0.008 0.033 0.30 

4 1.69 1.8 0.21 0.010 0.058 0.28 

6 1.69 0.8 0.36 0.025 0.068 0.19 
1.75 1.0 0.24 0.014 0.049 0.20 

3 1.69 0.8 0.46 0.031 0,085 0.19 
1.78 1.0 0.39 0.021 0,075 0.19 

5 1.70 1.1 0.13 0 

8 1.73 0.8 0.35 0.016 0.045 0.13 
1.85 0.9 0.25 0.013 0.045 0.18 
1.93 1.0 0.20 0.007 0.027 0.14 
1.97 1.3 0.14 0.005 0.035 0.25 

L 
Column 1. L-~ = length in units of equilibrium 

length L0. 
zXP, 

Column 2. A--L- = stiffness of the resting fiber in 

units of PoLo -t. Pr = resting tension in units of 
P0 (P0 = maximum tetanic force). 
Column 3. Pc = tetanic extra tension in units of P0. 
Column 4. AL,, = relative stretch of middle part  
of fiber during contraction. 

= 2{ P, L) Column 5. APm \AL " AL,~ L0 = semidynamic 

increase in force in a resting fiber stretched by the 
same amount as the middle region of the fiber 
during contraction. Ratio between static and 
semidynamic increase in tension as 1:2. 

Column 6. Ap,~, p~- = fraction of the tension developed 

during tetanic contraction which can be accounted 
for by passive stretch of the middle part  of the fiber. 

cent stretched fiber and with a shortening of 40 

per cent in an unstretched fiber, the I filaments 

were found at the edges of or within the zones of 

reduced density adjacent  to the M line. At these 

shortenings the width  of the M line and of the two 

zones of reduced density adjacent  to it remained 
unaltered. 

With  a shortening to a sarcomere length below 
1.6 # the length of the A filaments decreased as 
well, the reduction being 10 per cent when the 
sarcomere shortened to 1.4 #. 

Diameter of A Filaments 

Sj6strand and Andersson-Cedergren (6) found 
an increase in A filament diameter  in the shortened 
fibril and considered it to indicate a true 
shortening of these structures during contraction 
and to be at variance with a sliding model. Even 
with a shortening of 50 per cent we have found 
only a slight increase in A filament diameter  (from 
104 A, SD 9 A, at rest, to 117 A, so 9 A, in the 
shortened fiber (Fig. 10 a and c). The A filament 
diameter  did not  change with 25 per cent shorten- 
ing (Fig. 10 b), with 60 per cent stretch of the 
resting fiber, nor  during isometric contraction. 

Area Taken Up by the Myofibrils and the Inter- 
fibrillar Space 

The increase in cross-sectional area of the muscle 
fiber with shortening must be associated with 
changes in the distance between filaments, between 
myofibrils, or both. The distance between A fila- 
ments  increased 20 per cent  with a 40 per cent  
shortening, corresponding to a 44 per cent increase 
in the cross-sectional area of the fibrils. With 40 
per cent shortening the interfibrillar space was in- 
creased by 250 per cent (Fig. 11 ; Table VI) .  

The increase in the interfibrillar space and in 
the distance between filaments in the shortened 
fiber was evenly distributed over the cross-section 
of the fiber, and in the main was localized outside 
the tubular  network. I t  appeared consistently in 
all fibers from shortened muscle (9 muscles) and 
was absent in fibers from resting or isometrically 
contracted muscle (19 muscles). These findings 
were confirmed in 3 muscles embedded  in a 
shortened state and 1 muscle embedded in an iso- 
metric condition in Epoxy resins (Vestopal and 
Epon).  

D I S C U S S I O N  

1. Electron Micrographs and Living Fibers 

Whether  or not  a structure which can be dis- 
t inguished solely by electron microscopy is pro- 
duced or changed by a preparat ion artifact can 
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FIGURE 8 

Static length-tension diagram of a single muscle fiber at rest (solid circles) and extra tension during 
isometric contraction (open circles with dot). For comparison are shown the tension of a fiber at rest 
before fixation (solid triangle) and the extra tension maintained during fixation (open triangle with 
dot) (sarcomere length 3.75 #). 

only be deduced with a l imited degree of certainty.  
T h e  regular i ty  wi th  which it  appears  u n d e r  given 
condi t ions indicates at  any  rate tha t  i t  is a repro-  
ducible  artifact.  This  applies to the f i lament 
length measured at  different  degrees of s tretch and  
dur ing  contrac t ion and  to the zone of reduced 
density ( "gap" )  which appeared  only when  a 
fiber was s tretched more  than  50 per  cent. This  
" g a p "  canno t  be due to fixation ar t i fact :  if it were 
due to f i lament  rup ture  dur ing  fixation, this would 
have caused a decrease in tension. Fur thermore ,  
the " g a p "  appeared  in all sarcomeres except  those 
at  the myotendinous  junct ions ,  and  in the range of 
s t retch between equi l ib r ium length  and  90 per  
cent  stretch there was a gradual  t ransi t ion between 
the reduct ion in the zone of overlap,  the occur- 
rence of the " g a p , "  and  its increase. 

R u p t u r e  of f i laments in the l iving state is un -  
likely as the cause of the " g a p , "  since the length-  
tension d iag ram at  rest and  dur ing  isometric con- 
t rac t ion  was reversible up  to abou t  90 per  cent  of 
stretch. 

W h e n  s t ructura l  changes,  as they appear  in 
electron micrographs,  are compared  wi th  the 
s t ructure  of the l iving fiber unde r  given mechanica l  
conditions,  distortions can be expected to arise 
from fixation, dehydra t ion ,  embedding,  and  sec- 
t ioning and  from lack of ma in t enance  of the me- 
chanical  state dur ing  prepara t ion  of the sample 
for electron microscopy. Dehydra t ion  and  em- 
bedding  were associated wi th  a shrinkage of 30 
per  cent  in the d iameter  of the muscle fiber. T h a t  a 
similar shr inkage occurred wi th in  the fibril is 
indicated by a comparison between the distances of 
A filaments in electron micrographs  of the resting 
fiber (310 A) and  corresponding distances ob- 
tained from low angle x-ray diffraction in living 
muscle (455 A (20)). 

I t  is r emarkab le  tha t  the shr inkage along the 
longi tudinal  axis of the fiber was much  less than  
in the transverse direct ion;  there was at  most  a 5 
per  cent  difference between the sarcomere length  
as measured on electron micrographs  and  the 
sarcomere length  as measured by l ight  microscopy 
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T A B L E  V 

Length of Sarcomeres, of A and I Bands, and o] Filaments in Resting and Shortened Fzbrils* 

A I A I 
No. of sarco- Sarcomere length band band A band filaments filaments Overlap 
mercs/fibers:~ (/z) (/.~) (/~) I band (#) (#) (,u) 

Rest, equi l ibr ium length 
2.20 1.43 0.77 1.86 1.43 1.72 0.47 

Contrac t ion with shortening 
34/4 1.79 1.45 0.34 4.26 1.45 1.66 0.66 

(1.70-1.89) 
SD 0.55 0.02 0.06 0.02 

13/2 1.62 1.40 0.22 6.37 1.40 1.48 0.63 
(I. 50-I. 69) 

SD 1.50 0.04 0.05 0.02 
15/2 1.34 1.31 1.31 1.2--1.3 0 .6-0.7  

(1.30-1.49) 

Rest, 25 per  cent stretch 
2.75 1.56 1.19 1.31 1.56 1.73 0.27 

Contract ion with shortening 
12/3 2.32 1.62 0.70 2.31 1.62 2.18 0.74 

(2.30-2.40) 
SD 0.09 0.03 0.03 0.01 

31/5 2.19 1.58 0.61 2.59 1.58 2.05 0.72 
(2.10-2.29) 

SD 6.28 0.06 0.06 0.03 
23/4 2.00 1.45 0.55 2.63 1.45 1.83 0.64 

(1.90-2.09) 
SD 0.25 0.05 0.05 0.02 

* Longi tudina l  sections cut with  the fiber axis paral lel  to the knife edge. 
In all, 20 fibers from 6 muscles 

in the same fiber before fixation. This  applied to 
fibers fixed bo th  a t  rest and  in an  isometrically 
cont rac ted  state. Similarly,  the degree of short-  
en ing  calculated from the increase in cross-sec- 
t ional  area and  from the increase in distance be- 
tween A fi laments and  between rnyofibrils agreed 
with the degree of shor tening of the living fiber. 
There  is therefore reason to assume tha t  the fila- 
ments  in electron micrographs  had  the same length  
as in the l iving fiber. Wi th  regard to the length of 
the A filaments (A bands) ,  this conclusion agrees 
wi th  observations on living fibers by  interference 
microscopy (3) and  is at  var iance  with measure-  
ments  of the band  widths by ord inary  l ight  micros- 
copy (11). 

The  distort ion arising from compression dur ing  
sectioning was est imated by sectioning each sample 
in two directions. A r a n d o m  use of sections ob- 
ta ined wi th  undef ined cut t ing direct ions may  give 

rise to misinterpretat ions.  The  A f i lament  d iamete r  
is smaller  in sections cut wi th  the fiber axis paral lel  
to the knife edge than  in sections cut  wi th  the 
fiber axis perpendicular  to the knife edge. The  
sarcomeres are shorter  in sections cut wi th  the 
fiber axis perpendicu la r  to the  knife edge than  in 
sections cut wi th  the  fiber axis parallel  to the 
knife edge. This  may  possibly account  for the 
large increase in A f i lament  d iamete r  and  the de- 
crease in A band  length du r ing  shor tening as 
described by SjSstrand and  Andersson-Cedergren  
(6). 

Since ma in tenance  of the mechanica l  condit ions 
dur ing  fixation is not  always possible, m a n y  fibers 
in which the mechanica l  condit ions changed  
dur ing  fixation had  to be discarded. However,  by  
recording the tension and  the length  before and  
dur ing  fixation it could be ascertained whe the r  a 
fiber was in fact fixed at  rest or whe the r  the fixative 
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FIGURE 9 
Length of A and I filaments, H zone, and overlap at rest (R) and in shortened fibrils (SH), as a 
function of sarcomere length. Sections cut with fiber axis parallel to knife edge. 

had induced contraction; and, when stimulated, 
that the tension was maintained during fixation. 
Only these fibers were further prepared for 
electron microscopy. 

Finally, when the lengths of the structural com- 
ponents are compared in fibers fixed in different 
degrees of stretch, at rest and during contraction, 
the accuracy of the measurements depends on the 
avoidance of systematic errors in magnification. 
The procedures used to ascertain a constant 
magnification have been described (see p. 97). 

2. Interdigitating Filaments or Filament Branching 

Our findings in non-glycerinated muscle fibers 
with and without staining by PTA confirm in 
several respects the results which H. E. Huxley 
and Hanson (1) and H. E. Huxley (2) obtained on 
glycerinated fibres: (a) there were two separate 
types of filament, (b) the I filaments passed in be- 
tween the A filaments, (c) the zone of overlap de- 
creased with passive stretch, and (d) the zone of 
overlap increased during shortening at the expense 

of the width of the I band. These findings as well 
as the insignificant changes in A filament diameter  
with stretch and shortening are consistent with the 
concept that the I filaments slide between the A 
filaments. Sj6strand and Andersson-Cedergren (6) 

suggest a continuous filamentary structure, the 
thicker A filaments branching at the edge of the 
H zone. Tha t  cross-sections through the zone of 

overlap showed two thin filaments for each thick 
filament would be consistent both with a splitting 
of the A filaments and with interdigitating fila- 
ments. To obtain the observed ratio of filament 
numbers in the different zones of the sarcomere one 

would have to assume in the case of filament 
branching that one of the three branches of an A 
filament terminates at the edge of the A band. 

Fi lament  branching would require the additional 

assumption that the sites of the points at which the 

filaments divide would move with stretch and 

shortening, since the length of the A band re- 

mained largely unaltered (Figs 4 and 9). 
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H i s t o g r a m s  of  d i a m e t e r s  of 100 A f i l amen t s  in 
r e s t i ng  a n d  s h o r t e n e d  f ibri ls  m e a s u r e d  on  cross- 
sect ions  t h r o u g h  the  H zone  or the  zone  of over lap .  
a, rest,  e q u i l i b r i u m  l e n g t h ,  m e a n  d i a m e t e r  104 A, 
SD 9 A;  b, 25 pe r  cen t  s h o r t e n i n g ,  m e a n  d i a m e t e r  108 
A, sn 9 A ;  c, 50 per  cen t  sho r t en ing ,  m e a n  d i a m e t e r  
117 A, SD 9 A. b a n d  c a re  a f t e r l oad  con t r ac t i ons  
initiated from equilibrium length. 

3. Findings Which Require a Modification of 
the Sliding Model 

Sliding alone, in the sense of a mu tua l  f i lament  
d isplacement  wi thout  changes in f i lament length,  
canno t  account  for shor tening to a sarcomere 
length  below 1.6 ~. Shor ter  sarcomere lengths have 
been explained by f i lament curl ing (1). Also, with 
lesser shortenings there were changes in f i lament 
length in addi t ion to sliding: with  shor tening to a 
sarcomere length above 1.8 ~ the I fi laments were 
longer than  in the resting fiber. This  means that  
shor tening to a sarcomere length of, for example,  
2.3 # would require  an addi t ional  sliding of 0.25 
to compensate  for the 0.5 ~ elongat ion of the I 
filaments. Both with small (20 per  cent) and  wi th  
greater  degrees of shor tening (40 per  cent) the I 

fi laments were d rawn  up to or into  the l ight  zone 
adjacent  to the M stripe. T h a t  shor tening of the 
stretched sarcomeres was only 20 per  cent  was due 
to the elongat ion of the I filaments. I t  seems para-  
doxical tha t  shor tening against  a load below the 
m a x i m u m  isometric tension caused lengthening  of 
the I filaments, while isometric te tanic  contrac t ion 
was associated ei ther  with  a shor tening or with  an  
unchanged  length  of the I filaments. The  decrease 
in A and  I f i lament length in the isometrically 
contracted fiber is evidenced by a smaller  zone of 
overlap than  in the fiber at  rest. This  is a t  var iance  
with the increase of the overlap found in isometric 
contract ion of glycerol-extracted fibrils after addi- 
tion of adenosine t r iphosphate  (1, 8). 

According to the sliding model,  the force de-  
veloped in the active fiber originates f rom an in- 
teract ion between the A and  I fi laments in the 
zone of overlap. There  is, however,  evidence tha t  
muscle fibers s tretched to such a degree tha t  the 
two types of f i lament no longer overlap can still de- 
velop tension dur ing  isometric contract ion.  In a 
70 per  cent  s tretched fiber this tension amoun ted  to 
30 per  cent of the m a x i m u m  tetanic  tension. I t  has 
been reported tha t  shor tening in fibers s tretched to 
a sarcomere length  of more than  3.6 ~ was due 
solely to shor tening at the fiber ends (9, 10). In  
view of this f inding the possibility existed tha t  the 
extra tension developed by a s tretched fiber du r ing  
an isometric te tanus might  be due solely to con- 
t ract ion of the sarcomeres near  the myotendinous  
junct ions  where overlap persists even du r ing  
stretch. However,  if the tension were developed 
solely by the shor tening of the sarcomeres nea r  
the myotendinous  junct ions,  the remain ing  
sarcomeres would be passively stretched by abou t  
10 per  cent  (sarcomere length 3.6/~). In fact, there  
was only a 1 to 2 per  cent  elongation of the sarco- 
mere length in the ma in  par t  of the fiber, which  
could account  for only one-sixth of the tension 
developed by the fiber in isometric contract ion.  
Therefore,  the stretched sarcomeres wi thout  over- 
lap are active dur ing  contrac t ion and there is a t  
any rate an increase in elasticity modulus.  This  is 
in agreement  wi th  the three-  to fourfold increase in 
longi tudinal  and  torsional elasticity moduli  ob- 
served dur ing  isometric, te tanic  cont rac t ion  at  60 
per  cent  s t re tch (21, 22). 

4. Fluid Displacement during Shortening 

Early findings on sections of fibril lar muscle of 
insects have been in terpre ted  to indicate  a transfer  

114 THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY • VOLUME 11, 1961 



FIGURE 11 

To show the increase in the volume of the intcrfibrillar spaccs in cross-sections of a 40 pcr cent short- 
cned fiber (below) as compared with the resting fiber (above). 
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T A B L E  VI 

Interfibrillar Space and A Filament Spacing in Resting and Contracted Fibers 
(Four resting, four isometrically contracted, and two shortened muscles) 

Space occupied Interfibrillar 
by fibrils space 

Length of Distance between .... Total cross- 
resting fiber* A filaments :~ § :~ § sectional area§ 

Fiber 
length* 

Resting fiber, equilib- 100 312 85 85 15 15 100 
rium length SD 18 

100 

Shortened fiber 100 377 70 12211 30 53¶ 175 57 
SD 28 

Isometrically contracted 100 324 
fiber SD 20 

Isometrically contracted 140 280 
fiber SD 29 

* Expressed in per cent of equilibrium length. 
Expressed in per cent of total cross-sectional area. 

§ Expressed in per cent of the cross-sectional area of the resting fiber. 
1] Cross-sectional area occupied by shortened fibrils expressed in per cent of the total area of the resting 

/377\~ 
fiber:85 X ~ - i ~  I = 122. 

¶ Interfibrillar space in shortened fiber expressed in per eent of the total area of the resting fiber: 
3O 

122 >( - -  = 53. 
7O 

of fluid from the isotropic into the anisotropic 
elements during contraction (23). In frog muscle 
we have found that  shortening was associated with 
an increase in distance between fibrils (Fig. 11). 
A similar increase was never found in the fiber 
fixed at rest, even when it had been exposed to a 
Ringer 's  solution in which 13 mM NaC1 was re- 
placed by 13 mM KC1 (15). Nor did fibers fixed in 
isometric contraction show an increase in the in- 
terfibrillar space. Only when the fibrils appeared 
obviously damaged by preparat ion artifact was an 
increase in interstitial space observed independent  
of the state in which the fiber was fixed. 

The relative magnitude of the change in the 
distance between filaments and in the interfibrillar 
space may indicate whether  the fibril loses fluid 
during contraction. The cross-sectional area oc- 
cupied by the fibrils was 85 per cent at rest and 70 
per cent in the shortened fiber. Expressing the area 
occupied by the fibrils in the shortened fiber in 

per cent of their area in the resting fiber, and 
assuming the total fiber volume to remain un- 
changed during shortening, the fibrillar volume 
had decreased by about  20 per cent in the 40 per 
cent shortened fiber, indicating a displacement of 
fluid to the interfibrillar space. 
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