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The role of the adrenal cortex in experimental hypertension has been clouded 
by the fact that in studies with the most commonly used animals, the dog and 
rat, reports have often been at variance. The early work of Goldblatt (1) and 
of Page (2) probably still represents the general consensus relative to renal 
hypertension in the dog: without substitution therapy (NaC1 or adrenal ste- 
roids), adrenalectomy prevents the development of chronic hypertension. Sim- 
ilarly, supportive therapy is thought necessary for the maintenance of present 
hypertension, after adrenalectomy. Rogoff, Nixon, and Stewart (3) however, 
reported that severe, acute hypertension developed in three dogs after adrenal- 
ectomy and bilateral renal artery constriction in the absence of specific therapy, 
including salt; and, in adrenalectomized-nephrectomized dogs, Turner and 
Grollman (4) also reported that the animals developed hypertension when 
peritoneal lavage was used to correct electrolyte abnormalities. In the rat, 
Fregly (5) and Gross (6) have reported that renal hypertension developed after 
adrenalectomy, provided that either salt, alone, or salt-retaining steroids were 
also administered. If salt was provided, Crane and Ingle (7) and Fregly (8) 
reported that the adrenals were unnecessary for salt-hypertension to be induced 
in rats; and Brandt, Dubin, and Sapirstein (9) found that salt hypertension in 
rats could be maintained in the absence of the adrenals when dietary salt was 
allowed. Skelton (10-11) has suggested that both the adrenal and salt play an 
essential role in the pathogenesis of adrenal regeneration hypertension. Knowl- 
ton et al. (12) found that the administration of cortisone to adrenalectomized 
rats resulted in a lesser degree of hypertension if the animals received extra 
sodium rather than a restricted sodium intake. Masson et al. produced hyper- 
tension in uninephrectomized rats by prolonged administration of renin and 
NaC1. This effect was prevented by adrenalectomy, but restored fully by corti- 
sol, and only partially by deoxycorticosterone acetate (DOCA) (13). 

* This work was supported by the United States Atomic Energy Commission. 
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Three rather incompatible interpretations may be proposed from the fore- 
going: (a) The adrenals are not needed for development of hypertension. (b) 
The adrenals are causally related to experimental hypertension. (c) The adre- 
nals will permit the expression of hypertension but do not themselves produce 
hypertensinogenic substances. 

Use of the rat as the experimental animal is complicated by the indubitable 
fact that  it has the capacity to regenerate functioning adrenal cortical tissue 
from adrenal accessories and rests (14, 15) and, possibly, even from cells in the 
coelomic wall (16). Colonies differ in this capacity (14, 15). Accessories have 
often been found in the renal vein and tissues immediately surrounding it, as 
well as in the epididymis (14). Such sites would commonly be overlooked in a 
routine autopsy survey. Among the five colonies of rats studied by Gaunt (14), 
accessory cortical tissue was generally found in those animals that lived more 
than 1 month after adrenalectomy, and he concluded that accessory tissue was 
probably present in all such survivors. In  such instances, the function of salt (or 
salt-retaining steroids) is probably to allow the animal to survive long enough 
for these presumably dormant cells to proliferate and develop into functioning 
cortical cells. We were left with the same impression by some studies prelim- 
inary to those reported here: among rats with complete surgical adrenalectomy, 
there were always a few that developed frank hypertension when chronically 
maintained on a high salt intake. In  such hypertensive animals, more than half 
proved at autopsy to have histologically identifiable adrenal cortical tissue, and 
it seemed possible that the remainder had obscurely placed, newly regenerated, 
adrenal tissue which we had failed to locate. In  the present study, therefore, we 
have used biochemical, physiological, and anatomical criteria to assess the pres- 
ence or absence of adrenal cortical tissue. By these criteria we found that, in 
rats with a strong genetic predisposition to developing hypertension from 
chronic NaC1 ingestion, as well as from other techniques (17-21), salt hyper- 
tension failed to develop in the absence of evidence that the rats possessed func- 
tioning adrenal cortical tissue. 

Material and Methods 

The rats employed in this experiment were derived originally from a Sprague-Dawley 
strain by selective inbreeding. Based on their capacity to resist or yield to the hypertensive 
effect of a high NaC1 diet, they were called the resistant (R) and sensitive (S) strains (17, 
18). In the experiments reported in this paper, only S strain rats of both sexes were used. 
All animals were housed in an air-conditioned, constant temperature room, lit from 8:00 
a.m. to 5:00 p.m. daily. The animals were weaned at 21-23 days and then were maintained 
on tap water (0.5-0.7 mEq of sodium/liter, on repeated analyses), and a special low salt 
chow (0.38% NaC1), until they weighed about 100-110 g. At that time (circa 30-40 days 
of age), they were divided into four groups (Table I), and subjected to the procedures and 
diets described below. 
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1. Adrenalectomized Rats Fed a "Sodium-Free" Diet (0.008-.013% Na) . - -  

Groups Ia and lb: This experiment was undertaken to determine whether rats from the 
S strain could survive on a virtually sodium-free diet after adrenalectomy, and before ad- 
renal regeneration reasonably could have occurred. 

Group Ia: Using 12 S rats (6 males, 6 females), bilateral adrenaleetomy was performed 
in one stage at the time corresponding to that  of the secondary adrenalectomy for group 
I I I  animals (see below). Bilateral adrenalectomy was carried out in one stage, rather than 
two, as was done in the test animals, in order to minimize the probability that  functioning 
adrenal cortical tissue was present. I t  was considered possible that  unilateral adrenalectomy 
might be a sufficient stimulus to initiate regeneration of adrenal rests in some animals. Low 
salt diet (0.38% NaCI) and tap water had been continued until adrenalectomy was done. 
Immediately after adrenalectomy, all rats were placed on distilled water and an artificial 
"sodium-free" diet, containing a concentration of 0.008-0.013% Na by analysis. This regimen 
was continued until they died. 

Group Ib" Because it had been reported that  older rats were able to survive adrenalectomy 
longer than younger ones (22), older animals were also adrenalectomized at the age corre- 
sponding to that  at which test animals were placed on the sodium-free diet. Six male and six 
female S rats were maintained on low salt chow (0.38% NaC1) and tap water for 6 wk after 
weaning; from wk 7-10 they were maintained on high salt chow (8% NaC1) and tap water. 
During the l l t h  wk, bilateral adrenalectomy was performed as in group Ia, after which, 
they were placed on the sodium-free chow and distilled water until death. 

2. Intaxt Rats Fed a Sodium-Free Diet--Groups H a  and Hb.- -This  experiment was done 
to determine whether S rats with adrenals intact could survive significantly longer than 
similar, adrenalectomized rats on the sodium-free regimen. 

12 S rats (6 males, 6 females) were used as the controls for group Ia. They were not operated 
on, but  were placed on the same dietary regimen at the same age, and maintained on this 
regimen for 21 days. Since younger animals are more sensitive to sodium restriction than 
older ones, due to their growth requirements, survival of those younger rats would make 
it almost unnecessary to do the same control study for group Ib. Nonetheless, a similar study 
was made on 12 animals of the same age used in group lb.  

3. Adrenalectomized Rats on a High Salt Diet--Group I l l . - - T h i s  experiment was made to 
determine whether rats without evidence of adrenal cortical function would develop hyper- 
tension from a high NaC1 intake. 

30 S strain rats (19 males, 11 females) were adrenalectomized in two steps at 2 wk in- 
tervals. Unilateral adrenalectomy was performed under ether anesthesia through a single 
skin incision over the lumbar spine. The low salt chow and tap water diet were continued 
until the second adrenalectomy, 2 wk later. After this second operation, carried out in similar 
fashion to the first, the rats were fed special diets and fluids as follows: 

1st wk: Low salt chow (0.38% NaC1) and a solution of 0.43% saline plus 2.5% glucose 
as drinking fluid. 

2nd wI~: 4% NaC1 chow and the solution of 0.43% saline plus 2.5% glucose. 
3rd wk: High salt chow (8% NaC1) and a solution of 0.11% saline and 1.25% glucose. 
4tk wk and tkereafier: High salt chow and tap water. 
This feeding regimen was arrived at empirically, during preliminary studies when a pro- 

hibitively high postoperative mortality resulted from more rapid exposure to the high salt 
CHOW, 

Blood pressure and weight were measured prior to the second adrenalectomy, and once 
a week, thereafter, for 10 wk. Blood pressure was measured by the microphonic method 
under ether anesthesia, induced by a flowing oxygen-ether mixture (21). 

Corticosteroid level in the plasma of individual rats was measured at the time of, and 
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every 2 wk after, the second adrenalectomy. From animals fasted overnight, 0.5 ml blood 
was obtained by nicking the tail under light ether anesthesia in the morning between 10 
and 11:00 a.m., using heparin as an anticoagulant. Plasma was obtained by centrifugation, 
immediately after the bleeding. Corticosteroid level in plasma was determined by the fluori- 
metfic procedure of Mattingly (23). A reagent blank and cortisol standard (2.0 ~g) were 
run through the procedure with each batch of six samples. Two check samples, one from 
pooled rat plasma and one from a previous day's run were included each day. Since a corti- 
sol standard was used, the free plasma 11-hydroxycorticoid concentration in ~g/100 ml of 
plasma was expressed as cortisol. However, the principal glucocortieoid in rat plasma is 
reported to be corticostemne, not cortisol (24-26). The two steroids have the same emission 
maximum, but differ in time development and amplitude. Our analysis of reference steroids 
indicated that  values for cortisol could be converted to corticostemne by dividing by 3.2; 
we have not done this, since it would represent merely a recalculation of primary data, rather 

TABLE I I  

Results of Steroid Determination in Plasma from Salt-Fed, S Rats. Comparison of Sampling 
Procedures from Same Animals on Different Days 

Female Male 

Rats [ ] 

Tail blood, I Decapitation, Tail blood, ] Decapitation, 
anesthesia [ no anesthesia anesthesia [ no anesthesia 

NO. in group 

Average concentra- 
tion of steroid 
#g cortisol/100 ml 

SE 

Difference 

P 

244 

13 

7 

225 

17 

19 

NS 

18 

113 64 

9 14 

49 

0.005 < P < 0.01 

than the actual measurements. We adhered rigorously to a detailed procedure, which was 
reflected in a standard deviation of less than 1.5%, as determined by 25 analyses on the 
same check sample on different days. The basal plasma corticosteroid levels in 89 intact 
R and S rats, 16 wk old, on high salt chow for the previous 10 wk, were as follows: 

Cort~costeroid (cortisol) 

18 R male 166.2 -4- 9.5 (-4-s~.) pg/lO0 ml (Range 100-261 pg) 
13 R female 228.2 ± 10.6 ( " ) " ( " 155-274 ") 
34S male 148.7 ± 4.3 ( " ) " ( " 105-193 ") 
24 S female 214.7 ± 10.9 ( " ) " ( " 102-285 ") 

R male < R female~ 
S male < S female ~ P ~ 0.001 

R m a l e  = Smale 
R female S female ) P > 0.05 

A comparison of our sampling method and sampling by decapitation without anesthesia 
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showed  s l igh t ly  h igher  va lues  w i t h  our  t e chn ique  (Tab le  H) .  11 w k  af te r  ad r ena l ee tomy ,  

a l l  r a t s  i n  g roup  H I  were  p u t  on  t he  sodium-free  reg imen  (see above) ,  on  t he  a s s u m p t i o n  
t h a t  a n i m a l s  w i t h o u t  ad rena l  cor t i ca l  t i s sue  wou ld  succumb  on  th i s  low NaC1 in t ake .  Ani -  

m a l s  s t i l l  a l ive  21 d a y s  l a t e r  were  sacrificed. A t  au topsy ,  a careful  s u r v e y  was  m a d e  t h r o u g h -  

T A B L E  I I I  

Blood Pressure and Plasma Cort~costeroid Concentration in Adrenalectomized Male S Rats 
on High Salt D~t, Group H I  

Time after operation, wk Adrenal 
tissue at 

[ [ ' Survival autopsy 
Rat 0 2 4 6 8 10 on 
No. J. - sodium- 

I [ree d/eL* 
Blood Ste-Blood Ste-Blood a t e -B lood  Ste-Blood Ste-Blood Ste- Mi- 
pres- roid pres- mid |Psrer~ roid pres- roid pres- roid pres- mid cro 

sure sure sure sure i sure 

fyt~ i 

IH, 1 o, I 
1 ] 126 ] 114 86 18 156 28 156 47 226 73 ~ - -  I !  + 
2 ] 126 [ 78 128 $ 150 42 136 59 210 70 ~; - -  21§ 
3 ] 98 ] 133 130 29 140 39 152 49 166 31 202 76 19 -{- 
4 ] 112 ] 93 86 6 124 18 120 21 184 28 220 28 21§ + 
5 ] 132 ] 153 116 2 128 8 120 26 142 28 166 37 15 -b 
6 [ 130 [ 122 120 19 16S 30 140 58 194 24 192 66 19 II 
7 ] 130 ] 88 118 6 148 13 136 30 194 28 224 51 20 ]] 
8 ] 110 [ 112 142 23 150 18 146 67 220 83 ~. - -  21§ 
9 ] 128 ] 90 102 3 112 15 110 10 140 15 156 12 14 [] 
I0 ] 142 I 136 100 10 118 6 138 8 136 7 148 9 5 
11 / 118 [ 121 1 0 4  6 126 6 118 7 1 3 0  7 142 4 7 - -  

12 [ l l S  [ 116 120 5 126 10 124 4 ¶ ** [[ 
13 ] 120 ] 78 106 8 146 21 ¶ ** 
14 [ 142 I 96 112 6 ¶ [ ** [] 
15 ] 130 I 126 112 11 ¶ [ ** 
16 [ 136 [ 153 108 2 ¶ ** {I 
17 ] 126 ] 95 110 8 ¶ ** I[ 
18 [ 120 ] 131 114 3 ¶ ** [] 
19 [ 124 I 150 ¶ ** [l 

i 
n. . .  [ 19 18 13 12 11 11 

* Survival of less than 12 days is presumptive evidence of lack of adrenal cortical function. 
:~ Placed on sodlum-free diet during 9th wk. 
§ Sacrificed. 
II No microscopic examination made because no tissue found on gross inspection. 
¶ Died. 
** Died during high salt phase of study. 
n, total number of rats at  that time. 

ou t  the  a b d o m i n a l  and  thorac ic  cav i t i e s  for possible  accessory  ad rena l  t issue.  T h e  rena l  
ve ins  and  tes tes  (14) were  no t  inc luded  in  the  survey ,  however .  Suspicious  t i s sue  was  fixed 
in  f o r m a l i n  for microscopic  e x a m i n a t i o n  of ad rena l  cor t ica l  t issue.  N o  a t t e m p t  was  m a d e  to  
assess the  q u a n t i t y  of such  t i ssue  present .  ~ 

4. Intaxt Rats on a High Salt Diet--Group I g . - - T h i s  s t u d y  was  car r ied  ou t  to  conf i rm 

1 W e  are  i n d e b t e d  to  Dr .  H o r t o n  Johnson  for al l  microscopic  eva lua t ions ,  
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t h e  c a p a c i t y  of  t h e  h i g h  s a l t  regimen used  in  Group H I  t o  c a u s e  hypertension in  i n t a c t  r a t s  

f r o m  t h e  S s t r a i n .  

10 S r a t s  (4 males ,  6 females )  w e r e  t h e  c o n t r o l s  fo r  g r o u p  I l l .  S h a m  a d r e n a l e c t o m y  w a s  

p e r f o r m e d  in  t w o  s t a g e s  a t  t h e  c o r r e s p o n d i n g  t imes  f o r  t h e  g r o u p  H I  a n i m a l s  w i t h  t h e  a d -  

r ena l s  exposed  b u t  n o t  r e m o v e d .  Al l  a n i m a l s  w e r e  o t h e r w i s e  t r e a t e d  l ike  t h o s e  in  G r o u p  I H ,  

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

TABLE IV 

Blood Pressure and Plasma Corticosteroid Concentration in Adrenalectomized Female S Rats 
on High Salt, Diet, Group H I  

R a t  
~o. 

20 
21 
22 
23 
24 
25 
26 
27 

Time after operation, wk 

0 2 

Blood Ste- Blood Ste- 
pre- reid pres- reid 

s s u r e  s u r e  

Hg ral 

122 120 120 14 
140 185 118 8 
132 147 130 41 
132 150 104 12 i 
124 110 108 39 
102 192 128 7 
118 66 106 3 
138 194 134 14 
130 151 106 6 
144 123 138 8 
124 77 116 11 

11 11 

4 

Blood Ste- 
pres- reid 
s u r e  

132 27 
135 20 
142 50 
140 12 
162 35 
132 24 
134 10 
142 13 
116 7 
116 14 
130 4 

II 

6 

Blood Ste- 
pres- reid 
sure 

138 23 
130 42 
140 100 
128 14 
194 108 
128 19 
130 9 
130 17 
110 14 
130 15 
1,32 9 

11 

8 

Blood Ste- 
pres- reid 
s u r e  

142 37 
174 53 
244 105 
136 18 
234 65 
130 2,3 
134 9 
130 10 
134 16 
138 15 
136 12 

11 

10 

Blood Ste- 
pres- roid 

s u r e  

166 39 
170 63 

y; - -  

148 25 

155 23 
134 18 
148 16 
136 7 
170"* 20 
142 18 

I ,  

Adrenal 
tissue at  

Survival autopsy 
on sodium 
-free diet* - -  

Gross Mi- cro 

~6 + + 
18 -I- + 
§ + - 

21~ -}- -I- 
§ + [  + 
6 + - 
6 + - 
4 -- ¶ 
9 ¶ 
5 - ¶ 
9 ¶ 

* Survival of less than 12 days is presumptive evidence of lack of adrenal cortical function. 
Died. 

§ Died during high salt phase of study. 
U Sacrifice.  
¶ No microscopic examination made because no tissue found on gross inspection. 
** At U wk this animal had blood pressure of 144 mm Hg, steroid 19 ~g/100 ml. 

OBSERVATIONS 

Adrenalectomized Rats on Sodium-Free Diet--Groups Ia and Ib.--AU rats in 
group Ia died between 3 and 10 days after adrenalectomy, with a mean of 5.8 
2 (SD) days. All rats in group Ib died between 5 and 10 days after adrenalec- 
tomy, with a mean of 7.5 + 1.4 (SD) days. There was no difference apparent 
between the sexes. Hence, a survival of less than 12 days (mean + 3 SD) on the 
sodium-free regimen was used as presumptive evidence for lack of functioning 
adrenal cortical tissue. (In a group of 12 S rats, 11 months old, not included in 
this study, survival after precisely the same treatment ranged from 8-19 days, 
with a mean of 14.7 (-4- 3.3) days. This confirms the observation that older rats 
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survive adrenalectomy longer than younger ones (22). I t  also emphasizes the 
need for having control and test animals of similar ages.) 

Intact Rats on Sodium-Free Diet--Groups H a  and Hb.--AU rats survived 

TABLE V 

Adrenalevtoraized Rats with Hypertension (2 Consecutive Blood Pressures >_ 140 ram Hg or 1 
Blood Pressure >_ 160 ram Hg) 

Adrenal 
Rat No. Sex Last blood cortical 

pressure function 

vnn Hg 

1 M a l e  2 2 6  Y e s  

2 " 2 1 0  " 

3 " 2 0 2  " 

4 " 2 2 0  " 

5 " 1 6 6  " 

6 " 192  " 

7 " 2 2 4  " 

8 " 2 2 0  " 

9 " 1 5 6  " 

2 0  F e m a l e  1 6 6  " 

2 1  " 1 7 0  " 

2 2  " 2 4 4  " 

2 3  " 1 4 8  " 

2 4  " 2 3 4  " 

2 9  " 1 4 4  N o  

Criteria for adrenal cortical 
function 

I 

Plasma steroid 
concentration 

42 ~g/lOOml* 

+ 
+ 
+ 

+ §  
+ 
+ 
+ 

+ 
+ 

+ 

Survived on 
sodlum-free 

diet~ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
[I 

+ 
II 

Histologically 
confirmed 

adrenal cortical 
tissue--autopsy 

+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

a. 15 
Mean blood 

pressure 
ram Hg.. .  1 9 4 . 8  

~E. 8 . 7 0  

* 42 g.g/100 ml exceeds by 3 S.D. the mean plasma concentration of corticosteroids among 
rats 2 wk after surgical adrenalectomy. See Results, group III.  

:~ Less than 12 days presumptive evidence of lack of adrenal cortical tissue. 
§ 46 #g/100 ml during sodium-free regimen. 
[[ Died during high salt phase. 

without apparent distress until they were sacrificed after 21 days. I t  was con- 
eluded that if surgically adrenalectomized rats survived this regimen for 21 
days, normal adrenal cortical function must be presumed to be present by virtue 
of accessory glands or regeneration of rests. 

The combined results of experiments on adrenalectomized (groups Ia and Ib) 
and intact (groups IIa  and IIb) rats on this sodlum-free regimen led to the 
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following operational postulates: (a) Death in <12 days = no functioning 
adrenal cortical tissue. (b) Death from > 12 and < 21 days = some functioning 
adrenal cortical tissue. (c) Survival for >21 days = normally functioning 
adrenal cortical tissue. 

Adrenalectomized Rats on High Salt Diet--Group I I I  (Tables III-VI).---One 
rat (No. 19, Table III) died postoperatively during the first 2 wk and has not 

T A B L E  VI  

Adrenalectomized Ra t s  u~ithoul Hyper tension 

Rat No. Sex Last blood Adrenal cortical 
pressure function 

!ram Hg 

10 M a l e  148 
11 " 142 
12 " 124 
13 ' 146 
14 " 112 
15 " 112 
16 " 108 
17 ,, 110 
18 " 114 
25 Female  156 
26 " 134 
27 " 148 
28 " 136 
30 " 142 

n . . . .  

Mean blood 
pressure, 
m ~  H g  . . . .  

14 

N o  

Criteria for adrenal cortical 
function 

Plasma s t e r o i d  

concentration > 
4 2  #g/100 ml* 

Survived on 
sodium-free diet 

c~ m 
~c 

~c 

~c 

c~ 

¢c 

~c 

k 

k 

Histologically 
confirmed 

adrenal cortica 
tissue 

n 

N 

130 .9  
4 .53  

* See legend for Table V. 
$ Died during high salt phase. 

been included in this evaluation. In previous studies, we have defined hyper- 
tension as persistent systolic blood pressures ~ 140 mm Hg (21), a definition 
arrived at during observations ordinarily extending over periods of up to 12  

months. In the current study, blood pressures after adrenalectomy were labile 
and the period of observation shorter. We have, therefore, for this study some- 
what arbitrarily defined hypertension as two consecutive systolic pressures 

140 mm Hg or a single observation ~ 160 mm Hg. Our extensive experience 
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with these rats indicated that such end points might overestimate the presence 
of chronic hypertension, but  would not underestimate it. 

The primary data on blood pressure, plasma steroid concentration, survival 
on the sodium-free regimen, and anatomical evidence of adrenal cortical tissue 

~ I I I I I I I I / I  I I ~ 
i o 

Z40 / 
o /  

2zo: • "I//" " S 
- // • / - 

2oo- // " / - 
_ y" . / o _ 

_ // • / /-/ 
E 180 / o  ////z_ 
E // o . o'° LtJ ¢w 
D 

/ 
. - ~ ) ~ n -  .. / 

o o / 
_ . :  / _ 

/ 
I 0 0  - / • MALE - -  / 

/ 
- / ,, FEMALE - -  

/ 
80 ,~ 
O0 1 1 1 1 I I l l I 1 

2 0  4 0  6 0  8 0  I00  120 

I I - O H  - STEROID 

(AS p.g H Y D R O C O R T I S O N E / I O 0  ml PLASMA) 

FIo. 1. Correlation between blood pressure and plasma steroid concentration in adrenalec- 
tomized S rats on high salt diet. 

are summarized, by sex, in Tables I I I  and IV. In Tables V and VI, the animals 
have been regrouped on the basis of the presence or absence of hypertension (as 
defined above), with an assessment of whether or not adrenal cortical function 
was present. The average corticosteroid level in the plasma of adrenalectomized 
rats (group III), 2 wk after second adrenalectomy was 11.5 4- 10.1 (SD)/~g/100 
ml. 42 /zg/100 ml. (mean + 3 SD) was therefore considered presumptive evi- 
dence for significant adrenal function. Except for one animal (No. 29, Tables 
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IV and V), all rats with evidence of hypertension showed evidence of function- 
ing adrenal tissue. The converse was also true. Rat 29 had no adrenal cortical 
function by the three criteria used in this study, but its pressure was marginally 
elevated (144 mg Hg) prior to adrenalectomy. After adrenalectomy the blood 
pressure was low, but later returned to preoperative levels or possibly higher 
(10 wk, 170 mrn Hg; 11 wk, 144 mm Hg). As the single exception it is difficult 

TABLE VII 

Blood Pressure and Plasma Cor~icosteroid Concentration in Intact Rats on High Salt Diet, 
Group I V  

Se pressurel Stero Blood i j d, 

- -  pg/lO0 
m m  Jig ml 

Mal 128 157 
' 134 122 

" 132 115 
140 188 

Time after operation, wk 

2 

Blood 
b r e s s u r e  Steroid 

i 

188 123 
162 126 
158 110 
192 123 

4 

Blood Steroid 
)~essu re  

180 99 
186 176 
178 117 
184 144 

6 

Blood Steroid 
p r e s s u r e  

196 103 
184 197 
194 109 
192 152 

8 

Blood 
pressure Steroid 

176 185 
160 103 
174 140 
184 168 

10 

Blood [ 
pressure[ 

220 
2O4 
224 
2O8 

Ste- 
roid 

159 
77 

190 
119 

n . . . . .  4 

M x ? n .  1 3 3 . 5  14~ .5  1 7 5 . 0 1 2 0 . 5 1 8 2 . 0 1 3 4 . 0  2 1 4 . 0 1 3 6 . 3  

2.5 16.9 8.7 3.6 1.8 16.8 4.8 24.5 

Fe- 124 206 
m,,ale 130 174 

144 157 
124 199 
124 178 
140 193 

n . . . . .  6 
Mean. 131.0 184.5 
8x . . . .  3.6 7.4 

170 
152 
182 
146 
198 
166 

206 
176 
153 
148 
164 
133 

178 
170 
196 
160 
190 
170 

195 
176 
103 
200 
115 
109 

6 6 
169.0 163.3 177.3 [ 149.7 

7.8 10.4 5.5 [ 18.5 

191.5 140.3 
2.6 21.8 

198 174 
190 161 
180 152 
178 210 
190 133 
Died Died 

5 
187.2 [ 166.0 

3.7 12.9 

173.5 149.0 
5.0 17.9 

180 211 
168 169 
166 178 
174 188 
184 198 

5 
174.4 188.8 

3.4 7.4 

208 
196 
204 
190 
178 

120 
108 
126 
158 
174 

5 
195.2 137.2 

5.3 12.4 

to estimate the importance of this finding. The difference between the mean 
blood pressures of the groups in Tables V and VI was highly significant (P < 
0.001). The death of rat 1 (Tables III and V) after 11 days on the sodium-free 
regimen was probably due to the severity of the hypertension, rather than to 
lack of adrenal cortical function, since the plasma steroid concentration was 
approaching normal (80 #g/100 ml) after 1 wk on the sodium-free regimen (4 
days before death). Fig. 1 displays the observed blood pressures and blood 
steroid levels from wk 4-10 (85 observations on 23 animals). There is a sig- 
nificant positive correlation between the two parameters. The regression equa- 
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tion is y --- 0.85 x + 124.5. The residual standard deviation of y on x is 22.4 
mm Hg. The standard deviation of the regression coefficient is ( +  0.10). 

Intact Rats on High Salt Diet--Group IV  (Table VII).--Hypertension, as ex- 
pected, developed rapidly in all of these intact animals on a high salt intake. 
By the end of the 4th wk, the average blood pressure was approximately 180 mm 
Hg, and after the 10th wk about 200 mm Hg. Plasma corficosteroid concentra- 
tions remained within the normal range for males and females of this S strain 
throughout the 10 wk on salt. 9 of the 10 rats in this group survived the 10 wk 
on salt, as well as the subsequent 3 wk on the sodium-free regimen. The one 
death occurred in a female, after anesthesia for blood pressure measurement, at 
the end of the 4th wk on salt. 

DISCUSSION 

In adrenalectomized hypertension-prone rats, we found a high degree of cor- 
relation between evidence of functioning adrenal tissue and the development of 
salt hypertension. But for one exception, high blood pressure occurred in the 
rats, only in combination with strong evidence of adrenocorticoid function, and 
vice versa. Further, there was a direct and significant correlation between the 
values of systolic blood pressure and of plasma steroid concentration, as meas- 
ured by a fluorescence method. When salt hypertension developed ill our op- 
erated rats, it did so much more slowly than in the sham-operated, intact con- 
trols, suggesting that adrenal cortical function was not fully replaced by the 
high salt intake alone. I t  seems probable that the animals were able to survive 
adrenalectomy because of the concurrent salt intake, but developed hyperten- 
sion only after some adrenal cortical function returned. 

The validity of our criteria for the presence of adrenal tissue and function is 
critical. We used three tests, one of which was biochemical, the second, physi- 
ological, and the third, anatomical. The biochemical parameter, presence of 
fluorescent material in serum, is probably most reliable and has the advantage 
of being quantitative. The fluorescence appeared to be caused almost exclusively 
by circulating glucocorticoids. I t  had the same emission maximum as standards 
of corticosterone and cortisol. This fluorescence virtually disappeared immedi- 
ately after adrenalectomy, and reappeared slowly. I t  seems reasonable to use 
the plasma concentration as an index of adrenal corticoid function, although 
theoretically low values might occur with a high production rate. The physio- 
logical test, survival on a sodium-free diet, is also considered reliable (14). In 
our own study, no recently adrenalectomized rat survived when placed imme- 
diately after operation on the sodium-free regimen, whereas all sham-operated 
controls did. We feel, therefore, that survival on such a regimen is strong pre- 
sumptive evidence for the presence of functioning cortical tissue. The anatom- 
ical evidence, identification of adrenal tissue, is strong evidence if positive, but 
inconclusive if negative, for the reasons cited in the introduction. I t  may not 
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be necessary that a fully functioning adrenal cortex be present for hypertension 
to evolve. It is well established, for instance, that adrenal regeneration hyper- 
tension (10) develops during a time when the uninephrectomized, salt-fed rats 
have a demonstrably deficient corticosterone and aldosterone secretion (27). 
The adrenal function was deficient in our operated rats that developed hyper- 
tension, as evidenced by their plasma corticosterone concentrations, which were 
significantly lower than in the intact controls, although higher than in those 
that failed to develop hypertension. 

Relative to salt-induced experimental hypertension, Crane and Ingle (7) re- 
ported that in uninephrectomized rats, adrenalectomy generally ameliorated its 
development. In a few rats, however, hypertension was marked, and severe 
kidney lesions were found. Adrenal remnants, or accessories, apparently were 
searched for, but not found. Tests for residual adrenal cortical function were 
not made. They concluded that adrenal cortical hormones played a supporting 
role, whereas the toxicity of the NaC1 and the associated electrolyte imbalances 
were the primary cause of such hypertension. 

Fregly (8) also concluded that, in rats, the adrenals were not necessary for 
hypertension to be induced by administration of hypertonic NaCI solutions as 
the only drinking fluid. In all his experiments, the food was standard Purina 
Chow (in our experience this contains about 1% NaC1), and drinking fluid con- 
raining NaC1 was always available. Mter adrenalectomy, a 1-3 wk control 
period preceded the administration of hypertonic NaC1 solutions in various 
strengths for periods ranging from about 13 to 28 wk. Hypertension developed 
3-8 wk after the animals began to drink 1.75% NaC1 solution. Four criteria 
were used for completeness of the adrenalectomy: (a) slower growth rate (5); 
(b) increased NaC1 appetite (28); (c) faster cooling rate after exposure to cold 
(29); (d) gross inspection for adrenal tissue. Fregly reported that no accessory 
adrenal tissue was found in any rat. The first three criteria are all indirect evi- 
dence of complete absence of adrenal cortical tissue, and their sensitivity as end 
points might be limited if, in fact, regenerating adrenal tissue were present in 
amounts below those required for normal function, but sufficient for the de- 
velopment of hypertension, as is true for adrenal regeneration hypertension. 
The fourth criterion is subject to the limitations described in our introduction. 
In sum, despite Fregly's conclusion that the salt-fed, adrenalectomized rats 
became hypertensive, it is at least possible that they had some functioning 
adrenal cortical tissue. 

The correlation between plasma steroid concentration and hypertension dem- 
onstrated in Fig. 1 is not interpreted to mean that the steroid measured in 
plasma is responsible for the hypertension. This is hardly likely, since intact 
normotensive animals from the strain genetically resistant to hypertension, and 
intact hypertensive rats from the hypertension-prone strain, had similar plasma 
steroid concentrations. Hence, if there is a difference in adrenal function be- 
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tween the two strains responsible for the development of hypertension, this 
difference must be associated with a substance other than that measured here. 
We have no data to settle this issue now, but we suspect that, rather than hav- 
ing a primary role in hypertension, the adrenals play a permissive one, provid- 
ing a necessary part of the environment for an extraadrenal hypertensinogenic 
factor to become m~nlfest. If this is true, the correlation shown in Fig. 1, then, 
would be an expression of the necessity of some aspect of adrenal cortical func- 
tion, without more specific implications. Furthermore, if hypertension cannot 
develop in the absence of adrenal cortical function, during the gradual return 
of such function by regeneration, a correlation between increasing blood pres- 
sure and increasing evidence of function might be expected. However, unless 
the adrenal were playing a primary role in the hypertension when adrenal 
cortical function approached normal, the correlation in Fig. 1 no longer would 
prevail. That seems to be the situation here. 

On the basis of available evidence, we conclude that some adrenocortical 
function is necessary for salt hypertension to develop. Our evidence does not 
settle the question whether the action is causative, or whether corticosteroids 
play a supporting role for some extraadrenal hypertensinogenic principle. 

SUMMARY AND CONCLUSIONS 

In adrenalectomized, genetically hypertension-prone rats, a high degree of 
correlation was found between evidence of functioning adrenal tissue and the 
development of salt hypertension. There is considerable evidence that some 
rats have the capacity to regenerate functioning adrenal cortical tissue from 
accessory glands and microscopic rests, sometimes in remote locations. There- 
fore, the criteria for continued absence of adrenal function after surgical adrena- 
lectomy are critical. In this study we used three tests to validate the presence, 
or absence, of adrenal function: (a) a biochemical test, the quantitative, serial 
measurement of plasma glucocorticoids in individual rats; (b) a physiological 
test, the ability to survive a virtually sodium-free diet; and (c) the anatomical 
search for histological evidence of adrenal cortical tissue. Among those animals 
that developed hypertension after adrenalectomy, the correlation between 
plasma steroid concentration and blood pressure was statistically significant. 
We suspect that this correlation exists only during the period when cortical 
tissue is regenerating; it does not exist among intact animals with and without 
hypertension induced by salt. 

I t  was concluded that some adrenocortical function is necessary for salt hy- 
pertension to develop. The evidence was insufficient to settle the question 
whether the action of corticosteroids is causative, or whether they play a sup- 
porting, although necessary, role for an extraadrenal hypertensinogenlc factor 
to become manifest. 
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