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There is considerable evidence which can be interpreted to indicate a familial 
trend in human essential hypertension (1-5). A familial disease could be due 
exclusively to common environmental factors, exclusively to common genetic 
patterns, or to an interaction of the two. 

For some years we have been exploring the effects of chronic excess salt 
ingestion in both man and animals and have brought forward evidence to 
support the thesis that dietary salt plays an etiologic role in human essential 
hypertension (6-12). However, it was observed repeatedly that some in- 
dividuals, and some rats, remained normotensive despite the fact that they 
were chronically consuming large amounts of salt. 

In our nutritional experiments with rats (13-15) the control of environmental 
factors was rigid. In spite of this, in a given group, some salt-fed animals never 
developed hypertension whereas a few became hypertensive after 1 month on 
the diet and rapidly developed fulminating hypertension. I t  was thought that 
such wide variations in response to excess salt consumption represented either 
the statistical limits of a homogeneous populatoin or the extreme consequences 
of genetic heterogeneity. If the population were homogeneous, it would not 
lend itself to fractionation by genetic techniques. By contrast, if sensitivity 
to salt were genetically controlled, it should be possible to separate two strains 
that differ demonstrably in the incidence and gravity of hypertension develop- 
ing from excess salt consumption. 

The present paper is a report of experiments that resulted in the separation 
of two strains of rats differing markedly from one another in their susceptibility 
to the development of experimental hypertension from excess salt ingestion. 

Experiment 1 

We were aware that thyroid hormone enhanced the development of experi- 
mental hypertension produced by salt and desoxycorticosterone acetate (16-20). 

* This work was supported by the United States Atomic Energy Commission. 
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1174 GENETIC FACTORS IN HYPERTENSION FROM SALT FEEDING 

Furthermore ,  Selye (16, 21) and his associates, as well as Masson,  Corcoran, 
and Page (20), had  observed in uninephrectomized salt-fed ra ts  tha t  the ad- 
minis t ra t ion of thyroxin alone could lead rapid ly  but  not  cons tant ly  to hy- 
pertension. 

We thought  i t  l ikely tha t  adminis t ra t ion of thyroid hormone would enhance 
the development  of hyper tension in non-operated salt-fed animals,  as well. 
If  so, observations on the development  of hypertension could be completed in 
perhaps 3 or 4 months  as opposed to the much slower ra te  a t  which experi- 
menta l  hyper tension ordinar i ly  develops in salt-fed rats  (13-15, 22). The initial 
experiments,  therefore, were designed to evaluate  the effect of thyroid  hormone 
on the development  of hypertension in intact ,  salt-fed animals.  

21 unselected weanling female Sprague-Dawley rats were studied. The care, diet, and 
technique of blood pressure measurement were the same as reported in earlier papers (13-15), 
and only items pertinent to the present study will be given here. 7 animals were fed the low 
sodium control diet; 10 were fed chow containing 8 per cent NaCl, and 4 received chow with 
11.6 per cent sea salt equivalent to about 7.3 per cent NaC1 (14). At approximately 3 weeks 
of age, usually 1 day after being placed on their respective diets at weaning, all animals re- 
ceived intrapefitoneally 50 #g of sodium L-triiodothyronine (cytomd ®, S.K.F.)k This was 
dissolved in 0.2 mI of saline made slightly alkaline with dilute NaOH. It was administered 
daily for 4 doses initially, and thereafter 5/zg in the same volume were given 4 times per week 
for 3 months (Nos. 797, 798, and 799 for 4 months); at the end of this time the triiodothyronine 
(T,) was stopped but the diet continued unchanged for 8 more months (7 months for Nos. 
797, 798, and 799) for a total of 11 months of observation. Blood pressures were measured 
every 2 to 3 weeks during administration of the T3, 48 hours after the last dose of T3, and at 
monthly intervals thereafter until sacrifice of the animals at approximately 1 year of age. 

Results.--The impor tan t  da t a  are summarized in Table I. 
None of the control animals developed continuing hyper tension al though 

several had occasional elevations (not shown) of between 140 and 148 mm Hg 
during the period of T3 adminis t ra t ion.  

By contrast ,  most  of the salt-fed animals developed hyper tension rapidly,  
and this was not  significantly affected when the T3 was s topped:  systolic pres- 
sures 48 hours as well as 1 month  after  cessation of T3 were very  similar. The 
rap id i ty  of onset of sustained hypertension was significantly faster  than  we have 
observed with salt-feeding alone (13, 14) but  in other  respects the animals 
resembled our s tandard  colonies of salt-fed animals (13-15). 

F rom this experiment  i t  appeared  tha t  t r i iodothyronine enhanced the de- 
ve lopment  of hyper tension in intact ,  salt-fed rats.  As in earlier observations 
(12, 20, 21), we found this enhancement  to be inconstant .  Arbi t rar i ly ,  we as- 
signed this inconstancy of response to variat ions in genetic sensi t ivi ty  to the 
regimen. The fact  tha t  T8 alone had  no effect on the development  of hyper-  
tension was in terpreted to implicate NaC1 as the p r imary  offending agent.  

1 We are indebted to Dr. H. Greenberg, Research Division, Smith, Kline and French, 
Philadelphia, for all the cytomel ® used in this study. 
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L. K. DAHL, M. HEINE, AND L. TASSINARI 1175 

Fina l l y ,  i t  was  p o s t u l a t e d  t h a t  t h e  d e v e l o p m e n t  of s t r a i n s  of r a t s  b o t h  s e n s i t i v e  

a n d  in sens i t i ve  to  t h e  T r s a l t  r e g i m e n  m i g h t  i n d i c a t e  s imi l a r  r e sponse  to  sa l t  

a lone .  

TABLE I 

Experiment 1 

No. Rat No. rats 

10 

7-99* 
8-19 
8-20 
8-21 
8-22 
8-23 
8-25 

7-97" 
7-98* 
8-10 
8-11 
8-12 
8-13 
8-15 
8-16 
8-17 
8-18 

8-05 
8-07 
8-08 
8-09 

Diet 

Control 

8 per cent NaC1 

11.6 per cent 
sea salt 

Regimen 

T~ 50 gg/day i.p. for 
4 days, then 5 gg 
4)</wk. for 3 
months. 

Same as above 

Same as above 

Blood pressure 

Average B.P. 
One month after 10 "4- 11 

after last Ts 
injection months on 

d/et 

mm Hg mm Hg 

128 133~ 
130 133 
130 126 
124 126 
112 129 
126 125 
124 126 

183 222 
182 197 
148 175 
136 147 
152 181 
202 177 
154 175 
130 143 
156 158 
160 181 

192 223 
150 138 
158 154 
162 175 

Blood pressure of female rats on diets with high or low salt content after injection of 
L-triiodotbyronine (Ts) intraperitoneally. 

* Received 5 gg T8 4X/wk.  for 4 months rather than 3 months. 
Average of pressures at 9 and 10 months; respiratory infection at  11 months. 

Experiment 2 
An unselected group of 24 female and 23 male 3-week-old Sprague-Dawley weanlings 

constituted the initial stock from whleh two strains were developed. The regimen for this 
group and the generations derived from it differed somewhat from that  in Experiment 1. 
Initially 50/~g of Ta was injected daily for 4 days, as before, after which the animals received 
only ten 5/zg doses in the next 21 days, for a total of 250/zg in approximately 4 weeks. Blood 
pressures were measured 48 hours later; immediately after this measurement animals saved 
for breeding were placed on the low sodium, control diet and the remainder were sacrificed. 
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1176 GENETIC FACTORS IN H Y P E R T E N S I O N  FROI~ SALT F E E D I N G  

The regimen was changed from that used in Experiment 1 in the belief that 
animals which became hypertensive on the abbreviated design were genetically 
the most sensitive to salt. However, the shorter regimen might allow some less 
sensitive, but potentially hypertensive, animals to be accepted as resistant to 
the hypertensogenic effects of NaC1. 

In order to simplify feeding procedure, all animals received only one salt- 
containing food, namely the "11.6 per cent sea salt chow" (14). On this identical 
regimen, no difference in the hypertensive potential has been found for the 8 
per cent NaC1 or the 11.6 per cent sea salt chows: this is in contrast to long- 
term feeding experiments in which the sea-salt was found to produce signifi- 
cantly more severe hypertension in rats (14). 

In order to be sure that our particular group of Sprague-Dawley rats was 
not unique, other unselected groups of Sprague-Dawley rats were tested for 
their hypertensive response to the above regimen during the 2 years of this 
study. In these instances, each such experiment was confined to the unselected 
animals without subsequent selective breeding. From these experiments we 
were able to ascertain the range of response to this regimen that might be ex- 
pected in a mixed population of Sprague-Dawley rats. 4 such groups were 
studied, distributed by sex and number as follows: 2 

o ~ 

Unselected strain U1 A 23 17 
" " UI B 29 30 
" " Ux C ~ 25 -- 
" " U~ D ~ 21 -- 

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 47 

S e l e c t i v e  i n b r e e d i n g . - - F r o m  the blood pressure response 48 hours after the 
last T8 injection of members in the original unselected group (called U1), males 
and females with the highest blood pressures were selected for inbreeding within 
this group; those with the lowest pressures were similarly bred. Mating or- 
dinarily was begun during the week following blood pressure measurement 
although occasionally the interval was longer. During the period of mating 
and subsequent gestation, all animals were maintained on the low sodium, 
control diet: we have observed that female rats on a high salt diet produce 
smaller litters which appears to be due to resorption of fetuses. Offspring or- 
dinarily were weaned at 21 days although in the case of large litters if the 
young animals were small, this was extended up to a maximum of 28 days. At 
weaning, they were put on the sea-salt chow and T3 administration was begun 

2 We are indebted to Dr. Eckart Schackow for allowing us to use the blood pressure data 
on Groups U1 C and D. 
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as described above. Animals derived from parents with high blood pressure 
were called sensitive (S) and each generation subsequent to the unselected 
group (U1) was labeled $1, S~, or $3, respectively. Animals from parents that 
did not respond with high blood pressure were called resistant (R) and succeed- 
ing generations were labeled R1, R2, or R3, respectively. I t  was usually possible 
to select for inbreeding brothers and sisters that had responded in similar 
fashion. In selection of the breeders for the successive resistant strains, animals 
showing the least blood pressure response to the regimen were used and the 
remaining rats were discarded. Animals responding in the reverse manner were 
selected as breeders for successive sensitive strains. Following the initial designa- 
tion of U1 animals as sensitive or resistant no crossbreeding between the 2 
strains was permitted. 

Analysis of the data from $2 and R2 indicated that two strains were being 
successfully separated one of which was more, while the other was less, resistant 
to developing hypertension on this regimen than was the original Ua group. 
Therefore, from litters in $3 and R3 animals were selected randomly and placed 
in 2 subgroups at weaning after sex was determined. 1 subgroup was treated in 
the standard fashion described above with T3 and sea salt chow. The 2nd 
subgroup did not receive T3 but was maintained only on the control or sea salt 
chows as described in Experiment 3 (below). 

Results.- 
Response of original U1 strain compared with other unselected Sprague-Dawley 

rats: In Table I I  are summarized the blood pressure responses to the T3-sea 
salt regimen of 192 unselected weanling rats, groups of which were subjected 
to the same regimen, at intervals throughout this study. The response of the 
UI strain which was used as the original breeder stock, did not differ signifi- 
cantly (p > 0.05) from the other groups. A contrary finding would only have 
reinforced the suspicion that differences in genetic susceptibility to salt exist. 
I t  was Concluded that the response of the U1 animals was characteristic of the 
Sprague-Dawley strain from which they originated. 

Comparison of blood pressure responses to triiodothyronine-sea salt regimen 
among successive generations: 

1. Mean systolic blood pressure (Tables I I I  and IV). The diminution in mean 
systolic blood pressure with succeeding generations of resistant (R) animals is 
summarized in Table III ;  the corresponding increase among sensitive (S) 
animals is shown in Table IV. The high mean value observed among the $1 
animals is probably fortuitous: an epidemic of pneumonia swept the R~-S~ 
animals during the first 2 weeks of the regimen and among the 113 animals at 
risk, 31 died. Interestingly, 25 of the deaths occurred in the S~ strain, leaving 
only 15 survivors of each sex. In both sexes, the mean systolic blood pressure 
of the $3 animals was higher while that of the R8 animals was lower, than that 
of the U1 animals (p < 0.01). 
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TABLE I I  

Experimen~ 2 

Strain 

[~1 

LI~ A 
[51B 
~t C 
~ D 

M1 females.. 

[Jl 

[JIA 
U1B 

males 

Ml. 

T o t a l  N o .  
rats in 
group 

24 
23 
29 
25 
21 

122 

23 
17 
30 

70 

192 

Sex 

Females 
~c 

~g 

~c 

Males 

Both 

Number (No.) of rats and fraction (f) of group with 
systolic B.P. (ram Hg) as indicated 

No. 

25 

10 

35 

<:140 

0.29 
0.13 
0.31 
0.16 
0.10 

0.21 

0.13 
0.18 
0.13 

0.14 

0.18 

140 to 179 

No. ] 

13 0.54 
16 0.70 
17 0.59 
14 0.56 
14 0.67 

74 0.61 

15 0.65 
8 0.47 

21 0.70 

44 0.63 

118 0.62 

180+ 

No. f 
! - -  

4 I 0.17 
4 i 0.17 
3 ! 0.10 
7 0.28 
5 0.24 

23 0.19 

5 0.22 
6 0.35 
5 0.17 

16 0.23 

39 0.20 

Effect of Ts-sea salt regimen on unselected Sprague-Dawley rats of both sexes. U~ animals 
were used as original breeding stock and U1 A through U1 D as checks on expected distribu- 
tion of blood pressure response among similarly treated, unselected animals. 

Chi-square tests reveal no significant differences in the dispersion of blood pressure re- 
sponses among all groups of females, among the groups of males, or between all females and 
all males. 

TABLE I I I  

Experiment 2 

Strain Total No. Sex Average B.P. (±S.D.) 

V l  

R1 
R, 
1% 

V l  

1% 
R~ 
1% 

24 
28 
35 
32 

23 
24 
23 
29 

Females 

Males 
~c 

*c 

mm Hg 

157.6 (:t:24.2) 
153.2 (-4-18.8) 
137.6 (:t:14.6) 
136.1 (:t:14.5) 

161.6 (-4-18.5) 
152.5 (-~16.5) 
136.0 (-4-15.4) 
139.5 (-4-15.4) 

Development of increasing resistance to T r s e a  salt regimen: decline in average blood 
pressure response by selective inbreeding. U1 ffi Unselected; R1, R2, 1% = 1st, 2nd, and 3rd 
generation, respectively. 

By Student's t test, the mean B.P. of 9R3 < ~U1, t 4.10, p < 0.001; c~R3 < c~Ul, t 
4.72, p < 0.001. 
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L. K. DAHI.,, M. HEINE, AND L. TASSINARI 1179 

2. Detailed systolic blood pressures of Ux versus Sa and R3 animals. The indi- 
vidual pressures recorded for all survivors among the U1 and S3-Ra strains in 
Experiment 2 are summarized in detail in Table V and VI. A graphic demon- 
stration of the difference between the pressures among the U1 and the $3 and R~ 
animals is provided by  Fig. 1. The difference in distribution of blood pressure 
responses among U1 and Ss-Rs animals is summarized in Table VII ,  where the 
members have been distributed according to their systolic blood pressures as 

TABLE IV 
Exp*riment 2 

Strain Total No. Sex Average B.P. (+s~.) 

UI 
$1 
$2 
$3 

U1 
$1 
S, 
$3 

24 
15" 
24 
24 

23 
15" 
27 
25 

Females 
ram Hg 

157.6 (4-24.2) 
188.2 (4-17.4) 
166.3 (4-24.1) 
182.3 (4-18.3) 

161.6 (4-18.5) 
186.3 (4-18.8) 
178.5 (4-15.7) 
179.3 (4-20.2) 

Males 

~c 

Development of increasing sensitivity to Trsea salt regimen: increase in average blood 
pressure by selective inbreeding. U1 -- Unselected; $I, S~, $3 = 1st, 2nd, and 3rd generation, 
respectively. By Student's t test, the mean B.P. of ~ $3 > 9 U 1, with t 3.99, p < 0.001; 
c~$3 > cPU1 with t 3.15, p < 0.005. 

* A severe pneumonia epidemic occurred among the SI-RI animals with death primarily 
among the $1 strain: there were 25 deaths among 55 $1 animals in contrast to only 6 deaths 
among 58 animals in the R1 strain. The increase in average B.P. among $1 animals, therefore, 
may be only due to chance survival of the more salt-sensitive animals among the small 
number of animals remaining. 

follows: < 140 mm Hg (normal), 140 to 179 m m  Hg  (mild to moderate hyper- 
tension), 180-[- mm Hg  (severe hypertension). 

I n  Tables V and VI  the mean and median systolic pressures are shown to 
be significantly (p < 0.01) higher in the S, strain, and lower in the R8 strain, 
than in the original U1 strain. The difference in frequency of "severe" and 
"normal" pressures is striking when the $8 and Rs animals are compared. 
From Table V I I  it will be seen tha t  among the 61 resistant (Rs) animals of 
both sexes, none with severe (180-[-) hypertension was observed. Yet, the 
failure to respond is even more striking than is indicated by  Table VII ,  for 
among females there was none, and among males only 1 animal (No. 3-52), 
with a pressure in excess of even 160 ram. By  contrast, among the 49 sensitive 
($8) animals, 26 had pressures of 180 mm or more (i.e.) severe hypertension); 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/115/6/1173/1649482/1173.pdf by guest on 25 April 2024



1180  GENETIC FACTORS IN HYPERTENSION FROM SALT FEEDING 

TABLE V 

Experimentg. Femal~ 

St ra in  . . . . . . . . . .  U~ $3 Ra 

R a t  N o .  Sys to l ic  B . P .  R a t  No .  Systol ic  B P.  R a t  No.  Sys to l ic  B . P .  

n . . . . . . . . . . .  

Mean . . . . . . .  
S.D . . . . . . . . . .  

Median . . . .  

mm Hg 

1 134 
2 210 
3 152 
4 170 
5 154 
6 134 
7 174 
8 172 
9 160 

10 126 
11 186 
12 156 
13 121 
14 136 
15 110 
16 144 
17 171 
18 130 
19 162 
20 181 
21 177 
22 176 
23 184 
24 163 

24 
157.6 

4-24.2 
161 

3-14 
3-15 
3-16 
3-17 
3-18 
3-19 
3-20 
3-25 
3-26 
3-27 
4-06 
4-07 
4-25 
4-26 
4-27 
4-28 
4-29 
4-44 
4-45 
4-46 
4-47 
4-48 
4-49 
4-50 

mm Hg 

194 
187 
186 
174 
168 
166 
156 
210 
194 
204 
174 
174 
186 
228 
200 
162 
171 
183 
200 
166 
170 
172 
154 
196 

24 
182.3 

4-18.3 
178.5 

3-01 
3-02 
3-04 
3-05 
3-06 
3-07 
3-08 
3-12 
3-21 
3-28 
3-29 
3-30 
3-31 
3-32 
3-33 
3-34 
3-35 
3-36 
3-43 
3-44 
4-05 
4-08 
4-09 
4-12 
4-20 
4-21 
4-22 
4-23 
4-24 
4-41 
4-42 
4-43 

ram ltg 

150 
116 
142 
125 
147 
136 
130 
108 
128 
140 
135 
124 
118 
158 
124 
112 
144 
158 
144 
147 
110 
134 
154 
139 
153 
152 
150 
131 
116 
148 
141 
142 

32 
136.1 

4-14.5 
139.5 

Effect of tHiodothyronine-sea salt regimen on systolic blood pressures of female rats: 
comparison of unselected (Ut) group with 3rd generation of animals inbred for sensitivity 
($8) and resistance (Rs) to hypertension from above regimen. 

By Student's ~ test, mean B.P. for S, > U1 (t, 3.99, p < 0.001) and Ra < Ut (t, 4.10, 
p < 0.001). 
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TABLE VI 

Experiment 2. Males 

1181 

Strain . . . . . . . . . .  Ux $3 Rt 

Rat No. Systolic B.P. Rat No. Systolic B.P. Rat No. Systolic B.P. 

Mean . . . . . . .  
S.D . . . . . . . . . .  
Median . . . . .  

51 
52 
53 
54 
55 
56 
57 
58 
59 
6O 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 

rnm Hg 

172 
156 
124 
190 
154 
174 
174 
166 
164 
146 
173 
154 
164 
182 
183 
126 
184 
144 
143 
180 
166 
162 
136 

23 
161.6 

-+-18.5 
164 

3-65 
3-66 
3-68 
3-69 
3-70 
3-71 
3-72 
3-73 
4-55 
4-56 
4-57 
4-58 
4-59 
4-60 
4-75 
4-76 
4-77 
4-78 
4-79 
4-80 
4.81 
4.82 
4.83 
4-95 
4-96 

161 
128 
184 
194 
162 
182 
198 
190 
182 
174 
207 
190 
192 
194 
182 
220 
170 
176 
166 
168 
162 
144 
164 
204 
188 

25 
179.3 

±20 .2  
182 

3-51 
3-52 
3-55 
3-56 
3-62 
3-63 
3-67 
3-74 
3-82 
3-83 
3-89 
3 -90 
3-91 
3 -99 
4-00 
4-01 
4-11 
4.51 
4-52 
4-53 
4-54 
4-61 
4-62 
4-65 
4-66 
4.73 
4.74 
4-93 
4.94 

mm Hg 

143 
164 
122 
155 
123 
146 
128 
128 
160 
118 
130 
146 
114 
156 
132 
152 
122 
128 
148 
156 
160 
148 
160 
134 
154 
144 
132 
118 
124 

29 
1 3 9 . 5  

-t-15.4 
143 

Systolic blood pressure in male rats. )therwise as in Table V. By Student's t test, mean 
B.P. for $3 > U1 (t, 3.15, p • 0.005) and R3 < UI (t, 4.72, p < 0.001). 

o n l y  1 a n i m a l  w i t h  a p r e s su re  be low 140 m m  was  o b s e r v e d  a n d  o n l y  4 of t h e  

$8 a n i m a l s  h a d  p res su res  be low 160 ram.  

T h u s ,  a m o n g  a n i m a l s  i n b r e d  for  t h e i r  f a i lu re  to  d ev e l o p  h y p e r t e n s i o n  o n  t h e  

T r s e a  sa l t  r e g i m e n  t h e  f r a c t i o n  r e s p o n d i n g  w i t h  severe  h y p e r t e n s i o n  d i sap-  
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1182 GENETIC FACTORS IN HYPERTENSION FROM SALT FEEDING 

peared and the number responding with normal pressure more than doubled 
compared with the original strain. By contrast, among animals inbred for 
their tendency to develop hypertension on this same regimen, the fraction 

240  

220  

200  

"7" 

E 
E 180 

n ,  

_ J  
o 
~ 160 

140 

120 

I I 
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r l  
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i i i i 240 

o 220  

o 

o • 

r ~ ÷  S.D. 200 

o 

° ._ a, 
, ,MEAN 

o n n  180 

o | 

° i - -  

o L.~- _ S.D" o 

• 160 

t " : 

tL 
0 l &  • 
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tt • 
0 • 

t k  • 

" 120 

: , 

1 0 0  ] I I L I I 1 0 0  
R3 Ul S~, R 3 U~ S 3 

MA,'Es FEMALES 
FIG. 1. Comparison of systolic blood pressures, among  unselected (U~) ra ts  with 3rd 

generation of animals  inbred for resistance (R3) and sensit ivity (S~) to hyper tension from 
tr i iodothyronine-sea salt regimen. Difference between mean  blood pressures was significant: 
$3 > Ul > R , ( p  = <0 .005) .  

responding with severe hypertension increased 2½ times while those responding 
with normal pressure virtually disappeared (l out of 49 animals). If comparison 
is made not with the original (U1) strain but between S~ and R3, the differences 
in responses are even more striking. As indicated in Table VII, these differences 
are highly significant when tested by chi-square. 

On the basis of the foregoing evidence, it was concluded that a difference in 
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suscep t ib i l i ty  to  the  t r i i o d o t h y r o n i n e - s e a  sa l t  r eg imen  h a d  been  deve loped  

a f t e r  3 genera t ions  of se lec t ive  inbreed ing  a l t hough  i t  was clear  t h a t  ne i the r  

t he  $8 nor  the  R8 s t ra ins  were  as ye t  pure .  

I t  r ema ined  to  be  d e m o n s t r a t e d  t h a t  suscep t ib i l i ty  as ind ica ted  b y  the  

response  to t he  T s - s e a  sa l t  r eg imen  was an  index  of suscept ib i l i ty  to sea sal t  

alone.  T h e  d a t a  in E x p e r i m e n t  3 show this  to  be t rue.  

TABLE VII 

Experiment 2 

Sex B.P. 

m m  

Males ,~ 140 
140 to 179 
180+ 

Total 

Females < 140 
140 to 179 
180+ 

Total . . .  

Both ,~ 140 
140 to 179 
180+ 

Total . . .  

No. 

3 
15 
5 

23 

7 
13 
5 

25 

i0 
28 
10 

48 

0.13 
0.65 
0.22 

0.28 
0.52 
0.20 

0.21 
0.58 
0.21 

No. 

1 
10 
14 

25 

0 
12 
12 

24 

1 
22 
26 

49 

0.04 
0.40 
0.56 

0 
0.50 
0.50 

0.02 
0.45 
0.53 

P~ 

No. 

14 
15 
0 

29 

16 
16 
0 

32 

30 
31 

0 

61 

/ 

0.48 
0.52 
0 

0.50 
0.50 
0 

0.49 
0.51 
0 

Distribution of blood pressure responses after Tr-sea salt regimen: comparison of un- 
selected (U0 animals with 3rd generation inbred for sensitivity (S,) and resistance (R,) to 
regimen. 

By the chi-square test, the differences in distribution were highly significant: Males, 
UI versus Ss, x * -- 17.02, p < 0.005; U1 versus Rs, x * ffi 34.97, p < 0.005; Fvma/es, UI versus 
Ss, x 2 = 17.56, p < 0.005; Ut versus Ra, X 2 - 11.95, p < 0.005. 

Experiment 3 

131 weanling Ss and tG animals were used in Experiment 3; these were siblings of animals 
used in Experiment 2. As before, animals were fed either the control low salt chow or the 11.6 
per cent sea salt chow but for this experiment no triiodothyronine was administered. Because 
of the various times at which litters were delivered, as well as because the Ss strains tended 
to have smaller litters, a longer time was required to get sufficient numbers of Ss rats, and the 
studies on some Ss animals lagged about 3 months behind the 1~ strain. Thus, in Experiment 
3, blood pressures of the Ss strain after 3 months have been compared with pressures of the P~ 
strain after 6 months on the diet. By this procedure an increase in sensitivity to salt would 
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1184 GENETIC FACTORS IN HYPERTENSION FROM SALT FEEDING 

tend to be minimized in the $3 strain and therefore, differences in response of the two strains 
will be under-rather than overestimated. 

Resul t s . - -The  r e s p o n s e  to  s a l t - f eed ing  a lone  is s u m m a r i z e d  in T a b l e s  V I I I  

a n d  I X  a n d  Fig.  2. T h e  di f ference  in b lood p r e s s u r e  r e s p o n s e  b e t w e e n  sa l t - f ed  

TABLE VIII 

Experiment 3. Females 

Strain . . . . . . . . . . . .  S~ R3 

Diet Rat No. Systolic B.P. Rat No. Systolic B.P. 

Mean . . . . . . . . .  
S .D . . . . . . . . . . .  

Median . . . . . . .  

11.6 per cent 
sea salt 
chow 

5-07 
5-08 
5-09 
5-10 
5-11 
5-12 
5-13 
5-15 
5-16 
5-18 
5-19 
5-20 
5-22 
5-23 
5-24 
5-25 
5-26 
5-27 
5-28 
5-30 
5-31 
5-32 
5-33 
5-34 
5-35 
5-36 
5-37 
5-41 
5-42 
5-14 
5-43 

31 
156.8 

-4-28.4 
146 

m m  H g  

132 
136 
152 
146 
189 
132 
184 
152 
194 
182 
144 
158 
198 
141 
140 
170 
130 
134 
127 
172 
134 
123 
24O 
132 
170 
142 
138 
150 
154 
216" 
148" 

3-03 
3-09 
3-10 
3-11 
3-13 
3-22 
3-23 
3-24 
3-38 
3-45 
3-46 
3 -47 
3-48 
3-49 
3-50 
3-81 
4-16 
4-17 
4-18 

m m  H g  

110 
108 
126 
92 

103 
108 
86 

107 
92 

122 
108 
102 
109 
88 

100 
114 
118 
84 

122 

19 
105.2 

-4-12.5 
108 
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TABLE VIII--Continued 

~train. 

Mean. 
LD., 
Hedian... 

Diet 

Control 

Rat No. 

5-01 
5 -02 
5-03 
5-04 
5 -05 
5-06 
5-17 
5-21 
5-38 
5-39 
5-40 

$1 

Systolic B.P. 

mm Hg 

100 

118 
102 
120 
114 
110 

[ 107 
122 
118 
114 
109 

11 
112.2 
-4-7.3 
114 

Rat  No.  

4-03 
4-04 
4-10 
4-13 
4-14 
4-15 
4-19 
4-38 
4-40 

Rt 

9 
106.4 

-4-10.7 
104 

Systolic B.P. 

m m  Hg 

100 

104 
130 
110 
102 
114 
104 
92 

102 

Effect of high salt intake without triiodothyronine on blood pressure response of female 
Sprague-Dawley rats that were selectively inbred for 3 generations to develop strains sen- 
sitive ($3) and resistant (Rs) to the hypertensogenic effect of dietary salt. Blood pressures of 
S~ strain were after only 3 months on diet whereas those of Rs strain were after 6 months 
on same regimen. 

By Student's t test, the mean B.P. of the following were significantly different: S~ salt > S~ 
controls, t 5.13, p < 0.001; S~ salt > Ra salt, t 7.45, p < 0.001. 

* = B.P. after 2 months on diet; animal died before B.P. measurement at 3 months. 

$3 and salt-fed R3 animals was striking: after 6 months of salt feeding none of 
the 39 Ra animals had hypertension whereas after only 3 months on the same 
program 49 of the 60 $8 animals were hypertensive and many  of them severely 

so. The hypertensive response of the $3 salt-fed males was part icularly marked 
among which the mean and median systolic pressure was 180 m m  Hg. In  the 
animals tha t  died, large hearts with thick-walled hypertrophied left ventricles 

were observed uniformly. 

By contrast,  when members of this same $3 strain were mainta ined on the 

control diet, hypertension did not  develop. Thus, however strong the genetic 

tendency to hypertension may  be in this strain, the addition of a high salt 

diet seems necessary to unmask  the trait.  Among the R3 animals, the presence 

or absence of excess dietary salt did not  seem to affect the blood pres- 

sure response. 

Finally,  comparison of the response of males with tha t  of females on the 
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1186 GENETIC FACTORS IN HYPERTENSION FROM SALT FEEDING 

same regimen indicated that  in each instance, the mean blood pressure of the 

males was significantly higher (p < 0.01) than that  of the females. 

From this experiment, it was concluded that  marked differences in sensitivity 

to salt had been demonstrated in two strains of rats, and that  this variabil i ty 

was genetically transmitted.  The data  suggested that  males were more sensitive 

than females. 

TABLE IX 

Experiment 3. Males 

Strain.  

n .  

Mean. 
S.D. 

Median. 

Diet 

11.6 per cent 
sea salt 

Rat  No. 

5-54 
5-55 
5-56 
5-57 
5-58 
5-60 
5-66 
5-67 
5-68 
5-69 
5-74 
5-75 
5-78 
5-79 
5-81 
5-82 
5-84 
5-85 
5-86 
5-90 
5-91 
5-61 
5-62 
5-63 
5-71 
5-72 
5-73 
5-76 
5-83 

29 
180.2 

±19.4 
180 

Ss 

Systolic B.P. 

ram Hg 

172 
194 
131 
201 
2OO 
174 
180 
204 
214 
176 
192 
2O8 
154 
160 
164 
172 
197 
182 
180 
160 
182 
156" 
204~ 
204~ 
172" 
162" 
172~ 
176~ 
182" 

Rat No. 

3-53 
3-54 
3-57 
3-58 
3-59 
3-61 
3-64 
3-76 
3-77 
3-78 
3-79 
3-80 
3-84 
3-85 
3-86 
3-87 
3-88 
3-93 
3-94 
4-02 

Rz 

20 
119.7 

4-14.5 
121.5 

Systolic B.P. 

tara Hg 

108 
114 
104 
118 
110 
92 

132 
134 
134 
137 
112 
130 
104 
139 
130 
125 
138 
104 
126 
102 
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TABLE I X - - C o n t i n u a l  

1187 

~train .... St Rt 

Diet Rat No. Systolic B.P. Rat No. Systolic B.P. 

Mean.. 
;.D.. 

Median . . . . . . .  

Control 4-98 
4-99 
5-00 
5-51 
5-52 
5-53 
5-70 
5-77 
5-80 
5-87 
5-88 
5-89 

12 
125.8 
4-6.8 
126 

mr~ gg 

128 
138 
136 
121 
120 
118 
116 
122 
128 
126 
126 
130 

4-63 
4-64 
4-67 
4-68 
4-69 
4-70 
4-71 
4-72 
4-91 
4-92 

10 
120.1 
4-8.5 
119 

mm Hg 

132 
128 
118 
108 
124 
114 
122 
109 
130 
116 

Blood pressure of male rats; otherwise legend as for Table VIII. 
By Student's t test, the mean B.P. of the following were significantly different: Sa salt > S~ 

controls, t 9.38, p < 0.001; $3 salt > Ra salt, t 11.80, p < 0.001. 
By the same test, mean B.P. of the two sexes differed as follows: cV S~ salt > 9 $3 saIt, 

t 3.71, p < 0.001; o ~ R8 salt > 9 R3 salt, t 3.23, p < 0.005; o ~ $3 controls > 9 Sa con- 
trols, t 4.55, p < 0.001; o ~ Rs controls > 9 R3 controls, t 3.10, p <0.01. 

* and :~ = B.P. after only 1 or 2 months, respectively, on diet; animal died before B.P. 
measurement at 3 months. 

DISCUSSION 

The present studies indicate tha t  it is possible to evolve two strains of rats 
differing markedly from one another in their predilection to develop hyper- 
tension from a high salt diet. These variations in sensitivity to salt appear to be 

genetically determined. For the present, we have been concerned primari ly 
with demonstrat ing tha t  the frequency, and possibly the severity, of experi- 
mental  hypertension induced by excess salt consumption is due to genetically 
t ransmit ted sensitivity to salt. I t  will be necessary to further purify these two 
strains in order to characterize the genetic components accurately. 

I t  was of interest to observe tha t  in the strain most prone to develop hyper- 
tension from salt, the disease did not  develop when excess dietary salt was 
omitted. Thus,  while this strain was genetically predisposed to hypertension, 
the additive environmental  factor of dietary salt appeared to be necessary in 
order for hypertension to develop. The effect of salt on this sensitive strain was 
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1188 GENETIC FACTORS IN HYPERTENSION FROM SALT FEEDING 

in sharp contras t  to t ha t  on the other, res is tant  s t ra in  in which salt  consumpt ion  

failed to influence the  blood pressure significantly.  
Different  exper imental is ts  s tudy ing  the effect of sal t  consumpt ion  on the 
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Fro. 2. Evidence of genetic variation in susceptibility to high salt diet. Effect of dietary 
salt, only, on blood pressure of rats inbred for resistance (1%) and sensitivity (S.~) to triiodo- 
thyronine-salt regimen. Blood pressures of R3 animals were recorded after 6 months whereas 
those on $3 animals were observed after only 3 months on the same diets. 1" = Animal died 
before 3rd month; B. P. shown was recorded after only 1 or 2 months on regimen. 

deve lopment  of hyper t ens ion  migh t  arr ive a t  d iametr ica l ly  opposite conclusions 
if chance selection of an imals  had led one to s t udy  a genet ical ly  sensit ive,  and  
the other  a res is tant ,  popula t ion .  

I t  seems reasonable  to expect t ha t  similar genet ic  factors operate  in man .  If  
salt  p lays  the i m p o r t a n t  etiological role tha t  we believe it  does in h u m a n  hyper-  
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tension, and given the usual genetically heterogeneous population characteristic 
of man, it would be illogical to expect all individuals on similar salt intakes to 
have similar blood pressures. On the contrary, one would expect to find in- 
dividuals on high average salt intakes who did not develop hypertension as well 
as individuals on lower average salt intakes who did develop hypertension. 
However, both the human and experimental data suggest that individuals on 
a lifelong low salt diet rarely develop essential hypertension. Because of the 
outbreeding ordinarily enforced by most societies, it is unlikely that more or 
less uniform strains of humans can be found with the sensitivity to salt evinced 
by our rats although studies of isolated populations might be very helpful. In 
the absence of such genetic homogeneity it is sufficient to re-emphasize that 
the available data relating salt intake to human hypertension indicate group 
rather than individual probability of developing hypertension. 

CONCLUSION 

Using the genetic technique of selective inbreeding, it has been possible to 
quickly develop two statistically separable populations from one unselected 
strain of Sprague-Dawley rats. One of these is very sensitive, the other very 
resistant, to the development of experimental hypertension from a high salt 
diet. I t  was suggested that similar genetic factors operate in man. 

The senior author wishes to thank Drs. Donald L. Shaver and Robert Steele of the Biology 
Department at Brookhaven, for reviewing the manuscript and making pertinent suggestions 
for its final form. 
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