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A N e w  S m a l l  M o l e c u l a r  T r a c e r  f o r  P e r m e a b i l i t y  

T h e  p a t h s  t a k e n  b y  va r i ous  s u b s t a n c e s  in  pass ing  across  
e n d o t h e l i a l  a n d  o t h e r  ba r r i e r s  h a v e  b e e n  fa i r ly  ex t ens ive ly  
s tud ied  ~-x*. I t  h a s  been  s h o w n  t h a t  m o s t  sma l l  l ipid-  
inso lub le  molecules  pass  t h r o u g h  in t e rce l lu l a r  junc t ions ,  
even  in  t h e  p resence  of zonulae  occ ludentes ,  a n d  also 
t h r o u g h  fenes t rae .  However ,  large molecules  are  conf ined  
to  a m u c h  s lower  p a t h  v i a  t h e  s m o o t h  sma l l  vesicles, 
a g a i n  unless  f enes t r ae  a re  p re sen t .  T h i s  a c c o u n t s  for  t h e  
g rea t  d i f fe rence  in  t h e  p e r m e a b i t i t i e s  of t he se  two  classes 
of molecules  t h r o u g h  e n d o t h e l i u m .  T h e  p e r m e a b i l i t y  to  
la rge  molecu les  is g r e a t l y  inc reased  b y  fenes t rae ,  or  b y  
o p e n  j u n c t i o n s  in  l y m p h a t i c s  or  i n ju r ed  b lood  vessels.  
Sma l l  p r o t e i n  molecules ,  e.g. h o r s e r a d i s h  pe rox idase  
(mol.  wt .  -~38,000),  a r e '  u n a b l e  to  pass  t h r o u g h  some 
'c losed '  j u n c t i o n s ,  such  as those  in  t h e  b ra in ,  b u t  can  
pass  t h r o u g h  o thers .  However ,  al l  j u n c t i o n s  are  read i ly  
p e r m e a b l e  t o  ions.  W h i l e  f ac to r s  o t h e r  t h a n  size (e.g. 
charge)  m a y  b e  i m p o r t a n t  in  d e t e r m i n i n g  w h e t h e r  a 
s u b s t a n c e  c a n  cross  a p a r t i c u l a r  bar r ie r ,  i t  was  fe l t  t h a t  
a t r a c e r  molecu le  sma l l e r  t h a n  peroxidase ,  b u t  l a rger  
t h a n  ions,  would  be  v e r y  useful  in  p e r m e a b i l i t y  s tudies .  

Such  a t r a c e r  shou ld  be  n o n - t o x i c  a n d  h a v e  a h igh  
m a s s - d e n s i t y  ~3, or  r eac t  w i t h  some s u b s t a n c e  so as to  
fo rm a p r o d u c t  of h i g h  mass -dens i ty .  Fe r rous  g lucona te  
(tool. wt.  482) was  f o u n d  to  fulfill  t hese  r equ i r emen t s .  
I t  is p r e c i p i t a t e d  b y  t h e  p h o s p h a t e  ions in  MILLONIG'S14 
f ixa t ive ,  a n d  c a n  t he r e fo re  be  f ixed a t  t he  s a m e  t i m e  as  
t h e  t issues.  

T h e  e x p e r i m e n t s  were  p e r f o r m e d  on  t h e  ' s leepy  l izard ' ,  
Trachydosaurus rugosus because  these  a n i m a l s  a re  eas i ly  
h a n d l e d  u n d e r  o p e r a t i v e  cond i t i ons  a n d  also l i t t l e  work  
of t h i s  n a t u r e  ha s  b e e n  done  on  rept i les .  The  an ima l s  
were  h e a t e d  to  35°C, spinal ized,  a n d  a t t a c h e d  to  a 
resp i ra to r .  A p p r o x i m a t e l y  5 m l  of fer rous  g lucona te  
(1% in R inge r s  solut ion)  was  t h e n  in j ec t ed  i n to  t he  l u m e n  
of t h e  ven t r i c l e  ove r  a pe r iod  of 1 min .  A 7 %  so lu t ion  
s t o p p e d  t h e  h e a r t  w i t h i n  a few seconds,  whe reas  t h e  1 %  
so lu t ion  a l lowed i t  t o  c o n t i n u e  bea t ing .  Af te r  5 or  10 min ,  
p o r t i o n s  of t h e  h e a r t  a n d  a o r t a  were  excized a n d  f ixed 
for  2 h in  a 4 %  so lu t ion  of g l u t a r a l d e h y d e  in MILLOmG'S 
buffer .  (The  buf fe r  c o n t a i n e d  glucose as a 9 %  solut ion. )  
T h e  t i s sues  were  pos t - f ixed  in 2% O s m i u m  t e t r o x i d e  in 
buffer ,  d e h y d r a t e d  in a ce tone  a n d  e m b e d d e d  in a ra ld i te .  
Some  sec t ions  were  s t a i n e d  w i t h  Lead  c i t ra te ,  b u t  m o s t  
were  e x a m i n e d  u n s t a i n e d  to  avo id  confus ing  t r a c e r  w i t h  
depos i t s  of s t a in .  T h e  t i s sues  f rom con t ro l  a n i m a l s  were  
f ixed  a n d  e m b e d d e d  in  t h e  s ame  m a n n e r .  

I n  o t h e r  e x p e r i m e n t s  t h e  a b d o m e n  was  o p e n e d  a n d  t h e  
u r i n a r y  b l a d d e r  was  c o m p l e t e l y  d ra ined .  10 ml  oI a 7 %  
so lu t ion  of fer rous  g l u c o n a t e  was  t h e n  ins t i l l ed  i n to  t h e  
b ladder .  Af t e r  30 m i n  a piece of t he  b l a d d e r  was  r e m o v e d  

1 M. J. KARNOVSKY, J. gen. Physiol. 52, 64 S (1968). 
J. R. CASLEY-SMITn, J. Microsc. 90, 251 (1969). 

3 R. R. BRUNS and G. E. PALADE, J. Cell Biol. 37, 277 (1968). 
* F. CLEMENTI and G. E. PALADE, J. Cell Biol. dt, 33 (1969). 
5 M. A. JENNINGS and LORD FLOREY, Proc. R. Soc., B 167, 39 

(1967). 
e E. M. RE~KXN, Physiologist 7, 13 (1964). 

R. S. COTRAN and G. MAJNO, Protoplasma 63, 45 (1967). 
s j .  R. CASLEY-SMITH, O. J1 exp. Physiol. 62, 105 (1967). 
9 W. STRAUS, Meth. Achiev. exp. Path. d, 54 (1969). 

10 j .  R. CASLEY-SmTH, Experientia 25, 845 (1969). 
11 j .  R. CASLEX'-SMITH, Experientia 26, 852 (1970). 
1~ j .  R. CASLEY-SmTH, in Progress in Lymphology tI  (Ed. M. VXA- 

MONTE; Georg Thieme, Stuttgart 1970). 
13 G. F. BAHR and E. ZEITLER, Lab. Invest. ld, 955 (1965). 
1~ G. MILLOma, J. appl. Phys. 32, 1637 (1961). 

S t u d i e s  w i t h  t h e  E l e c t r o n  M i c r o s c o p e  

a n d  t r e a t e d  in  t h e  s a m e  w a y  as  t h e  t i s sues  f rom t h e  h e a r t .  
T h e  b lood  vessels  of t h e  h e a r t  a n d  b ladder ,  a n d  t h e  

i n t i m a  of t h e  a o r t a  were  v e r y  s imi l a r  to  t hose  of m a m m a l s .  
T h e  e n d o t h e l i a l  j u n c t i o n s  were  c losed w i t h  zonu lae  occlu- 
dentes ,  a l t h o u g h  these  m a y  h a v e  h a d  br ie f  i n t e r r u p t i o n s  
as s h o w n  b y  KARNOVSKY 1. T h e  l y m p h a t i c s  in  t h e  h e a r t  
a n d  b l a d d e r  h a d  open  j u n c t i o n s ,  s i m i l a r  to  t hose  in 
m a m m a l s .  T h e  con t ro l s  showed  no  depos i t s  of t r a c e r  b u t  
were  morpho log ica l l y  i den t i ca l  w i t h  t h e  e x p e r i m e n t a l  
an imals .  T h e  l a t t e r  h a d  depos i t s  (20-50  n m)  in  t h e  
va scu l a r  lumens ,  j u n c t i o n s ,  vesic les  a n d  c o n n e c t i v e  t i s sue  
(Figures  1 a n d  2). Some  v e r y  s m a l l  depos i t s  (2-5  n m)  
were a t t a c h e d  to  t h e  l u m i n a l  p l a s m a  m e m b r a n e s ,  t h e  
m e m b r a n e s  of some vesicles  a n d  in  t h e  zonu lae  occlu- 
den te s  (Figure  2). T h e r e  were  o f t en  c o n t i n u o u s  depos i t s  
t h r o u g h  t h e  zonulae ;  f r e q u e n t l y  r each ing  f rom t h e  l u m e n  
to  t h e  c o n n e c t i v e  t issues.  Occas iona l ly  t h e  depos i t s  in  

Fig. 1. Aorta. 2 endothelial cells (E) are shown, separated by a 
junction (J J J) in which precipitates of tracer can be seen. Other 
particles appear in the lumen, in the connective tissue (CT) and in 
some endothelial vesicles. The cellular membranes have poor con- 
trast because the section was unstained to avoid confusing deposits 
of stain with deposits of tracer. It is evident, then, that some por- 
tions of the plasma membranes have tracer adhering to them - 
notably on the luminal side of the cells and in front of the junction. 
× 70,000. 



116 Specialia EXPERIENTIA 27/1 

the  junct ions  had aggregated,  and p resumab ly  d is tor ted  
the  ad jacen t  p la sma  membranes ,  to  form qui te  large 
deposi ts  (Figure 1); usual ly  t h e y  were  qu i te  smal l  and 
discrete  (Figures  1 and 2). In  the  hear t  t he  t race r  had  

passed th rough  the  connec t ive  t issues and in to  the  
lymphat ics .  No t racer  was found in unexpec ted ,  and  
possibly a r t e fac tua l  places, such as t he  cy top lasmic  
mat r ix ,  t he  nucleus,  etc.  

The  b ladder  showed a s imilar  local izat ion of t r ace r  
to  t h a t  of the  blood vessels, i.e. in cont inuous  lines down  
the  junc t ions  f rom the  lumen,  t h rough  the  zonulae 
occludentes,  to the  connec t ive  tissue, and in the  smal l  
vesicles. I t  had  also passed into  the  vascu la r  endothel ia l  
barriers,  bu t  any  in the  lumens  had been washed away.  
These findings for the  b ladder  should be regarded  wi th  
some caut ion,  because a 7% solution, as used in the  
Madder,  was toxic  to  the  hear t .  

These results  show t h a t  Fer rous  gluconate ,  w i t h  a 
mol.  wt .  of --~500, is a useful t racer .  I t  passes t h rough  
the  endothe l ia l  barriers,  and  t h a t  of the  ep i the l ium of 
t he  bladder ,  v i a  the  junc t ions  and the  vesicles.  Since, 
however ,  t he  vesicles only  offer  v e r y  slow t r anspor t  
re la t ive  to t he  junc t ions  x-8, 6, s, 12, we conclude t h a t  t he  
junc t iona l  p a t h w a y  is a lmos t  ce r ta in ly  t he  mos t  impor-  
t a n t  in the  present  instance.  (Obviously t he  vesicles 
which  open a t  the  lumen  wil l  p ick  up some tracer ,  jus t  
as t h e y  p ick  up some of all  the  molecules  in t he  plasma.)  
A priori ,  i t  would  seem t h a t  any  molecule  smal ler  t h a n  
2000-5000 mol. wt.  should pass  mos t ly  t h rough  the  
junct ions  6, which a lmos t  ce r ta in ly  represen t  the  pores  
of PAPPENHEIMER 15. The  zonulae  occludentes  usual ly  do 
no t  s top  f low comple te ly ,  b u t  supp ly  the  res t ra in t s  
necessary for molecu la r  s ieving I, ~, s, xo. 

Rdsumd. Le gtuconate  de fer a la propri$t6 de  suivre  
les mol6cules d ' u n  poids mol6culaire  de ,--500. I1 t ra -  
verse  avec  elles l 'endoth61ium des va i sseaux  sanguins e t  
l '6pith61ium de la vessie en passant  pa r  les jo in t s  ou, 
pour  une faible part ,  entre  les v6sicles. 
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Fig. 2. Heart capillary. Small particles of tracer can be seen in a 
zonula occludens in a junction (J) and on the membranes of small 
vesicles in the cells. Unstained. x 170,000. 
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A Method  for S t u d y i n g  the Ul tras truc ture  of  Intercel lu lar  Contacts  in Leukocyte  Cultures  

To s tudy  the  u l t r a s t ruc tu re  of t he  con tac t s  be tween  
cells grown in t issue cul ture  as well  as t he  a t t a c h m e n t  
of these cells to  the  subs t ra tum,  i t  is of ten  desirable  to  
t ix  and  embed  the  cells in si tu in order  to preserve  the  
spat ia l  re la t ionship  of these contacts .  P rev ious  invest iga-  
torsX, ~ have  a t t e m p t e d  to embed  in epoxy  resins cells 
cu l tured  d i rec t ly  on glass coverslips,  but,  in cont ras t  to 
results  wi th  the  less sa t i s fac tory  me thac ry l a t e  embedd ing  
material3-S, were unable  to  separa te  t he  coversl ips f rom 
the  epoxy-embedded  cells unless the  coversl ips had  been  
coated  pr ior  to  cul ture  w i t h  ex t raneous  mater ia ls .  W e  
h a v e  br ief ly  repor ted  g a m e t h o d  to  r e m o v e  blocks  of 
E p o n - e m b e d d e d  Ieukocytes  f rom uncoated  glass cover-  
slips, t he reby  m a k i n g  i t  unnecessary  to  compl ica te  s tand-  

a rd  cu l tu r ing  procedures  by  expos ing  the  cells to  such 
ex t raneous  coa t ing  substances.  FLAXMAN et  al. ~° also h a v e  
recent ly  repor ted  a me thod  by  means  of which  a th in  layer  
of Araldi te ,  ano ther  epoxy  resin, could be r emoved  f rom 
an uncoated  glass coversl ip  con ta in ing  fibroblasts.  In  this  
paper  we describe in de ta i l  our  t echn ique  and  its appl ica-  
t ion  to p rov ide  the  first  e lectron microscopic  s tudy  of the  
unal tered,  in tercel lu lar  con tac t s  be tween  macrophages  
and lymphocy te s  grown on glass coversl ips in human ,  
per iphera l  blood leukocy te  cul tures  s t imula ted  to undergo  
blastogenesis.  

Materials and methods. An ind iv idua l ' s  hepar inized,  
per ipheral ,  venous  blood was cent r i fuged  a t  300g for 
5 min.  The  resul t ing  leukocyte-r ich ,  supe rna t an t  p l a sma  


