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The Permeability of Large Lymphatics to Ions, Studied with the Electron Microscope 

Unl ike  t he  smal l  ' i n i t i a l '  l y m p h a t i c s  1,~, wh ich  h a v e  
m a n y  open  endo the l i a l  i n t e rce l lu la r  junc t ions ,  t he  large 
l y m p h a t i c s  h a v e  on ly  closed ones 1-3. The  open  j u n c t i o n s  
o f  t h e  smal l  l ympha t i c s ,  especia l ly  n u m e r o u s  d u r i n g  
m o t i o n  or o e d e m a  of t h e  t issues,  a l low m a n y  large mole-  
cules etc. to  e n t e r  t h e m ;  t h e y  b e c o m e  t e m p o r a r i l y  closed 
d u r i n g  t r a n s i e n t  compress ion  of t h e  t issues,  t h u s  pre-  
v e n t i n g  t he  escape of these  large molecules.  T h e  per-  
m a n e n t l y  closed j u n c t i o n s  of t he  large, col lec t ing lym-  
pha t i c s  p r e v e n t  m o s t  of t h e  large  molecules  f rom escaping  
before  t he  l y m p h  is d i scha rged  in to  t he  b lood s t ream,  
a l t h o u g h  a smal l  n u m b e r  sti l l  escape b y  t r a v e r s i n g  t h e  
e n d o t h e l i u m  v ia  i ts  vesicles. The  closure of t he  j u n c t i o n s  
is caused  b y  the i r  n u m e r o u s  zonulae  occ luden tes  a n d  
adhae ren te s ,  t he  wel l -developed b a s e m e n t  m e m b r a n e s ,  
a n d  b y  t he  collagenous,  e last ic  a n d  m u s c u l a r  e l emen t s  in  
t he  walls  of t he  large l ympha t i c s .  All  these  s u p p o r t  t h e  
endo the l i a l  j u n c t i o n s ;  t h e i r  absence  in t he  smal l  lym-  
pha t i c s  al lows t h e i r  j u n c t i o n s  to  open.  

Whi le  i t  is well  k n o w n  t h a t  ve ry  few of t he  large mole-  
cules escape f rom t h e  lympha t i c s4 -% i t  h a s  also been  
a m p l y  d e m o n s t r a t e d  t h a t  m a n y  smal l  ones  do indeed  
pass  ou t  of t he  s y s t e m  4,5. T h u s  t he  l y m p h  becomes  more  
c o n c e n t r a t e d  as i t  passes  cen t r a l l y  f rom t h e  pe r iphe ra l  
vessels.  Th i s  has  been  d e m o n s t r a t e d  in a pa r t i cu l a r l y  
e legan t  fash ion  us ing  va r ious ly  sized, f luorescen t  mole-  
cules (p. 426 in 5). I t  is e v i d e n t  t h a t  t h e  m e c h a n i s m  
u n d e r l y i n g  th i s  se lect ive  p e r m e a b i l i t y  is of in teres t .  

I n  t he  small ,  in i t ia l  l y m p h a t i c s ,  i t  has  been  shown  ~ 
t h a t  t h e  sma l l  molecules  (in t h i s  case, ions) c an  pass  
t h r o u g h  t he  endo the l i a l  j u n c t i o n s  even  w h e n  t h e y  are 
to  closed b y  t i ssue  compress ion  t h a t  t h e y  are  sealed to 
t h e  large molecules ;  b y  t h i s  m e a n s  t he re  is some con- 
c e n t r a t i o n  of t he  l y m p h  even  in t h e  pe r iphery ,  as t h e  
t r a n s i e n t  compress ions  of t he  t i ssues  b o t h  c o n c e n t r a t e  
t he  l y m p h  a n d  force i t  i n to  t he  la rger  vessels. Similar ly ,  
i t  h a s  been  shown t h a t  ions can  pass  t h r o u g h  closed 
junc t ions ,  even  those  possess ing  zonulae  occludentes ,  in  
b lood  capi l lar ies  in  muscle ,  in  t he  b r a i n  a n d  t h e  re t ina ,  
a n d  t h r o u g h  meso the l i a l  j u n c t i o n s  ~-9. A l t h o u g h  some of 
t h e  ions also t r ave r se  t he  e n d o t h e l i u m  v ia  t he  vesicles, 
i t  has  been  shown  t h a t  these  would  be  far  too  slow to 
c o n t r i b u t e  s ign i f i can t ly  to  t he  passage  of t he  smal l  
molecules  ,0-1~, a l t h o u g h  t h e y  a p p e a r  to  be v e r y  i m p o r t a n t  
for t he  passage  of large molecules  in  those  si tes where  
t h e r e  are no  open  j u n c t i o n s  or f enes t r ae  t0-ra. I t  t he re fo re  
seemed l ikely t h a t  the  smal l  molecules  leave t he  col lect ing 
l y m p h a t i c s  b y  pass ing  t h r o u g h  t h e i r  closed junc t ions .  

To examine  th i s  poss ibi l i ty ,  obse rva t i ons  were m a d e  
on  the  col lec t ing l y m p h a t i c s  of a n a e s t h e t i z e d  mice. The  
l y m p h a t i c s  s tud ied  were those  in t he  d i a p h r a g m ,  t h e  
i n t e r n a l  m a m m a r y  cha in  a n d  t he  t ho rac i c  duct .  5 ml  of 
a n  isotonic  so lu t ion  of sod ium fe r rocyan ide  or of sod ium 
s u l p h a t e  was in jec ted  in to  t he  pe r i t onea l  c a v i t y  an d  t h e  
a n i m a l s  were  suspended ,  t a i l  UPwards,  for 10 rain.  T h e n  
5 ml  of g lu t a r a ldehyde '  was  in jec ted  in to  t h e  p leura l  
cavi t ies .  This  also c o n t a i n e d  ferric chlor ide  or b a r i u m  
chlor ide  so t h a t  insolubIe p rec ip i t a t e s  of fe r r i - fe r rocyanide  
or  b a r i u m  s u l p h a t e  were fo rmed  in a n d  a b o u t  t h e  col- 
l ec t ing  lympha t i c s .  Spec imens  were excised a f t e r  15 rain,  
g iven  a f u r t h e r  f i xa t ion  in t h e  so lu t ions  for  12 h, pos t -  
f ixed i n  o s m i u m  te t roxid 'e  a n d  e m b e d d e d  i n  a ra ld i te .  
(The detai ls ,  concen t r a t i ons ,  e t c .  are give n elsewhereT.) 
T h e  sec t ions  were  usua l ly  e x a m i n e d  nns ta ined~  to  avo id  
possible  confus ion  w i t h  s t a i n i n g  ar te fac ts .  

The  P r u s s i a n  blue .  r eac t ion  a l lowed one to obse rve  
m a n y  large and  smal l  l y m p h a t i c s  in  t h e  d i a p h r a g m ,  
bes ide  t he  i n t e rna l  m a m m a r y  ar ter ies ,  a n d  t he  thorac ic  

duct .  T h e  e lec t ron  microscope showed  t h a t  these  pre-  
c ip i ta tes ,  as well as those  of b a r i u m  su lpha te ,  occurred  
in t h e  l u m e n s  of col lect ing l y mp h a t i c s ,  inc lud ing  t he  
t ho rac i c  duct ,  in  t h e i r  walls, a n d  in t h e  s u r r o u n d i n g  
c o n n e c t i v e  t issue.  I n  pa r t i cu la r ,  t h e  p rec ip i t a t e s  were 
f r e q u e n t  a n d  dense  in t h e  endo the l i a l  in te rce l lu la r  junc-  
t ions  (Figures 1 a n d  2). T h e  d en s i t y  of t h e  deposits ,  

Fig. 1. A large lymphatic accompanying the internal mammary  
artery. Deposits of ferri-ferrocyanide may be seen in the lumen (L), 
in intercellular junctions (J) between the endothelial cells (E), and 
in the connective tissue (CT). Unstained, • 55,000. 

Fig. 2. The thoracic duct. Ferri-ferroeyanide is present in the lumen, 
in a junction, and in the connective tissue. The deposit in the 
junction is nmch wider than the gap which is found between these 
cells; this is probably caused by this gap lying obliquely with respect 
to the plane of the section. Unstained, • 115,000. 
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coupled  w i th  t he  lack of n o r m a l  e lec t ron  s ta in ing ,  m a d e  
i t  d i f f icul t  to  loca te  zonnlae.  H ow eve r  one could some- 
t i m e s  m a k e  ou t  t he  t yp ica l  n a r r o w i n g  of t he  gap  b e t w e e n  
t h e  cells, etc. The  depos i t s  were c o n t i n u o u s  t h r o u g h  these  
regions.  I n  add i t ion ,  i t  is k n o w n  t h a t  t he  zonulae  ( includ- 
ing z. occ ludentes)  are  a l m o s t  un ive r sa l  in  t h e  l a rger  
l ympha t i c s ,  especial ly  t he  thorac ic  d u c t  3. T he  fac t  t h a t  
t he  depos i t s  o f ten  r an  c o n t i n u o u s l y  f rom the  lumens  to 
t he  a d v e n t i t i a  showed  t h a t  t he  zonulae  m u s t  be  pe rme-  
able  to  ions. (This p e r m e a b i l i t y  of t he  z. occ luden tes  and  
a d h a e r e n t e s  has  been  es t ab l i shed  in o t h e r  sites, inc lud ing  
t h e  b r a i n  a n d  re t inar  s.) 

As m i g h t  h a v e  been  expected ,  the  endo the l i a l  vesicles 
also of ten  c o n t a i n e d  prec ip i ta tes .  No doubt ,  s ince t h e y  
per iod ica l ly  open to  t he  exterior ,  t h e y  m u s t  t ake  in ions  
a n d  t r a n s p o r t  t h e m  ju s t  as t h e y  do t he  large mole-  
cules 7,9-~a. However ,  as m e n t i o n e d  earl ier ,  i t  is m o s t  
un l ike ly  t h a t  t h e y  c o n t r i b u t e  s ign i f ican t ly  to  t h e  pas-  
sage of t he  smal l  molecules.  

I t  is ev ident ,  therefore ,  t h a t  the  endo the l i a l  in te r -  
cel lular  j u n c t i o n s  of t he  large lympha t i c s ,  a l t h o u g h  
closed to large molecules,  are freely p e r m e a b l e  to  smal l  
ones. The re  seems l i t t l e  d o u b t  t h a t  these  cor respond  to 
t he  'pores '  of PAPPENHa~IMER 14. There  also seems l i t t l e  
d o u b t  t h a t  i t  is v i a  these  j u n c t i o n s  t h a t  the  smal l  mole-  
cules escape f rom t he  l y m p h a t i c  sys tem.  The  h igh  hydro -  
s t a t i c  pressures  gene ra t ed  b y  the  con t r ac t i ons  of t he  
walls  of t he  col lect ing l y m p h a t i c s  ~5,~6, to  wh ich  m a y  be 
a d d e d  t h e  effects  of g r a v i t y  1,e, m u s t  force cons iderab le  
a m o u n t s  of t he  smal l  molecules  ou t  of t he  vessels. No 
d o u b t  t h e y  r ap id ly  pass  ou t  of the  t i ssues  in to  neigh-  
bour ing  blood vessels. I f  t he  l y m p h a t i c s  are ca r ry ing  off 

large  vo lumes  of f luid f rom ac t ive  muscles  or o e d e m a t o u s  
regions,  i t  is e v i d e n t  t h a t  t h e  local  h i g h  t i ssue  pressures  
will  p r e v e n t  m o s t  of t he  f luid f rom leav ing  t he  vessels 
u n t i l  t h e y  pass  t h r o u g h  a normal ,  i nac t i ve  region.  T h e n  
t he  escape will  commence .  H e n c e  t he  l y m p h a t i c  s y s t e m  
can  be  cons idered  to  ca r ry  large  molecules ,  a l m o s t  w i t h o u t  
loss, to  t h e  va r ious  l y m p h a t i c o - v e n o u s  anas t emoses ;  
sma l l  molecules  are  car r ied  ou t  of ac t ive  or o e d e m a t o u s  
regions,  t h e n  t h e y  t e n d  to pass  in to  t he  b lood s y s t e m  
v ia  the  l y m p h a t i c  walls  a n d  t he  t i ssues  ~7. 

Rdsumd. Les pe t i t e s  mol6cules s ' 6 c h a p p e n t  des g rands  
va i s seaux  l y m p h a t i q u e s  grace  aux  jonc t ions  endo th6-  
l iales in tercel lula i res ,  qu i  ne  la i ssent  pas  passer  les 
g randes  mol6cules.  
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Effect of Calcitonin on Glycosaminog lycan  Synthes is  by Embryo  Calf Bone Cells in vitro 

Calc i tonin  lowers s e r u m  ca lc ium b y  i n h i b i t i n g  b o n e  
r e so rp t ion  1-~. Crude  ca lc i ton in  p r e p a r a t i o n s  h a v e  been  
shown  to s t i m u l a t e  the  i nco rpo ra t i on  of 14C-glucose in to  
g lycosan l inog lycan  (GAG) syn thes i s  b y  e m b r y o  calf bone  
cells in cu l tu re  4. Increases  r anged  f r o m  2 5 - 4 0 %  w i t h  
h o r m o n e  p r e p a r a t i o n s  of ac t iv i t i e s  0.2-2.5 MR C U/mg.  
T h e  p r e sen t  work  cons is t s  of f u r t h e r  e x p e r i m e n t s  to  
d e m o n s t r a t e  th i s  effect, and  to s t u d y  t he  effect  of h igh  
spec i f ic -ac t iv i ty  ca lc i ton in  on  G A G  synthes is .  

The  m e t h o d s  of e s t ab l i sh ing  the  cu l tu res  and  m e a s u r i n g  
~4C-GAG p r o d u c t i o n  b y  ceils h a v e  been  descr ibed  pre-  
v ious ly  ~. In  essence, cells were g rown in m e d i u m  199 
c o n t a i n i n g  20% h u m a n  se rum (HS),  10% foe ta l  calf  
s e r u m  (FCS) a n d  14C-glucose in p o l y s t y r e n e  f lasks ha l f  
of which  c o n t a i n e d  ca lc i tonin .  Af ter  18-22 h cu l tu re  t h e  
14C-GAG's were p rec ip i t a t ed ,  washed,  d issolved a n d  
coun ted .  Calc i tonin  p r e p a r e d  b y  phenol ic  e x t r a c t i o n  a n d  
TCA p rec ip i t a t i on  5 (TCA-CT, 0.45 MR C U/mg)  consis- 
t e n t l y  caused an  increased 14C-GAG syn thes i s  (Table  I). 
H o w e v e r  no effect  was o b t a i n e d  w i t h  p r e p a r a t i o n s  of 
h i g h  specific a c t i v i t y  (Lilly-CT, 50 U/mg; Armour-CT,  
58 U / m g ;  CIBA-CT,  55 U/mg) ,  even  a t  c o n c e n t r a t i o n s  
of 1 U/ml .  One e x p l a n a t i o n  of th i s  fa i lure  was t h a t  t he  
more  pur i f ied  p r e p a r a t i o n s  lost  biological  a c t i v i t y  u n d e r  
t h e  cond i t ions  of cul ture .  Th i s  was  i n v e s t i g a t e d  b y  assay-  
ing  A r m o u r - C T  a f t e r  i n c u b a t i o n  a t  37~ for 2 4 h  in 
m e d i u m  199 w i t h  and  w i t h o u t  serum. TCA-CT in m e d i u m  
199 and  se rum was assayed  a t  the  same  t ime.  A r m o u r - C T  
lost  all a c t i v i t y  while  t he  c rude  p r e p a r a t i o n  r e t a i n e d  some 
h y p o c a l c a e m i c  a c t i v i t y  (Table  II) .  T h e  resu l t s  in T a b l e  I I I  
i nd i ca t e  t h a t  the  r a t e  of i n a c t i v a t i o n  of h o r m o n e  is v e r y  

rapid ,  s ince Lil ly-CT h a d  no d e t e c t a b l e  biological  a c t i v i t y  
a f t e r  90 rain.  

F u r t h e r  e x p e r i m e n t s  were a imed  a t  growing the  e m b r y o  
calf bone  cells in  med ia  c o n t a i n i n g  cons ide rab ly  less 
serum,  w i t h  a v iew to avo id ing  h o r m o n e  inac t iva t ion .  

Table I. Effect of TCA-CT (0.45 U/rag) on l~C-glueose incorporation 
into GAG synthesis 

Cell 14C- Calci- 14C-GAG syzithesis (cpm) 
density glucose tonin control treated p 
(cells/ml) (Exc/ml) (mU/ml) 

/ /  
/ 

120,000 2.0 22.5 251~17(3) /382-k38(3) <0.05 
70,000 8.0 40 2295-~88 (5) (2662J290~" (5) < 0.02 

\ 
Replicate cultures were grown in medium 199 with 20% HS, 10% 
FCS for 20 h; mean ~ S.E.M. of cpin above background; No. of 
flasks in parenthesis. 
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