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ABSTRACT 

Mic rovascu la r  leakage o f  macromolecules was s t u d i e d  i n  t h e  hamster cheek 

pouch p r e p a r a t i o n  u s i n g  f l u o r e s c e i n  l a b e l l e d  d e x t r a n  (FITC-dextran 145 
iw = 145,000) as a t r a c e r .  When t h e  p r e p a r a t i o n  i s  super fused w i t h  I f 5  M 

h is tamine  or M b r a d y k i n i n  t h e  permeabi 1 i t y  t o  macromolecules increases 

e x c l u s i v e l y  a t  p o s t c a p i l l a r y  venules. M i c r o i n j e c t i o n s  o f  30 - 200 p i c o l i t r e s  

( p l )  o f  0.1 M h i s tam ine  and 10 M b r a d y k i n i n  c l o s e  t o  a r t e r i o l e s  and c a p i l -  

l a r i e s  caused e x t r a v a s a t i o n  f rom seve ra l  p o s t c a p i l l a r y  venules a t  a d i s t a n c e  

from s i t e  o f  i n j e c t i o n  b u t  n o t  f rom a r t e r i o l e s  o r  c a p i l l a r i e s .  The minimal 

d iameter  o f  t h e  p o s t c a p i l l a r y  venules where leakage occu r red  was ( n  = 45) 
8.6 - + 2.6 (S.D. )  pri and t h e  maximal d iameter  was 14.0 2 5.3 pm. His tamine and 

b r a d y k i n i n  caused leakage o f  macromolecules i n  p o s t c a p i l l a r y  venules b u t  not 

i n  a r t e r i o l e s ,  c a p i l l a r i e s  o r  l a r g e r  venules even when these were exposed to  

h i g h  l o c a l  c o n c e n t r a t i o n s  o f  these agents.  
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INTRODUCTION 

E a r l y  obse rva t i ons  on p e r m e a b i l i t y  p r o p e r t i e s  o f  t h e  m i c r o c i r c u l a t i o n  de- 

monstrated t h a t  t h e  vesse ls  most permeable t o  v i t a l  dyes i n j e c t e d  i n t o  t h e  

c i r c u l a t i o n  were t h e  p o s t c a p i l l a r y  venules ( 1 0 ) .  L e v i c k  & Michel  (4)  found 

t h a t  c a p i l l a r i e s ,  when pe r fused  w i t h  v i t a l  dye-,albumin-complex w i t h  no un- 

bound dye, appeared l e s s  permeable when compared t o  p e r f u s i o n  w i t h  v i t a l  dye 

i n  an unbound form. For t h e  i n t e r p r e t a t i o n  o f  obse rva t i ons  on m ic rovascu la r  

p e r m e a b i l i t y  u s i n g  v i t a l  dyes, i t  i s  impor tan t  t o  know t h e i r  mo lecu la r  s i z e s  

and t h e  n a t u r e  o f  bonds w i t h  macromolecules such as a lbumin and plasma p r o t e -  

i ns .  We have used FITC-dextran i n  t h i s  s tudy  f o r  seve ra l  reasons: i t  i s  a v a i l -  

a b l e  w i t h  d i f f e r e n t  mo lecu la r  weights ,  i t  can be d e t e c t e d  a t  lower  concent- 

r a t i o n s  i n  t h e  microscope than o t h e r  v i t a l  dyes, and t h e  b i n d i n g  o f  t h e  

f l uo rescen t  chromophore t o  t h e  d e x t r a n  molecule i s  s t a b l e  ( I ) .  

FITC-dextrans seem t o  have t h e  same p r o p e r t i e s  as u n l a b e l l e d  dex t rans  (13) and 
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they can be used as t race rs  i n  e lec t ron  microscopy (14) which was confirmed 

f o r  the  hamster cheek pouch by Olson e t  a l .  (8). The p o s t c a p i l l a r y  venules 

represent the po in ts  a t  which i n j u r y  reac t i on  can be shown in  most t issues. 

I n  t h e i r  c lass i ca l  e lec t ron  microscopical study Majno E Palade ( 5 )  showed t h a t  

p o s t c a p i l l a r y  venules o f  20 - 30 pm diameter leaked carbon p a r t i c l e s  through 

gaps formed between endothe l ia l  c e l l s  as a r e s u l t  o f  histamine s t imu la t i on .  

They suggested t h a t  t h i s  leakage was due t o  endothe l ia l  c e l l  con t rac t ion ,  a 

hypothesis which was supported by f u r t h e r  s tud ies  ( 6 , 7 ) .  I n  a p re l im inary  

study using i n t r a v i t a l  microscopy we reported tha t  histamine and ADP caused 

FITC-dextran leakage i n  pos tcap i l l a ry  venules o f  the hamster cheek pouch 

without g i v i n g  ac tua l  dimensions o f  these venules ( 1 6 ) .  Sim i la r  type o f  

leakage was observed w i t h  b radyk in in  (17,18). 

The aim o f  t h i s  study was t o  determine the dimensions o f  the pos tcap i l l a ry  

venules sens i t i ve  t o  the a c t i o n  o f  histamine and bradyk in in  as studied by 

i n t r a v i t a l  microscopy dur ing  v i r t u a l l y  non-inflammatory cond i t ions  before the 

app l i ca t i on  o f  h istamine and bradykinin.  This study should then provide the 

bas is  f o r  an u l t r a s t r u c t u r a l  study o f  the vessels sens i t i ve  t o  histamine and 

bradykinin.  I t  was a l s o  our i n ten t i on  t o  study i f  loca l  concentrat ions o f  

these mediators considerably higher than those e f f e c t i v e  on top i ca l  app l i ca-  

t i o n  t o  the e n t i r e  cheek pouch preparat ion might induce leakage o f  macromole- 

cules from seemingly non-react ive vessels, e.g. a r t e r i o l e s ,  c a p i l l a r i e s  and 

la rge  venules. 

MATERIALS and METHODS 

E igh t  male hamsters weighing 70 - 100 g were prepared f o r  i n t r a v i t a l  micro- 

scopy o f  macromolecular permeab i l i t y  w i t h  FITC-dextran 145 as described by 

SvensjG e t  a l .  ( 1 9 ) .  B r i e f l y ,  hamsters were anaesthetized w i t h  pentobarb i ta l  

and supplemented w i t h  intravenous i n j e c t i o n s  through a femoral ve in  ca the ter  
- 1  (P.E. 10) .  lndomethacin (2 mg - 1 0 0  g b.w.1 was given intravenously t o  i n -  

h i b i t  endogenous synthesis o f  prostaglandins. The cheek pouch was gen t l y  

everted and mounted on a microscopic stage and cont inuously superfused w i t h  

a Tr is -bu f fe red  e l e c t r o l y t e  so lu t i on  as described by Dul ing (2) which was bubb- 

led  w i t h  N t o  g i ve  a PO2 i n  the pool o f  2 - 3.3 kPa ( I S  - 25 mmHg). pH o f  the 2 
superfusant was adjusted t o  7.35 a t  37OC. The f l ow  o f  the superfusion was 

5 - 10 m l  per min. A s i n g l e  layer  preparat ion was made and FITC-dextran 145 
( f i  = 145,000, D.S. = 0.002; Pharmacia Fine Chemicals, Uppsala, Sweden), 

50  mg * 100 g b.w. was given as an i . v .  i n j e c t i o n  o f  a 50 g / l  s o l u t i o n  i n  

9 g/1 sa l ine .  Observations were made w i t h  a L e i t z  Ortholux Microscope w i t h  

3.5 x and 12 x (UM 12) long distance ob jec t i ves  and w i t h  12.5 x oculars.  The 

cheek pouch prepara t ion  was scanned a t  44 x magn i f i ca t ion  f o r  FITC-dextran 

leakage s i t e s  a t  5, 15 and 30 min fo l l ow ing  i n j e c t i o n  o f  FITC-dextran. 

Preparat ions were accepted f o r  use i f  t o t a l  number o f  leakage s i t e s  was less  

W - 1  
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than 5 a t  3 0  min. 

A L e i t z  M ic roman ipu la to r  was used t o  p lace  m i c r o p i p e t t e s  f o r  i n j e c t i o n  o f  

30 - 200 p l  volumes o f  h i s tam ine  and b r a d y k i n i n  c l o s e  t o  a r t e r i o l e s ,  c a p i l -  

l a r i e s  o r  venules.  M i c r o p i p e t t e s  were made f rom b o r o s i l i c a t e  g lass  tubes, 

o u t e r  d iameter  = 1 mm and inne r  d iameter  = 0 . 5  mm. A David Kop f f  P i p e t t e  

p u l l e r  Model 7 0 0  C and a s tandard i zed  procedure w i t h  cons tan t  s e t t i n g  o f  p u l l  

s t r e n g t h  and h e a t i n g  t o  achieve p i p e t t e s  o f  same shape was used. Once p u l l e d ,  

p i p e t t e s  were t r e a t e d  w i t h  Oesicote 

ated S i l i c o n - p a r a f f i n  o i l .  Small volumes o f  b r a d y k i n i n  and h i s t a m i n e  s o l u t i o n s  

( 3 0  - 2 0 0  p l )  cou ld  then be drawn i n t o  the  p i p e t t e s  f o l l o w e d  by an even smal- 

l e r ,  0 . 5  p l  o f  o i l  which sealed the  p i p e t t e  and p r o t e c t e d  f rom f l u i d  leakage. 

For c a l i b r a t i o n  o f  p i p e t t e s  c o n t a i n i n g  f l u i d  t o  be i n j e c t e d  10 p i p e t t e s  

0 
and comp le te l y  f i l l e d  w i t h  water  s a t u r -  

were f i l l e d  w i t h  volumes o f  water  i n  the  range 30 - 200 p l .  The l e n g t h  o f  

water between o i l - w a t e r  i n t e r f a c e s  i n  t h e  p i p e t t e  t i p  was measured w i t h  a 

stereomicroscope. The con ten ts  o f  t he  p i p e t t e  were then r a p i d l y  emptied i n t o  

a p l a s t i c  cup f i l l e d  w i t h  water  s a t u r a t e d  p a r a f f i n  o i l  and w i t h  i t s  base r e -  

p laced by a t ransparen t  T e f l o n  f i l m .  The d r o p l e t  o f  f l u i d  assumed an almost 

p e r f e c t  s p h e r i c a l  conformat ion and i t s  d iameter  was then measured w i t h  a 

stereomicroscope and t h e  d r o p l e t  volume was c a l c u l a t e d .  T h i s  volume was p l o t -  

t ed  versus t h e  l e n g t h  o f  p i p e t t e  c o n t a i n i n g  the  f l u i d  and t h e  r e l a t i o n  was 

used f o r  c a l c u l a t i o n  o f  b r a d y k i n i n  and h i s tam ine  volumes i n  the  m i c r o i n j e c t i o n  

experiments. W i t h i n  t h e  volume range used i n  t h i s  s tudy  we found an almost 

l i n e a r  c o r r e l a t i o n  between es t ima ted  volume and a c t u a l  volume measured by i n -  

j e c t i o n  o f  f l u i d  i n t o  p a r a f f i n  o i l .  P i p e t t e s  c o n t a i n i n g  b r a d y k i n i n  (Bachem AG, 

Bubendorf, Sw i t ze r land )  - M and h i s tam ine  a c i d  phosphate (PDH B io -  

chemicals L t d . ,  Poole, England) 0 . 1  - 1 M were f i l l e d  immediately b e f o r e  

usage. 

The f o l l o w i n g  procedure was used t o  s tudy  the  e f f e c t s  o f  l o c a l  i n t e r s t i t -  

i a l  i n j e c t i o n  o f  h i s tam ine  o r  b r a d y k i n i n .  An area o f  t h e  m i c r o c i r c u l a t i o n  de- 

v o i d  o f  leakage and n o t  used e a r l i e r  was p laced i n  t h e  o p t i c a l  a x i s  o f  t h e  

microscope. The p i p e t t e  was p laced w i t h  i t s  t i p  i n  t h e  o p t i c a l  a x i s ,  descended 

and p laced w i t h  i t s  t i p  towards the  a c t u a l  vessel t o  be s t u d i e d  as c l o s e  as 

p o s s i b l e  or 2 - 5 pm from the  vessel w a l l  d u r i n g  o b s e r v a t i o n  a t  150 x magni- 

f i c a t i o n .  The p i p e t t e  was l e f t  i n  t h i s  p o s i t i o n  f o r  a couple o f  minutes d u r i n g  

which t ime  photos were taken i n  f l u o r e s c e n t  and o r d i n a r y  l i g h t ,  44 x magni- 

f i c a t i o n ,  as seen i n  F igs .  1 - 4 .  I f  t he  p l a c i n g  o f  t h e  p i p e t t e  d i d  n o t  cause 

any e f f e c t  ( l i k e  a l t e r e d  b lood  f l o w ,  l eucocy te  s t i c k i n e s s  o r  FITC-dextran 

leakage) t h e  h i s tam ine  o r  b r a d y k i n i n  s o l u t i o n  was i n j e c t e d  d u r i n g  o b s e r v a t i o n  

a t  150  x m a g n i f i c a t i o n  i n  o r d i n a r y  l i g h t .  Fo l l ow ing  most o f  t he  successfu l  i n -  

j e c t i o n s  one o r  severa l  leakage s i t e s  were seen w i t h i n  30 - 60 sec. F u r t h e r  

photos were taken a t  44 x and 150 x m a g n i f i c a t i o n .  
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The nex t  i n t e r s t i t i a l  i n j e c t i o n  was made 10 - 15 min l a t e r  i n  another  area 

o f  t h e  p r e p a r a t i o n  which was a t  l e a s t  1 mm a p a r t  f rom t h e  p rev ious  i n j e c t i o n  

s i t e .  Kodak Panestar 2484 was used and p r i n t s  were made i n  the  format  9 x 12 

cm. A m i l l i m e t e r  s c a l e  was p laced on the  microscope stage and a p r i n t  o f  t h i s  

s c a l e  was used f o r  c a l i b r a t i o n .  Diameters and d i s t a n c e s  were then measured i n  

a Ze iss  b i n o c u l a r  s tereomicroscope w i t h  o c u l a r s  f o r  h i g h  accuracy.  These 

measurements were always made on " f l u o r e s c e n t "  p r i n t s  (and i n  most exper iments 

a l s o  i n  o r d i n a r y  l i g h t  p r i n t s )  because these p r i n t s  showed t h e  vesse ls  much 

more c l e a r l y ,  as shown i n  F i g s .  1 b and c .  Due t o  l i g h t  s c a t t e r i n g  o f  t h e  

vessel w a l l  the es t ima ted  d iameters f rom " f l u o r e s c e n t "  p r i n t s  w i l l  be l a r g e r .  

R a t i o  between f l u o r e s c e n t  and o r d i n a r y  l i g h t  measurements was t h e r e f o r e  c a l -  

c u l a t e d  f rom p r i n t s  o f  t h e  same area w i t h  t h e  same focus s e t t i n g  a t  t h e  two 

subsequent exposures. The c a l c u l a t e d  r a t i o  was then used t o  c o n v e r t  all 

" f l u o r e s c e n t "  va lues ( i n n e r  d iamete rs ) ,  when these were n o t  a v a i l a b l e  f rom 

measurements i n  o r d i n a r y  l i g h t .  The dimensions o f  ieaky venules were measured 

a t  two s i t e s :  a t  t he  edge o f  t h e  leakage s i t e  prox imal  t o  the  c a p i l l a r y  and a t  

t h e  edge d i s t a l  t o  t h e  c a p i l l a r y .  When seve ra l  leakage s i t e s  appeared a s  a 

r e s u l t  o f  one i n j e c t i o n  t h e  sma l les t  va lue  o f  t he  prox imal  measurement and t h e  

l a r g e s t  measurement o f  d i s t a l  measurement was chosen t o  d e s c r i b e  the  range o f  

l eak iness .  

S t a t i s t i c a l  a n a l y s i s  was done u s i n g  S t u d e n t ' s  t - t e s t ,  p < 0 .05  be ing  con- 

s ide red  s i g n i f i c a n t .  

RESULTS 

FITC-dextran 145 appeared i n  the  m i c r o c i  r c u l a t i o n  w i t h i n  3 0  sec a f t e r  

s t a r t i n g  the in t ravenous i n j e c t i o n  i n  all cheek Douch p r e p a r a t i o n s  and a l l  

obse rvab le  vessels  showed f l uo rescence  w i t h i n  75 sec. The number o f  spontan- 

eous leakage s i t e s  t h a t  developed d u r i n g  t h e  f i r s t  h a l f  hour a f t e r  FITC-dext- 

ran 145 i n j e c t i o n  and b e f o r e  any b r a d y k i n i n  o r  h i s tam ine  a p p l i c a t i o n  were l e s s  

than 3 per  cm . These obse rva t i ons  were used as q u a l i t a t i v e  measure t o  d e f i n e  

a s t a b l e  p r e p a r a t i o n  t h a t  was good enough f o r  f u r t h e r  exper imen ta t i on .  

2 

I n  a l l ,  64 m i c r o i n j e c t i o n s  were made, 3 0  w i t h  h i s tam ine  and 34 w i t h  brady- 

k i n i n  s o l u t i o n  i n  t h e  m i c r o p i p e t t e s .  I n  5 o f  t h e  i n j e c t i o n s  t h e r e  was no c l e a r  

i n d i c a t i o n  t h a t  f l u i d  came o u t  o f  p i p e t t e .  O f  t he  remain ing 59, t h e r e  were 9 
successfu l  i n j e c t i o n s  ( f l u i d  was seen t o  come o u t  o f  p i p e t t e )  where no leakage 

was observed. Two o f  these 9 were a t  a r t e r i o l e s ,  4 a t  c a p i l l a r i e s  and 3 a t  

venules w i t h  a diameter  o f  15 ,  15 and 32 urn. 50 i n j e c t i o n s  r e s u l t e d  i n  one or  
severa l  leakage s i t e s  a t  p o s t c a p i l l a r y  venules as shown i n  Tables 1 ,  2 and 3 
and i n  F igs .  1 - 4.  

A s e r i e s  o f  5 - 10 photos were taken o f  a l l  i n j e c t i o n s  and 45 o f  these 

s e r i e s  o f  p r i n t s  (-400 p r i n t s )  o f  successfu l  i n j e c t i o n s  w i t h  subsequent 



F ig .  1 .  I n j e c t i o n  o f  67 p l  0.1 M h is tamine  a g a i n s t  a r t e r i o l a r  
c a p i l l a r y  0 4.8 urn. 

H 
100pm 

a. Be fo re  i n j e c t i o n ,  55 x, b. Before i n j e c t i o n .  P i p e t t e  
f l u o r e s c e n t  1 i g h t .  p laced  a g a i n s t  a r t e r i o l a r  

c a p i l l a r y .  Ord ina ry  l i g h t  
190 x .  

c. Be fo re  i n j e c t i o n ,  same d. 1 1/2 m in  a f t e r  i n j e c t i o n ,  
area and focus as b., severa l  pos tcap i  1 l a r y  ven- 
190 x f l u o r e s c e n t  l i g h t .  u l a r  leakage s i t e s ,  55 x ,  

diameter  o f  l e a k i n g  ves- 
s e l s  8.8 - 15.2 urn. 
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l eakage  were used f o r  t h e  d e t e r m i n a t i o n  o f  l eakage  s i t e s  and vesse l  d i a m e t e r s .  

A t y p i c a l  s e r i e s  o f  pho tos  f rom one m i c r o i n j e c t i o n  exper imen t  (No. 5 )  i s  ' 

shown i n  F i g .  1 .  H i s t a m i n e  ( 0 . 1  M, 67 p l )  i n j e c t i o n  c l o s e  t o  an a r t e r i o l a r  

c a p i l l a r y  produced no leakage  a t  t h e  s i t e  o f  i n j e c t i o n  b u t  t h e r e  was leakage  

i n  p o s t c a p i l l a r y  venu les  l o c a t e d  280 - 620 p m  away f r o m  i n j e c t i o n  s i t e .  

A r t e r i o l a r  c o n s t r i c t i o n  as a r e s u l t  o f  h i s t a m i n e  i n j e c t i o n  was seen i n  some 

exper imen ts  as shown i n  F i g .  2 d.  The a r t e r i o l e  f e e d i n g  t h e  l e a k i n g  venu les  

was c o n s t r i c t e d .  

I n j e c t  i on 

o n l y  around 

When t h e  

a t  a pos tcap  

j e c t i o n  s i t e  

3 4  photos 

o f  b r a d y k i n i n  c l o s e  t o  a p o s t c a p i l l a r y  venu le  r e s u l t e d  i n  leakage 

he s i t e  o f  i n j e c t i o n  ( F i g .  3 ) .  

n j e c t i o n  was made a g a i n s t  a v e n u l e  o f  17.1 pm, l eakage  appeared 

l l a r y  v e n u l e  o f  12.0 pm d i a m e t e r  and 400 p m  a p a r t  f r o m  t h e  i n -  

( F i g .  4 ) .  

17 i n  o r d i n a r y  l i g h t  and 17 i n  f l u o r e s c e n t  l i g h t  o f  t h e  same 

a rea  w i t h  t h e  same f o c u s  s e t t i n g  were used t o  d e t e r m i n e  t h e  r a t i o  between ves- 

s e l  d iamete r  as measured i n  f l u o r e s c e n t  l i g h t  and o r d i n a r y  l i g h t  ( i n n e r  d i a -  

m e t e r ) .  The r a t i o  was 1 .347 - + 0.176 ( S . D . ) .  

A l l  measurements a r e  g i v e n  i n  Tab les  I ,  2 and 3. Be fo re  mean v a l u e s  i n  

t h e s e  t a b l e s  were c a l c u l a t e d  t h e  r e s u l t s  o f  h i s t a m i n e  i n j e c t i o n s  were compared 

w i t h  t h o s e  o f  b r a d y k i n i n .  T h i s  compar ison showed t h a t  t h e r e  was no s i g n i f i c a n t  

d i f f e r e n c e  between t h e  r e s u l t s  o f  t hese  m e d i a t o r s .  T h e r e f o r e  a l l  d i a m e t e r  

measurements were used f o r  t h e  c a l c u l a t i o n  o f  mean v a l u e s  r e g a r d l e s s  o f  t h e  

agen t  used, h i s t a m i n e  o r  b r a d y k i n i n .  

I n  14 o u t  o f  18 i n j e c t i o n s  c l o s e  t o  venu les  t h e  l eakage  was seen a t  o r  

v e r y  c l o s e  t o  t h e  p i p e t t e .  I n  f o u r  i n j e c t i o n s  t h e  d i a m e t e r  a t  t h e  s i t e  o f  i n -  

j e c t i o n  was l a r g e r  than  t h e  maximal i n n e r  d i a m e t e r  o f  t h e  l e a k i n g  v e n u l e .  

The d iamete rs  o f  l e a k i n g  venu les  a t  t h e  s i t e  o f  leakage and measured p rox -  

imal  t o  c a p i l l a r i e s  (m in ima l  l e a k i n g  d i a m e t e r )  were independent  o f  t h e  s i t e  o f  

i n j e c t i o n ,  8.4 - + 2.7 ( S . D . )  pm, 7 . 9  + 2.0 p m  and 9 . 3  + 2.8 p m  r e s p e c t i v e l y  f o r  

c l o s e  t o  a r t e r i o l a r ,  c a p i l l a r y  and v e n u l a r  i n j e c t i o n  as shown i n  Tab les  I ,  2 

and 3 .  There was no s i g n i f i c a n t  d i f f e r e n c e  between t h e  d i a m e t e r s  measured 

d i s t a l  t o  c a p i l l a r i e s ,  1 3 . 1  2 3 . 9  urn, 14.9 - + 7 .8  p m  and 13.9 + 3 .9  pm, 

r e s p e c t i v e l y .  

I n  o r d e r  t o  d e s c r i b e  a s i z e  range f o r  t h e  p o s t c a p i l l a r y  venu les  s e n s i t i v e  

t o  h i s t a m i n e  and b r a d y k i n i n  a l l  45 v a l u e s  o f  m in ima l  and maximal l e a k i n g  d i a -  

me te r  were used. T h i s  range was 8.6 (+ 2.6)  - 14.0 (+ 5.3)  v m .  The l e n g t h  o f  

t h e  v e n u l a r  a r e a  s e n s i t i v e  t o  h i s t a m i n e  and b r a d y k i n i n  v a r i e d  from 5 0  t o  

400 pm. 
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F ig .  2 .  I n j e c t i o n  o f  79 p l  0 . 1  M h i s tam ine  c l o s e  t o  p o s t c a p i l l a r y  
venule 0 9.1 urn. 

a. Before i n j e c t i o n ,  5 5  x. b .  Before i n j e c t i o n ,  
f 1 uorescent  1 i g h t .  f l u o r e s c e n t  l i g h t  190 x. 

c .  30 - 60 sec a f t e r  i n -  
j e c t i o n  I90  x. 

d .  1 1 /2  min a f t e r  i n j e c t i o n ,  
5 5  x, f l u o r e s c e n t  l i g h t .  
Range o f  1 eak i  ness: 
6.1 - 10.8  urn. 
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F i g .  3.  I n j e c t i o n  of 32 p l  I f 3  M b r a d y k i n i n  a g a i n s t  p o s t c a p i l l a r y  
venule 0 = 10.2 urn. 

a .  Before i n j e c t i o n ,  55 x, 
f l u o r e s c e n t  l i g h t .  

b. Be fo re  i n j e c t i o n ,  190 x, 
f l u o r e s c e n t  l i g h t ,  p o s i t i o n  
o f  p i p e t t e  i n d i c a t e d .  

C .  1 min a f t e r  i n j e c t i o n ,  
55 x, same area as i n  a .  
showing leakage a t  s i t e  o f  
i n j e c t i o n .  Range o f  l e a k i -  
ness: 10 .0  - 1 4 . 5  urn. 

I I 1  I I 1  

d .  1 45 - 2 30 a f t e r  i n j e c t i o n  
190 x, same area as i n  b .  
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F ig .  4 .  I n j e c t i o n  o f  123 p l  0 . 1  M h i s tam ine  a g a i n s t  venule 
0 = 17.1 vm.  

a. Before i n j e c t i o n ,  I 9 0  x ,  b. Before i n j e c t i o n ,  190 x ,  
o r d i n a r y  l i g h t ,  p o s i t i o n  f l u o r e s c e n t  l i g h t ,  same 
o f  p i p e t t e  i n d i c a t e d  by arrow.  area and focus as i n  a .  

c. 3 min a f t e r  i n j e c t i o n ,  55 x ,  
f l u o r e s c e n t  1 i g h t ,  leakage 
a t  d i s t a n t  ( 4 0 0  urn) pos t -  
c a p i l l a r y  venule (12 .0  urn) b u t  
n o t  a t  s i t e  o f  i n j e c t i o n .  
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TABLE 1. Interstitial injections of bradykinin (Bk) and histamine (HI close to arterioles. 

Diameter of Distance to 
leaking venula leakage site 

Exp. Mediator and Injected 
No. Conc. volume 

moll1 

1 H 1  
2 H 1  
2 H 1  
2 H 1  
3 H 1  
5 H 0.1 
5 H 0.1 

6 H 0.1 

7 BK 10-3 
8 BK 10-4 

5 BK 10-4 

7 BK 10-3 

8 BK 104 

PI 

152 
112 
48 

180 
94 

118 
67 
63 
87 
97 

131 
40 
90 

n 

S.D. 

- 
X 

Diameter 
at site of 
injection 

Pm 
4.9 

11.1 
10.5 
7.6 
9.4 
5.7 
4.8 
7.1 
6.8 
5.6 
5.4 
5.6 
7.6 

13 
7.1 
2.1 

Minimal Maximal Closest Further- No. of 
(proximal to (distal to 
capillary) capillary) 

Pm Pm Pm 
8.2 14.5 120 
7.4 12.3 160 
7.1 19,5 60 
6.8 11.4 40 
4.9 11.5 240 

13.4 14.3 220 
8.8 15.2 280 
3.9 3.9 100 

12.5 17.0 160 
10.2 14.5 100 
9.7 15.4 160 
9.6 13.1 90 
6.5 8.3 55 

13 13 13 
8.4 13.1 137 
2.7 3.9 75 

mosts 

Pm 
1300 
160 
360 
660 
360 
560 
620 
100 
520 
400 
300 
150 
160 

13 
435 
320 

leakage 
sites 

8 
1 
3 

10 
4 
4 
8 
1 
5 
3 
6 
1 
2 

13 
4 
3 

TABLE 2.  Interstitial injections of bradykinin (Bk) and histamine (H) close to capillaries. 

Diameter of Distance to 
leaking venule leakage site 

Exp. Mediator and 
No. Conc. 

moll1 

1 H 1  
3 H 0.1 
3 H 1  
3 BK 104  
4 H 0.1 
4 H 0.1 
6 H 0.1 
6 H 0.1 
6 BK 10-4 
6 BK 10-4 
6 BK 10-4 
7 BK 10-3 
7 BK 10-4 
8 BK 10-4 

1 1  Injected 
volume 

PI 

115 
60 

120 
134 
118 
153 
44 
80 
44 
82 
92 

137 
129 
77 

n 

S.D. 

- 
X 

Diameter Minimal Maximal Clrsest Further- No. of 
leakage at site of 

injection capillary) 
(proximal to ldistal to 

6.5 8.8 
- 8.6 
7.1 5.5 
5.0 5.0 
3.5 11.1 
4.3 10.8 
4.5 7.1 
3.3 7.0 
4.8 - 
4.5 9.5 
6.5 5.4 
3.9 8.8 
5.9 6.1 
3.3 8.7 

13 13 
4.9 7.9 
1.3 2.0 

capillary) 
Pm IJm 

39.0 340 
9.9 180 
9.9 80 
7.6 280 

11.5 260 
14.3 240 
13.5 160 
16.6 140 
- 140 

15.4 220 
11.1 55 
16.5 250 
17.7 290 
11.3 50 

13 14 
14.9 192 
7.8 91 

mosts 

Pm 

1040 
200 
480 
440 
460 
500 
800 
540 
140 
240 
110 
290 
430 

90 

14 
41 1 
268 

sites 

4 
2 
3 
5 
3 
4 
8 

15 
1 
2 
2 
2 
3 
1 

14 
4 
4 
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TABLE 3 .  Interstitial injections of bradykinin (Bk) and histamine (HI close to venules. 

Diameter of Distance to 
leaking venule leakage site 

Exp. Mediator and Injected 
No. Cone. volume 

moll1 

1 H 0.1 
1 H 0.1 
2 H I  
3 H I  
3 H 0.1 
3 BK 10-4 
4 H 0.1 

5 H 0.1 
5 BK 104 
5 BK 10-4 
6 H 0.1 
6 H 0.1 
6 BK 104 
7 BK 10-4 
7 BK 10-3 
7 BK 10-3 
8 BK 10-4 

4 BK 10-4 

PI 

169 
48 

103 
190 
126 
87 

123 
140 
52 
77 

103 
60 
79 

112 
103 
32 
70 
67 

n 

S.D. 

- 
X 

inject ion 
Pm 

12.2 
8.0 
7.8 

23.5 
31.8 
15.0 
17.1 
4.5 

11.9 
14.9 
14.7 
17.7 
9.1 

14.8 
6.2 

10.2 
15.1 
14.8 

18 
13.9 
6.4 

(proximal to (distal to 
capillary) capillary) 

Diameter Minimal Maximal Closest Further 
at site of 

IJm 

9.1 
7.8 
7.6 

10.2 
6.2 

15.0 
12.0 
4.5 

10.5 
7.8 

10.8 
8.8 
6.1 

13.8 
6.2 

10.0 
7.9 

12.6 

18 
9.3 
2.8 

Pm Pm 

12.2 0 
12.3 0 
11.5 0 
23.5 0 
9.8 200 

15.0 0 
12.0 400 
7.2 0 

19.1 0 
10.8 60 
14.7 0 
17.0 40 
10.8 0 
15.0 30 
10.6 0 
14.5 100 
17.7 0 
16.3 0 

18 18 
13.9 46 
3.9 102 

mods 

Pm 

540 
520 

1000 
100 
200 

0 
400 

0 
440 
140 
160 
620 
500 
140 

0 
400 
250 
90 

18 
306 
267 

No. of 
leakage 
sites 

2 
4 
6 
2 
1 
1 
1 
1 
4 
2 
2 
5 
9 
2 
1 
3 
4 
2 

18 
3 
2 

D I S C U S S I O N  

Th is  s tudy shows t h a t  t h e  morphologica l  s i t e  o f  macromolecular leakage i n -  

duced by b r a d y k i n i n  andh is tamine  i s  q u i t e  independent o f  t he  s i t e  o f  i n j e c t i o n  

o f  these agents, e .g.  a t  a r t e r i o l e s ,  c a p i l l a r i e s  o r  venules. A l l  t h e  leakages 

developed a t  p o s t c a p i l l a r y  venules w i t h i n  a segment f rom 8.6 2 2 .6  pm t o  1 4 . 0  

- + 5.3 pm i nne r  d iameter .  Both b r a d y k i n i n  and h i s tam ine  induced the  Same t ype  of 

leakage i n  venules o f  the same dimensions b u t  h i s tam ine  a lone  caused a r t e r i o l a r  

c o n s t r i c t i o n .  On a molar  bas i s  b r a d y k i n i n  i s  -400 t imes more e f f e c t i v e  than 

h i s tam ine .  

The hamster cheek pouch has v i r t u a l l y  no leakage s i t e s  immediate ly  a f t e r  i t  

has been prepared for i n t r a v i t a l  obse rva t i ons .  I f  t h e  hamster i s  g i v e n  indo- 

rnethacin and the  pouch i s  superfused w i t h  a T r i s - b u f f e r e d  e l e c t r o l y t e  s o l u t i o n  

t h e r e  i s  ve ry  l i t t l e  increase i n  number o f  leakage s i t e s  ove r  severa l  hours 

( 1 9 ) .  P r e l  irninary exper iments w i t h  i o n t o p h o r e t i c  appl i c a t i o n  o f  h i s tam ine  i n  

m i c r o p i p e t t e s  demonstrated t h a t  t h i s  technique was u n r e l i a b l e .  I t  was i m -  

p o s s i b l e  ( w i t h  t h e  i o n t o p h o r e t i c  technique)  t o  assess i f  h i s tam ine  was a c t u a l l y  

f l o w i n g  o u t  o f  t he  p i p e t t e  once i t  had been i n s e r t e d  i n  the  i n t e r s t i t i u m .  

B radyk in in  cannot  be a p p l i e d  w i t h  i on tophores i s .  We t h e r e f o r e  used an i n j e c t i o n  

technique where t h e  med ia to r  s o l u t i o n  was i i lockedi6 i n  between two p a r a f f i n  o i l  

i n t e r f a c e s .  I n  t h i s  way i t  was p o s s i b l e  t o  watch the  o i l - w a t e r - i n t e r f a c e  i n  t h e  
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p i p e t t e  under the  microscope and t o  use t h e  o i l  meniscus as an i n d i c a t o r  o f  ' 

t h e  i n j e c t i o n .  The i n j e c t e d  volumes were small  (30 - 200  p l )  and concen t ra t i ons  

cou ld  remain h i g h  o n l y  l o c a l l y .  One hundred p l  o f  1 M h is tamine  d i l u t e d  i n  t h e  

super fus ion  s o l u t i o n  c o v e r i n g  the  pouch would g i v e  a f i n a l  c o n c e n t r a t i o n  o f  

l e s s  than l o - "  M, which i n  our exper ience i s  f a r  below p e r m e a b i l i t y  i n c r e a s i n g  

c o n c e n t r a t i o n s  (17, 18) .  The most d i s t a n t  leakage s i t e  was found 1 mm away f rom 

t h e  p i p e t t e  bu t  most leakages were w i t h i n  a s h o r t e r  d i s t a n c e .  A l though one can- 

n o t  be sure t h a t  t he  c o n c e n t r a t i o n  achieved w i t h  agents a t  the e n d o t h e l i a l  c e l l  

i n  reg ions  t e s t e d  i s  i d e n t i c a l ,  due t o  t h e  v a r i a b i l i t y  i n  th i ckness  o f  vessel 

w a l l ,  i t  was f e l t  t h a t  t he  concen t ra t i ons  used were s u f f i c i e n t  i n  a l l  areas 

t e s t e d  t o  s t i m u l a t e  the  endothel  i a l  c e l  1 .  

We t h i n k  t h a t  t he  major  advantages o f  ou r  technique a re :  t he  use o f  FITC- 

d e x t r a n  g i v e s  a b r i g h t  and c l e a r  view o f  t h e  m ic rovascu la tu re ;  t h e  same p re -  

p a r a t i o n  can be used f o r  severa l  i n j e c t i o n s  w i t h o u t  u s i n g  one area more than 

once o r  an area which m igh t  have been exposed t o  an e f f e c t i v e  c o n c e n t r a t i o n  o f  

t h e  t e s t e d  agent; t h e  spontaneous increase i n  macromolecular leakage over  t ime  

i s  small  ; the  p repara t  

f l o w  and leakage. 

A successfu l  i n j e c t  

empty. I n  50  ou t  o f  59 
h i s tam ine  r e s u l t e d  i n  

successfu l  i n j e c t i o n s )  

on can be c o n t i n u o u s l y  watched f o r  any changes i n  b lood  

on was d e f i n e d  as one i n  which the  p i p e t t e  was seen t o  

success fu l  i n t e r s t i t i a l  i n j e c t i o n s  o f  b r a d y k i n i n  and 

ITC-dextran leakage. The n i n e  f a i l i n g  a t tempts  ( w i t h  

t o  induce leakage were made a t  such vesse ls  t h a t  may 

n o t  be r e a c t i v e .  S i x  i n j e c t i o n s  were c l o s e  t o  a r t e r i o l e s  o r  c a p i l l a r i e s .  Three 

i n j e c t i o n s  were made c l o s e  t o  venules o f  a s i z e  (>I5  urn) c l o s e  t o  or  l a r g e r  

than  t h e  maximal mean d iameter  o f  l e a k i n g  venules. Even though leakage i n  pos t -  

c a p i l l a r y  venules a t  d i s t a n c e  f rom c a p i l l a r y  o r  a r t e r i o l a r  i n j e c t i o n  s i t e  was 

n o t  seen i n  a l l  exper iments,  we do n o t  t h i n k  i t  i n t e r f e r e s  w i t h  ou r  main con- 

c l u s i o n .  Only p o s t c a p i l l a r y  venules o f  a c e r t a i n  s i z e  appear t o  l eak .  Con- 

c e n t r a t i o n s  o f  h i s tam ine  o r  b r a d y k i n i n  1 0  - l o 5  t imes h i g h e r  than those e f f e c -  

t i v e  i n  t o p i c a l  a p p l i c a t i o n s  do n o t  induce obse rvab le  leakage a t  a r t e r i o l e s ,  

cap i  1 l a r i e s  o r  l a r g e r  venules.  

4 

I n  s t u d i e s  o f  subdermal microvessels  i n  t h e  r a b b i t  t h e  h i g h e s t  d e n s i t y  o f  

p e r i c y t e s  was found around venules o f  20 - 30 urn d iameter  ( 9 ) .  T h i s  was a l s o  

t h e  d iameter  o f  t he  venules found t o  be most s e n s i t i v e  t o  h i s t a m i n e  ( 5 ) .  

R u t i l i  6 Hagander ( 1 2 )  s t u d i e d  p e r m e a b i l i t y  o f  subcutaneous t i s s u e  i n  t h e  rab- 

b i t  w i t h  FITC-dextrans o f  v a r i o u s  mo lecu la r  weights .  The e v a l u a t i o n  o f  macro- 

mo lecu la r  t r a n s p o r t  i n d i c a t e d  t h a t  t he  p o s t c a p i l l a r y  venule has t h e  h i g h e s t  

p e r m e a b i l i t y  t o  macromolecules. Studies on t h e  p e r m e a b i l i t y  o f  v a r i o u s  FITC- 

dex t rans  i n  t h e  subcutaneous t i s s u e  o f  t h e  r a b b i t  (12)  were i n  good agreement 

w i t h  those performed i n  t h e  hamster cheek pouch (11) .  Both s t u d i e s  were con- 

cerned w i t h  t i s s u e  which was n o t  s t i m u l a t e d  by any pharmacologica l  agent .  The 
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Suggest ion c o u l d  be made t h a t  t h e  number o f  p e r i c y t e s  determines the  degree o f  

s e n s i t i v i t y  o f  each segment o f  t h e  c a p i l l a r y  and venu la r  beds. That i s ,  t h e  

more numerous t h e  p e r i c y t e s ,  t h e  more s e n s i t i v e  i s  t h e  microvessel  t o  connec- 

t i v e  t i s s u e  re leased substances l i k e  s e r o t o n i n  and h i s tam ine  as t h e  p e r i c y t e s  

may a l e r t  t h e  endothel ium t o  t h e  a c t i o n  o f  these substances ( 9 ) .  

Simionescu e t  a l .  (15) have shown t h a t  -25 % o f  t h e  i n t e r c e l l u l a r  j u n c t i o n s  

of the venu la r  endothel ium ( p e r i c y t i c  venule)  were open and these gaps o f  

3 0  - 60 A appeared more r a p i d l y  permeated by the  t r a c e r  macromolecule, 

( ?  
i n  t h e  e n d o t h e l i a l  c e l l s  o f  t he  p e r i c y t i c  venule. However, t h e  p o s s i b l e  con- 

t r a c t i o n  o f  these f i l a m e n t s  was n o t  d iscussed.  The s i z e  o f  these p e r i c y t i c  

venules was g i ven  as i nne r  d iameters w i t h  a range 8 - 16 urn. T h i s  r e s u l t  i s  

c o n s i s t e n t  t o  t h e  range o f  d iameters o f  l e a k i n g  venules we have found, 8.6 - 
14.0 pm. The i n t e r c e l l u l a r  j u n c t i o n s  o f  t he  venu la r  endothel ium a r e  known t o  

be s u s c e p t i b l e  t o  chemical med ia to rs  o f  in f lammat ion l i k e  h i s tam ine  and sero-  

t o n i n  (5)  and b r a d y k i n i n  ( 3 ) .  I n  o t h e r  s t u d i e s  we have p rov ided  i n d i r e c t  e v i -  

dence f o r  e n d o t h e l i a l  c e l l  c o n t r a c t i o n  as the  mechanism f o r  leakage induced by 

b r a d y k i n i n  ( 1 8 ) .  

t he  hamster cheek pouch. I n  the  p resen t  s tudy we observed a r t e r i o l a r  c o n s t r i c -  

t i o n  w i t h  h i s tam ine  and a t  t h e  same t ime  FITC-dextran leakage. Thus, from ou r  

experiments i t  seemed reasonable t o  conclude t h a t  t h e  leakage we observed had 

l i t t l e  t o  do w i t h  changes i n  b lood  f l o w  o r  pressure.  

= 1,900,  mol.diam. -20 A ) .  They desc r ibed  i n t r a c y t o p l a s m i c  f i n e  f i l a m e n t s  
W 

I n  t h a t  s tudy b r a d y k i n i n  was shown t o  d i l a t e  a r t e r i o l e s  o f  

I t  remains t o  be s t u d i e d  i f  t h e  p h y s i o l o g i c a l  patency o f  t he  j u n c t i o n s  i n  

p e r i c y t i c  venules o f  mouse diaphragm (15) and our  f i n d i n g s  of macromolecular 

leakage i n  cheek pouch venules i s  a r e f l e c t i o n  o f  a s i m i l a r  morphology o f  t h e  

p o s t c a p i l l a r y  o r  p e r i c y t i c  venules i n  these two animal spec ies.  
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