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Department of Physiology, Univers i ty  of 

SUMMARY 

This is a mini-review of the vas- 
cular charqes that  occur in  experimental 
hypertension. A u q e n t e d  vascular resist- 
ance and reactivity apwar t o  be due t o  an  
increase h t h  i n  wall thickness and in 
vascular smcoth muscle sensi t ivi ty .  The 
increase i n  wall thickness i s  an adaptive 
change tha t  i s  secondary to the increase 
in  a r t e r i a l  pressure; the altered smooth 
muscle sensit ivity occurs in  the absence 
of an increase i n  <arterial  pressure and 
hence may in i t i a t e  the increase i n  vascul- 
ar resistance an3 reactivity of experi- 
mental hypertension. Studies of subcellu- 
lar function indicate that  changes in  
mmth muscle sensit ivity may be caused by 
an increase i n  cell membrane permeability 
and an altered handling of calcium by its 
subcellular sequestering system. 

Canpred t o  the recent advances i n  
the clinicalmanaggnent of the hypertens- 
ive patient,  new insight into the basic 
pathophysiology responsible for  t h i s  dis-  
ease has been painfully deliberate. 
physician n m  has effective hypotensive 
agents tha t  w i l l  normalize b l d  pressure. 
Furthemore, it is  k n m  that once the 
pressure is  normalized the r i sk  factor for  
the morbid canplications of hypertension 
has been greatly reduced. However, these 
agents only t rea t  a symptam of the disease 
and do not deal with i ts  cause. Mechanist- 
ical ly ,  although it is knmn tha t  the in- 
creased a r t e r i a l  pressure is usua l ly  caus- 
ed by an increase i n  to ta l  peripheral 
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resistance, there is no canfortable consen- 
sus regarding the natm of the vascular 
changes tha t  cause the increase in  t o t a l  
peripheral resistance, nor has the sequence 
of extra-vascular evpnts responsible for 
t h i s  increase been defined. 

In approaching t h e  broad problem of 
furthering our understanding of the vascul- 
ar changes responsible for  hypertension,two 
purelv intel lectual  contributions can be 
made: 1) terms can be defined: 2 )  spec- 
i f i c  questions can be art iculated.  

Definition of terms: 

1. Vascular resistaxe is a measure 
of the pressure drop across a vascular bed 
per unit  f l m .  There is general a g r e m n t  
that  it is  elevatcd in  nearly a l l  types of 
hypertension. 

2.  Vascular reactivity is a m e a s u r e  
of the increase in  vascular resistance pro- 
duced by a constrictor agent. 
is agreement tha t  t h i s  value increases i n  
hypertension. Furthermore, it is generally 
recognized tha t  the increase may be due t o  
structural  chanqes in  the vessel wall o r  t o  
functional changes i n  the vascular mmth 
muscle, or t o  both. 

wa in  there 

3 .  Vascular sxnmtkh muscle sensitiv- 
i t y  describes the ease w i t h  which a vaso- - 
active agent can cause contraction of vas- 
cular snmth muscle. 
as the reciprocal of the concentration of 
vasoactive agent required t o  prduce a 
threshold response. This response may be 
ei ther  the inmease in  f l m  resistance 
through a vascular bed or the contraction 
of an i s o l a t d  s t r i p  of vascular m& 
muscle. Hmever, since the flm resistance 
change is canplicated by possible djffer-  
ences in vessel wall thickness, a more crit- 
ica l  evaluation of sensit ivity can be me 
frcm the contraction of an isolated s t r ip .  
It i s  d i f f i cu l t ,  however, t o  do these stud- 
ies on m m t h  muscle from m a l l  resistance 
vessels. 
a lso cause a paral le l  sh i f t  to the l e f t  of 
the concentration-response curve. The pro- 

It may be measured 

An increase in  sensit ivity w i l l  
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blem of whether vascular smooth muscle 
sensi t ivi ty  increases in  hypertension can- 
not be thmqht of as be+ resolved. 

4 .  Vascular smooth muscle con- 
t r a c t i l i t y  describes the maximum force- 
generating ab i l i ty  of vascular smooth mus- 
c le .  It is best measured direct ly  rather 
than i n  terns of altered flow resistance. 
Studies carried cut on smooth muscle fran 
large vessels indicate tha t  its contracti l-  
i t y  is decreaseii in hypertension. 

What are the questions?: 

A. Structural changes in  vessels 

1. What is the nature of the 

2 .  

3. 

structural  changes? 
Do they play a role  in  the dev- 
e lopen t  of hypertension? 
Do they play a role  i n  its 
maintenance? 

B.  Functional changes in vascular smooth 
muscle 

1. 

2. 

3. What is the i r  nature, defined 

4. What is the i r  cause? 

Do such changes oc~cul i n  hyper- 
tension? 
Do they contribute t o  the cause 
or maintenance of hypertension? 

a t  a subcellular level? 

The principal objective of the fol-  
lming paragraphs is  t o  sumnarize the rec- 
ent evidence bearing on functional changes 
t h a t  may cccur i n  vascular -0th muscle i n  
experimental hypertension. The mnumcy of 
this evidence is preceded by reference t o  
the structural  changes in  the vessel wall 
which must be recoqnized in  studies evalu- 
ating possible functional differences. 

V e s s e l  w a l l  structure: 

Histolcgic studies (1, 2)  have dem- 
onstrated that  thickening of the  vascular 
w a l l  mcurs with the developnent of experi- 
mental hypertension, and perfusion studies 
(3)  have clearly established t h a t  w a l l  
thickening can bring about increases in  
vascular resistance and reactivity.  Folkm 
a d  his  collaborators have demonstrated 
that an increase i n  wall thickness which 
encroaches on the lumen causes: 1) an 
elevated resis tarce of the fu l ly  dilated 
vascular bed, 2)  a steep concentration- 
response curve t o  norepinephrine, and 3) 
an elevated maximun constrictor response. 

Structural changes alone should not a l t e r  
the threshold concentration of a vasoactive 
agent for the production of vascconstrict- 
ion. 
taneously hypertensive r a t  (3) and the re- 
nal hypertensive r a t  ( 4 )  have m e t  these 
c r i t e r i a  for  the production of increased 
vascular react ivi ty  by w a l l  thickening 
alone without an increase i n  vascular 
smooth muscle sensit ivity.  

Observations made i n  both the spon- 

Recently Hutchins and Darnell (5) 
have described an entirely different s t r u c b  
ural  basis for increased vascular resist- 
ance and reactivity.  They found that  the 
cremaster muscle of the genetically hyper- 
tensive r a t  had approximately half the nor- 
m a l  n&x of small ar ter ioles  (12-25 u) . 
They consider& tha t  this reduction in  the 
number of ar ter ioles  miqht ref lect  a long- 
t e r m  autorequlatory reaction t o  overper- 
fusion by the elevated a r t e r i a l  pressure. 
They have recently supported th i s  hypoth- 
esis using hyptensive therapy t o  prevent 
the d e v e l o p n t  of hypertension i n  this 
genetic s t ra in .  In these pharmacologically 
protected r a t s  the decrease in  the number 
of m a l l  ar ter ioles  did not occur. 

Vascular smmth muscle sensit ivitv:  

Sane investigators (3, 4 )  have found 
no evidence for  increased vascular mooth 
mscle Sensit ivity i n  hypertension. Others, 
using several experimental m d e l s  of hyper- 
tension, various methds of study and 
sources of vessels have reported an in- 
crease i n  sensi t ivi tv .  Sane of these rQ- 
ports are l i s ted  in the Table. In most of 
these studies the evidence favoring an 
increase in  sensi t ivi ty  of vascular smooth 
muscle depends on the observation that  the 
threshold of aqonist required for a con- 
t r a c t i l e  response or for  an increase i n  re- 
sistance is lower in the hypertensive ani- 
m a l  than in its nomotensive control. In 
addition there are three indirect types of 
evidence tha t  support the view that  an al- 
teration i n  vascular smooth muscle sensit-  
iv i ty  may be involved in  the increased vas- 
cular react ivi ty  of hyprtension. These 
are: 1) An i d iv idua l i t y  in the increases 
in sensi t ivi ty  of the vascular smooth mus- 
cle from the hypertensive animal dependinq 
on the constrictor agent used. I f  the in- 
crease in  react ivi ty  w e r e  due to wall thick- 
ening it wmld be expected that  the res- 
ponse t o  a l l  agonists would be equivalently 
affected. 2)  Temporal relationships bet- 
ween tk increase i n  vascular smooth mus- 
cle sensi t ivi ty  an3 the increased b l d  



TABLE 

RecerLt s t u d i e s  p ~ e s e r i t i n g  evidence i n  
support  of increased v a s c u l a r  smooth mur- 
c l e  s e n s i t i v i t y  i n  hyper tens ion .  

Ref F. re  nce 
Numbers 

Pzr fus ion  s t u d i e s  

Physiological. s a l t  
s o l u t i o n  

WXole body 
Me sentei-y 
Hind q u a r c i r  
T a i l  

Aurologous blood 

Hind l e g  
Hind q u a r t e r  

C r i t i c a l  opening p r e s s u r e  _-__ 
( r a t  t a i l )  _ _ ~  

Muscle bath preparations 

Femoral a r t e r y  
Aorta 
Veins 

9 
7 ,  9, 10 
9 
3 2  

17 
1: 

30 

15, 21 

18 
a ,  3 1  

pressure are canpatible with the possibil- 
i t y  that  the increased sensi t ivi ty  may 
cause the hyprtension rather than be a 
resul t  of it. 3) Increase in  vascular 
smooth muscle sensi t ivi ty  has been report- 
ed in the absence of the increase i n  wall 
stress of hyprtension. It is seen in  the 
venous system and i n  arteries and resist- 
ance vessels that  have been protected frun 
the elevated pressure, again siqgestinq 
that the sensit ivity change m y  ?.E a gener- 
alized process of d l  vasmlar smooth mus- 
cle and not merely secondary t o  increased 
wall stress. The follawing paragraphs 
present de ta i l s  of these three tms of 
evidence. 

Irdividuality in  sensi t ivi ty  t o  several 
constrictor agents: 

McC;regor and Smirk (6)  observed an  
increase in  basal resistance and an in- 
crease i n  vaso-constrictor response t o  
norepinemrine in  the mesenteric arteries 
of both genetic and renal hypertensive 
rats .  They found a much greater increase 
i n  responsiveness t o  5-hydroxytryptanine 
than t o  norepinephrine. Fran t h i s  obser- 
vation they intrducced the aqunent tha t  
the increase in  reactivity could not be 
due entirely t o  an increase in the wall-to- 

lumen r a t io  and that  the different ia l  
augmentation of resistme prduced by the 
two aqonists indicates tht there is a 
fun.ctiona1 alteration in  the m t h  muscle 
of the resistance vessel i n  hypertension. 
This dxervation of a greater respnsive- 
ness t o  5-hydroxytryptamine than t o  nore- 
pineNrine w a s  confinned by Haeusler and 
Finch (7)  i n  genetic, renal, a d  M)cA hy- 
pr tens ive  rats .  Mo?ore recently another 
example of such a different ia l  change in  
responsiveness has been observed both i n  
the contraction of isolated s t r ip s  of vas- 
cular smooth muscle ( 8 )  and in  the resis- 
tance changes of perfus& vessels ( 9 ) .  By 
both m e t i d s  the mmth muscle sensi t ivi ty  
in response t o  norepinephrine was greater 
in hypertension but there was no change in 
the response t o  calcium of potassium de- 
polarized smmth muscle. Perhaps related 
to  this difference is the observation b17 
Collis and Alps (10)  , depicted in the 
figure . 

VASCULAR CHANCES I N  RENAL HYPERTENSION 

(Collis & Alps. 1915) 

' " - 0  1 2 3 4 5 6 
W t e k r  

FIGUKE : 
Temporal developmenc of v a r i o u s  vas-  
c u l a r  chanqes fol lowiny t h e  i n i t i a t i o n  of 
r e n a l  hypertension i n  t h e  r a t .  These v a l -  
u e s  w e r e  der ived from d a t a  presented  by 
C o l l i s  and Alps ( 1 0 ) .  S e n s i t i v i t y  va lues  
a r e  c a l c u l a t e d  as t h e  dose r a t i o  of a con- 
s t r i m o r  agent ,  c o n t r o l  t o  hyper tens ive  
r a t ,  r e q u i r e d  t o  produce a s p e c i f i c  p e r  
c e n t  of t h e  maximum c o n s t r i c t o r  response of 
the  mesenter ic  vascular  bed. S t r u c t u r a l  
d i f f e r e n c e s  a r e  ca lcu la ted  as t h e  r a t i o  of 
t h e  maximum pressor  responses ,  hyper tens ive  
t o  c o n t r o l  rat. Resul t s  w e r e  ob ta ined  from 
a c o n s t a n t  flow p e r i u s i o n  of t h e  mesenter ic  
v a s c u l a t u r e  wi th  a phys io logic  s a l t  sold- 
t i o n .  

that  the increase i n  sensit ivity t o  nore- 
pinephrine i n  h p r t e n s i o n  is much greater 
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than that to KCL. ALSO it has been ob- 
served that the augmentation of t he  con- 
s t r i c t o r  e f f ec t  of b a r i u m  is less than 
that of norepinephrine (11) . It has been 
suggested t h a t  the contraction caused by 
these cat ion maniplat ions may act m o r e  
d i r e c t l y  on the  contract i le  canpnen t  of 
the vascular gnooth muscle and not involve 
an earlier event of the contract i le  se- 
quence that is  u t i l i zed  by norepinephrine. 
This poss ib i l i t y  leads t o  the  suggestion 
that it is this earlier event i n  the con- 
tractile sequence, perhaps an init ialmem- 
brane exci ta t ion,  t h a t  is  altered in h y p r -  
tension. The difference between the h- 
creased sens i t i v i ty  to  norepinephrine and 
t h a t  t o  barium has keen the bas i s  of an 
interest ing schematic model presented by 
Lais and B r d y  (11) which gives insight  in- 
t o  the r e l a t i v e  contribution of increased 
vascular smooth muscle s e n s i t i v i t y  and in- 
creased w a l l  thickness as determinants of 
the increase i n  vascular r eac t iv i ty  of hy- 
pertension. 

T e n p r a l  r e l a t ion  between increase i n  
snooth muscle sens i t i v i ty  and developnent 
of hypertension: 

The probabili ty t h a t  a functional 
change i n  vascular mmth muscle is the 
cause of the increase i n  vascular reactiv- 
i t y  and increase i n  vascular res is tance i n  
hyprtension is  supported i f  a functional 
change precedes or accanpanies the  devel- 
opnent of hyypertension. Jones (12 ,  13) 
observed a greater  "leakiness" of t he  
plasma membrane o€ the mooth muscle cell 
of SHR and IXXA hypertension. 
this change i n  DCCA hypertension before the 
pressure rose ( 1 3 ) .  C o l l i s  and Alps (10) 
found t h a t  a rise i n  t h e i r  index for  vas- 
cular  s ens i t i v i ty  t o  norepinephrine para- 
lleled t h e  rise i n  blocd pressure i n  renal  
hypertensive r a t s  (Figure). Whereas b l d  
pressure and sens i t i v i ty  w e r e  near maximum 
i n  two weeks t h e i r  index of s t ruc tu ra l  
change had reached only about one-quarter 
of i ts  maxirmm at  this time. Shibata ( 1 4 )  
observed t h a t  the abnormal s e n s i t i v i t y  of 
SHR t o  non-physiological cat ions preceded 
t h e  developnent of hypertension i n  these 
rats. Finch and Haeusler (9)  found eleva- 
ted a r t e r i a l  pressures and increased vascu- 
lar reac t iv i ty  i n  SHR 1 2  t o  1 4  weeks old. 
There was no evidence of narrowing of the 
lumen a t  this age but by 28 weeks t h i s  
a l s o  had occurred. Lundgren e t  a l .  ( 4 )  
obse rvd  t h a t  the pressure rise i n  renal 
hypertension preceded evidence of a struct- 
u r a l  change. In sumnary, the findinqs 

H e  observed 

suggest t h a t  whereas functional changes i n  
vascular smooth muscle precede or  accanpany 
the increase i n  arterial pressure &,hence 
may be causal, w a l l  thickening develops 
later and is probably adaptive t o  increase 
in w a l l  stress. 

Increase i n  mouth muscle sens i t i v i ty  i n  
the absence of increase i n  w a l l  stress: 

Another approach tha t  has been used 
to assess the  r o l e  of altered vascular 
smooth muscle sens i t i v i ty  i n  the aetiolcgy 
of hypertension has been the protection of 
one vascular bed f r m  the hypertension and 
observinq the character is t ics  of a protect- 
ed a r t e ry  (15). Changes t h a t  mcur  i n  such 
an a r t e ry  could not be secondary t o  in- 
creased w a l l  stress and might be related t o  
the cause of the increase i n  vascular re- 
sistance and react ivi ty .  Chronic cxxlusion 
of one external i l iac a r t e ry  i n  the rat 
lowers the  pressure in  the occluded leg t o  
approximately half  of that i n  the contra- 
lateral uncccluded leq. It was found that 
the changes i n  femoral ar tery smooth mus- 
cle sens i t i v i ty  asscciated with hyper- 
tension could not be reversed by lowering 
b l d  pressure i n  one leg of a spntaneous- 
l y  hypertensive rat o r  prevent& by pro- 
tect ing one leg fm high pressure pr ior  to 
the induction of E C A  hypertension. This 
contrasts  with the r e s u l t s  of a similar hy- 
p t e n s i v e  prwedure in SHR in which a re- 
ve r sa l  of s t ruc tu ra l  changes i n  res is tance 
vessels of the  legs was  observed by Folkow 
e t  a l .  ( 1 6 ) .  

These  contrasting observations 
might be interpreted as indicating that 
s t ruc tu ra l  changes are secondary to  an in- 
crease i n  w a l l  stress whereas the increase 
i n  m o t h  muscle sens i t i v i ty  is not.  There 
is another interpretation: perhaps chang- 
es t h a t  marc i n  the mall resis tance ves- 
sels are pressure dependent whereas those 
mcurring i n  the large femoral a r t e ry  are 
not. In  order to  determine which of these 
interpretat ions is  correct w have recent- 
l y  studied resis tance vessel changes i n  
hypertension (17) using cur protected leq 
technique (15).  Instead of studyinq force 
d e v e l o p n t  by a smooth muscle s t r i p  f r a n  
a large conduit vessel ,  we observed vas- 
cular  r eac t iv i ty  i n  the  perfused hind. lmb. 
Hyprtension was produced i n  the rat by 
slipping one renal a r t e ry  i n t o  the 250 
micron s l i t  of a small s i l v e r  block. The 
contralateral  kidney was not removed. A t  
the time of t h i s  surgery one external 
iliac a r t e ry  was cmple t e ly  t i e d  off. Four 



to s i x  w e e k s  after the  developnent of a 
s table  hypertension t h e  vasculature of both 
hind limbs was studied w i t h  a b i l a t e r a l  
bl& perfusion systan. Following m p l e t e  
relaxation of vascular smooth muscle with 
papaverhe the Elm resjs tance i n  the un- 
protect&, high-pressure ley was 50% great- 
er than that i n  t h  protected leg indiczt- 
ing t h a t  the increase i n  s t ruc tu ra l  resis- 
tame is seconday t o  the increase i n  pres- 
sure. There w a s  no difference between the 
s t ructural  resistme in the protected leq 
an6 that i n  the unprotected I.eg of a normo- 
tensive rat. @I t he  other h a d ,  when the 
r eac t iv i t i e s  of these vascular beds t o  
norepinephrine was  studied it w a s  found 
t h a t  the threshold dose required t o  produce 
a constr ic tar  r e s p n s e  i n  e i the r  the pro- 
tected o r  the unprotected leg of tk renal  
hlipertensive r a t  was only a b u t  one-tenth 
a s  g rea t  as that required i n  the nom- 
tensive r a t .  &pin it appears that althmgh 
the s t ruc tu ra l  changes may be secondary t o  
the increase i n  wall stress there are funct- 
ional differences i n  s ens i t i v i ty  that arc 
i deEmden t  of arterial pressure ard, hence, 
m y  k re la ted t o  the a e t i o l q y  of this 
disease. 

Recent observations t h a t  there are 
abnormalities on the  venous s ide of the 
circulat ion (18, 1 9 ,  20)  add credence t o  
the hypothesis t h a t  primary vascular chanq- 
es m a r  unrelatrd t o  the increase i n  wall 
stress of arterial hypertension. 

V a s c u l a r  changes i n  d i f f e ren t  types of 
h m r t e n s i E  

Altered sens i t i v i ty  of the vascular 
m m t h  muscle cell  is not similar i n  a l l  
types of hypertension. The increase in 
sens i t i v i ty  t o  norepinephrine appears t o  be 
much more prcminent i n  DOCA and renal hy- 
pertension than it does i n  SHR ( 9 ,  1 5 ,  21)  . 
On t h e  other hand, vasmlar  smooth muscle 
frcm SHR is more sens i t i ve  t o  stimulation 
by strontium or lanthanum thaii i s  tha t  
f ran the other tw types of experimental 
hypertension (15, 2 1 ) .  However, the s t ruct-  
u ra l  changes in these three major forms of 
experimental hypertension seem t o  be shi l -  
ar except for  the evidence t h a t  Finch and 
Haeusler ( 9 )  have presented t h a t  lumen nar- 
rmirq om-us more slowly in SHR than in 
t he  other "0. 

Subcellular mechanisms for increased 
Sensi t ivi ty:  

_ _  

A few observations have k e r i  made 

which give insiqht  into the subcellular 
mechanism t h a t  may be involved i n  the alt- 
ere3 vascular snmth muscle s e n s i t i v i t y  
that  occurs i n  hyprtension.  
observations is hsed on the f a c t  t h a t  cal- 
c i u m  i n  high concentrations depresses thc  
vdsmlar  snmth muscle response ( 2 2 ) .  Pre- 
sumably it b i A d s  t o  the plasma membrane 
thereby s t ab i l i z ing  j ~ t ,  reciucinq its excit- 
a b i l i t y ,  and inhibit ing contraction. Con- 
versely,  i f  the mount of calcium bouncl t o  
the mgnbrane is l m  the  s t ab i l i z ing  e f f ec t  
of mlcium w i l l  be lessened and the membrarle 
w i l l  k more sensi t ive t o  stimulation. W e  
have o b s e m d  t h a t  canpared t o  vascular 
snooth muscle f ran normotensive rats, that 
from SHR, DCCA, or  renal hypertensive r a t s  
requires a higher calcium concentration to  
dcprcss a contract i le  response (15, 2 1 ) .  
This observation suggests t h a t  t he  plasma 
membrane of the  vascular ~ ~ ~ 0 t h  muscle cell 
in hypertension behaves a s  i f  it has less 
than normal s t a b i l i t y  and t h a t  h q h e r  con- 
centrations of calcium are required to  pro- 
duce t h i s  s tabi l izat ion.  Such a condition 
would e x i s t  i f  the membrane i n  hypertension 
had fewer calcium binding sites or i f  the 
a f f i n i t y  f o r  calcium of the exis t ing sites 
were lm. Jones ( 1 2 ,  13) has present& 
more d i r ec t  evidence for  t h i s  s w c i f i c  sub- 
c e l l u l a r  abnormality. H e  has observed t h a t  
cmpard to  vascular smooth muscle frcm the 
normal ra t ,  t h a t  from the SIIR or DCCA hy- 
pertensive rat has a plasma mgnbrane which 
i s  "leakier" t o  ptassium. This leakiness 
is less reduced by increasing calcium con- 
centration than is the normal ( 1 3 ) .  

Q-ie of these 

kieclman (23) has presented evidence 
indicating t h a t  the plasma mmbrane of the 
vascular m a t h  muscle cell  in DXA hyper- 
tension is leakier t o  sdium and potassium 
than is t h a t  frcm the nomotensive control.  
Hermsmeyer (24 )  m d e  interest ing deductions 
rqardi.ny mmbrane properties i n  SHR f ran 
e l ec t rophys io lq i ca l  s tudies  of smooth mus- 
cle cells in the t a i l  artery. 
f m  SHR had a less neqative membrane p- 
t e n t i a l  than t'lose €ran control  rats a t  
16q, but not a t  36OC. H e  concluded that 
rhe plasma membrane was leakier to  ptassium 
i n  the hypertensive r a t  but t h a t  at physio- 
logical t m p r a t u r e s  t h i s  was canpensated 
by a mre active Na-K e l e c t r y e n i c  pump. H e  
a l s o  observed that depolarization b y  nore- 
pinephrine w a s  greater  i n  the SHI? t , bn  i n  
the control ,  and p o s t u l a t d  t h a t  this could 
form a basis for the increase in vascular 
smooth muscle sens i t i v i ty .  

These cells 

Studies on t he  subcellular micro- 
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-1 fractions of vascular smooth muscle 
fr- SHR (25, 26, 27,  28) indicate that  
calcium binding by t h i s  fraction (presum- 
ably plasma rngnbrane and sarcoplasmic re- 
ticulum) is reduced canpared t o  that  f r m  
nomotensive control rats. These investi- 
gators have also observed an increase in 
~ l c i u m - d e p d e n t  XiTase ac t iv i ty  in  micro- 
Smes fran SHR. The carbination of a low 
calcium uptake and an increase in ATPase 
act ivi ty  may re f lec t  a leaky rnmbrane of 
the sarmplasnic reticulum so that  calcium 
c-ot accumulate t o  a high level and an 
mer-ccmpensation of the “P-dependent 
w p  which sequesters calcium in  the sarco- 
plasnic reticulum. Webb and Bhalla (26 ,  
27) have also observed a reduction in cy- 
clic AMP binding sites in  these micaroscmes 
fran SHR. This def ic i t  may interfere with 
the phosphorylation of the vesicular pro- 
te in  by protein kinase and membrane phos- 
phoprotein phosphatase. Since vesicular 
calcium transport is regulated by the s ta te  
of phosphorylation of vesicular protein, 
t h s  def ic i t  may be the basis for impaired 
calcium t r a n s p r t .  Recently Fagelsen and 
Bohr  have observed. a similar decrease in  
the ra te  of calcium uptake by microsanal 
vesicles fran rena l  hypertensive rabbits 
( 2 9 ) .  Translated into terms of muscle 
function th i s  impaired uptake of calcium 
by the sequestering s y s t m  shmld increase 
the i?tracellular concentration of activa- 
tor  calcium, thereby increasing the sensit- 
ivi ty  of the m L s c l e  t o  stimulation by a 
vasoconstrictor agent. 

The information surveyd in  this 
brief review indicates tha t  it w i l l  be pro- 
f i t ab le  t o  search further i n  t h i s  area for  
a mre precise understarding of the nature 
of the vascular changes that cause the in- 
crease in  to t a l  peripheral resistance in  
experimental hypertersion. I n  addition, 
for a c q l e t e  definit ion of the patho- 
genesis of th i s  disease it w i l l  be necess- 
ary t o  identify the sequence of events by 
which the ini t ia t ing intervention (e .q . ,  
renal artery constr idion or implant- 
ation) prduces these vascular chanqes. 
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DISCUSSION - 
DR. FOZKCN: From D r .  Bohr ' s  exper inents  
and from a s tudy i n  Ileidelberg which was 
presented  a t  t h e  f o u r t h  meeting of t h e  
I n t e r n a t i o n a l  Soc ie ty  of Hypertension i n  
the  Opera House, w e  have heard t h a t  i n  
e .q .  c o r t i c o s t e r o i d  hyper tens ion  t h e r e  i s  
a t r u e  s u p e r - s e n s i t i v i t y  response of t h e  
smoot~h muscle e lements .  Lookinq a t  the  
SHR r a t s ,  it seems t o  be q i t e  d i f f e r e n t  - 
i n  our experienca t h e r e  is  no evidence 
of any t r u e  s u p e r - s e n s i t i v i t y  t o ,  f o r  
example, noradrena l ine .  On t h e  ot-her hand, 
t h e  c o n t r a c t i l e  elements seem t o  d i f f e r  
i n  some o t h e r  r e s p e c t s  and D r .  Bohr showed 
one example with s t ront ium e t c ;  we have 
observed t h a t  t h e  very smallest a r t e r i o l e s  
and t h e  venoas s i d e  of t h e  vascular  bed 
(which a r e  riot exposed t o  increased  
p r e s s u r e )  maintain t h e i r  c o n t r a c t i l i t y  much 
b e t t e r  i n  t h e  SHR ra t  than  i n  t.he normo- 
t e n s i v c  rdt d t  low calcium l e v e l s .  I have 
no doubt something happens on t h e  func t ion-  
a l  l e v e l  t o o ,  and of c o u r s e ,  it i s  very 
important  t o  look a t  both t h e  funct- ional  
and t h e  s t r u c t u r a l  elements and t o  
keep t h e s e  a s p e c t s  t o g e t h e r ,  a s  they  a r c  
very  much interwoven. 

DR. BRCU: D r .  Bohr, t e n  y e a r s  ago you 
presenter? some f a s c i n a t i n q  d a t a ,  i n  
Cleveland I t h i n k ,  about t h e  d i f f e r e n c e  i n  
t h e  r e a c t i v i t y  of rcr ia l  arid muscular 
v e s s e l s  t o  angio tens in ;  you found t h a t  i n  
v i t r o  t h e  r e n a l  v e s s e l s  a r c  t h e  l e a s t  
r e a c t i v e  and t h e  muscular v e s s e l s  most 
r e a c t i v e ,  whereas in vivo  it was t h e  
oppos i te .  Have you f u r t h e r  i d e a s  on t h e  
cause  of t h i s  d i f f e r e n c e ?  1 would a l s o  
l i k e  t o  say t h a t  from a c l i n i c a l  p o i n t  of 
view t h e  ex t remi ty  v e s s e l s  a r e  l e a s t  
s e n s i t i v e  t o  t h e  e f f e c t  OF blood p r e s s u r e  
i n  t h a t  t h e  development of a t h e r o s c l e r o s i s  
of t h e s e  v e s s e l s  d o e s n ' t  seein t o  be more 
f requent  i n  hyper tens ives  than  i n  normo- 
t e n s i v e s .  1 should l i k e  t o  ask whether i t  
wouldn ' t  be a good idea  t o  use  a technique 
s i m i l a r  t o  t h e  one you have used t o  examine 
e . g .  t h e  r e n a l  or coronary v e s s e l s ,  which 
i n  hyper tens ives  a r e  much more prone t o  
s t r u c t u r a l  chanqes. 

DR. BCHR: You a r e  i n t e r e s t e d  i n  t h e  
dngio tens in  response we o b s e n e d  i n  r e n a l  
a r te r ies  - some 500 microns 0.13. i n  t h e  
dog; thzy respond poorly t o  anqi o t e n s i n ,  
i n  c o n t r a s t  t o  e .g .  r a b b i t  a o r t a ,  and 
ra t  p o r t a l  v e i n ;  t h e  c h a r a c t e r i s t i c  o€ ii 
poor-resporidiriy v e s s e l ,  e . g . ,  dog coronary 
a r t e r y ,  is t h a t  it responds poor ly  i n  t h e  
i s o l a t e d  b a t h .  The r e l a t i o n s h i p  between 

good and poor responders  i n  t h e  i s o l a t e d  
bath seems t o  depend on how r a p i d l y  they  
become tachyphylac t ic .  I f e e l  t h a t  what- 
ever  t h e  tachyphylac t ic  mezhanism t o  
a n g i o t e n s i n ,  it is  g r e a t  i n  t h e  r e n a l  a r r e -  
r y  of t h e  dog. On t.he ques t ion  of inciivid- 
i i a l i t y  of vascular  smooth muscle f r o m  
d i f f e r e n t  s i t e s ,  I t h i n k  t h e r e  i s  a qold- 
mine h e r e  f o r  s t u d i e s  j u s t  because they  
a r e  so d i f f e r e n t  i n  response t o  v a r i o u s  
a q o n i s t s .  I d o n ' t  know t.he answer t o  your 
c p e s t i o n .  

DR. FIUNYOR: Could I j u s t  ask D r .  Bohr 
whether he has  taken any smooth muscles or 
v e s s e l  p i e c e s  from unt rea ted  e s s e n t i a l  
hyper tens ives  and hung them up i n  a b a t h  
a s  D r .  Folkow a l l u d e d ,  and has  he found, 
as D r .  Folkow impl ied ,  t h a t  t h e r e  i s  no 
increase  in s e n s i t i ~ v i t y  of t h e s e  smooth 
muscle c c i l s  i n  t h e  i s o l a t e d  organ ba th?  

DR. BOHH: Three d i f f e r e n t  s t u d e n t s  of 
mine have done t h i s  over t h e  p a s t  f i v e  
years .  We have a surgeon who d e l i g h t s  j.n 
g i v i n g  us  p i e c e s  of bleeding v e s s e i s  he 
f i n d s  dur ing  lapdrotomies . The v a r i a b i l i t y  
from v e s s e l  t o  v e s s e l  among normals has  
always been so g r e a t  t h a t  I am not  
s a t - i s f i e d  t h a t  t h e r e  is  any d i f f e r e n c e .  I 
have not  been a b l e  t o  show a d i f f e r e n c e  
between normal s u b j e c t s  and hyper tens ive  
p a t i e n t s .  

DR. HOII: I am most i n t r i g u e d  by D r .  Bohr 's  
d a t a  on t h e  d i f f e r e n t i a l  s e n s i t i v i t y  of 
t h e  v a r i o u s  smooth muscle s t r i p s  from t h e  
v a r i o u s  animals  with reyard t o  calcium o r  
s t ront ium,  o r  lanthanum. This r a i s e s  t h e  
i n t e r e s t i n g  p o s s i b i l i t y  t h a t  t h e  d i f f e r e n c e  
miqht l i e  i n  t roponin  within t h e  smooth 
muscle, because t roponin ,  as you a l l  know, 
i s  t h c  r e g u l a t o r y  p r o t e i n  i n  l i n k i n g  
e x c i t a t i o n  t o  c o n t r a c t i o n  i n  s k e l e t a l ,  
c a r d i a c  smooth muscles, and some o t h e r  
c o n t r a c t i l e  systems. T t  is known t h a t  
t roponin  from s k e l e t a l  and c a r d i a c  muscle 
d i f f e r s  i n  s e n s i t i v i t y  t o  calcium and 
s t ront ium,  t h e r e f o r e  f ind ing  t h i s  s o r t  of 
d i f f e r e n c e  might suqqest  t-hat t roponin  i s  
somehow d i f f e r e n t .  So I'd l i k e  t o  ask 
whether t h e  d i f f e r e n c e  shown i s  observed 
i n  spontaneously hyper tens ive  r a t s  a s  w e l l  
a s  i n  r e n a l  hyper tens ive  r a t s  and whether 
you had t h i s  t roponin  i n  mind when you d id  
t h e  experiment .  

DZ. BCWR: I run i n t o  a problem with t h i s  
ques t ion  because t roponin  w a s ,  up t o  two 
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y e a r s  ago, t h e  r e q u l a t o r  p r o t e i n  for 
mammalian smooth muscle. .&out f i v e  years  
aqo myosin turned out  t o  be the r e g u l a t o r  
p r o t e i n  for -  mollusc muscles, arid i n  t h e  
l as t  two y e a r s  t h e  myosin molecule has  
turned  out  t o  be t h e  r e g u l a t o r  prot.ein 
f o r  chicken g izzard  and mammalian v a s c u l a r  
smooth muscle. Your qdes t ion  i s  s t i l l  
good. I d o n ' t  know e x a c t l y  what causes  
t h i s  d i f f e r e n c e  i n  t h e  response t o  non- 
phys io logic  c a t i o n s .  I r e a l l y  feel- t h a t  
it i s  much more s u p e r f i c i a l :  e x c i t a t i o n  - 
c o n t r a c t i o n  coupl ing.  Maybe r h e  membrane 
d o e s n ' t  handle  t h e s e  c a t i o n s ,  o r  handles  
them d i f f e r e n t l y .  Then t h e  d i f f e r e n c e s  
t h a t  have been seen between v a s c u l a r  
smooth muscle a t  a s u b - c e l l u l a r  l e v e l  may 
prove t o  be i n  the  plasma membrane r a t h e r  
than  i n  t h e  chemo-mechanical t ransducing  
system and its r e g u l a t i o n .  Is  tlierc any 
relevance a t  a l l  t o  t h e  f a c t  t h a t  t h e s e  
b i v a l e n t  c a t i o n s  and lanthanum w i l l  c o n t r -  
a c t  t h e  vascular  smooth muscle from t h e  
g e n e t i c  hyper tens ive  ra t ' ?  Is t h e r e  any 
r e l a t i o n s h i p  t o  hypertension? The answer, 
very  doqmatical ly ,  is t h a t  it i s  unknown. 
I can c e r t a i n l y  imayine t h a t  t h e r e  could 
be a r e l a t i o n s h i p .  Manganese, f o r  i n s t a n c e ,  
i s  p r e s e n t  i n  a l l  ra ts  and a l l  humans. 
Maybe smooth muscle i s  respondinq t o  
manganese. I don't. know of any g e n e t i c  
s tudy  t h a t  has  been c a r r i e d  o u t  t o  l i n k  
hyper tens ion  t o  t h i s  p e c u l i a r  c h a r a c t e r i s -  
t i c  of t h e  smooth muscle. 

DR. SIMPSON: W P  have been doing a number 
of p e r f u s i o n  experiments i n  t h e  r e g i o n a l  
vascular  beds,  and so we a r e  very  i n t e r e s t -  
ed i n  t h i s  f i e l d .  One p o i n t  t h a t  a r i s e s  is 
t h e  d i f f e r e n c e ,  which we f ? ~ ~ d  anyway, .if 
you u s e  phys io logica l  s a l i n e  and blood.  We 
were i n t e r e s t e d  t o  f i n d  i n  a per fused  
mesenter ic  a r t e r y  p r e p a r a t i o n ,  a grea t - ly  
increased  r e a c t i v i t y  t o  noradrena l ine  and 
t o  5-hydroxytryptamine i n  t h e  s a l i n e  
perfused prepara t ion  i n  our  s t r a i n  of  
g e n e t i c a l l y  hypertensive ra t s ,  b u t  no such 
increased  r e a c t i v i t y  i n  normotensive r a t s .  
W e  i n v e s t i g a t e d  t h i s  and it seemed t o  l i e ,  
as I th ink  D r .  Bohr mentioned, i r l  t h e  c e l l  
membrane. By u s e  of verapamil  and calcium- 
f r e e  s o l u t i o n s ,  arid potassium-depolar ised 
p e r f u s a t e  one was a b l e  t o  a b o l i s h  t h e  
d i f f e r e n c e  between g e n e t i c a l l y  hyper tens ive  
and normotensive ra ts .  So we presumed t h a t  
t h e  d i f f e r e n c e  l a y  i n  t h e  calcium handl ing 
a t  t h e  c e l l  membrane. However, 'he problem 
i s  t h a t  when you use  blood p e r f u s i o n ,  t h i s  
d i f f e r e n c e  between t h e  y e n e t i c a l l y  :hyper- 
t e n s i v e  and normoterisive r a t s  seems t o  
d isappear .  So we d o n ' t  know r e a l l y  whetner 
t h i s  is of any re levance  i n  t h e  i n t a c t  

p r e p a r a t i o n .  1 j u s t  wonder whetner 
D r .  Bohr f i n d s  t h i s  kind of d i f f e r e n c e  
between blood per fus ion  arid s a l i n e  p e r f u s -  
i o n ?  

DR. BOHR: When we compare o u r  s t u d i e s  o n  
blood perfi?sed h ind  l e g s  with our s t u d i e s  
i n  the  i s o l a t e d  b a t h ,  t h a t  qdp i s  br idged 
and they a r e  q u i t e  s i m i l a r .  The s e n s i t i v -  
i t y  t o  t h e  rion-physioloyic c a t i o n s  i s  t h e  
same i n  both p l a c e s .  


