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D a i l y  R h y t h m  o f  S = I n c o r p o r a t i o n  i n t o  E p i p h y s e a l  

High  resolut ion au torad iographic  techniques  wi th  S ~ 
have  demons t r a t ed  t h a t  car t i lage cells synthesize  t he  
chondroi t in  sulfate  of the  ground substance  of car t i lage 
m a t r i x  ~. In t race l lu la r  concent ra t ions  of S 3~ m a y  be 
de tec ted  as long as 24 h af ter  in jec t ion  as t he  ini t ia l ly  
labeled cells are matur ing ,  and some t racer  begins to 
appea r  over  t he  car t i lage m a t r i x  owing to cel lular  secre- 
t ion 48-72 h a f te r  inject ion.  I t  is p robable  also t h a t  t he  
prote in  and polysacchar ide  moiet ies  of the  ma t r ix  are  
formed concurrent ly .  W e  have  prev ious ly  shown in rats  a 
t h a t  the  up take  of S as by  epiphyseal  car t i lage cont inues  
more  ac t ive ly  dur ing  the  first  12 h fol lowing i.v. in ject ion 
a t  09,00 t h a n  a t  21.00. These pre l iminary  exper iments  
suggested t h a t  t he  differences in up t ake  were re la ted to  
var ia t ions  in cel lular  ac t iv i ty .  The  present  s tudy  in mice 
was designed in pa r t  to conf i rm these observat ions  and 
to establ ish the  clock hours  of m a x i m u m  and m i n i m u m  
cart i lage m a t r i x  synthesis.  

Method. CFt  albino mice, 20-30 g body  weight  and 
3-4 weeks  old, were placed in cages of 5 animals  each and 
ma in ta ined  for 12-13 days  under  a photoper iod  of 12 h 
(09.00-21.00) a l t e rna t ing  wi th  12 h of darkness  (21.00 to  
09.00). Food and wate r  were suppl ied ad t ibi tum. Because  
the  exper iment  was conducted  ove r  a 48 h period, i t  was 
desirable to  l imi t  the  a m o u n t  of in ten t iona l  d is turbance.  
Consequent ly ,  the  animals  were ac tua l ly  housed in 2 
rooms and t h e y  were a t t ended  dai ly  f rom 10.00-11.00. 
Fol lowing the  12-13 day  condi t ioning period, groups of 
4-5  mice were  in jec ted  i.p. wi th  30 /*Ci Sa~-sulfate in 
0.2 ml  saline a t  in tervals  of 3 h over  a to t a l  per iod of 
2 days.  The  expe r imen t  was begun  a t  09.00. The  in ject ions  
dur ing the  dark  env i ronmen ta l  per iod were per fo rmed  by  
m o v i n g  the  cages close to the  door  of the  animal  quar ters  
so t h a t  only  a small  a m o u n t  of l ight  entered the  room. 
However ,  i t  is conceivable  t h a t  even  a brief exposure  to  
' dusk '  condi t ions  could affect  t he  establ ished photoper iod  
adversely .  Similarly,  one migh t  expec t  changes owing to  
t h e  necess i ty  to  en ter  t he  rooms f requen t ly  dur ing the  
ac tua l  exper imenta l  period. The  groups of mice were 
sacrificed by  decapi ta t ion  24 h af ter  inject ion,  and, a t  
autopsy,  t he  hind l imbs f rom the  left  side were recovered,  
s t r ipped of soft  tissues, and f ixed in 10% neut ra l  formalin.  
T h e  bones were subsequent ly  decalcified in 10% E D T A  
(pH 6.5-7.0), embedded  in paraff in  and sect ioned longi- 
tud ina l ly  t h rough  the  knee joints  a t  5 # on a ro ta ry  
micro tome.  Serial  sections were  moun ted  on microscope 
slides; t h e y  were  deparaff inized and au torad iographs  
were  prepared  by  placing the  slides in con tac t  wi th  Kodak  
N T A  plates  for 28 d a t  -- 5 °C. Af ter  exposure,  the  slides 
were  developed in K o d a k  D-19 for 5 rain and f ixed in acid 
fixer.  The  darkening  of t he  developed images  on the  f i lm 
was measured  a t  t he  cen ter  of the  epiphyseal  car t i lages 
(femurs and tibias) wi th  a microscope-dens i tometer  (30/~ 
aper tu re ) -Brown Recorder  combinat ion ,  and  the  values  
were  corrected for background.  

Results. The  microdens i tometr ic  readings indica ted  t h a t  
t he  up take  of S a~ in the  epiphyseal  cart i lages of the  femur  
and  of t he  t ib ia  were  no t  s ignif icant ly  different .  The  femur  
and  t ib ia  data ,  therefore,  h a v e  been combined  in t he  
Figure.  No te  t h a t  while t he  per iodic i ty  of the  first  day  is 
essent ial ly repea ted  in the  second day,  t he  values  dur ing 
the  second day  are somewha t  h igher  f rom 15.00-18.00. 
This  phenomenon ,  known as the  'serial effect '  of HAL- 
BERG 4, is c o m m o n  to  long- te rm per iodic i ty  exper iments .  
P resumably ,  i t  is due to the  fact  t h a t  the  animals  were  
d is turbed  by  the  f r equen t  en t ry  in to  the i r  quar te rs  dur ing  
the  expe r imen ta l  period, and  b y  handl ing  dur ing  admin-  
i s t ra t ion  of the  radiot racer .  The  up t ake  of S ~ in t he  
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car t i lages of the  individual  mice a t  each t ime  var ied  by  
as much  as a fac tor  of 2. The  mean  va lue  and the  s tandard  
error  of the  mean  toge ther  wi th  the  n u m b e r  of bones a t  
each sacrifice t ime  are p lo t ted  in the  Figure.  In  4 of the  
65 mice in the  exper iment ,  the  up t ake  of t racer  in the i r  
car t i lages  p roved  to  be  e i ther  ve ry  high (day I in 1 mouse  
a t  12.00 and  03.00; d a y  2 in 1 mouse  a t  09.00) or  v e r y  low 
(day 2 in i mouse  a t  18.00); these points  were exc luded  
when  they  were in excess of 3 s tandard  devia t ions  f rom 
the  mean.  The  graph  clearly suggests t h a t  t he  a m o u n t  of 
S ~5 incorpora ted  (within chondrocytes)  var ies  d iurnal ly  
despi te  the  great  degree of ind iv idual  var ia t ion .  M a x i m u m  
up take  was recorded dur ing day  I a t  15.00 and f rom 
15.00-18.00 dur ing day  2-6  to  9 h af ter  the  onset  of the  
photoper iod.  Min imum up take  of S an occurred t h roughou t  
the  dark  env i ronmenta l  period (21.00-09.00). S ta t i s t ica l ly  
signif icant  differences be tween  the  means  of each group of 
femurs / t ib ias  were found a t  15,00 and 03.00 (p > 0.01). 

Discussion. The  results of this s tudy  in mice conf i rm 
our  p re l iminary  findings t h a t  the  up take  of S ~ in the  
g rowth  car t i lages is subjec t  to d iuranal  var ia t ions  ~. The  
g raph  shows t h a t  S a~ concent ra t ions  migh t  be expec ted  to 
increase in car t i lage  if the. t racer  were admin is te red  a t  
09.00, bu t  t h a t  re ten t ion  would  not  be large if radiosulfur  
were adminis te red  a t  21.00. Whi le  t he  presence of c lock 
hour  changes in S ~ up take  is consis tent  wi th  o ther  d iurnal  
studies in car t i lage a,n, paral lel  b iochemical  inves t iga t ions  
are  requi red  to p rove  t h a t  the  clock hours  of peak  radio- 
t racer  up t ake  correspond to m a x i m u m  chondro i t in  sulfate  
concen t ra t ions  in chondrocytes .  I t  has  been shown in l iver  
cells, for instance,  t h a t  the  peak  hours  of t r i t i a ted  t h y m i -  
dine up take  and  D N A  con ten t  (de termined spec t rophoto-  
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A graph showing the 24 h pattern of S~-sulfate uptake in the femurs 
and tibias of CF 1 albino mice injected at intervals of 3 h over a 48 h 
period. The horizontal bars represent the standard error of the means. 
Numerals enclosed in parentheses indicate the number of bones/group 
(double the number of mice). 
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metr ical ly)  a re  no t  necessari ly coincident  7. Despi te  species 
differences which ob ta in  be tween  l abora to ry  rodents ,  t h e  
hours  of m a x i m M  S ~5 u p t a k e  in  t he  car t i lages  de te rmined  
in th is  s tudy  appear  to  precede  peak  mi to t i c  a c t i v i t y  
(rats) by  2-3 h e. This  suggests t h a t  car t i lage cells c anno t  
pursue  mitosis  and  mucopolysacchar ide  synthesis  con- 
current ly .  I t  is equa l ly  probable  t h a t  D N A  canno t  simul-  
t aneous ly  suppor t  its own repl ica t ion and the  p roduc t ion  
of R N A  s. Ev idence  f rom mouse studies, in which chondro-  
cytes  were  labeled wi th  t r i t i a ted  t h y m i d i n e L  suggests 
t h a t  peak  D N A  synthesis  (some t ime  be tween  02.00 and 
10.00) leads in phase bo th  peak  S 3~ up take  and mitosis.  A 
somewha t  s imilar  mu l t i pa r ame te r  d iurnal  pa t t e rn  has  
been recorded in d i f ferent  celt f ract ions f rom l iver  by  
BAR~Ur~I and his co-workers  ~°. I t  is doubt fu l  whe the r  the  
per iodic i ty  in S 35 re ten t ion  can be expla ined by  d iurnal  
va r ia t ions  in d ie ta ry  amino  acid in take ;  one migh t  expec t  
d i lu t ion of in t race l lu lar  pools of radiosulfur  when  mice  
are  mos t  ac t ive ly  feeding. Radioglyc ine  exper iments  sug- 
gest, ra ther ,  t h a t  the  diurnal  per iod in the  syn thes i s  of 
the  p ro te in  mo ie ty  of the  car t i lage ground substance  is 
ma in ta ined  even  when  animals  were s t a rved  before 
s tudy  la. 

Rdsumd. Nous avons  adminis t r6  du soufre radioact i f  
pa r  voie i.p. ~ des souris, chaque  groupe r ecevan t  l ' in jec-  
t ion ~ un m o m e n t  d i f f&ent  de  la journ6e ( intervalle  de 3 h 

entre  les inject ions  ~ 2 groupes successifs). L ' a n a l y s e  
mic rodens i tom6t r ique  d ' au to rad iograph ies  du t raceur  
dans  les car t i lages de  conjugaison (f6murs, t ibias) 24 h 
apr6s l ' in jec t ion  a d 6 m o n t r 6  que  la r6 tent ion  &af t  la plus 
grande  chez les souris qu i  ava i en t  re~u 1,injection en t re  
15 e t  18 h. 
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T h e  In i t i a t i on  of C o n t r a c t i o n  by  E x t r a c e l l u l a r  C a l c i u m  in the  S m o o t h  M u s c l e  of t h e  G u i n e a - P i g  

Taenia coli 

I t  is general ly  accepted  t h a t  the  spike he ight  is re la ted  
func t iona l ly  to t he  inf lux of t he  ca t ion  which carries in- 
ward  posi t ive  charge. Cont rac t ion  he igh t  is also re la ted  
to  t he  concen t ra t ion  of Ca++ in jec ted  in to  t h e  muscle  
f ibre  1. I n  addi t ion,  HAGIWARA e t  al. 2 repor ted  t h a t  Ca ++ 
carries t he  charge  dur ing  the  rising phase  of the  ac t ion  
poten t iM in barnac le  muscle.  The  possibi l i ty  of this  Ca 
spike has  also been  repor t ed  in the  smoo th  muscle of the  
guinea-pig Taenia coliZ, 4. The  present  exper iments  were  
per fo rmed  to inves t iga te  the  re la t ion be tween  the  Ca 
spike and the  tw i t ch  tension.  

Taeniae coli of the  guinea-pig  were  incuba ted  in mod-  
ified Krebs  solution.  E lec t r ica l  ac t iv i t ies  were observed by  
means  of sucrose-gap m e t h o d  and tensions were measured  
wi th  a mechano-e lec t ronic  t ransducer  RCA 5734. Exper i -  
men t s  were  pe r fo rmed  a t  low t e m p e r a t u r e  (18°C) to  
b lock  spontaneous  spike discharge,  for the  purpose  of 
observ ing  cont rac t ion  as a single twi tch.  Single spike and 
tw i t ch  were  evoked  b y  s u p r a m a x i m a l  ex te rna l  s t imula-  
t ion.  Te t rodo tox in  (5 × 10-~ g/ml)  was used to  suppress 
Na  spike act ivi t ies .  The  tox in  also blocked the  inh ib i to ry  
po ten t i a l  of t he  p repa ra t ion  by  ex te rna l  s t imula t ion  ~. 

F igure  1 shows t h a t  t he  ampl i tude  of bo th  act ion 
po ten t ia l  and con t rac t ion  he igh t  va r ied  wi th  Ca ++ con- 
cen t ra t ion  in the  solut ion;  the  changes in ampl i tude  were 
a lmos t  parallel.  The  min imal  concen t ra t ion  for the  genera-  
t ion of act ion po ten t i a l  and cont rac t ion  var ied  f rom 
10-6-10-5M. Dissociat ion of electr ical  and  mechanica l  
act ivi t ies  was no t  observed  in any  soIution, regardless  of 
difference in Ca++ concent ra t ion .  

As these spike he ights  were  measured  by  means  of  t h e  
sucrose-gap method ,  t h e y  represen t  t he  s u m m a t i o n  of t he  
spike po ten t ia l  of d i f ferent  muscle cells. 

The  possibi l i ty  exists t h a t  each cell genera ted  an all- 
or-none spike. However ,  judging  f rom the  dura t ion  of t he  
act ion potent ia l ,  synchroniza t ion  migh t  well  have  oc- 
curred.  Moreover ,  i t  is also known t h a t  t he  spike height ,  
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Fig. 1. The relation between spike height and twitch tension, and 
calcium concentration. Both spike heights and tensions were plotted 
against calcium concentrations as % of those observed in the solution 
containing 2 mM of calcium. Note that spike heights and contrac- 
tions were parallel to each other relating to calcium concentrations. 
Closed circle, tension; open circle, spike amplitude. 
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