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Discussion. F r o m  the  resul ts  i t  appears  t h a t  a l though  
mean  R R  and  H R  showed no s ignif icant  changes  H R v  
and R R v  are sensit ive,  wi th  H R v  being more  responsive  
and also showing a be tween-cond i t ions  effect.  Seemingly,  
the  h igh  visual  load condi t ion  did po t en t i a t e  the  effects  
of TSD,  ind ica t ing  t h a t  expe r imen ta l  condi t ions  of TSD 
do p lay  a ma jo r  role. Correlat ing H R v  and R R v  scores 
for each sub jec t  over  bo th  TSD condi t ions  p roduced  an 
overal l  average  p roduc t  m o m e n t  correla t ion of 0.78. This  
61% c o m m o n  var iance  indica ted  t h a t  the  2 var iables  are 
s ignif icant ly  correla ted.  Because resp i ra to ry  sinus ar- 
r h y t h m i a  (RSA) is a non-l inear ,  r esp i ra to ry  d e p t h  and  
f r equency  d e p e n d e n t  p h e n o m e n o n  19, 20 vary ing  in phase  
and  magn i tude ,  and  as R R  was allowed to  vary,  a more  
deta i led  par t ia l l ing  ou t  of a R S A  c o m p o n e n t  f rom the  
H R v  d a t a  was no t  possible.  
Circadian r h y t h m s  in t he  da t a  were no t  s ta t i s t ica l ly  
evident .  However ,  as there  were only  4 measures  per  day,  

wi th  pooling of da ta ,  and  a possible c i rcadian r h y t h m  
d is rup t ion  owing to  TSD,  such an effect  migh t  no t  be 
obvious.  
More sophis t i ca ted  15,1~ H R v  and  R R v  indices could have  
been employed  b u t  the  p resen t  me thod ,  a l though  simple, 
was a p a p r e n t l y  effective.  F r o m  observing b o t h  subjec ts  
and  raw d a t a  i t  appears  t h a t  t he  R R v  increases  were 
of ten due to increases in yawning  and  sighing, etc. 
The exac t  role of CNS fat igue and  any  CNS i m p a i r m e n t  
to  H R  and  R R  contro l  canno t  be es tab l i shed  here,  how- 
ever  these  subjec ts  did show increasing amo u n t s  of 
behav ioura l  fatigue, especial ly dur ing  the  high load con- 
di t ion.  These effects are deta i led  elsewhere ~1. 
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Summary. Resul t s  of uni la tera l  Achilles t e n o t o m y  on male  rats,  a f te r  2-6 weeks, showed conclusively t h a t  the  Z-lines 
of t e n o t o m i z e d  muscles  are s ignif icant ly  wider  t h a n  those  of control ,  n o n t en o t o mi zed  muscles.  

The Z-line of ve r t eb ra t e  skeletal  muscle  is known  to  be-  
come morphologica l ly  a l tered (rod or nemal ine  bodies,  
s t reams,  etc.) in a va r i e t y  of pa thologica l  condi t ions  8, 4 as 
well as under  condi t ions  of hyper t rophy~ ,  5 and  teno-  
tomy~,  5. Figure  1 shows the  typ ica l  s t reams  and  rod 
bodies  following t eno tomy .  Also Fu j i sawa  9 found s t r eams  
in o therwise  no rma l  aged rats .  He  no ted  t h a t  the  Z-lines 
in those  af fec ted  fibres appear  wider  (up to 120 nm) t h a n  
in non - s t r eaming  fibres (up to 92 nm).  Al though  the  exac t  
func t ion  and  chemical  na tu re  of the  Z-discs are no t  known,  
i t  has  been  sugges ted  t h a t  the  s t ruc tu ra l  prol i fera t ion  
observed  is t he  f i rs t  s tep  in t he  no rma l  d e v e l o p m e n t  of 
new sarcomeres  5,10,11. 
In  the  specific case of t eno tomy ,  if one assumes t h a t  the  
s t imulus ,  pe rhaps  a sudden  release of res t ing  muscle  
tension,  induces  a 'prol i fera t ive '  response  in all the  Z-lines 
of t he  af fec ted  muscle,  t h e n  th is  should be de tec tab le  by  
m e a s u r e m e n t  of Z-line wid th  in areas of the  muscle  which 
do no t  exh ib i t  the  more  obvious  and  familiar  Z-line ab-  
normal i t ies .  The following s tudy ,  therefore ,  was designed 
to  answer  the  simple ques t ion :  Are the  Z-lines of t eno to -  
mized muscle,  a p a r t  f rom those  showing rod fo rma t ion  or 
s t reaming ,  th icker  as compared  to the  Z-lines of a com-  
parable ,  b u t  non - t eno tomized  muscle ? 
Materials and methods. Fol lowing the  m e t h o d  descr ibed 
b y  Shaf iq  e t  al.L Achilles t eno tomy ,  including remova l  of 
a 2-3 m m  segmen t  of t endon ,  was pe r fo rmed  on 1 leg of 
150-300 g male  albino rats,  w i th  the  unope ra t ed  egl 
serving as t he  control .  Fol lowing a per iod of 2-6 weeks, 
the  an imals  were sacrif iced by  decap i t a t ion  and the  soleus 
muscles  excised and  placed in ice cold buffer  (0.1 M KC1, 
1 mM MgC12, 5 mM EGTA,  5 mM sodium py rophospha t e ,  
p H  6.8). U n d e r  t he  d issect ing microscope,  f ibres were 
d issec ted  free, t ied  to  3 cm f r agmen t s  of wooden  appli-  
ca tor  s t icks a t  a p p r o x i m a t e l y  res t  length,  and  t h e n  
p laced  a t  4 ~ in 4 % g lu ta ra ldehyde  in buffer  (7.5 • 10 -2 M 
KC1, 7.5 • 10 -4 M MgCI,, 7.5 •  -a iV[ Na,HPO4,  

7.5 • 10 -z M KH2PO4, p H  7.0). The samples  were t h e n  
pos t - f ixed  in 1% OsO 4 for 1 h, d e h y d r a t e d  in a graded 
series of e thano l  and  e m b e d d e d  in DDSA/ara ld i t e .  
Long i tud ina l  t h i n  sect ions were cut  a t  60-70 n m  on a 
P o r t e r - B l u m  MT 2 micro tome,  and  m o u n t e d  on 200 mesh  
copper  grids. The sect ions were  then  s ta ined  wi th  1% 
PTA, 10% urany l  aceta te ,  and  Reyno ld ' s  lead c i t ra te  and  
examined  wi th  a Phi l ips  300 e lec t ron microscope.  E lec t ron  
micrographs  were t a k e n  a t  the  same magni f ica t ion  of b o t h  
the  contro l  and  expe r imen ta l  soleus muscles,  care being 
t aken  to avoid areas in the  t eno tomized  muscle  t h a t  
ab o u n d ed  wi th  the  rod shaped  and  s t r eaming  Z-struc- 
tures.  
Direct  m e a s u r e m e n t  were t aken  ( independent ly ,  by  each 
author)  f rom 8 •  inch en la rgemen t s  of the  var ious  
pla tes  using a met r ic  ruler  for sarcomere  and  A-band  
length,  and  a desk- top  magnif ier  con ta in ing  a reticle wi th  
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Effect of tenotomy on soleus muscle Z- and M-line widths, A-band 
width, and sarcomere length 

Paired Duration of Sareolnere A-band M-line Z-line 
muscles* tenotomy, length, length, width, width, 

weeks [xm** ~zm** nm** nm** 

C3S 6 1.83 1.31 69.03 101.52 
E3S 6 2.09 1.39 73.63 132.26 
C4S 6 2.41 1.55 84.21 111.77 
E4S 6 2.30 1.46 96.35 144.59 
C10S 2 2.08 1.35 85.47 112.82 
E10S 2 2.82 1.32 85.47 120.51 
C12S 4.5 2.18 1.28 79.15 93.76 
E12S 4.5 3.11 1.39 75.91 116.33 
C27S 3 2.68 1.32 71.83 110.86 
E27S 3 2.62 1.36 69.57 127.26 
C29S 3 2.13 1.31 74.83 121.72 
E29S 3 2.46 1.29 82.24 125.74 
Mean difference 0.35 0.02 3.11 19.04 
SD of mean difference 0.42 0.08 6.02 11.84 
p value, paired comp. >0.05 >0.05 > 0.05 < 0.02 

*Specimens labelled 'C', represent control muscle; 'E ' ,  contralateral 
tenotomized muscle. **Values represent means of measurement  
within each muscle. 

Fig. 1. Longitudinal section of tenotomized rat  soleus muscle, show- 
ing rod body and adjacent 's treaming'  Z-line. • 48,000. 

0.1 m m  g r a d u a t i o n s  for  Z- a n d  M- l i ne  w i d t h s .  A s  Z- l ines  
t e n d  to  be  v e r y  i r r e g u l a r  a c r o s s  t h e  w i d t h  of  t h e  m y o -  
f ibr i l ,  m e a s u r e m e n t s  we re  t a k e n  a t  m u l t i p l e  i n t e r v a l s  
a l o n g  e a c h  Z- l ine  in  t h e  m i c r o g r a p h .  
Results.  F i g u r e  2 a  a n d  b a re  e l e c t r o n  m i c r o g r a p h s  of t h e  
s o l e u s  m u s c l e s  f r o m  a r a t ,  s h o w i n g  t y p i c a l  a r e a s  u s e d  for  
a n a l y s i s .  T h e  p o r t i o n  of  t h e  t e n o t o m i z e d  m u s c l e  (fig- 
u r e  2b)  s h o w n  h a s  n o  o b v i o u s  l a r g e  Z- l ine  a l t e r a t i o n s  
p r e s e n t ,  y e t  m e a s u r e m e n t s  p r o v e d  t h e  t e n o t o m i z e d  
Z- l ines  to  be  s i g n i f i c a n t l y  w i d e r  t h a n  t h e  c o n t r o l  m u s c l e  
b y  a p p r o x i m a t e l y  1 5 % .  T h e  t a b l e  p r e s e n t s  t h e  r e s u l t s  of  
o u r  a n a l y s i s  f r o m  6 t e n o t o m i z e d  a n i m a l s .  A t o t a l  of  520 
' c o n t r o l '  Z - l i nes  w e r e  m e a s u r e d ,  a n d  c o m p a r e d  to  a t o t a l  
of  505 ' t e n o t o m i z e d '  Z- l ines .  A p a i r e d  c o m p a r i s o n  t e s t  
s h o w e d  t h a t  t h e  Z- l ines  w e r e  s i g n i f i c a n t l y  w i d e r  
(p < 0.02) b y  a b o u t  19 n m  t h a n  t h e  Z- l ines  of  t h e  n o n -  
t e n o t o m i z e d  m u s c l e s .  B e t w e e n  t h e  2 g r o u p s  of  m u s c l e s ,  
t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  in  t h e  M- l ine  o r  A - b a n d  
w i d t h ,  o r  in  s a r c o m e r e  l e n g t h .  
Discussion.  I t  h a s  l o n g  b e e n  r e c o g n i z e d  t h a t  t h e  Z- l ines  
o f  f a s t  (whi t e ,  t y p e  2) f i b re s  a r e  s i g n i f i c a n t l y  n a r r o w e r  
( b y  a p p r o x i m a t e l y  ha l f )  t h a n  t h o s e  of  s low (red,  t y p e  1) 
f ib res .  T h e  s o l e u s  m u s c l e  u s e d  in  t h i s  s t u d y  is c o n s i d e r e d  
p r e d o m i n a n t l y  t y p e  1. G a u t h i e r  a n d  D u n n  1~ u s i n g  r a t  
s e m i t e n d i n o s u s  m u s c l e  d e t e r m i n e d  f a s t  f i b r e s  to  h a v e ~  
Z - d i s c s  40 n m  in  d i a m e t e r  c o m p a r e d  to  80 n m  in  s low 
f ib res .  S h a f i q  e t  al. 13 u s i n g  c h i c k e n  s a r t o r i u s  f o u n d  f a s t  
f i b r e s  w i t h  Z - d i s c s  63 n m  t h i c k  as  o p p o s e d  to  80 n m  for  
s l ow  f ib res .  T h e n ,  in 1974, G a u t h i e r  1., w o r k i n g  o n l y  w i t h  
s o l e u s  m u s c l e s  f r o m  r a t s  a n d  g u i n e a  p ig s  f o u n d  w id e  
Z - l i ne s  in  b o t h  t h e  s low a n d  i n t e r m e d i a t e  f i b re s  (100 n m  
in  r a t ,  120 n m  in  g u i n e a  pig) a n d  s u g g e s t e d  t h a t  so l eu s  
f i b r e s  r e p r e s e n t  a s e p a r a t e  c a t e g o r y  o f  f i b re s  t h a t  re-  
s e m b l e  r e d / s l o w  f i b r e s  b u t  w h i c h  p o s s e s s  a n  u n u s u a l l y  
w i d e  Z- l ine .  T h i s  i d e a  r e c e i v e s  s u p p o r t  f r o m  t h e  w o r k  of 
E i s e n b e r g  a n d  K u d a  15 w h o  n o t e d  a r a n g e  of  Z - w i d t h  in  
g u i n e a  p i g  v a s t u s  l a t e r a l i s  r e d  f i b r e s  of  6 0 - 1 3 0  n m  
( m e a n :  88.1) c o m p a r e d  t o  g u i n e a  p i g  s o l e u s  f i b re s  of  
1 0 0 - 1 9 0  n m  ( m e a n :  144.5).  C o m p a r e d  to  G a u t h i e r ' s  1974 
d a t a ,  o u r  c o n t r o l  r a t  s o l e u s  m u s c l e s  a r e  a b o v e  h e r  m e a n  
f i g u r e  of  100 b y  a b o u t  9 % ,  b u t  c o n s i d e r i n g  d i f f e r e n c e s  in  
t e c h n i q u e  a n d  i n t e r n a l  v a r i a b i l i t y  of  m e a s u r e m e n t  of  t h i s  
so r t ,  t h e  d i f f e r e n c e  is p r o b a b l y  n o t  s i g n i f i c a n t .  
W e  d i d  a t t e m p t  to  r e s t r i c t  o u r  m e a s u r e m e n t s  to  t h e  
t y p e  1 f i b r e s  o n  t h e  b a s i s  of  M - l i n e  w i d t h  a n d  m i t o c h o n -  
d r i a  c o n t e n t l ~ ,  17, b u t  t y p i n g  f i b r e s  b a s e d  o n  e l e c t r o n  
m i c r o s c o p y  is d i f f i c u l t  a t  best18.  M e a s u r e m e n t s  of  s a r co -  
m e r e  l e n g t h  a n d  A - b a n d  w i d t h  w e r e  m a d e  to  d e t e r m i n e  
w h e t h e r  t e n o t o m y  a f f e c t e d  t h o s e  p a r a m e t e r s  in  a d d i t i o n  
t o  t h e  a l t e r a t i o n s  n o t e d  in  Z- l ines  : W e  f o u n d  n o  a p p a r e n t  
d i f f e r e n c e s .  
S ince  o u r  r e s u l t s  o n  t h e  Z- l ine  w i d t h  a r e  p o s i t i v e ,  we  
c o n s i d e r  t h e n  t h a t  t e n o t o m y  c a u s e s  a g e n e r a l i z e d  r e a c t i o n  
in  a l l  t h e  Z - l ines  o f  t h e  a f f e c t e d  m u s c l e .  P e r h a p s  t h e  
v a r i o u s  f o r m s  s e e n  in  t h i s  c o n d i t i o n  r e p r e s e n t  d i f f e r e n t  
s t a g e s  of  t h e  s a m e  u n d e r l y i n g  p r o c e s s .  

Fig. 2. Rat  soleus muscle : Typical areas used for analysis, a) Control 
(27S). b) Experimental  (27S). In this animal, the average Z-line 
width was 15% greater in the tenotomized muscle than  in the con- 
tralateral control. • 19,720. 
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