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SUMMARY 

The compositon of rabbi t  nucleus pulposus has been inves t iga ted  as 'a  funct ion of age. 
The rat io of kera tosulfa te  to chondroi t in  sulfate increases uniformly as a function of 
time. Several hormones,  no tab ly  growth  hormones,  estrogens and  androgens  are able 
to alt~r the composit ion of ma tu re  t issues towards  tha t  represented  by a younger  age. 

The metabolic ac t iv i ty  of the polysaccharides has  been examined  and  thei r  
half-lives es t imated.  The  keratos01fate of the ma tu re  animal  appears  to be ext remely  
inert  following synthes is  and  probably  has  a half-life in excess of I2O days. 

INTRODUCTION 

Time-dependent  changes in the  composition of several  discrete areas  of connect ive 
tissue have  recent ly  been described by several  invest igators .  One of the  most  s t r iking 
of these is the a l te ra t ion  in the chondroi t in  sulfate C, kera tosul fa te  and  collagen 
c~mtent of h u m a n  nucleus pulposus 1-3, The keratosulfate  and  collagen components  
increase whereas the chondroi t in  sulfate C decreases wi th  the passage of time. Rabb i t  
nucleus pulposus exhibit_~ t ime-dependent  a l tera t ions  similar to  those found in h u m a n  
mater ia l  and  was chosen for fur ther  s tudy.  

The  metabol ism i n  v ivo  of the  connect ive- t issue polysaccharides of skin has been 
s tudied bv SCHILLER and co-workers who repor ted  t h a t  the  chondroi t in  sulfate B and  
hvaluronic  acid present  exhibi ted half lives of 5 and  xo days  respectively. They  also 
demons t r a t ed  t h a t  D-glucose served as a direct  metabolic  precursor  of the mono- 
saccharide moieties of both  the  chondroi t in  sulfate and  the hyaluronic  acid of skin*, 5. 
Al though comparable  invest igat ions  have  not been conducted  wi th  other  tissues, 
sufficient knowledge is available regalding the pa thways  of hexosanfine and  uronic 
acid formation to permit  the assumpt ion  t ha t  D-glucose functions as a precursor  for 
the ca rbohydra te  components  of the  chondroi t in  sulfate C and keratosulfate.  

In view of the  composit ion changes which occur in nucleus pulposus and  the  
relat ive avascular i ty  of this tissue, it was  considered of interest  to conduct  a similar 
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invest igat ion in  vivo of the heteropolysaccharide metabol ism of this tissue. An a t t e m p t  
was made to define those agents  which may  serve to regulate  the  ra te  of synthesis  of 
the  individual  polymers concerned. 

Preliminary" reports  have  been presentede,L 

EXP.E R I M E N T A L  

Rabbi ts  of specified ages and  weights were fed ad l ib i tum on s tandard  labora tory  chow. 
Dur ing  the  course of exper iments  involving adminis t ra t ion  of a hoi.rnone, the  body 
weights of the animals  under  s tudy were also followed" no changes from the control  
animals were observed. 

At specified t ime intervals,  a set of animals was killed by a blow on the head and  
the nucleus pulposus removed as completely as possible from those in terver tebra l  
spaces which permi t t ed  sat isfactory isolat ion ' .  The resultip.g gelat inous mass was 
ex t rac ted  by st irr ing for 3o rain with  xo ml of o.x5 M KCI, and insoluble mater ia l  was 
removed by cent~fugat ion.  Addit ional  hexosamine-containing mater ia l  was recovered 
by ext rac t ion  of the  KCl-insoluble po, tion wi th  o.2 N K O H ;  this was not s tudied 
further .  The  KC1 ext rac t  was t r ea ted  wi th  o.o5 vol. of z % cetyl t r imethy l  ammonium 
bromide result ing in the  precipi tat ion of a crude polysaccharide mixture  conta in ing 
bo th  chondroi t in  sulfate C and  keratosulfate,  The  physical  composition of the nucleus 
pulposus is such t h a t  this simple procedure yields a relat ively uncon tamina t ed  poly- 
saccharide fract ion;  the insoluble component  is main ly  collagen. Measurements  of 
recoverable hexosamine content  indicated t ha t  more than  9 ° % of the  total  hexos- 
amine  present  in the t issue was soluble in o.x5 M KC1. Analysis  for me thy l  pentose or 
hexose showed less than  5 % of the hexosamine to be present  as glycoprotein.  

The crude prec ip i ta tes  were hydrolyzed wi th  4 N HC1 a t  xoo ° for x6 h in a sealed 
vessel. After  removal  of the  acid, the  hydrolysates  were f rac t ionated on Dowex-5o, H+ 
to effect separat ion of the  glucosamine and  galactosamine components  of the kerato-  
sulfate and  chondroi t in  sulfate respectively s. The  hexosamine fractions e luted from 
the  column were q u a n t i t a t e d  by colorimetric analysis  9 and al iquots  assayed for radio- 
act ivi ty .  Radioac t iv i ty  measurements  were conducted  wi th  a Tri-Carb 3Liquid 
Scinti l lat ion spect rometer  uti l izing d i o x a n e - a n i s o l e - d i m e t h o x y e t h a n e  (6" x" x) as 
solvent  and  ~,5-diphenyloxazole-  x,4-bis-z(5-phenyloxazolyl)-benzene (4 ° .  x) as 
scintillators.  The  ident i ty  of the hexosamine-containing peaks was confirmed by 
paper  chromatographic  mobil i ty  on bora te - t rea ted  paper  in a bu tanol -p3 ,Tid ine-  
wa te r  (6:4:3)  solvent sys tem and  by n inhydr in  degradat ion  to the corresponding 
pentoses  which were chromatographica l ly  compared wi th  s t andards  1°. The number  of 
animals  uti l ized for the de te rmina t ion  of a single point  are described in the  pe r t inen t  
figure legend. 

Growth  hormone  which was obta ined from the Nat ional  Ins t i t u t e s  of Heal th ,  
assayed 1.53 uni ts / rag;  0.5 mg/kg  body weight  was adminis te red  every other  day. 
W h e n  tu rnover  exper iments  were being performed the hormone was adminis te red  for 
7 - x o  days  prior to the  injection of isotope. Thyro id-s t imula t ing  hormone was ob ta ined  
th rough  the  cour tesy  of Armour  and  Company and assayed !.2 units/rag.  This prepa-  
ra t ion  was not  assayed for o ther  p i tu i t a ry  t rophic ac t iv i ty  bu t  was s ta ted  to be 

" S i n c e  q u a n t i t a t i v e  r e m o v a l  o f  t h e  n u c l e u s  is  n o t  p o s s i b l e ,  r e s u l t s  a r e  o n  a r e l a t i v e  c o n c e n -  
t r a t i o n  b a s i s  r a t h e r  t h a n  r e l a t e d  t o  t i s s u e  dry" v~-eight, n i t r o g e n  c o n t e n t  o r  s o m e  o t h e r  p a r a m e t e r .  
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min ima l ly  c o n t a m i n a t e d .  T h e  dose schedule  for th is  p l e p a r a t i o n  was  t he  same  as t h a t  
e m p l o y e d  for g r o w t h  hormone .  E s t r o g e n - t r e a t e d  female an ima l s  a n d  a n d r o g e n -  
t r e a t e d  males  were  in j ec t ed  wi th  xo mg  of h o r m o n e  (Pa rke -Dav i s  Co.) per  kg  b o d y  
weigh t  on a l t e r n a t e  days .  Cor t isone w a s  a d m i n i s t e r e d  in doses of 25 m g / k g  in ear ly  
e x p e r i m e n t s  a n d  was  no ted  to  h a v e  severe  sys temic  effects. In  s u b s e q u e n t  s tud ies  
therefore ,  t he  dosage was  1educed to  5 m g / k g / d a y  w i t h o u t  a s ignif icant  change  in 
obse~ ved isotope p a t t e r n s  or t issue composi t ion .  Control  an ima l s  of comparab le  ages 
rece ived mock  in jec t ions  a n d  were  o therwise  h a n d l e d  in an  exac t ly  ana logous  fashion. 
No a t t e m p t  was  m a d e  to  c o n e l a t e  t he  resu l t s  of the  p i t u i t a r y  h o r m o n e  or cor t isone 
s tudies  w i th  the  sex of the  an imal .  

Glucose un i fo rmly  labeled wi th  14C was  p u r c h a s e d  f rom a commerc ia l  source a n d  
as sayed  approx .  IOO t~C//zmole. An ima l s  t h a t  were  a t  least  I yea r  of age rece ived  a 
single 25o-tzC dose of glucose in an  i n t r a m u s c u l a r  in jec t ion .  A n i m a l s  4 weeks  to 4 
m o n t h s  of age rece ived  75 t zC of un i fo rmly  labe led  glucose in a s imi lar  m a n n e r .  The  
d a y  of in jec t ion  was  d e s i g n a t e d  as d a y  "o" .  At  v a r y i n g  s u b s e q u e n t  t ime  in te rva l s ,  
the  an ima l s  were  ki l led as  descr ibed  above .  

T h e  only  h e t e r o p o l y s a c c h a r i d e s  p r e sen t  in t he  nucleus  pu lposus  are  chondro i t i n  
sul fa te  C a n d  ke ra tosu l fa te .  These  con t a in  ga l ac to samine  a n d  g lucosamine  respec t ive ly  
a n d  t h u s  the  me tabo l i c  a c t i v i t y  of the  i nd iv idua l  pol~aners can  be  assessed by  measu re -  
m e n t s  c o n d u c t e d  on the  i so la ted  h e x o s a m i n e  f rac t ions .  T h e  t u r n o v e r  of t h e  su l fa te  
g roups  in th is  t i ssue  will  be the  s u b j e c t  of a fu tu re  repor t .  

RESULTS 

T h e  re la t ion  b e t w e e n  an ima l  age a n d  t he  r e l a t ive  compos i t ion  of the  nuc leus  pu lposus  
po lysaccha r ide  f rac t ion  is shown in Fig.  I. These  resu l t s  are  qu i t e  s imi lar  to  those  
r e p o r t e d  by  HALLEN in a s t u d y  on h u m a n  discs 1. T h e  effect of va r ious  h o r m o n e s  on th i s  
compos i t ion  is i l l u s t r a t ed  in Fig.  2. Tes to s t e rone ,  e s t rogens  and  g r o w t h  h o r m o n e  h a v e  
s imilar  ne t  effects, i.e., a m a r k e d  a l t e r a t i on  of the compos i t ion  .of m a t u r e  t i ssue  

2.8 

csc  i 
1 . 2  

0.8 

0.4 

I -~1  I " ' ] ± ; " " ~ ' - - +  

t 2 4 Ei 8 12 15 20 
Age (months) 

Fig. t. Effect  of age on t he  k e r a t o s u l f a t e - c h o n d r o i t i n  su l fa te  C ra t io  of r a b b i t  nuc leus  pu lposus .  
Po ly saccha r ide  c o n t e n t  is de r ived  f rom h e x o s a m i n e  va lues  as desc r ibed  in t ex t .  E a c h  p o i n t  

r ep resen t s  ave rage  figures for  a t  leas t  t h r e e  pai rs  of an imals .  
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toward  t h a t  of an  an imal  of much  younger  age; this  composi t ion-a l te ra t ion  effect is 
qui te  reproducible.  

Af ter  the  composi t ion of the tissue had  been a l tered by  p r e - t r ea tmen t  wi th  hor- 
mone,  the reversion of the tissue following cessation of ho rmone  admin i s t r a t ion  was 
eva lua ted .  The results  are i l lus t ra ted  in Fig. 3- The  pa t t e rn  appears  to be very  similar  
to t ha t  found in " n o r m a l "  aging. Thus,  if this a l te ra t ion  cont inues  in a l inear fashion, 
this  tissue will t ake  approx.  8 m o n t h s  to re turn  to the p r e - t r e a t m e n t  polysacchar ide  
composi t ion.  
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Fig .  2. E f f e c t  of  h o r m o n e s  o n  t h e  p o l y s a c c h a r i d e  c o m p o s i t i o n  o f  r a b b i t  n u c l e u s  p u l p o s u s .  ,Ma tu re  
a n i m a l s  w e r e  z 5 m o n t h s  of  age  a t  t h e  s t a r t  of  e a c h  e x p e r i m e n t .  H o r m o n e s  w e r e  a d m i n i s t e r e d  for  
:4  d a y s  p r i o r  t o  sac r i f i ce .  F i g u r e s  in p a r e n t h e s e s  r e p r e s e n t  t h e  n u m b e r  of  a n i m a l s  u s e d  fo r  e a c h  

d e t e r m i n a t i o n .  
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F i g .  3- A l t e r a t i o n  in  p o l y s a c c h a r i d e  c o m p o s i t i o n  o f  r a b b i t  n u c l e u s  p u l p o s u s  f o l l o w i n g  p r e t r e a t m e n t  
w i t h  g r o w t h  h o r m o n e  o r  s t e r o i d s  a n d  cess~, : ion  of  s t i m u l u s .  P a t t e r n s  a r e  e s s e n t i a l l y  t h e  s a m e  r e g a r d -  

less  of  h o r m o n e  u s e d .  E a c h  p o i n t  r e p r e s e n t s  a v e r a g e  o f  4 a n i m a l s .  

¢ Biochim.  Biophys.  Acta,  69 (z963j  4 4 5 - 4 5 z  



MUCOPOLYSACCHARIDE METABOLISM 449 

The ra te  of incorpora t ion  of D-glucose into  the  hexosamine  moiet ies  of the  re- 
spect ive polysacchar ides  is i l lus t ra ted  in Fig. 4. There is a s t r ik ing difference be tween 
y o u n g  and  old an imals  as well as an e x t r e m e l y  slow ra te  of appearance  of isotope in 

140 

e 1 2 0 -  ¢: 

E 

0 100- 

.u g 60- 
0 

~ e  

t~ 40. 

2 0 -  

1 

I' \  - 

// ' 

'4 ~J T I M E  (D&YS)  28 

Fig_ 4- .Metabolic a c t i v i t y  of nuc l eus -pu lposus  po lysacchar ides .  Y o u n g  a n i m a l s  were  4 weeks  old 
a t  d a y  zero- m a t u r e  a n i m a l s  were  I5 m o n t h s  of age. A, y o u n g - a n i m a l  c h o n d r o i t i n  su l fa t e  C: 
13. ma tu re -a r t ima l  c h o n d r o i t i n  su l fa te  C; C, y o u n g - a n i m a l  k e r a t o s u l f a t e -  D, m a t u r e - a n i m a l  
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Fig.  5- Ef fec t  of h o r m o n e  on m e t a b o l i s m  of nuc l eus -pu lposus  c h o n d r o i t i n  su l fa te  C. H a l f  l ives  ar0 
e ~ ' m a t e d  f rom slope of d e c a y  curve .  E x p e r i m e n t a l  de t a i l s  as  descr ibed  in  t ex t .  E a c h  po in t  is 
a v e r a g e  of a t  l eas t  4 an ima l s .  A, O,  c o n t r o l - - T ,  3 -5  d a y s :  B, 0 ,  g r o w t h  h o r m o n e - - T ~  28-3o  
d a y s ;  C, A ,  t e s to s t e rone  ( m a l e s ) - - T ~  no t  m e a s u r a b l e :  D, I ,  e s to rgen  ( f e m a l e s ) - - T ~  25 d a y s ;  

E .  x ,  c o r t i a o n e - - T ~  3-4  d a y s ;  F, r~, y o u n g  (2 weeks) con t ro l  -- T~  28-30  days .  
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keratosulfate  of a fully grown animal.  This la t te r  phenomenon is consistent  v~Sth the  
general  metabolic behavior  of keratosulfate  which appears  to increase in amoun t  
uniformly th roughout  life. The reason for the delay in appearance  of radioact iv i ty  in 
the kera tosulfa te  fraction is not unders tood at  present.  Since the radioact iv i ty  of the  
body glucose pool declines to essentially" o in 3 6 h, the isotope appearing in kerato-  
sulfate of both  the  young and old animal must  reflect events  no longer in equilibrfium 
wi th  this pool. 

The ~,.~,~-¢*̂ -*~ ..."~" varlou:~" horm_,~,nes on the metabolic ac t iv i ty  of the poly-saccharides 
are i l lustrated in Figs. 5 and 6. The similar a l terat ions in composition brought  about  
by estrogens and  androgens appear  to be the result  of different mechanisms.  Nei ther  of 
these hormones elicited response pa t t e rns  akin to t ha t  exhibi ted by growth hormone_ 
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Fig .  6. E f f e c t  of h o r m o n e  on  m e t a b o l i s m  of n u c l e u s - p u l p o s u s  k e r a t o s u l f a t e .  H a l f  l ives  a r e  e s t i m a t e d  
f r o m  s lope  of  d e c a y  c u r v e .  E x p e r i m e n t a l  d e t a i l s  as  d e s c r i b e d  in  t e x t .  E a c h  p o i n t  is a v e r a g e  o~ a t  
l eas t  4 a n i m a l s .  A, O: r  c o n t r o l  - - T  ~ > 60 dan, s:  B, Q .  g r o w t h  h o r m o n e - - T k  ~> 8 d a y s :  C. L .  
t e s t o s t e r o n e  ( m a l e s ) - - - -  Jr 47 d a y s :  D, I .  e s t r o g e n  ( f e m a l e s ) - - T 4  - i  dan, s: E ,  .,:. c o r t L ~ n e - -  

- T ,  5 " d a y s ;  F,  3 ,  y o u n g  (z weeks )  c o n t r o l .  

The pa t t e rn  of metabolic  ac t iv i ty  imprinted  upon the tissue by the adminis t ra t ion of 
growth  hormone appears  to mirror  very closely t ha t  found in a very young animal.  
except  t h a t  the absolute  specific act ivi t ies of the various fractions are much lower, as 
would be expected from a larger pool. Results  with TSH were not uniform bu t  sug- 
gested a reduct ion in the rate  oI appearance  of isotope in the polysaccharides. 

The results of cortisone adminis t ra t ion  are consistent  ~-ith previous reports  t ha t  
th is  hormone  effectively stops the incorporat ion of asS-labeled inorganic suHate into 
newly synthesized connective-t issue polysaccharides. 

DISCUSSION 

The gross homogenei ty  of the  spinal-disc mater ia l  suggests t ha t  the changes of specific 
ac t iv i ty  t h a t  have  been obsei r e d  are indicat ive of the  metabolic acti~fity of the  poly- 
saccharides under  consideration.  This would not necessarily be txue in tissues where a 
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clear  d i s t i nc t ion  can be m a d e  b e t w e e n  m a t e r i a l  t h a t  has  been  depos i t ed  for some 
per iod  of t ime  a n d  t h a t  which  has  been  newly  syn thes i zed  n , '2 .  D u e  to  the  r e l a t ive ly  
ace l lu lar  s t r u c t m e  of the  nuc leus  pu lposus ,  t h e  t e r m  " p o l y m e r  s y n t h e s i s "  c a n n o t  be 
r e s t r i c t ed  to  the  fo rma t ion  of the  mac romolecu l e s  e x a m i n e d  b u t  of necess i ty  inc ludes  
the  t ime  r equ i red  for a p p e a r a n c e  a t  t h e  locus s tudied .  

T h e  ab i l i ty  of g r o w t h  h o r m o n e  to affect b o t h  c h o n d r o i t i n  su l fa te  C a n d  ke ra to -  
su l fa te  m e t a b o l i s m  in an  essen t ia l ly  iden t i ca l  way ,  t h a t  is, to  c o n v e r t  t he i r  t u r n o v e r  
p a t t e r n s  to  those  found" in y o u n g e r  a n i m a l s  sugges t s  t h a t  th is  h o r m o n e  inf luences  
some e v e n t  no t  e n z y m i c a l l y  a p a r t  of p o l y m e r  syn thes i s  such  as t i ssue  pe rmeab i l i t y ,  
ce l lu la r  glucose e n t r y  or  a c t i v a t i o n .  

Qua l i t a t i ve ly ,  e s t rogens  a n d  a n d r o g e n s  p/ ,oduce s imi la r  a l t e r a t i o n s  in poly-  
sacchar ide  compos i t ion .  H o w e v e r ,  t he  m e c h a n i s m  of this  effect a p p e a r s  to  be d i f ferent  
for each  h o r m o n e  a n d  f rom t h a t  of g r o w t h  h o r m o n e  as well. Since the  effects a~ e no t  
the  same  for b o t h  p o l y s a c c h a r i d e s  a n d  in neither- case do t h e y  l ead  to  m e t a b o l i c  
p a t t c r n s  w h i c h  a t e  the  s a m e  as  those  seen in y o u n g  an ima l s ,  t he  i n t e r p r e t a t i o n  m a y  be  
m a d e  t h a t  these  h o r m o n e s  are more  d i l e c t l y  r e l a t ed  to  .po lymer  syn thes i s  or de- 
g r a d a t i o n .  

T h e  effects of cor t i sone  are ill k e e p i n g  wi th  o b s e r v a t i o n s  o n  t h e  ab i l i t y  of th is  
h o r m o n e  to  i nh ib i t  su l fa te  f ixa t ion  a n d  w o u n d  hea l ing  ~a,'4. Th i s  m a y  be a func t ion  of 
the  inab i l i ty  to  syn thes i ze  t h e  su l fa te  accep tors ,  or  m a y  be due  to  c h a n g e s  in cap i l l a ry  
flow wh ich  wou ld  a l t e r  t h e  a v a i l a b i l i t y  of n u t r i e n t s  (glucose) to  t h e  cells i nvo lved .  

A f t e r  w i t h d r a w a l  of each  h o r m o n e ,  t he  t i ssue  a p p e a r s  to  b e h a v e  as def ined  
b y  its c o m p o s i t i o n  r a t h e r  t h a n  b y  the  chrono log ica l  age  of t h e  an ima l s .  This  "s 
i l l u s t r a t e d  in the  r a t e  of r e f o r m a t i o n  of k e r a t o s u l f a t e  fol lowing p r e t r e a t m e n t  w i t h  
h o r m o n e  a n d  cessa t ion  of t he  s t imulus .  Since th is  is t h e  on ly  t i ssue  where in  such  
c o m p o s i t i o n  effects h a v e  been  d e m o n s t r a t e d ,  i t  is no t  k n o w n  w h e t h e r  s imi la r  a l t e r a -  
t ions  can  be a c h i e v e d  in o the l  t issues,  w h e t h e r  these  effects can  be r e p e a t e d  severa l  
t imes  on the  s a m e  t issue,  or  whe the r  t h e  t i ssue  u l t i m a t e l y  b e c o m e s  r e f l a c t o r y .  

T h e  fa i lure  of the  k e r a t o s u l f a t e  m o i e t y  to  change  s ign i f i can t ly  in specific rad io-  
a c t i v i t y  even  a f t e r  e x t e n d e d  t i m e  pe l iods  sugges t s  t h a t  th is  c o m p o n e n t  in r a b b i t  
nuc leus  pu lposus  has  a m e t a b o l i c  ha l f  life of a t  leas t  12o days .  Th i s  s low t u r n o v e r  
is in m a r k e d  c o n t r a s t  to  t h a t  p r e v i o u s l y  r e p o r t e d  for o t h e r  sk in  po lysaccha r ides ,  b u t  
m a y  be qu i t e  gene ra l  for ke r a to su l f a t e .  I n  a n y  even t ,  th is  p o l y m e r  a p p e a r s  to  r e semble  
f ibrous col lagen,  b o t h  in  i ts  ne t  pos i t ive  ba l ance  as  a func t ion  of t i m e  a n d  in i ts  ve ry  
low m e t a b o l i c  ac t iv i ty .  
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