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appears  extracel lularly,  which  is the  precursor  of b o t h  
acid soluble and  ma tu re  form 1~ A un i form decrease in 
the  salt  ex t rac tab le  collagen, which  is general ly  accep ted  
as the  newly  synthes ized  material ,  could be e i ther  due 
to  decrease in the  ra te  of synthes is  wi th  a cons t an t  t u rn -  
over, or increase in the  t u rnove r  ra te  w i th  a con s t an t  
ra te  of synthesis ,  or var ia t ions  in the  convers ion ra tes  of 
salt  soluble to acid soluble collagen dur ing  aging. W h e n  
the  rat ios  of sal t  soluble to acid soluble, and  acid soluble to  
insoluble collagen (Table) are compared ,  i t  is seen t h a t  
there  is accumula t ion  of more  ma tu re  or insoluble collagen 
which  p robab ly  indicates  t he  occurrence of cross l inkages 
dur ing  the  m a t u r a t i o n  of fibres. The q u a n t i t a t i v e  var ia-  
t ions  in sal t  soluble, acid soluble and insoluble collagen 
p robab ly  m a y  have  physiological  impl ica t ions  dur ing  
aging. However ,  the  accumula t ion  of more  ma tu r e  form 
of collagen in muscle wi th  advance  in age is d i sadvan tageo-  
us to  the  organism, since i t  affects the  con t rac t i l i ty  and  
muscle mechanics ,  a l though  i t  con t r ibu tes  s t r eng t h  and  
suppor t  to the  t issue *~ The presen t  s tudy  is a p re l iminary  
repor t  on the  charac te r iza t ion  of m e t a b o l i s m  of collagen 
dur ing aging. 

Summary. The salt,  acid and  insoluble collagen frac- 
t ions  were e s t ima ted  in red, whi te  and cardiac muscles 
of 10-, 15- and  20-month-old  albino rats.  The to ta l  
collagen level w i th  reference to  to ta l  pro te ins  is more  in 
red  t h a n  in whi te  and cardiac muscle. Accumula t ion  of 
more  of insoluble collagen and  decrease in salt  ex t r ac t ab l e  
collagen is seen in all th ree  muscles wi th  aging. 
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Studies  on A g e i n g  of Col lagen by Perchlorate  React ions  

Tendon fibres are a biological objec t  of near ly  pure  
collagen which is of p lasma origin and has well def ined 
age changes.  I somet r ic  tens ion of t endon  fibres increases 
wi th  the  age of the  animal.  We s tudied  d i f fe rent  factors  
which influence these  age changes  ~-a. In the  following 
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Iqg. 1. Tension in 5 1~'[ NaCIO 4 and photometric absorption of soluble 
and insoluble collagen in a) 4-month-old, b) 10-month-old arid c) 25- 
inorlth-old r~tt~. 

exper iments ,  we use sodium perch lora te  to  s t imula te  
isolated col lagen- tendon-f ibres  to isometr ic  tens ion  pro-  
duc t ion  under  d i f fe rent  condit ions,  such as age, inf luence 
of a ldehyde,  etc. and  changes  of the  fibres weight .  

Methods. I somet r ic  t ens ion  is p roduced  b y  immers ing  
t en d o n  fibres in 5 3~ r NaC104 solut ion (signed PC). Tail 
t endons  of ra t s  are used which  are 50 m m  long, have  a 
d iamete r  of ~ 0.15 m m  and  a weight  of +_ 4-5 mg. T h e y  
can be f ixed in an electr ic  t ens ime te r  a t  low t ens ion  and 
immersed  in d i f fe rent  solutions.  Tension changes  a t  con- 
s t a n t  length  are measured.  They  are analyzed and  the i r  
con ten t  of soluble and insoluble collagen measured  by  
pho tome t r i c  abso rp t ion  (NEUMANN and  LOGAN4). We 
used an Elco p h o t o m e t e r  and  regis tered be tween  520-620 
n m ;  562 n m  is used as the  value for hyd roxypro l i n  (i.e. 
collagen) conten t .  The exchange  of d i f ferent  solut ions,  
such as of physiological  NaC1 (0.85%), or solut ions of 
fo rma ldehyde  and  o ther  subs tances ,  is descr ibed in the  
tex t .  

Experiments. Col lagen- tendon-f ibres  were immersed  in 
5 M NaC104. An increase of tens ion  s ta r t s  i m m e d i a t e l y  
and  becomes max i ma l  in abou t  1 min.  I t  then  re laxes  
again. Fibres  of young  and  old animals  behave  d i f fe ren t ly  ; 
the i r  t ens ion  decreases  in young  in a shor te r  t ime  t h a n  in 
old animals  t endon .  Cont inuous  immers ion  in PC will 
resul t  af ter  a few minutes  in a def in i t ive  d i sappea rance  
of tens ion  capac i ty  in the  re laxed s ta te .  If,  however ,  t h e  
fibre, af ter  i t  has  been  immersed  in PC and p ro d uced  
max ima l  tension,  is immed ia t e ly  t r ans fe r red  in to  phys io-  
logical NaCI (0.85%), t h e n  the  tens ion  decreases again to  
abou t  the  original  value and  tens ion  and  re laxa t ion  can 
now be repea ted  several  t imes.  W e  general ly  used 4 
tens ion  tes t s  for each exper iment .  Figures  1 a - c  show 
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t ens ion  of 4-, 10- a n d  25 -mon th -o ld  an i m a l s  t e n d o n  f ibres  
b y  immers ion  in  5 M PC a n d  t h e n  t h e i r  r e l a x a t i o n  in 
physio logica l  NaC1. Tens ion  a n d  r e l a x a t i o n  are  g r ea t e r  in  
old animals .  

I n  t he  same a n i m a l ' s  t endon- f ib res ,  we e s t i m a t e d  t h e  
q u a n t i t y  of so luble  a n d  inso luble  collagen, a f te r  t h e  4 
t e s t s  in  5 M PC. F igures  a - c  show t he  p h o t o m e t r i c  ab-  
so rp t ion  w i t h  f ibres  f rom 4-, 10- a n d  25 -mon th -o ld  
an imals .  

I n  F igure  1 a t h e  t e n d o n  of a y o u n g  (4 m o n t h )  a n i m a l  
con t a in s  a b o u t  4 t imes  more  soluble t h a n  insoluble  
h y d r o x y p r o l i n  (i.e. collagen),  590 aga ins t  150 scale par t s .  
I n  F igu re  l b  t h e  f ibre  of a 10 -mon th -o ld  s ub j ec t  showes 
510 soluble  a n d  280 insoluble  scale par t s ,  a n d  in F igure  1 c 
in  a f ibre  of a 25 -mon th -o ld  a n i m a l  shows m a i n l y  insoluble  
col lagen (abou t  600 insoluble  a n d  150 soluble  scale par ts ) .  
Thus ,  a f t e r  t r e a t m e n t  w i t h  PC t e n d o n  f ibres  col lagen 
shows a n  increase  of i n so lub i l i t y  as a sign of ageing. 

The  r eg i s t r a t i on  of t en s i on  of t he  s ame  age t e n d o n  
f ibres  in  F igures  l a - c  shou ld  be  c o m p a r e d  w i t h  these  
so lub i l i ty  values.  The  25 -mon th -o ld  an imal ,  w i t h  h ighes t  
inso lub i l i ty  of collagen,  ha s  also t he  h ighes t  t ens ion  values .  
Severa l  s imi la r  e x p e r i m e n t s  were  per formed.  

I t  was  t h e n  f o u n d  t h a t  if f o r m a l d e h y d e  was a d d e d  to  
t he  t e n d o n  f ibre  in  c o n c e n t r a t i o n  of 0 .35% up  t i l l  3 .5%, 

t h e  t ens ion  w h i c h  is p roduced  in  pe r ch lo r a t e  becomes  
m u c h  increased.  A l d e h y d e  b y  i tself  ha s  no  inf luence  on  
t he  f ibres  tens ion .  On ly  if a f t e r  p rev ious  a ldehyde  t h e  
f ibre  is t r a n s f e r r e d  to  t h e  5 M NaC10 4 solut ion,  does a n  
increased  t en s ion  occur,  as F igures  2, a - c  show. No t  on ly  
is t he  t ens ion  increased,  b u t  t en s ion  and  r e l a x a t i o n  can  
be  r epea t ed  n o w  m a n y  t imes  w i t h o u t  increas ing  t h e  
a ldehyde .  

On  t h e  4 - m o n t h - o l d  a n i m a l  in  F igu re  2 a, t h e  t en s ion  is 
la rger  a n d  con t inuous .  I t  is comple t e ly  d i f fe ren t  to  t h e  
equa l ly  4 - m o n t h - o l d  f ibres  t en s ion  in F igure  l a, whi le  
t h e  y o u n g  a n i m a l s '  f ibre  showed  a g rea t  q u a n t i t y  of 
soluble collagen, in  F igure  2 a, w i t h  a n o t h e r  4 m o n t h - o l d  
f ibre  a f t e r  a l d e h y d e  t r e a t m e n t ,  i t  is v e r y  small .  I n  t h e  
10-month-o ld  a n i m a l  in  F igure  2 b  as also in F igure  2c, in  
a 22-month-o ld- f ib re ,  t h e r e  is no  soluble  col lagen p resen t .  

On ly  b y  decreas ing  t h e  a l d e h y d e  c o n c e n t r a t i o n  to  
0 .035% soluble  col lagen a p p e a r e d  again.  Obv ious ly  t h i s  
c o n c e n t r a t i o n  seemes to be  on  t he  lower l i m i t  of a ldehyde  
a c t i v i t y  on  collagen.  

W e  s tud ied  t h e  inf luence  of a f e w  o t h e r  subs t ances  also. 
Meth ion in ,  t he  a m i n o  acid p r e sen t  in  collagen, wh ich  con-  
t a in s  S groups,  i n h i b i t s  in  1 ~ so lu t ion  t h e  p r o d u c t i o n  of 
t ens ion  b y  pe rch lo ra te .  I t  also d imin i shes  b o t h  soluble  
a n d  insoluble  col lagen con t en t ,  as F igure  3 showes.  
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Fig. 2. Tension in NaC104 with 0.35% formaledehyde and photo- 
metric absorption of soluble and insoluble collagen in a) 4-month-old, 
b) 10-month-old and e) 22-month-old rats. 
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I t  was t h e n  observed  t h a t  if a t endon- f ib re  is immersed  
in 5 M NaC104 and  the  fibre produces  i sometr ic  tension,  
a t  t he  same t ime  the  weigh t  of t he  fibre itself increases.  
As an example :  a 6 -month-o ld  animals  t e n d o n  f ibre pro-  
duced  17 g isometr ic  t ens ion  and  the  weigh t  of the  fibre 
increased f rom 5 to  28 rag. A 28-month-old  animals  t e n d o n  
fibre, unde r  the  same condi t ions ,  p roduced  27 g isometr ic  
tens ion  and  the  weigh t  of t he  fibre increased f rom 5 to  
32 rag. The tens ion  relaxes to  i ts  original  value in the  
6 -month-o ld  animal  in 50 min,  while in t he  28-month-old  
animal  in abou t  130 min. 

As Figure  4 showes the  weigh t  of t he  fibre remains  
increased in such exper iments .  We igh t  es t imat ions  in 
shor t  per iods are on ly  possible by  i n t e r rup t i ng  tens ion 
each t ime.  General ly  i t  was suff icient  to  t e s t  the  weigh t  
before and  on the  end of the  exper iment .  All these  observa-  
t ions  were  repea ted  several  t imes.  

The increase of we igh t  of t he  fibre in PC means  t h a t  
PC fluid enters  the  fibre which  is "swel l ing"  f rom its 
na tu ra l  i so tony  to 5 M concent ra t ion ,  like the  sur rounding  
solution.  If  a fibre is left  a f ter  r e l axa t ion  in PC for some 
minutes ,  i t  c anno t  p roduce  tens ion  again. Thus  it seems 
t h a t  in t he  PC solut ion the  fibre has somehow al tered its 
s t ruc ture .  
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Fig. 4. Tension and weight of fibre, a) in NaC104, b) in NaC104 and 
NaC1, and c) in NaC104 with 0.35% formaldehyde. 

In  con t r a s t  to  th is  it  is possible to  reverse  re laxa t ion  
into tens ion  again if the  re laxa t ion  was made  in physio-  
logical NaC1 (0.85%). Tensions and  re laxa t ions  can be 
p roduced  wi th  t he  same fibre con t inuous ly  b y  such re- 
peat ing.  The we igh t  of t he  fibre does no t  change  dur ing  
such repeats .  

Similar  expe r imen t s  can be r epea ted  if f irst  a ldehyde  
was  added.  The tens ion  in PC t h e n  increased.  I t  should 
be under l ined  t h a t  if 0.35% fo rma ldehyde  is added  only  
once to  the  fibre before PC, t he  t ens ion  will r emain  in- 
creased if r epea ted  for a long t ime.  

Summariz ing t he  above exper iments ,  we found  t h a t  
sod iumperch lo ra te  s t imula tes  t e n d o n  f ibres to increased 
tension.  This "chemica l  s t imu la t ion"  can be d e m o n s t r a t e d  
even  wi th  2 M PC, and  is m a x i m a l  w i th  5 M PC. This  
reac t ion  is reversible  b y  exchang ing  PC wi th  physiolog-  
ical NaC1, in which  the re  is re laxat ion .  Tension can be 
increased by  fo rmaldehyde ,  if th i s  is given before the  
perchlora te .  I t  is d iminished  by  me th ion in  and  o the r  
cys te in  produc ing  subs tances  a. This  increase of collagen 
tension,  b o t h  in force and dura t ion  of ac t ion  by  a ldehyde  
seemes to  show t h a t  t he  t ens ion  reac t ion  des t roys  some 
chemical  fac tor  of collagen, which  can be res tored  and  
increased by  the  add i t ion  of a ldehyde.  Actual ly  even  wi th  
low a ldehyde  concent ra t ion ,  5 M NaC10 4 gives long and  
s t rong tens ion  react ions.  

Discussion. The p rob lem how tens ion  is p roduced  in the  
collagen fibre has  been discussed by  several  authors .  
BAILEY and  ROBIN 5-8 in the i r  review of 1973 expla in  
tens ion  p roduc t ion  in the  following way:  "The  stabi l iza-  
t ion of the  collagen fibre is based  on a sys t em of cross- 
l inks . . .  der ived f rom lysille and  hydroxypro l ine .  The 
fibres con ta in  labile a ldimines as in te rmolecu la r  cross- 
links, b u t  dur ing  m a t u r a t i o n  these  i n t e rmed ia t e  cross- 
l inks are s tabi l ized to an as ye t  un iden t i fed  non-reducible  
crossl ink".  We agree wi th  the i r  opinion t h a t  the re  is no 
convincing  chemical  evidence on the  changes  in the  cross- 
linking, bu t  we add t h a t  t he  tens ion  m e a s u r e m e n t s  show 
a cont inuous  increase of tens ion  even af ter  m a t u r a t i o n  in 
old age. 

HATEFI and  HANSTEIN 9,10 have  discussed the  p rob lem 
in a d i f ferent  way:  "L ip id  oxyda t ion  in submi tochondr i a l  
par t ic les  and microsomes  induced  by  chaot ropic  agents  
by  oxyda t ion  b y  molecular  oxygen  of u n s a t u r a t e d  f a t t y  
acid residues of phosphol ip ids  . . .  in i t ia ted  by  free radi-  
cals . . .  as ma lond ia ldehyde"  10 (p. 73). 

In  a second pape r  HANSTEIN and  HATEF111 feel t h a t  
" s t ab i l i t y  of m e m b r a n c e s  and  in t e rg ra t ed  enzyme sys tems  
m a y  be di rec t ly  re la ted  to the  degree of ordered s t ruc tu re  
in the  sur rounding  w a t e r "  (p. 95). They  discuss t he  possi-  
bi l i ty  t h a t  some fac tor  m a y  influence the  s t ruc tu re  of 
m e m b r a n e  pe rmeab i l i t y  and  the  inf luence of diffusing 
subs tances  12, la. 
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11 W. G. HANSTEIN and Y. HATEFI, Arch. BiochenI. Biophys. 738, 87 
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13 K. A. DAVIS and A. HATEFI, Arch. Biochem. Biophys. 149, 505 
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I~I~METHY a n d  SCHERAGA 14,15 h a v e  discussed changes  
of w a t e r  s t ruc tu re .  T h e y  refer red  to t he  p r o d u c t i o n  of 
" c l u s t e r s "  w h i c h  m a y  inf luence  p e r m e a b i l i t y  in t he  f ibre  
etc. W e  m a y  add  t h a t  t he  fac t  t h a t  s o d i u m p e r c h l o r a t e  h a s  
an  i n t e n s i v e  inf luence  on  col lagen t en s ion  p roduc t ion ,  
whi le  NaC10 3 is comple t e ly  inac t ive ,  m a y  lead one to ques-  
t ion  t h e  role of o x y d a t i o n  of col lagen b y  pe rch lo ra te .  

I f  t h e  col lagen f ibre  is t r a n s f e r r e d  f rom 0.85% NaC1 to  
t he  5 M perch lo ra te ,  t h e  osmot ic  pressure  dif ference will 
d r ive  pe r ch lo r a t e  in to  t h e  f ib re  and  resu l t  ill t h e  obse rved  
increase  of f ibre  weight ,  as t h e  e x p e r i m e n t s  show. 

I t  m a y  be  w o r t h w h i l e  to  follow the  role of t h e  a ldehyde  
a c t i v i t y  on  collagen. One ac t ion  is t h a t  a l dehyde  d imin-  
ishes t he  so lub i l i ty  of col lagen and  increases  i ts insolu-  
b i l i ty  r e m a r k a b l y .  I t  p ro longs  and  increases  t he  mechan i -  
cal  t ens ion  also. Y o u n g  f ibres  h a v e  m a i n l y  soluble colla- 
gen whi le  in  old an ima l s '  f ibres  on ly  inso luble  col lagen 
is p resen t .  

Whi l e  fo rmer  s tud ies  showed  t h a t  t h e  t ens ion  of colla- 
gen  f ibres  increases  w i t h  t h e  an ima l s '  age, i t  is n o w  found  
t h a t  s tudies  w i t h  NaC10,  a n d  a l d e h y d e  p r e s en t  f a r t h e r  
poss ib i l i t ies  in  t h e  ana lys i s  of t e n s i o n - p r o d u c i n g  factors .  
Th i s  m e c h a n i s m  is n o t  exp la ined  in our  expe r imen t s ,  b u t  
one is r e m i n d e d  t h a t  i t  m a y  h a v e  a r e l a t i on  to t h e  observa-  
t i on  t h a t  in ageing,  u n d e r  biological  condi t ions ,  t ens ion  
changes  appear .  I t  r e m a i n s  to  follow up  w i t h  research  
a long  these  lines. 
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H y p e r t r o p h y  and  A t r o p h y  of  M a m m a l i a n  E x t r a o c u l a r  M u s c l e  F i b r e s  F o l l o w i n g  D e n e r v a t i o n  

There  are a t  leas t  six d i f fe ren t  t ypes  of muscle  f ibres 
in  m a m m a l i a n  ex t r aocu l a r  muscles  1-3. Some of t h e m  
h a v e  single n e u r o m u s c u l a r  j unc t i ons  (phasic muscle  
fibres),  o the r s  h a v e  mul t ip le  i n n e r v a t i o n  b y  diffuse en  
g rappe  ne rve  t e r m i n a t i o n s  (slow ton ic  muscle  fibres). 
Reac t i ons  of muscle  f ibres  to  d e n e r v a t i o n  m a y  be  caused  
b y  t h e  lack of n e u r o t r o p h i c  inf luence  f rom t h e i r  m o t o r  
i n n e r v a t i o n  and  b y  pass ive  s t re tch ,  wh ich  inf luences  t h e  
i nac t i ve  muscle  d u r i n g  a c t i v i t y  of i ts  an t agon i s t s .  Accord-  
ing to  d a t a  ava i l ab le  on  reac t ions  to  d e n e r v a t i o n  of 
va r ious  v e r t e b r a t e  muscles,  d i f fe rent  responses  of t h e  
single muscle  f ibre types  compos ing  ex t r aocu l a r  muscles  
are to  be  expected .  A v i a n  slow tonic  muscle  f ibres  show 
a long- las t ing  h y p e r t r o p h y  a f t e r  dene rva t i on ,  especial ly  
if a n  a d d i t i o n a l  s t r e t c h  is g iven  (reviewed by4). C o m m o n  
skele ta l  muscles  (phasic) are k n o w n  to r eac t  to  depr iva-  
t ion  of t he i r  m o t o r  i n n e r v a t i o n  b y  a t r o p h y  5, the  phas ic  
muscle  f ibres  of t he  d e n e r v a t e d  h e m i d i a p h r a g m ,  h o w ev e r  
nnde rgo  a t r a n s i e n t  h y p e r t r o p h y 4 ,  6. 

So far  no  r epo r t s  were p u b l i s h e d  a b o u t  cal ibre  changes  
of muscle  f ibres of ex t r aocu l a r  muscles  fol lowing dene rva -  
t ion.  I t  will be  shown  t h a t  t h e  reac t ions  of t h e  d i f fe ren t  

types  of t ib res  found  in ex t r ao cu l a r  muscles  were as 
va r i ed  as was  to  be  expec ted ,  cons ider ing  t h e  resul t s  
m e n t i o n e d  above.  

Material and methods. After  a n e s t h e t i z i n g  a d u l t  r a b b i t s  
w i t h  b a r b i t u r a t e s ,  t h e i r  r i gh t  o rb i t ae  were opened.  The  
infer ior  obl ique  muscle  was d e n e r v a t e d  b y  r e m o v i n g  a 
3-5 m m  s e g m e n t  of t h e  ne rve  b u n d l e  i n n e r v a t i n g  t he  
muscle  (be longing to N. oculomotor ius) .  The  resu l t s  of 
d e n e r v a t i n g  th i s  single muscle  were assessed h i s tochemi -  
cal ly  7, 21, 28, 34, 46, 55 an d  83 days  a f t e r  dene rva t ion .  
A t  these  t imes,  t h e  r a b b i t s  were sacrif iced a n d  t h e  infer ior  
obl ique  muscles  of b o t h  sides were removed .  T h e  de- 
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Fig. 1. M. obliquus inferior, rabbit, SDH-activity, cross section. • 20. A) control. B) 55 days after nerve section. The border between superficial 
(orbital) and central (global) layers are marked by arrows. 


