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The Funct ionin~ of Endothel ia l  Fenestrae  on the Arterial  and Venous  L i m b s  of Capil laries,  as  
Indicated by the Differing Direct ions  of P a s s a g e  of Prote ins  

Fenes t r a t ed  blood capillaries are found where  there  are 
likely to  be accumula t ions  of large molecules, and  m a y  
pe rmi t  the i r  removal  ~-s. This m a y  be very  i m p o r t a n t  
when  the  lympha t i c s  are few or absent ,  or funct ioning  
poorly ~-x~. 

Pro te ins  slowly leave capillaries all along their  lengths,  
via t he  vesicles, wi th  the  concen t ra t ion  g rad ien t  x, ~, xx x~; 
in some regions large molecules are also formed.  They 
diffuse slowly and  so are swep t  by  the  bulk-f low of 
fluid is which passes t h rough  the  t issues f rom the  ar ter ial  
to the  venous  l imbs of the  capillaries in accordance wi th  
Star l ing 's  Hypothes i s .  Small  molecules, bu t  no t  large 
ones, can en te r  t he  venous  l imbs  via  the  endothel ia l  
junctionsZ-~, x~-~e. A n y  inflow of fluid t h rough  the  
fenest rae  oil the  venous  l imbs would carry  large molecules 
in, too. 

Simple gaps would des t roy  the  osmotic  i~ressure gradient  
and allow the  escape of whole p lasma  e.g. when  junct ions  
were opened by  in jury  ~, ~. Most  fenestrae,  however,  have  
a d i aph ragm across t h e m  ~-~ ,~ ,~ -~ ,  par t icu lar ly  on the  
venous  l imbs ~,~,2~-2~. I t  p robab ly  has a pro te in-poly-  
saccharide na ture  ~,a, ~ and, wi th  the  similar  ba s emen t  
membranes ,  should be pe rmeable  to  large molecules, b u t  
impede  the i r  passage according to  the i r  sizes, etc. ~, ~, ~, ~e, ~s. 
(The different ial  permeabi l i t ies  of fenes t rae  to peroxidase  
and  ferr i t in  ~ suppor t  this.) The d iaphragms  and base- 
m e n t  membranes ,  therefore,  should cause 'molecular-  
s ieving'  ~, mak ing  the  passage of large molecules th rough  
t h e m  dependen t  on the  bulk-f low of fluid. Hence  large 
molecules would  be carr ied into the  venous  l imbs,  b u t  
be p r even t ed  t rom diffusing outwards .  

If so: a) Fenes t rae  m u s t  be permeable  to large mole- 
cules. This was deba ted  ~-a, bu t  is now es tabl ished for 
m a n y  regions ~-~, ~, ~, ~. (The early con t rad ic to ry  results  
are expla ined below.) b) The d i aph ragms  m u s t  cause 
molecular-sieving.  Theory  and  expe r imen t  suppor t  
th is  t, ~,~% c) Fenes t r ae  m u s t  be main ly  on the  venous  
limbs. This has been shown for represen ta t ives  of the  
t issues where  t h e y  occur ~,", ~,"~. They  are somet imes  on 
the  arterial  l imbs as well ~, e~, ~.% ~, allowing fluid carrying 
large molecules to leave the  vessels. Such arterial  fenest rae  
need no t  p r even t  the  n e t t  r emovat  of large molecules 
f rom the  tissues, p rov ided  there  is a sufficient  excess of 
venous  ones w i th  d i aph ragms  ~. 

These two funct ions  of fenes t rae  have  p robab ly  caused 
the  d ispute  about  the i r  permeabi l i t ies  t-a. Since t racers  
have  always been in jec ted  in to  t he  blood ~-~,~,~s, t hey  
have  only been  l ikely to pass th rough  the  ar ter ia l  
fenes t rae  and those  venous  ones w i thou t  d iaphragms.  
Bo th  these  are far less f r equen t  t h a n  the  venous  ones 
which  possess d iaphragms.  Hence  d i f ferent  workers  
repor ted  di f ferent  f indings,  excep t  for the  renal  glomer- 
ular fenest rae  ~-~,2~ which are all on ar ter ial  l imbs.  
(Peroxidase2, ~ appears  able to diffuse out  of venous  
fenest rae  - pe rhaps  because of its small  size and ease of 
detect ion.)  

The possible inwards  and ou twards  passage of ferr i t in  
t h rough  b o t h  Iimbs of capillaries have  been s tudied  in t he  
je junal  villi, and in the  renal  glomerulae and medullae,  
of mice. (The m e thods  for ident i fy ing the  l imbs of the  
je junal  capillaries, and  o ther  detai ls  are descr ibed else- 
w h e r e ' ;  the  glomerular  capillaries are arterial ,  while  the  
fenes t ra ted  ones in the  rate  of t he  medul la  are venous  ~.) 

Cadmium-free  ferr i t in  was used a t  5 g/100 ml (plus 
0.1% E v a n ' s  blue) in Krebs -R inge r ' s  solution. 0 . 2 m l  
were in jec ted  into the  tai l  veins of ten  20 g mice, anaes-  
the t ized  wi th  Nembuta l .  In jec t ions  of 0.001 ml of the  

solutions were made,  via 35 gauge needles, into the  je junal  
laminae  propr iae  and renal  medul lae  of 10 o the r  mice. 
Blocks were t aken  af ter  in tervals  of 1, 2, 4, 8 and 16 rain. 
Af ter  g lu ta ra ldehyde  fixation,  t h e y  were t r i m m e d  so t h a t  
only the  edge of the  in jec ted  region was examined,  pos t -  
fixed in Osmium te t roxide ,  s ta ined wi th  Uranyl  ace ta te  
and emb ed d ed  in araldite.  

There  was the  normal  labelling of the  endothel ia l  
vesicles~-a, tt-~% b u t  fenes t rae  seemed q u an t i t a t i ve ly  
much  more  i m p o r t a n t  ~s. W h e n  ferr i t in was in the  blood, 
a few molecules could be seen in and jus t  outs ide  the  
arterial  fenest rae  at  2 min. These were more  ev iden t  a t  
4 min (Figure 1), when  vague concent ra t ion  gradients  
could be seen outs ide  indiv idual  fenes t rae  - as men t ioned  
by  CLEMENTI and PaLAD~ ~. Much more  had  passed 
th rough  t h e m  a t  8 and 16 ram, bu t  there  was so m u c h  
t h roughou t  the  t issues t h a t  the  gradients  were o b s c u r e d  
While  mos t  ar ter ial  ienes t rae  showed this  passage, few 
venous ones did - even at  8 rain in the  je junum,  or 16 min  
in the  medullae.  (After 16 min in the  j e j u n u m ferri t in 
appeare  d outside the  venous  l imbs  - a lmost  cer ta inly  
some which had  escaped f rom the  ar ter ial  l imbs and had  
been  carried the re  by  t h e  flow of fluid.) 

In  the  animals  which had  ierr i t in  in jec ted  into the  
tissues, as t ime  passed the  amoun t s  decreased near  the  
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Fig. 1. Arterial limb ol a capillary in the jejunum. Ferritin was 
injected into the blood 4 min previously. Molecules are passing from 
the lumen (L) to the connective tissue (CT). There are two fenestrae, 
one which appears to have no diaphragm, and one (arrow) where a 
diaphragm is visible. There is a concentration of ferritin in the con- 
nective tissue just outside the fenestrae. • 125,000. 

Fig. 2. Venous limb of a capillary in the medulla. Ferritin was 
injected into the connective tissue (CT) 8 min previously and is 
passing into the lumen (L). Some molecules may be seen in a fenestra, 
very close to its diaphragm (arrow). Another fenestra with a dia- 
phragm is also visible. • 150,000. 

je junal  ar ter ial  l imbs,  bu t  increased at  the  venous  l imbs  
in b o t h  sites. MoIecules could f requent Iy  be seen in the  
venous  fenes t rae  (Figure 2), o f ten  appear ing  to  be on or 
in t he  d iaphragms .  

All these  resul ts  conf i rm t h a t  the  ferr i t in  passed out  
of the  ar ter ial  fenes t rae  (and p robab ly  a few d iaphragm-  
less venous  ones), was carried th rough  the  t issues by the  
bulk , f low of fluid, and  passed  inwards  via  t he  venous  
fenes t rae  wi th  d iaphragms .  Measurements  of capi l lary 
pe rmeab i l i t y  relying on the  a m o u n t  o f  a subs tance  
appear ing  in the  lymph24, a~ are therefore  l ikely to  be 
grea t ly  in error  if the re  are fenes t rae  present .  This  
expla ins  t he  inconsis tencies  t~ be tween  such expe r imen t s  
and  electron microscopical  observa t ions  in f enes t ra ted  
regions. 

There  are ve ry  few exper imen t s  showing the  to ta l  
a m o u n t s  of mate r ia l  r emoved  f rom the  t issues by  the  
blood sys t em as aga ins t  the  l ympha t i c  system.  SZABO a~ 
has shown t h a t  in the  renal  cor tex  and medul la  > 99% 
of r ad io -a lbumen  is r emoved  by  the  blood, and  < 1% 
by  the  lymphat ics .  In  subcu taneous  tissues, where  
fenes t rae  are i n f r e q u e n ~ ,  ~, the  a m o u n t s  are approxi -  
ma t e ly  equal  8~. E v i d e n t l y  the  re la t ive impor t ance  of the  

l ympha t i c  s y s t em for prote in  removal  var ies  grea t ly  frolrr 
t issue to t issue a2. 

Rdsumd. Les mol&ules  de ferr i t ine s ' 6chappen t  des. 
capillaires sanguins  par  les fenes t rae  des r a m e a u x  ar t6-  
riels. Les grandes  mol&ules  p 6 n & r e n t  dans  les eapi t la i res  
veineux grace k ieurs fenest rae .  On sugg~re le mode  de- 
fonc t i onnemen t  de ces ouver tures .  Leur  d i a p h r a g m e  e s t  
trbs i m p o r t a n t  pour  enlever  des t issus les grandes  m o l &  
cules e t  e m p & h e r  qu'el les ne s ' & h a p p e n t  des capillaires. 
veineux.  
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