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LOCAL REGULATION OF BLOOD FLOW

CHAPTER I

INTRODUCTION

E x p e r i m e n t a l  d a t a  o v e r  t h e  l a s t  f i v e  d e c a d e s  d e m o n s t r a t e  t h a t  

b l o o d  f low t o  an  o rg a n  o r  v a s c u l a r  b ed  i s  c o n t r o l l e d  by b o t h  l o c a l  and 

r e m ote  mechanisms ( 2 2 ) .  P e r h a p s  t h e  mos t  d r a m a t i c  way t o  p ro voke a r e ­

mote mechanism t h a t  c o n t r o l s  f lo w i s  t o  change i n t r a l u m i n a l  p r e s s u r e  a t  

t h e  b i f u r c a t i o n  o f  t h e  c a r o t i d  a r t e r i e s ,  t h u s  a t t e n u a t i n g  o r  e n h a n c in g  

t h e  a c t i v i t y  o f  the  s y m p a t h i c o - a d r e n a l  s y s t e m .  L o ca l  r e g u l a t i o n  i s  

b e s t  d e m o n s t r a t e d  when a r t e r i a l  p r e s s u r e ,  venous  p r e s s u r e  o r  m e t a b o l i c  

r a t e  i s  changed i n  an  i s o l a t e d  v a s c u l a r  bed o r  o r g a n .  However,  l o c a l  

r e g u l a t i o n  can be d e m o n s t r a t e d  i n  a v i r t u a l l y  i n t a c t  p r e p a r a t i o n  i f  

p r o p e r  p r e c a u t i o n s  a r e  t a k e n  t o  a v o i d  e l i c i t i n g  r emote  mecha n isms .  I n ­

c r e a s e d  m e t a b o l i c  r a t e ,  p ro d u c ed  by a c t i v a t i o n  o f  s k e l e t a l  m u s c l e ,  p r o ­

d u c e s  an i n c r e a s e  i n  b lo o d  f l o w  a t  a  c o n s t a n t  p e r f u s i o n  p r e s s u r e .  T h i s  

r e s p o n s e  h a s  b ee n  d e s i g n a t e d  a c t i v e  h y p e r e m i a . When p e r f u s i o n  p r e s s u r e  

t o  m os t  v a s c u l a r  beds  i s  changed  o v e r  t h e  a p p r o x im a te  r a n g e  50 t o  200 

mm Hg t h e r e  i s  a l e s s  t h a n  p r o p o r t i o n a t e  change i n  b l o o d  f l o w  th ro u g h  

most  o f  t h e  a r e a .  T h i s  a b i l i t y  t o  m a i n t a i n  a  r e l a t i v e l y  c o n s t a n t  b lo o d  

f l o w  i n  t h e  f a c e  o f  v a r y i n g  p e r f u s i o n  p r e s s u r e  i s  c a l l e d  a u t o r e g u l a t i o n  

o f  b l o o d  f low .  Tempora ry  o c c l u s i o n  o f  a r t e r i a l  i n f l o w  t o  a v a s c u l a r
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bed I s  u s u a l l y  a s s o c i a t e d  w i t h  a  t r a n s i e n t  i n c r e a s e  i n  b l o o d  f low above 

t h e  b a s a l  v a l u e  upon r e l e a s e  o f  t h e  o c c l u s i o n .  T h i s  r e s p o n s e  h a s  b e e n  

t e rm ed  r e a c t i v e  h y p e r e m i a .  A l s o ,  s l i g h t  e l e v a t i o n  o f  veno us  p r e s s u r e ,  

i n  some v a s c u l a r  b e d s ,  p r o d u c e s  a g r e a t e r  t h a n  p r o p o r t i o n a t e  f a l l  i n  

b l o o d  f low.  T h i s  e f f e c t  h a s  be e n  d e s i g n a t e d  t h e  v e n o u s - a r t e r i o l a r  r e ­

f l e x  (23) o r  p e r h a p s  more  c o r r e c t l y ,  t h e  v e n o u s - a r t e r i o l a r  r e s p o n s e  (35) 

The e f f i c i e n c y  o f  t h e  l o c a l  r e s p o n s e s  i n  c o n t r o l l i n g  b lo o d  f low 

a p p e a r s  t o  d i f f e r  f rom one v a s c u l a r  bed t o  a n o t h e r .  A u t o r e g u l a t i o n  i s  

h i g h l y  e f f i c i e n t  i n  t h e  k i d n e y  where  a marked change i n  p e r f u s i o n  p r e s ­

s u r e  may p ro d u c e  l i t t l e  o r  no change i n  r e n a l  b lood  f low ( 5 7 ) .  I n  th e  

lung  (39)  and s p l e e n  ( 1 5 ) ,  t h e  r e s p o n s e  i s  v i r t u a l l y  a b s e n t .  The 

v e n o u s - a r t e r i o l a r  r e s p o n s e  i s  r e a d i l y  d e m o n s t r a t e d  i n  t h e  i n t e s t i n e ,  

b u t  h a s  n o t  b ee n  shown i n  t h e  lung  o r  s p l e e n .  I t s  p r e s e n c e  (29) o r  a b ­

s e n c e  (31) i n  t h e  r e n a l  v a s c u l a r  bed may depend upon the  t e c h n i q u e  used  

t o  d e m o n s t r a t e  t h e  r e s p o n s e .  R e a c t i v e  h y p e r e m ia  o c c u r s  r e g u l a r l y  i n  

t h e  l imb (44) and c o r o n a r y  (4)  v a s c u l a r  b e d s ,  wh ereas  t h e  r e s p o n s e  o f  

t h e  r e n a l  v a s c u l a r  bed t o  i s c h e m i a  a p p a r e n t l y  i s  d e p e n d e n t  upon the  

l e n g t h  o f  t h e  o c c l u s i o n  ( 3 3 ) ;  s h o r t  o c c l u s i o n  ( 1 - 5  m i n ) - c o n s i s t e n t l y  

p r o d u c e s  r e a c t i v e  h y p e r e m i a ,  w h i l e  l o n g e r  o c c l u s i o n s  ( 6  -  2 0  min)  a r e  

o f t e n  f o l l o w e d  by p e r i o d s  o f  r e a c t i v e  i s c h e m i a .  A c t i v e  h y p e r e m ia  (54)  

i s  r e a d i l y  shown i n  t h e  g a s t r o n e m i u s p l a n t a r i s  mus cle  o f  t h e  dog.  I n  

t h i s  bed an  i n c r e a s e  i n  m e t a b o l i c  r a t e  i s  c o n s i s t e n t l y  a s s o c i a t e d  w i t h  

a n  i n c r e a s e  i n  b lo o d  f l o w .  I t  i s  a l s o  w e l l  documented t h a t  an  i n c r e a s e  

i n  c a r d i a c  m e t a b o l i s m ,  a s  s e e n  i n  m i ld  t a c h y c a r d i a ,  h y p e r t h y r o i d i s m  and 

e x e r c i s e ,  i n c r e a s e s  c o r o n a r y  b l o o d  f lo w .  However,  s i n c e  any e f f e c t  on 

c a r d i a c  m e t a b o l i s m  i n v a r i a b l y  a l t e r s  many o t h e r  v a s c u l a r  p a r a m e t e r s .
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i . e . ,  a o r t i c  p r e s s u r e ,  l e f t  a t r i a l  p r e s s u r e ,  i n t r a m y o c a r d i a l  p r e s s u r e  

and s y m p a t h i c o - a d r e n a l  a c t i v i t y ,  i t  i s  i m p o s s i b l e  t o  a s s e s s  t h e  d i r e c t  

e f f e c t  o f  change i n  m e t a b o l i s m  upon t h e  c o r o n a r y  v a s c u l a t u r e .

Some o f  t h e  d i f f e r e n c e s  i n  e f f i c i e n c y  o f  l o c a l  r e g u l a t i o n  m ig h t  

be  r e l a t e d  to  d i f f e r e n c e s  i n  a n a t o m i c a l  s t r u c t u r e .  The a p p a r e n t  a b s e n c e  

o f  any l o c a l  o r  re m ote  f low  c o n t r o l l i n g  mechanisms i n  t h e  lung may be 

d i r e c t l y  r e l a t e d  t o  t h e  f a c t  t h a t  lung a r t e r i o l e s  p o s s e s s  v e r y  l i t t l e  

smooth m u sc l e .  Many o t h e r  o f  t h e  i n t e r - o r g a n  d i f f e r e n c e s  a r e  h a r d e r  t o  

e x p l a i n .  C e r t a i n l y ,  i t  i s  d i f f i c u l t  t o  e x p l a i n  why a u t o r e g u l a t i o n  i s  

so  e x a c t  i n  the  k i d n e y ,  r e l a t i v e  t o  o t h e r  o rgans  i n  th e  s y s t e m i c  c i r c u i t .

The v a l u e  o f  t h e s e  l o c a l  r e g u l a t o r y  mechanisms a r e  t h e i r  t e n ­

d ency  to war d ;  1 ) m a i n t e n a n c e  o f  a r e l a t i v e l y  c o n s t a n t  r a t i o  o f  m e t a ­

b o l i c  r a t e  t o  b l o o d  f lo w r a t e ,  2 ) m a i n t e n a n c e  o f  a  c o n s t a n t  c a p i l l a r y  

h y d r o s t a t i c  p r e s s u r e ,  and 3) r a p i d  repayment  o f  an  oxygen d e b t  i n c u r r e d  

d u r i n g  p e r i o d s  o f  i s c h e m i a .  T h u s ,  l i k e  t h e  remote  c o n t r o l l i n g  m echa­

n i s m ,  t h e  l o c a l  mechanisms a c t  t o  m a i n t a i n  c a r d i o v a s c u l a r  h o m e o s t a s i s .

At  th e  p r e s e n t  t ime most  o f  t h e  c o n t r o v e r s y  i n  t h e  f i e l d  o f  

l o c a l  r e g u l a t i o n  r e v o l v e s  a r o u n d  t h e  mechanism o r  mechanisms r e s p o n s i b l e  

f o r  t h e  l o c a l  r e g u l a t o r y  r e s p o n s e s .  Numerous t h e o r i e s  have  be e n  advanced  

t o  e x p l a i n  t h e  mechanism o f  l o c a l  r e g u l a t i o n .  C u r r e n t l y ,  however ,  o n l y  

f o u r  o f  t h e s e  a r e  c o n s i d e r e d  t o  be p l a u s i b l e  e x p l a n a t i o n s .

I n  b r i e f ,  t h e  f o u r  t h e o r i e s  o f  l o c a l  r e g u l a t i o n  s t a t e  t h a t  t h e  

c a l i b e r  ch anges  r e s u l t  from: 1 ) a  change  i n  t i s s u e  p r e s s u r e ,  2 ) change

i n  oxygen t e n s i o n ,  3) change i n  v a s o a c t i v e  m e t a b o l i t e  c o n c e n t r a t i o n ,  o r  

4)  a  myogen ic  r e s p o n s e  t o  change i n  t r a n s m u r a l  p r e s s u r e .  The l a t t e r  

t h r e e  t h e o r i e s  im p ly  an  a c t i v e  change  i n  t h e  c o n t r a c t i l e  s t a t e  o f  t h e
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v a s c u l a r  smooth m u s c l e ,  w h i l e  t h e  f i r s t  t h e o r y  i m p l i e s  a  p a s s i v e  change 

i n  v a s c u l a r  s i z e  s u b s e q u e n t  t o  a change i n  e x t r a v a s c u l a r  p r e s s u r e .

The main  s u p p o r t  o f  t h e  t i s s u e  p r e s s u r e  h y p o t h e s i s  i s  g a i n e d  

from s t u d i e s  on th e  k i d n e y .  Hinshaw _et a l .  (32 ,  33) and Sch e r  (48) 

found in  a s s o c i a t i o n  w i t h  a u t o r e g u l a t i o n  o f  r e n a l  b l o o d  f l o w ,  a l a r g e  

change i n  t i s s u e  p r e s s u r e ,  a s  m easu red  t h ro u g h  a  h ypoderm ic  n e e d l e  

p lu n g ed  i n t o  th e  r e n a l  parenchym a (32,  34) and a  l a r g e  change i n  deep 

r e n a l  venous  p r e s s u r e  m easu red  t h r o u g h  a  s m a l l  b o r e  p o l y e t h y l e n e  c a t h e ­

t e r  p a s s e d  r e t r o g r a d e l y  up th e  r e n a l  v e i n  ( 3 4 ) ,  A l s o ,  Hinshaw e t  a l .

(33) o f t e n  o b s e r v e d  a  s u b s t a n t i a l  drop  i n  deep r e n a l  ven o u s  p r e s s u r e  

upon o c c l u s i o n  o f  t h e  r e n a l  a r t e r y .  However,  Haddy e_t a l .  (26)  found 

t h a t  r e n a l  a u t o r e g u l a t i o n  was n o t  a s s o c i a t e d  w i t h  a  s i g n i f i c a n t  change 

i n  t h e  r a t e  o f  lymph f low  from t h e  k i d n e y .  A l s o ,  a u t o r e g u l a t i o n  i s  

s a i d  t o  b e  a b o l i s h e d  upon i n a c t i v a t i o n  o f  v a s c u l a r  smooth m u sc le  (25 ,

40 ,  4 2 ) .

The oxygen t h e o r y  s t a t e s  t h a t  when t i s s u e  oxygen  t e n s i o n  f a l l s ,  

t h u s  r e d u c i n g  t h e  amount  o f  oxygen a v a i l a b l e  to  t h e  smooth  m u s c l e ,  t h e  

muscle  becomes weakened and d i l a t i o n  e n s u e s .  Guy ton  i s  p r o b a b l y  t h e  

fo r em o s t  p r o p o n e n t  o f  t h i s  c o n c e p t .  Over t h e  p a s t  8  t o  10 y e a r s  a s e r i e s  

( 8 , 9,  46) o f  i n v e s t i g a t i o n s  f rom G u y t o n ' s  l a b o r a t o r y ,  have  d e m o n s t r a t e d  

t h a t ,  i n  i n t a c t  and i s o l a t e d  b l o o d  v e s s e l s ,  a  r e d u c t i o n  i n  oxygen t e n s i o n  

in  the  p e r f u s i n g  f l u i d  a l w a y s  r e s u l t s  i n  v a s c u l a r  d i l a t i o n .  The d i l a t i o n  

i s  e s p e c i a l l y  e v i d e n t  when th e  oxygen t e n s i o n  was r e d u c e d  below 40 mm Hg. 

On the  o t h e r  hand ,  M olna r  e t  a l .  (41) found t h a t  v a r y i n g  oxygen s a t u r a ­

t i o n  o v e r  the  normal  r a n g e  (19 t o  14 volumes p e r c e n t )  had  l i t t l e  e f f e c t  

upon r e s i s t a n c e  t o  b l o o d  f l o w  t h r o u g h  t h e  dog f o r e l i m b .
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The m e t a b o l i c  t h e o r y ,  s t r o n g l y  s u p p o r t e d  by B ern e  ( 5 ) ,  S t a l n s b y  

(54) and R e p e l a  ( 4 5 ) ,  assumes t h a t  m e t a b o l i z i n g  t i s s u e  p r o d u c e s  b y ­

p r o d u c t s  t h a t  a r e  v a s o d i l a t o r .  A p r i o r i ,  t h e  c o n c e n t r a t i o n  o f  t h e s e  

p r o d u c t s  would  i n c r e a s e  w i t h  a d e c r e a s e  i n  b l o o d  f low o r  an i n c r e a s e  i n  

m e t a b o l i c  r a t e  and t h e i r  c o n c e n t r a t i o n  would  d e c r e a s e  w i t h  an i n c r e a s e  

i n  b l o o d  f low  o r  a  d e c r e a s e  i n  m e t a b o l i c  r a t e .  The t h e o r y  i m p l i e s  i n ­

c r e a s e  i n  t h e  m e t a b o l i t e  c o n c e n t r a t i o n  would  p r o d u c e  v a s c u l a r  d i l a t i o n ,  

and a  d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  would  p r o d u c e  c o n s t r i c t i o n .

The m e t a b o l i t e  o r  m e t a b o l i t e s  s u p p o s e d l y  r e s p o n s i b l e  f o r  l o c a l  

r e g u l a t i o n  have n o t  y e t  been i d e n t i f i e d .  However,  a  p a r t i a l  l i s t  o f  

t h o s e  u n d e r  c o n s i d e r a t i o n  a r e  h y d ro g e n ,  p o t a s s i u m ,  magnesium a c e t a t e ,  

c i t r a t e ,  p y r u v a t e ,  o t h e r  Kre bs  i n t e r m e d i a t e s ,  a c e t y l c h o l i n e ,  h i s t a m i n e  

and t h e  a d e n y l  compounds ( a d e n o s i n e ,  AMP, ADP and AT P) . Each o f  t h e  

a g e n t s  h a s  been  shown to  p ro d u c e  d i l a t i o n  i n  one o r  more v a s c u l a r  beds  

(28) and many o f  them a r e  i n v o l v e d  i n  c e l l  m e t a b o l i s m .  F u r t h e r ,  th e  

venous  c o n c e n t r a t i o n s  o f  t h e  h y d ro g e n  and p o t a s s i u m  (38) i o n s  r i s e  f o l ­

lowing an i n c r e a s e  i n  m e t a b o l i c  r a t e  and Berne  (5)  h a s  i d e n t i f i e d  th e  

breakdown p r o d u c t s  o f  a d e n o s in e  i n  c o r o n a r y  s i n u s  b lo o d  d u r i n g  c a r d i a c  

h y p o x i a .  Gordon (19 )  found AMP i n  r e n a l  v e n o u s  b lo o d  f o l l o w i n g  r e l e a s e  

o f  r e n a l  a r t e r y  o c c l u s i o n  and G e r l a c h  and D r e i s b a c h  (18)  o b s e r v e d  th e  

f o r m a t i o n  o f  n u c l e o s i d e s ,  p u r i n e s  and p r i m i d i n e s  from f r e e  n u c l e o t i d e s  

i n  k i d n e y  and o t h e r  t i s s u e s  u n d e r  i s c h e m i c  o r  a n o x i a  c o n d i t i o n s .

The myogenic  t h e o r y  was o r i g i n a l l y  p r o p o s e d  by B a y l i s s  (3 )  i n  

1902. He s t a t e d  t h a t  an i n c r e a s e  i n  i n t r a l u m i n a l  p r e s s u r e  i n  some man­

n e r  s t i m u l a t e d  v a s c u l a r  smooth m u sc le  t o  c o n t r a c t .  A l t h o u g h  th e  mecha­

nism r e s p o n s i b l e  f o r  t h i s  r e s p o n s e  was n o t  c l e a r l y  s t a t e d ,  th e
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i m p l i c a t i o n  was t h a t  smooth muscle  r e s p o n d s  t o  s t r e t c h ,  i n  t h i s  c a s e  

p rodu ced  by t h e  i n c r e a s e d  p r e s s u r e ,  by c o n t r a c t i o n .  C o n v e r s e ly ,  w i t h  

d e c r e a s e d  s t r e t c h ,  t h e  m u s c l e  would  r e l a x .

R ece n t  s u p p o r t i v e  e v i d e n c e  f o r  t h i s  h y p o t h e s i s  h a s  been p r o v i d e d  

by Folkow (1 0 ,  12 ) ,  Waugh ( 5 6 ) ,  J o h n s o n  (36)  and Bohr (7 ,  52 ,  5 3 ) .

Folkow (11) h a s  v e r y  r e c e n t l y  i n d i c a t e d  how such an im p l i e d  p o s i t i v e  

f e e d b a c k  s y s t e m  can  o p e r a t e  w i t h o u t  p r o d u c i n g  e x c e e d i n g l y  h ig h  l e v e l s  

o f  r e s i s t a n c e .  The b e s t  e v i d e n c e  t o  d a t e  f o r  t h e  e x i s t e n c e  o f  t h i s  mecha­

nism i s :  1 ) a  few ty p e s  o f  a r t e r i e s ,  i s o l a t e d  i n  a b a t h ,  re spond  to

s t r e t c h  w i t h  i n c r e a s e d  t e n s i o n  ( 5 2 ) ,  2) s m a l l  v e s s e l s  i n  th e  b a t  wing 

(57)  and r a t  m e s o -a p p e n d ix  ( 2 ) ,  s t u d i e d  m i c r o s c o p i c a l l y ,  may re ma in  t h e  

same s i z e  o r  d e c r e a s e  in  s i z e  upon sud den  e l e v a t i o n  o f  i n t r a l u m i n a l  

p r e s s u r e ,  w h ich  a c c o r d i n g  to  th e  m e t a b o l i t e  and oxygen t h e o r i e s  s h o u ld  

d i l a t e ,  and 3) e l e v a t i o n  o f  ven o u s  p r e s s u r e  o f t e n  i n c r e a s e s  sm a l l  v e s ­

s e l  (23)  o r  t o t a l  r e s i s t a n c e  (35)  t o  b lo o d  f low.  The l a t t e r  maneuver 

s h o u ld  d e c r e a s e  f low,  t h u s  i n c r e a s e  m e t a b o l i t e  c o n c e n t r a t i o n  and r e ­

du ce  oxygen t e n s i o n ,  b o th  o f  w h i c h ,  a c c o r d i n g  to  th e  oxygen and m e ta b o ­

l i t e  t h e o r i e s ,  s hou ld  r e l a x  v e s s e l s .  T h u s ,  a c c o r d i n g  to  t h e  myogenic 

t h e o r y  l o c a l  r e g u l a t i o n  r e s u l t s  f rom a change  i n  t r a n s m u r a l  p r e s s u r e  

r a t h e r  t h a n  f rom a change in  oxygen t e n s i o n  o r  m e t a b o l i t e  c o n c e n t r a t i o n .  

I t  i s  i m p o r t a n t  to  ke e p  i n  mind t h a t  t h i s  h y p o t h e s i s  s t a t e s  a change i n  

t r a n s m u r a l  p r e s s u r e  e l i c i t s  a n  a c t i v e  r e s p o n s e  from th e  smooth muscle  

w h ich  i s  d i r e c t l y  o p p o s i t e  f rom t h e  e x p e c t e d  p a s s i v e  e f f e c t .  For 

ex a m ple ,  when t r a n s m u r a l  p r e s s u r e  i s  i n c r e a s e d  t h e  e l a s t i c  v e s s e l s  

s h o u l d  p a s s i v e l y  e n l a r g e ;  howeve r ,  a c c o r d i n g  t o  B a y l i s s '  myogenic r e ­

s p o n s e  t h e  v e s s e l s  w i l l  t e n d  t o  r e s i s t  t h e  p a s s i v e  e x p a n s io n  and.
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depend in g  upon t h e  e f f i c i e n c y  o f  t h e  r e s p o n se  i n  a p a r t i c u l a r  v e s s e l ,  

may even d e c r e a s e  i n  s i z e .  C o n v e r s e l y ,  i f  t r a n s m u r a l  p r e s s u r e  f a l l s ,  

t h e  ex p e c t e d  p a s s i v e  d e c r e a s e  i n  v e s s e l  s i z e  would be r e s i s t e d  by a c t i v e  

d i l a t i o n .

The p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  was f o u r  f o l d :  1 ) t o

c h a r a c t e r i z e  more p r e c i s e l y  t h e  l o c a l  r e g u l a t o r y  r e s p o n s e s  i n  s e v e r a l  

s y s t e m i c  v a s c u l a r  b e d s ,  2 ) t o  e v a l u a t e  the  f o u r  m a jo r  t h e o r i e s  which 

have  been s u g g e s t e d  t o  e x p l a i n  t h e  l o c a l  c o n t r o l  of  b lo o d  f low  by 

u t i l i z i n g  e i t h e r  e n t i r e l y  new o r  g r e a t l y  m o d i f i e d  t e c h n i q u e s ,  3) t o  

c h a r a c t e r i z e  t h e  l o c a l  r e a c t i o n s  o f  s e v e r a l  n a t u r a l l y  o c c u r r i n g  v a s o ­

a c t i v e  a g e n t s  i n  two s y s t e m i c  v a s c u l a r  beds  i n  which t h e i r  e f f e c t s  a r e  

s u b s t a n t i a l l y  unknown, and 4) t o  i n v e s t i g a t e  th e  i n t e r - p l a y  between 

l o c a l  and remote  r e g u l a t o r y  mechan isms in a s t r e s s f u l l  s i t u a t i o n  d e ­

s i g n e d  to  envoke b o t h  mecha n isms .  The s t r e s s  chosen  f o r  t h i s  p a r t  o f  

the  s t u d y  was h e m o r r h a g i c  sh o ck .



CHAPTER I I

METHODS

I n  a n e s t h e t i z e d  dogs ,  l o c a l  r e g u l a t i o n  o f  b lo o d  f low was s t u d i e d  

i n  f o u r  s y s t e m i c  v a s c u l a r  beds  and  t h e  i n t e r p l a y  be tw een  l o c a l  and r e ­

mote c o n t r o l l i n g  mechanisms d u r i n g  hemor rhage  was s t u d i e d  i n  t h r e e  v a s ­

c u l a r  b e d s .  T h re e  b a s i c  t y p e s  o f  p r e p a r a t i o n s  were  employed to  e l u c i d a t e  

t h e  mechanisms t h a t  a c t  l o c a l l y  t o  c o n t r o l  b lo o d  f l o w .

I n  t h e  f i r s t ,  b lo o d  f l o w  to  t h e  organ  u n d e r  s t u d y  was c o n t r o l l e d  

by i n t e r p o s i t i o n  o f  a b lo o d  pump i n t o  t h e  a r t e r i a l  s u p p l y  and t h e  mea­

s u r e d  o r  i n d e p e n d e n t  v a r i a b l e  was  p r e s s u r e .  The a d v a n t a g e s  o f  t h i s  p r e ­

p a r a t i o n  a r e ;  1 ) a c c u r a c y  ( i t  i s  t e c h n i c a l l y  much e a s i e r  t o  m easure  a 

chang e i n  p r e s s u r e  t h a n  a  change i n  f l o w ) ,  2 ) c h a n g e s  i n  b lo o d  f lo w  r a t e  

may be made q u i c k l y  and r e p r o d u c i b l y ,  and 3) one  v a r i a b l e  ca n  be s t u d i e d  

a t  a t ime ( f o r  example ,  t h e  e f f e c t  o f  m e t a b o l i c  r a t e  may be s t u d i e d  

a l o n e ,  u n c o m p l i c a t e d  by ch a n g es  i n  b lo o d  f l o w ) .

I n  the  s e c o n d ,  t h e  o r g a n  r e c e i v e d  n a t u r a l  a r t e r i a l  i n f l o w  a t  

c o n s t a n t  p e r f u s i o n  p r e s s u r e  and t h e  m easu red  v a r i a b l e  was venous  o u t ­

f l o w ,  The a d v a n ta g e s  o f  t h i s  method a r e :  1 ) t h e  s y s t e m  o p e r a t e s  i n  a

s i t u a t i o n  more l i k e  t h a t  o c c u r r i n g  u n d e r  n a t u r a l  c o n d i t i o n s ,  and 2 ) i t  

o b v i a t e s  t h e  p o s s i b l e  o b j e c t i o n  t h a t  a b l o o d  pump may i m p a r t  a r t i f a c t u a l  

v a s o a c t i v e  p r o p e r t i e s  t o  b lo o d  c a u s i n g  h e m o l y s i s  o f  e r y t h r o c y t e s ,

8
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Use o f  b o t h  m e th o d s  p e r m i t s  a  co m p ar i so n  o f  t h e  l o c a l  r e s p o n s e s  

when f low  i s  t h e  i n d e p e n d e n t  v a r i a b l e  and when p r e s s u r e  i s  th e  i n d e p e n ­

d e n t  v a r i a b l e .  I t  was f e l t  t h a t  such a co m p a r i s o n  m i g h t  be u s e f u l  i n  

d e t e r m i n i n g  t h e  mechanism o f  l o c a l  r e g u l a t i o n .  F o r  example ,  i f  the  

cause  o f  l o c a l  r e g u l a t i o n  i s  t h e  change i n  f low  r a t h e r  t h a n  th e  change 

i n  p r e s s u r e ,  i t  i s  p o s s i b l e  t h a t  making f low t h e  de p e n d en t  v a r i a b l e  

m ig h t  a c t  a s  a p o s i t i v e  f e e d b a c k  mechanism,  and t h u s  enha nce  t h e  r e ­

s p o n s e s .

I n  t h e  t h i r d  t y p e  o f  p r e p a r a t i o n , v e n o u s  e f f l u x  frcxn an org an 

u n d e r g o in g  l o c a l  r e g u l a t i o n  was used  t o  p e r f u s e  t h e  f o r e l i m b  o f  the  

same dog.  T h u s ,  t h e  f o r e l i m b  was used  a s  a b i o l o g i c a l  a s s a y  o rg a n  t o  

d e t e r m i n e  i f  v a s o a c t i v i t y  o f  t h e  venous  b lo o d  coming from a  r e g u l a t i n g  

o rg a n  was a l t e r e d .

The s t u d i e s  t o  be  r e p o r t e d  were  p e r f o r m e d  on mon gre l  dogs  o f  

b o t h  s e x e s ,  w e ig h i n g  b e t w e e n  1 0  and 18 kg t h a t  were  a n e s t h e t i z e d  w i t h  

sodium p e n t o b a r b i t a l  an d  a n t i - c o a g u l a t e d  w i t h  h e p a r i n  sodium. A l l  

a n i m a l s  were  p l a c e d  on p o s i t i v e  p r e s s u r e  v e n t i l a t i o n  soon a f t e r  

a n e s t h e t i z a t i o n .  P r e s s u r e s  were  r e c o r d e d  w i t h  r e s i s t a n c e  w i r e  p r e s s u r e  

t r a n s d u c e r s  (model  P23 Gb, S ta th a m  L a b o r a t o r i e s ,  Los A n g e l e s ,  C a l i f o r n i a )  

and r e c o r d e d  on a  d i r e c t  w r i t i n g  o s c i l l o g r a p h  (model  60 -1 300 ,  Sanborn 

Company, C am bri dge ,  M a s s a c h u s e t t s ) ,  which  had a  s w i t c h  t h a t  a l l o w e d  

e l e c t r o n i c  m eani ng .  Blood f low was c o n t r o l l e d  t o  t h e  v a r i o u s  o rg a n s  

s t u d i e d  by i n t e r p o s i t i o n  o f  f i n g e r - t y p e  pumps (m odels  T - 6 5 ,  T - 6 SH and 

TM-10, Sigmamotor ,  I n c . ,  M i d d l e p o r t ,  New Y o r k ) .  A l l  t h e  pumps had m i c r o ­

m e t e r  t y p e  v a r i a b l e  s p e e d  ch a n g e s  f o r  p r e c i s e  a d j u s t m e n t  o f  f low  r a t e s  

and each  pump was p r e c a l i b r a t e d  o v e r  i t s  e n t i r e  f low  r a n g e .  Beca use  o f



10

s p r i n g  t e n s i o n  and ty pe  o f  r u b b e r  t u n i n g  u t i l i z e d  i n  t h e  pump, f lo w 

rate,  was n o t  m e a s u r a b l y  a f f e c t e d  by ch anges  i n  i n f l o w  o r  o u t f l o w  p r e s ­

s u r e s  o v e r  the  r a n g e  0 - 300 mm Hg. C hem ica l s  we re  a d m i n i s t e r e d  w i t h  a 

c o n s t a n t  i n f u s i o n  pump (model  600 -9 00 ,  H arv ard  A p p a r a t u s  Company, D ove r ,  

M a s s a c h u s e t t s ) .  Blood f l o w  was m easu red  i n  s e v e r a l  e x p e r i m e n t s  w i t h  a 

r o t o m e t e r  ( S h i p l e y - W i l s o n ) . Oxygen t e n s i o n  was m easu red  w i t h  a macro ­

oxygen p ro b e  c o n n e c t e d  t o  a p h y s i o l o g i c a l  gas a n a l y z e r  (model  160,

Beckman I n s t r u m e n t s ,  I n c . ,  F u l l e r t o n ,  C a l i f o r n i a ) .  The a n a l y z e r  was 

e l e c t r o n i c a l l y  a d a p t e d  t o  d i r e c t  w r i t i n g  o s c i l l o g r a p h .

R e s i s t a n c e  t o  b l o o d  f low  was c a l c u l a t e d  b y  d i v i d i n g  the  p r e s ­

s u re  g r a d i e n t  a c r o s s  a v a s c u l a r  bed o r  s e c t i o n  o f  a v a s c u l a r  bed by the  

blood f low  th ro u g h  t h e  bed and i s  e x p r e s s e d  as  mm Hg/ml/min .  A l th o u g h  

the  p r o c e d u r e s  u s ed  t o  i n v e s t i g a t e  th e  v a r i o u s  v a s c u l a r  beds  were  s i m i ­

l a r ,  e a c h  was somewhat u n i q u e .  The m e th o d s ,  t h e r e f o r e ,  a r e  s e p a r a t e l y  

d e s c r i b e d  f o r  each  v a s c u l a r  bed.

I n t e s t i n e

Two s l i g h t l y  d i f f e r i n g  t e c h n i q u e s  were employed i n  t h e s e  s t u d i e s .  

A s h o r t  s e c t i o n  o f  t h e  i l e u m  was s t u d i e d  i n  s i t u  by e i t h e r  c o n t r o l l i n g  

i n f l o w  and m e a s u r in g  p e r f u s i o n  p r e s s u r e  o r  m e a s u r in g  venous  o u t f l o w  a t  

c o n s t a n t  p e r f u s i o n  p r e s s u r e .  I n  a d d i t i o n ,  g u t  lumen p r e s s u r e  and g u t  

m o t i l i t y  were  m o n i t o r e d  c o n t i n u o u s l y  i n  b o t h  t y p e s  of  e x p e r i m e n t s .  A 

t o t a l  o f  56 dogs we re  u s ed  i n  t h e s e  s t u d i e s .  A s e c t i o n  o f  t h e  i l eu m  

(15 - 20 cm i n  l e n g t h )  was e x t e r i o r i z e d  t h r o u g h  a l e f t  f l a n k  i n c i s i o n .

The m ain  a r t e r y  and v e i n  t o  t h i s  s e c t i o n  were  d i s s e c t e d  f r e e ,  c o l l a t e r a l s  

t i e d ,  and t h e  m e s e n t e r y  c u t  on b o t h  ends  o f  t h e  s e c t i o n  from th e  g u t  to  

the  l e v e l  o f  c a n n u l a t i o n  such  t h a t  a l l  f l o w  t h r o u g h  t h e  s e c t i o n  was
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c a r r i e d  by t h e s e  v e s s e l s  ( F i g u r e  1 ) .  No a t t em p t  was made t o  p r e s e r v e  

e x t r i n s i c  n e r v e s  t o  t h e  i l e a l  s e c t i o n .  I f  venous o u t f l o w  was t o  be 

s t u d i e d ,  a p o ly e th y len e ,  c a t h e t e r  (PE320) was i n s e r t e d  i n t o  t h e  v e i n .

Flow from th e  i s o l a t e d  s e c t i o n  was a l l o w e d  to  d r a i n  i n t o  a r e s e r v o i r .  

31ood f low m ea su rem en ts  we re  made by c o l l e c t i n g  one m in u te  s am ples  i n t o  

a s m a l l  b e a k e r  h e l d  u n d e r  t h e  t i p  o f  t h e  c a t h e t e r .  S in ce  f low  from 

t h i s  s e c t i o n  was n e c e s s a r i l y  s m a l l ,  w e ig h i n g  the b lood  was found  t o  be 

the  most  a c c u r a t e  method f o r  m e a s u r in g  f lo w .  Thus,  f low i s  r e p o r t e d  a s  

grams o f  b l o o d / m i n u t e / g r a m  t i s s u e .  Venous blood was r e t u r n e d  from t h e  

r e s e r v o i r  t o  t h e  f e m o ra l  v e i n  o f  th e  dog by a pump. A 27 gauge n e e d l e  

was i n s e r t e d  i n t o  t h e  a r t e r y  such  t h a t  i t s  t i p  p o i n t e d  in  a downst ream 

d i r e c t i o n .  T h i s  was u s ed  f o r  m o n i t o r i n g  p r e s s u r e  o r  f o r  t h e  i n f u s i o n  

of  v a r i o u s  s o l u t i o n s .  Venous  p r e s s u r e  was measured th ro u g h  a 24 gauge 

n ee d le  i n s e r t e d  p ro x im a l  t o  th e  p o l y e t h y l e n e  c a t h e t e r .  S y s t e m ic  

a r t e r i a l  p r e s s u r e  was m e a s u r e d  t h r o u g h  a c a t h e t e r  i n s e r t e d  i n t o  a f e m o r a l  

a r t e r y .  O c c l u s i v e  l i g a t u r e s ,  o f  h eavy  c o r d ,  were p l a c e d  a t  e a ch  end o f  

the  i l e a l  s e c t i o n  u n d e r  s t u d y .  A t h i n  w a l l e d  ru b b e r  b a l l o o n ,  w i t h  a 

t u b e  a t t a c h e d  f o r  m e a s u r i n g  p r e s s u r e ,  was i n s e r t e d  i n t o  t h e  lumen o f  t h e  

s e c t i o n .  The b a l l o o n  f i l l e d  t h e  e n t i r e  s e c t i o n  o f  lumen and c o n t a i n e d  

s u f f i c i e n t  w a t e r  t o  g i v e  an i n i t i a l  p r e s s u r e  of 10 -  15 mm Hg. A l l  

p r e s s u r e s  were r e c o r d e d  w i t h  a r e s i s t a n c e  w i r e  p r e s s u r e  t r a n s d u c e r  and 

d i r e c t  w r i t i n g  r e c o r d e r .  Lumen p r e s s u r e  was re co rd ed  w i t h  a s e p a r a t e  

t r a n s d u c e r .

I n  e x p e r i m e n t s  i n  w h ich  b l o o d  f l o w  was c o n t r o l l e d ,  one end o f  a 

l e n g t h  o f  p o l y e t h y l e n e  t u b i n g  (PE320) was advanced up  t h e  r i g h t  f e m o r a l  

a r t e r y  t o  th e  ab d o m in a l  a o r t a  and th e  o t h e r  end a t t a c h e d  t h r o u g h  a 15
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F i g u r e  1. Sch em at ic  d ra wing  o f  t h e  i n t e s t i n a l  n a t u r a l  f l o w  p r e p a r a t i o n s  

showing p l a c e m e n t  o f  l i g a t u r e s ,  c a t h e t e r s  f o r  m easurem en t  o f  

p r e s s u r e s  and f lo w ,  and b a l l o o n  f o r  r e c o r d i n g  g u t  p r e s s u r e  

and a c t i v i t y .  I n  t h e  pump p e r f u s e d  p r e p a r a t i o n ,  t h e  v e i n  

was l e f t  i n t a c t  and t h e  a r t e r y  was c a n n u l a t e d .



40 t r a n s d u c e r
30

20

m
t r a n s d u c e r/ /

ARTERY,

t r a n s d u c e r
i n t e s t i n e

W a t e r - f i l l e d
b a l l o o n  —'—



13

gauge r i g h t  a n g l e  s t a i n l e s s  s t e e l  c a n n u l a  t o  t h e  d i s t a l  segment  o f  t h e  

g u t  a r t e r y .  I n t e r p o s e d  i n  th e  p o l y e t h y l e n e  t u b i n g  were  two s h o r t  s e g ­

m en ts  o f  l a t e x  r u b b e r  t u b i n g .  The f i r s t  s eg men t  was p l a c e d  i n  a p r e ­

c a l i b r a t e d  pump. The second  segm ent  j u s t  p r e c e d e d  t h e  s t a i n l e s s  s t e e l  

c a n n u l a  and was n e e d l e d  f o r  t h e  m easurem en t  o f  p e r f u s i o n  p r e s s u r e .  The 

p r e s s u r e  drop a c r o s s  t h i s  c a n n u l a  was 3 ,  5 ,  5 ,  8 , 10 and 11 mm Hg f o r  

f low  r a t e s  o f  6 . 5 ,  1 3 .0 ,  1 9 .0 ,  2 5 . 5 ,  3 2 . 0 ,  and 3 9 . 5  m l /m in .

The v e i n  from t h e  s e c t i o n  was l e f t  i n t a c t  e x c e p t  t h a t  a n e e d l e  

was i n s e r t e d  i n t o  t h e  v e i n  f o r  p r e s s u r e  m easu r em en t .  The r e s t  o f  t h e  

p r o c e d u r e  was i d e n t i c a l  t o  t h a t  u s e d  i n  t h e  n a t u r a l  f low  p r e p a r a t i o n .

A f t e r  a l l  o p e r a t i v e  p r o c e d u r e s  we re  c o m p l e t e d ,  t h e  s e c t i o n  o f

g u t  was m o i s t e n e d  w i t h  s a l i n e ,  and c a r e f u l l y  c o v e r e d  w i t h  a s h e e t  o f

p a r a f i l m .  A th e rm om ete r  was f i x e d  a g a i n s t  t h e  g u t  and a h e a t  lamp was

o o
u s e d  t o  m a i n t a i n  a t e m p e r a t u r e  o f  36 -  38 C.

P r e s s u r e  f low r e l a t i o n s h i p s  w ere  o b t a i n e d  i n  t h e  dog i l eum  by 

i n c r e a s i n g  b lo o d  f low r a t e  and m o n i t o r i n g  s t e a d y  s t a t e  p e r f u s i o n  p r e s ­

s u r e  a t  each  i n c r e m e n t  i n  f low.

The e f f e c t  of  i s c h e m i a  on s u b s e q u e n t  f l o w  and p e r f u s i o n  p r e s s u r e  

was s t u d i e d  i n  t h e  n a t u r a l  f low and  p u m p - p e r f u s e d  p r e p a r a t i o n s ,  r e s p e c ­

t i v e l y .  I s c h e m i a  was p ro d u c ed  i n  t h e  n a t u r a l  f l o w  p r e p a r a t i o n  by sudden 

o c c l u s i o n  of  t h e  g u t  a r t e r y  w i t h  a  s m a l l  h e m o s t a t .  The jaws  o f  the  

c lamp w e re  c o v e r e d  w i t h  r u b b e r  t u b i n g  t o  i n s u r e  a  minimum o f  t rauma t o  

t h e  a r t e r y .  Blood f low m easu r em en ts  w e re  o b t a i n e d  im m e d ia t e l y  b e f o r e  

and a f t e r  t h e  p e r i o d  o f  i s c h e m i a .  I n  t h e  c o n s t a n t  f l o w  s t u d i e s ,  b l o o d  

f l o w  t o  t h e  s e c t i o n  o f  i l e u m  was s u d d e n l y  i n t e r r u p t e d  and r e - e s t a b l i s h e d  

by s h u t t i n g  o f f  and t u r n i n g  on t h e  b l o o d  pump. The p e r i o d s  o f  i s c h e m i a
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r a nged  f rom 30 s e c o n d s  t o  two m i n u t e s  i n  b o t h  p r e p a r a t i o n s .

The e f f e c t  o f  e l e v a t i o n  o f  veno us  p r e s s u r e  upon i l e a l  b lo o d  

f low and r e s i s t a n c e  was a l s o  s t u d i e d  i n  b o t h  the n a t u r a l  and pump p e r ­

f u s e d  p r e p a r a t i o n s .  I n  t h e  n a t u r a l  f low p r e p a r a t i o n  venous  p r e s s u r e  

e l e v a t i o n  was p r o d u c ed  by r a i s i n g  t h e  t i p  o f  the venous  o u t f l o w  c a t h e t e r  

t o  a l e v e l  t h a t  p r o d u c ed  t h e  d e s i r e d  veno us  p r e s s u r e .  I n  th e  p um p-p e r­

f u s e d  s t u d i e s  venous  p r e s s u r e  was e l e v a t e d  t o  d e s i r e d  l e v e l s  by p a r t i a l  

c o n s t r i c t i o n  of  t h e  g u t  v e i n  d i s t a l  t o  t h e  s i t e  of venous  p r e s s u r e  mea­

su re men t  w i t h  f low h e l d  c o n s t a n t .

I n  t h e  n a t u r a l  f low  p r e p a r a t i o n ,  d o s e - r e s p o n s e  e f f e c t s  we re  d e ­

t e r m in ed  f o r  s e v e r a l  n a t u r a l l y  o c c u r r i n g  v a s o a c t i v e  a g e n t s  which were  

i n f u s e d  d i r e c t l y  i n t o  t h e  g u t  a r t e r y .  A d e n o s in e ,  AMP ( a d e n y l i c  a c i d  

m u s c l e ) ,  ADP ( a d e n o s i n e  d i p h o s p h a t e )  and ATP ( ad en o s in e  t r i p h o s p h a t e )  

we re  d i s s o l v e d  i n  s a l i n e  and i n f u s e d  s e p a r a t e l y  i n t o  t h e  g u t  a r t e r y  a t  

r a t e s  r a n g i n g  f rom 0 . 5 1  t o  10 .3  p g / m i n u t e .  A c e t y l c h o l i n e  c h l o r i d e  and 

s e r o t o n i n  c r e a t i n i n e  s u l f a t e ,  a l s o  i n  s a l i n e ,  were i n f u s e d  i n t r a -  

a r t e r i a l l y  a t  r a t e s  r a n g i n g  f rom 1 t o  2 0 . 6  pg o f  t h e  s a l t / m i n u t e .  I s o ­

t o n i c  s o l u t i o n s  o f  MgCl2 (302 mOsm/1) , CaC l 2 (303 mOsm/1), KOI (310 mOsm/ 

1 ) ,  and KCl p l u s  a t r o p i n e  s u l f a t e  (100  p g / c c )  were a l s o  i n f u s e d  i n d i ­

v i d u a l l y  i n t o  t h e  g u t  a r t e r y  a t  r a t e s  r a n g i n g  from .05 t o  2 .06  m l /m in .

The h i g h e s t  i n f u s i o n  r a t e  f o r  KCl was 1 .03 ml /min.  S a l i n e  i n f u s e d  a t  

th e  same volume i n f u s i o n  r a t e  was used  a s  a c o n t r o l  f o r  a l l  a g e n t s .

Each  i n f u s i o n  r a t e  was m a i n t a i n e d  f o r  two min u te s .  P r e s s u r e s  and f lo w 

w e re  measu red  d u r i n g  t h e  l a s t  m i n u te  o f  e a ch  p e r i o d .  The a d e n o s i n e ,  AMP, 

ADP, ATP, and a c e t y l c h o l i n e  s o l u t i o n s  w ere  p r e p a r e d  a p p r o x i m a t e l y  one 

h o u r  b e f o r e  u s e .
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The e f f e c t s  o f  h em orr hage  upon th e  i n t e s t i n a l  v a s c u l a t u r e  was 

a l s o  s t u d i e d  i n  b o t h  t h e  n a t u r a l l y  p e r f u s e d  and p u m p -p e r f u s e d  p r e p a r a ­

t i o n s .  I n  t h e  n a t u r a l  f low p r e p a r a t i o n ,  15% o f  t h e  a n i m a l ' s  c i r c u l a t i n g  

b lo o d  volume ( c a l c u l a t e d  as  8 % o f  body w e ig h t )  was q u i c k l y  removed v i a  

a b r a c h i a l  a r t e r y .  P r e s s u r e s  and i l e a l  b lood f low  were  m eas u r ed  immedi­

a t e l y  upon c e s s a t i o n  o f  b l e e d i n g  and a t  one m in u te  I n t e r v a l s  f o r  t h e  

s u b s e q u e n t  f i v e  m i n u t e s ,  and a t  f i v e  m inu te  i n t e r v a l s  f o r  t h e  n e x t  f i f ­

t e e n  m i n u t e s .  A t  t h e  end of t h e  tw en ty  m inu te  p e r i o d  o f  h ypovo lem ia ,  

t h e  b l o o d  was r e t u r n e d  r a p i d l y  t o  th e  a n i m a l .  P r e s s u r e s  and f low  were 

m easu red  a t  one m in u te  i n t e r v a l s  f o r  t h e  f i r s t  f o u r  m i n u t e s  and a g a i n  

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

The above p r o c e d u r e  was r e p e a t e d  i n  a n o t h e r  s e r i e s  o f  a n i m a l s .

I n  t h i s  group i l e a l  b lo o d  f lo w was h e l d  c o n s t a n t  w i t h  a pump (model  TM- 

1 0 ) a t  a  r a t e  which  i n  t h e  c o n t r o l  p e r i o d  p ro d u ced  a p e r f u s i o n  p r e s s u r e  

a p p r o x i m a t e l y  e q u a l  t o  t h e  a n i m a l ' s  a o r t i c  p r e s s u r e .  I n  a d d i t i o n ,  a 

sec on d b l o o d  pump (model  T 6 SH) was used to  m a i n t a i n  a c o n s t a n t  b lo o d  

f lo w t h ro u g h  th e  r i g h t  k i d n e y  ( s e e  Kidney m e t h o d s ) .

F o r e  limb

Most s t u d i e s  were  pe r fo rm ed  on t h e  r e l a t i v e l y  i n t a c t  f o r e l i m b  

p e r f u s e d  w i t h  a pump (model  T 6 S H ). Smal l  a r t e r y ,  s m a l l  v e i n  and t i s s u e  

p r e s s u r e  were  m easu red  i n  some o f  t h e s e  e x p e r i m e n t s  ( F i g u r e  2 ) .  I n  

o t h e r  s t u d i e s  venous  o u t f l o w  was measur ed  w i t h  a  r o t o m e t e r  i n t e r p o s e d  

bet ween  t h e  b r a c h i a l  and c e p h a l i c  v e i n s  and an  e x t e r n a l  j u g u l a r  v e i n .

A f t e r  a n e s t h e t i z a t i o n ,  t h e  a n i m a l s  we re  p o s i t i o n e d  on t h e i r  

r i g h t  s i d e .  The r i g h t  b r a c h i a l  a r t e r y ,  b r a c h i a l  v e i n ,  c e p h a l i c  v e i n ,  

and b r a c h i a l  p l e x u s  w e re  e x p o s e d .  A l l  o t h e r  s o f t  t i s s u e s  we re  t i e d
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F i g u r e  2 . S c h e m a t i c  drawing o f  t h e  pump p e r f u s e d  f o r e l i m b  p r e p a r a t i o n  

showing s i t e s  o f  p r e s s u r e  m easu rem en t  and t h e  f o u r  v a s c u l a r  

s e g m e n t s .  I n  t h e  n a t u r a l  f l o w  s t u d i e s  the  pump was  removed 

from t h e  a r t e r i a l  s i d e  and a  f l o w m e t e r  was i n s t a l l e d  d i s t a l  

t o  t h e  s i t e  o f  c e p h a l i c  v e i n  p r e s s u r e  m easurem en t .
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w i t h  t h r e e  heavy  l i g a t u r e s  a t  a  l e v e l  midway between t h e  e lbow and 

s h o u l d e r .  T h i s  e l i m i n a t e d  a l l  c o l l a t e r a l  flow t o  t h e  f o r e l i m b  e x c e p t  

t h a t  t h r o u g h  bon e.  The o u t f l o w  from t h e  c e p h a l i c  and b r a c h i a l  v e i n s  

w i t h  t h e  b r a c h i a l  a r t e r y  o c c lu d e d  and a o r t i c  p r e s s u r e  a t  112 mm Hg 

a v e r a g e d  o n l y  1 . 4  m l /m in  i n  t e n  such p r e p a r a t i o n s .  The r i g h t  f e m o r a l  

and b r a c h i a l  a r t e r i e s  w e re  l i g a t e d  and a p r e - c a l i b r a t e d  bloo d pump (model  

T6SH, w i t h  0 .1 1 8 "  i . d . ,  0 .375"  o . d .  p o l y e t h y l e n e  t u b i n g  l e a d i n g  to  the  

v e s s e l s )  was i n t e r p o s e d  be tw een  t h e  p ro x im a l  segment  o f  t h e  f e m o r a l  a r ­

t e r y  and d i s t a l  segm ent  o f  t h e  b r a c h i a l  a r t e r y ,  A 22 gauge n e e d l e  was 

i n s e r t e d  t h ro u g h  t h e  s k i n  o f  t h e  u p p e r  fo rea rm  i n t o  t h e  c e p h a l i c  v e i n  

w i t h  th e  t i p  p o i n t e d  c e n t r a l l y .  The m e t a c a r p a l  v e i n  was i s o l a t e d ,  l i ­

g a t e d  and i n c i s e d  p e r i p h e r a l  t o  t h e  l i g a t u r e .  A g l a s s  tu b e  ( 0 . 5  mm o . d .  

w i t h  a  p o l i s h e d  t i p )  was m a n i p u l a t e d  d i s t a l l y  p a s t  v a l u e s  u n t i l  the  t i p  

l a y  i n  t h e  web b e tw e en  t h e  s eco n d  and t h i r d  t o e .  I n  t h i s  p o s i t i o n  from 

which b lo o d  c o u l d  be  w i th d raw n  and s a l i n e  i n f u s e d  w i t h o u t  n o t i c e a b l e  r e ­

s i s t a n c e .  The t u b e  was t h e n  t i e d  i n t o  p l a c e .  A second g l a s s  t u b e  was 

i n s e r t e d  i n t o  a v o l n a r  m e t a c a r p a l  a r t e r y  by th e  same t e c h n i q u e ,  e x c e p t  

t h e  c a n n u l a  was o n l y  ad va nced  a b o u t  one c e n t i m e t e r  d i s t a l l y .  The p e r f u ­

s i o n  t u b i n g  was n e e d l e d  b e tw e en  th e  pump and i t s  i n s e r t i o n  i n t o  b r a c h i a l  

a r t e r y ,  A p o l y e t h y l e n e  c a t h e t e r  (PE280) was i n s e r t e d  p r o x i m a l l y  up th e  

b r a c h i a l  a r t e r y  i n t o  t h e  a o r t a .  The n e e d l e s  and t u b e s  were  c o n n e c t e d  

t h r o u g h  a  m u l t i p l e  s t o p c o c k  a r r a n g e m e n t  t o  a s i n g l e  r e s i s t a n c e  w i r e  

p r e s s u r e  t r a n s d u c e r  (volume r e p l a c e m e n t  = 0 .01 cu mm/100 mm H g ) . T h i s  

o b v i a t e d  th e  p r a c t i c a l  d i f f i c u l t i e s  o f  m u l t i p l e  t r a n s d u c e r s  and a m p l i ­

f i e r s .  I n  o r d e r  t o  keep t h e  t u b e s  and c a t h e t e r s  open ,  t h e  a r r a n g e m e n t  

i n c l u d e d  a mechanism f o r  s low s e q u e n t i a l  i n f u s i o n  o f  h e p a r i n i z e d  s a l i n e
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f rom a p r e s s u r i z e d  d r i p  b o t t l e  whenever  p r e s s u r e s  we re  n o t  b e i n g  r e c o r d e d .  

A f t e r  d e t e r m i n a t i o n  from t h e  venous  p r e s s u r e  l e v e l s ,  t h a t  venous  o u t f l o w  

from t h e  f o r e l i m b  was u n o b s t r u c t e d ,  f o r e l i m b  f low was a d j u s t e d  t o  a v a l u e  

t h a t  p rod uc ed  a b r a c h i a l  a r t e r i a l  p r e s s u r e  s i m i l a r  t o  a o r t i c  p r e s s u r e .  

T h i s  f low a v e r a g e d  0 ,23  ml /min /gm o f  f o r e l e g .  B ecaus e  o f  t h e  numerous 

a r t e r y  t o  a r t e r y  and  v e i n  t o  v e in  a n a s to m o s e s ,  th e  p r e s s u r e s  r e c o r d e d  

i n  t h e  s m a l l  v e s s e l s  a r e  n o t  m e a s u r a b l y  d i f f e r e n t  f rom t r u e  l a t e r a l  

p r e s s u r e .

Muscle  and s u b c u t a n e o u s  t i s s u e  p r e s s u r e  were  r e c o r d e d  v i a  th e  

same p r e s s u r e  t r a n s d u c e r .  T w e n ty - s e v e n  gauge hypo de rm ic  n e e d l e s  were 

i n s e r t e d  i n t o  t h e  f l e x o r  b e l l y  i n  t h e  f o r e a r m  and i n  t h e  o v e r l y i n g  s u b ­

c u t a n e o u s  t i s s u e .  T hese  w e re  a t t a c h e d  t h ro u g h  s a l i n e  f i l l e d  c a t h e t e r s  

t o  t h e  t r a n s d u c e r .  P r e s s u r e  i n  t h e  t r a n s d u c e r  head  was r a i s e d  t o  40 

mm Hg by ex p o s in g  i t  to  a column o f  s a l i n e .  By t u r n i n g  a  s t o p c o c k  th e  

t r a n s d u c e r  hea d  was s w i t c h e d  from t h e  column o f  s a l i n e  t o  one o f  the  

f l u i d  f i l l e d  c a t h e t e r s .  T h i s  maneuver  d i s p l a c e s  a b o u t  0 . 0 0 4  cu mm of  

s a l i n e  i n t o  t h e  t i s s u e .  The s u b s e q u e n t  d ecay  i n  p r e s s u r e  was m o n i to r e d  

and t h e  e q u i l i b r i u m  p r e s s u r e  was t a k e n  t o  be i n t e r s t i t i a l  p r e s s u r e .

U s in g  t h i s  metho d,  r e p e a t e d  m easu rem en ts  c o u l d  be made w i t h o u t  i n t r o ­

d u c i n g  s i g n i f i c a n t  amounts  o f  f l u i d  i n t o  t h e  t i s s u e  o r  a l t e r i n g  i n t e r ­

s t i t i a l  p r e s s u r e .

D e n e r v a t i o n  was a c c o m p l i s h e d  by s e c t i o n i n g  a l l  f o r e l i m b  n e r v e s  

below t h e  b r a c h i a l  p l e x u s  ( m u s c u l o c u t a n e o u s ,  m ed ian ,  u l n a r ,  and r a d i a l ) .

F o re  l imb b l o o d  f low  was changed  i n  t h r e e  ways .  A l t e r a t i o n  of  

f lo w by r e g u l a r  i n c r e m e n t s  was  a c c o m p l i s h e d  by v a r y i n g  t h e  pump speed .

I n  t h e s e  e x p e r i m e n t s  p r e s s u r e s  and r e s i s t a n c e s  we re  d e t e r m i n e d  o n l y  i n
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t h e  s t e a d y  s t a t e .  Sq u a re  wave changes  i n  b l o o d  f low ,  of  l i m i t e d  d u r a t i o n ,  

were  p ro d u c ed  by a s p i r a t i o n  o r  i n j e c t i o n  o f  b lo o d  b e tw e en  t h e  pump and 

b r a c h i a l  a r t e r y .  T r a n s i e n t  o r  p ro lo n g ed  s q u a r e  wave chang es  i n  b l o o d  

f low t h r o u g h  t h e  l imb were  produced by sud den  d i v e r s i o n  o f  f l o w  t o  and 

from t h e  l imb ( F i g u r e  3 ) .  A f t e r  o c c l u s i o n  a t  p o i n t  B, f low t h r o u g h  b o t h  

t u b e s  i n  t h e  pump head was v e r y  n e a r l y  e q u a l .  Thus ,  immedia te  h a l v i n g  o f  

f o r e l i m b  f lo w  c o u l d  be a c c o m p l i s h e d  by s i m u l t a n e o u s l y  c l am ping  a t  p o i n t  A 

and r e l e a s i n g  o c c l u s i o n  a t  p o i n t  B, C o n v e r s e l y ,  immedia t e  d o u b l i n g  o f  

f o r e l i m b  f l o w  c o u l d  be ac c o m p l i s h e d  by s i m u l t a n e o u s l y  c l am ping a t  B and 

r e l e a s i n g  o c c l u s i o n  a t  A, T h i s  t e c h n i q u e  p e r m i t t e d  a l t e r n a t e  h a v l i n g  

and d o u b l i n g  o f  f o r e l i m b  f low w i t h o u t  s u b j e c t i n g  a s t a t i c  column o f  

b lo o d  t o  t h e  c o n t i n u o u s  r o l l e r  a c t i o n  o f  t h e  b lo o d  pump, a s  would  o c c u r  

f o r  example  i f  t h e  u p p e r  t u b e  was s im p ly  c lamped.

The e f f e c t  o f  i n t e r r u p t i o n  o f  f o r e l i m b  blood  f lo w upon b r a c h i a l  

a r t e r y  p e r f u s i o n  p r e s s u r e  i m m e d ia t e l y  f o l l o w i n g  r e - e s t a b l i s h m e n t  o f  

f l ow was s t u d i e d  i n  26 dog f o r e l i m b s .  The e f f e c t  o f  venous  c o n g e s t i o n  

upon t h e  r e s p o n s e  was a l s o  s t u d i e d  i n  th e  same l im b s .  Blood f low  to  

t h e  l imb was s u d d e n l y  i n t e r r u p t e d  by s h u t t i n g  o f f  t h e  pump. I n  mos t  o f  

t h e s e  s t u d i e s  t h e  d i v e r s i o n  sys tem  was n o t  employed.  The pump head co n ­

t a i n e d  o n l y  one t u b e .  A f t e r  a s p e c i f i e d  t im e  i n t e r v a l  ( 2 ,  10,  20 ,  30,

60 and 120 s ec o n d s )  b l o o d  f low  was r e - e s t a b l i s h e d  by t u r n i n g  t h e  pump 

on.  The e f f e c t  o f  t h i s  maneuve r  upon l imb p e r f u s i o n  p r e s s u r e  was com­

p a r e d  t o  t h o s e  c a u s e d  by th e  same p e r i o d s  o f  f l ow  i n t e r r u p t i o n  w i t h  

i n t r a l u m i n a l  p r e s s u r e  d u r i n g  i n t e r r u p t i o n  h e l d  n e a r  t h e  p r e - o c c l u s i o n  

l e v e l .  The l a t t e r  was ac c o m p l i s h e d  by o c c l u d i n g  th e  c e p h a l i c  and b r a ­

c h i a l  v e i n s  a t  o r  s h o r t l y  b e f o r e  i n t e r r u p t i n g  a r t e r i a l  i n f l o w .  S i x  o f
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F i g u r e  3,  Sch em at ic  d ra w ing  o f  t h e  d i v e r s i o n  s y s t em  u s ed  t o  p roduc e 

s q u a r e  wave ch a n g e s  i n  b l o o d  f l o w  t h r o u g h  th e  f o r e l i m b  and 

k i d n e y .  D e s c r i p t i o n  i n  t e x t .
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the  above f o r e  l imbs  w ere  s t u d i e d  i n  the  same manner  f o l l o w i n g  d e n e r v a ­

t i o n .  Two m easu rem en ts  were  u s ed  t o  q u a n t i t a t e  t h e  m a g n i tu d e  o f  t h e  r e ­

s i s t a n c e  change p ro d u c e d  by t h e  maneuver ;  1) t h e  a b s o l u t e  p e r f u s i o n  

p r e s s u r e  im m e d ia t e l y  upon r e - i n s t i t u t i o n  o f  b l o o d  f l o w  was compared t o  

t h e  p r e - o c c l u s i o n  p r e s s u r e ,  and 2) t h e  t o t a l  a r e a  o f  t h e  p r e s s u r e  r e ­

sp o n s e  was m easu red  and e x p r e s s e d  i n  s q u a r e  mm o f  p a p e r .

The e f f e c t  o f  e l e v a t i o n  o f  venous  p r e s s u r e  a t  c o n s t a n t  b lood  

f low  upon f o r e l i m b  p r e s s u r e s  i n  t h e  i n n e r v a t e d  and d e n e r v a t e d  dog f o r e ­

l imb was s t u d i e d  i n  a n o t h e r  s e r i e s  o f  21 a n i m a l s .  Venous  p r e s s u r e  e l e ­

v a t i o n  was a c c o m p l i s h e d  by p a r t i a l  o b s t r u c t i o n  o f  venous  o u t f l o w  w i t h  a 

c o n s t r i c t i n g  l i g a t u r e  below t h e  s i t e  o f  venous  p r e s s u r e  m easu rem en t .

The e f f e c t  of  i n c r e a s i n g  b l o o d  f low t h r o u g h  t h e  l imb by r e g u l a r  

i n c r e m e n t s  upon s e g m e n t a l  p r e s s u r e  g r a d i e n t s  and r e s i s t a n c e s  was a l s o  

s t u d i e d  i n  t h i s  group  o f  a n i m a l s .

Segm en ta l  r e s i s t a n c e s  w ere  c a l c u l a t e d  i n  t h e  f o l l o w i n g  manner :  

t o t a l  r e s i s t a n c e  = b r a c h i a l  a r t e r y  p r e s s u r e  minus  c e p h a l i c  v e i n  p r e s ­

s u r e  d i v i d e d  by b lo o d  f l o w ;  a r t e r i a l  r e s i s t a n c e  = b r a c h i a l  a r t e r y  p r e s ­

s u r e  minus s m a l l  a r t e r y  p r e s s u r e  d i v i d e d  by b lo o d  f l o w ;  s m a l l  v e s s e l  

r e s i s t a n c e  = s m a l l  a r t e r y  p r e s s u r e  minus  sm a l l  v e i n  p r e s s u r e  d i v i d e d  by 

b l o o d  f lo w ;  v en o u s  r e s i s t a n c e  = s m a l l  v e i n  p r e s s u r e  minus  l a r g e  v e i n  

p r e s s u r e  d i v i d e d  by b l o o d  f lo w .

The e f f e c t  o f  t r a n s i e n t  and p ro l o n g e d  s q u a r e  wave ch anges  i n  

b l o o d  f lo w upon b r a c h i a l  p e r f u s i o n  p r e s s u r e  was s t u d i e d  i n  a n o t h e r  

s e r i e s  o f  a n i m a l s  u t i l i z i n g  t h e  d i v e r s i o n  sy s tem  o u t l i n e d  above .

The e f f e c t s  o f  hem or rhage  upon t h e  f o r e l i m b  p r e p a r a t i o n  was 

s t u d i e d  a t  b o t h  c o n s t a n t  and n a t u r a l  f l ow.  I n  a  s e r i e s  o f  s i x  a n i m a l s
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o u t f l o w  from t h e  b r a c h i a l  and c e p h a l i c  v e i n s  was l e d  th r o u g h  a r o t o m e t e r  

i n t o  the r i g h t  a t r i u m  v i a  a l a r g e  p l a s t i c  c a n n u la  p a s s e d  down a n  e x t e r n a l  

j u g u l a r  v e i n .  F o l l o w i n g  a 15 m in u te  c o n t r o l  p e r i o d ,  i n  which p r e s s u r e s  

and f lo ws  were  r e c o r d e d  a t  5 m in u te  i n t e r v a l s ,  25% o f  t h e  a n i m a l ' s  c a l c u ­

l a t e d  b l o o d  volume was removed.  P r e s s u r e s  and f lo ws  were  r e c o r d e d  a t

th e  f i r s t ,  t h i r d ,  f i f t h ,  t e n c h ,  f i f t e e n t h  and t w e n t i e t h  m i n u te  a f t e r  

b l e e d i n g .  The shed  b lo o d  was t h e n  r e t u r n e d  to  th e  a n i m a l  and p r e s s u r e s

and f lo ws  were  r e c o r d e d  a t  t h e  same t ime i n t e r v a l s  d u r i n g  t h e  s u b s e q u e n t

tw en ty  m i n u t e s .

E l e v e n  a n i m a l s  were  s t u d i e d  in  the  same manner  w h i l e  h o l d i n g  

f o r e l i m b  f low  c o n s t a n t  w i t h  t h e  b lood  pump. I n  t h e s e  s t u d i e s  t h e  

volume o f  b lo o d  shed  ranged  from 9 to  38.3% ( a v e r a g e  20.7%) o f  t h e  c a l ­

c u l a t e d  b lo o d  volume.

Kidney

I n  t h e s e  s t u d i e s ,  b lo o d  f low  to  t h e  k id n e y  was e i t h e r  h e l d  co n ­

s t a n t  w i t h  a pump o r  venous  o u t f l o w  from t h e  k i d n e y  was m e a s u r e d .  I n  

b o t h  p r e p a r a t i o n s  t h e  r i g h t  k i d n e y  was exposed  r e t r o p e r i t o n e a l l y  t h ro u g h  

a r i g h t  f l a n k  i n c i s i o n .  Ext reme c a r e  was t a k e n  to  a v o id  u n n e c e s s a r y  

damage to  t h e  k i d n e y  o r  c o n n e c t i v e  t i s s u e  i n  t h e  i m m e d ia t e  v i c i n i t y  o f  

t h e  k id n e y .

When b l o o d  f lo w  was t o  be measured th e  r e n a l  a r t e r y  was e n c i r c l e d  

w i t h  a l o o s e  l i g a t u r e .  The r e n a l  v e i n  was d i s s e c t e d  f r e e  from t h e  h i l u s  

o f  t h e  k i d n e y  to  t h e  vena  ca v a .  The r e n a l  a r t e r y  was t h e n  p a r t i a l l y  

t r a n s e c t e d  and a l a r g e  b o r e  g l a s s  o r  p o l y e t h y l e n e  c a n n u l a  i n s e r t e d  up 

Che r e n a l  v e i n  and s e c u r e l y  t i e d  i n  p l a c e .  The c a n n u l a  was c o n n e c t e d  

by r u b b e r  t u b i n g  t o  a  T t u b e .  The v e r t i c a l  arm o f  t h e  T was u s e d  f o r
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the  i n s e r t i o n  o f  a mac. ro-oxygen p ro b e  f o r  c o n t i n u o u s  measurement  of  PO2 

t e n s i o n .  The d i s c a l  arm of  t h e  T was c o n n e c t e d  by r u b b e r  t u b i n g  to  a 

r o t o m e t e r .  The o u t f l o w  from t h e  r o t o m e t e r  p a s s e d  t h r o u g h  a n o t h e r  l a r g e  

b o re  p o l y e t h y l e n e  c a n n u l a  wh ich  was i n s e r t e d  i n t o  t h e  s u p e r i o r  vena cava 

v i a  the r i g h t  e x t e r n a l  j u g u l a r  v e i n .  When t h e  e x t e r n a l  c i r c u i t  was i n  

p l a c e ,  t h e  a r t e r y  c lamp was removed,  t h u s  r e s t o r i n g  r e n a l  b l o o d  f low.

On the a v e r a g e ,  r e n a l  b lo o d  f lo w was i n t e r r u p t e d  f o r  l e s s  t h a n  two 

m i n u te s .  A 22 gauge h y poderm ic  n e e d l e  was b e n t  t o  a  r i g h t  a n g l e  and con­

n e c t e d  b y  a  f l u i d  f i l l e d  p o l y e t h y l e n e  tu b e  t o  a p r e s s u r e  t r a n s d u c e r .  I t  

was then i n s e r t e d  i n t o  the. r e n a l  a r t e r y  between  th e  k i d n e y  and the  l i g a ­

t u r e  s u r ro u n d i n g  t h e  r e n a l  a r t e r y .  T h i s  c a n n u l a  was used  f o r  m e a s u r e ­

ment  of r e n a l  p e r f u s i o n  p r e s s u r e  o r  t o  i n t r o d u c e  v a s o a c t i v e  a g e n t s  d i ­

r e c t l y  i n t o  t h e  r e n a l  a r t e r y .  A s m a l l  p o l y e t h y l e n e  (PEIO) c a n n u l a ,  

a l s o  f l u i d  f i l l e d ,  was p a s s e d  i n  a r e t r o g r a d e  manner  up the  venous  o u t ­

f low c a n n u la  u n t i l  i t s  t i p  l a y  beyond t h e  o r i f i c e  o f  t h e  l a r g e  ca n n u la  

i n  the  r e n a l  v e i n .  T h i s  t u b e  was c o n n e c t e d  t o  t h e  same p r e s s u r e  t r a n s ­

d u c e r  and was u s e d  t o  m easu r e  r e n a l  venous  p r e s s u r e .

The e f f e c t s  o f  p a r t i a l  r e n a l  a r t e r y  o c c l u s i o n  ( a c c o m p l i s h e d  by 

t i g h t e n i n g  t h e  r e n a l  a r t e r y  l i g a t u r e )  upon r e n a l  b l o o d  f low ,  r e n a l  r e ­

s i s t a n c e ,  and r e n a l  venous  oxyg en  t e n s i o n  was s t u d i e d  i n  t h i s  p r e p a r a ­

t i o n .  A sample o f  ven o u s  b l o o d  was drawn b e f o r e ,  d u r i n g  and a f t e r  t h e  

r e n a l  a r t e r y  c o n s t r i c t i o n  f o r  d e t e r m i n a t i o n  o f  pH, Na+ and KT̂  . The 

r e n a l  a r t e r y  c o n s t r i c t i o n  was r e p e a t e d  i n  t h e  same a n i m a l s  e x c e p t  t h a t  

th e  anima.Is  were  v e n t i l a t e d  w i t h  100% oxygen b e g i n n i n g  a p p r o x i m a t e l y  one 

m in u te  p r i o r  t o  t h e  a r t e r y  c o n s t r i c t i o n .  T h i s  was a c c o m p l i s h e d  by c on ­

n e c t i n g  t h e  i n p u t  of  t h e  r e s p i r a t o r  t o  a D o u g la s  bag f i l l e d  w i t h  100%
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oxygen.  In  the same a n i m a l s ,  t h e  same r e n a l  p a r a m e t e r s  were  a g a i n  

s t u d i e d  d u r i n g  v e n t i l a t i o n  w i t h  100% oxygen  a l o n e .

The e f f e c t s  o f  e l e v a t i o n  o f  r e n a l  venous  p r e s s u r e , e l e v a t i o n ,  

a c c o m p l i s h e d  by p a r t i a l  o c c l u s i o n  of t h e  venous  o u t f l o w  c a n n u l a ,  upon 

r e n a l  b lo o d  f l o w ,  r e n a l  venous  oxygen t e n s i o n ,  and c a l c u l a t e d  r e n a l  

v a s c u l a r  r e s i s t a n c e  a l s o  we re  s t u d i e d  i n  t h e  same k i d n e y s .

An e f f o r t  was a l s o  made t o  d e t e r m i n e  i f  c o n s t r i c t i o n  o f  t h e  

r e n a l  a r t e r y  o r  v e i n  a l t e r e d  th e  v a s o a c t i v e  p r o p e r t i e s  o f  t h e  r e n a l  

venous  b l o o d .  I n  a n o t h e r  g ro u p  o f  t e n  a n i m a l s ,  a second T t u b e  was i n ­

s e r t e d  i n t o  t h e  e x t e r n a l  r e n a l  venous  c i r c u i t  be tween  t h e  f l o w m e t e r  and 

t h e  j u g u l a r  v e i n .  The v e r t i c a l  b r a n c h  o f  t h i s  T tu be  was c o n n e c t e d  t o  

a  l e n g t h  o f  p l a s t i c  t u b i n g  which c o u r s e d  t h r o u g h  a b l o o d  pump (T6SH) 

and t h e n  i n t o  t h e  d i s t a l  segment  o f  t h e  l i g a t e d  l e f t  b r a c h i a l  a r t e r y .  

T h u s ,  t h e  f o r e l i m b  c o u l d  be p e r f u s e d  a t  a  c o n s t a n t  r a t e  w i t h  r e n a l  

venous  b l o o d .

I n  t h e s e  a n i m a l s ,  t h e  e f f e c t s  o f  p a r t i a l  o c c l u s i o n  o f  t h e  r e n a l  

a r t e r y  o r  v e i n  upon r e n a l  b l o o d  f low,  r e n a l  venous  oxygen t e n s i o n ,  c a l ­

c u l a t e d  r e n a l  v a s c u l a r  r e s i s t a n c e ,  and f o r e l i m b  v a s c u l a r  r e s i s t a n c e  was 

d e t e r m i n e d .  A l s o  s t u d i e d  i n  e i g h t  of  t h e s e  e x p e r i m e n t s  were  t h e  e f f e c t s  

o f  a d e n o s i n e ,  AMP, ADP and ATP upon r e n a l  b lo o d  f lo w ,  r e n a l  venous  oxy­

g en  t e n s i o n ,  c a l c u l a t e d  r e n a l  v a s c u l a r  r e s i s t a n c e  and f o r e l i m b  v a s c u l a r  

r e s i s t a n c e  when i n j e c t e d  i n t o  t h e  r e n a l  a r t e r y .  Each a g e n t  was d i l u t e d  

i n  s a l i n e  to  a  c o n c e n t r a t i o n  o f  10 p g / c c ,  and 0 .6 5  ml was t h e  i n j e c t e d  

volume i n  each  c a s e .

The e f f e c t s  o f  hem orr hage  upon r e n a l  b lo o d  f low and r e n a l  v a s c u ­

l a r  r e s i s t a n c e  were  s t u d i e d  i n  se v e n  a n i m a l s .  R en a l  venous  f lo w was
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d i v e r t e d  from th e  r e n a l  v e i n  t o  th e  j u g u l a r  v e i n  t h r o u g h  e x t e r n a l  t u b i n g  

and r e n a l  b lo o d  f l o w  was m easu red  by p e r i o d i c a l l y  c o l l e c t i n g  a l l  o f  t h e  

venous  o u t f l o w  d u r i n g  a t e n  sec on d p e r i o d  i n  a g r a d u a t e .  A f t e r  m e a s u r e ­

ment ,  t h e  b lo od  was i m m e d i a t e l y  r e t u r n e d  t o  t h e  a n i m a l .  The e x p e r i m e n t a l  

s eq u e n ce  was a s  d e s c r i b e d  f o r  t h e  s t u d i e s  on th e  f o r e  l imb d u r i n g  hemor­

rh age  .

When b l o o d  f lo w  to  t h e  k idney  was t o  be c o n t r o l l e d  b o t h  fe m o ra l  

a r t e r i e s  a s  w e l l  a s  t h e  r i g h t  r e n a l  a r t e r y  were  e x p o s e d .  A s h o r t  l e n g t h  

( . 5  cm) o f  th e  r e n a l  a r t e r y  was exposed  t o  p e r m i t  p a s s a g e  o f  two s u t u r e s  

a round  th e  v e s s e l .  The f e m o r a l  a r t e r i e s  and r e n a l  a r t e r y  were  l i g a t e d  

and t h e  same d i v e r s i o n  s y s t e m  used  i n  t h e  f o r e l i m b  ( F i g u r e  2) was i n ­

s t a l l e d .  Renal  p e r f u s i o n  p r e s s u r e  was o b t a i n e d  by n e e d l i n g  t h e  p e r f u ­

s i o n  t u b i n g  b e tw e en  t h e  pump and r e n a l  a r t e r y .  A lymph v e s s e l  l e a v i n g  

t h e  h i l a r  a r e a  of  t h e  r i g h t  k i d n e y  was c a r e f u l l y  d i s s e c t e d  f r e e  and ca n -  

n u l a t e d  w i t h  a f l u i d  f i l l e d  p o l y e t h y l e n e  (PEIO) c a n n u l a .  T h i s  c a n n u la  

was p a s s e d  up th e  lymph v e s s e l  u n t i l  i t s  t i p  l a y  j u s t  o u t s i d e  t h e  k i d n e y  

s u b s t a n c e .  The d i s t a l  end  o f  t h e  c a t h e t e r  was c o n n e c t e d  t o  a r e s i s t a n c e  

w i r e  p r e s s u r e  t r a n s d u c e r .  The e f f e c t s  o f  t r a n s i e n t  and p r o l o n g e d  s q u a r e  

wave ch a n g e s  i n  r e n a l  b lo o d  f lo w and o f  ch anges  i n  veno us  p r e s s u r e  a t  

c o n s t a n t  f low  upon r e n a l  p e r f u s i o n  p r e s s u r e  and l y m p h a t i c  v e s s e l  p r e s ­

s u r e  w e r e  s t u d i e d  i n  t h i s  p r e p a r a t i o n .

The e f f e c t s  o f  h em o r rh ag e  on r e n a l  v a s c u l a r  r e s i s t a n c e  w i t h  

r e n a l  f l o w  h e l d  c o n s t a n t  was s t u d i e d  i n  s i x  o t h e r  a n i m a l s .  A b lo od  

pump was  i n t e r p o s e d  b e tw e en  t h e  r i g h t  f e m o r a l  and r i g h t  r e n a l  a r t e r i e s .  

The p e r f u s i o n  t u b i n g  was n e e d l e d  f o r  r e n a l  a r t e r y  p r e s s u r e  and s y s t e m i c  

p r e s s u r e  was m easu red  f rom a n  a o r t i c  c a n n u l a .  B lo o d  f low  t o  t h e  k i d n e y
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was s e t  a t  a v a l u e  t h a t  gave a r e n a l  p e r f u s i o n  p r e s s u r e  a p p r o x i m a t e l y  

e q u a l  t o  a o r t i c  p r e s s u r e .  The e x p e r i m e n t a l  s eq u e n ce  f o r  t h e  s t u d y  of  

hemorrhage was i d e n t i c a l  t o  t h a t  d e s c r i b e d  f o r  t h e  i l e u m .

H e a r t

The r e l a t i o n s h i p  o f  p r e s s u r e  to  f low  t h r o u g h  t h e  e n t i r e  c o r o n a r y  

v a s c u l a r  bed o f  th e  dog h e a r t  was s t u d i e d  w i t h  t h e  h e a r t  p e r f o r m i n g  no 

e x t e r n a l  work.  T h i s  was  a c c o m p l i s h e d  by s h u n t i n g  t h e  b lo o d  a r o u n d  th e  

h e a r t  and l u n g s ,  c l am p in g  th e  a r c h  o f  t h e  a o r t a  and p e r f u s i n g  a r t e r i a l  

b lo o d  a t  known r a t e s  i n t o  t h e  a s c e n d i n g  a o r t a .  P e r f u s i o n  p r e s s u r e  was 

m easu red  a t  e a c h  f lo w r a t e .  The r e l a t i o n s h i p  was examined b e f o r e  and 

a f t e r  b i l a t e r a l  vagotomy w i t h  t h e  h e a r t  b e a t i n g  and f i b r i l l a t i n g .

P l a s t i c  c a n n u l a s  we re  i n t r o d u c e d  i n t o  t h e  s u p e r i o r  and i n f e r i o r  

vena ca v a  v i a  t h e  r i g h t  a t r i u m  ( F i g u r e  4 ) .  A r o t a t i n g  d i s c  o x y g e n a t o r  

(K ay-C ro ss  d i s c  o x y g e n a t o r ;  Pemco, I n c . ,  C l e v e l a n d ,  Ohio)  and b l o o d  

pump (model  T -6 5 )  w ere  i n t e r p o s e d  bet ween  th e  c a n n u l a  and l e f t  f e m o r a l  

a r t e r y  and t h e  body p e r f u s e d  w i t h  o x y g e n a te d  b l o o d  a t  t h e  r a t e  o f  50-60  

m l / k g / m i n .  C o r o n a r y  venous  b lo o d  was c o l l e c t e d  f rom t h e  r i g h t  h e a r t  w i t h  

a c a n n u l a  t h r e a d e d  t h r o u g h  th e  t r i c u s p i d  v a l u e  and t h e  b l o o d  r e t u r n e d  to  

t h e  v e n o u s  l imb o f  t h e  p e r f u s i o n  c i r c u i t .  L e f t  h e a r t  b l o o d  was c o l l e c t e d  

w i t h  a n o t h e r  c a n n u l a  t h r e a d e d  t h r o u g h  th e  m i t r a l  v a l v e .

The c o r o n a r y  v a s c u l a r  bed was p e r f u s e d  w i t h  a second  pump (model 

T - 6 ) .  T h i s  was p r e c a l i b r a t e d  t o  d e l i v e r  10 d i f f e r e n t  r a t e s  o f  f l o w .  I t  

was i n t e r p o s e d  b e tw e e n  t h e  r i g h t  f e m o r a l  a r t e r y  and t h e  a s c e n d i n g  a o r t a  

( F i g u r e  4 ) .  A f t e r  s e t t i n g  th e  pump i n  m o t i o n ,  t h e  a o r t a  and pu lm on ary  

a r t e r y  w e r e  c r o s s  c l amped a p p r o x i m a t e l y  3 cm from th e  h e a r t .  Hence ,  

c o r o n a r y  p e r f u s i o n  was n e v e r  i n t e r r u p t e d .  P e r f u s i o n  p r e s s u r e  was
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F i g u r e  4 .  S ch em at ic  d raw in g  o f  t h e  c a r d i a c  b y - p a s s  and c o r o n a r y  p e r ­

f u s i o n  s y s t e m s .  See t e x t  f o r  d e t a i l s .
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m easured  w i t h  a r e s i s t a n c e  w i r e  p r e s s u r e  t r a n s d u c e r  ( F i g u r e  4 ) .

The r e l a t i o n s h i p  o f  p r e s s u r e  t o  f low was s t u d i e d  b e f o r e  and 

a f t e r  vagotomy w i t h  t h e  h e a r t  b e a t i n g  and f i b r i l l a t i n g .  Both  v a g i  were  

s e c t i o n e d  h i g h  i n  t h e  neck .  F i b r i l l a t i o n  was i n d u c e d  by a p p l y i n g  a v e r y  

weak e l e c t r i c  shock t o  th e  h e a r t .  The f low  r a t e s  s t u d i e d  we re  25,  5 0 ,  

75,  100,  120,  140,  160,  180,  200 ,  and 220 m l /m in  i n  t h a t  o r d e r .  P r e s ­

s u r e s ,  a f t e r  s t a b i l i z i n g ,  were  m eas u red  a t  each  f low r a t e .  The e n t i r e  

s eq u e n c e  was c o m p le t ed  i n  ab o u t  two m i n u t e s .  S i n c e  t h e  p r e s s u r e  i n  t h e  

r i g h t  a t r i u m  rem a ined  a t  a t m o s p h e r i c  p r e s s u r e ,  t h e  r e s i s t a n c e  t o  f l ow 

t h r o u g h  the  c o r o n a r y  v a s c u l a r  bed  was c a l c u l a t e d  by d i v i d i n g  p e r f u s i o n  

p r e s s u r e  by t h e  r a t e  o f  b lo o d  f lo w  an d  e x p r e s s e d  as  m i l l i m e t e r s  Hg p e r  

m i l l i l i t e r  p e r  m i n u t e .

Flow from th e  c a n n u la  i n  t h e  l e f t  h e a r t  chambers  d i d  n o t  e x c eed  

10 m l /m in  i n  any  an im a l  and po s tm o r tem  t e s t s  showed t h e  a n ' r t i c  v a l v e  t o  

be  c o m p e te n t  a t  p r e s s u r e s  w e l l  o v e r  300 mm Hg,

F o r e l i m b  A s s a y

I n  o r d e r  t o  s t u d y  t h e  v a s o a c t i v i t y  o f  venou s  o u t f l o w  from r e g u ­

l a t i n g  o r g a n s ,  a p o r t i o n  o f  t h e  v en o u s  e f f l u x  f rom e i t h e r  th e  h i n d l i m b ,  

k i d n e y ,  o r  c o r o n a r y  v a s c u l a r  bed was p e r f u s e d  a t  a c o n s t a n t  r a t e  t h r o u g h  

th e  f o r e l i m b  o f  t h e  same dog. A f t e r  a  s u i t a b l e  c o n t r o l  p e r i o d  ( s t a b l e  

b r a c h i a l  a r t e r i a l  p r e s s u r e )  l o c a l  r e g u l a t i o n  was e l i c i t e d  ( n e r v e  s t i m u ­

l a t i o n ,  p a r t i a l  o r  c o m p le t e  o c c l u s i o n  o f  a r t e r i a l  i n f l o w  o r  o u t f l o w ,  

and o v e r  p e r f u s i o n )  i n  t h e  o r g a n  s u p p l y i n g  venous  b lo o d  t o  t h e  f o r e l i m b .  

B r a c h i a l  a r t e r i a l  p r e s s u r e  was c o n t i n u o u s l y  m e a s u r e d .

When t h e  h i n d l i m b  was t o  s u p p l y  v en o u s  b l o o d ,  t h e  f e m o r a l  a r t e r y  

and v e i n  were expo sed from t h e  s ap h e n o u s  a r t e r y  t o  t h e  b a s e  o f  S c a r p a ' s
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t r i a n g l e .  The s c i a t i c  n e r v e  was i s o l a t e d  h i g h  i n  th e  h i n d l i m b .  Rubber  

t u b i n g  (%" i . d . ) ,  w i t h  l a r g e  b o r e  p o l y e t h y l e n e  c a n n u l a s  f i t t e d  t o  each  

end and a  p o l y e t h y l e n e  T tu be  i n  t h e  m i d d l e ,  was s p l i c e d  i n t o  t h e  f e ­

m o ra l  v e i n .  The v e r t i c a l  b r a n c h  o f  t h e  T t u b e  was a d a p te d  t o  s m a l l e r  

p o l y e t h y l e n e  (PE280) which c o u r s e d  th r o u g h  a b lo o d  pump (model  T6SH) b e ­

f o r e  e n t e r i n g  th e  d i s t a l  segment  o f  t h e  l i g a t e d  b r a c h i a l  a r t e r y  ( s e e  

F o r e l i m b  m e t h o d s ) . T hese  t e c h n i q u e s  p e r m i t t e d  c o n t i n u o u s  s a m p l in g  o f  

h i n d l i m b  e f f l u x  and a l s o  o b v i a t e d  h i g h  f e m o r a l  venous  p r e s s u r e  ( t h e  f e ­

m o r a l  venous  b l o o d  i n  e x c e s s  o f  t h a t  go in g  to  t h e  f o r e l i m b  was p e r m i t t e d  

t o  d r a i n  n a t u r a l l y  i n t o  t h e  vena  c a v a ) .  T h i s  sy s t em  a l s o  p e r m i t t e d  com­

p a r i s o n  o f  f e m o r a l  ve nous  b lo o d  w i t h  vena c a v a l  b l o o d .  T h i s  was accom­

p l i s h e d  by  c l am p in g  e i t h e r  above  o r  below t h e  T t u b e

The e f f e c t s  o f  f a r a d i c  s t i m u l a t i o n  o f  t h e  s c i a t i c  n e r v e  and 

p a r t i a l  and c o m p le t e  f e m o r a l  a r t e r y  o c c l u s i o n  upon b r a c h i a l  p e r f u s i o n  

p r e s s u r e  was s t u d i e d  i n  t e n  su ch  p r e p a r a t i o n s .

R e n a l  v e i n  b l o o d  was a l s o  used  t o  p r o v i d e  b r a c h i a l  f l o w .  I n  

t h e s e  s t u d i e s ,  t h e  r o t o m e t e r  was removed f rom th e  r e n a l  venous  o u t f l o w  

sy s t em  (Kidney m e thods )  and th e  e x t e r n a l  c i r c u i t  was s h o r t e n e d  t o  a m i n i ­

mum l e n g t h .  T h i s  g r e a t l y  r e d u c e d  t h e  volume i n  t h e  e x t r a  c o r p o r a l  sys tem  

and r e d u c e d  c i r c u i t  t ime f rom k i d n e y  to  l imb .  The e f f e c t  o f  p a r t i a l  and 

co m p le t e  r e n a l  a r t e r y  o c c l u s i o n  upon b r a c h i a l  p e r f u s i o n  p r e s s u r e  was i n ­

v e s t i g a t e d  w i t h  t h i s  p r e p a r a t i o n .

I n  a n o t h e r  g r o u p  o f  a n i m a l s  the  same venou s  o u t f l o w  s y s t e m  was 

i n s t a l l e d  b e tw e e n  t h e  r i g h t  r e n a l  and j u g u l a r  v e i n s .  I n  a d d i t i o n ,  a 

b l o o d  pump was i n t e r p o s e d  be tween  t h e  r i g h t  femoral  and r i g h t  r e n a l  

a r t e r i e s .  The e f f e c t s  o f  o v e r - p e r f u s i o n  o f  t h e  k i d n e y ,  a c c o m p l i s h e d  by
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i n c r e a s i n g  pump f lo w ,  upon b r a c h i a l  a r t e r y  p r e s s u r e  was s t u d i e d  i n  t h i s  

p r e p a r a t i o n .

I n  t h e  s t u d i e s  i n  which  c o r o n a r y  ven o u s  b lo o d  was used  t o  s u p p l y  

t h e  f o r e l i m b ,  a s p e c i a l l y  d e s i g n e d  g l a s s  c a n n u l a  was i n s e r t e d  i n t o  t h e  

c o r o n a r y  s i n u s  v i a  t h e  r i g h t  a t r i a l  a p p e n d ag e .  A l a r g e  b o r e  (3 /8"  i . d . )  

r u b b e r  tu b e  w i t h  a 15 cm l e n g t h  o f  p o l y e t h y l e n e  t u b i n g  i n s e r t e d  i n t o  t h e  

d i s t a l  end was a t t a c h e d  to  s i n u s  c a n n u l a .  Two T t u b e s  were  i n t e r p o s e d  

i n t o  t h e  r u b b e r  t u b e ,  one f o r  t h e  m ac r o -o x y g e n  e l e c t r o d e ,  t h e  o t h e r  f o r  

d i r e c t i n g  b l o o d  t h r o u g h  t h e  f o r e l i m b .  The p l a s t i c  c a n n u la  was i n s e r t e d  

down t h e  j u g u l a r  v e i n  u n t i l  i t s  t i p  l a y  i n  t h e  s u p e r i o r  vena  ca v a .  The 

l e f t  common c o r o n a r y  a r t e r y  was d i s s e c t e d  f r e e  between i t s  o s t i u m  and 

t h e  f i r s t  b i f u r c a t i o n  and e n c i r c l e d  w i t h  a  l o o s e  l i g a t u r e .  The e f f e c t  

o f  p a r t i a l  and c o m p le t e  l e f t  common c o r o n a r y  a r t e r y  o c c l u s i o n  (p r o d u ced  

by t i g h t e n i n g  t h e  a r t e r i a l  l i g a t u r e )  upon b r a c h i a l  a r t e r i a l  p r e s s u r e  

was s t u d i e d  i n  t h i s  p r e p a r a t i o n .  The e f f e c t s  o f  mixed venous  b lo o d  and 

c o r o n a r y  s i n u s  b lo o d  upon b r a c h i a l  p e r f u s i o n  p r e s s u r e  were  a l s o  com­

p a r e d  i n  t h e  same a n i m a l .  T h i s  was a c c o m p l i s h e d  by i n s e r t i n g  a Y tu b e  

u p s t r e a m  to  t h e  b lo o d  pump, one arm o f  w h ich  was c o n n e c t e d  t o  t h e  e x ­

t e r n a l  s i n u s  c i r c u i t  and t h e  o t h e r  arm t o  a T t u b e  which was s p l i c e d  

i n t o  f e m o r a l  v e i n .  Thus ,  by c l a m p in g  one o r  t h e  o t h e r  arms o f  t h e  Y 

tu b e  o r  T t u b e ,  t h e  f o r e l i m b  c o u l d  be p e r f u s e d  w i t h  s i n u s ,  i n f e r i o r  

v e n a  c a v a ,  o r  f e m o r a l  ve nous  b l o o d .



CHAPTER I I I  

RESULTS

E f f e c t  o f  Change i n  P e r f u s i o n  P r e s s u r e  o r  B lood Flow Upon 

V a s c u l a r  R e s i s t a n c e  i n  V a r i o u s  S y s te m ic  V a s c u l a r  Beds

I l e a l  V a s c u l a r  Bed 

F i g u r e  5 p r e s e n t s  p r e s s u r e  f low r e l a t i o n s h i p s  i n  t h e  dog i l e u m ,  

o b t a i n e d  by i n c r e a s i n g  f low  r a t e  and m o n i t o r i n g  s t e a d y  s t a t e  p e r f u s i o n  

p r e s s u r e  a t  e a c h  i n c r e m e n t  i n  f l ow.  In  7 o f  12 e x p e r i m e n t s  the  r a t i o  

of  p r e s s u r e  g r a d i e n t  to  b lo o d  f low i n c r e a s e d  as  a  f u n c t i o n  o f  f lo w r a t e .  

I n  t h e  r e m a i n in g  f i v e  e x p e r i m e n t s  t h e  r a t i o  o f  p e r f u s i o n  p r e s s u r e  t o  

f low p r o g r e s s i v e l y  d e c r e a s e d  a s  a f u n c t i o n  o f  f low  r a t e .  However,  i n  

t h r e e  o f  t h e  l a t t e r  p r e p a r a t i o n s ,  i n i t i a l  r e s i s t a n c e  was q u i t e  h i g h  i n ­

d i c a t i n g  an  i n a d e q u a t e  t e s t  s y s t em .  C e r t a i n l y ,  i n  t h e  k i d n e y  a h i g h  

i n i t i a l  r e s i s t a n c e  o f t e n  p r e c l u d e s  f u r t h e r  i n c r e a s e  i n  r e s i s t a n c e  a s  

f low i s  i n c r e a s e d  ( 2 9 ) .  I n  many p r e p a r a t i o n s ,  t h e  a c t i v i t y  o f  t h e  v i s ­

c e r a l  smooth m u s c l e ,  a s  d e t e r m i n e d  by lumen p r e s s u r e ,  i n c r e a s e d  a t  v e r y  

low f l ow s  a n d ,  o c c a s i o n a l l y ,  a t  t h e  h i g h e r  f l o w s .  T h i s  a c t i v i t y ,  how­

e v e r ,  c o u l d  n o t  be c o r r e l a t e d  w i t h  t h e  c h a n g e s  i n  r e s i s t a n c e  t o  b l o o d  

f low.

31
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F i g u r e  5 .  P r e s s u r e - f low r e l a t i o n s h i p s  o b t a i n e d  i n  tw e lv e  pump p e r f u s e d  

e x p e r i m e n t s  on a s e c t i o n  o f  dog i l eu m.
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C o ro n a ry  V a s c u l a r  Bed

The r e l a t i o n s h i p  of  s t e a d y  s t a t e  p e r f u s i o n  p r e s s u r e  to  b l o o d  

f l o w  r a t e  was examined i n  16 b e a t i n g  h e a r t s .  As F i g u r e  6 shows, v a r i o u s  

r e l a t i o n s h i p s  w ere  o b s e r v e d .  C a l c u l a t e d  r e s i s t a n c e  d e c r e a s e d  a s  a 

f u n c t i o n  o f  f l o w  r a t e  i n  f i v e  e x p e r i m e n t s .  The r a t e  of  d e c r e a s e  was 

most  r a p i d  o v e r  t h e  l o w er  r a n g e  of  f low  r a t e s .  However,  i n  seven e x ­

p e r i m e n t s  r e s i s t a n c e  d e c r e a s e  o v e r  t h e  lower  r a n g e  o f  f low  r a t e s  and i n ­

c r e a s e d  o v e r  t h e  h i g h e r  r a n g e  o f  f l o w  r a t e s .  The r e s i s t a n c e  a t  a  f low 

r a t e  o f  25 ml /m in  was h i g h e r  i n  th e  fo r m e r  g roup  t h a n  i n  t h e  l a t t e r  

g roup  ( 1 . 5  a s  compared t o  0 . 7  mm H g /m l /m in ) .  I n  t h e  r e m a in in g  e x p e r i ­

m e n t s ,  r e s i s t a n c e  d i d  n o t  ch ange  g r e a t l y  a s  f low  was e l e v a t e d .  T h u s ,  

on t h e  a v e r a g e ,  r e s i s t a n c e  d e c r e a s e d  a s  f l o w  r a t e  was e l e v a t e d  f rom 25 

t o  75 m l /m in  b u t  r ema ined  r e l a t i v e l y  c o n s t a n t  o v e r  t h e  r a n g e  75 t o  220 

m l /m in  ( F i g u r e  7 ) .

S i x  h e a r t s  were s t u d i e d  f o l l o w i n g  vagotomy ( F i g u r e  8 ) .  R e s i s ­

t a n c e  d e c r e a s e d  p r o g r e s s i v e l y  a s  f l o w  r a t e  was e l e v a t e d  o v e r  the  e n t i r e  

ra n g e  i n  f o u r  e x p e r i m e n t s .  I n  two e x p e r i m e n t s ,  r e s i s t a n c e  d e c r e a s e d  

o v e r  t h e  lo w er  r a n g e  o f  f l o w  r a t e s  and re ma ined  c o n s t a n t  o v e r  t h e  r a n g e  

100 to  220 m l /m in .  F o r  t h e  e n t i r e  g r o u p ,  r e s i s t a n c e  a v e r a g e d  1 .4  mm 

H g/m l/m in  a t  a f l o w  r a t e  o f  25 m l /m i n .  T h r e e  o f  t h e  s i x  h e a r t s  were  

a l s o  s t u d i e d  b e f o r e  vago tomy.  The p r e s s u r e s  a t  e a ch  f low  r a t e  were  

e s s e n t i a l l y  t h e  same u n d e r  t h e  two c o n d i t i o n s  i n  two p r e p a r a t i o n s .  I n  

t h e  o t h e r ,  t h e  p r e s s u r e s  w e r e  s l i g h t l y  lo w er  a t  e a c h  f low  r a t e  f o l l o w ­

i n g  vagotomy.

Nine h e a r t s  were  s t u d i e d  d u r i n g  v e n t r i c u l a r  f i b r i l l a t i o n .  As 

ca n be s e e n  i n  F i g u r e  9,  v a r i o u s  r e l a t i o n s h i p s  w e r e  a g a i n  o b s e r v e d .
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F i g u r e  6, P r e s s u r e  a s  a f u n c t i o n  o f  b l o o d  f low r a t e  i n  s i x  b e a t i n g  

h e a r t s  s e l e c t e d  f o r  t h e i r  w i d e l y  d i f f e r i n g  r e s i s t a n c e  t o  

f low.
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F i g u r e  7. P r e s s u r e  and r e s i s t a n c e  a s  a f u n c t i o n  o f  t h e  r a t e  o f  b lo o d  

f lo w .  A verage o f  s i x t e e n  b e a t i n g  and n i n e  f i b r i l l a t i n g  

h e a r t s .
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F i g u r e  8. P r e s s u r e  a s  a f u n c t i o n  o f  b lood f l o w  r a t e  i n  s i x  b e a t i n g  

h e a r t s  f o l l o w i n g  b i l a t e r a l  vagotomy.
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F i g u r e  9. P r e s s u r e  a s  a f u n c t i o n  o f  b l o o d  f low r a t e  i n  n i n e  f i b r i l -

b a t i n g  h e a r t s .  The l e t t e r  V i n d i c a t e s  t h o s e  w i t h  b i l a t e r a l  

vagotomy.
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R e s i s t a n c e  d e c r e a s e d  a s  a f u n c t i o n  o f  f low  r a t e  in one e x p e r i m e n t  w h i l e  

i n  f o u r  e x p e r i m e n t s  r e s i s t a n c e  d e c r e a s e d  o v e r  the lower  f l o w s  and r e ­

mained r e l a t i v e l y  c o n s t a n t  o v e r  t h e  h i g h e r  f low  r a t e s .  R e s i s t a n c e  in  

t h e  l a t t e r  group a v e r a g e d  1 .2  mm Hg/ml/min  a t  a flow o f  25 m l /m in .  I n  

t h e  r e m a i n in g  f o u r  e x p e r i m e n t s  r e s i s t a n c e  i n c r e a s e d  a s  a  f u n c t i o n  o f  

f low r a t e  o v e r  t h e  r a n g e  120 - 222 m l /m in .  I n  t h i s  g r o u p ,  r e s i s t a n c e  

a v e ra g e d  0 . 8  mm H g /m l /m in  a t  a f low of  25 ml /min.  C o n s i d e r i n g  t h e  e n ­

t i r e  g r o u p ,  a v e r a g e  r e s i s t a n c e  d e c r e a s e d  o v e r  the r a n g e  25-120 m l /m in ,  

i n c r e a s e d  s l i g h t l y  o v e r  t h e  r a n g e  120-180 m l /min ,  and d i d  n o t  change 

o v e r  t h e  r a n g e  180-220 m l /m in  ( F i g u r e  10) .

F o r e l i m b  V a s c u l a r  Bed

F i g u r e  11 p r e s e n t s  th e  t y p i c a l  s t e a d y  s t a t e  e f f e c t s  o f  i n ­

c r e a s i n g  b l o o d  f l o w  by g r a d e d  i n c r e m e n t s  upon b r a c h i a l  a r t e r y ,  s m a l l  

a r t e r y ,  s m a l l  v e i n ,  and c e p h a l i c  v e i n  p r e s s u r e s  in t h e  dog f o r e l i m b .

A l l  f o u r  p r e s s u r e s  r o s e  a s  a f u n c t i o n  o f  f lo w r a t e ,  howeve r ,  t h e  r i s e  

i n  p r e s s u r e  was n o t  p r o p o r t i o n a l  t o  t h e  r i s e  i n  flow r a t e .  Th us ,  r e s i s ­

t a n c e  t o  b l o o d  f low  t h r o u g h  t h e  e n t i r e  b e d ,  a s  wel l  a s  t h r o u g h  a r t e r i e s ,  

s m a l l  v e s s e l  and v e i n s ,  d e c r e a s e d  a s  b lo o d  f lo w  was e l e v a t e d .  T i s s u e  

p r e s s u r e ,  m easu red  i n  t h e  m u s c l e  o r  s u b c u t a n e o u s l y ,  was u n a f f e c t e d  by 

t h e  maneuver .

F i g u r e  12 shows t h e  e f f e c t  i n  one e x p e r im e n t  o f  a  l a r g e ,  r a p i d  

change  i n  l imb  f low upon b r a c h i a l  a r t e r y  p r e s s u r e .  The u p p e r  p a n e l  

shows t h a t  when l imb  b l o o d  f l o w  was h e l d  a t  a low v a l u e  f o r  s e v e r a l  

m i n u t e s  and t h e n  r a p i d l y  e l e v a t e d  t o  a v e r y  h i g h  v a l u e ,  b r a c h i a l  a r t e r y  

p r e s s u r e  i n i t i a l l y  r o s e  s h a r p l y ,  t r a n s i e n t l y  f e l l  s l i g h t l y  and t h e n  p r o ­

g r e s s i v e l y  r o s e  u n t i l  a s t e a d y  s t a t e  was r e a c h e d .  However ,  i n  t h e  s t e a d y
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F i g u r e  10. P r e s s u r e  a s  a f u n c t i o n  o f  f low  r a t e  i n  t h r e e  h e a r t s  b e f o r e  

and d u r i n g  v e n t r i c u l a r  f i b r i l l a t i o n .  Numbers and l e t t e r s  

i d e n t i f y  h e a r t s  and i n d i c a t e  t h o s e  w i t h  b i l a t e r a l  vagotomy, 

r e s p e c t i v e l y .
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F i g u r e  11.  P r e s s u r e - f low r e l a t i o n s h i p  i n  a  t y p i c a l  f o r e l i m b  ex pe r im en t .

Numbers r e f e r  t o  r e s i s t a n c e  t h r o u g h  t h e  v a s c u l a r  segments  

a t  low, i n t e r m e d i a t e ,  and h i g h  b l o o d  f low.
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F i g u r e  12, E f f e c t  i n  one a n i m a l  o f  r a p i d l y  i n c r e a s i n g  ( u p p e r  p a n e l )  

and r a p i d l y  d e c r e a s i n g  ( l o w e r  p a n e l )  f o r e l i m b  b lo o d  f low 

upon b r a c h i a l  p e r f u s i o n  p r e s s u r e .
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s t a t e ,  r e s i s t a n c e  t o  f l o w  was h i g h e r  a t  t h e  low f low  (1 .7 2  mm Hg/ml/min)  

t h a n  a t  t h e  h i g h  f low  ( 1 . 2 2  mm H g / m l /m i n ) .  The lo w e r  p a n e l  ( F i g u r e  12) 

shows t h e  e f f e c t  o f  r a p i d l y  l o w e r in g  b lo o d  f low  t o  t h e  l imb.  B r a c h i a l  

p r e s s u r e  d ro p p e d  p r e c i p i t o u s l y  a s  f low  was d e c r e a s e d  and t h e n  t r a n s i e n t l y  

i n c r e a s e d  b e f o r e  f a l l i n g  t o  a  new s t e a d y  s t a t e .  A g a in ,  c a l c u l a t e d  r e s i s ­

t a n c e  t o  f low  t h ro u g h  t h e  l imb  was h i g h e r  a t  t h e  low f low t h a n  a t  t h e  

h i g h e r  f l o w .

R en a l  V a s c u l a r  Bed 

F i g u r e  13 p r e s e n t s  t h e  a v e r a g e  e f f e c t  i n  10 a n i m a l s  o f  r e n a l  

a r t e r y  c o n s t r i c t i o n  upon r e n a l  venous  p r e s s u r e ,  r e n a l  b lo o d  f lo w ,  r e n a l  

v a s c u l a r  r e s i s t a n c e ,  r e n a l  venous  b l o o d  PO2  t e n s i o n ,  and r e n a l  venous  

b lo o d  pH. I t  can  be s e e n  t h a t  d e c r e a s i n g  r e n a l  p e r f u s i o n  p r e s s u r e  from 

120 mm Hg t o  53 mm Hg, by r e n a l  a r t e r y  c o n s t r i c t o n ,  had l i t t l e  e f f e c t  

upon r e n a l  v e i n  p r e s s u r e  o r  r e n a l  ven o u s  b l o o d  pH. Ren al  b lo o d  f low 

i m m e d ia t e l y  f e l l ,  p a r t i a l l y  r e c o v e r e d ,  and t r a n s i e n t l y  o v e r s h o t  t h e  con­

t r o l  v a l u e s  upon r e l e a s e  o f  t h e  o c c l u s i o n .  The r e n a l  venous  b lo o d  PO2 

t e n s i o n  was a f f e c t e d  i n  e x a c t l y  t h e  manner  a s  t h e  b lo o d  f low .  S in c e  the  

f a l l  i n  p r e s s u r e  was p r o p o r t i o n a l l y  g r e a t e r  t h a n  t h e  f a l l  i n  b lo o d  f low 

c a l c u l a t e d  r e s i s t a n c e  i m m e d i a t e l y  d e c r e a s e d  and f e l l  s t i l l  f u r t h e r  as  

f lo w p a r t i a l l y  r e c o v e r e d .  Upon r e l e a s e  o f  t h e  o c c l u s i o n  f lo w t r a n s i e n t l y  

o v e r s h o t  t h e  c o n t r o l  v a l u e .  P e r f u s i o n  p r e s s u r e  r e t u r n e d  t o  c o n t r o l ,  t h u s  

c a l c u l a t e d  r e s i s t a n c e  r e m a in ed  below t h e  c o n t r o l  v a l u e  f o r  a  t i m e .  I t  

ca n  a l s o  be  s e e n  t h a t  d i v e r s i o n  o f  a  p o r t i o n  o f  t h e  r e n a l  venous  b lo o d  

( p i c k e d  up downs t re am  t o  f l o w m e te r )  t h r o u g h  t h e  f o r e  l imb f a i l e d  t o  a l t e r  

b r a c h i a l  a r t e r y  (BA, d a s h e d  l i n e )  p r e s s u r e .  A l l  v a l u e s  r e t u r n e d  t o  c on ­

t r o l  l e v e l s  w i t h i n  two m i n u t e s  a f t e r  r e l e a s e  o f  t h e  r e n a l  a r t e r y  co n ­

s t r i c t i o n .
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F i g u r e  13, Ave ra ge  e f f e c t s  i n  t e n  a n i m a l s  o f  r e n a l  a r t e r y  c o n s t r i c t i o n  

(A) upon r e n a l  venous  p r e s s u r e  ( v ) , r e n a l  venous  o u t f l o w  

( F y ) , c a l c u l a t e d  r e n a l  v a s c u l a r  r e s i s t a n c e  ( R ) , r e n a l  

venous  oxygen t e n s i o n  (Pvo2  ̂ » and r e n a l  v en o u s  b l o o d  pH 

(p H y ) . Dashed l i n e  shows t h e  e f f e c t  on b r a c h i a l  p e r f u s i o n  

p r e s s u r e  (BA) o f  a d i v e r s i o n  of a p o r t i o n  o f  th e  r e n a l  

venous  o u t f l o w  th r o u g h  t h e  f o r e l i m b  a t  c o n s t a n t  f lo w .
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E f f e c t  o f  I s c h e m i a  Upon R e s i s t a n c e  to  Blood Flow Through 

V a r i o u s  S y s t e m ic  V a s c u l a r  Beds

I l e a l  V a s c u l a r  Bed 

The e f f e c t  o f  i s c h e m i a  upon s u b s e q u e n t  f low o r  p e r f u s i o n  p r e s ­

s u r e  was s t u d i e d  i n  b o t h  th e  n a t u r a l  f lo w and pum p -p e r fu sed  i l e a l  p r e p a ­

r a t i o n s .  I n  b o t h  t y p e s  o f  e x p e r i m e n t s  t h e  r e s u l t s  were  i n c o n s i s t e n t .

I n  10 o f  15 t r i a l s ,  i n  e i g h t  a n i m a l s ,  m eas u r in g  n a t u r a l  f lo w,  the  volume-

r a t e  i n c r e a s e d  f o l l o w i n g  p e r i o d s  o f  i s c h e m i a  o f  30 sec ond s  t o  two m i n u t e s .

I n  two e x p e r i m e n t s  th e  f low  f o l l o w i n g  r e l e a s e  o f  o c c l u s i o n  was d e c r e a s e d  

f rom c o n t r o l  and i n  t h r e e  e x p e r i m e n t s  f low  was e s s e n t i a l l y  unchanged  

f rom c o n t r o l  a f t e r  i s c h e m i a .  F i g u r e  14 shows a n o t h e r  e x p e r i m e n t  i n  

wh ich b lo o d  f low  was measured  b e f o r e  and a f t e r  a  o n e - m in u te  a r t e r i a l  o c ­

c l u s i o n .  The p r e - o c c l u s i o n  f low  r a t e  was 7 .09 gm/min and th e  p o s t - o c ­

c l u s i o n  f l o w  r a t e  was 6 . 9 7  gm/min.  F i g u r e  15 shows a n o t h e r  e x p e r i m e n t  

i n  which  b l o o d  f low  was s h a r p l y  e l e v a t e d  f rom 9 . 2 0  to  15 .6  gm/min f o l ­

lo w ing  a one m i n u te  i l e a l  a r t e r y  o c c l u s i o n .

I n  t h e  above  s t u d i e s  i t  was  n o t e d  t h a t  d u r i n g  p e r i o d s  of  

i s c h e m i a ,  t h e  s e c t i o n  o f  i l eu m  u n d e r  s t u d y  o f t e n  became a c t i v e  and th e  

a v e r a g e  lumen p r e s s u r e  r o s e .  F i g u r e  16 c l e a r l y  d e m o n s t r a t e s  t h i s  r e ­

sp o n se  i n  a p u m p - p e r fu s e d  p r e p a r a t i o n .  An i n c r e a s e  i n  m o t i l i t y  and 

a v e r a g e  lumen p r e s s u r e  ca n  be s e e n  d u r i n g  t h e  10 s e c o n d ,  30 s e c o n d ,  one 

m i n u t e ,  and two m i n u te  p e r i o d s  o f  no p e r f u s i o n .  The p e r f u s i o n  p r e s s u r e  

r e t u r n e d  t o  c o n t r o l  l e v e l s  v e r y  soon  a f t e r  t h e  pump was r e s t a r t e d .  Gut  

a c t i v i t y  and a v e r a g e  lumen p r e s s u r e  a l s o  d e c r e a s e d  s h o r t l y  a f t e r  f low  was 

r e - e s t a b l i s h e d .  The l a t t e r  was a c o n s i s t e n t  f i n d i n g  whenver  m o t i l i t y  

and t o n u s  i n c r e a s e d  d u r i n g  a p e r i o d  o f  i s c h e m i a .



F i g u r e  14. E f f e c t  i n  one an im a l  o f  a one m i n u t e  i l e a l  a r t e r y  o c c l u s i o n  

upon i l e a l  b lo o d  f lo w  and on p e r f u s i o n  p r e s s u r e  g r a d i e n t  

im m e d ia t e l y  upon r e l e a s e  o f  o c c l u s i o n .
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F i g u r e  15, Same a s  F i g u r e  14,  e x c e p t  i l e a l  lumen p r e s s u r e  i s  a l s o  

d e p i c t e d .



A Pressure  mm Hg

Flow g r a m s / m i n

Lumen Pressure  mm Hg 2
U 1

_ _ L _



F i g u r e  16, P e r f u s i o n  p r e s s u r e  (Fa)  and i l e a l  lumen p r e s s u r e  (P I )  

i n  one pump p e r f u s e d  p r e p a r a t i o n  b e f o r e ,  d u r i n g  and 

a f t e r  v a r i o u s  i n t e r v a l s  o f  no f l o w .
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F i g u r e  17 shows a n  e x p e r i m e n t  i n  which the  i n t e s t i n a l  muscle  

d i d  n o t  i n c r e a s e  i t s  a c t i v i t y  n o r  d i d  t h e  a v e r a g e  lumen p r e s s u r e  r i s e .

I n  t h i s  e x p e r i m e n t ,  i n  c o n t r a s t  w i t h  t h e  r e s u l t s  shown i n  F i g u r e  16, 

t h e  p e r f u s i o n  p r e s s u r e  a f t e r  t h e  v a r i o u s  p e r i o d s  o f  i s c h e m i a ,  was much 

low er  t h a n  th e  c o n t r o l  v a l u e .  I t  i s  a l s o  a p p a r e n t  from t h e  F i g u r e  17 

t h a t  t h e  m agn i tude  and d u r a t i o n  o f  t h e  h y p o t e n s i o n  was a  f u n c t i o n  of  

t h e  l e n g t h  o f  i s c h e m i a .

T h ese  two e x p e r i m e n t s  r e p r e s e n t  th e  ex t r e m es  o f  t h e  r e s p o n s e s  

s e e n .  The u s u a l  r e s p o n s e  was an  i n c r e a s e  i n  i n t e s t i n a l  a c t i v i t y  which 

was n o t  s u f f i c i e n t  t o  c o m p l e t e l y  a b o l i s h  t h e  r e a c t i v e  d i l a t i o n .

F o r e l i m b  V a s c u l a r  Bed 

T a b l e  I  summarizes  t h e  e f f e c t s  o f  v a r i o u s  p e r i o d s  o f  i s c h e m i a  

upon t h e  p o s t - i s c h e m i c  p e r f u s i o n  p r e s s u r e  r e s p o n s e  i n  n o n - c o n g e s t e d  and 

c o n g e s t e d  f o r e l i m b s ,  b o t h  i n n e r v a t e d  and d e n e r v a t e d .  I n  t h e  n o n - c o n ­

g e s t e d  l im b ,  th e  m ag n i tu d e  and d u r a t i o n  o f  t h e  r e s p o n s e  i n c r e a s e d  a s  a 

f u n c t i o n  o f  th e  l e n g t h  o f  i s c h e m i a .  The amount o f  t h e  r e a c t i v e  r e s p o n s e  

( a s  m easu red  by e i t h e r  t h e  d i f f e r e n c e  b e tw e en  th e  b r a c h i a l  a r t e r y  p r e s ­

s u r e  i m m e d ia t e l y  b e f o r e  an d  a f t e r  r e s t a r t i n g  f low o r  by th e  t o t a l  r e ­

sp o n se  e x p r e s s e d  i n  a r e a )  was c o m p l e t e l y  a b o l i s h e d  (20  and 30 second 

p e r i o d s ) o r  g r e a t l y  a t t e n u a t e d  (60  second  p e r i o d )  when i n t r a l u m i n a l  p r e s ­

s u r e  was p a r t i a l l y  m a i n t a i n e d  d u r i n g  th e  p e r i o d  o f  i s c h e m i a .  The m a g n i ­

t u d e  o f  t h e  r e a c t i v e  r e s p o n s e  i n  th e  d e n e r v a t e d  l imbs was l e s s  t h a n  i n  

t h e  i n n e r v a t e d  l im b s .

F i g u r e  18 shows t h e  r e s u l t s  o b t a i n e d  i n  a t y p i c a l  i n n e r v a t e d  

f o r e l i m b .  The u p p e r  p a n e l  shows t h e  e f f e c t  o f  a 30 second  p e r i o d  of  

f l o w  i n t e r r u p t i o n  w i t h  t h e  v e i n s  o c c l u d e d .  Sudden i n t e r r u p t i o n  o f  f low
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F i g u r e  17. P e r f u s i o n  p r e s s u r e  (Pa)  and i l e a l  lumen p r e s s u r e  ( P I )  in  

one pump p e r f u s e d  p r e p a r a t i o n  b e f o r e ,  d u r i n g  and a f t e r  

v a r i o u s  i n t e r v a l s  o f  no f low.
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EFFECT OF ISCHEMIA AND ISCHEMIA PLUS CONGESTION UPON SUBSEQUENT PERFUSION 
PRESSURE IN THE INNERVATED AND DENERVATED FORELIMB

Non-Congesced C o n g es ted

T irae n BA^ BA^ BA^ A^ n BA^ BA^ BA^ Â "
s e c mm Hg mm Hg mm Hg sq mm mm Hg mm Hg mm Hg sq mm

I n n e r v a t e d

2 0 10 115 37 96 -105 10 115 67 125 - 1

30 27 124 27 ... 97 -234 36 129 59 138 + 2

60 4 141 41 114 -393 4 140 70 152 -45

D en erv a ted

2 0 6 98 32 75 - 48 6 98 6 8 115 + 13

30 6 104 26 83 - 87 6 1 0 2 58 1 1 0 ■f 2

60 3 136 32 108 -185 3 134 59 134 -13

B r a c h i a l  a r t e r i a l  p r e s s u r e  w i t h  f low o f  76 m l /m in .

^ B r a c h i a l  a r t e r i a l  p r e s s u r e  w i t h  f low i n t e r r u p t e d ,

^ B r a c h i a l  a r t e r i a l  p r e s s u r e  i m m e d ia t e ly  a f t e r  
r e s t a r t i n g  f l o w .

Resp on se  e x p r e s s e d  a s  a r e a .
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F i g u r e  18. E f f e c t  upon b r a c h i a l  p e r f u s i o n  p r e s s u r e  of i n t e r r u p t i n g

a r t e r i a l  i n f l o w  f o r  30 seconds  (u p p e r  p a n e l ) .  The second 

and t h i r d  t r i a l s  were w i t h  t h e  v a s c u l a r  bed p ac k ed ,  a t  two 

d i f f e r e n t  l e v e l s ,  w i t h  b l o o d .  P ack in g  was a c c o m p l i s h e d  by 

o c c l u d i n g  t h e  venous  o u t f l o w  s h o r t l y  b e f o r e  s t o p p i n g  i n ­

f lo w .  See  t e x t  f o r  d e t a i l s .
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ca u s ed  the. p e r f u s i o n  p r e s s u r e  to  f a l l  from a mean o f  150 mm Hg to  33 

mm Hg. Im m e d ia t e ly  upon r e - e s t a b l i s h i n g  f low a t  the  same r a t e  p e r f u s i o n  

p r e s s u r e  was o n ly  100 mm Hg and t h e n  g r a d u a l l y  r e t u r n e d  t o  c o n t r o l .  

The second p a n e l  d e m o n s t r a t e s  t h e  same m aneu ve r  i n  th e  p r e s e n c e  o f  a 

s l i g h t  i n c r e a s e  i n  t h e  i n t r a l u m i n a l  p r e s s u r e  d u r i n g  t h e  p e r i o d  o f  o c ­

c l u s i o n .  In  t h i s  t r i a l ,  the  v e i n s  were o c c lu d e d  f o u r  seco n d s  p r i o r  t o  

i n t e r r u p t i o n  o f  f l o w ,  t h u s  t r a p p i n g  5 ml o f  b lo o d  in  the  f o r e l i m b .  As 

a  r e s u l t ,  i n t r a l u m i n a l  p r e s s u r e  f e l l  t o  o n l y  47 mm Hg, 14 mm Hg h i g h e r  

t h a n  t h e  p r e v i o u s  t r i a l ,  and upon s i m u l t a n e o u s l y  r e l e a s i n g  th e  v e i n s  

and r e - e s t a b l i s h i n g  f lo w ,  t h e  b r a c h i a l  p r e s s u r e  was e s s e n t i a l l y  t h e  

same as  b e f o r e  s t o p p i n g  th e  pump. The lo w e r  p a n e l  d e m o n s t r a t e s  t h e  e f ­

f e c t  o f  a g r e a t e r  d e g r e e  of v a s c u l a r  p a c k i n g .  T h i s  t ime t h e  v e i n s  were  

o c c l u d e d  s i x  s ec o n d s  b e f o r e  i n t e r r u p t i n g  f lo w ,  t r a p p i n g  7 .6  ml o f  b lo o d  

i n  t h e  v a s c u l a r  bed.  As a r e s u l t ,  i n t r a l u m i n a l  p r e s s u r e  f e l l  t o  o n l y  

60  mm Hg, 27 mm Hg more t h a n  c o n t r o l ,  and upon s i m u l t a n e o u s l y  r e l e a s i n g  

ve nous  o c c l u s i o n  and r e - e s t a b l i s h i n g  f low  th e  b r a c h i a l  p e r f u s i o n  p r e s ­

s u r e  was a c t u a l l y  10 mm Hg h i g h e r  th an  c o n t r o l .

F i g u r e  19 shows t h i s  r e s p o n s e  i n  a n o t h e r  t y p i c a l  e x p e r i m e n t .  

However ,  i n  t h i s  e x p e r i m e n t ,  t h e  d i v e r s i o n  s y s t e m ,  as  d e s c r i b e d  i n  the  

'M e th o d s '  ( F i g u r e  3 ) ,  was used  t o  m inimize  any p o s s i b l e  a r t i f a c t  p r o ­

d u c e d  by t h e  b lo o d  t h a t  had rema ined  s t a t i c  i n  the  pump head d u r i n g  t h e  

p e r i o d  o f  o c c l u s i o n .  The u p p e r  p a n e l  i n  F i g u r e  19 shows th e  e f f e c t  o f  

a  v e r y  b r i e f  p e r i o d  o f  i s c h e m i a .  When b r a c h i a l  a r t e r y  i n f l o w  was s t o p ­

ped f o r  two s e c o n d s ,  by d i v e r t i n g  a l l  o f  t h e  b l o o d  i n t o  the  f e m o r a l  

a r t e r y ,  p e r f u s i o n  p r e s s u r e  g r a d u a l l y  r e t u r n e d  t o  th e  c o n t r o l  v a l u e  i n  

a b o u t  16 s e c o n d s .  The m a g n i tu d e  and d u r a t i o n  o f  t h e  p o s t - i s c h e m i c
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F i g u r e  19. E f f e c t  upon b r a c h i a l  p e r f u s i o n  p r e s s u r e  o f  s t o p p i n g  f low

f o r  2 s e c o n d s  ( u p p e r  p a n e l ) ,  30 s ec o n d s  (2nd and 3 r d  p a n e l s ) ,  

and 120 s e c o n d s  ( 4 t h  and 5 t h  p a n e l s ) .  The second,  f o u r t h ,  

and s i x t h  t r i a l s  were  w i t h  t h e  v a s c u l a r  bed packed w i t h  

b l o o d .  The d i v e r s i o n  sy s t em s  ( F i g u r e  3) was u t i l i z e d  to  

i n t e r r u p t  f l o w  t o  t h e  f o r e l i m b .
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h y p o t e n s i o n  p r o g r e s s e d  w i t h  t h e  d u r a t i o n  o f  t h e  i s c h e m i a  ( p a n e l s  2 and 4 ,  

F i g u r e  19) .  When venous  o u t f l o w  was i n t e r r u p t e d  s e v e r a l  seco n d s  b e f o r e  

i n t e r r u p t i n g  a r t e r i a l  i n f l o w ,  t h u s  p a c k in g  th e  v a s c u l a r  bed w i t h  b l o o d ,  

th e  p o s t - i s c h e m i c  h y p o t e n s i o n  was c o m p l e t e l y  a b o l i s h e d  i n  t h e  two second 

t r i a l  (u p p e r  r i g h t  p a n e l ,  F i g u r e  19) b u t  o n ly  p a r t i a l l y  a b o l i s h e d  i n  t h e  

30 sec on d ( p a n e l  3,  F i g u r e  19) and two m in u te  t r i a l s  ( p a n e l  5 ,  F i g u r e  19)

E f f e c t  o f  E l e v a t i o n  o f  Venous  P r e s s u r e  Upon R e s i s t a n c e  to  Blood 

Flow Through V a r i o u s  S y s t e m ic  V a s c u l a r  Beds

I l e a l  V a s c u l a r  Bed 

E l e v a t i o n  o f  veno us  p r e s s u r e  d u r i n g  n a t u r a l  p e r f u s i o n  o f  the  

i l e a l  s e c t i o n  h a d ,  on t h e  a v e r a g e ,  l i t t l e  e f f e c t  upon r e s i s t a n c e  t o  f low .  

The a v e r a g e  e f f e c t  i s  g r a p h i c a l l y  shown i n  F i g u r e  20,  E l e v a t i o n  o f  v e n ­

ous p r e s s u r e  f rom 7 to  21 mm Hg ca u s e d  a r e d u c t i o n  i n  t h e  p r e s s u r e  

g r a d i e n t  from 76 to  62 mm Hg and i n  t h e  venou s  o u t f l o w  from 15 .5  t o  

12,3  gm/min.  T h e r e f o r e ,  c a l c u l a t e d  r e s i s t a n c e  remained  e s s e n t i a l l y  u n ­

changed  ( g o i n g  f rom 6 .2 8  t o  6 . 1 0  mm Hg/gm/min) .  I n  6  o f  13 e x p e r i m e n t s  

r e s i s t a n c e  i n c r e a s e d  upon e l e v a t i o n  o f  venou s  p r e s s u r e  ( F i g u r e  2 1 ) .  I n  

5 o f  13 e x p e r i m e n t s  r e s i s t a n c e  d e c r e a s e d  upon e l e v a t i o n  o f  venous  p r e s ­

s u r e  ( F i g u r e  2 2 ) .  I n  t h e  two r e m a i n in g  e x p e r i m e n t s ,  r e s i s t a n c e  was n o t  

a f f e c t e d .

The f i n d i n g s  were  s i m i l a r  i n  t h e  pum p -p e r fu sed  p r e p a r a t i o n .

F i g u r e  23 shows t h a t ,  on t h e  a v e r a g e ,  e l e v a t i o n  o f  venous  p r e s s u r e  from 

11 to  28 mm Hg, a t  c o n s t a n t  f l o w ,  p ro d u c ed  an  a l m o s t  e q u a l  r i s e  i n  p e r ­

f u s i o n  p r e s s u r e  ( f r o m  113 t o  134 mm H g ) . A verage c a l c u l a t e d  r e s i s t a n c e  

r e m a in ed  e s s e n t i a l l y  unchanged ,  i n c r e a s i n g  i n  5 o f  10 e x p e r i m e n t s ,  d e ­

c r e a s i n g  i n  2 o f  10, and n o t  c h a n g in g  i n  3 o f  10 e x p e r i m e n t s .
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F i g u r e  20.  A v e rag e  e f f e c t  i n  13 a n i m a l s  o f  e l e v a t i o n  o f  venous  p r e s s u r e  

upon i l e a l  p e r f u s i o n  p r e s s u r e ,  i l e a l  b l o o d  f l o w ,  and c a l c u ­

l a t e d  i l e a l  v a s c u l a r  r e s i s t a n c e .



I  I C o n t r o l
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F i g u r e  21.  E f f e c t  i n  one a n i m a l  o f  e l e v a t i o n  o f  veno us  p r e s s u r e  upon 

i l e a l  p e r f u s i o n  p r e s s u r e ,  i l e a l  b lo o d  f low ,  and c a l c u l a t e d  

i l e a l  v a s c u l a r  r e s i s t a n c e .



Pressu re  mm Hg
N  ^  mo  o  o

Flow grams  /  min
Ul* o_L_ J L

N
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R e s i s t a n c e  mm Hg /  gram / m i n
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F i g u r e  22.  Same a s  F i g u r e  2 1 ,  e x c e p t  i n  a n o t h e r  a n i m a l .



P r e s s u r e  m m  H g

□

Flow grams /  min 5

R e s i s t a n c e  mm Hg /g ram  /  min
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F i g u r e  23,  A ve ra ge  e f f e c t  i n  t e n  a n i m a l s  o f  e l e v a t i o n  o f  venous  

p r e s s u r e ,  a t  c o n s t a n t  b lo o d  f low  upon i l e a l  p e r f u s i o n  

p r e s s u r e  and c a l c u l a t e d  v a s c u l a r  r e s i s t a n c e .



I 5 0 i I  I C o n t r o l
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R en al  V a s c u l a r  Bed 

F i g u r e  24 p r e s e n t s  t h e  a v e r a g e  e f f e c t s  i n  10 e x p e r i m e n t s  upon 

a o r t i c  p r e s s u r e ,  r e n a l  b lo o d  f l o w ,  r e n a l  v a s c u l a r  r e s i s t a n c e ,  and r e n a l  

venous  b lo o d  PO2 o f  e l e v a t i n g  r e n a l  venous  p r e s s u r e  f rom 6 t o  28 mm Hg, 

T h i s  maneuver  had no e f f e c t  upon a o r t i c  p r e s s u r e  and pro du ced  o n l y  a 

v e r y  s l i g h t  d e c r e a s e  i n  r e n a l  venous  b lo o d  oxygen t e n s i o n  ( g o i n g  f rom 

61 to  60 mm H g ) . Average r e n a l  b l o o d  f lo w  was r e d u c ed  from a c o n t r o l  

v a l u e  o f  223 t o  195 m l /m in .  However,  b e c a u s e  t h e  p e r f u s i o n  p r e s s u r e  

g r a d i e n t  f e l l  p r o p o r t i o n a t e l y  more (98 mm Hg t o  77 mm Hg) t h a n  b lo o d  

f l o w ,  c a l c u l a t e d  r e s i s t a n c e  f e l l  d u r i n g  th e  p r o c e d u r e .  R e s t o r a t i o n  o f  

venous  p r e s s u r e  t o  the c o n t r o l  v a l u e  p ro d u ced  an  immedia te  r e v e r s a l ,  

towar d c o n t r o l ,  o f  the o t h e r  p a r a m e t e r s .

F o r e  l imb  V a s c u l a r  Bed 

T a b l e  I I  p r e s e n t s  th e  e f f e c t s ,  i n  21 e x p e r i m e n t s ,  o f  e l e v a t i o n  

o f  veno us  p r e s s u r e  upon t h e  i n n e r v a t e d  f o r e  l imb v a s c u l a r  bed o f  th e  dog 

p e r f u s e d  a t  a c o n s t a n t  f lo w.  On th e  a v e r a g e ,  e l e v a t i o n  o f  f o r e  l imb 

venous  p r e s s u r e  by 25 mm Hg p ro d u c ed  a r i s e  i n  s m a l l  v e i n  p r e s s u r e  o f  24 

mm Hg, an  i n c r e a s e  in s m a l l  a r t e r y  p r e s s u r e  o f  26 mm Hg and an  i n c r e a s e  

i n  b r a c h i a l  p r e s s u r e  o f  25 nun Hg. T h e r e f o r e ,  a t  c o n s t a n t  f l o w ,  r e s i s ­

t a n c e  t o  f low thro ug h t h e  e n t i r e  v a s c u l a r  b ed ,  a s  w e l l  a s  t h r o u g h  th e  

a r t e r i e s ,  re ma ined  c o n s t a n t .  S mal l  v e s s e l  r e s i s t a n c e  i n c r e a s e d  s l i g h t l y ,  

w h i l e  r e s i s t a n c e  t o  f low t h r o u g h  t h e  v e i n s  was s l i g h t l y  d e c r e a s e d .  The 

maneuver  was r e p e a t e d  i n  17 o f  t h e  above a n i m a l s  a f t e r  d e n e r v a t i o n  o f  

t h e  f o r e l i m b  and r e s i s t a n c e  t o  f l o w  t h r o u g h  a l l  the  v a s c u l a r  s egmen ts  

was a f f e c t e d  i r r e g u l a r l y .
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F i g u r e  24.  A ve ra ge  e f f e c t s  i n  t e n  a n i m a l s  o f  e l e v a t i o n  o f  r e n a l  venous  

p r e s s u r e  (V) upon a o r t i c  p r e s s u r e  (A) ,  r e n a l  venous o u t f l o w  

( F y ) , c a l c u l a t e d  r e n a l  v a s c u l a r  r e s i s t a n c e  ( R ) , and r e n a l  

veno us  b lo o d  oxygen t e n s i o n  (Pyo2 ^ * Only s t e a d y  s t a t e  v a l u e s  

a r e  p r e s e n t e d .
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TABLE I I

EFFECT OF ELEVATION OF VENOUS PRESSURE AT CONSTANT FLOW UPON 
BRACHIAL ARTERY, SMALL ARTERY, SMALL VEIN AND CEPHALIC 

VEIN PRESSURES IN THE INNERVATED DOG FORELIMB

Blood Flow 
ml/m in ■CV

C o n t r o l

•sv SA ■BA

E l e v a t e d  V e in  P r e s s u r e

^CV ■SV ■SA ■BA

1 0 0 1 0 .5 13.5 87 103 26.5 28,5 117 135
1 0 0 9 . 0 17.5 74 109 15 .0 22,5 78 114
1 0 0 1 2 . 0 15 .0 53 82 2 5 .0 28 .0 64 93
150 8 .5 13.5 6 8 93 2 9 .0 3 2 . 0 83 117
1 0 0 4 . 0 6 . 0 115 138 3 4 .0 3 5 ,0 135 158

76 8 . 5 10,5 150 175 36 .0 3 8 .0 175 2 2 0
76 1 6 ,0 18 .0 8 8 130 4 2 . 0 4 3 . 0 113 153
76 7 . 0 9 , 0 115 150 4 0 . 0 4 1 , 0 160 190
76 9 .5 1 2 , 0 85 106 3 7 ,0 38,5 114 136
76 7 . 0 8 , 0 85 109 28 ,5 3 0 , 0 127 146
76 6 . 5 9 ,5 74 104 38,5 4 2 , 0 1 1 2 140
76 5 . 5 8 ,5 1 1 1 133 3 8 ,0 4 0 , 5 145 167
76 6 . 0 9 , 0 93 125 3 5 , 0 3 7 ,0 125 154

1 0 0 1 2 .5 15 .0 1 1 1 146 3 4 ,0 3 6 ,0 130 162
76 9 . 5 1 4 .0 55 105 31 ,5 3 5 ,0 73 1 2 0
76 7 . 0 9 . 0 ■ 8 8 115 3 3 , 0 3 4 ,0 123 143
76 1 0 . 0 1 2 . 0 73 1 2 0 3 8 ,5 4 0 , 0 90 138
76 1 2 . 0 1 6 ,0 123 168 3 6 ,0 3 9 ,0 140 183
76 1 6 .0 17,0 80 103 3 7 , 0 3 8 , 0 1 0 0 125
76 4 . 0 6 , 0 115 138 3 4 .0 3 5 ,0 135 158
76 4 . 0 5 .5 95 138 3 6 , 0 3 7 ,0 160 188

A verage 8 . 8 11.7 93 124 33,6 3 5 ,7 119 149

^CV

Psv =

■SA -

■BA -

C e p h a l i c  V e in  P r e s s u r e  

Smal l  V e in  P r e s s u r e  

Smal l  A r t e r y  P r e s s u r e  

B r a c h i a l  A r t e r y  P r e s s u r e
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Mechanisms o f  Local R e g u l a t i o n  o f  b lo o d  Flow 

T h e s e  e x p e r i m e n t s  were  d e s ig n e d  t o  y i e l d  I n f o r m a t i o n  r e l e v a n t  t o  

t h e  f o u r  mechani sms p o s t u l a t e d  to e x p l a i n  l o c a l  r e g u l a t i o n  o f  b lood  f lo w .  

Renal  l y m p h a t i c  p r e s s u r e ,  fo r e l im b  musc le  t i s s u e  p r e s s u r e ,  and i l e a l  

lumen p r e s s u r e  were  u s e d  t o  a s s e s s  th e  r o l e  o f  i n t e r s t i t i a l  p r e s s u r e  i n  

l o c a l  c o n t r o l  o f  b lo o d  f lo w  i n  the  k i d n e y ,  f o r e l i m b ,  and i n t e s t i n e ,  r e ­

s p e c t i v e l y .  S q u a re  wave changes  i n  b l o o d  f low  w e re  u s e d  t o  a s s e s s  t h e  

r o l e  o f  t r a n s m u r a l  p r e s s u r e  i n  l o c a l  r e g u l a t i o n  i n  t h e  l imb and k i d n e y .  

The r o l e  of oxygen t e n s i o n  was a s s e s s e d  by compar ing t h e  mag n i tude  of  

r e n a l  a u t o r e g u l a t i o n  a t  normal  and h i g h  a r t e r i a l  oxygen t e n s i o n s .  D i ­

v e r s i o n  o f  veno us  b l o o d  f rom an o r g a n  u n d e r g o i n g  l o c a l  r e g u l a t i o n  th ro u g h  

an a s s a y  o r g a n  was u s e d  t o  g a i n  i n f o r m a t i o n  r e l e v a n t  t o  t h e  m e t a b o l i t e  

t h e o r y .

E f f e c t  o f  R ap id  and S q u a re  Wave Changes  i n  B lood  Flow Upon Rena l  and 

Lympha t i c  V e s s e l  P r e s s u r e s  and Upon F o r e l i m b  P e r f u s i o n  P r e s s u r e

F i g u r e  25 ( u p p e r  l e f t  panel )  shows t h a t  e l e v a t i o n  o f  r e n a l  venous  

p r e s s u r e  by venous  c o n s t r i c t i o n  p rod uc ed  an a l m o s t  e q u a l  r i s e  i n  lym­

p h a t i c  v e s s e l  p r e s s u r e .  Upon r e l e a s e  o f  venou s  c o n s t r i c t i o n  lymph p r e s ­

s u r e  f e l l  s l o w l y  t o  c o n t r o l  whereas  venous  p r e s s u r e  i m m e d i a t e l y  f e l l  t o  

c o n t r o l .  When r e n a l  b l o o d  fiery was e l e v a t e d  f rom 37 t o  114 ml/m in  f o r  

two s e c o n d s  ( u p p e r  r i g h t  p a n e l )  mean a r t e r i a l  p r e s s u r e  r o s e  f rom 65 t o  

125 mm Hg and p r o m p t l y  r e t u r n e d  to a mean o f  65 mm Hg. Lymphat ic  p r e s ­

s u r e  was h a r d l y  a f f e c t e d  by th e  maneuver .  When f lo w  was e l e v a t e d  t o  114 

m l /m in  and l e f t  a t  t h a t  v a l u e  (upper r i g h t  p a n e l ) ,  r e n a l  p e r f u s i o n  p r e s ­

s u r e  r o s e  t o  130 mm Hg and lymphat ic  p r e s s u r e  i n c r e a s e d  o n l y  2 mm Hg,
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F ig u r e  25. E f f e c t s  o f  e l e v a t i o n  o f  r e n a l  venous  p r e s s u r e  (Py) a t  c o n ­

s t a n t  b l o o d  f low upon h i l a r  lymph v e s s e l  p r e s s u r e  (PI)  and 

o f  s q u a r e  wave ch an g es  i n  b lo o d  f low  upon h i l a r  lymph v e s ­

s e l  p r e s s u r e  and p e r f u s i o n  p r e s s u r e  ( P a ) . I n  ea ch  p a n e l ,  

lymph v e s s e l  p r e s s u r e  i s  above and r e n a l  ve nous  o r  p e r f u s i o n  

p r e s s u r e  i s  be low.  See  t e x t  f o r  d e t a i l s .
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Flow fc ltvar . ion  o f  a g r e a t e r  m a g n i t u d e ,  67 t o  135 m l /m i n  (m iddle  p a n e l ) ,  

p ro d u ced  a rie-e. i r .  r e n a l  a r t e r i a l  p r e s s u r e  from 75 to  140 mm Rg, not  

q u i t e  i n  p r o p o r t i o n  t o  f low,  i n d i c a t i n g  a s l i g h t  f a l l  i n  r e s i s t a n c e .  

Lymphat ic  p r e s s u r e  r o s e  on ly  3 mm Hg, Even though  f lo w  was h e l d  con­

s t a n t  a t  135 m l /m i n ,  p e r f u s i o n  p r e s s u r e  p r o g r e s s i v e l y  r o s e  ( a u t o r e g u l a t i o n )  

u n t i l  r e s i s t a n c e  g r e a t l y  ex ceed ed  the  v a l u e  a t  th e  lo w er  f l o w  r a c e ,  Ac 

th e  h i g h e s t  p e r f u s i o n  p r e s s u r e  mean ly m p h a t i c  p r e s s u r e  exceede d  th e  con­

t r o l  v a l u e  by o n l y  9 mm Hg, b u t  t h e r e  was c l e a r l y  an  i n c r e a s e  i n  lym­

p h a t i c  p u l s e  p r e s s u r e .  R e tu r n  of  f low to  67 ml /m in  was a s s o c i a t e d  w i t h  

an im med ia te  f a l l  i n  l y m p h a t i c  p r e s s u r e  t o  c o n t r o l .  The r i s e  i n  lym­

p h a t i c  p u l s e  p r e s s u r e  s u g g e s t s  t h e  lymph v e s s e l  r em a in ed  p a t e n t  d u r i n g  

th e  f lo w s h i f t s ,  and  t h e  q u i c k  r e t u r n  o f  l y m p h a t i c  p r e s s u r e  t o  c o n t r o l  

i n d i c a t e s  t h e  maneuve r  was a s s o c i a t e d  w i t h  o n l y  s m a l l  ch an g es  i n  i n t e r ­

s t i t i a l  volume.  The lo w er  two p a n e l s  a g a i n  d e m o n s t r a t e  t h e  e f f e c t s  o f  

ch a n g e s  i n  veno us  and a r t e r i a l  p r e s s u r e  upon l y m p h a t i c  p r e s s u r e .

F i g u r e  26 ,  f rom a n o t h e r  e x p e r i m e n t ,  shows t h a t  a s q u a r e  wave 

e l e v a t i o n  of f l ow from 58 t o  116 ml/m in  ( u p p e r  p a n e l )  p ro d u c ed  an im­

m e d i a t e  r i s e  i n  p e r f u s i o n  p r e s s u r e  f rom 85 t o  157 mm Hg. Lymphat ic v e s ­

s e l  p r e s s u r e  r o s e  by  o n ly  2 mm Hg. A t  t h e  new f lo w  p e r f u s i o n  p r e s s u r e  

g r a d u a l l y  r o s e  t o  a  h i g h  l e v e l ,  i n d i c a t i n g  an i n c r e a s e  i n  r e s i s t a n c e ,  

b u t  the  l y m p h a t i c  v e s s e l  p r e s s u r e  r o s e  o n l y  an  a d d i t i o n a l  5 mm Hg.

When f lo w was r a p i d l y  d e c r e a s e d  t o  a low v a l u e  (uppe r  p a n e l ) ,  p e r f u s i o n  

p r e s s u r e ,  a f t e r  an  i n i t i a l  f a l l ,  t r a n s i e n t l y  r o s e  and t h e n  p r o g r e s s i v e l y  

f e l l  (m id d le  p a n e l )  t o  a  new s t e a d y  s t a t e .  The g r a d u a l  f a l l  i n  p r e s s u r e  

i n d i c a t e s  a  f a l l  i n  r e s i s t a n c e ,  a change which o c c u r r e d  i n  t h e  p r e s e n c e  

o f  a  2 mm Hg f a l l  i n  l y m p h a t i c  p r e s s u r e .  Flow was t h e n  i n c r e a s e d  r a p i d l y
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F i g u r e  26.  E f f e c t s  o f  ch ange  i n  r e n a l  b l o o d  f l o w  and e x t e r n a l  com­

p r e s s i o n  ( 3 r d  p a n e l ,  r i g h t  s i d e )  a t  c o n s t a n t  f lo w ,  upon 

h i l a r  lymph v e s s e l  p r e s s u r e  and p e r f u s i o n  p r e s s u r e .  I n  

ea ch  p a n e l ,  lymph p r e s s u r e  i s  above and p e r f u s i o n  p r e s s u r e  

i s  b e low .  See  t e x t .
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CO 133 m l /m in .  Mean p e r f u s i o n  p r e s s u r e  r o s e  to  185 mm Hg and t h e n  p r o ­

g r e s s i v e l y  r o s e  even h i g h e r .  Lympha t i c  p r e s s u r e  r o s e  o n l y  6  mm Hg and 

was l i t t l e  a f f e c t e d  by s q u a r e  wave h a l v i n g  o f  b l o o d  f l o w .  The same 

maneuve r  was r e p e a t e d  w i t h  th e  same r e s u l t s  ( l o w e r  l e f t  p a n e l ) .  S l i g h t  

e x t e r n a l  p r e s s u r e  a p p l i e d  on t h e  s u r f a c e  o f  k i d n e y  r a i s e d  lym p h a t i c  

p r e s s u r e  ( l o w e r  r i g h t  hand p a n e l ) .  T h i s  manuever was o f t e n  used t o  

r e s t  t h e  p a t e n c y  o f  t h e  l y m p h a t i c  c a n n u l a .

F i g u r e  27 i s  a c o n t i n u a t i o n  o f  th e  same e x p e r i m e n t  and a g a in  

d e m o n s t r a t e s  t h e  e f f e c t  o f  e l e v a t i o n  venous  p r e s s u r e  on lymph v e s s e l  

p r e s s u r e  ( u p p e r  l e f t  p a n e l ) .  A s q u a r e  wave d o u b l i n g  o f  r e n a l  f low f o r  

two sec on ds  (u p p e r  r i g h t  p a n e l )  was a s s o c i a t e d  w i t h  a n  immedia t e  i n ­

c r e a s e  i n  p e r f u s i o n  p r e s s u r e  w h ich  d i d  n o t  r e t u r n  q u i t e  t o  t h e  c o n t r o l  

i m m e d ia t e l y  upon r e d u c t i o n  o f  f lo w .  The maneuver  h a r d l y  a f f e c t e d  lym­

p h a t i c  p r e s s u r e .  When f lo w  was d o u b led  and l e f t  a t  t h e  h i g h  v a lu e  

( m i d d l e  p a n e l )  p e r f u s i o n  p r e s s u r e  g r a d u a l l y  i n c r e a s e d ,  a g a i n  i n d i c a t i n g  

an  i n c r e a s e  i n  r e s i s t a n c e .  Lympha t i c  was i n c r e a s e d  by o n l y  6  mm Hg. 

E l e v a t i o n  o f  venous  p r e s s u r e  ( l o w e r  p a n e l )  by 15 mm Hg p ro d u c ed  a 20 mm 

Hg i n c r e a s e  i n  p e r f u s i o n  p r e s s u r e ,  i n d i c a t i n g  a r i s e  i n  r e s i s t a n c e  t o  

f low  th ro u g h  t h e  k i d n e y .  Lymph p r e s s u r e  r o s e  9 mm Hg. T h i s  maneuver 

p r o d u c ed  g r e a t e r  i n c r e a s e s  i n  r e n a l  r e s i s t a n c e  i n  o t h e r  e x p e r i m e n t s .

F i g u r e  28 shows t h a t  a two second  s q u a re  wave d o u b l i n g  o f  r e n a l  

b l o o d  f low from 46 t o  92 ml /m in  ( u p p e r  l e f t  p a n e l )  p ro d u c ed  an  immedia te  

r i s e  i n  p e r f u s i o n  p r e s s u r e  which was p a r t i a l l y  m a i n t a i n e d  f o r  14 seconds  

a f t e r  f low  was r e t u r n e d  t o  46 m l /m in .  T h e r e  was no change i n  lymph v e s ­

s e l  p r e s s u r e  d u r i n g  t h e  maneuver .  T h i s  ty pe  o f  r e s p o n s e  was seen  i n  

s e v e r a l  o t h e r  p r e p a r a t i o n s .  The m i d d le  p a n e l  shows t h e  e f f e c t s  of
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F i g u r e  27,  C o n t i n u a t i o n  o f  t h e  e x p e r i m e n t  shown i n  F i g u r e  26,  showing 

t h e  e f f e c t s  o f  e l e v a t i o n  o f  r e n a l  venou s  p r e s s u r e  a t  con ­

s t a n t  f l o w  and  o f  s q u a r e - w a v e  c h a n g es  i n  b lo o d  f low upon 

h i l a r  lymph v e s s e l  p r e s s u r e  and p e r f u s i o n  p r e s s u r e .  See 

t e x t .
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F i g u r e  28.  E f f e c t  o f  t r a n s i e n t  and p r o l o n g e d  ( s q u a r e - w a v e )  ch a n g es  i n  

f l o w  upon l y m p h a t i c  v e s s e l  p r e s s u r e ,  r e n a l  v e i n  p r e s s u r e ,  

and p e r f u s i o n  p r e s s u r e .  Midd le  p a n e l  shows e f f e c t  o f  venous  

p r e s s u r e  e l e v a t i o n  upon l y m p h a t i c  p r e s s u r e  and p e r f u s i o n  

p r e s s u r e .  Lower p a n e l  shows e f f e c t s  o f  i n t e r r u p t i o n  o f  

r e n a l  i n f l o w  f o r  2 seconds  and 30 s ec o n d s  upon lymph v e s ­

s e l  p r e s s u r e  and  p e r f u s i o n  p r e s s u r e .  See  t e x t .
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e l e v a t i o n  of r e n a l  venou s  p r e s s u r e  a t  c o n s t a n t  f l o w  upon ly m p h a t i c  v e s ­

s e l  and p e r f u s i o n  p r e s s u r e .  I n  b o t h  t r i a l s  e l e v a t i o n  o f  venous  p r e s s u r e  

p rodu ced  a  g r e a t e r  t h a n  p r o p o r t i o n a t e  i n c r e a s e  i n  p e r f u s i o n  p r e s s u r e ,  

i n d i c a t i n g  a r i s e  i n  r e s i s t a n c e .  When a r t e r i a l  i n f l o w  t o  t h e  k id n ey  

was i n t e r r u p t e d  f o r  30 s e c o n d s  ( lower  p a n e l ) ,  p e r f u s i o n  p r e s s u r e  immedi­

a t e l y  upon r e - e s t a b l i s h m e n t  o f  f l o w  was lower  t h a n  th e  p r e - o c c l u s i o n  

l e v e l  and p r o g r e s s i v e l y  i n c r e a s e d  to  c o n t r o l .  However,  u n l i k e  t h e  r e ­

spo nse  i n  t h e  l im b ,  t h e  p r e s s u r e  c o n t i n u e d  t o  c l im b  u n t i l  r e s i s t a n c e  was 

much h i g h e r  t h a n  t h e  c o n t r o l .  Lymph p r e s s u r e  f e l l  o n ly  2 mm Hg d u r i n g  

t h e  p e r i o d  of  i s c h e m i a ,  and r e t u r n e d  to  c o n t r o l  upon r e - i n s t i t u t i o n  o f  

b lo o d  f lo w .

F i g u r e  29 shows a  30 second  p e r i o d  o f  r e n a l  i s c h e m i a  (u p p e r  

p a n e l )  i n  a n o t h e r  e x p e r i m e n t .  P e r f u s i o n  p r e s s u r e  i m m e d ia t e l y  upon r e ­

e s t a b l i s h m e n t  o f  f low  was lower  t h a n  c o n t r o l  and p r o g r e s s i v e l y  r e t u r n e d  

o n ly  t o  t h e  c o n t r o l  l e v e l .  Lym ph at i c  p r e s s u r e  i n c r e a s e d  s l i g h t l y  d u r i n g  

th e  i s c h e m i c  p e r i o d .  T h i s  was n o t  a t y p i c a l  r e s p o n s e ,  u s u a l l y  ly m p h a t i c  

p r e s s u r e  f e l l  s l i g h t l y  d u r i n g  i s c h e m i a .  The m i d d le  p a n e l  shows t h e  e f ­

f e c t  o f  1 Hg o f  e p i n e p h r i n e  i n j e c t e d  a s  a b o l u s  i n t o  t h e  r e n a l  p e r f u s i o n  

sy s t em .  P e r f u s i o n  p r e s s u r e  r o s e  t o  o v e r  200 mm Hg b u t  l y m p h a t i c  p r e s ­

s u r e  was i n c r e a s e d  by o n l y  4 mm Hg. The lower  l e f t  p a n e l  d e p i c t s  the 

e f f e c t s  p ro d u ced  by c l o s e  a r t e r i a l  i n j e c t i o n  o f  2 ,5  ng a c e t y l c h o l i n e .  

A g a in ,  t h e r e  was no r e l a t i o n  b e tw e en  p e r f u s i o n  p r e s s u r e  and lympha t ic  

p r e s s u r e .

F i g u r e  30 shows t h e  r e l a t i o n s h i p s  i n  f i v e  k i d n e y s  o f  ly m p h a t ic  

p r e s s u r e  t o  veno us  p r e s s u r e  and t o  a r t e r i a l  p r e s s u r e .  On th e  a v e r a g e ,  

a one mm Hg r i s e  i n  mean p e r f u s i o n  p r e s s u r e  p r o d u c ed  by i n c r e a s i n g  f low,
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F i g u r e  29.  E f f e c t  o f  i n t e r r u p t i o n  of  b l o o d  f low (u p p e r  p a n e l ) ,

i n j e c t i o n  o f  1 |ag e p i n e p h r i n e ( m i d d l e  p a n e l ) ,  i n j e c t i o n  o f  

2 .5  pg a c e t y l c h o l i n e  ( l o w e r  p a n e l ,  l e f t )  and venous  p r e s ­

s u r e  e l e v a t i o n  ( lo w e r  p a n e l ,  r i g h t )  upon r e n a l  p e r f u s i o n  

p r e s s u r e  ( P a ) ,  lymph v e s s e l  p r e s s u r e  (P I )  and r e n a l  venous  

p r e s s u r e  (P v ) .  See  t e x t .
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F i g u r e  30, R e l a t i o n s h i p  o f  ly m p h a t i c  v e s s e l  p r e s s u r e  t o  r e n a l  a r t e r y  

p r e s s u r e  and t o  r e n a l  v e i n  p r e s s u r e .  Each v a l u e  i s  the  

a v e r a g e  o f  f i v e  a n i m a l s .
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r a i s e d  ly m p h a t ic  v e s s e l  p r e s s u r e  by 0 .07  mm Hg. A one ram Hg r i s e  i n  

venous  p r e s s u r e  p ro d u c e d  an  i n c r e a s e  i n  ly m p h a t i c  v e s s e l  p r e s s u r e  o f  

0 .6  ram Hg. Hence,  o v e r  t h e  r a n g es  s t u d i e d ,  venous  p r e s s u r e  had t e n  

t imes  t h e  e f f e c t  o f  a r t e r i a l  p r e s s u r e .

The e f f e c t s  o f  s q u a r e  wave c h a n g e s  i n  b l o o d  f low upon t h e  f o r e ­

limb v a s c u l a t u r e  a r e  shown i n  F i g u r e  31.  With  a c lamp a t  B ( F i g u r e  3) 

f o r e l i m b  f low  was h a l v e d  by s i m u l t a n e o u s l y  c l am ping  a t  A and C, T h i s  

t r a p p e d  a column o f  b l o o d  i n  t h e  pump h e a d  and s u b j e c t e d  i t  t o  t h e  r e ­

p e a t e d  a c t i o n  o f  t h e  pump f i n g e r s .  T h i s  maneuver  p ro duced  a v a s o a c t i v e  

s u b s t a n c e  w h ich  upon r e l e a s e  d i l a t e d  t h e  f o r e l i m b  v a s c u l a t u r e  ( F i g u r e  31,  

u p p e r  p a n e l s ) .  ( T h i s  same s u b s t a n c e  p r o d u c ed  r e n a l  v a s c u l a r  c o n s t r i c t i o n )  

The a r t i f a c t  was c i r c u m v e n t e d  by s i m u l t a n e o u s l y  a d j u s t i n g  c lamps a t  

p o i n t s  A and D ( d e s c r i b e d  i n  ’M eth o d s ’ ) .  The e f f e c t  o f  a  s q u a r e  wave 

d o u b l i n g  o f  f low t o  t h e  f o r e l i m b  i s  shown i n  F i g u r e  31 ( l o w e r  l e f t  p a n e l ) .  

P e r f u s i o n  p r e s s u r e  i m m e d i a t e l y  f e l l  and upon r e s t a b l i s h m e n t  o f  f l o w  p r e s ­

s u r e  g r a d u a l l y  r e t u r n e d  t o  c o n t r o l .

A s q u a r e  wave h a l v i n g  o f  f low r a t e  p rod uced  a l a r g e  r a p i d  f a l l  

i n  p e r f u s i o n  p r e s s u r e  f o l l o w e d  by a s m a l l  s low r i s e  i n  p r e s s u r e  ( F i g u r e  

32,  u p p e r  p a n e l ) .  The s m a l l  s low  r i s e  i n  p r e s s u r e  was m in im a l  o r  a b ­

s e n t  i f  f l o w  was h a l v e d  a f t e r  be ing  a t  t h e  o r i g i n a l  v a l u e  f o r  o n l y  one 

o r  two sec o n d s  ( F i g u r e  32 ,  m i d d le  l e f t  p a n e l ) .  A f t e r  f low  had  b e e n  a t  

t h e  lower  v a l u e  f o r  a  p e r i o d  o f  t im e ,  r e t u r n  o f  f low  t o  t h e  o r i g i n a l  

v a l u e  p ro d u c ed  a  s h a r p  r i s e  i n  p r e s s u r e  to  a l e v e l  s l i g h t l y  i n  e x c e s s  o f  

t h e  c o n t r o l  v a l u e  f o l l o w e d  by a g r a d u a l  f a l l  t o  t h e  c o n t r o l  v a l u e  ( F i g u r e  

5 ,  u p p e r  p a n e l ) .  C o n v e r s e l y ,  r e t u r n  of  f l ow t o  t h e  o r i g i n a l  v a l u e  a f t e r  

f low  had b ee n  h a l v e d  f o r  o n l y  one or two s ec o n d s  p ro d u ced  a  g r a d u a l
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F i g u r e  31 .  E f f e c t  upon p e r f u s i o n  p r e s s u r e  o f  p r o l o n g e d  and t r a n s i e n t  

s q u a r e -w a v e  ch an g es  i n  f low r a t e  p ro duced  by two d i f f e r e n t  

metho ds .  D e m o n s t r a t i o n  o f  a v a s o d i l a t o r  s u b s t a n c e  i n  

damaged b l o o d .  Uppe r  p a n e l  l e f t .  Wi th  A, C, and B, clamped 

( F i g u r e  3) and pump o p e r a t i n g  on th e  column o f  b lo o d  bet ween  

A and C, A and C w e re  s i m u l t a n e o u s l y  u n d a m p e d .  Upper  p a n e l  

r i g h t  w i t h  B c l am ped ,  A and C were  s i m u l t a n e o u s l y  clamped 

an d ,  a f t e r  f o u r  s e c o n d s ,  u n d a m p e d .  Lower p a n e l  l e f t .  S i t e  

A u n d a m p e d  and s i t e  B d a m p e d  s i m u l t a n e o u s l y ,  t h u s  d i v e r t ­

ing  f lo w away f rom fe m o ra l  a r t e r y  and i n t o  f o r e  l imb .  Lower 

p a n e l  r i g h t .  S i t e  A clamped and s i t e  B u n d a m p e d  and ,  

a f t e r  two s e c o n d s ,  A u n d a m p e d  and B c lamped .
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F i g u r e  32.  E f f e c t  upon p e r f u s i o n  p r e s s u r e  o f  p r o l o n g e d  and t r a n s i e n t  

s q u a r e  wave ch a n g es  i n  f l o w  r a t e  p r o d u c ed  by two d i f f e r e n t  

m e thods .  Upper  two p a n e l s .  The d i v e r s i o n  method d e s c r i b e d  

i n  F i g u r e s  3 and 31.  Lower p a n e l .  I n j e c t i o n  and w i t h d r a w a l  

o f  b lo o d  w i t h  a  s y r i n g e  and l a r g e  b o r e  n e e d l e  f rom t h e  p e r  

f u s i o n  s y s tem  b e tw e en  pump and l im b .  See  t e x t
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i n c r e a s e  i n  p r e s s u r e  w hich  d i d  n o t  o v e r s h o o t  t h e  c o n t r o l  v a l u e  ( F i g u r e  

32,  m i d d le  r i g h t  p a n e l ) .

F i g u r e  32 ( l o w e r  l e f t  p a n e l )  shows th e  e f f e c t  o f  r a p i d  i n ­

j e c t i o n  o f  b l o o d  f rom a  s y r i n g e  i n t o  t h e  p e r f u s i o n  t u b i n g .  P r e s s u r e  

im m e d ia t e l y  r o s e  w i t h  t h e  i n j e c t i o n ,  f e l l  w e l l  be low c o n t r o l ,  and t h e n  

g r a d u a l l y  r e t u r n e d  t o  c o n t r o l .

The lower  r i g h t  p a n e l  shows t h e  e f f e c t  o f  r a p i d  w i t h d r a w a l  o f  

b lo o d  from t h e  p e r f u s i o n  t u b i n g .  P e r f u s i o n  p r e s s u r e  f e l l  a s  b l o o d  was 

w i th d raw n  and th e n  g r a d u a l l y  r e t u r n e d  t o  t h e  c o n t r o l .

E f f e c t  of  Oxygen T e n s i o n  Upon t h e  Response  o f  t h e  R en a l  V a s c u l a r  Beds  To 

A l t e r e d  P e r f u s i o n  P r e s s u r e  and Upon R ena l  V a s c u l a r  R e s i s t a n c e  

The e f f e c t  o f  O2  t e n s i o n  upon r e n a l  a u t o r e g u l a t i o n  was s t u d i e d  

i n  a s e r i e s  o f  t e n  a n i m a l s .  F i g u r e  33 shows th e  e f f e c t  o f  r e n a l  a r t e r y  

c o n s t r i c t i o n  on r e n a l  venou s  p r e s s u r e ,  r e n a l  b lood  f l o w ,  r e n a l  v a s c u l a r  

r e s i s t a n c e  and r e n a l  venou s  O2  t e n s i o n .  The same a n i m a l s  were  t h e n  

v e n t i l a t e d  w i t h  1 0 0 % O2  j u s t  p r i o r  t o  c o n s t r i c t i o n  o f  t h e  r e n a l  a r t e r y  

( F i g u r e  3 4 ) .  Rena l  b l o o d  f l o w  f e l l  b u t  the  f a l l  i n  p r e s s u r e  was o u t  o f  

p r o p o r t i o n  t o  t h e  f a l l  i n  f l o w .  C a l c u l a t e d  r e s i s t a n c e  t h e r e f o r e  d e ­

c r e a s e d .  V e n t i l a t i o n  w i t h  100% O2  c o m p l e t e l y  p r e v e n t e d  th e  f a l l  i n  

r e n a l  venous  PC^. I n d e e d ,  t h e  O2  t e n s i o n  r o s e  w e l l  a b o v e  t h e  c o n t r o l  

v a l u e  d u r i n g  t h e  m aneuve r .  H e n ce ,  v e n t i l a t i o n  w i t h  oxyg en  f a i l e d  t o  

a l t e r  t h e  r e s p o n s e .

F i g u r e  35 shows th e  e f f e c t  ( a v e r a g e  o f  t e n  a n i m a l s )  o f  v e n t i ­

l a t i o n  w i t h  1 0 0 % oxygen on t h e  same v a r i a b l e s  w i t h o u t  r e n a l  a r t e r y  co n ­

s t r i c t i o n .  The o n l y  p a r a m e t e r  t h a t  was m e a s u r a b l y  a f f e c t e d  was r e n a l  

venous  b lo o d  oxygen t e n s i o n  w h ich  r o s e  t o  o v e r  130 mm Hg.
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F i g u r e  33.  A ve ra ge  e f f e c t  i n  t e n  a n i m a l s  o f  r e n a l  a r t e r y  c o n s t r i c t i o n  

(Pa)  upon r e n a l  venous  p r e s s u r e  (Pv) c a l c u l a t e d  r e n a l  v a s c u ­

l a r  r e s i s t a n c e  ( R ) , r e n a l  venous b l o o i  oxygen t e n s i o n  • PyQ2 ) 

and r e n a l  venous  b lood pH ( p H , ) .  S t e a d y  s t a t e  v a l u e s  g iv e n  

f o r  a l l  v a l u e s  e x c e p t  Pv0 2 ‘
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F i g u r e  34. Same a s  F i g u r e  33,  e x c e p t  v e n t i l a t i o n  wi th 100% oxygen wa;

i n s t i t u t e d  s h o r t l y  b e f o r e  t h e  r e n a l  a r t e r y  c o n s t r i c t i o n
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F i g u r e  35,  Ave ra ge  e f f e c t  i n  t e n  a n i m a l s  o f  v e n t i l a t i o n  w i t h  100%

oxygen upon a o r t i c  p r e s s u r e  ( a ) ,  r e n a l  venous  p r e s s u r e  ) ,  

r e n a l  veno us  o u t f l o w  ( F y ) , c a l c u l a t e d  r e n a l  v a s c u l a r  r e s i s ­

t a n c e  ( R ) , and r e n a l  venous  oxygen t e n s i o n  (PVO2 ) • The e x ­

p e r i m e n t s  w ere  p e r f o rm e d  on t h e  same an im a l s  a s  i n  F i g u r e s  

33 and 34,
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E f f e c t  o f  A l t e r a t i o n  i n  P e i f a s l o n  F r e s s u r e  o r  ’Metabol lgrn Upon 

The '■ ' a s o a c t i v i t y  o f  , 'enous Blood

A p o r t i o n  o f  t h e  venous  b lo o d  f rom an  o rg a n  under go ing  l o c a l  

r e g u l a t i o n  was d i r e c t e d  t h r o u g h  th e  f o r e l i m b  o f  the  same animal  ( a t  c o n ­

s t a n t  f l o w )  i n  o r d e r  t o  a s c e r t a i n  i f  t h e  v a s o a c t i v e  p r o p e r t i e s  o f  th e  

venous  b lo o d  was i n  anyway a l t e r e d  d u r i n g  t h e  l o c a l  r e g u l a t o r y  r e s p o n s e s .  

An e a r l i e r  s t u d y  ( F i g u r e  13) f a i l e d  t o  d e m o n s t r a t e  t h a t  r e n a l  venous  

b l o o d  v a s o a c t i v i t y  was a l t e r e d  d u r i n g  r e n a l  a r t e r y  c o n s t r i c t i o n .  T h i s  

c o u l d  mean e t c h e r  t h a t  t h e r e  was no i n c r e a s e  i n  v a s o a c t i v i t y ,  o r  i f  

t h e r e  was an  i n c r e a s e  i t  was masked by t h e  e x t e n s i v e  e x t r a c o r p o r a l  c i r ­

c u i t  u sed  i n  t h a t  s t u d y .  T h e r e f o r e ,  t h e  c i r c u i t  was reduced by removing 

t h e  f lo w m e t e r  and s h o r t e n i n g  a l l  e x t r a c o r p o r a l  t u b i n g  t o  a minimum. T h i s  

g r e a t l y  r e d u c e d  t r a n s i t  t ime and volume f rom r e n a l  v e i n  t o  f o r e l i m b .

F i g u r e  36 ( u p p e r  p a n e l )  shows t h a t ,  u t i l i z i n g  t h e  new c i r c u i t ,  

r e d u c t i o n  o f  r e n a l  a r t e r y  p e r f u s i o n  p r e s s u r e  f rom 110 t o  48 mm Hg was 

a s s o c i a t e d  w i t h  a f a l l  i n  b r a c h i a l  a r t e r y  p r e s s u r e  o f  10 mm Hg. The d e ­

l a y  in  o n s e t  o f  th e  b r a c h i a l  d i l a t i o n  was t h e  t ime n e c e s s a r y  f o r  the  

venous  b l o o d  t o  r e a c h  t h e  l imb.  Ren al  v en o u s  b lo o d  oxygen t e n s i o n  a l s o  

f e l l  s l i g h t l y .  T h i s  f a l l  i s  o f  t h e  same m ag n i tu d e  t h a t  o c c u r r e d  in  

e a r l i e r  e x p e r i m e n t s  ( f i g u r e  13) i n  w h ich  t h e r e  was no change i n  b r a c h i a l  

p r e s s u r e .

F i g u r e  37 shows th e  same b r a c h i a l  a r t e r y  r e s p o n s e  f o l l o w i n g  r e ­

l e a s e  o f  c o m p l e t e  r e n a l  a r t e r y  o c c l u s i o n  o f  60 ,  10 and 30 seconds .  I n  

t h i s  p r e p a r a t i o n ,  o c c l u s i o n  o f  t h e s e  d u r a t i o n s  we re  a lw ays  a s s o c i a t e d  

w i t h  r e n a l  r e a c t i v e  h y p e rem ia  a s  i s  e v i d e n c e d  i n  t h i s  F ig u r e  by the  

r i s e  i n  venou s  oxygen t e n s i o n  f o l l o w i n g  r e l e a s e  o f  o c c l u s i o n .  The
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F i g u r e  36. E f f e c t  o f  r e n a l  a r t e r y  c o n s t r i c t i o n  (.Pg^) upon r e n a l  venous  

b lood  oxygen t e n s i o n  (PRVO2 ) and the  e f f e c t  of  th e  r e n a l  

venous  b l o o d  upon b r a c h i a l  a r t e r y  p r e s s u r e  ( P g ^ ) . I n  t h e s e  

e x p e r i m e n t s  a p o r t i o n  o f  th e  r e n a l  venous  o u t f l o w  was c o n ­

t i n u o u s l y  d i v e r t e d  a t  a c o n s t a n t  r a t e  th r o u g h  the  fo r e l im D ,  

See t e x t  f o r  c o m p l e t e  e x p l a n a t i o n .  I n  ea ch  p an e l  r e n a l  

a r t e r y  p r e s s u r e  i s  a b o v e ,  r e n a l  venous  oxygen t e n s i o n  in  the  

m i d d le ,  and b r a c h i a l  a r t e r y  p r e s s u r e  below
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F ig u r e  37. Same a s  F i g u r e  36, e x c e p t  t h e  r e n a l  a r t e r y  was c o m p l e t e l y  

o c c lu d e d  f o r  60 s ec o n d s  ( u p p e r  p a n e l ) ,  10 sec o n d s  and 30 

sec o n d s  ( lower p a n e l ) .



mm Hg

mm Hg 100

mm Hg * *

B̂A 
mm HglOO

TIME MINUTES



82

r e s p o n s e  o f  t h r  f o r e l i m b  shown i n  F i g u r e s  36 and 37 was n o t  a l t e r e d

when t h e  a n im a l s  we re  v e n t i l a t e d  w i t h  1 0 0 % oxygen,  t h u s  p r e v e n t i n g  a

f a l l  i n  r e n a l  venous  oxygen t e n s i o n  below t h e  c o n t r o l .  I n  an a t t e m p t

t o  d e t e r m in e  the  c a u s e  c f  t h i s  v a s o d i l a t i o n ,  t h e  c o n c e n t r a t i o n  o f  H ' , 
u. u.

K ' , N a ‘ , and o s m o l a r i t y  w ere  d e t e r m in e d  on th e  r e n a l  venous  b lood  of  

15 a n i m a l s  b e f o r e ,  d u r i n g  and  a f t e r  th e  maneuve r .  These  c o n c e n t r a t i o n s  

w e re  n o r  changed s i g n i f i c a n t l y .  Nor  were t h e  r e s p o n s e s  a l t e r e d  by i n ­

f u s i o n  o f  a t r o p i n e ,  d ip h en h y d ra m in e  o r  p h e n t o l a m i n e  i n t o  t h e  b r a c h i a l  

a r t e r y  a t  r a t e s  w h ich  were s u f f i c i e n t l y  r a p i d  t o  b l o c k  th e  r e s p o n s e  o f  

t h e  f o r e l i m b  v a s c u l a r  bed t o  c h a l l e n g i n g  a r t e r i a l  i n j e c t i o n s  o f  a c e t y l ­

c h o l i n e ,  h i s t a m i n e ,  o r  e p i n e p h r i n e .

F i g u r e  38 shows th e  r e v e r s e  e f f e c t ,  t h a t  i s  b r a c h i a l  a r t e r y  

c o n s t r i c t i o n  a s s o c i a t e d  w i t h  o v e r  p e r f u s i o n  o f  t h e  r e n a l  v a s c u l a r  be d .

I n  t h i s  a n im a l  a second  pump was a l s o  i n t e r p o s e d  be tween  t h e  r i g h t  f e ­

m o r a l  and r i g h t  r e n a l  a r t e r i e s  t o  c o n t r o l  i e n a l  b lo o d  f low.  Blood f low 

t o  t h e  k i d n e y  was r a p i d l y  e l e v a t e d  t o  a new s t e a d y  s t a t e  ( f i r s t  a r row) 

and t h i s  q u i c k l y  p ro d u ced  a p r o p o r t i o n a t e l y  g r e a t e r  r i s e  i n  r e n a l  p e r ­

f u s i o n  p r e s s u r e  ( a u t o r e g u l a t i o n )  and an i n c r e a s e  i n  b r a c h i a l  p e r f u s i o n  

p r e s s u r e .  When r e n a l  f low was  r e t u r n e d  (s e co n d  ar row) to  c o n t r o l  t h e r e  

was a c o n c o m i t a n t  f a l l  i n  b r a c h i a l  p r e s s u r e .  D u r in g  th e  a u t o r e g u l a t o r y  

p e r i o d  r e n a l  veno us  h e m a t o c r i t  was e l e v a t e d  s l i g h t l y  ( 2 %).

F i g u r e  39 shows t h e  e f f e c t  on f o r e l i m b  p e r f u s i o n  p r e s s u r e  o f  

f e m o r a l  venous  b l o o d  from a  h i n d l i m b  u n d e r g o in g  s k e l e t a l  m u s c l e  a c t i v i t y .  

The s c i a t i c  n e r v e  was s t i m u l a t e d  a t  a  f r e q u e n c y  and v o l t a g e  which  p r o ­

duced o b v io u s  s k e l e t a l  m u s c l e  c o n t r a c t i o n s  i n  t h e  lower  p o r t i o n  o f  t h e  

h i n d l i m b .  W i t h i n  t h r e e  m i n u t e s  a f t e r  s t a r t i n g  s t i m u l a t i o n  t h e  b r a c h i a l
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F i g u r e  38. E f f e c t  o f  l e n a l  venous  b lo o d  f rom an a u t o r e g u l a t i o n  k id n e y  

upon b r a c h i a l  a r t e r y  p r e s e u ' e  ( P g ^ ) . U t i l i z i n g  a pump i n  

t h e  r e n a l  a r t e r y ,  r e n a l  b lo o d  f low was q u i c k l y  e l e v a t e d  to  

a new s t e a d y  s t a t e  I f i r s t  a r ro w )  w i t h  a pump, and t h e n  d e ­

c r e a s e d  t o  t h e  i n i t i a l  v a l u e  ( s e co n d  arrow) w h i l e  a p o rr i . on  

o f  th e  r e n a l  venous  ou t  f low  was c o n t i n u o u s l y  p e r f u s e d  a t  a 

c o n s t a n t  r a t e  t h r o u g h  t h e  f o r e l i m b .  See t e x t .
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F i g u r e  39 .  E f f e c t  o f  f e m o r a l  venous  b lood upon b r a c h i a l  a r t e r y  p r e s s u r e  

(P^a ) b e f o r e ,  d u r i n g  and a f t e r  f a r a d i c  s t i m u l a t i o n  o f  the  

s c i a t i c  n e r v e .  Lower p o r t i o n  o f  e a ch  p a n e l  i s  a o r t i c  p r e s ­

s u r e  (Pa ) -  Uppe r  p a n e l .  S c i a t i c  s t i m u l a t i o n  a t  a v o l t a g e  

and f r e q u e n c y  t h a t  p ro d u ced  j e r k y  h i n d l im b  c o n t r a c t i o n ,  was 

s t a r t e d  a t  the f i r s t  heavy mark on t h e  u p p e r  a b s c i s s a  and 

s t o p p e d  a t  the  s ec ond  heavy mark.  Femoral  venou s  b lood  was 

c o n t i n u o u s l y  p e r f u s e d  t h r o u g h  th e  f o r e l i m b  a t  a c o n s t a n t  

r a t e .  Lower p a n e l .  S c i a t i c  s t i m u l a t i o n ,  a t  a \ o l t a g e  and 

f r e q u e n c y  t h a t  p ro d u ced  h i n d l im b  t e t a n y ,  was s t a r t e d  a t  the  

f i r s t  heavy  mark on the  lo w er  a b s c i s s a  and s t o p p e d  a t  th e  

sec o n d  h ea v y  mark .  A g a in ,  t h e  f o r e l i m b  was c o n t i n u o u s l y  

p e r f u s e d  a t  a c o n s t a n t  r a t e  w i t h  f e m o r a l  venous  b lo o d .
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a r t e r y  p e r f u s i o n  p r e s s u r e  was d e c r e a s e d  by a p p r o x i m a t e l y  30 mm Hg and 

upon s t o p p i n g  s t i m u l a t i o n  g r a d u a l l y  r e t u r n e d  to  above c o n t r o l .  The 

f a l l  i n  b r a c h i a l  a r t e r y  p r e s s u r e  was ev e n  more e v i d e n t  when th e  h i n d ­

limb m u s c u l a t u r e  was  s u b j e c t e d  t o  t e t a n y  ( lo w er  p a n e l ) .

F i g u r e  40 shows t h e  e f f e c t  upon b r a c h i a l  p e r f u s i o n  p r e s s u r e  

p ro duced  by p a r t i a l  (u p p e r  p a n e l )  and co m p le t e  ( l o w e r  p a n e l )  fe m o r a l  

a r t e r y  o c c l u s i o n .  When f e m o r a l  a r t e r y  p r e s s u r e  was dropped  from a mean 

o f  100 mm Hg t o  30 mm Hg t h e r e  was an  a s s o c i a t e d  d e c r e a s e  i n  b r a c h i a l  

p e r f u s i o n  p r e s s u r e  o f  a p p r o x i m a t e l y  30 mm Hg (u p p e r  p a n e l ) .  Femoral  

a r t e r y  o c c l u s i o n  ( l o w e r  p a n e l )  which  d ro p p e d  f e m o r a l  p e r f u s i o n  p r e s s u r e  

f rom 110 mm Hg t o  15 mm Hg (h i n d l i m b  c o l l a t e r a l  f low was n o t  e l i m i n a t e d )  

was a l s o  a s s o c i a t e d  w i t h  an  a p p r o x im a te  30 mm Hg d e c r e a s e  i n  b r a c h i a l  

a r t e r y  p r e s s u r e .

F i g u r e  41 ( u p p e r  p a n e l )  shows t h e  e f f e c t  upon b r a c h i a l  a r t e r y  

p r e s s u r e  o f  s w i t c h i n g  f rom i n f e r i o r  vena  c a v a l  b l o o d  t o  c o r o n a r y  s i n u s  

b l o o d .  Blood f lo w t o  l imb  was i d e n t i c a l  i n  bo th  c a s e s .  I t  i s  e v i d e n t  

t h a t  when b lo o d  f l o w  t o  t h e  l imb was changed  from vena c a v a l  ( f i r s t  

a r row) to  s i n u s  b l o o d  t h e r e  was a p r o g r e s s i v e  f a l l  i n  b r a c h i a l  a r t e r y  

p r e s s u r e  w h ich  b e g a n  i n  a p p r o x i m a t e l y  6  t o  8  s e c o n d s .  The d e l a y  i s  

t h a t  c a l c u l a t e d  t o  b e  t h e  a p p r o x i m a t e  l a g  t ime o f  t h e  s y s t em .  I n  t h e  

s t e a d y  s t a t e  t h e  f a l l  i n  p r e s s u r e  amounted t o  40 ram Hg. Coronar y  s i n u s  

b lood  was d i l a t o r  r e l a t i v e  t o  i n f e r i o r  v en a  c a v a l  b lo od  i n  each o f  t e n  

e x p e r i m e n t s .  I n  t h e s e  same e x p e r i m e n t s ,  vena  c a v a l  b lo o d  was a l s o  

a lw ays  d i l a t o r  r e l a t i v e  t o  a r t e r i a l  b l o o d .

F i g u r e  41 ( l o w e r  p a n e l )  shows t h a t  c o r o n a r y  s i n u s  b lo o d  becomes 

more d i l a t o r  f o l l o w i n g  r e l e a s e  o f  l e f t  c o r o n a r y  a r t e r y  o c c l u s i o n .  The
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F i g u r e  40 .  E f f e c t  o f  f e m o r a l  v e n o u s  b l o o d  b e f o r e ,  d u r i n g  and a f t e r

p a r t i a l  (u p p e r  p a n e l )  and co m p le t e  ( l o w e r  p a n e l )  c o n s t r i c t i o n  

o f  t h e  fe m ora l  a r t e r y  (Pp^)  upon b r a c h i a l  a r t e r y  p r e s s u r e  (PpA^ 

Blood f low t h ro u g h  t h e  f o r e l i m b  was h e l d  c o n s t a n t  w i t h  a pump.
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F i g u r e  4 1 .  Upper p a n e l .  E f f e c t  upon b r a c h i a l  a r t e r y  p r e s s u r e  o f  s w i t c h ­

ing  p e r f u s i o n  from i n f e r i o r  vena  c a v a l  b lo od  t o  c o r o n a r y  

s i n u s  b l o o d  ( f i r s t  a r row )  and bac k  t o  i n f e r i o r  v en a  c a v a l  

b lood  ( s e c o n d  a r r o w ) .  Flow r a t e  t o  t h e  l imb was m a i n t a i n e d  

c o n s t a n t  t h r o u g h o u t  t h e  maneuver .  Lower p a n e l .  E f f e c t  of  

c o r o n a r y  s i n u s  b lood  on f o r e l i m b  p e r f u s i o n  p r e s s u r e ,  f o l l o w ­

ing  l e f t  common c o r o n a r y  a r t e r y  o c c l u s i o n s  o f  2 0  s ec on ds  

( f i r s t  h e a v y  mark on lower  a b s c i s s a )  and 30 s e c o n d s  (second 

heavy m a r k ) .
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l e f t  common c o r o n a r y  a r t e r y  was co m p le t e ly  o c c lu d e d  f o r  2 0  s e c o n d s  

( p e r i o d  o f  i s c h e m i a  i n d i c a t e d  by heavy mark on a b s c i s s a )  and t h e n  q u i c k l y  

r e l e a s e d .  A p p r o x i m a t e l y  e i g h t  seconds  a f t e r  r e l e a s e  t h e r e  was a s l i g h t  

f a l l  i n  b r a c h i a l  a r t e r y  p r e s s u r e .  The f a l l  i n  b r a c h i a l  a r t e r y  p r e s s u r e  

was  g r e a t e r  when t h e  c o r o n a r y  a r t e r y  o c c l u s i o n  was m a i n t a i n e d  f o r  30 

s e c o n d s  ( l o w e r  p a n e l ,  s e c o n d  heavy m ark  on a b s c i s s a ) .  A o r t i c  p r e s s u r e  

re ma ined  r e l a t i v e l y  c o n s t a n t  th ro u g h o u t  th e  s e q u e n c e .  The c o r o n a r y  

a r t e r y  was a l s o  o c c l u d e d  f o r  longer  p e r i o d s  o f  t i m e .  However ,  a s  would 

be e x p e c t e d ,  t h e y  p ro d u c e d  changes  i n  a o r t i c  p r e s s u r e  which  c o m p l i c a t e d  

i n t e r p r e t a t i o n  o f  t h e  r e s p o n s e  seen in  t h e  f o r e l i m b  ( c a r o t i d  s i n u s  r e ­

f l e x )  .

E f f e c t  o f  V a s o a c t i v e  Agent s  Upon The 

R e n a l  and I l e a l  V a s c u l a r  Beds 

F i g u r e  42 shows t h e  ave rage  e f f e c t s  i n  e i g h t  a n i m a l s  o f  c l o s e  

a r t e r i a l  i n j e c t i o n s  o f  a d e n o s i n e ,  AMP, ADP, and ATP upon r e n a l  a r t e r y  

p r e s s u r e ,  r e n a l  venous  p r e s s u r e ,  r e n a l  b lood f lo w ,  c a l c u l a t e d  r e n a l  

v a s c u l a r  r e s i s t a n c e ,  and r e n a l  venous  b l o o d  PO2 . A l l  s o l u t i o n s  were  i s -  

o s m o t i c  t o  p la sm a  and t h e  amount of a c t i v e  a g e n t  i n t r o d u c e d  was 6 . 5  pg 

i n  e ach  c a s e .  I t  i s  a p p a r e n t  t h a t  none o f  t h e  a g e n t s  a f f e c t e d  r e n a l  

a r t e r y  o r  r e n a l  v e i n  p r e s s u r e s .  Adenosine  r e d u c e d  r e n a l  b lo o d  f low  and 

i n c r e a s e d  c a l c u l a t e d  r e n a l  v a s c u l a r  r e s i s t a n c e .  A d e n o s in e  a l s o  r e d u c e d  

r e n a l  venou s  b lo o d  PO2 . C o n v e r s e ly ,  ATP i n c r e a s e d  r e n a l  f l o w ,  veno us  

b l o o d  PO2 , and d e c r e a s e d  c a l c u l a t e d  r e s i s t a n c e .  The r e s p o n s e s  t o  AMP 

and ADP w e r e  i r r e g u l a r .

F i g u r e s  43 and 44 show th e  a v e r a g e  e f f e c t s  i n  s i x  a n i m a l s  o f  

i n f u s i o n  o f  t h e s e  same a g e n t s  i n t o  t h e  i n t e s t i n a l  v a s c u l a r  bed.  I n
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F i g u r e  4 2 .  A v e r a g e  e f f e c t s  i n  e i g h t  a n i m a l s  o f  i n t r a - r e n a l  a r t e r y  i n ­

j e c t i o n s  o f  6 .5  Hg o f  a d e n o s i n e ,  AMP, ADP, and ATP upon 

r e n a l  a r t e r y  p r e s s u r e  (RA), r e n a l  venous  p r e s s u r e  (RV), 

r e n a l  venou s  o u t f l o w  ( F ) , c a l c u l a t e d  r e n a l  v a s c u l a r  re ­

s i s t a n c e  ( R ) , and r e n a l  ven o u s  b l o o d  oxygen t e n s i o n  (Pyo2 )
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i g u r e  ^3 .  Ave rage e f f e c t s  upon i l e a l  lumen p r e s s u r e ,  b l ood  f l o w ,  venou s  

p r e s s u r e  and a o r t i c  p r e s s u r e  o f  i n t r a - a r t e r i a l  i n f u s i o n  o f  

adenosine ,  and ATP, The d a s h e d  l i n e s  i n d i c a t e  a r e t u r n  t o  ze ro  

i n f u s i o n  r a t e .  The p o s t - i n f u s i o n  v a l u e s  were measured  d u r i n g  

t h e  30 t o  90 s e c o n d s  a f t e r  s t o p p i n g  th e  i n f u s i o n .  Blood f low 

I s  e x p r e s s e d  i n  t e rm s  o f  g r a m s / m i n u te / g r a m  o f  t i s s u e  (N = 7)
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F i g u r e  44 .  Same a s  F i g u r e  4 3 ,  e x c e p t  t h e  a g e n t s  i n f u s e d  were ADP and

AMP (N = 7 ) .
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t h i s  b ed ,  a l l  t h e  a d e n y l  compounds p rodu ced  an  i n c r e a s e  i n  i n t e s t i n a l  

b l o o d  f l o w ,  w h ic h  was r e a d i l y  a p p a r e n t  o v e r  t h e  r a n g e  o f  i n f u s i o n  r a t e  

f rom 2 . 5  t o  1 ,03 n g / m in .  T h e r e  was no changes  i n  a o r t i c ,  venous  and g u t  

lumen p r e s s u r e s  a s s o c i a t e d  w i t h  i n f u s i o n  o f  any o f  t h e  a g e n t s  o v e r  th e  

c o n c e n t r a t i o n s  s t u d i e d .  A l l  p a r a m e t e r s  s t u d i e d  r e t u r r t e d  to  c o n t r o l  

v a l u e s  w i t h i n  90 s e c o n d s  a f t e r  s t o p p i n g  t h e  i n f u s i o n  (d a sh ed  l i n e ) .

F i g u r e  45 shows t h e  a v e r a g e  e f f e c t s  i n  10 a n i m a l s  o f  i n t r a -  

a r t e r i a l  i n f u s i o n  o f  i s o s m o t i c  s o l u t i o n s  o f  magnesium c h l o r i d e  and c a l ­

cium c h l o r i d e  i n  t h e  i n t e s t i n a l  p r e p a r a t i o n .  Magnesium c h l o r i d e  i n ­

c r e a s e d  f low  l i n e a r l y  o v e r  t h e  i n f u s i o n  r a t e s  .05 t o  2 . 1  m l /m in  w i t h o u t  

c h a n g in g  lumen p r e s s u r e .  Upon s t o p p i n g  t h e  i n f u s i o n  f low  r e t u r n e d  to  

t h e  c o n t r o l  l e v e l .

I n f u s i o n  o f  c a l c i u m  c h l o r i d e  produced on th e  a v e r a g e  a s l i g h t  

i n c r e a s e  i n  b lo o d  f lo w and l i t t l e  change i n  l u m in a l  p r e s s u r e .  However,  

r e s p o n s e s  i n  d i f f e r e n t  e x p e r i m e n t s  v a r i e d .  I n  t h r e e  e x p e r i m e n t s  b lood  

f l o w  m a rk e d l y  i n c r e a s e d  w i t h  i n c r e a s i n g  r a t e s  o f  c a l c i u m  c h l o r i d e  i n ­

f u s i o n .  I n  two,  f l o w  was v i r t u a l l y  a b o l i s h e d  a t  th e  h i g h e s t  r a t e  o f  

c a l c i u m  c h l o r i d e  i n f u s i o n  and re ma ined  low f o r  s e v e r a l  m i n u t e s .  In  

f i v e  e x p e r i m e n t s  f l o w  was e l e v a t e d  s l i g h t l y  ( t h i s  may have bee n  due to  

d i l u t i o n  by t h e  i n f u s a t e ) .

F i g u r e  46 shows t h e  a v e r a g e  e f f e c t s  i n  t e n  a n i m a l s  o f  i n t r a -  

a r t e r i a l  i n f u s i o n s  o f  p o t a s s i u m  c h l o r i d e  and p o t a s s i u m  c h l o r i d e  p l u s  

a t r o p i n e  i n  t h e  same p r e p a r a t i o n .  Dur i ng  the  i n f u s i o n  o f  p o t a s s i u m  

c h l o r i d e  b l o o d  f lo w  was f i r s t  e l e v a t e d ,  l e v e l e d  o f f  and t h e n  dro pp ed 

s h a r p l y .  The l u m i n a l  p r e s s u r e  was a lm o s t  a  m i r r o r  image o f  b l o o d  f low,  

d e c r e a s i n g  a t  f i r s t ,  l e v e l i n g  o f f ,  and t h e n  i n c r e a s i n g  s h a r p l y .  I n f u s i o n
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F i g u r e  45 ,  Same as F i g u r e  4 3 ,  e x c e p t  t h e  a g e n t s  i n f u s e d  w ere  magnesium 

c h l o r i d e  a n d  c a l c i u m  c h l o r i d e  (N = 10 ) .
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F i g u r e  4 6 .  Same a s  F i g u r e  4 3 ,  e x c e p t  t h e  a g e n t s  i n f u s e d  w e re  p o t a s s i u m  

c h l o r i d e  and p o t a s s i u m  c h l o r i d e  p l u s  a t r o p i n e  (N = 1 0 ) .
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a t  h i g h e r  r a t e s  u s u a l l y  r e s u l t e d  i n  f l o w s  so  low a s  to  be a l m o s t  unmea­

s u r a b l e  .

The i n f u s i o n  o f  p o t a s s i u m  c h l o r i d e  a t  a r a t e  of  1 .0  ml  o r  more 

p e r  m i n u t e  a l w a y s  p ro duc ed  a  r i s e  i n  mean a o r t i c  p r e s s u r e .  P r e l i m i n a r y  

s t u d i e s  i n d i c a t e  the  p r e s s o r  r e s p o n s e  i s  e l i m i n a t e d  by c o m p l e t e  d e n e r v a ­

t i o n  o f  t h e  i l e a l  s e c t i o n .

I n  an e f f o r t  t o  p r e v e n t  t h e  r i s e  i n  l u m in a l  p r e s s u r e  s e e n  when 

p o t a s s i u m  was i n f u s e d  a t  h i g h  r a t e s ,  a t r o p i n e  s u l f a t e  was i n f u s e d  w i t h  

t h e  p o t a s s i u m  c h l o r i d e .  As shown i n  F i g u r e  4 6 ,  the  l u m in a l  p r e s s u r e  

t e n d e d  to  s t a y  much below t h e  p r e s s u r e  r e c o r d e d  when p o t a s s i u m  c h l o r i d e  

a l o n e  was i n f u s e d .  Even when t h e  i n f u s i o n  r a t e  was r a i s e d  to  2 , 1  m l /m in  

l u m i n a l  p r e s s u r e  was c o n s i d e r a b l y  l o w e r  t h a n  when p o t a s s i u m  c h l o r i d e ,  

w i t h o u t  a t r o p i n e ,  was g i v e n  a t  a  l o w e r  i n f u s i o n  r a t e .  Blood f l o w  was 

e l e v a t e d  and s t a y e d  h i g h  e v e n  a t  t h e  h i g h e s t  i n f u s i o n  r a t e .  However ,  

a t  t h e  h i g h e s t  i n f u s i o n  r a t e  t h e r e  was  s t i l l  a  s l i g h t  e l e v a t i o n  i n  

a o r t i c  p r e s s u r e .

F i g u r e  47 shows t h e  a v e r a g e  e f f e c t s ,  i n  t e n  i n t e s t i n a l  p r e p a r a ­

t i o n s ,  o f  i n f u s i o n  o f  a c e t y l c h o l i n e ,  s e r o t o n i n ,  and s a l i n e  upon b l o o d  

f l o w ,  a o r t i c  p r e s s u r e , ,  venous  p r e s s u r e ,  and l u m in a l  p r e s s u r e .  The 

h i g h e s t  volume i n f u s i o n  r a t e  f o r  b o t h  d r u g s  was 2 .1  m l /m i n .  S a l i n e  i n ­

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

t e s t i n a l  s t u d i e s .  A c e t y l c h o l i n e  p r o d u c e d  a r i s e  i n  l u m i n a l  p r e s s u r e  and 

b l o o d  f l o w  up t o  t h e  i n f u s i o n  r a t e  o f  5 p g / m i n .  At  h i g h e r  r a t e s  l u m in a l  

p r e s s u r e  c o n t i n u e d  to  r i s e  b u t  b lo o d  f l o w  f e l l .  On s t o p p i n g  t h e  i n f u ­

s i o n ,  l u m i n a l  p r e s s u r e  i m m e d i a t e l y  f e l l  t o  c o n t r o l  w h i l e  b l o o d  f l o w  

r o s e  t o  a b o u t  two and o n e - h a l f  t i m e s  t h e  c o n t r o l  v a l u e .
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F i g u r e  4 ? .  Same as  F i g u r e  4 3 ,  e x c e p t  t h e  a g e n t s  i n f u s e d  w e r e  a c e t y l ­

c h o l i n e ,  s e r o t o n i n ,  and sodium c h l o r i d e .  A c e t y l c h o l i n e  

and s e r o t o n i n  a r e  i n  t e r m s  o f  t h e  s a l e  (N = 10) ,
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S e r o t o n i n  p r o d u c e d  an i n c r e a s e  i n  l u m i n a l  p r e s su r e ,  w i t h  l i t t l e  

cha nge  i n  f l o w .  • On s t o p p i n g  t h e  i n f u s i o n ,  b l o o d  f l o w  f e l l  w h i l e  l u m in a l  

p r e s s u r e  r e m a in ed  e l e v a t e d .  Bo th  s e r o t o n i n  and a c e t y l c h o l i n e  ca u s e d  

r h y t h m i c  v a r i a t i o n s  i n  lu m in a l  p r e s s u r e .  Th ose  p r o d u c e d  by s e r o t o n i n  

c o n t i n u e d  f o r  s e v e r a l  m i n u t e s  a f t e r  s t o p p i n g  t h e  i n f u s i o n  o f  t h e  d r u g .

S a l i n e  had l i t t l e  e f f e c t  on any o f  t h e  p a r a m e t e r s .

I n t e r a c t i o n  o f  L o c a l  and Remote Flow R e g u l a t i n g  Mechanisms

I n  H emor rh ag ic  Shock

F i g u r e  48 shows t h e  e f f e c t ,  i n  one a n i m a l ,  o f  re mov a l  and r e ­

p l a c e m e n t  o f  2 2 % o f  t h e  b l o o d  volume on a r t e r i a l  and venous  p r e s s u r e s ,  

r e n a l  b l o o d  f l o w ,  and c a l c u l a t e d  r e n a l  v a s c u l a r  r e s i s t a n c e .  I m m e d i a t e l y  

a f t e r  h em o r r h ag e  r e n a l  b l o o d  f low  f e l l  p r o p o r t i o n a t e l y  more  t h a n  th e  

p r e s s u r e  g r a d i e n t  i n d i c a t i n g  a r i s e  i n  r e n a l  v a s c u l a r  r e s i s t a n c e .  P r e s ­

s u r e  and f l o w  g r a d u a l l y  r e c o v e r e d ,  t h e  l a t t e r  p r o p o r t i o n a t e l y  more t h a n  

t h e  f o r m e r ,  d u r i n g  t h e  l a s t  15 m i n u t e s  o f  t h e  h y p o v o l e m i c  p e r i o d ,  i n d i ­

c a t i n g  a g r a d u a l  f a l l  i n  r e s i s t a n c e .  On r e - i n f u s i o n  o f  t h e  shed b l o o d ,  

r e s i s t a n c e  t r a n s i e n t l y  r o s e  and t h e n  r e t u r n e d  t o  t h e  c o n t r o l  v a l u e .

T h i s  same t y p e  o f  r e s p o n s e  was s e e n  i n  a l l  f i v e  a n i m a l s  s t u d i e d .

F i g u r e  49 shows t h e  a v e r a g e  e f f e c t s  i n  s i x  a n i m a l s  o f  a 25% 

h e m o r rh a g e  upon t h e  i l e a l  p r e p a r a t i o n .  Blood f l o w  a f t e r  h em orr hage  was 

d e c r e a s e d  p r o p o r t i o n a t e l y  more t h a n  t h e  p r e s s u r e  g r a d i e n t ,  i n d i c a t i n g  a 

r i s e  i n  r e s i s t a n c e .  B lood  flow a n d  p r e s s u r e  t h e n  b eg a n  t o  r i s e  and th e  

r i s e  i n  f low  was  o u t  o f  p r o p o r t i o n  t o  t h e  r i s e  i n  p r e s s u r e  i n d i c a t i n g  a 

f a l l  i n  r e s i s t a n c e .  Gut  lumen p r e s s u r e  f e l l  s l i g h t l y  d u r i n g  t h e  hyp o ­

v o l e m i c  p e r i o d .  One i n f u s i o n  of t h e  shed  b l o o d ,  i l e a l  r e s i s t a n c e  t r a n s i ­

e n t l y  r o s e  and t h e n  b e g a n  f a l l i n g  tow ar d  c o n t r o l .
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F i g u r e  48 .  E f f e c t s  i n  one  a n i m a l  o f  re m o v a l  and  r e p l a c e m e n t  o f  22% o f  

t h e  b l o o d  volume on a o r t i c  p r e s s u r e ,  r e n a l  v e i n  p r e s s u r e ,  

r e n a l  ve nous  o u t f l o w ,  and r e n a l  v a s c u l a r  r e s i s t a n c e .
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F i g u r e  4 9 .  A v e r a g e  e f f e c t s  i n  s i x  a n i m a l s  o f  h e m o r r h a g e  on a o r t i c  

p r e s s u r e ,  f l o w  t h r o u g h  a s e c t i o n  o f  i l e u m ,  i l e a l  v enous  

p r e s s u r e ,  i l e a l  lumen p r e s s u r e  and i l e a l  v a s c u l a r  r e s i s ­

t a n c e  ,
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F i g u r e  50 shows t h e  a v e r a g e  e f f e c t  i n  s e v e n  a n i m a l s  o f  a 25% 

b l e e d  o u t  upon r e n a l  and i n t e s t i n a l  v a s c u l a r  r e s i s t a n c e .  I n  t h e s e  

s t u d i e s  b l o o d  f l o w  t h e  k i d n e y  and i l e u m  was h e l d  c o n s t a n t  w i t h  b l o o d  

pumps. R e s i s t a n c e  i n  b o t h  b ed s  r o s e  q u i c k l y  upon h e m o r r h a g e ,  t h e  r i s e  

i n  r e s i s t a n c e  b e g i n n i n g  s o o n e r  i n  t h e  k i d n e y .  R e s i s t a n c e  i n  b o t h  b eds  

t h e n  b e g a n  t o  f a l l ,  h o w e v e r ,  t h e y  n e v e r  a p p r o a c h e d  c o n t r o l  v a l u e s  d u r i n g  

t h e  h y p o v o lem ic  p e r i o d .  N e i t h e r  d i d  r e s i s t a n c e s  t r a n s i e n t l y  i n c r e a s e  

upon r e - i n f u s i o n  o f  t h e  shed  b l o o d .  H e m a t o c r i t  r o s e  s l i g h t l y  d u r i n g  

t h e  b l e e d i n g  p r o c e s s  i n  5 o f  7 a n i m a l s .  A r t e r i a l  b l o o d  pH d u r i n g  t h e  

c o n t r o l  p e r i o d  and a t  t h e  18th  m i n u t e  o f  th e  hyp o v o lem ic  p e r i o d  was 

7 .4 5  and 7 . 4 4 ,  r e s p e c t i v e l y .

F i g u r e  51 shows t h e  e f f e c t s  i n  one a n i m a l  o f  re m ova l  and r e ­

p l a c e m e n t  o f  25% o f  t h e  b l o o d  volume upo n f o r e l i m b  b lo o d  f l o w ,  p r e s s u r e s ,  

and r e s i s t a n c e s .  F o l l o w i n g  h e m o r r h a g e ,  b l o o d  f l o w  f e l l  p r o p o r t i o n a t e l y  

more t h a n  b r a c h i a l  a r t e r y  t o  c e p h a l i c  v e i n  p r e s s u r e  g r a d i e n t  i n d i c a t i n g  

a r i s e  i n  t o t a l  r e s i s t a n c e  t h r o u g h  th e  f o r e l i m b .  T h i s  r i s e  i n  r e s i s ­

t a n c e  r e s u l t e d  m a i n l y  f rom an i n c r e a s e  i n  r e s i s t a n c e  t h r o u g h  t h e  s m a l l  

v e s s e l s  a nd  s l i g h t l y  f rom a n  i n c r e a s e  i n  t h e  r e s i s t a n c e s  t o  f l o w  t h r o u g h  

l a r g e  v e i n s  and l a r g e  a r t e r i e s .  W i t h i n  a  s h o r t  t i m e ,  t o t a l  r e s i s t a n c e  

bega n  f a l l i n g  tow ard  c o n t r o l , m a i n l y  b e c a u s e  o f  a f a l l  i n  r e s i s t a n c e  

t h r o u g h  s m a l l  v e s s e l s .  A r t e r i a l  p r e s s u r e s  f e l l  i m m e d i a t e l y  upon b l e e d ­

i n g  and p a r t i a l l y  r e c o v e r e d  d u r i n g  t h e  h y p o v o lem ic  p e r i o d .  Venous  p r e s ­

s u r e s  a l s o  f e l l ,  c e p h a l i c  s l i g h t l y  more t h a n  s m a l l  v e i n ,  and r e m a i n e d  

low d u r i n g  t h e  e n t i r e  h y p o v o l e m i c  p e r i o d .  A l l  p r e s s u r e s  r e t u r n e d  tow ard  

c o n t r o l  upon r e - i n f u s i o n  o f  t h e  sh ed  b l o o d .  T h i s  e x p e r i m e n t  shows t h a t  

h em o r r h ag e  r a i s e s  t h e  p r e c a p i l l a r y  and p o s t c a p i l l a r y  r e s i s t a n c e  b u t  t h a t  

t h e  i n c r e a s e  i n  s m a l l  v e s s e l  r e s i s t a n c e  i s  n o t  w e l l  m a i n t a i n e d .
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F i g u r e  50.  A v e ra g e  e f f e c t s  i n  s e v e n  a n i m a l s  o f  hemorrhage on a o r t i c  

p r e s s u r e ,  r e n a l  a r t e r y  p r e s s u r e ,  i l e a l  a r t e r y  p r e s s u r e ,  

i l e a l  v e i n  p r e s s u r e ,  i l e a l  lumen p r e s s u r e ,  a r t e r i a l  b lo o d  

pH and a r t e r i a l  b l o o d  h e m a t o c r i t  w i t h  the r a t e  o f  b l o o d  

f l o w  t h e  k i d n e y  and i l e a l  s eg m en t  h e l d  c o n s t a n t .
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F i g u r e  51.  E f f e c t s  i n  one a n i m a l  o f  remov a l  and r e p l a c e m e n t  o f  25% o f  

t h e  b lood  volume on f o r e l i m b  w e i g h t ,  l a r g e  and  s m a l l  v e s s e l  

p r e s s u r e s ,  venous  o u t f l o w ,  and t o t a l  and s e g m e n t a l  r e s i s t a n c e s .



B L E E D  
3 4 0  m l

I N F U S E  
3 4 0  ml

+  5

- 5

A O R T A

S M A L L  A R T E R Y

-O-
m 20

SMALL VEINieePTOL(c vein

ISO \

E 1 6 0 -

E 1 4 0

too
T O T A L

i

iXc

S M A L L  V E S S E L

A R T E R I A
■a-

.10-
V E N O U S

453 0 4 020
T I M E  I N  M I N U T E S



103

F i g u r e  5 2 shows t h e  a v e r a g e  e f f e c t  i n  e l e v e n  a n i m a l s  o f  hem o r ­

r h a g e  upon f o r e l i m b  p r e s s u r e  w i t h  b lo o d  f low  h e l d  c o n s t a n t .  As a o r t i c  

p r e s s u r e  f e l l ,  b r a c h i a l  a r t e r i a l  p r e s s u r e  r o s e  w h i l e  c e p h a l i c  venou s  

p r e s s u r e  r e m a i n e d  e s s e n t i a l l y  uncha nged i n d i c a t i n g  an  i n c r e a s e  i n  t o t a l  

r e s i s t a n c e  t o  f l o w  t h r o u g h  t h e  f o r e l i m b  due to  a c t i v e  v a s o c o n s t r i c t i o n .  

S i m i l a r l y ,  s m a l l  a r t e r i a l  p r e s s u r e  r o s e  w h i l e  s m a l l  v en o u s  p r e s s u r e  

changed  o n l y  s l i g h t l y ,  i n d i c a t i n g  a r i s e  i n  t h e  r e s i s t a n c e  t o  f low 

t h r o u g h  s m a l l  v e s s e l s  a l s o  due t o  a c t i v e  c o n s t r i c t i o n .  T h e s e  r e s i s ­

t a n c e s  f e l l  s l i g h t l y  d u r i n g  th e  second  f i v e  m i n u t e s  o f  t h e  h y p o v o lem ic  

p e r i o d  b u t  r e m a in e d  s t e a d y  a t  w e l l - e l e v a t e d  v a l u e s  d u r i n g  t h e  l a s t  t e n  

m i n u t e s  o f  t h e  p e r i o d .  The change  i n  s m a l l  v e s s e l  r e s i s t a n c e  a c c o u n t e d  

f o r  m o s t ,  b u t  n o t  a l l ,  o f  t h e  change in  t o t a l  r e s i s t a n c e .  D u r i n g  t h e  

f i r s t  m i n u t e  f o l l o w i n g  h e m o r r h a g e ,  sm a l l  a r t e r i a l  p r e s s u r e  r o s e  more 

t h a n  b r a c h i a l  a r t e r i a l  p r e s s u r e ,  i n d i c a t i n g  a f a l l  i n  r e s i s t a n c e  t o  

f l o w  t h r o u g h  l a r g e  a r t e r i e s  p r o b a b l y  due t o  p a s s i v e  d i l a t i o n  s u b s e q u e n t  

t o  r i s e  i n  a r t e r i a l  t r a n s m u r a l  p r e s s u r e .  D u r in g  t h e  r e m a i n d e r  of  t h e  

p e r i o d  th e  g r a d i e n t  f rom b r a c h i a l  a r t e r y  t o  s m a l l  a r t e r y  was  l a r g e r  t h a n  

c o n t r o l ,  i n d i c a t i n g  a  r i s e  i n  r e s i s t a n c e  t h r o u g h  th e  l a r g e  a r t e r i e s  due 

t o  a c t i v e  v a s o c o n s t r i c t i o n .  T h i s  f i n d i n g  i n d i c a t e s  t h e  a c t i v e  r e s p o n s e  

o f  l a r g e  a r t e r i e s  i s  s l o w e r  t h a n  t h e  a c t i v e  r e s p o n s e  o f  s m a l l  v e s s e l s .  

The p r e s s u r e  g r a d i e n t  f rom s m a l l  v e i n  t o  c e p h a l i c  v e i n  was u n changed  

t h r o u g h o u t  t h e  m a n e u v e r ,  im p ly i n g  a n  a b s e n c e  o f  a n  a c t i v e  r e s p o n s e  i n  

t h i s  s e g m e n t .
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F i g u r e  52,  A v e r a g e  e f f e c t s  o f  h e m o r rh ag e  upon f o r e l i m b  l a r g e  and s m a l l  

v e s s e l  p r e s s u r e s ,  f o r e l i m b  w e i g h t ,  a o r t i c  p r e s s u r e ,  and 

h e m a t o c r i t  w i t h  r a t e  o f  b l o o d  f low  t h r o u g h  t h e  l imb h e l d  

c o n s t a n t  i n  e l e v e n  a n i m a l s .
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CHAPTER IV

DISCUSSION

The s t u d i e s  p r e s e n t e d  were  d e s i g n e d  to :  1) c h a r a c t e r i z e  l o c a l

r e g u l a t i o n  o f  b l o o d  f l o w  i n  s e v e r a l  s y s t e m i c  v a s c u l a r  b e d s ,  2 ) e l u c i d a t e  

t h e  mechani sms r e s p o n s i b l e  f o r  l o c a l  r e g u l a t i o n  o f  b lo o d  f l o w ,  and 3 ) 

a s c e r t a i n  i f  l o c a l  c o n t r o l  o f  b l o o d  f lo w i s  an  i m p o r t a n t  f a c t o r  i n  d e ­

t e r m i n i n g  b l o o d  f l o w  t h r o u g h  o r g a n s  u n d e r  c o n d i t i o n s  t h a t  a f f e c t  t h e  

c a r d i o v a s c u l a r  s y s t e m  a s  a w h o le .  The d i s c u s s i o n  w i l l ,  t h e r e f o r e ,  c o n ­

s i d e r  t h e  t o p i c s  s e p a r a t e l y .  -

L o c a l  C o n t r o l  o f  Blood  Flow 

A u t o r e g u l a t i o n

T h e s e  s t u d i e s  d e m o n s t r a t e  some d e g r e e  o f  a u t o r e g u l a t i o n  o f  b l o o d  

f l o w  i n  f o u r  s y s t e m i c  v a s c u l a r  b e d s .  F u r t h e r ,  t h e y  show t h a t  t h e  r e ­

s p o n s e  ca n be  e l i c i t e d  by e i t h e r  a  change  i n  p e r f u s i o n  p r e s s u r e  (k i d n e y )  

o r  by a  ch a n g e  i n  b l o o d  f l o w  ( i n t e s t i n e ,  h e a r t ,  a n d  f o r e l i m b ) .

A u t o r e g u l a t i o n  o f  b l o o d  f l o w  t h r o u g h  t h e  r e n a l  v a s c u l a r  bed i s  

p r o b a b l y  b e t t e r  documen te d (2 5 ,  29 ,  30 ,  32 ,  34,  4 0 ,  42 ,  4 8 ,  56 ,  58) 

t h a n  i n  any  o t h e r  o r g a n  i n  t h e  body .  I t  h a s  been d e m o n s t r a t e d  i n  i n t a c t  

k i d n e y s  ( 2 9 ) ,  i s o l a t e d  k i d n e y s  ( 2 5 ) ,  k i d n e y  p e r f u s e d  w i t h  o x y g e n a t e d  

d e x t r a n  ( 2 5 ) ,  and i n  d e c a p s u l a t e d  k i d n e y s  ( 2 5 ) .  I n  f a c t ,  t h e  o n l y  means

1 05
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o f  e l i m i n a t i n g  t h e  r e s p o n s e  a p p e a r s  t o  be  d e a t h  o f  t h e  t i s s u e  (25 ,  5 6 ) .  

However ,  t o  d a t e ,  t h e  e x a c t  mechanism r e s p o n s i b l e  f o r  r e n a l  a u t o r e g u l a ­

t i o n  i s  unknown. The r e s p o n s e  i s  p r e s e n t e d  a g a i n  i n  t h e  p r e s e n t  s t u d i e s  

t o :  1 ) show t h e  r e m a r k a b l e  d e g r e e  o f  e f f i c i e n c y  w i t h  w h ich  i t  a c t s  i n

t h e  k i d n e y  and 2 ) t o  s e r v e  a s  a model  f o r  c o m p a r i s o n  o f  t h e  a u t o r e g u l a -  

t o r y  r e s p o n s e  i n  v a r i o u s  o r g a n s  o f  t h e  body .

The p r e s e n t  s t u d i e s  a l s o  i n d i c a t e  t h e  a u t o r e g u l a t o r y  r e s p o n s e  

i s  o p e r a b l e  i n  t h e  i n t e s t i n a l  v a s c u l a r  b e d .  I n  m o s t  p r e p a r a t i o n s ,  r e ­

s i s t a n c e  t o  b l o o d  f l o w  i n c r e a s e d  a s  a f u n c t i o n  o f  f l o w  r a t e  o v e r  th e  

p r e s s u r e  r a n g e  50 t o  200 mm Hg, J o h n s o n  (36)  a l s o  fo u n d  t h a t  r e d u c t i o n  

o f  p e r f u s i o n  p r e s s u r e  t o  an  i s o l a t e d  s e c t i o n  o f  i l e u m  from normal  t o  40 

mm Hg p r o d u c e s  a much l e s s  t h a n  p r o p o r t i o n a l  f a l l  i n  b l o o d  f l o w ,  and c o n ­

c l u d e d  t h a t  t h e  a u t o r e g u l a t o r y  r e s p o n s e  i n  t h e  i n t e s t i n e  i s  v e r y  e f f i c i ­

e n t .  T e x t e r  e_t a l .  (55)  fo u n d  t h a t  t h e  r e s i s t a n c e  t h r o u g h  t h e  v a s c u l a r  

bed  s u p p l i e d  by  t h e  s u p e r i o r  m e s e n t e r i c  a r t e r y ,  i n c r e a s e s  as  a f u n c t i o n  

o f  f l o w  r a t e  o v e r  t h e  r a n g e  90 to  270 m l /m i n .  I n  c o n t r a s t ,  Hinshaw (30)  

found t h a t  i n t e s t i n a l  v a s c u l a r  r e s i s t a n c e  d e c r e a s e s  when a r t e r i a l  p e r ­

f u s i o n  p r e s s u r e  i s  i n c r e a s e d  o v e r  a  w ide  r a n g e  (8 0  t o  220 mm H g ) . How­

e v e r ,  i n  5 o f  9 i n d i v i d u a l  e x p e r i m e n t s  p r e s e n t e d  by  Hinshaw ,  r e s i s t a n c e  

t o  b l o o d  f lo w  t h r o u g h  t h e  i n t e s t i n e  r e m a in e d  c o n s t a n t  o v e r  t h e  p r e s s u r e  

r a n g e  90 t o  200 mm Hg. T h i s  would  i n d i c a t e  t h a t  e i t h e r  an  a c t i v e  r e ­

sp o n s e  p r e v e n t e d  a f u r t h e r  f a l l  i n  r e s i s t a n c e  a s  p r e s s u r e  was i n c r e a s e d ,  

o r  t h a t  t h e  v e s s e l s  r e a c h e d  t h e i r  maximum d i a m e t e r s  a t  r a t h e r  low i n t r a ­

l u m i n a l  p r e s s u r e .  The l a t t e r  p o s s i b i l i t y  seems e x t r e m e l y  u n l i k e l y .

A u t o r e g u l a t i o n  o f  b l o o d  f l o w  i n  t h e  c o r o n a r y  v a s c u l a r  beds  i s  

h i g h l y  v a r i a b l e .  R e s i s t a n c e  p r a c t i c a l l y  a lw a y s  d e c r e a s e s  a s  f l o w  i s
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e l e v a t e d  f rom 23 t o  75 m l /m i n .  However ,  r e s i s t a n c e  may d e c r e a s e ,  r e ­

main c o n s t a n t ,  o r  i n c r e a s e  when f l o w  is  e l e v a t e d  f u r t h e r .  The r e s p o n s e  

s ee n  i s  o f t e n  r e l a t e d  t o  t h e  i n i t i a l  l e v e l  o f  r e s i s t a n c e .  More o f t e n  t h a n  

n o t ,  a h i g h  i n i t i a l  r e s i s t a n c e  p r e c l u d e s  f u r t h e r  i n c r e a s e  i n  r e s i s t a n c e  

a s  f l o w  i s  e l e v a t e d .  T h i s  t y p e  o f  r e s p o n s e  i s  a l s o  s ee n  i n  t h e  k i d n e y  

( 2 9 ) .  An i n c r e a s i n g  r e s i s t a n c e  a s  a f u n c t i o n  o f  f l o w  r a t e  i s  e n c o u n t e r e d  

r e l a t i v e l y  f r e q u e n t l y  i n  f i b r i l l a t i n g  h e a r t s .  I n  a d d i t i o n ,  c o r o n a r y  

a u t o r e g u l a t i o n  i s  n o t  d i f f e r e n t  a f t e r  b i l a t e r a l  vagotomy.  O t h e r s  (4 )  

have r e p o r t e d  s i m i l a r  f i n d i n g s  i n  b e a t i n g  p e r f u s i n g  h e a r t s .

I n  t h e  p r e s e n t  s t u d y ,  t h e  s t e a d y  s t a t e  r e s i s t a n c e s  t o  b l o o d  

f lo w t h r o u g h  a l l  v a s c u l a r  s e g m e n t s  o f  dog f o r e l i m b  d e c r e a s e d  as a 

f u n c t i o n  o f  f l o w  r a t e .  T h u s ,  i n  t h e  s t e a d y  s t a t e  t h i s  bed r e s p o n d s  

much l i k e  a p a s s i v e  e l a s t i c  s y s t e m ,  i n c r e a s i n g  i t s  c r o s s  s e c t i o n e d  a r e a  

a s  a f u n c t i o n  o f  i n t r a l u m i n a l  p r e s s u r e .  O th e r s  ha ve  r e p o r t e d  s i m i l a r  

r e s u l t s  i n  t h e  i n t a c t  (23) and i s o l a t e d  (30) dog f o r e l i m b .  However ,  

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

s u r e ,  and f o r e l i m b  c o l l a t e r a l  f l o w  was  u n c o n t r o l l e d  i n  t h e  f o r m e r  s t u d y .

A new f i n d i n g  o f  t h e  p r e s e n t  s t u d y  i s  t h e  d e m o n s t r a t i o n  o f  a c t i v e  

c h a n g e s  i n  v e s s e l  c a l i b e r  when f o r e l i m b  flow i s  changed  r a p i d l y  f r o m  a 

low to  a h i g h  v a l u e  o r  t h e  r e v e r s e .  The former  maneu ve r  i s  a s s o c i a t e d  

w i t h  a  g r a d u a l  c o n s t r i c t i o n  u n t i l  a s t e a d y  s t a t e  i s  r e a c h e d ,  w h i l e  t h e  

l a t t e r  m aneuver  i s  a s s o c i a t e d  w i t h  a  g r a d u a l  d i l a t i o n  u n t i l  a s t e a d y  

s t a t e  i s  r e a c h e d .  T h u s ,  w h i l e  t h e  l imb r e s p o n d s  p a s s i v e l y  i n  t h e  s t e a d y  

s t a t e  t o  ch a n g e s  i n  b l o o d  f l o w ,  a c t i v e  v a s o m o t io n  i s  a p p a r e n t  when l a r g e  

r a p i d  s h i f t s  i n  f l o w  a r e  made and c l o s e  a t t e n t i o n  i s  p a i d  t o  t h e  t r a n s i ­

e n t  r e s p o n s e s .
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U t i l i z i n g  d a t a  f rom t h e  p r e s e n t  s t u d y  and f rom an e a r l i e r  i n ­

v e s t i g a t i o n  (29)  i t  i s  p o s s i b l e  t o  make an i n t e r - o r g a n  c o m p a r i s o n  o f  the. 

a u t o r e g u l a t o r y  r e s p o n s e -  Such a  c o m p ar i so n  r e v e a l s  a u t o r e g u l a t i o n  t o  be 

e x t r e m e l y  e f f i c i e n t  i n  t h e  k i d n e y ,  o n l y  s l i g h t l y  l e s s  e f f i c i e n t  i n  t h e  

i n t e s t i n e ,  m o d e r a t e l y  e f f i c i e n t  i n  the  h e a r t  and e x t r e m e l y  i n e f f i c i e n t  

i n , t h e  l im b ,  i h e  v a l i d i t y  o f  t h e  c o m p a r i s o n  i s  b a s e d  on t h e  f a c t  t h a t  

a l l  o r g a n s  w e re  s t u d i e d  by t h e  same t e c h n i q u e  and by t h e  same i n v e s t i ­

g a t o r .

I t  i s  a l s o  e v i d e n t  f rom t h e s e  s t u d i e s  t h a t  t h e  a u t o r e g u l a t o r y  

r e s p o n s e  can  be e l i c i t e d  by e i t h e r  a change in  f l o w  o r  a change  i n  p r e s ­

s u r e .  I n  1958,  Haddy e_t (25 )  c o n c lu d e d  from a  l a r g e  amount  o f  e x ­

p e r i m e n t a l  d a t a ,  t h a t  r e n a l  a u t o r e g u l a t i o n  was b e t t e r  c o r r e l a t e d  w i t h  a 

f lo w  l i n k e d  mechani sm t h a n  w i t h  a p r e s s u r e  l i n k e d  mechanism- T h i s  v i e w ,  

however ,  i s  n o t  s u p p o r t e d  by Folkow (1 0 ,  11) and J o h n s o n  ( 3 6 ) .  T h e s e  

i n v e s t i g a t o r s  m a i n t a i n  t h a t  t h e  r e s p o n s e  i s  a c t i v a t e d  by a ch a n g e  i n  

t r a n s m u r a l  p r e s s u r e .  T h i s  q u e s t i o n  w i l l  be d i s c u s s e d  i n  d e p t h  i n  a 

s e c t i o n  t o  f o l l o w .

R e a c t i v e  Hyperemia

The s t u d i e s  d e m o n s t r a t e  r e a c t i v e  h y p e r e m i a  o r  r e a c t i v e  d i l a t i o n  

i n  t h r e e  v a s c u l a r  b e d s  f o l l o w i n g  b r i e f  p e r i o d s  o f  i n t e r r u p t i o n  o f  a r ­

t e r i a l  i n f l o w .  R e a c t i v e  d i l a t i o n ,  a s  m e asu r ed  i n  t h e  p r e s e n t  s t u d i e s ,  

s h o u l d  q u a l i t a t i v e l y  r e p r e s e n t  r e a c t i v e  h y p e r e m i a  when f l o w  i s  t h e  i n d e ­

p e n d e n t  v a r i a b l e .  T h u s ,  f o r  t h i s  d i s c u s s i o n  the. t e rm ,  r e a c t i v e  d i l a t i o n ,  

w i l l  be  u sed  syno ny mou s ly  w i t h  t h e  t e r m ,r e a c t i v e  h y p e r e m i a .

R e a c t i v e  d i l a t i o n  i s  c o n s i s t e n t l y  s e e n  i n  t h e  f o r e l i m b  f o l l o w i n g  

b r i e f  p e r i o d s  of  i s c h e m i a  ( 2  t o  1 2 0  s e c o n d s ) ,  and t h e  m a g n i t u d e  and
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d u r a t i o n  o f  t hu  r e s p o n s e  i s  d i r e c t l y  r e l a t e d  t o  t h e  l e n g t h  o f  t i m e  t h a t  

f o r e l i m b  f l o w  i s  i n t e r r u p t e d .  I t  i s  a l s o  a p p a r e n t  from t h e s e  s t u d i e s  

t h a t  f o r e l i m b  d e n e r v a t i o n  s l i g h t l y  a t t e n u a t e s  t h e  r e a c t i v e  h y p e r em ic  r e ­

s p o n s e .  T h i s  i s  p r o b a b l y  r e l a t e d  t o  t h e  f a c t  t h a t  d e n e r v a t i o n  p r o d u c e s  

v a s c u l a r  d i l a t i o n .  T h u s ,  i t  i s  r e a s o n a b l e  t o  e x p e c t  a s m a l l e r  r e s p o n s e  

i n  a  bed  t h a t  i s  a l r e a d y  p a r t i a l l y  d i l a t e d .

R e a c t i v e  h y p e r e m i a ,  m o n i t o r e d  on e i t h e r  t h e  a r t e r i a l  o r  ven ou s  

s i d e ,  i s  n o t  n e a r l y  a s  c o n s i s t e n t  i n  t h e  i l e u m  a s  i n  t h e  f o r e l i m b .

B r i e f  p e r i o d s  o f  f lo w  i n t e r r u p t i o n  o f t e n  c a u s e d  no chang e i n  p o s t - o c -  

c l u s i o n  f l o w ,  and i n  some i n s t a n c e s  f lo w  was  a c t u a l l y  d e c r e a s e d  from 

c o n t r o l .  However ,  i n  th e  p r e p a r a t i o n s  t h a t  d i d  e x h i b i t  r e a c t i v e  h y p e r ­

emia  t h e  m a g n i t u d e  an d  d u r a t i o n  o f  t h e  r e s p o n s e  was d i r e c t l y  r e l a t e d  t o  

t h e  l e n g t h  o f  i s c h e m i a .

A l t h o u g h  r e n a l  r e a c t i v e  h y p e r e m i a  was n o t  t h o r o u g h l y  i n v e s t i ­

g a t e d  i n  t h e  p r e s e n t  s t u d i e s ,  i t  i s  e v i d e n t  t h a t  b r i e f  p e r i o d s  o f  r e n a l  

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

t i o n s ,  h o w e v e r ,  r e n a l  i s c h e m i a  was  f o l l o w e d  by r e a c t i v e  c o n s t r i c t i o n .

I n  g e n e r a l ,  t h e s e  f i n d i n g s  a r e  c o n s i s t e n t  w i t h  t h e  s t u d i e s  o f  Hinshaw 

( 3 3 ) .  He f i n d s  i n  t h e  i s o l a t e d  k i d n e y  t h a t  b r i e f  p e r i o d s  o f  r e n a l  

i s c h e m i a  a r e  f o l l o w e d  by r e a c t i v e  h y p e r e m i a ,  w h i l e  l o n g e r  p e r i o d s  o f  

i s c h e m i a  a r e  u s u a l l y  a s s o c i a t e d  w i t h  r e a c t i v e  i s c h e m i a .

From t h e  p r e s e n t  s t u d y  i t  i s  a p p a r e n t  t h a t  r e a c t i v e  h y p e r e m i a  

f o l l o w i n g  b r i e f  p e r i o d s  o f  i s c h e m i a  i s  c o n s i s t e n t l y  s e e n  i n  t h e  f o r e ­

l i m b ,  u s u a l l y  s e e n  i n  t h e  k i d n e y ,  and i r r e g u l a r l y  s e e n  i n  t h e  i n t e s t i n e .  

F u r t h e r ,  t h e  m a g n i t u d e  and d u r a t i o n  o f  t h e  r e s p o n s e  i s  d i r e c t l y  r e l a t e d  

t o  t h e  d u r a t i o n  o f  i s c h e m i a .
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V e n o u s - A r t e r i o l a r  Response

E l e v a t i o n  o f  v e n o u s  p r e s s u r e ,  a t  c o n s t a n t  b l o o d  f l o w ,  c o n s i s ­

t e n t l y  e l i c i t s  a v e n o u s - a r t e r i o l a r  r e s p o n s e  i n  t h e  i n t e s t i n e ,  f o r e l i m b ,  

and k i d n e y .  Though t h e  r e s p o n s e  i s  s t i l l  e v i d e n t  i n  t h e  n a t u r a l l y  p e r ­

f u s e d  i n t e s t i n e ,  i t  i s  a p p a r e n t l y  a b s e n t  i n  t h e  n a t u r a l l y  p e r f u s e d  k i d ­

ne y .

On th e  a v e r a g e ,  e l e v a t i o n  o f  venous  p r e s s u r e  i n  t h e  pump p e r f u ­

se d  f o r e  l imb i s  w i t h o u t  e f f e c t  on r e s i s t a n c e  t o  f l o w  t h r o u g h  t h e  bed .

The maneuver  i s  a s s o c i a t e d  w i t h  a  s l i g h t  r i s e  i n  r e s i s t a n c e  t o  f l o w  

th r o u g h  t h e  s m a l l  v e s s e l  s e g m e n t ,  no change i n  r e s i s t a n c e  t h r o u g h  l a r g e  

a r t e r i e s , a n d  a s l i g h t  f a l l  i n  r e s i s t a n c e  t h r o u g h  l a r g e  v e i n s .  The r i s e  

i n  s m a l l  v e s s e l  r e s i s t a n c e ,  on t h e  a v e r a g e ,  i s  e x a c t l y  b a l a n c e d  b y  t h e  

f a l l  i n  venou s  r e s i s t a n c e .  Haddy and G i l b e r t  (23) have r e p o r t e d  s i m i ­

l a r  f i n d i n g s  i n  t h e  pump p e r f u s e d  dog f o r e  l imb .

The a b s e n c e  o f  a f a l l  i n  t o t a l  r e s i s t a n c e  and t h e  f i n d i n g  o f  a 

s l i g h t  r i s e  i n  s m a l l  v e s s e l  r e s i s t a n c e  i n d i c a t e  th e  i n t e r v e n t i o n  o f  

some mechanism ( a c t i v e  o r  p a s s i v e )  w hi ch  p r e v e n t s  t h e  i n c r e a s e d  i n t r a ­

lu m in a l  p r e s s u r e  f rom  p a s s i v e l y  d i s t e n d i n g  t h e  bed.  T h u s ,  an  unch anged  

r e s i s t a n c e  t o  f l o w  t h r o u g h  a  v a s c u l a r  bed f o l l o w i n g  e l e v a t i o n  o f  v e n o u s  

p r e s s u r e  i s  e v i d e n c e  o f  a v e n o u s - a r t e r i o l a r  r e s p o n s e .

I t  i s  c l e a r  f rom t h e s e  s t u d i e s  t h a t  t h e  v e n o u s - a r t e r i o l a r  r e ­

s p o n s e  i s  o p e r a b l e  i n  t h e  i n t e s t i n a l  v a s c u l a r  bed.  However ,  i t  i s  impos ­

s i b l e  t o  d e t e r m i n e  t h e  s i t e  o f  t h e  r e s p o n s e ,  s i n c e  t h e  d a t a  o n l y  p e r m i t  

c a l c u l a t i o n  o f  t o t a l  r e s i s t a n c e .  I t  i s  l i k e l y  t h a t  r e s i s t a n c e  t o  f l o w  

t h r o u g h  t h e  l a r g e  v e i n s  f e l l  f o r  t h e y  were  v i s i b l y  e n g o r g e d  d u r i n g  t h e  

m aneuve r .  T h i s  w ould  p l a c e  r e s p o n s e  m a i n l y  on th e  a r t e r i a l  s i d e .
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J o h n s o n  (35)  r e p o r t s  s i m i l a r  e f f e c t s  o f  v e n o u s  p r e s s u r e  e l e v a t i o n  i n  a 

c o m p l e t e l y  i s o l a t e d  s e c t i o n  o f  i l e u m .

T h ese  s t u d i e s ,  l i k e  t h e  s t u d i e s  o f  H inshaw  ( 3 1 ) ,  p r o v i d e  l i t t l e  

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

n e y .  I n  t h e  p r e s e n t  e x p e r i m e n t s ,  c a l c u l a t e d  r e s i s t a n c e  c o n s i s t e n t l y  d e ­

c r e a s e d  a s  a f u n c t i o n  o f  v enous  p r e s s u r e  e l e v a t i o n , .  However ,  when v e n ­

o u s  p r e s s u r e  i s  e l e v a t e d  i n  t h e  p r e s e n c e  o f  a c o n s t a n t  r e n a l  b lo o d  f l o w ,  

r e s i s t a n c e  e i t h e r  r i s e s ,  r e m a in s  u n c h a n g e d ,  o r  i n c r e a s e s  s l i g h t l y .

Haddy e t  ad .  (25 )  have r e p o r t e d  s i m i l a r  f i n d i n g s  i n  a l a r g e  s e r i e s  o f  

pump p e r f u s e d  k i d n e y s .

I t  i s  co n c lu d ed  from t h e s e  s t u d i e s  t h a t  t h e  v e n o u s - a r t e r i o l a r  r e ­

s p o n s e  i s  v e r y  e f f i c i e n t  i n  i n t e s t i n e ,  m o d e r a t e l y  e f f i c i e n t  i n  t h e  

f o r e l i m b ,  and i n e f f i c i e n t  i n  t h e  k i d n e y ,  a t  l e a s t  u n d e r  c o n d i t i o n s  o f  

n a t u r a l  p e r f u s i o n .

Mechanisms o f  L o c a l  C o n t r o l  o f  B lo o d  Flow

The d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  a r e  r e l e v a n t  to  a l l  f o u r  p o s t u ­

l a t e d  t h e o r i e s  o f  l o c a l  r e g u l a t i o n  o f  b l o o d  f l o w .  I n  g e n e r a l ,  t h e  s t u d i e s  

p r o v i d e  s t r o n g  s u p p o r t  f o r  t h e  m e t a b o l i c  t h e o r y ,  m o d e r a t e  s u p p o r t  f o r  t h e  

m y ogen ic  t h e o r y ,  and l i t t l e  s u p p o r t  f o r  e i t h e r  t h e  t i s s u e  p r e s s u r e  o r  oxy­

gen  t h e o r i e s  o f  l o c a l  c o n t r o l .

T i s s u e  P r e s s u r e

R e n a l  l y m p h a t i c  p r e s s u r e  was u s e d  t o  g a i n  i n f o r m a t i o n  r e l a t i v e  

t o  c h a n g e s  i n  r e n a l  i n t e r s t i t i a l  p r e s s u r e  d u r i n g  l o c a l  r e g u l a t i o n  o f  

b l o o d  f l o w  i n  t h e  k id n ey .  The s t u d i e s  c l e a r l y  d e m o n s t r a t e  t h a t  c h a n g e s  

i n  r e n a l  p e r f u s i o n  p r e s s u r e  o v e r  a wide  r a n g e  h a v e  l i t t l e  e f f e c t  upon 

r e n a l  l y m p h a t i c  v e s s e l  p r e s s u r e .  However ,  c h a n g e s  i n  r e n a l  v enous
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p r e s s u r e  p ro d u c e  a l m o s t  p r o p o r t i o n a l  c h a n g e s  i n  l y m p h a t i c  v e s s e l  p r e s ­

s u r e .  An i n c r e a s e  i n  r e n a l  p e r f u s i o n  p r e s s u r e  from 80  t o  200 mm Hg, 

w h ich  c o n s i s t e n t l y  e l i c i t s  an  a u t o r e g u l a t o r y  r e s p o n s e ,  i s  a s s o c i a t e d  

w i t h  an i n c r e a s e  i n  l y m p h a t i c  p r e s s u r e  o f  o n l y  7 mm Hg, R e n a l  i s c h e m i a  

p r o d u c e s  o n l y  s m a l l  i r r e g u l a r  ch a n g e s  i n  l y m p h a t i c  v e s s e l  p r e s s u r e .  The 

p r e s e n t  d a t a  i s  i n  a c c o r d  w i t h  a p r e v i o u s  s t u d y  (26) w h ic h  showed t h a t  

r e n a l  lymph f low  r a t e  i s  l i t t l e  a f f e c t e d  by r e n a l  p e r f u s i o n  p r e s s u r e  

b u t  g r e a t l y  i n c r e a s e d  a s  a f u n c t i o n  o f  r e n a l  venous  p r e s s u r e .

The above f i n d i n g s  a r e  i n  c o n f l i c t  w i t h  the  s t u d i e s  o f  Hinshaw 

e t  a l . ( 3 2 ) .  U s i n g  e i t h e r  n e e d l e  p r e s s u r e  o r  deep r e n a l  v enous  p r e s s u r e  

a s  an  i n d e x  o f  t i s s u e  p r e s s u r e ,  t h e s e  i n v e s t i g a t o r s  fo u n d  l a r g e  c h a n g e s  

i n  b o t h  p r e s s u r e s  d u r i n g  r e n a l  a u t o r e g u l a t i o n  and r a t h e r  marked d e c r e a s e s  

i n  d eep  venous  p r e s s u r e  d u r i n g  b r i e f  p e r i o d s  o f  r e n a l  i s c h e m i a .  From 

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

p e r e m i a  a r e  p r e d o m i n a n t l y  m e d i a t e d  t h r o u g h  p a s s i v e  v a s o m o t i o n  s u b s e q u e n t  

t o  c h a n g e s  i n  t i s s u e  p r e s s u r e .

I t  i s  f e l t  t h a t  r e n a l  l y m p h a t i c  v e s s e l  p r e s s u r e  i s  a b e t t e r  i n ­

dex  o f  r e n a l  t i s s u e  p r e s s u r e  t h a n  e i t h e r  n e e d l e  p r e s s u r e  o r  deep  r e n a l  

v e i n  p r e s s u r e  b e c a u s e :  1 ) n e e d l e  p r e s s u r e  c o u l d  g ive  f a l s e l y  h i g h

v a l u e s  i f  b l e e d i n g  o c c u r r e d  a r o u n d  t h e  t i p  o f  t h e  n e e d le  ( 5 ) ,  2) wedged 

r e n a l  v e i n  p r e s s u r e s  may n o t  be  a  t r u e  l a t e r a l  p r e s s u r e  b e c a u s e  o f  i n ­

s u f f i c i e n t  v e i n  to  v e i n  c o l l a t e r a l s  u p s t r e a m  t o  t h e  wedge s i t e ,  3) e v e n  

i f  i t  i s  a t r u e  l a t e r a l  p r e s s u r e ,  v e n o u s  p r e s s u r e  i s  d e t e r m i n e d  by no 

l e s s  t h a n  f o u r  v a r i a b l e s  -  u p s t r e a m  p r e s s u r e ,  downstream p r e s s u r e ,  u p ­

s t r e a m  r e s i s t a n c e ,  and d o w n s t r e am  r e s i s t a n c e .  C e r t a i n l y  t i s s u e  p r e s s u r e  

a f f e c t s  t h e  l a t t e r  two v a r i a b l e s  b u t  so  do many o t h e r  f a c t o r s .  T h u s ,
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t h e  b e s t  t h a t  can  be s a i d  f o r  e i t h e r  m easu rem en t  i s  t h a t  t i s s u e  p r e s s u r e  

i s  p r o b a b l y  n o t  h i g h e r  t h a n  th e  r e c o r d e d  v a l u e  b u t  c o u l d  e a s i l y  be  much 

lo w er .  S u p p o r t  f o r  t h e  u s e  o f  l y m p h a t i c  v e s s e l  p r e s s u r e  a s  an  i n d e x  o f  

r e n a l  t i s s u e  p r e s s u r e  i s ;  1 ) t h e  lymph v e s s e l s  u s e d  f o r  t h e  p r e s s u r e  

m easu r em e n t  have  b e e n  shown to  com municate  w i t h  t h e  r e n a l  parenchyma,

2 ) o t h e r  s t u d i e s  (2 6 )  show t h e y  re m a in  p a t e n t  d u r i n g  i n c r e a s e d  r e n a l  

a r t e r y  p e r f u s i o n  p r e s s u r e ,  3) s l i g h t  manu al  c o m p r e s s i o n  o f  t h e  k i d n e y  

i n c r e a s e s  l y m p h a t i c  p r e s s u r e ,  4)  i t  i s  h i g h l y  u n l i k e l y  t h a t  l y m p h a t i c  

v e s s e l s  u n d e r g o  a c t i v e  v a s o m o t i o n  ( s i n c e  t h e y  p o s s e s s  l i t t l e  o r  no 

smooth m u s c l e ) , and 5) c o n t r o l  p r e s s u r e s  m eas u re d  f rom t h e s e  v e s s e l s  

a g r e e  v e r y  w e l l  w i t h  t h e  d i r e c t  r e n a l  t i s s u e  p r e s s u r e  m e a s u r e m e n t s  o f  

G o t t s c h a l k  ( 2 1 ) .

The c o n c l u s i o n s  f rom t h e s e  f i n d i n g s  a r e  t h a t  r e n a l  a u t o r e g u l a ­

t i o n  and r e n a l  r e a c t i v e  h y p e r e m i a  a r e  n o t  m e d i a t e d  by p a s s i v e  ch a n g es  

i n  r e s i s t a n c e  p r o d u c e d  b y  an  a l t e r e d  i n t e r s t i t i a l ^ p r e s s u r e  b u t  a r e  due 

t o  a c t i v e  c h a n g e s  i n  v e s s e l  c a l i b e r .  However ,  c h a n g e s  i n  r e n a l  i n t e r ­

s t i t i a l  p r e s s u r e  may p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  r e n a l  v a s c u l a r  b e d ' s  

r e s p o n s e  t o  e l e v a t e d  v e n o u s  p r e s s u r e .

From t h e  p r e s e n t  s t u d i e s  i t  seems u n l i k e l y  t h a t  ch a n g e s  i n  t i s ­

sue  p r e s s u r e  p l a y  an  i m p o r t a n t  r o l e  i n  t h e  f o r e l i m b  v a s c u l a r  b e d ' s  r e ­

sponse  t o  c h a n g e s  i n  a r t e r i a l  o r  venous  p r e s s u r e .  T i s s u e  p r e s s u r e ,  a s  

m easu r ed  i n  m u s c l e  o r  s u b c u t a n e o u s l y , i s  n o t  i m m e d i a t e l y  a f f e c t e d  by 

l a r g e  a l t e r a t i o n s  i n  e i t h e r  p e r f u s i o n  p r e s s u r e  o r  v e n o u s  p r e s s u r e .  How­

e v e r ,  c h a n g e s  i n  c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  t h a t  f a v o r  n e t  f i l t r a ­

t i o n ,  i f  m a i n t a i n e d  f o r  p r o l o n g e d  p e r i o d s ,  m ig h t  e v e n t u a l l y  p r o d u c e  p a s ­

s i v e  c h a n g e s  i n  v a s c u l a r  r e s i s t a n c e .
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The s t u d i e s  i n d i c a t e  t h a t  i n t e s t i n a l  f low can be i n f l u e n c e d  by 

ch a n g es  i n  i n t e r s t i t i a l  p r e s s u r e  m e d i a t e d  t h r o u g h  changes  i n  i n t e s t i n a l  

t o n u s  and a c t i v i t y .  I n t e s t i n a l  i s c h e m i a  i s  o f t e n  a s s o c i a t e d  w i t h  i n ­

c r e a s e s  i n  b o t h  mean i l e a l  lumen p r e s s u r e  and i l e a l  a c t i v i t y .  T h i s  

c o u l d  e x p l a i n  t h e  i r r e g u l a r  o c c u r r e n c e  o f  r e a c t i v e  h y p e rem ia  s ee n  in  

t h e  p r e s e n t  s t u d i e s .  T h e s e  s t u d i e s ,  l i k e  t h o s e  o f  J o h n s o n  (3 5 ,  36) f a i l  

t o  show a  cha ng e i n  i n t e s t i n a l  t o n u s  d u r i n g  e i t h e r  t h e  a u t o r e g u l a t o r y  or 

ven o u s  a r t e r i o l a r  r e s p o n s e .  However ,  t h e  m easu rem en t  o f  lumen p r e s s u r e  

and g u t  movement  a r e  o n l y  c r u d e  i n d i c a t o r s  o f  e x t r a v a s c u l a r  p r e s s u r e .

I t  i s  c o n c e i v a b l e  t h a t  a b e t t e r  m easu rem en t  o f  e x t r a v a s c u l a r  p r e s s u r e  

wou ld  r e v e a l  i t s  r o l e  i n  t h e  above r e s p o n s e .  I t  i s  co n c lu d e d  from t h e s e  

s t u d i e s  and t h e  s t u d i e s  o f  o t h e r s  ( 6 , 51) t h a t  c h a n g e s  i n  t r a n s m u r a l  

p r e s s u r e ,  e l i c i t e d  by change  i n  i n t e s t i n a l  m o t i l i t y  and t o n u s ,  can  i n ­

f l u e n c e  i n t e s t i n a l  b l o o d  f lo w.

Oxygen T h eo r y

The p r e s e n t  s t u d i e s  r e v e a l  a v e r y  p o o r  c o r r e l a t i o n  b e tw een  r e n a l  

venou s  oxygen  t e n s i o n  and r e n a l  r e s i s t a n c e .  A r e d u c t i o n  o f  p e r f u s i o n  

p r e s s u r e  f rom no rm a l  t o  50 mm Hg was a lw a y s  a s s o c i a t e d  w i th  a  f a l l  i n  

r e n a l  r e s i s t a n c e  and i n  t h e  s t e a d y  s t a t e  w i t h  a  s l i g h t  drop i n  r e n a l  

v enous  ox ygen  t e n s i o n  ( - 4  mm H g ) . However ,  upon r e l e a s i n g  t h e  r e n a l  

a r t e r y  c o n s t r i c t i o n ,  r e n a l  v en o u s  oxygen  t e n s i o n  r o s e  abou t  10 mm Hg 

above  t h e  c o n t r o l  v a l u e  and a t  t h e  same t im e  r e n a l  r e s i s t a n c e  was s t i l l  

w e l l  be low t h e  c o n t r o l  v a l u e  ( t h e s e  c h a n g e s  i n  veno us  oxygen t e n s i o n  

w e i^  a l s o  w i t h o u t  m e a s u r a b l e  e f f e c t  on  t h e  a s s a y  o r g a n ,  F i g u r e  13) .  

F u r t h e r ,  p r e v e n t i n g  t h e  f a l l  i n  v enous  ox yg en  t e n s i o n  d u r i n g  r e n a l  a r t e r y  

c o n s t r i c t i o n ,  by v e n t i l a t i o n  w i t h  1 0 0 % oxygen,  f a i l e d  t o  a l t e r  t h e
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r e s i s t a n c e  d r o p .  I n  a l l  e x p e r i m e n t s ,  v e n o u s  oxygen t e n s i o n  r o s e  as  

r e n a l  r e s i s t a n c e  f e l l .  F i n a l l y ,  i n c r e a s i n g  ox yg en  t e n s i o n  a l o n e  by 

v e n t i l a t i o n  w i t h  1 0 0 % o x y g e n ,  h a s  no e f f e c t  upon r e n a l  o r  f o r e l i m b  r e ­

s i s t a n c e s .  T h u s ,  ch a n g es  i n  ox yg en  t e n s i o n  o v e r  t h e  r a n g e s  s t u d i e d  a r e  

w i t h o u t  e f f e c t  upon t h e  r e n a l  o r  f o r e l i m b  v a s c u l a r  beds .

T h e s e  f i n d i n g s  a r e  i n  a g r e e m e n t  w i t h  t h e  s t u d i e s  o f  M o ln a r  _et a l . 

( 4 1 ) ,  b u t  a r e  i n  a p p a r e n t  c o n f l i c t  w i t h  s t u d i e s  o f  C a r r i e r  _et a_l. ( 8 ) ,

The l a t t e r  g r o u p  o f  i n v e s t i g a t o r s  found t h a t  t h e  r e s i s t a n c e  t o  f l ow  

t h r o u g h  b l o o d  v e s s e l s  d e c r e a s e s  a s  oxygen t e n s i o n  i s  l ow er ed  from 1 0 0  

t o  0 mm Hg. However,  t h e  f a l l  i n  r e s i s t a n c e  i s  r e l a t i v e l y  s m a l l  u n t i l  

oxygen t e n s i o n  i s  l ow ered  b e lo w  t h e  l e v e l s  e n c o u n t e r e d  i n  t h e  p r e s e n t  

s t u d y .

I t  a p p e a r s ,  f rom t h e s e  s t u d i e s ,  t h a t  oxygen  t e n s i o n  i s  n o t  an 

i m p o r t a n t  f a c t o r  i n  r e n a l  a u t o r e g u l a t i o n ,  and t h a t  oxygen d o es  n o t  p l a y  

a  m a j o r  r o l e  i n  t h e  t r a n s i e n t  a c t i v e  v a s o m o t i o n  s e e n  i n  t h e  f o r e l i m b  

d u r i n g  r a p i d  ch a n g es  i n  b l o o d  f l o w .  F u r t h e r ,  O2 t e n s i o n  does  n o t  p l a y  

an  i m p o r t a n t  r o l e  i n  t h e  v e n o u s - a r t e r i o l a r  r e s p o n s e  when i t  i s  s t u d i e d  

a t  c o n s t a n t  f l o w .  I t  i s  p r o b a b l e  t h a t  t i s s u e  oxygen t e n s i o n  i s  much 

lo w e r  d u r i n g  p e r i o d s  o f  i n t e r r u p t e d  f low  t h a n  d u r i n g  p e r i o d s  o f  r e d u c e d  

f lo w .  T h u s ,  t h e  ox yg en  m i g h t  have a  r o l e  i n  t h e  d i l a t i o n  s e e n  f o l l o w ­

i n g  p e r i o d s  o f  i s c h e m i a .

M yogen ic  R esp o n se

The s t u d i e s  c o n c e r n i n g  t h e  e f f e c t  o f  s q u a r e  wave ch a n g es  i n  

b l o o d  f lo w  upon p e r f u s i o n  p r e s s u r e '  i n  t h e  f o r e l i m b  and k i d n e y  y e i l d  d a t a  

r e l e v a n t  t o  t h e  myo gen ic  t h e o r y .

I n  t h e  f o r e l i m b  a s q u a r e  wave h a l v i n g  o f  f l o w  p r o d u c e s  a l a r g e
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d e c r e a s e  i n  p r e s s u r e  w hich  was f o l l o w e d  by a s m a l l  s lo w  r i s e  i n  p r e s s u r e .  

A c c o r d i n g  t o  t h e  m y o g en ic  t h e o r y ,  p r e s s u r e  s h o u l d  f a l l  i m m e d i a t e l y  upon 

t h e  f lo w ch ange  an d t h e n  f a l l  f u r t h e r  a s  t h e  smooth m u s c l e  i n  t h e  v e s s e l  

w a l l  r e s p o n d s  a c t i v e l y  t o  t h e  d e c r e a s e  i n  t r a n s m u r a l  p r e s s u r e .  A s q u a r e  

wave d o u b l i n g  o f  f l o w  i s  a s s o c i a t e d  w i t h  an  im m edia te  r i s e  i n  p r e s s u r e  

f o l l o w e d  by a g r a d u a l  f a l l  i n  p r e s s u r e  u n t i l  a s t e a d y  s t a t e  i s  r e a c h e d .  

A g a in ,  t h i s  r e s p o n s e  i s  n o t  c o m p a t i b l e  w i t h  t h e  myogenic  t h e o r y .  A 

t r a n s i e n t  ( 2  s e c o n d )  d o u b l i n g  o f  f low p r o d u c e d  an im media te  r i s e  i n  p r e s ­

s u r e  upo n e l e v a t i o n  o f  f l o w  and p r e s s u r e  r e t u r n e d  to  c o n t r o l  upo n r e ­

d u c t i o n  o f  f l o w .  I f  t h e  i n c r e a s e d  p r e s s u r e ,  d u r i n g  t h e  p e r i o d  o f  e l e ­

v a t e d  f l o w ,  had e l i c i t e d  an a c t i v e  r e s p o n s e ,  p r e s s u r e  s h o u l d  h a v e  been 

h i g h e r  t h a n  c o n t r o l  upon r e t u r n  o f  flow t o  th e  o r i g i n a l  v a l u e .  The o b ­

s e r v e d  r e s p o n s e s  a r e  more i n  a c c o r d  w i th  e l a s t i c ,  v i s c o u s ,  and i n e r t i a l  

p r o p e r t i e s  o f  v e s s e l s  and ch a nge  i n  v a s c u l a r  volume t h a n  w i t h  a c t i v e  

change p r o d u c e d  by t h e  a l t e r a t i o n s  o f  t r a n s m u r a l  p r e s s u r e .

I n  t h e  k i d n e y ,  a two s e c o n d  s q u a r e  wave d o u b l i n g  o f  f l o w  o f t e n  

p ro d u c ed  c h a n g e s  i n  p e r f u s i o n  p r e s s u r e  w h i c h  c o u l d  be i n t e r p r e t e d  as  a 

myogenic  r e s p o n s e .  P r e s s u r e  r e m a i n e d  above  c o n t r o l  i m m e d i a t e l y  a f t e r  

f l o w  was  r e t u r n e d  t o  t h e  o r i g i n a l  v a lu e .  A p e rm anen t  d o u b l i n g  o f  f low  

t h r o u g h  t h e  k i d n e y  was a s s o c i a t e d  w i t h  a n  im m e d ia te  r i s e  i n  p r e s s u r e  

w hich  i s  o f t e n  f o l l o w e d  by a  f u r t h e r  p r o g r e s s i v e  r i s e  i n  p r e s s u r e  ( a u t o ­

r e g u l a t i o n ) .  W hi le  t h e  p r o g r e s s i v e  r i s e  i n  p r e s s u r e  may be i n t e r p r e t e d  

a s  a  B a y l i s s  r e s p o n s e ,  t h e  long t i m e  co u r s e  o f  t h e  r e s p o n s e  s u g g e s t s  i t  

may be more  r e l a t e d  t o  o t h e r  mechanisms (w a s h o u t  o f  v a s o a c t i v e  m e t a b o ­

l i t e s )  .

The e f f e c t  o f  c o n g e s t i o n  upon t h e  f o r e l i m b  v a s c u l a r  b e d ' s
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r e s p o n s e  t o  i s c h e m i a  may a l s o  b e a r  on th e  myogen ic  t h e o r y  o f  l o c a l  r e g u ­

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

s u r e ,  a c c o m p l i s h e d  b y  c o n g e s t i n g  the  b ed ,  d u r i n g  t h e  p e r i o d  o f  i s c h e m i a ,  

a t t e n u a t e s  t h e  amount  o f  p o s t - i s c h e m i c  d i l a t i o n .  I n  f a c t ,  c o n g e s t i o n  

c o m p l e t e l y  a b o l i s h e s  t h e  r e s p o n s e  f o l l o w i n g  s h o r t  p e r i o d s  ( 2  t o  1 0  seconds)  

o f  i s c h e m i a .  Based  on s i m i l a r  c o n g e s t i o n  e x p e r i m e n t s ,  P a t t e r s o n  (44) 

h a s  a l s o  s u g g e s t e d  a r o l e  f o r  t r a n s m u r a l  p r e s s u r e  i n  t h e  r e a c t i v e  h y p e r ­

emia r e s p o n s e  s e e n  i n  human f o r e a r m s .  Bo th  o f  t h e  ab o v e  f i n d i n g s  a r e  

i n  a p p a r e n t  c o n f l i c t  w i t h  t h e  e f f e c t s  o f  s q u a r e  wave c h a n g e s  i n  b lo o d  

f low upon f o r e l i m b  p e r f u s i o n  p r e s s u r e .  However ,  p a r t  o f  t h e  r e s p o n s e  

f o l l o w i n g  i s c h e m i a  m us t  r e p r e s e n t  r e f i l l i n g  o f  t h e  v a s c u l a r  b e d ,  p a r t i c u ­

l a r l y  t h e  a r t e r i a l  s eg m en t .  I t  i s  a l s o  e v i d e n t  t h a t  p a r t  o f  t h e  r e s p o n s e

i s  due t o  a c t i v e  d i l a t i o n  b e c a u s e  th e  m a g n i t u d e  and d u r a t i o n  o f  t h e  r e ­

s p o n se  i s  d i r e c t l y  r e l a t e d  t o  t h e  l e n g t h  o f  t h e  i s c h e m i a  p e r i o d .  T h u s ,

i t  i s  c o n c e i v a b l e  t h a t  c o n g e s t i o n  a f f e c t s  t h e  r e s p o n s e  by p r e v e n t i n g  

t h e  volume d e p l e t i o n  and h a s  no e f f e c t  on t h e  r e a c t i v e  componen t  o f  t h e  

r e s p o n s e .

T h u s ,  t h e  s t u d i e s  p r o v i d e  l i t t l e  e v i d e n c e  f o r  an  a c t i v e  myogenic  

r e s p o n s e  t o  a l t e r a t i o n  o f  t r a n s m u r a l  p r e s s u r e  i n  t h e  f o r e  l imb and o n l y  

e q u i v o c a l  e v i d e n c e  f o r  such  a  mechanism i n  t h e  k i d n e y .  I n  g e n e r a l ,  t h e  

r e s p o n s e s  o b s e r v e d  a r e  b e t t e r  e x p l a i n e d  by i n e r t i a l  and  v i s c o u s  p r o p e r ­

t i e s  o f  t h e  b l o o d  v e s s e l s  and by ch a n g es  i n  v a s c u l a r  volume t h a n  by 

a c t i v e  r e s p o n s e s .  However ,  s q u a r e - w a v e  ch a n g e s  i n  b l o o d  f l o w  t o  t h e  

k i d n e y  o f t e n  p r o d u c e s  c h a n g e s  i n  p e r f u s i o n  p r e s s u r e  t h a t  a r e  i d e n t i c a l  

t o  t h o s e  p r e d i c t e d  b y  t h e  m y o g en ic  t h e o r y .

An i n c i d e n t a l  f i n d i n g  o f  i n t e r e s t  i s  t h a t  i n j u r e d  b l o o d  h a s
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u n u s u a l  v a s o a c t i v e  p r o p e r t i e s .  Such b lood  p r o d u c e s  v a s o d i l a t i o n  i n  t h e  

f o r e l i m b  and c o n s t r i c t i o n  i n  t h e  k i d n e y .  The a g e n t  o r  a g e n t s  r e s p o n s i b l e  

f o r  t h e  v a s o a c t i v i t y  a r e  unknown. I n  t h i s  r e g a r d ,  r ed  b l o o d  c e l l s  a r e  

known t o  c o n t a i n  r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  o f  a d e n o s i n e  and i t  i s  

i n t e r e s t i n g  t h a t  a d e n o s i n e  a l s o  d i l a t e s  t h e  f o r e l i m b  v a s c u l a r  bed and 

c o n s t r i c t s  t h e  r e n a l  v a s c u l a r  bed.

M e t a b o l i c  Theory

The s t u d i e s  u s i n g  t h e  f o r e l i m b  v a s c u l a r  bed as  an a s s a y  o rg a n  

f o r  t h e  v a s o a c t i v i t y  o f  v e n o u s  b lood  a r e  r e l e v a n t  t o  t h e  m e t a b o l i c  t h e o r y .

I n  g e n e r a l ,  t h e  c h a n g e s  i n  r e s i s t a n c e  i n  t h e  a s s a y  o r g a n  a r e  d i -  

r e c t i o n a l l y  t h e  same a s  t h e  a c t i v e  ch a n g es  i n  c a l i b e r  o f  t h e  v e s s e l s  i n  

t h e  r e g u l a t i n g  o r g a n .  T h u s ,  m an eu v e r s  t h a t  d e c r e a s e  f l ow t h r o u g h  th e  

d o n o r  o r g a n  d e c r e a s e s  r e s i s t a n c e  t h r o u g h  the  a s s a y  o r g a n .  Maneuvers  

t h a t  i n c r e a s e  f l o w  t h r o u g h  t h e  d o n o r  o r g a n  i n c r e a s e  r e s i s t a n c e  t h ro u g h  

t h e  a s s a y  o r g a n .  On t h e  o t h e r  h an d ,  i n c r e a s i n g  t h e  m e t a b o l i c  r a t e  o f  

t h e  d o n o r  o r g a n  p r o d u c e s  a  d e c r e a s e  i n  r e s i s t a n c e  i n  the  a s s a y  o r g a n .

I n  a d d i t i o n ,  t h e  s t u d i e s  show t h a t  venou s  b lood  i s  a lw a y s  d i l a t o r  t o  

a r t e r i a l  b l o o d  and  t h a t  c o r o n a r y  s i n u s  b lood  i s  c o n s i s t e n t l y  d i l a t o r  to  

c a v a l  b l o o d .

The ab ove c h a n g e s  i n  t h e  v a s o d i l a t o r  p r o p e r t i e s  o f  t h e  v enous  

b l o o d ,  a t  l e a s t  i n  t h e  k i d n e y ,  a r e  n o t  r e l a t e d  t o  c h a n g e s  i n  p l a s m a  po­

t a s s i u m ,  sod ium ,  o s m o l a l i t y  o r  oxygen t e n s i o n  o r  t o  c h a n g e s  i n  b l o o d  pH. 

Nor  a r e  t h e y  r e l a t e d  to  a c e t y l c h o l i n e ,  h i s t a m i n e  o r  e p i n e p h r i n e .

I t  a p p e a r s  t h a t  t h e  r a t i o  o f  b l o o d  f l o w  to  m e t a b o l i c  r a t e  i s  an 

i m p o r t a n t  d e t e r m i n a n t  o f  v a s c u l a r  r e s i s t a n c e .  A change  i n  t h e  r a t i o  

seems t o  a l t e r  t h e  v a s o d i l a t o r  a c t i v i t y  o f  venous  b l o o d  i n  s u ch  a  way
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t h a t  r e s i s t a n c e  to  f lo w t h r o u g h  t h e  a s s a y  o r g a n  i s  a l t e r e d  i n  t h e  same 

d i r e c t i o n  a s  t h r o u g h  t h e  r e g u l a t i n g  o r g a n .  I t  i s  p r o b a b l e  t h a t  a  change 

i n  t h e  r a t i o  a l t e r s  t h e  t i s s u e  c o n c e n t r a t i o n  o f  some v a s o d i l a t o r  m e t a b o ­

l i t e  which i n  t u r n  a l t e r s  t h e  c o n t r a c t i l e  s t a t e  o f  t h e  v a s c u l a r  smooth 

m u sc le  and h e n c e  r e s i s t a n c e .  The p o s s i b i l i t y  t h a t  t h e  r e s p o n s e s  s ee n  

were  p a r t l y  due to  c h a n g es  i n  b l o o d  v i s c o s i t y  s u b s e q u e n t  t o  c h a n g e s  i n  

c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  i n  t h e  r e g u l a t i n g  o r g a n  s h o u l d  be i n v e s t i ­

g a t e d  more t h o r o u g h l y .  I t  i s  p o s s i b l e ,  f o r  ex am ple ,  t h a t  p a r t  o f  t h e  

en h an ced  v a s o d i l a t o r  p r o p e r t y  o f  r e n a l  venou s  b lo o d  f o l l o w i n g  r e n a l  

i s c h e m i a  i s  due  t o  d e c r e a s e d  v i s c o s i t y  r e s u l t i n g  f rom a n  i n f l u x  o f  f l u i d  

d u r i n g  th e  p e r i o d  o f  o c c l u s i o n .  S m a l l  ch a n g e s  i n  h e m a t o c r i t  we re  o b ­

s e r v e d .

P e c u l i a r i t i e s  o f  I n d i v i d u a l  V a s c u l a r  Beds 

The p r e s e n t  d a t a  p r o v i d e  new i n f o r m a t i o n  r e l e v a n t  t o  t h e  b a s i c  

mechanisms i n v o l v e d  i n  l o c a l  r e g u l a t i o n  o f  b l o o d  f l o w .  F u r t h e r ,  t h e y  

i n d i c a t e  t h a t  some o f  t h e  mecha n isms  p o s t u l a t e d  t o  be  i m p o r t a n t  f a c t o r s  

( t i s s u e  p r e s s u r e  and oxygen  t e n s i o n )  i n  l o c a l  r e g u l a t i o n  may n o t  be  o p ­

e r a t i v e  a t  a l l  o r  o n l y  p l a y  a  m in im a l  r o l e  i n  t h e  r e s p o n s e s .  A l t h o u g h  

s t r o n g  s u p p o r t  i s  p r o v i d e d  by t h e s e  s t u d i e s  f o r  t h e  m e t a b o l i t e  t h e o r y  

o f  l o c a l  r e g u l a t i o n  t h e  n e c e s s i t y  f o r  i n v o l v e m e n t  o f  o t h e r  mechanisms 

i s  a l s o  e v i d e n t .  C e r t a i n l y ,  f u n c t i o n a l  and a n a t o m i c a l  p e c u l i a r i t i e s  

from one v a s c u l a r  bed t o  a n o t h e r  i n f l u e n c e  t h e  v a r i o u s  l o c a l  r e s p o n s e s .  

F o r  e x a m p l e ,  i n c r e a s i n g  b l o o d  f l o w  t o  t h e  c o r o n a r y  v a s c u l a r  b e d ,  a s  

m ig h t  o c c u r  w i t h  e l e v a t i o n  o f  a o r t i c  p r e s s u r e ,  may i n c r e a s e  m y o c a r d i a l  

c o n t r a c t i l e  s t r e n g t h  (1 )  and t h u s  m y o c a r d i a l  m e t a b o l i s m .  I f  t h e  i n ­

c r e a s e  i n  m e t a b o l i s m  i s  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  f l o w  t h e
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v a s o d i l a t o r  m e t a b o l i t e  c o n c e n t r a t i o n  would be u n a l t e r e d  w h ich  wou ld  t e n d  

t o  m i n i m i z e  t h e  a u t o r e g u l a t o r y  r e s p o n s e .  Of c o u r s e ,  d e p e n d in g  upon t h e  

change i n  t h e  m e t a b o l i s m  t o  p e r f u s i o n  r a t i o ,  any d e g r e e  o f  c o r o n a r y  

a u t o r e g u l a t i o n  c o u l d  be  o b t a i n e d .  T h i s  may p a r t l y  e x p l a i n  t h e  h i g h l y  

v a r i a b l e  a u t o r e g u l a t o r y  r e s p o n s e  s ee n  i n  t h e  c o r o n a r y  bed i n  t h e  p r e s e n t  

s t u d y .

One o f  t h e  m os t  i n t e r e s t i n g  and most  d i f f i c u l t  r e s p o n s e s  t o  

e x p l a i n  i s  t h e  v e n o u s - a r t e r i o l a r  r e s p o n s e .  T h i s  r e s p o n s e  was f i r s t  d e ­

s c r i b e d  by G a s k e l l  and B u r t o n  (17)  and was a t t r i b u t e d  to  a " v e n i - v a s o -  

m oto r"  r e f l e x  o f  l o c a l  o r i g i n .  Haddy and G i l b e r t  (23)  s u b s e q u e n t l y  i n ­

v e s t i g a t e d  t h e  r e s p o n s e  i n  t h e  f o r e l i m b  of  th e  pump p e r f u s e d  dog. They 

c o n c l u d e d  t h e  r e s p o n s e  i s  m e d i a t e d  o v e r  n e r v o u s  p a thw ays  w h ich  a r e  

p r o b a b l y  n o t  l o c a l  i n  d i s t r i b u t i o n .  The l a t t e r  i n t e r p r e t a t i o n  was 

b a s e d  on t h e  f i n d i n g  t h a t  b l o c k i n g  t h e  f o r e l i m b  n e r v e s  w i t h  p r o c a i n e  

a p p a r e n t l y  e l i m i n a t e d  t h e  r e s p o n s e .  Haddy, S c o t t ,  F l e i s h m a n ,  and 

Emanuel  (26)  examined t h e  r e s p o n s e  i n  t h e  r e n a l  v a s c u l a r  bed o f  t h e  pump 

p e r f u s e d  dog and c o n c l u d e d  t h a t  t h e  r e s p o n s e  i n  t h e  k i d n e y  i s  m e d i a t e d  

i n  p a r t  b y  a  n o n - l o c a l  r e f l e x  and i n  p a r t  by p a s s i v e  v a s o c o n s t r i c t i o n  

i n d u c e d  by  an  i n c r e a s e  i n  i n t e r s t i t i a l  p r e s s u r e .  J o h n s o n  (35)  examine d  

t h e  e f f e c t s  o f  e l e v a t e d  v en o u s  p r e s s u r e  i n  a  c o m p l e t e l y  i s o l a t e d  s e c t i o n  

o f  t h e  i l e u m  and found r e s i s t a n c e  t o  f l o w  c o n s i s t e n t l y  i n c r e a s e d  a s  a 

f u n c t i o n  o f  v en o u s  p r e s s u r e  e l e v a t i o n .  The r e s p o n s e  was  n o t  a f f e c t e d  

by v a r i o u s  s y m p a t h e t i c  and p a r a s y m p a t h e t i c  b l o c k i n g  a g e n t s .  From t h e s e  

f i n d i n g s  he c o n c l u d e d  t h a t  t h e  r e s p o n s e  i s  m e d i a t e d  by ch a n g e s  i n  

t r a n s m u r a l  p r e s s u r e  ( B a y l i s s )  and h a s  no n e r v o u s  co m ponen t ,  a t  l e a s t  i n  

t h e  i n t e s t i n e .  Hinshaw (31)  r e - i n v e s t i g a t e d  t h e  e f f e c t s  o f  ven o u s
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p r e s s u r e  e l e v a t i o n  upon r e n a l  v a s c u lu i l a r  r e s i s t a n c e  i n  t h e  n a t u r a l l y  p e r ­

f u s e d  k i d n e y  and found t h a t  re s is t ar nan C e d e c r e a s e s  a s  a f u n c t i o n  o f  venous  

p r e s s u r e  e l e v a t i o n .  He concluded thrilhat t h e  f a l l  i n  r e s i s t a n c e  i s  m e d i a t e d  

m a i n l y  t h r o u g h  a f a l l  i n  venous r e s i l a l s t a n c e  s u b s e q u e n t  t o  p a s s i v e  d i s t e n ­

t i o n  o f  i n t r a - r e n a l  v e i n s .  Thus, thiithe p r e s e n c e  or a b s e n c e  o f  t h e  r e s p o n s e  

i n  t h e  r e n a l  b ed  a p p a r e n t l y  depends  son  t h e  t e c h n i q u e s  u sed  t o  examine 

t h e  r e s p o n s e .  The p r e s e n t  s t u d i e s  aeanci t h e  s t u d i e s  o f  J o h n s o n  i n d i c a t e  

t h e  r e s p o n s e  i n  t h e  i n t e s t i n e  o c c u r s  8‘a b o t h  i n  t h e  pump p e r f u s e d  and 

n a t u r a l l y  p e r f u s e d  i n t e s t i n e .  I t  i s  83 e l s o  p r o b a b l e  t h a t  t h e  r e s p o n s e  i n  

t h e  l imb i s  n o t  d e p e n d e n t  on a consts i tar rc  b l o o d  f l o w  ( 1 7 ) .  F u r t h e r ,  t h e  

p r e s e n t  s t u d i e s  a s  w e l l  a s  t h e  s t u d i e l U a  o f  Jo h n s o n ,  i n d i c a t e  t h a t  t h e  r e ­

s p o n s e  i s  n o t  m e d i a t e d  t h r o u g h  a nervTtvous  m ech an i sm ,  a t  l e a s t  i n  t h e  f o r e ­

l imb and i n t e s t i n e .  T h u s ,  i n  the i n C t r t e s t i n e  and f o r e l i m b  an i n c r e a s e  i n  

v en o u s  p r e s s u r e  a t  c o n s t a n t  flow o r  o  c o n s t a n t  p e r f u s i o n  p r e s s u r e  e l i c i t s  

a r e s p o n s e  t h a t  p r e v e n t s  a  p a s s i v e  faeïal  l  i a  r e s i s t a n c e .  T h a t  t h e  r e s p o n s e  

i s  a c t i v e  r a t h e r  t h a n  p a s s i v e  i s  i n d i l E i c a t e d  by t h e  p r e s e n t  f i n d i n g  t h a t  

f o r e l i m b  t i s s u e  p r e s s u r e  and gu t  lumesnen p r e s s u r e  a r e  u n a f f e c t e d  by t h e  

m aneuve r .  E l e v a t i o n  o f  v en o u s  pressuuiure  a t  c o n s t a n t  p e r f u s i o n  p r e s s u r e  

s h o u l d  d e c r e a s e  t h e  r a t i o  o f  blood f l - I lo t f  t o  m e t a b o l i c  r a t e ,  h e n c e  p r o ­

d u c e  d i l a t i o n  r a t h e r  t h a n  c o n s t r i c t i o i o o n .  T i m s ,  i t  w o u ld  a p p e a r  t h e  a c t i v e  

c o n s t r i c t i o n  i s  i n i t i a t e d  by th e  i n c r « i t e a s e  I n  t r a n s m u r a l  p r e s s u r e  (myo­

g e n i c  r e s p o n s e )  a s  p o s t u l a t e d  by Johnannson.  However,  t h i s  i s  n o t  c o m p a t i b l e  

w i t h  t h e  f i n d i n g  i n  t h i s  s t u d y  th a t  soesquare wave c h a n g e s  i n  b l o o d  f lo w  do 

n o t  a p p e a r  t o  e l i c i t  a  m y ogen ic  responoonse i n  t h e  f o r e l i m b .

Th e r e s p o n s e  i n  t h e  k idney s ee sem s  t o  b e  c o m p l i c a t e d  by a c t i v e  and 

p a s s i v e  c h a n g e s  i n  r e s i s t a n c e .  R e s i s t t a t a n c e  i n c r e a s e s  o r  r e m a i n s
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unchanged a f t e r  veno us  p r e s s u r e  e l e v a t i o n  i n  t h e  pump p e r f u s e d  k i d n e y ,  

b u t  t h e  same m aneuve r  p r o d u c e s  a f a l l  i n  r e s i s t a n c e  i n  t h e  n a t u r a l l y  

p e r f u s e d  k i d n e y .  R e n a l  t i s s u e  p r e s s u r e  i n c r e a s e s  i n  b o t h  s i t u a t i o n s .

The d i l a t i o n  s e e n  i n  t h e  n a t u r a l l y  p e r f u s e d  k id n e y  c o u l d  be  due t o :  1)

p a s s i v e  d i s t e n t i o n  o f  v e i n s  and p e r h a p s  a r t e r i e s  s u b s e q u e n t  t o  i n c r e a s e d  

t r a n s m u r a l  p r e s s u r e ,  2 ) a c t i v e  d i l a t i o n  due t o  a d e c r e a s e  i n  t h e  r a t i o

o f  f lo w  t o  m e t a b o l i s m ,  s u b s e q u e n t  t o  t h e  f a l l  i n  b lood  f l o w ,  3) a c t i v e

d i l a t i o n  due t o  a d e c r e a s e  i n  t r a n s m u r a l  p r e s s u r e  i f  i n t r a l u m i n a l  p r e s ­

s u r e  r i s e s  more t h a n  e x t r a l u m i n a l  p r e s s u r e .  C e r t a i n l y ,  t h e  d i l a t i o n  i s  

l i m i t e d  by t h e  r i s e  i n  i n t e r s t i t i a l  p r e s s u r e  and p o s s i b l y  by an  a c t i v e

r e s p o n s e .  The l a c k  o f  d i l a t i o n  s e e n  in  t h e  pump p e r f u s e d  k i d n e y  c o u l d

be due:  1 ) t o  an  u n ch an g ed  r a t i o  o f  f l ow t o  m e t a b o l i s m ,  s i n c e  f l o w  i s

c o n s t a n t ,  2 ) a c t i v e  c o n s t r i c t i o n  due t o  i n c r e a s e d  t r a n s m u r a l  p r e s s u r e  

i f  i n t r a l u m i n a l  p r e s s u r e  r i s e s  more t h a n  e x t r a l u m i n a l  p r e s s u r e .

I t  i s  a p p a r e n t  from t h e  ab ove d i s c u s s i o n  t h a t  t h e  f i n a l  e x p l a ­

n a t i o n  o f  t h e  v e n o u s - a r t e r i o l a r  a w a i t s  f u r t h e r  i n v e s t i g a t i o n .

I t  i s  c l e a r l y  e v i d e n t  f rom t h e s e  s t u d i e s  t h a t  a change i n  i n ­

t e s t i n a l  a c t i v i t y  o r  t o n u s  can g r e a t l y  m o d i f y  t h e  r e a c t i v e  h y p e r e m i c  

r e s p o n s e  i n  t h e  i n t e s t i n e .  C e r t a i n l y ,  i n  v a s c u l a r  beds  t h a t  h av e  l i t t l e  

smooth  m usc le  ( l u n g )  t h e  p a s s i v e  e f f e c t s  p r o d u c e d  by a l t e r a t i o n s  i n  a r ­

t e r i a l  o r  v enous  p r e s s u r e  w i l l  p r e d o m i n a t e .

From t h e  above d i s c u s s i o n  i t  i s  o b v i o u s  t h a t  any e x a c t  t h e o r y  o f  

l o c a l  r e g u l a t i o n  o f  b l o o d  f lo w  m i g h t  have to  be  m o d i f i e d  when a p p l i e d  t o  

a p a r t i c u l a r  v a s c u l a r  bed .  However ,  f rom t h e  p r e s e n t  d a t a ,  a g e n e r a l  

h y p o t h e s i s  o f  l o c a l  r e g u l a t i o n  o f  b l o o d  f lo w  wou ld  be t h a t  l o c a l  r e g u l a ­

t i o n  i s  p r i m a r i l y  m e d i a t e d  by c h a n g e s  i n  v a s o a c t i v e  m e t a b o l i t e  c o n c e n t r a ­

t i o n s  p ro d u c e d  by a l t e r a t i o n  o f  t h e  r a t i o  o f  b l o o d  f low t o  m e t a b o l i c  r a t e .
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A p o s s i b l e  a b e t t i n g  mechan ism i s  a c t i v e  ch a n g es  i n  v e s s e l  c a l i b e r  m e d i ­

a t e d  t h r o u g h  c h a n g e s  i n  t r a n s m u r a l  p r e s s u r e .

E f f e c t  o f  V a s o a c t i v e  A g e n t s  on t h e  I n t e s t i n a l  

And R e n a l  V a s c u l a r  Bed

As i n d i c a t e d  i n  t h e  i n t r o d u c t i o n ,  numerous  n a t u r a l  o c c u r r i n g  

s u b s t a n c e s  a r e  c u r r e n t l y  b e i n g  c o n s i d e r e d  a s  p o s s i b l e  c a n d i d a t e s  f o r  a 

r o l e  i n  m e t a b o l i c  r e g u l a t i o n  o f  b l o o d  f lo w .  I n  t h e  p r e s e n t  s t u d i e s  the  

v a s c u l a r  e f f e c t s  o f  some o f  t h e  more l i k e l y  s u b s t a n c e s  h ave  b e e n  c h a r a c ­

t e r i z e d  i n  v a s c u l a r  b e d s  i n  w h i c h  t h e i r  e f f e c t s  a r e  s u b s t a n t i a l l y  u n ­

known .

The r e n a l  c o n s t r i c t i o n  p ro d u c e d  by a d e n o s i n e ,  AMP and ADP i s  

s u r p r i s i n g  i n  v i ew  o f  t h e i r  w e l l  documented v a s o d i l a t o r  e f f e c t s  i n  t h e  

f o r e l i m b  (14 )  and h e a r t  ( 5 9 ) .  I n t r a v e n o u s  a d m i n i s t r a t i o n  o f  t h e  com­

po unds  i s  a l s o  a s s o c i a t e d  w i t h  a f a l l  i n  s y s t e m i c  p r e s s u r e  ( 2 0 ) .  Even 

ATP p r o d u c e d  o n l y  m in im a l  d i l a t i o n  i n  k i d n e y ,  w h e r e a s  i t  i s  known t o  be 

a p o t e n t  v a s o d i l a t o r  i n  o t h e r  v a s c u l a r  b e d s .  T h i s  f i n d i n g  may be  p a r t l y  

r e l a t e d  t o  t h e  f a c t  t h a t  t h e  r e n a l  v a s c u l a r  bed i s  n o r m a l l y  r e l a t i v e l y  

d i l a t e d  and f u r t h e r  d i l a t i o n  i s  o f t e n  h a r d  to  p r o d u c e  ( 1 6 ) .  S i n c e  o n ly  

one c o n c e n t r a t i o n  ( 6 . 5  p g )  o f  t h e  a g e n t s  was s t u d i e d  i t  i s  p o s s i b l e  

t h a t  t h e i r  v a s c u l a r  e f f e c t s  m i g h t  be d i f f e r e n t  a t  o t h e r  c o n c e n t r a t i o n s .  

Some r e c e n t  e v i d e n c e  i n d i c a t e s  t h a t  e p i n e p h r i n e  p r o d u c e s  v a s c u l a r  d i l a ­

t i o n  a t  v e r y  low b l o o d  c o n c e n t r a t i o n  and c o n s t r i c t i o n  a t  h i g h e r  c o n c e n ­

t r a t i o n s .  However ,  f rom t h e  p r e s e n t  s t u d i e s  i t  a p p e a r s  t h a t  o f  t h e  

a g e n t s  s t u d i e d  o n l y  ATP c o u l d  be  i n v o l v e d  i n  r e n a l  a u t o r e g u l a t i o n .

I n  c o n t r a s t  t o  t h e  r e n a l  b ed ,  a l l  t h e  a d e n y l  compounds p r o d u c e d  

v a s o d i l a t i o n  i n  t h e  i n t e s t i n a l  v a s c u l a r  bed o v e r  a wide  r a n g e  o f
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c o n c e n t r a t i o n s .  A l s o ,  t h e  m a g n i tu d e  o f  d i l a t i o n  p r o d u c e d  by each  a g e n t  

was  a p p r o x i m a t e l y  e q u a l .  T h e s e  f i n d i n g s  a r e  s i m i l a r  t o  t h o s e  r e p o r t e d  

by F r o h l i c h  (14) i n  t h e  dog f o r e l i m b .  None o f  t h e  compounds a p p e a r e d  

t o  have an y  a f f e c t  upon i n t e s t i n a l  smooth  m u s c l e  a s  i n d i c a t e d  by t h e  u n ­

a l t e r e d  lumen p r e s s u r e ,  T h u s ,  i t  i s  c o n c e i v a b l e  t h a t  a l l  t h e  a g e n t s  

may p l a y  a  r o l e  i n  l o c a l  r e g u l a t i o n  i n  t h e  i n t e s t i n a l  v a s c u l a r  bed .

The e f f e c t s  o f  a c e t y l c h o l i n e  and  s e r o t o n i n  upon i l e a l  b l o o d  

f l o w . e m p h a s i z e s  t h e  r o l e  o f  i n t e s t i n a l  m u s c l e  i n  r e g u l a t i n g  i n t e s t i n a l  

b lo o d  f l o w .  The d i l a t i o n  p r o d u c e d  by a c e t y l c h o l i n e  a t  t h e  l o w e r  c o n c e n ­

t r a t i o n s  i s  n o t  s e e n  a t  h i g h e r  c o n c e n t r a t i o n s  p r o b a b l y  b e c a u s e  o f  i n ­

c r e a s e d  e x t r a v a s c u l a r  c o m p r e s s i o n  s u b s e q u e n t  t o  i n c r e a s e d  a c t i v i t y  o f  

t h e  g u t  smooth  m u sc le .  S u p p o r t  f o r  t h i s  i n t e r p r e t a t i o n  i s  t h e  l a r g e  

o v e r s h o o t  i n  b lood f l o w  and d e c r e a s e  i n  lumen p r e s s u r e  s e e n  i m m e d i a t e l y  

up on  s t o p p i n g  the  a g e n t .  T h i s  may i n d i c a t e  t h a t  t h e  d u r a t i o n  o f  a c e t y l ­

c h o l i n e ' s  e f f e c t  on i n t e s t i n a l  smooth m u s c l e  i s  s h o r t  r e l a t i v e  t o  t h e  

d u r a t i o n  o f  i t s  e f f e c t  on  v a s c u l a r  smooth  m u s c l e .

The f i n d i n g s  t h a t  s e r o t o n i n  i n c r e a s e s  lumen p r e s s u r e  b u t  d oes  

n o t  a f f e c t  b l o o d  f low may i n d i c a t e  t h e  a g e n t  d o e s  p ro d u c e  some v a s c u l a r  

d i l a t i o n  w h ich  i s  p e r f e c t l y  a n t a g o n i z e d  by  an  i n c r e a s e d  ^ - e x t r a v a s c u l a r  

p r e s s u r e .  S u p p o r t  f o r  t h i s  s t a t e m e n t  i s  t h e  low f low  and e l e v a t e d  

lumen p r e s s u r e  seen i m m e d i a t e l y  upon s t o p p i n g  t h e  d r u g .  However ,  l o c a l  

a d m i n i s t r a t i o n  o f  s e r o t o n i n ,  i n  t h e  dog f o r e l i m b ,  o f t e n  f a i l s  t o  a l t e r  

t o t a l  r e s i s t a n c e  to f low  b e c a u s e  o f  a c o n c o m i t a n t  f a l l  i n  s m a l l  v e s s e l  

r e s i s t a n c e  and r i s e  i n  v e n o u s  and a r t e r i a l  r e s i s t a n c e  ( 2 4 ) .  I t  i s  im­

p o s s i b l e  t o  d e t e r m i n e  f r o m  t h e  p r e s e n t  s t u d i e s  i f  t h e  abov e s e g m e n t a l  

r e s p o n s e  a l s o  o cc u r s  i n  t h e  i n t e s t i n e .  I n  a n y  e v e n t ,  t h e  a c t i o n  o f



125

s e r o t o n i n  on i n t e s t i n a l  m u s c l e  a p p e a r s  t o  be long r e l a t i v e  t o  i t s  e f f e c t  

upon v a s c u l a r  m u s c l e .

The e f f e c t s  o f  t h e  v a r i o u s  c a t i o n s  s o l u t i o n s  upon i l e a l  b lo o d  

f lo w  and  c a l c u l a t e d  r e s i s t a n c e  a r e  s i m i l a r  t o  t h e i r  e f f e c t  i n  o t h e r  v a s ­

c u l a r  b ed s  (1 6 ,  4 3 ,  4 9 ,  50)  w i t h  t h e  e x c e p t i o n  of t h e  c a l c i u m  i o n .

The s l i g h t  i n c r e a s e  i n  b lo o d  f l o w  a s  a f u n c t i o n  o f  t h e  sodium 

c h l o r i d e  i n f u s i o n  r a t e  i s  t h a t  e x p e c t e d  on a d i l u t i o n a l  b a s i s  ( d e c r e a s e d  

v i s c o s i t y ) .  T h i s  d i l u t i o n a l  e f f e c t  ( 1 6 ,  4 3 ,  4 9 ,  5 0 )  h a s  been  p r e v i o u s l y  

d e s c r i b e d  i n  t h e  h e a r t ,  k i d n e y  and f o r e  l im b .  Sodium c h l o r i d e  i s  a p ­

p a r e n t l y  w i t h o u t  a f f e c t  on i n t e s t i n a l  smooth  muscle a s  i n d i c a t e d  by t h e  

c o n s t a n t  lumen p r e s s u r e  and l a c k  o f  a c t i v i t y  t h r o u g h o u t  t h e  i n f u s i o n .  

However ,  t h e  s a l i n e  s o l u t i o n  d i d  n o t  a f f e c t  t h e  sodium c o n c e n t r a t i o n  o f  

t h e  p e r f u s i n g  f l u i d ,  b e c a u s e  t h e  s o l u t i o n  c o n t a i n e d  t h e  same amount  o f  

sod ium a s  b l o o d .

The magnesium i o n  a p p e a r s  t o  be a v e r y  p o t e n t  d i l a t o r  o f  t h e  

i n t e s t i n a l  v a s c u l a t u r e  and  a p p a r e n t l y  h a s  l i t t l e  e f f e c t  up o n  i n t e s t i n a l  

smooth  m u s c l e .  However ,  t h e  t e c h n i q u e  u s e d  t o  measure  i n t e s t i n a l  t o n u s  

i s  n o t  s e n s i t i v e  en o u g h  t o  a s c e r t a i n  s m a l l  changes  i n  t o n u s ,  t h u s  p a r t  

o f  t h e  d i l a t o r  e f f e c t  p r o d u c e d  by magnesium may have r e s u l t e d  f rom a 

p a s s i v e  r e l a x a t i o n  of  i n t e s t i n a l  smooth  m u s c l e .

The s l i g h t  a v e r a g e  i n c r e a s e  i n  i l e a l  b lood f l o w  and d e c r e a s e  i n  

c a l c u l a t e d  r e s i s t a n c e  p r o d u c e d  by  c a l c i u m  c h l o r i d e  i n f u s i o n  i s  s u r p r i ­

s i n g  i n  v iew o f  i t s  w e l l  docum en te d  c o n s t r i c t o r  e f f e c t s  i n  s e v e r a l  

o t h e r  s y s t e m i c  v a s c u l a r  b e d s  ( 1 6 ,  4 3 ,  5 0 ) .  The d i l a t i o n  p r o b a b l y  r e p r e ­

s e n t s  a  d i l u t i o n a l  e f f e c t  r a t h e r  t h a n  a ch a n g e  i n  v e s s e l  r a d i u s  b e c a u s e  

t h e  f l o w  i n c r e a s e  i s  o f  t h e  same o r d e r  o f  magni tude  as t h a t  p r o d u c e d  by
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s od ium c h l o r i d e .  However ,  t h e  a p p a r e n t  l a c k  o f  c o n s t r i c t i o n  a s s o c i a t e d  

w i t h  t h e  c a l c i u m  c h l o r i d e  i n f u s i o n  i s  d i f f i c u l t  t o  e x p l a i n .  I t  may be 

t h a t  t h e  i n t e s t i n a l  smooth m u s c le  was r e l a x e d  by t h e  c a l c i u m  i n f u s i o n  

and  t h u s  masked any v a s c u l a r  c o n s t r i c t i o n .  T h i s  c o n t e n t i o n ,  howeve r ,  

i s  n o t  s u p p o r t e d  by t h e  u n a l t e r e d  lumen p r e s s u r e  d u r i n g  t h e  c a l c i u m  

c h l o r i d e  i n f u s i o n .

The b i p h a s i c  r e s p o n s e  o f  t h e  i n t e s t i n a l  v a s c u l a r  bed to  p o t a s s i u m  

c h l o r i d e  i n f u s i o n ,  i . e , , d i l a t i o n  o v e r  t h e  lo w e r  r a n g e  o f  i n f u s i o n  r a t e s  

an d  c o n s t r i c t i o n  a t  t h e  h i g h e r  i n f u s i o n  r a t e s  i s  c o m p a t i b l e  w i t h  i t s  r e ­

p o r t e d  e f f e c t s  i n  o t h e r  v a s c u l a r  b e d s  (4 9 ,  5 0 ) .  I n  c o n t r a s t  t o  t h e  l imb  

and k i d n e y ,  p a r t  o f  t h e  ch a nges  i n  r e s i s t a n c e  w i t h  t h e  p o t a s s i u m  c h l o r i d e  

i n f u s i o n  may be r e l a t e d  to  a  p a s s i v e  mechan ism i n v o k e d  by t h e  ch a n g es  

i n  e x t r a l u m i n a l  p r e s s u r e .  Some e v i d e n c e  f o r  t h i s  s t a t e m e n t  i s  t h e  f i n d ­

i n g  t h a t  t h e  i n f u s i o n  o f  p o t a s s i u m  p l u s  a t r o p i n e  p r e v e n t e d  t h e  r i s e  i n  

lumen p r e s s u r e  and t h e  f a l l  i n  b l o o d  f l o w  t h a t  o c c u r r e d  a t  t h e  h i g h e r  

p o t a s s i u m  i n f u s i o n  r a t e s .  However ,  i t  i s  a l s o  p o s s i b l e  t h a t  a t r o p i n e  

b l o c k s  t h e  v a s c u l a r  e f f e c t s  o f  h i g h  p o t a s s i u m  c o n c e n t r a t i o n s  a s  w e l l  as  

i t s  e f f e c t  upo n  i n t e s t i n a l  smooth  m u s c l e .

An i n c i d e n t a l  o b s e r v a t i o n  o f  i n t e r e s t  i s  t h e  r i s e  i n  a o r t i c  p r e s ­

s u r e  t h a t  a l w a y s  ac co m p an ie s  t h e  i n f u s i o n  o f  i s o t o n i c  p o t a s s i u m  c h l o r i d e  

a t  r a t e s  o f  1 . 0  ml  o r  more p e r  m i n u t e .  S i n c e  t h e  p r e s s o r  r e s p o n s e  i s  

e l i c i t e d  b e f o r e  t h e  i l e a l  veno us  b l o o d  h a s  b e e n  r e t u r n e d  t o  t h e  s y s t e m i c  

c i r c u l a t i o n  i t  c a n n o t  be m e d i a t e d  t h r o u g h  a  g e n e r a l  r i s e  i n  b l o o d  p o t a s ­

s ium l e v e l s .  T h e r e f o r e ,  th e  r e s p o n s e  i s  p r o b a b l y  i n i t i a t e d  by l o c a l  

s t i m u l a t i o n  o f  a f f e r e n t  n e r v e s  f r o m  t h e  i n t e s t i n e .  P r e l i m i n a r y  s t u d i e s  

have  d e m o n s t r a t e d  t h e  r e s p o n s e  c a n n o t  be  e l i c i t e d  a f t e r  t h e  i l e a l  s e c t i o n
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i s  d en e rv a t r ed ,  A s i m i l a r  r e f l e x  p r e s s o r  r e s p o n s e  (13,  37) h a s  b ee n  r e ­

c e n t l y  d e m o n s t r a t e d  by l o c a l  i n f u s i o n  o f  a c e t y l c h o l i n e  o r  l o w e r i n g  o f  

b l o o d  t h r o u g h  t h e  i n t e s t i n a l  v a s c u l a r  bed o f  t h e  c a t .  The l a t t e r  two 

m aneuve rs  f a i l e d  t o  e l i c i t  t h e  r e s p o n s e  i n  t h e  p r e s e n t  s t u d i e s .

T h u s ,  i t  a p p e a r s  o f  t h e  a g e n t s  t e s t e d  t h a t  o n l y  magnesium,  p o t a s ­

s ium and a c e t y l c h o l i n e  c o u l d  p o s s i b l y  be i n v o l v e d  i n  l o c a l  r e g u l a t i o n  o f  

f l o w  t h r o u g h  t h e  i n t e s t i n e .

I n t e r p l a y  Be tw een  L o c a l  and Remote Mechanisms D u r i n g  Hemorrhage 

T h e s e  s t u d i e s  i n d i c a t e  t h a t  u n d e r  c o n d i t i o n s  t h a t  e f f e c t  t h e  

c a r d i o v a s c u l a r  s y s t e m  a s  a  whole  (h e m o r r h a g e ) ,  t h e  b lo o d  v e s s e l s  a r e  

r e g u l a t e d  by b o t h  l o c a l  an d  r em o te  m echan i sm s .

I m m e d i a t e l y  f o l l o w i n g  h e m o r r h a g e ,  b lo o d  f l ow th r o u g h  t h e  f o r e ­

l i m b ,  r e n a l  and i n t e s t i n a l  v a s c u l a r  b e d s  f a l l s  p r o p o r t i o n a t e l y  more t h a n  

t h e  p r e s s u r e  g r a d i e n t .  C a l c u l a t e d  r e s i s t a n c e  i s  t h e r e f o r e  i n c r e a s e d .

The r e s i s t a n c e  r i s e  i s  m e d i a t e d  by a c t i v e  c o n s t r i c t i o n  v i a  a  b a r o r e c e p -  

t o r  i n d u c e d  s y m p a t h i c o - a d r e n a l  d i s c h a r g e  and by p a s s i v e  c o n s t r i c t i o n  

f rom f a l l  i n  t r a n s m u r a l  p r e s s u r e  (27)  . W i t h i n  a few m i n u t e s  f l o w  and 

p r e s s u r e  b e g a n  t o  r i s e  t o w a r d  c o n t r o l  and t h e  r i s e  i n  f low  i s  p r o p o r ­

t i o n a t e l y  g r e a t e r  t h a n  t h e  r i s e  i n  p r e s s u r e ;  c a l c u l a t e d  r e s i s t a n c e  f a l l s .  

A f t e r  t w e n t y  m i n u t e s  t h e  r e s i s t a n c e  t o  f l o w  t h r o u g h  a l l  t h r e e  b e d s  i s  

c o n s i d e r a b l y  d e c r e a s e d  f rom t h e  maximum v a l u e  p ro d u c ed  by h e m o r r h a g e .  

However ,  upon  r e - i n f u s i o n  o f  t h e  shed b l o o d  t h e r e  i s  a t r a n s i e n t  r i s e  

i n  r e s i s t a n c e .

I f  t h e  f a l l  i n  f l o w  i s  p r e v e n t e d  by pump p e r f u s i o n  d u r i n g  hem or­

r h a g e  a  s l i g h t l y  d i f f e r e n t  r e s p o n s e  i s  o b t a i n e d .  R e s i s t a n c e  a g a i n  r i s e s  

r a p i d l y  w i t h  t h e  o n s e t  o f  b l e e d i n g  and r e a c h e s  a peak  v a l u e  w i t h i n  t h r e e
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m i n u t e s  a f t e r  c e s s a t i o n  o f  b l e e d i n g .  However,  i n  c o n t r a s t  to  t h e  n a t u r a l  

f low  s t u d i e s  t h e  r e s i s t a n c e  i n c r e a s e  i s  w e l l  m a i n t a i n e d  d u r i n g  t h e  e n t i r e  

h ypovo lem ic  p e r i o d  and p r o m p t l y  f a l l s  to w ar d  t h e  c o n t r o l  v a l u e  upon r e ­

i n f u s i o n  o f  t h e  shed  b l o c d .

T hese  s t u d i e s  d e m o n s t r a t e  t h a t  c o n s t r i c t i o n  o f  p r e c a p i l l a r y  v e s ­

s e l s  i n  th e  l i m b ,  k i d n e y ,  and i n t e s t i n e  f o l l o w i n g  h em orr hage  i s  b e t t e r  

m a i n t a i n e d  when b l o o d  f lo w  i s  h e l d  c o n s t a n t .  T h u s ,  t h e  g r e a t e r  waning 

i n  r e s i s t a n c e  s e e n  i n  t h e  n a t u r a l  f l ow s t u d i e s  m u s t ,  i n  p a r t ,  r e s u l t  

f rom some l o c a l  mechan ism ( a u t o r e g u l a t i o n )  p r o b a b l y  a c t i v a t e d  by t h e  r e ­

d u c t i o n  i n  b l o o d  f l o w  ( a c c u m u l a t i o n  o f  v a s o d i l a t o r  m e t a b o l i t e s ) .  The 

t r a n s i e n t  i n c r e a s e  i n  r e s i s t a n c e  s e e n  o n l y  i n  t h e  n a t u r a l  f low  s t u d i e s  

upon r e - i n f u s i o n  o f  t h e  shed b l o o d  i s  a l s o  c o n s i s t e n t  w i t h  t h i s  h y p o ­

t h e s i s  (w ash in g  o u t  o f  v a s o d i l a t o r  m e t a b o l i t e s ) .  T h a t  some n o n - l o c a l  

mechanism i s  a l s o  i n v o l v e d  i s  i n d i c a t e d  by t h e  s l i g h t  d i s a p p e a r a n c e  of 

t h e  c o n s t r i c t i o n  ev en  a t  c o n s t a n t  f l o w .  T h i s  n o n - l o c a l  mechanism cou ld  

be  a l e s s e n i n g  o f  t h e  s y m p a t h i c o - a d r e n a l  d i s c h a r g e  s u b s e q u e n t  t o  a  d e ­

c r e a s e d  b a r o r e c e p t o r  s t i m u l a t i o n  a s  b lo o d  volume i s  p a r t i a l l y  r e p l a c e d  

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



CHAPTER V 

SUMMARY AND CONCLUSIONS

L o c a l  r e g u l a t i o n  o f  b l o o d  f l o w  was compared i n  f o u r  s y s t e m i c  

v a s c u l a r  b e d s  o f  t h e  dog u n d e r  a  v a r i e t y  of e x p e r i m e n t a l  c o n d i t i o n s .

The f o u r  t h e o r i e s  p o s t u l a t e d  t o  e x p l a i n  l o c a l  r e g u l a t i o n  ( t i s s u e  p r e s ­

s u r e ,  oxygen t e n s i o n ,  m y o g e n i c ,  and  m e t a b o l i t e )  we re  s e p a r a t e l y  examined 

i n  one  o r  more o f  t h e  v a s c u l a r  b e d s  w i t h  new o r  s l i g h t l y  m o d i f i e d  t e c h ­

n i q u e s .  I n t e r p l a y  b e t w e e n  l o c a l  an d remote  r e g u l a t i n g  mechan isms  was 

i n v e s t i g a t e d  i n  an  e x p e r i m e n t a l  c o n d i t i o n  which e l i c i t s  b o t h  t y p e s  o f  

r e g u l a t i o n .

The l o c a l  r e g u l a t o r y  r e s p o n s e s  were  e l i c i t e d  by e i t h e r  a l t e r i n g  

b lo o d  f l o w  t h r o u g h  t h e  o r g a n  ( i n t e s t i n e ,  f o r e l i m b ,  h e a r t  and k i d n e y ) ,  

and m e a s u r i n g  t h e  change  i n  p e r f u s i o n  p r e s s u r e  o r  a l t e r i n g  p e r f u s i o n  

p r e s s u r e  ( i n t e s t i n e ,  f o r e l i m b ,  an d k i d n e y )  and m e a s u r in g  th e  change  i n  

b lo o d  f l o w .  The r o l e  o f  t r a n s m u r a l  p r e s s u r e  (m yogen ic  r e s p o n s e )  i n  

l o c a l  r e g u l a t i o n  was i n v e s t i g a t e d  i n  t h e  f o r e l im b  and r e n a l  v a s c u l a r  

beds  by p r o d u c i n g  s q u a r e  wave c h a n g e s  i n  b lood f l ow t h r o u g h  t h e s e  o r g a n s  

and m e a s u r i n g  t h e  r e s u l t a n t  ch a n g e  i n  p e r f u s i o n  p r e s s u r e ,  The r o l e  o f  

i n t e r s t i t i a l  p r e s s u r e  i n  l o c a l  r e g u l a t i o n  was e v a l u a t e d  i n  t h e  k i d n e y ,  

i n t e s t i n e ,  and l imb by  u s i n g  r e n a l  h i l a r  l y m p h a t i c  v e s s e l  p r e s s u r e ,  

m usc le  t i s s u e  p r e s s u r e ,  an d  g u t  lumen p r e s s u r e  as an i n d e x  of  t i s s u e

129
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p r e s s u r e  i n  t h e  k i d n e y ,  l i m b ,  and i n t e s t i n e ,  r e s p e c t i v e l y . .  The f u n c t i o n  

o f  ox ygen t e n s i o n  i n  t h e  a u t o r e g u l a t o r y  r e s p o n s e  was examined i n  t h e  r e ­

n a l  v a s c u l a r  bed by  co m p a r in g  t h e  m a g n i t u d e  o f  t h e  r e s p o n s e  i n  t h e  same 

k i d n e y  b e f o r e  and d u r i n g  v e n t i l a t i o n  w i t h  1 0 0 % oxyg en .  The r o l e  o f  me­

t a b o l i t e s  i n  l o c a l  r e g u l a t i o n  was examined  by u s i n g  f o r e l i m b  v a s c u l a r  bed 

o f  t h e  dog a s  an a s s a y  s y s t e m  f o r  v a s o a c t i v e  m a t e r i a l  i n  veno us  b lo o d  

from v a r i o u s  r e g u l a t i n g  o r g a n s  i n  t h e  same a n i m a l -  T h i s  was ac c o m p l i s h e d  

by d i v e r t i n g  a  p o r t i o n  of  t h e  v en o u s  o u t f l o w  from an o r g a n  u n d e r g o i n g  

l o c a l  r e g u l a t i o n  t h r o u g h  t h e  f o r e l i m b  w h i l e  m o n i t o r i n g  f o r e l i m b  p e r f u ­

s i o n  p r e s s u r e .

The i n t e r p l a y  b e tw e en  l o c a l  and r e m o te  mechani sms was i n v e s t i ­

g a t e d  i n  h e m o r r h a g e .  T h i s  was  a c c o m p l i s h e d  by co m p ar in g  t h e  e f f e c t s  of 

h em o r rh ag e  upon  v a s c u l a r  r e s i s t a n c e  t h r o u g h  f o u r  s y s t e m i c  b eds  when flow 

was h e l d  c o n s t a n t  w i t h  the  e f f e c t s  i n  t h e  same b e d s  when f low was a l ­

lowed t o  v a r y .

An i n t e r - o r g a n  co m p a r i so n  r e v e a l e d  a u t o r e g u l a t i o n  t o  be  e f f i ­

c i e n t  i n  th e  k i d n e y ,  o n l y  s l i g h t l y  l e s s  e f f i c i e n t  i n  t h e  i n t e s t i n e ,  

m o d e r a t e l y  e f f i c i e n t  i n  th e  h e a r t  an d  v e r y  i n e f f i c i e n t  i n  t h e  f o r e l i m b .  

R e a c t i v e  h y p e r e m i a ,  f o l l o w i n g  b r i e f  p e r i o d s  o f  i s c h e m i a ,  was c o n s i s t e n t l y  

s e e n  i n  t h e  l im b  and k i d n e y  b u t  was i r r e g u l a r l y  s e e n  i n  t h e  i n t e s t i n e .

The v e n o u s - a r t e r i o l a r  r e s p o n s e  c o u l d  be  d e m o n s t r a t e d  i n  t h e  pump p e r f u ­

sed  f o r e l i m b ,  i n t e s t i n e  and k i d n e y  a n d  i n  t h e  n a t u r a l l y  p e r f u s e d  i n t e s ­

t i n e ,  b u t  n o t  i n  t h e  n a t u r a l l y  p e r f u s e d  k i d n e y .

Sq u a re -w a v e  ch a n g es  i n  b l o o d  f lo w  t o  t h e  f o r e l i m b  p ro d u c e d  

c h a n g e s  i n  p e r f u s i o n  p r e s s u r e  t h a t  a r e  n o t  c o n s i s t e n t  w i t h  th e  myogenic  

h y p o t h e s i s .  However ,  t h e  m a neuve r  i n  t h e  k i d n e y  was o f t e n  a s s o c i a t e d
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w i t h  p r e s s u r e  c h a n g e s  t h a t  a r e  c o m p a t i b l e  w i t h  th e  m y o g e n ic  t h e o r y  o f  

l o c a l  r e g u l a t i o n .  Lym ph at ic  v e s s e l  p r e s s u r e ,  i l e a l  lumen p r e s s u r e ,  and 

m u s c l e  t i s s u e  p r e s s u r e  w e re  n o t  a f f e c t e d  d u r i n g  a l t e r a t i o n  o f  a r t e r i a l  

p r e s s u r e  i n  the  k i d n e y ,  i n t e s t i n e ,  and l im b ,  r e s p e c t i v e l y .  N e i t h e r  d i d  

a l t e r a t i o n  o f  v enous  p r e s s u r e  a f f e c t  i l e a l  lumen p r e s s u r e  o r  m u s c l e  t i s ­

s u r e  p r e s s u r e ,  b u t  l y m p h a t i c  v e s s e l  p r e s s u r e  was a f f e c t e d  by a l t e r a t i o n  

o f  r e n a l  v en o u s  p r e s s u r e .  The m ag n i tu d e  o f  r e n a l  a u t o r e g u l a t i o n  was n o t  

a f f e c t e d  when t h e  f a l l  i n  ox yg en  t e n s i o n  d u r i n g  th e  m an eu v e r  was p r e v e n ­

t e d  by v e n t i l a t i o n  w i t h  100% oxygen .  I n  g e n e r a l ,  v en o u s  b l o o d  from a 

r e g u l a t i n g  o rg a n  p ro d u c e d  c h a n g e s  i n  r e s i s t a n c e  t o  b l o o d  f l o w  t h r o u g h  

an a s s a y  o r g a n  t h a t  were  s i m i l a r  to  t h e  r e s i s t a n c e  c h a n g e s  i n  t h e  o rg a n  

u n d e r g o i n g  r e g u l a t i o n .

E v i d e n c e  f rom t h e  p r e s e n t  s t u d i e s  i s  c o n s i s t e n t  w i t h  t h e  hy ­

p o t h e s i s  t h a t  l o c a l  r e g u l a t i o n  r e s u l t s  p r e d o m i n a n t l y  f rom c h a n g e s  i n  

t h e  c o n t r a c t i l e  s t a t e  o f  smooth  m usc le  i n  th e  w a l l s  o f  t h e  r e s i s t a n c e  

v e s s e l s .  F u r t h e r ,  t h a t  t h e  c o n t r a c t i l e  s t a t e  o f  smooth m usc le  i s  i n  

p a r t  r e g u l a t e d  by t h e  r a t i o  o f  b lo o d  f l ow t o  m e t a b o l i c  r a t e  o f  t h e  t i s ­

s u e .  O t h e r  f a c t o r s  r e m a i n i n g  c o n s t a n t ,  an  i n c r e a s e  o f  t h e  r a t i o  e n ­

h a n c e s  t h e  c o n t r a c t i l e  s t a t e  o f  t h e  smooth m u s c l e ,  w h e r e a s  a  d e c r e a s e  

i n  t h e  r a t i o  d e c r e a s e s  t h e  c o n t r a c t i l e  s t a t e  o f  t h e  smooth  m u s c l e .  The 

s t u d i e s  s u b s t a n t i a t e  t h e  t h e o r y  t h a t  l o c a l  r e g u l a t i o n  i s  m e d i a t e d  th r o u g h  

c h a n g e s  i n  c o n c e n t r a t i o n s  o f  v a s o a c t i v e  m e t a b o l i t e s .  E q u i v o c a l  e v i d e n c e  

i s  a l s o  p r o v i d e d  i n  s u p p o r t  o f  t h e  myo genic  t h e o r y ,  b u t  l i t t l e  s u p p o r t  

i s  f u r n i s h e d  f o r  e i t h e r  t h e  t i s s u e  p r e s s u r e  o r  oxygen t h e o r i e s  o f  l o c a l  

r e g u l a t i o n .

E v i d e n c e  i s  a l s o  p r e s e n t e d  which i n d i c a t e s  t h a t  b o t h  l o c a l  and
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r em o te  mechani sms p l a y  an  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  o r g a n  b l o o d  f l o w  

u n d e r  c o n d i t i o n s  t h a t  a f f e c t  t h e  w h o le  c a r d i o v a s c u l a r  sy s t em .
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