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ABSTRACT , 

Dahl hyper tens ion- res i s t an t  (R) and hyper tens ion-sens i t ive  (S) rats,. w i t h  o p p o s i t e  

g e n e t i c a l l y  c o n t r o l l e d  p r o p e n s i t i e s  f o r  hyper tension,  were used t o  determine i f  cadmium- 

induced hyper tens ion  was a l s o  dependent upon g e n e t i c  p r e d i s p o s i t i o n .  When i n t r a p e r i t o n e a l  

i n j e c t i o n s  of cadmium ( 1  and 2 mglkg) were g iven  t o  male and female R and S r a t s  mainta ined 

under o r d i n a r y  l a b o r a t o r y  cond i t ions ,  female  S r a t s  manifested a s i g n i f i c a n t  i n c r e a s e  

(p (0.01) in blood p r e s s u r e  which p e r s i s t e d  f o r  16 weeks, whereas t h e  R rats and t h e  male 

S rats showed no s i g n i f i c a n t  changes i n  blood p ressure .  Cadmium had no e f f e c t  on body weight.  

The concen t ra t ions  of cadmium in h e p a t i c  and r e n a l  t i s s u e s  of cadmium-injected male and 

female S rats were s i g n i f i c a n t l y  h igher  (p<0.001)  than t h a t  of R rats. The kidneys of female  

S rats g iven  cadmium showed r e n a l v a s c u l a r  changes in accord w i t h  r e n a l  hyper tension of 

moderate degree.  We concluded t h a t  d i f f e r e n c e s  i n  g e n e t i c  s u b s t r a t e  i n f l u e n c e  t h e  patho- 

g e n e s i s  of exper imental  cadmium-induced hyper tension.  

INTRODUCTION 

A p o s i t i v e  c o r r e l a t i o n  between cadmium (Cd) c o n c e n t r a t i o n s  in t h e  a i r  of American c i t i e s  

and d e a t h  r a t e s  from hyper tens ion  (IFT) and a r t e r i o s c l e r o t i c  h e a r t  d i s e a s e  h a s  been r e p o r t e d  

(1, 12) .  Experimental ElT has  been produced by feed ing  t r a c e s  of Cd in d r i n k i n g  water f o r  long - 

per iods  of t ime  (17) o r  by i n j e c t i n g  small doses  of Cd (18) in t h e  rat.  However, t h e r e  a r e  

a l s o n e g a t i v e f i n d i n g s  i n r e g a r d  t o  Cd and HT (13, 15) .  T h e p r e s e n t  e x p e r i r o e n t w a s d e s i g n e d  . 

t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of g e n e t i c  p r e d i s p o s i t i o n  on t h e  pa thogenes i s  of Cd-induced HT 

in HT-resistant  (R) and HT-sensitive (S) r a t s  maintained under o r d i n a r y  l a b o r a t o r y  c o n d i t i o n s .  

NATEXLALS AND METHODS 

A l l  t h e  rats v e r e  s e l e c t e d  from one of. two unique s t r a i n s  of rats o r i g i n a l l y  de r ived  

from t h e  same Sprague-Dawleg a n c e s t o r s  by s e l e c t i v e  inbreeding.  They were des igna ted  

* The a u t h o r s  n o t e  w i t h  deep sorrow t h e  d e a t h  of D r .  Lewis K. Dahl on November 26, 1975. 
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I .  

Dahl HT-resistant ,  o r  R, and HT-sensitive, o r  S s t r a i n s  r e s p e c t i v e l y ,  because of t h e i r  

r e s i s t a n c e  o r  s u s c e p t i b i l i t y  t o  develop HT i n  response t o  chron ic  . excess  . sal t  (NaC1)- 
. . . . .  . . -  - .  . . . .  

i n g e s t i o n  (5) a s  w e l l  a s  t o  o t h e r  exper imental  procedures  ( 9 , l l ) .  .Details on animal  

c a r e ,  housing and t h e  r a t i o n a l e  f o r  d e f i n i n g  "HT" may be  found i n  e a r l i e r  papers  (2-4). 

S p e c i a l l y  prepared low-salt  chow (Agway, Inc . ,  Country Foods Div i s ion ,  Syracuse,  N.Y.) 

con ta in ing  0.3% N a C l  and t a p  water  were a v a i l a b l e  a d  l i b i t u m .  

The p resen t  experiment involved s i x t y  weanling r a t s  d iv ided  i n t o  2 groups a s  

fol lows:  a )  cadmium (5 male R, 1 0  female R, 5 male S, 1 0  female S) and b) c o n t r o l s  

(5 male R, 19 female R, 5 male S, 10 female S ) .  The r a t s  i n  t h e  exper imental  group were 

i n j e c t e d  wi th  2 mg of Cd per  k i logram of body weight ,  as t h e  a c e t a t e  i n t r a p e r i t o n e a l l y  

(IP) i n  a c o n c e n t r a t i o n  of 1 mg Cdlml. The c o n t r o l s  r ece ived  the .same volume of 0.9% 

aqueous N a C l  IP.  S y s t o l i c  BP of exper imental  and c o n t r o l  r a t s  was measured under l i g h t  

e t h e r  a n e s t h e s i a  by t a i l  plethysmography (2) a t  3 weeks post-weaning ( 6  weeks o l d ) ,  and 

then  a t  one t o  two week i n t e r v a l s  depending upon t h e  development and s e v e r i t y  of HT. Body 

weights  were recorded concomitant ly  w i t h  BP. BP d a t a  ob ta ined  from rats t h a t  appeared 

ill o r  t h a t  e x h i b i t e d  a weight l o s s  i n  excess  of 1 0  g from any prev ious  maximum were n o t  

included in t h e  d a t a  a n a l y s i s .  A t  necropsy,  bo th  kidneys  and l i v e r  were removed. 

Kidneys were f u r t h e r  b i s e c t e d  a c r o s s  t h e  s h o r t  a x i s .  Two ha lves ,  one from each kidney, 

were f i x e d  i n  fo rmal in  f o r  l i g h t  microscopy and t h e  o t h e r  two kidney h a l v e s  and t h e  l i v e r  

were assayed f o r  Cd by atomic. a b s o r p t i o n  -spectrophotometry (Perkin-Elmer 503) .  S t a t i s t i c a l  

a n a l y s i s  of t h e  d a t a  w a s  performed w i t h  s p e c i a l l y  prepared computer programs. Data w i t h  - 

p v a l u e s  of < 0.01 were considered s i g n i f i c a n t .  A l l  p v a l u e s  < 0.001 were ass igned  t h a t  

nominal va lue .  

RESULTS 

Blood Pressure .  The p e r t i n e n t  BP d a t a  a r e  summarized i n  F igures  1 and 2 .  

A n  a n a l y s i s  of va r iance  i n d i c a t e d  t h e  a n t i c i p a t e d  s t r a i n  d i f f e r e n c e  wi th  S c o n t r o l s  

e x h i b i t i n g  s i g n i f i c a n t l y  h i g h e r  B? than R c o n t r o l s  (p < 0.001).  .bong animals  

exposed t o  Cd, BP, a s  compared wi th  a p p r o p r i a t e  c o n t r o l s ,  w a s  no t  s i g n i f i c a n t l y  a f f e c t e d  



3 weeks a f t e r  t he  f i r s t  i n j e c t i o n  (week 6 o r  6 weeks of age).  Following a 2nd dose of Cd 

( 1  mg/kg) on week 6, female S r a t s  developed s i g n i f i c a n t l y  higher BP than t h e i r  r e spec t ive  

con t ro l s  by week 8. The Cd-induced Hl' continued through week 23, a f t e r  which t h e  BP returned 

t o  con t ro l  l eve l s .  In response t o  a 3rd i n j e c t i o n  of 1 mg Cd/kg given t o . S  r a t s  on week 28, 

t h e  d i f f e r ence  i n  BP between t h e  female S cadmium group and t h e i r  counterpart  con t ro l s  once 

again achieved s t a t i s t i c a l  s ign i f i cance  (p(0.01) by week 29 and continued t h e r a f t e r .  Male 

S r a t s ,  however, showed no cons is ten t  Cd-induced BP e leva t ions .  Despi te  a 3rd and 4 th  , 

i n j e c t i o n  of Cd ( 1  mg/kg), on weeks 23 and 28, respec t ive ly ,  R r a t s  remained normotensive 

throughout t he  experiment. None of t he  con t ro l s  developed HT. Morbidity and mor t a l i t y  com- 

menced among Cd-injected males and females of both s t r a i n s  on weeks 29 and 32, respec t ive ly ,  

and t h e r e  were no heal thy survivors  t o  make a s i g n i f i c a n t  comparison t h e r e a f t e r .  Of those 

r a t s  examined post  mortem, 90% of our animals in t h e  Cd group died of i n t e r n a l  hemorrhage 

which was markedly more massive in S than i n  R r a t s .  An analys is  of body weight showed the  

expected s i g n i f i c a n t  d i f f e r ence  between males and females of both s t r a i n s  (p (0.001).  How- 

ever,  weights of r a t s  in Cd groups and t h e i r  respec t ive  cont ro ls  were s imi l a r .  

Cd concentrat ions i n  t i s sues .  Figure 3 shows t h a t  the  concentrat ions of Cd i n  kidney and 

' - l i ve r  t i s s u e s  in S r a t s  (4 males, 6 females) given Cd were s i g n i f i c a n t l y  higher (p<0.001) 

than that of R r a t s  (4 males, 6 females). Since no s i g n i f i c a n t  d i f f e r ences  appeared between 

t i s s u e s  obtained frommale and female r a t s ,  t he se  values were pooled. 

Histology. His to logica l  kidney sec t ions  were evaluated without knowledge of s t r a i n  and 

treatment.  Microscopic changes of glomeruli  (thickening of c a p i l l a r y  basement membrane; 

hyal ine depos i t s  along the  basement membrane;. i n c r e a s e ' i n  number of e p i t h e l i a l  c e l l s ;  

hya l in i za t ion  and atrophy) ' a r t e r i o l e s  and a r t e r i e s  (hyperplasia of intima; hypertrophy of 

media; s c l e r o s i s ;  narrowing of t he  lumen; necro t iz ing  l e s ions )  were graded a s  follows: 

normal = 0, s l i g h t  = 2, inoderate = - and aarked = +I+. Since 20 s i g n i f i c a n t  rona l  

vascular  changes were noted in  the  male R and S cadmium sroups and t h e i r  respec t ive  con t ro l s ,  
' 

t h i s  da t a  was not presented. X summary of the r e n a l  vascular .changes i n  female S and S 

r a t s  i s  shown in Table I. Although changes occurred to  some extent  i n  a l l  the groups except 



t-+ S CADMIUM 
6-a R CONTROL 

0 0 ~ ~ ~  l 1 1 1 1 1 1 1 1 1 1 1 1 l l l  

9 13 17 21 25 29 33 
WEEKS (AGE) 

Figure 1 - Effec t  of cadmium i n j e c t i o n  on blood 
pressure  of male R and S r a t s .  
For more d e t a i l s  see t e x t .  b 
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~ i g u r e  2 - Effect  of cadmium i n j e c t i o n  on blood 
pressure  of female R and S r a t s .  
For more d e t a i l s  s e e  t e x t .  
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Figure  3 - Cadmium concent ra t ions  i n  t h e  
kidney and l i v e r  of R and S 
r a t s  i n j e c t e d  wi th  cadmium. 

TABLE I. RENAL VASCULAR CHANGES LN FEMALE R AND S RATS 
INJECTED WITH CADMIUM 

The number of r a t s  examined i s  indica ted  i n  parenthes is .  
For more d e t a i l s  s e e  t e x t .  
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in t h e  R contro1s;S cadmium group e x h i b i t e d  s i g n i f i c a n t l y  more changes than  any o t h e r  

group ( ~ ( 0 . 0 1 ) .  

DISCUSSION 

Prev ious ly ,  Schroeder and h i s  co-workers (18) r e p o r t e d  t h a t  IP  i n j e c t i o n  of Cd 

r e s u l t e d  i n  t r a n s i e n t  (2 t o  4 weeks) HT in female Long-Evans r a t s  which were r a i s e d  i n  a  

Cd-free environment on Cd-free food. 

R e s u l t s  of e a r l i e r  s t u d i e s  l e d  u s  t o  conclude t h a t  i n  S r a t s  t h e  development of 

experimeacal fi'i' r e q u i r e d  b o t h  t h e  a p p r o p r i a t e  & & t i c  s u b s t r a t e  as w e l l  a s  non-genetic 

de te rminan ts  f o r  f u l l  express ion.  In t h i s  experiment w e  i n v e s t i g a t e d  t h e  chron ic  e f f e c t  

of i n j e c t e d  Cd on s y s t o l i c  BP in R and S r a t s  maintained on o r d i n a r y  l a b o r a t o r y  c o n d i t i o n s .  

The fo l lowing  observa t ions  were made: 1 )  When male and female R and S r a t s  were exposed 

t o  Cd by i n j e c t i o n ,  s i g n i f i c a n t  and p e r s i s t e n t  (16 weeks) HT 'developed i n  female S r a t s  bu t  

n o t  in R rats of e i t h e r  sex.  Although Cd f a i l e d  t o  produce c o n s i s t e n t  HT i n  male S rats,  

it d i d  i n c r e a s e  t h e  m o r t a l i t y  r a t e ;  2 )  The c o n c e n t r a t i o n s  of Cd i n  h e p a t i c  and r e n a l  t i s s u e s  

of Cd-injected S rats of both  s e x e s  were s i g a i f i c a n t l y  h i g h e r  than  t h o s e  of R rats; and .3) 

The female S kidney exposed t o  Cd by i n j e c t i o n  showed r e n a l  v a s c u l a r  changes w e l l  i n  accord 

w i t h  exper imental  HT. of moderate degree .  

Schroeder and Vinton (17) observed t h e  development of HT i n  young female r a t s  g iven 

t r a c e  amounts of Cd in d r i n k i n g  water  from t h e  t ime of weaning. On t h e  o t h e r  hand, male . 

rats were l a r g e l y  r e s i s t a n t  t o  t h i s  d i s o r d e r .  They had no exp lana t ion  f o r  t h i s  d i f f e r e n c e .  

S i m i l a r l y ,  female S rats i n j e c t e d  w i t h  Cd manifes ted an  i n c r e a s e  i n  BP, whereas t h e  R r a t s  

and t h e  male S r a t s  showed no changes i n  BP. In c o n t r a s t  t o  t h e s e  r e s u l t s ,  our  p rev ious  

s t u d i e s  have r e p e a t e d l y  shown t h a t ,  whi le  t h e  u l t i m a t e  BP l e v e l s  were s i m i l a r  i n  bo th  sexes  

on a high sodium c h l o r i d e  d i e t ,  t h e  males g e n e r a l l y  developed HT more r a p i d l y  than  t h e  females.  

Furthermore, c a s t r a t i o n  05 males had no e f f e c t  on BP (10).  Th i s  s tudy  i n d i c a t e s  t h a t  g e n e t i c  

f a c t o r s  p lay  a r o l e  in exper imental  Kf induced by Cd i n j e c t i o n  s i m i l a r  t o  t h a t  observed w i t h  

o t h e r  hyper tensinogenic  s t i m u l i .  However, a t  t h i s  j u n c t u r e ,  i n s u f f i c i e n t  d a t a  a r e  a v a i l -  

a b l e  t o  exp1aj.n t h e  observed s e x  d i f f e r e n c e  i n  S r a t s .  Shail& and Lucis (19) showed t h a t  
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metal lothionein,  a Cd-binding p ro t e in  was synthesized i n  mammalian t i s s u e s  in : response  . . .  
I 

t o  t h e  feeding o r  i n j e c t i o n  of Cd. Liver and kidney were t h e  most a c t i v e  synthes izers  of 

metallothionein. I n  t h i s  experiment, t he  reason(s)  f o r  t h i s  s t r i k i n g  and unexpected 

d i f f e r ence  i n  Cd-binding between R and s r a t s  could be due t o  a )  a d i f f e r ence  i n  t h e  con- 

cen t r a t ion  of metal lothioneins,  and b) a d i f f e r ence  i n  Cd-binding p rope r t i e s  of metallo- 

thioneins.  The pa thologica l  changes i n  t he  kidney were not neces sa r i l y  co r r e l a t ed  with 

t h e  r e n a l  Cd content which w a s  s imi la r  i n  both male and female S r a t s ,  but  they appeared t o  

be t h e  r e s u l t  of Cd-induced HT. 

Dahl e t  a l .  (6) demonstrated t h a t  among animals which were on.low s a l t  regimen and were 

normotensive, S r a t s  had s i g n i f i c a n t l y  higher 1 3 ~  response t o  vasocons t r ic tor  substances such 

a s  angkotensin I1 and norepinephrine than did R r a t s .  Using the  techniques of parabios is  

and r e n a l  t ransplan t  between r a t s  from R and S s t r a i n s ,  we have shown t h a t  t he  kidneys play 

an important, genetically-determined r o l e  i n  t he  development of HT, or  l ack  thereof ,  follow- 

+g exposure t o  any one of s eve ra l  hypertensinogenic s t i m u l i  commonly used t o  invoke experi-  

m e n t a l ' m  ( 7 ,  8) .  Recently, we reported t h a t  t he  acute  pressor  response t o  i n t r a - a r t e r i a l  

Cd i n j e c t i o n  w a s  s i g n i f i c a n t l y  higher i n  S r a t s  than i n  counterpart  R rats and consequently 

.we concluded t h a t  t h e  vascular  response t o  Cd ion was, a s  with o ther  hypertensinogenic 

s t imu l i ,  determined t o  a g rea t  extent  by genet ic  pred ispos i t ion  (14 ) .  In t h i s  experiment 

w e  specula te  t h a t  Cd may a c t  on vascular  smooth muscle through the  kidneys i n  order  t o  in-  

duce HT in female S r a t s .  

Since most human sub jec t s  dying from complications due t o  HT showed i n  t h e i r  kidneys 

e i t h e r  increased concentrat ions o r  increased r a t i o s  of Cd t o  zinc,  compared t o  sub jec t s  

dying of o ther  major d iseases  (16),  t h e  p r i n c i p a l  i n t e r e s t  i n  experimental Cd-induced EFT 

l i e s  in the  p o s s i b i l i t y  t h a t  i t  may be a cont r ibu t ing  f a c t o r  i n  t he  genesis  of human"essentiaP1 

h It appears t h a t  the  genet ic  substratum m y  be a c r i t i c a l  determinant of rchether e q e r i -  

mental HT develops a f t e r  exposure t o  cadmium. I f  our experimental models have bearing on 

the  process of "essent ia l"  Efl: i n  man, t h i s  study suggests thac even i f  cur ren t  environmental 

Cd po l lu t ion  i s  not  of immediate concern t o  "a l l "  ind iv idua ls ,  i t  may be a genuine hea l th  

hazard t o  ' . 'sensitive" ind iv idua ls  with a family h i s t o r y  of HT. 



CONCLUSION 

This  experiment demonstrated t h a t  i n  rats  the  pathogenesis of Cd-induced HT was 

influenced t o  a g rea t  ex ten t  by genet ic  pred ispos i t ion .  When Dahl ET-resistant (R) and 

Dahl HT-sensitive (S) r a t s  were exposed t o  cadmium by i n j e c t i o n ,  the  following observat ions 

were made:. 1 )  Hypertension developed i n  S r a t s  but  not  i n  R r a t s ;  2) The concentrat ions of 

Cd i n  hepa t ic  and r e n a l  t i s s u e s  of S r a t s  were higher than those of R r a t s ;  and 3)  The 

kidneys of S r a t s  showed r e n a l v a s c u l a r  changes i n  accord with r e n a l  hypertension. I n  addi- 

t i o n  t o  t h e  . . experimental implicat ions,  t hese  £&dings may have relevance i n  t h e  problem of 

human "essent ial"  hyper.tension . 
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