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Fig. 2: Analog circuit to simulate the pressure response in the renal 
artery (Ap) to flow inputs (A Q). The dashed square represents the 
linear part of the transfer function; see eq. 1 in the text. The rest of 
the circuit represents the nonlinear element as explained in the text. 
The numbers refer to the potentiometer settings. 

inputs ,  the  resul ts  p rov ide  in fo rmat ion  only abou t  the  
l inear p a r t  of the  s y s t em as long as the  in t eg ra to r  (the 
' ac t iva ted  s ta te ' )  cont inues  to be fully charged.  

The following conclusions can be d rawn:  1. We have  
found a unique response  to shor t  f low pulses in the  
dene rva t ed  renal  ar ter ia l  bed of anes the t ized  dogs. The 
response  was found  alike in k idneys  left  in situ, in auto-  
t r ansp l an t ed  and  i so t r ansp lan ted  kidneys.  2. Al though  an 
exp lana t ion  of the  basic under ly ing  m e c h a n i s m  canno t  be 
given, a s imple s imula t ion  suggests  the  genera t ion  by  the  
pulse of an ' a c t iva t ed  s ta te '  in the  renal  vascular  bed, 
which migh t  be a myogenic  or humora l  phenomenon .  
3. The results  are a s tep  towards  the  exp lana t ion  of long 
t e r m  effects of cer ta in  expe r imen ta l  procedures,  and  
possibly of the  inf luence of pulsat i le  pressure  on the  renal  
ar ter ial  bed 4. 

charged dur ing  the  pulse and  only slowly decharges  af ter  
the  pulse wi th  a t ime  cons t an t  o f  200 sec (in t he  given 
example) .  The direct  effect  of the  pulse goes via  ampl i fyer  
D. W h e n  the  in tegra tor  o u t p u t  (i.e. the  ' ac t iva ted  s ta te ' )  
reaches a cer ta in  level, p rov ided  by  po t en t i ome te r  L, re lay 
R switches  t he  i npu t  to  the  in tegra tor  off. 

The s imula t ion  was  per fo rmed  on a T R  48 analog 
computer .  The effect  of the  nonl inear  e lement  can be seen 
in the  lower p a r t  of Figure  1. The first  response  cor responds  
to  the  s u m m a t i o n  of the  pulse response and  the  response  
to the  square  inpu t  of the  ' ac t iva ted  s ta te ' .  If  a 2nd 
pulse is p rov ided  before the  ' ac t iva ted  s ta te '  has  decl ined 
to  Zero, t he  response  will be much  smaller.  The 3rd 
pulse in F igure  1 (lower par t )  is still  shor te r  af ter  the  
previous  pulse. Therefore,  near ly  no change in the  ' ac t iva t -  
ed s ta te '  is p roduced  by  the  pulse and the  reac t ion  corre- 
sponds  to  t he  response  which  would be expec ted  f rom the  
l inear model .  In  a qui te  s imilar  way, examin ing  s inusoidal  

Zusammen/assung. Die A. renalis  von  H u n d e n  wurde  
mi t  ar ter ie l lem Blut  mi t te l s  einer per is ta l t i schen P u m p e  
durchs t r6mt .  Wir  f anden  hierbei  eine bemerkenswer t e  
D r u c k a n t w o r t  auf kurze St r6mungspulse ,  die spezifisch 
fiir die Niere zu sein scheint .  E ine  anschaul iche  D eu t u n g  
der  Reak t ion  konn te  mi t  Hilfe einer:~einfachen Analog- 
s imulat ion gegeben werden.  

TH. KENNER s,~, K. ONO and J. I~UBENSTEIN 

Division o[ Biomedical Engineering, 
University o[ Virginia, Medical Center, Box 224, 
Charlottesville (Virginia 22901, USA), 29 October 7971. 

Supported by NIH grant No. HE 11747. 
5 Recipient of NIH research career development award No. HE 

50288-01. 
6 Present adress: Physiologisches Institut der Unlversitfit Graz, 

A-8010 Graz, Mozartgasse 14 (Austria). 

H u m o r a l  A u t o r e g u l a t i o n  of  B l o o d  F l o w  a n d  B l o o d  P r e s s u r e  

In  previous  publ ica t ions  1-3 we have  shown t h a t  the  reac- 
t ion  of t he  local ar ter ia l  impedance  of d i f fe rent  ar ter ial  
beds  to  changes  in pressure  or flow basical ly can be de- 
scr ibed as in te rac t ion  be tween  two processes.  These were 
t e n t a t i v e l y  called au toregula t ion  of flow and  autoregula-  
t i on  of pressure  1. To describe the  in te rac t ion  of bo th  pro-  
cesses, which  ususal ly have  di f ferent  t ime  cons tan ts ,  we 
used the  germ reciprocal  autoregula t ion.  In  the  following 
discussion we will show t h a t  besides by  in t r ins ic  mecha-  
nisms b o t h  au toregu la t ion  of flow and  of pressure  Call be 
achieved by  humora l  mechanisms .  

For  a s implif ied exp lana t ion  of th is  concep t  it  m a y  be 
assumed t h a t  no control  or in t r ins ic  au to regu la to ry  me- 
chan i sm exis ts  in a local ar ter ia l  bed, excep t  for tile pre- 
sence of a vasoac t ive  subs tance  in concen t ra t ion  X in the  
ar ter ial  blood s t ream.  In  th is  example  the  inpu t  impe-  
dance  Z (we prefer  th is  symbol  to the  previous ly  used R d 

of t he  ar ter ia l  bed thus  is a func t ion  of X only: p and  Q 
a re  i npu t  pressure  and  flow, all var iables  are f requency  
dependen t .  The inpu t  impedance  then  is def ined as 

Z(X) = P]O. (1) 

Linear iza t ion  of th is  equa t ion  yields 

Oz 
0 7  d x  = dp/Q-pdQ/Q~. (2) 

W i t h  respec t  to  t he  vasoac t ive  subs tance  the  assump-  
t ion is made  t h a t  a co n s t an t  a m o u n t  per  uni t  t ime is se- 
c re ted  or in jec ted  in to  the  ar ter ia l  blood s t ream.  Thus 
the  concen t ra t ion  of the  subs tance  decreases if the  flow 
increases and  vice versa.  

dX = - kdQ'. (3) 

Inse r t ing  eq. 3 in to  eq. 2 yields the  l inearized inpu t  impe-  
dance  

dp z(1-k oz f)~ 
e ~  = 0 x  z - ]  (4) 

1 TH. KENNER and K. ONO, Experientia 27, 528 (1971). 
TH. KENNER and K. ONo, Pfltigers Arch. 324, 155 (1971). 

3 TH. KENNER, Kybernetik 9 215 (1971). 

Arterial pressure (p) and flow ((~) in the femoral artery of a dog. The flow is provided by a peristaltic pump (arterial blood). The reaction of the 
arte~-ial pressure to flow step increases, and decreases, are shown. Upper tracing: control. Middle tracing: during constant rate intra-arterial 
infusion of Acetylcholin. Lower tracing: during constant rate intraarterial infusion of Noradrenalin. 
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where  z = p /Q defines  t h e  se t  va lue  a r o u n d  wh ich  smal l  
changes  are examined .  T he  second t e r m  in t h e  b r a c k e t s  
descr ibes  t he  inf luence  of X on the  i m p e d a n c e  Z a n d  t h u s  
m a y  be  called t he  t r a n s f e r  func t ion  of t h e  vasoac t ive  sub-  
s tance.  Th i s  f u n c t i o n  is pos i t ive  if t he  s u b s t a n c e  is a vaco-  
cons t r ic tor ,  a n d  nega t ive  if i t  is a vasodi la tor .  

To d e m o n s t r a t e  a s imple  exam pl e  a f i rs t  order  t r a n s f e r  
f u n c t i o n  m a y  be  a s sumed ;  to  be  inse r t ed  in to  eq. 4: 

o z  O. G 
k 0 X  Z 1 + Ts (5) 

Us ing  t he  Lap lace  t r a n s f o r m  techn ique ,  t he  t i m e  re- 
sponse  of t h e  a r t e r i a l  p ressure  Ap(t) to  a flow s tep  increase  

A Q  can  be  der ived  f rom eq. 4 

lxp(t) = Z/xQ[1 -- G (1 - -e - t / z ) ] .  (6) 

As m e n t i o n e d  above  G is pos i t ive  if t he  vasoac t ive  sub- 
s t ance  is vasocons t r i c t ing .  I n  th i s  case t he  va scu l a r  bed  
t e n d s  to  r educe  t he  pressure  closer to  i t s  p rev ious  va lue  
a f t e r  a flow s tep  increase,  a n  effect  wh ich  m a y  be  called 
h u m o r a l  a u t o r e g u l a t i o n  of pressure .  I f  t he  s u b s t a n c e  is a 
vasodi la tor ,  G is nega t ive .  Accord ing  to  eq. 6 in  th i s  case 
t h e  pressure  will  con t inue  to  rise a f te r  a flow s tep  increase.  
This  r eac t ion  is cha rac t e r i s t i c  for a s y s t e m  wh ich  t ends  to  
r egu la t e  b lood  f low a t  a c e r t a i n  level  a n d  may ,  therefore ,  
be  called h u m o r a l  au t o r egu l a t i on  of flow. I n t u i t i v e l y  ex- 
p la ined,  t h e  pressure  rise a f t e r  a flow increase  r ep resen t s  
t h e  a t t e m p t  to  reduce  t h e  f low to t he  fo rmer  va lue  b y  in- 
c reas ing  t he  res is tance.  

The  F igure  shows all e x p e r i m e n t a l  example .  T he  femora l  
a r t e r i a l  bed  of a n  anes t he t i z ed  dog was per fused  w i t h  ar- 
t e r i a l  b lood  us ing  a pe r i s t a l t i c  p u m p .  T he  inf low was re- 
corded  b y  a n  e l ec t romagne t i c  f lowmeter .  I n t o  t h e  a r te r ia l  
c a n n u l a  d rugs  could be  infused b y  a p i s ton  p u m p .  T he  re- 
su l t s  were r ep roduced  in 5 d i f fe ren t  an imals .  

The  u p p e r  t r a c ing  of t he  F igure  (control)  shows t he  in- 
t r ins ic  a u t o r e g u l a t o r y  response  of t h e  femora l  a r t e r i a l  bed  
to a s tep  f low increase.  T he  midd le  t r a c i ng  Shows t he  con- 
t i n u i n g  pressure  increase  a f t e r  a flow s tep  wh ich  is charac-  
te r i s t ic  for t he  a u t o r e g u l a t i o n  of b lpod flow, d u r i n g  acety l -  
chol ine  infusion.  The  lower t r a c i ng  shows t he  response  of 

t h e  pressure  to  a flow s tep  du r ing  n o r a d r e n a l i n  infus ion  
w h i c h  is t yp i ca l  for t he  a u t o r e g u l a t i o n  of pressure .  

I n  o the r  words,  i t  can  be  shown  e x p e r i m e n t a l l y  t h a t  a 
v a s o c o n s t r i c t i n g  s u b s t a n c e  re leased a t  a c o n s t a n t  r a t e  in to  
t h e  a r te r ia l  b lood s t r e a m  is able  to  s tabi l ize  t he  b lood  
pressure  in  t he  presence  of p e r t u r b a t i o n s  of t h e  b lood  flow. 
A va sod i l a t i ng  subs tance ,  on  t he  o t h e r  hand ,  would  t e n d  
to  s tabi l ize  a r t e r i a l  flow va lues  in t he  presence  of pe r tu r -  
b a t i o n s  of t h e  a r te r ia l  b lood pressure .  

The  fol lowing conclus ions  can  be  d r a w n  f rom th i s  dis- 
cuss ion:  1. There  exis ts  a p h e n o m e n o n  wh ich  m a y  be  
cal led h u m o r a l  au to regu la t ion .  W e  were able  to  demon-  
s t r a t e  th i s  fac t  u n d e r  ar t i f ic ia l  e x p e r i m e n t a l  condi t ions .  
2. Cer ta in  effects which  usua l ly  are ascr ibed  to  in t r ins ic  
a u t o r e g u l a t i o n  ac tua l ly  m a y  be  due  to h u m o r a l  au toregula -  
t ion .  3. As can  be  seen in t h e  F igu re  in t r in s i c  (nonhumo-  
ral) and  h u m o r a l  au to regu la t i on ,  m a y  in te rac t .  As men-  
t i oned  e lsewhere  ~ i n t e r ac t i ons  of th i s  t y p e  m a y  u n d e r  
c e r t a i n  c i r cums tances  lead to  i n s t a b i l i t y  a n d  vascu la r  
au toosc i l l a t ions  4. 

Zusammen[assung. V a s o a k t i v e  S u b s t a n z e n  im ar ter ie l -  
len B lu r  k 6 n n e n  cha rak t e r i s t i s che  R e a k t i o n e n  des lokalen 
S t r 6 m u n g s w i d e r s t a n d e s  he rvor ru fen .  Die e in fachs t en  Bei- 
spiele dieser h u m o r a l e n  A u t o r e g u l a t i o n  k 6 n n e n  du rch  in- 
t raar te r ie l !e  In fus ion  v o n  Ace ty lcho l in  (Autoregu la t ion  
de r  S t r6mung)  oder  N o r a d r e n a l i n  (Au to regu la t ion  des 
Drucks)  d e m o n s t r i e r t  werden.  Es  wi rd  a n g e n o m m e n ,  dass  
der  h u m o r a l e n  A u t o r e g u l a t i o n  B e d e u t u n g  bei  de r  no rma-  
len u n d  pa tho log i s chen  Kre i s l au f regu la t ion  z u k o m m t  ~. 
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Correlation of Ammonia  Liberation and Calcium Deposit ion by the Avian Egg and Blood Ammonia  
Levels in the Laying Hen 

W e  h a v e  p rev ious ly  n o t e d  t h a t  unfe r t i l i zed  eggs r emov-  
ed f rom the  r e p r o d u c t i v e  t r a c t s  of l ay ing  hens  l ibe ra te  
a m m o n i a  in v i t ro  a n d  h a v e  sugges ted  t h a t  a m m o n i a  m a y  
f u n c t i o n  in  v ivo  to  cause  t h e  d issoc ia t ion  of b i c a r b o n a t e  
t h e r e b y  p r o v i d i n g  c a r b o n a t e  for egg shel l  ca lc ium ca rbon-  
a t e  f o r m a t i o n  1. I n  t h i s  repor t ,  we show t h a t  t he re  is a 
n e g a t i v e  co r re l a t ion  b e t w e e n  the  a m o u n t  of a m m o n i a  
l i b e r a t e d  b y  eggs and  t he  a m o u n t  of ca lc ium depos i t ed  as 
ca lc ium ca rbona t e .  W e  also show t h a t  t h e r e  is a n  increase  
in t he  p l a s m a  a m m o n i u m  ion  c o n t e n t  d u r i n g  t he  l ay ing  
cycle t h a t  m a y  be  due,  in  pa r t ,  to  t h e  a d d i t i o n  of a m m o -  
n i u m  ion to  t he  b lood b y  t h e  shell  g l and  d u r i n g  eggshel l  
f o rma t ion .  

Materials and methods. W h i t e  L egho r n  l ay ing  hens  were 
k e p t  in  i n d i v i d u a l  cages u n d e r  a 14 h l igh t :  10 h d a r k  
p h o t o p e r i o d  a n d  were fed P u r i n a  E g g e n a  (Ra l s ton  P u r i n a  
Co. ,  St. Louis,  Mo., USA).  T h e  s tage of eggshell  f o r m a t i o n  
was  e s t i m a t e d  f rom t h e  t i m e  of the  p reeeed ing  ovipos i t ion .  

The  hens  were ki l led a n d  t he  eggs r e m o v e d  f rom the  
r e p r o d u c t i v e  t r a c t  a n d  p laced  in all-glass me tabo l i c  
chambers .  A m m o n i a  l i be ra t ion  was m e a s u r e d  con t i nuous ly  
for  24 h as p rev ious ly  descr ibed  2. A t  t h e  end  of th i s  t ime,  
t h e  egg shel l  or ou te r  m e m b r a n e  was s e p a r a t e d  a n d  ashed 
a t  1300 ~ for 24 h. The  ashed  res idue  was d issolved in a 
m i n i m a l  a m o u n t  of c o n c e n t r a t e d  hydroch lo r i c  acid (3 to  
5 ml), d i l u t ed  w i t h  w a t e r  a n d  i ts  ca lc ium c o n t e n t  de ter -  
m i n e d  b y  a f l uo rome t r i c  m e t h o d  2. 

A n  e n z y m a t i c  m e t h o d  4 was used to  d e t e r m i n e  p l a s m a  
levels of a m m o n i u m  ion;  r ead ings  were  n o r m a l l y  m a d e  
w i t h i n  20 a f te r  w i t h d r a w i n g  a b lood  sample  and  t he  

1 j .  W. CAMPBELL and K. V. SPEEC JR., Nature, Lond. 22d, 725 (1969). 
2 K. V. SPEEG JR. and J. W. CAMPBELL, Am. J, Physiol. 27d, 1392 

( 1 9 6 8 ) .  
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