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To in vestiga te  th e  lo ca l e ffects  o f  a n g io ten s in  II o n  th e  
h ea rt, w e  created  a m o u se  m o d e l w ith  100-fo ld  n o r 
m al cardiac a n g io ten sin -co n v ertin g  e n zy m e  (ACE), 
b u t n o  ACE e x p r e ss io n  in  k id n ey  o r  vascu lar  e n d o th e 
liu m . T h is w a s a ch iev ed  b y  p la c in g  th e  en d o g e n o u s  
ACE g e n e  u n d er  th e  co n tr o l o f  th e  a -m y o s ln  h eavy  
ch a in  p ro m o ter  u s in g  targeted  h o m o lo g o u s  reco m b i
n a tio n . T h ese  m ic e , ca lled  ACE 8 /8 ,  h a v e  cardiac an 
g io te n s in  II lev e ls  th at are 4 .3 -fo ld  th o se  o f  w ild -typ e  
m ice . D esp ite  n ear  n o rm a l b lo o d  p ressu re  and  a n o r 
m al ren a l fu n c t io n , ACE 8 /8  m ice  h a v e  a h ig h  in c i
d en c e  o f  su d d en  d eath . B oth  h is to lo g ica l a n a ly s is  and  
in v ivo  ca th eteriza tion  o f  th e  h eart sh o w e d  n orm al 
v en tr icu lar  s ize  and  fu n ctio n . In co n tra st, b o th  th e  
le ft an d  r igh t atria w ere  th ree  tim es  n o rm a l s ize . ECG 
a n a ly s is  sh o w e d  atrial fib rilla tion  an d  cardiac b lock . 
In c o n c lu s io n , in crea sed  lo ca l p ro d u ctio n  o f  a n g io 
te n s in  II in  th e  h eart is  n o t  su ffic ien t to  in d u ce  v e n 
tricu lar h y p er tro p h y  o r  fib rosis . In stead , it lead s to  
atrial m o rp h o lo g ica l ch a n g es , cardiac arrh yth m ia , 
an d  su d d en  d eath . (Am J  P a th o l 2004, 
165:1019-1032)

T h e  re n in -a n g io te n s in  s y s t e m  (RAS) is a  key  r e g u la to r  of 
b lo o d  p r e s s u r e  a n d  e lec tro ly te  h o m e o s ta s i s .  A critical

c o m p o n e n t  of th is  s y s t e m  is a n g io te n s in -c o n v e r t in g  e n 
z y m e  (ACE), w h ich  p r o d u c e s  t h e  e ig h t  a m in o  a c id  p e p 
t id e  a n g io te n s in  II, t h e  e f fec to r  m o le c u le  of t h e  R AS.1 
ACE is a  z inc  m e ta l l o p e p t i d a s e  l o c a t e d  on t h e  cell s u r 
f a c e  of e n d o th e l iu m .  In th is  loca t ion ,  AC E p r o d u c e s  a n 
g io te n s in  II a d j a c e n t  to v a s c u la r  s m o o th  m u s c le ,  a  critical 
t a r g e t  o r g a n  for th is  v a so c o n s t r ic to r .  ACE is a l s o  p r o 
d u c e d  by  a  va r ie ty  of o th e r  t i s s u e s  inc lud ing  rena l  tu b u la r  
ep ithe lium , a c t iv a t e d  m a c r o p h a g e s ,  p rox im al g u t  e p i t h e 
lium, a n d  a r e a s  of t h e  bra in .  E n d o th e l iu m  a n d  t h e s e  o th e r  
t i s s u e s  m a k e  th e  i so z y m e  of ACE, t e r m e d  s o m a t i c  ACE, 
w h ich  c o n s i s t s  of tw o  ca ta ly t ic  d o m a i n s  th a t  a r e  i n d e p e n 
de n t ly  c a p a b l e  of p r o d u c in g  a n g io te n s in  II. S tu d ie s  of 
knockout m ic e  e s ta b l i sh e d  tha t  so m a t ic  ACE influences 
b lood  p r e s s u r e  a n d  o ther  c a rd io v ascu la r  func tions 2 3  In 
con tras t ,  within the  testis,  d ev e lo p in g  m a le  g e rm  cells  p ro 
d u c e  a  different ACE isozym e ca l led  tes tis  ACE, which 
p lays  a n  important  role in normal m ale  rep roduc t ion  4 

In ad d i t io n  to r e g u la t in g  no rm al  phys io logy ,  su b s ta n t ia l  
e v i d e n c e  s u g g e s t s  t h a t  t h e  RAS p la y s  a n  im p o r ta n t  role 
in d i s e a s e ,  in c lu d in g  h e a r t  d i s e a s e . 5 G e n e t i c  s t u d i e s  re 
p o r t e d  a  link b e tw e e n  s o m a t i c  ACE p o ly m o rp h i sm s  a n d  
th e  i n c id e n c e  of c a r d i a c  h y p e r t ro p h y ,  s u d d e n  c a r d i a c  
d e a th ,  a n d  a c u t e  c o r o n a r y  e v e n t s  6 This is c o n s i s t e n t  with 
t h e  clinical e f f e c t iv e n e s s  of ACE inhibitors in t rea t in g  
h e a r t  fa ilu re .7 T h e  b enef ic ia l  e f fe c ts  of ACE inhibitors m a y  
not b e  so le ly  th e  resu lt  of b lo o d  p r e s s u r e  r e d u c t io n  s in c e  
o th e r  a n t ih y p e r te n s iv e  d r u g s  d o  not p r o d u c e  th e  s a m e  
e ffect.  R a ther ,  ACE m a y  d irec t ly  in f lu e n ce  h e a r t  func tion  
th ro u g h  th e  local p ro d u c t io n  of a n g io te n s in  II. S tu d ie s  
h a v e  fo u n d  th a t  a n g io t e n s in o g e n ,  renin, a n d  AC E ex is t  in 
t h e  hear t ,  implying th a t  local g e n e r a t i o n  of a n g io te n s in  II
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m a y  a f fec t  c a r d i a c  fu n c t io n s  inc lud ing  p a th o lo g ic a l  fo r
m at ion  of c a r d i a c  h y p e r t r o p h y  a n d  f ib ros is  8 10

To in v e s t ig a te  th e  local,  c a r d i a c  e f fe c ts  of a n g io te n s in
II, s e v e ra l  in v e s t ig a to r s  c r e a t e d  t r a n s g e n i c  m o d e l s  with 
o v e r e x p r e s s io n  of a n g io t e n s i n o g e n , 11 A C E ,12'13 a n g i o 
ten s in  II r e c e p t o r s , 14 16 or e v e n  a n g io t e n s in  II p e p t i d e 17 
in t h e  h e a r t .  T h e s e  s t u d i e s  g e n e r a t e d  c o n t r o v e r s y  in th a t  
s o m e  m o d e l s  p r e s e n t e d  with c a r d i a c  h y p e r t r o p h y  a n d  
f ibrosis,  while o th e r  an im al  m o d e l s  l a c k e d  a  c a r d i a c  p h e 
n o ty p e  in t h e  a b s e n c e  of e x te rn a l  stimuli.

H e r e  w e  re p o r t  a  n e w  m o u s e  m o d e l ,  c a l l e d  A C E  8/8, 
c r e a t e d  u s in g  t a r g e t e d  h o m o lo g o u s  re c o m b in a t io n  in 
m o u s e  ES cel ls .  T h e s e  m ic e  o v e r e x p r e s s  ACE in th e  
h ea r t ,  b u t  differ from t r a n s g e n i c  m o d e l s  in th a t  t h e y  lack  
ACE e x p r e s s i o n  in s u c h  trad it ional  ACE e x p r e s s i n g  t is 
s u e s  a s  v a s c u la r  e n d o th e l iu m ,  k idney ,  gut,  a n d  brain. 
T hus ,  ra th e r  t h a n  a d d in g  c a r d i a c  ACE e x p r e s s i o n  to  e n 
d o g e n o u s  ACE, o u r  m o d e l  s u b s t i t u te s  c a r d i a c  AC E e x 
p r e s s io n  for t h e  d i s s e m in a t e d  p r e s e n c e  of ACE in a  wild- 
t y p e  m o u s e .  A s  a  result,  a n g io t e n s in  II leve ls  in c a r d i a c  
t i s s u e  a r e  g r e a t e r  t h a n  four t im e s  th a t  of con tro l  mice .  
Surpris ingly ,  A C E  8 /8  m ic e  h a v e  n o rm al  v e n tr icu la r  s iz e  
a n d  function .  T h e  b lo o d  p r e s s u r e  of t h e  m ic e  is n e a r  
norm al.  H o w ev e r ,  t h e s e  m ic e  h a v e  v e ry  m a r k e d  e n l a r g e 
m e n t  of t h e  left a n d  right atria. This is a s s o c i a t e d  with 
c a r d i a c  a r rh y th m ia  a n d  a  m a r k e d  i n c i d e n c e  of s u d d e n  
d e a th .  W e  c o n c l u d e  th a t  i n c r e a s e d  a n g io t e n s in  II within 
t h e  h e a r t  is no t  a s s o c i a t e d ,  a  p r io r i, with ven tr icu la r  f ib ro
sis ,  e n la r g e m e n t ,  or  dy sfu n c t io n .  In c o n t r a s t ,  atrial e n 
l a r g e m e n t  d e v e l o p s  a s  a  resu lt  of a b n o r m a l  a m o u n t s  of 
c a r d i a c  ACE a n d  a n g io te n s in  II, a n d  th is  a p p e a r s  i n d e 
p e n d e n t  of b lo o d  p r e s s u r e  e levation .

M aterials a n d  M eth o d s

Creation o fA C E .8  H o m o zyg o u s  M utan t M ice

A 10 .7 -k b  f r a g m e n t  of m o u s e  g e n o m i c  DNA w a s  c lo n e d  
from a  m o u s e  C C 1 .2 ES cell library.  This  c o n ta i n e d  2 .4  kb 
of th e  s o m a t i c  ACE p ro m o te r ,  t h e  s o m a t i c  ACE t r a n s c r i p 
tion s ta r t  si te,  a n d  8 .3  kb  of g e n o m ic  s e q u e n c e  e n c o m 
p a s s i n g  s o m a t i c  ACE e x o n s  1 t h ro u g h  12. A n e o m y c in  
c a s s e t t e  (c a l le d  KT3NP4) w a s  i n se r te d  into a  u n iq u e  
B ssH  II restr ic tion  s i te  l o c a t e d  within t h e  5 '  u n t r a n s la t e d  
re g io n  of s o m a t ic  A C E .18 A 4 .4 -k b  a -m y o s in  h e a v y  c h a in  
(«-M H C) p r o m o te r  w a s  c lo n e d  b y  PC R  am plif icat ion  from 
a n  « -M H C  p la s m id  c o n s t r u c t  s e n t  to  u s  b y  Dr. J im  Gulick, 
C incinnati  C h i ld re n 's  H osp ita l  M ed ica l  C e n te r .  T h e  
« -M H C  p r o m o te r  w a s  p l a c e d  im m e d ia te ly  3 '  to  t h e  n e o 
m ycin  c a s s e t t e .

T h e  A C E .8 t a rg e t in g  c o n s t r u c t  w a s  l inea r ized  a n d  
e l e c t r o p o r a t e d  into R1 ES c e l l s  d e r iv e d  from a  129/  
S V x129 /S vJ  F1 e m b ry o .  Individual ES cell c lo n e s  w e re  
s c r e e n e d  for t a r g e t e d  h o m o lo g o u s  re c o m b in a t io n  u s in g  
a  c o m b in a t io n  of PC R  a n d  g e n o m i c  S o u th e rn  blo t  a n a ly 
sis .  T h e  g e n e r a t io n  of c h im e r ic  m u ta n t  m ic e  w a s  p e r 
fo rm e d  a s  p rev io u s ly  d e s c r i b e d . 3 C h im er ic  m ic e  w e re  
m a t e d  to  C 5 7 B L /6  m ic e  to  g e n e r a t e  F1 m ice .  H e te r o z y 
g o u s  F1 m ic e  w e r e  b r e d  to  c r e a t e  F2 o ffspr ing  of wild- 
t y p e  (WT), h e t e r o z y g o u s  (HZ), a n d  h o m o z y g o u s  A C E .8

(8/8) m ice .  All s t u d i e s  w e r e  p e r fo r m e d  o n  F2 or F3 g e n 
e ra t io n  litters g e n e r a t e d  from th e  b r e e d i n g  of h e te r o z y 
g o u s  a n im a ls .  A g e  a n d  g e n d e r  m a t c h e d  li t term ate  c o n 
trols w e r e  u s e d  in all s tu d ie s .  Animal p r o c e d u r e s  w e re  
a p p r o v e d  b y  Institutional Animal C a r e  a n d  U s e  C o m m it 
t e e  a n d  w e r e  s u p e r v i s e d  by  th e  E m ory  University  Division 
of Animal R e s e a r c h .

G enotyp ing  o f  M ice

G e n o m ic  DNA w a s  o b t a i n e d  t h r o u g h  tail c lipp ing .  T h re e  
p r im e rs  w e r e  u s e d  for PC R  g e n o ty p in g :  a  r e v e r s e  p r im er  
lo c a t e d  in t h e  first e x o n  of t h e  A CE g e n e  (5 ' -C C A C C T C G - 
G C A C TC G A G TTA TA G C TTC A G -3 ') ;  a  fo rw ard  w ild- type  
p r im er  l o c a t e d  in t h e  5 '  u n t r a n s la t e d  re g io n  of t h e  ACE 
g e n e ,  (5 '-T C T A G C T T C C T C T G A G A G A G C C C G A T C T A G - 
3 ') ;  a n d  a  fo rw ard  m u ta n t  p r im er  l o c a t e d  o n  t h e  3 '  e n d  of 
t h e  « -M H C  p r o m o te r  (5 '-C C A C C T C G G C A C T C G A G T -  
TATAGCTTCAG-3')-  A 4 5 0 - b p  f r a g m e n t  w a s  am pli f ied  for 
t h e  w ild - type  a lle le  a n d  a  7 4 2 - b p  f r a g m e n t  w a s  am plif ied  
for t h e  m u ta n t  allele.

A C E  Activity A ssa y

C a r d ia c  p u n c tu r e  w a s  p e r fo r m e d  on  a n e s th e t i z e d  m ic e  
to co l le c t  b lo o d  in h e p a r in iz e d  t u b e s .  P l a s m a  w a s  o b 
ta in e d  b y  c en t r ifu g a t io n  of b lo o d  s a m p l e s  a t  4°C  for 10 
m in u te s  a t  2 0 0 0  x  g .  A n im als  w e r e  t h e n  s a c r i f i c e d  a n d  
t i s s u e  s a m p l e s  w e r e  c o l l e c te d .  Individual t i s s u e s  w e re  
briefly h o m o g e n i z e d  a t  low s p e e d  in A C E  h o m o g e n iz a -  
tion buffer  (5 0  mmol/L HEPES, pH 7.4, 1 5 0  mmol/L NaCI, 
25  mol/L ZnCI2, a n d  1 mmol/L PMSF). T h e s e  h o m o g e -  
n a t e s  w e r e  c e n t r i f u g e d  a t  1 0 ,0 0 0  x  g  a n d  t h e  s u p e r n a 
tan t  d i s c a r d e d .  T h e  p e l le ts  w e r e  t h e n  r e s u s p e n d e d  in 
ACE h o m o g e n iz a t io n  buffer  c o n ta in in g  0 .5 %  Triton X -100 
a n d  v ig o ro u s ly  r e -h o m o g e n iz e d .  T h e  t i s s u e  h o m o g e -  
n a t e s  w e r e  a g a i n  s p u n  a t  1 0 ,0 0 0  x  g  a n d  s u p e r n a t a n t s  
w e r e  u s e d  for ACE activity m e a s u r e m e n t .  D u e  to  th e  
sm all  s i z e  of atrial  t i s s u e s ,  a  sm all  h a n d - h e ld  m o to r iz ed  
g l a s s - p e s t l e  h o m o g e n i z e r  w a s  u s e d  following th e  s a m e  
p r o c e d u r e .  ACE activity w a s  m e a s u r e d  u s in g  th e  ACE- 
REA kit from A m e r ic a n  L ab o ra to ry  P r o d u c t s  C o m p a n y ,  
Ltd. (Alpco, W in d h a m ,  NH). AC E activity a s s a y  w a s  p e r 
fo rm e d  following th e  kit in s t ru c t io n s  a n d  activity w a s  d e 
f ined  a s  th a t  inh ib i ted  b y  cap to p r i l .  Pro te in  c o n c e n t r a t io n  
w a s  m e a s u r e d  u s in g  BCA Pro te in  A s s a y  R e a g e n t  kit 
(P ie rce ,  R ockford ,  IL). T is s u e  A CE activity w a s  c a l c u l a te d  
a s  ACE units  p e r  ^ g  protein.

W estern  Blotting, Collagen Staining, a n d  
Im m unohistochem istry

For W e s te r n  blot,  t i s s u e  h o m o g e n a t e s  w e r e  p r e p a r e d  a s  
d e s c r i b e d  for th e  A C E activity a s s a y .  P ro te in  s a m p l e s  (20 
ju,g p e r  lane)  w e r e  s e p a r a t e d  on  a n  8 %  S D S ge l  a n d  
t r a n s f e r r e d  to a  n i troce l lu lose  m e m b r a n e .  T h e  m e m b r a n e  
w a s  b lo t te d  u s in g  a  rab b i t  po lyc lona l  a n t i - m o u s e  ACE 
a n t i b o d y 19 a n d  e x p o s e d  to  X-ray film u s in g  t h e  e n h a n c e d  
c h e m i lu m i n e s c e n c e  m e th o d .
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For h is to log ica l  an a ly s is ,  t i s s u e  s a m p l e s  w e r e  t a k e n  a t  
e u t h a n a s i a  a n d  p r e s e r v e d  in 10%  n e u t r a l -b u f fe red  fo rm a 
lin. Lung  t i s s u e s  w e r e  in fu se d  with formalin th ro u g h  th e  
t r a c h e a .  T i s s u e s  w e r e  t h e n  e m b e d d e d  in paraffin  us in g  
s t a n d a r d  p r o c e d u r e s .  S e c t io n s  w e r e  s t a in e d  for h e m a 
toxylin a n d  e o s in ,  or  p ic ro -s ir iu s  r e d  u s in g  s t a n d a r d  t e c h 
n iq u e s .  For im m u n o h is to ch e m is try ,  b o th  ACE 8 /8  a n d  
w ild - type  t i s s u e s  w e r e  p l a c e d  on  a  s in g le  s l ide.  Im m u n o -  
h i s to c h e m ic a l  d e te c t io n  of ACE w a s  p e r fo r m e d  a s  p rev i 
ou s ly  d e s c r i b e d . 19

B lo o d  a n d  T issue A ngio tensin  a n d  Bradykinin 
Levels

ACE 8/8  a n d  w ild - type  m ic e  w e r e  a n e s th e t i z e d  with a  
m ixture  of k e ta m in e  (1 2 5  m g /k g )  a n d  xy laz ine  (1 2 .5  m g /  
kg) a d m in i s t e r e d  b y  IP injection. B lood  w a s  c o l l e c te d  
from th e  inferior v e n a  c a v a  d irec tly  into a  sy r in g e  c o n ta in 
ing 5  ml 4  mol/L g u a n id in e  th io c y a n a t e  (GTC) u s in g  a  
2 5 - g a u g e  n e e d le .  T i s s u e s  w e r e  t h e n  rap id ly  r e m o v e d  
a n d  im m e d ia te ly  r in se d  briefly in c o ld  iso ton ic  sa l ine ,  
w e ig h e d ,  a n d  h o m o g e n i z e d  in 5  ml GTC. T h e  GTC  b lo o d  
a n d  t i s s u e  h o m o g e n a t e s  w e r e  t h e n  f ro zen  a t  - 8 0 ° C  a n d  
s h i p p e d  on  dry  ice  to St. V in cen t 's  Insti tute  of M ed ica l  
R e s e a r c h  w h e r e  p e p t i d e  m e a s u r e m e n t s  w e r e  p e r fo rm e d .  
A n g io ten s in  I, a n g io te n s in  II, a n d  b radyk in in  p e p t i d e s  
w e r e  m e a s u r e d  u s in g  H P L C - b a s e d  r a d io im m u n o a s a y s  
a s  p rev ious ly  d e s c r i b e d  20 T h e  m e th o d  a llow s a n a ly s i s  of 
b o th  a n g io t e n s in  I a n d  a n g io t e n s in  II p e p t i d e s  in th e  
s a m e  s a m p l e  d u r in g  a  s in g le  HPLC run th u s  r e d u c in g  th e  
v a r ia n c e  of t h e  p e p t i d e  ratio. D a ta  from o n e  outlier ACE 
8 /8  m o u s e  w a s  e l im in a ted  from b o th  t h e  a n g io t e n s in  a n d  
bradyk in in  c a lc u la t io n s  b e c a u s e  t h e  d a t a  w e r e  g r e a t e r  
t h a n  3  s t a n d a r d  d e v ia t io n s  r e m o v e d  from th e  m e a n s .

E chocardiography

Mice  a g e s  7 to 11 w e e k s  w e r e  a n e s t h e t i z e d  with tribro- 
m o e th a n o l  (0 .2 5  m g /g  b o d y  weight) .  M -m o d e  e c h o c a r 
d io g r a m  s t u d i e s  w e r e  p e r fo r m e d  a s  d e s c r i b e d 21 
M -m o d e  m e a s u r e m e n t s  of e n d -d ia s to l ic  d im e n s io n  
(EDD), e n d - sy s to l ic  d im e n s io n  (ESD), in traven tr icu lar  wall 
s e p t u m  th ic k n e s s  (IVS) a n d  e n d -d ia s to l ic  p o s te r io r  wall 
t h ic k n e s s  (PW) w e r e  m a d e  from original t r a c in g s .  C a l c u 
la ted  v a r ia b le s  i n c lu d e d  th e  following: left ven tr icu la r  
f rac t ional  s h o r te n in g  (FS =  (EDD -  ESD)/EDD), rela tive  
wall t h ic k n e s s  (RWT =  (IVS+PW )/ED D),  LV m a s s  =
1.06  x  ((EDD +  PW  +  IVS)3 -  (ED D )3, a n d  LV m a s s  
n o rm a l iz e d  by  b o d y  w e ig h t  (LV/BW). E c h o c a r d i o g r a p h y  
w a s  a n a l y z e d  by  B.D.H. w h o  w a s  b l in d e d  to g e n o t y p e  of 
t h e  m ice .

In Vivo H em o d yn a m ic  M ea su rem en ts

Mice  a g e s  8  to 12 w e e k s  w e r e  a n e s th e t i z e d  with a  mix
tu re  of k e ta m in e  (1 2 5  m g /k g )  a n d  xy laz ine  (1 2 .5  m g /k g )  
a d m i n i s t e r e d  by  IP injection. T h e  m ic e  w e r e  p l a c e d  on  a  
h e a t e d  p a d  d u r in g  th e  su rg e ry .  A 1.4 F re n c h  Millar h igh  
fidelity p r e s s u r e  c a t h e t e r  ( S P R - 6 7 1 , AD In s t ru m en ts ,  C O ) 
w a s  in se r te d  into t h e  r ight ca ro t id  a r te ry  a n d  th e n  a d 
v a n c e d  into t h e  left ventricle .  T h e  c a t h e t e r  w a s  c a l ib ra t e d  
u s in g  a n  e x te rn a l  a n a l o g  m a n o m e te r .  D a ta  w e r e  r e 
c o r d e d  u s in g  a  P o w e r la b  s y s te m  a n d  C h a r t  5  so f tw a re  
(AD In s t ru m en ts ,  C O )  with a  s a m p l e  s p e e d  of 1 k/s. H ear t  
ra te ,  left ven tr icu la r  (LV) sys to l ic  p r e s s u r e ,  a n d  LV e n d -  
d ias to l ic  p r e s s u r e  w e r e  c a l c u l a t e d  d irec tly  from LV p r e s 
s u r e  w a v e  form s. LV d P / d t  max a n d  LV d P /d t  miM w e re  
o b t a i n e d  a s  t h e  f i r s t -d e g re e  differential  of t h e  LV p r e s 
s u re .  T h e  t im e  c o n s t a n t  of isovolum ic  LV re laxation ,  t, w a s  
e s t im a te d  by  a n  u n w e ig h te d  n o n - l in ea r  l e a s t  s q u a r e s  
m e th o d  from 4 2  individual w a v e  form s.

B lo o d  P ressure  a n d  Urine Osmolality

Sys to l ic  b lo o d  p r e s s u r e  w a s  m e a s u r e d  in c o n s c io u s  m ic e  
u s in g  a  V isitech  S y s t e m s  B P 2 0 0 0  a u t o m a t e d  tail cuff 
s y s te m  (A pex ,  NC) a s  p rev io u s ly  d e s c r i b e d  3 M ice  w e re  
t r a in e d  in t h e  a p p a r a t u s  for 5  d a y s  b e fo re  d a t a  w e re  
c o l l e c te d .  T h e  b lo o d  p r e s s u r e  of a n  a n im a l  w a s  th e  a v 
e r a g e  of 8 0  m e a s u r e m e n t s  o v e r  a n  a d d i t io n a l  4  d a y s .

S p o t  urine  s a m p l e s  w e r e  c o l l e c te d  b e fo re  a n d  a f te r  24  
h o u r s  of w a te r  dep r iv a tio n .  Urine s a m p l e s  w e r e  s p u n  a t  
5 5 0 0  x  g  to p re c ip i t a te  p a r t i c u la te s .  Urine  osm ola l i ty  w a s  
d e t e r m i n e d  u s in g  a  W e s c a t  5 5 0 0  V ap o r  P r e s s u r e  O s 
m o m e te r  ( W e s c o r  Inc.,  L o g an ,  UT).

Heart W eight

Mice  w e r e  e u th a n i z e d  a n d  th e  h e a r t s  w e r e  iso la ted .  T h e  
w h o le  h e a r t s  w e r e  briefly r in se d  in 0 .9 %  sa l in e  to re m o v e  
b lo o d .  Both a tr ia  w e r e  carefully  r e m o v e d  from th e  ventr i
c le s  a t  t h e  a tr ia l-ven tr icu lar  s e p tu m .  T h e  a tr ia  a n d  ventr i
c le s  w e r e  t h e n  b lo t ted  d ry  a n d  w e i g h e d  s e p a ra te ly .

ECG M onitoring

E C G  r e c o r d i n g s  of a w a k e ,  f ree -m o v in g  m ic e  w e r e  o b 
ta in e d  u s in g  a  te le m e try  m e th o d .  After m ic e  w e r e  s e 
d a t e d  with a n  IP injection of k e ta m in e  a n d  xy laz ine  mix 
(1 2 5  m g /k g  a n d  12.5  m g/kg) ,  a n  EA-F20 ECG t ran sm it te r  
(D a ta  S c i e n c e s ,  MN) w a s  im p la n te d  in t h e  in traper i tonea l  
cavity. T h e  p os i t ive  l e a d  of t h e  t ran sm i t te r  w a s  tu n n e le d  
s u b c u t a n e o u s l y  to t h e  left a n te r io r  c h e s t  wall a b o v e  th e  
a p e x  of t h e  h e a r t  a n d  th e  n e g a t iv e  le a d  to th e  right 
sh o u ld e r .  This  con f ig u ra t io n  a p p r o x im a t e s  l e a d  II on  th e  
s u r f a c e  ECG. After 2 4  h o u r s  for r e c o v e ry  from th e  s u r 
ge ry ,  t h e  E C G  w a s  r e c o r d e d  digitally for 2  m in u te s  a t  th e  
b e g in n in g  of e a c h  h o u r  u s in g  a  5 0 0  Hz A/D c o n v er te r .  
E C G  d a t a  w e r e  a n a l y z e d  u s in g  D a t a q u e s t  ART Softw are ,  
v e rs io n  2 .3  (D a ta  S c i e n c e s ,  MN). For d a t a  p re se n ta t io n ,  
r e c o r d i n g s  w e r e  fi ltered with 100  Hz lo w - p a s s  filter to 
r e d u c e  n o i s e  levels.

S igna l  a v e r a g in g  w a s  u s e d  b e fo re  interval a n d  w a v e 
form a n a ly s i s  (EC G  A nalys is  So f tw a re  4.0, D a ta  S c i 
e n c e s ,  MN). For th is  a n a ly s is ,  a  2 -m in u te  s t r e tc h  of EC G 
re c o rd in g  w a s  u s e d  a n d  c o m p l e x e s  w e r e  identif ied  by  
th e  T - e n d  fit m e th o d  with a  filter cut-off of 100  Hz a n d  a
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T -e n d  th r e s h o ld  of 3 0 % . Interval c o r re c t io n  for h e a r t  ra te  
w a s  c a l c u l a t e d  u s in g  B a z e t t ' s  fo rm ula .22

Statistical Analysis

All d a t a  w e r e  e x p r e s s e d  a s  m e a n s  ±  SE. T h e  signifi
c a n c e  of t h e  d i f fe re n c e  b e tw e e n  tw o  g r o u p s  w a s  o b 
ta in e d  by  a n  u n p a i r e d  S t u d e n t ' s  f-test.  T h e  s ig n i f ic a n c e  of 
t h e  d i f fe re n ce  a m o n g  m ultip le  g r o u p s  w a s  o b t a i n e d  u s 
ing a n a ly s i s  of v a r i a n c e  a n d  t h e  T u k ey  HSD tes t .

R e su lts

Creation o f  A C E .8  H o m o zyg o u s M utan t (ACE  
8/8) M ice

H o m o lo g o u s  re c o m b in a t io n  w a s  u s e d  to m odify  t h e  ACE 
g e n e  s o  th a t  ACE w a s  p r o d u c e d  sp ec if ica l ly  by  c a r d i a c  
t is su e .  For th is  p u r p o s e ,  a  t a rg e t in g  v e c to r  w a s  m a d e  in 
w h ich  a  n e o m y c in  r e s i s t a n c e  c a s s e t t e  a n d  a  4 .4 -k b  p o r 
tion of t h e  a -M H C  p r o m o te r  w e r e  i n se r te d  into a  B ssH  II 
restr ic tion  site,  p o s i t io n e d  b e tw e e n  th e  s ta r t  of s o m a t i c  
ACE tran sc r ip t io n  a n d  t ran s la t io n  (F igu re  1). This s t r a te g y  
p o s i t io n s  t h e  n e o m y c in  r e s i s t a n c e  c a s s e t t e  to  b lo ck  a n y  
in f lu en ce  of t h e  e n d o g e n o u s  s o m a t i c  ACE p r o m o te r  on  
ACE g e n e  t ran sc r ip t io n .  It a l s o  p o s i t io n s  t h e  m o u s e  
a -M H C  p ro m o te r ,  a  well-know n c a r d i a c - s p e c i f i c  p r o 
m oter ,  to contro l th e  t r an sc r ip t io n  of s o m a t i c  ACE. This 
s t r a te g y  d o e s  not a l te r  t h e  t e s t i s  ACE p r o m o te r  a n d  th e  
resu l t ing  m ic e  w e r e  p r e d i c t e d  to b e  fully fertile. W e  refer 
to th is  n e w  line of m ic e  a s  A C E .8  s in c e  it w a s  t h e  e ig h th  
m odif icat ion  of t h e  ACE g e n e  p r e p a r e d  in o u r  labora tory .

T a r g e t e d  h o m o lo g o u s  re c o m b in a t io n  in e m b ry o n ic  
s t e m  ce l l s  w a s  p e r fo r m e d  a s  p rev io u s ly  d e s c r i b e d . 18 
P r o p e r  h o m o lo g o u s  t a rg e t in g  w a s  verif ied b y  bo th  
g e n o m i c  S o u th e rn  blot a n a ly s i s  a n d  b y  PCR. C h im er ic  
m ic e  w e r e  b r e d  to p r o d u c e  a g o u t i  F1 offspr ing;  m a le  a n d  
fe m a le  h e te r o z y g o u s  F1 m ic e  w e r e  u s e d  to p r o d u c e  F2 
m ice .  Of 3 6 8  F2 m ic e  g e n o ty p e d ,  96  (2 6 % ) w e r e  wild- 
ty p e ,  177 (4 8 % ) w e r e  h e te r o z y g o u s ,  a n d  95  (2 6 % ) w e r e  
ACE 8 /8  m ic e .  This  M e n d e l ian  ratio i n d ic a te s  th a t  th e  
ACE 8 /8  m uta t ion  d o e s  no t  s ignif icantly  i n c r e a s e  mortality 
b e fo re  w e a n in g  a t  3  w e e k s  of a g e .  ACE 8 /8  m ic e  a p 
p e a r e d  g r o s s ly  norm al.  B o d y  w eigh t ,  a s  d e te r m i n e d  
w e ek ly  b e tw e e n  3  a n d  8  w e e k s  of a g e ,  s h o w e d  no  dif
f e r e n c e  b e tw e e n  ACE 8 /8  m ic e  a n d  w ild - type  l i t te rm ates  
( d a t a  not sh o w n ) .

Tissue Distribution o f  A C E  in A C E  8 /8  M ice

To e v a lu a t e  t h e  t i s s u e  d is tr ibution  of ACE, w ild - type  a n d  
ACE 8 /8  m ic e  w e r e  s a c r i f i c e d  a n d  t i s s u e  e x t r a c t s  of 
individual o r g a n s  w e r e  t e s t e d  for ACE activity (F igure  
2A). ACE 8 /8  m ic e  h a d  a  m a r k e d  i n c r e a s e  in c a r d i a c  ACE 
activity. Specifical ly ,  w ild - type  m ic e  h a d  ACE activity  lev
e ls  in a tr ia  a n d  v e n tr ic le s  of 1.2  ±  0 .2  U//ng pro te in  a n d  
0 .8  ±  0.1 U//ng pro te in ,  while ACE activity  in ACE 8/8 
m ic e  i n c r e a s e d  a b o u t  100-fold to 106 .4  ±  7 .3  U//ng p r o 
tein in t h e  a tr ia  a n d  104 .5  ±  4 .5  U//ng p ro te in  in v en tr ic les .

Figure 1. ACE 8/8 targeting construct. The top of the figure shows the 
wild-type organization, of the ACE locus. Both the somatic ACE promoter and 
the testis ACE promoter are indicated with arrows. A unique BssH II 
restriction, site is located between, the transcription start site and the transla
tion start site of somatic ACE. The start site for testis ACE transcription is 
indicated by a gray box between, the 12th and 13th exons of somatic ACE. 
The targeting construct used for homologous recombination (middle) con
tained 10.7 kb of homologous genomic DNA organized into left and right 
arms of 2.4 and 8.3 kb. Between these arms, we incorporated the 3.1-kb 
KT3NP4 neomycin, resistance cassette (NeoK) and the 4.4-kb a-MHC pro
moter such that the structural, portion, o f the ACE gene would now be under 
the control, o f the a-MHC promoter. The effects of the somatic ACE promoter 
were minimized by positioning the neomycin, cassette such that any tran
scripts generated by this ACE promoter would terminate within the neomycin 
cassette. A. thymidine kinase (TK) cassette was positioned 5' to the 2.4-kb 
homology arm. With proper homologous recombination, this w ill not be 
incorporated within, the modified ACE allele (bottom).

Sign if ican t  ACE activity w a s  a ls o  d e t e c t e d  in lung  a n d  
p l a s m a  w h e r e  ACE 8 /8  m ic e  h a d  4 3 %  a n d  56 % , r e s p e c 
tively, of t h e  activity fo u n d  in w ild - type  m ice .  ACE leve ls  in 
t h e  t e s t i s  w e r e  similar to  t h o s e  of wild-type.  In c o n tra s t ,  
k id n ey  (F igure  2A), in test ine,  s p l e e n ,  bra in,  m u sc le ,  fat, 
a n d  liver h a d  virtually u n d e t e c t a b l e  AC E activity  in ACE 
8/8  m ice .  In pa r ticu lar ,  t h e  k id n ey  r e p r e s e n t s  a  m ajor  
c h a n g e  from w ild - type  m ic e  a s  th is  o r g a n  norm ally  e x 
p r e s s e s  a  su b s ta n t ia l  a m o u n t  of ACE activity  in bo th  
v a s c u l a r  e n d o th e l iu m  a n d  prox im al tu b u la r  ep ithe lium . 
ACE activity  in t h e  hear t ,  p l a s m a ,  a n d  k id n ey  of h e te r o z y 
g o u s  m ic e  w a s  in te rm e d ia te  th a t  of w ild - type  a n d  ACE 
8/8  m ic e  ( d a t a  no t  sho w n ) .

To confirm  th e  re su l ts  o b t a i n e d  with ACE activity  a s 
s a y s ,  w e  a ls o  p e r fo r m e d  W e s te rn  blot a n a ly s i s  of t i s s u e  
e x t r a c t s  from w ild - type  a n d  ACE 8 /8  m ic e  (F igure  2B). 
This a n a ly s i s  c o n f i rm ed  th e  ACE activity d a t a  in th a t  a  
l a rg e  a m o u n t  of ACE p ro te in  w a s  d e t e c t e d  in t h e  w h o le  
h e a r t  of ACE 8 /8  m ice .  Also, s ign if ican t  AC E p ro te in  w a s  
o b s e r v e d  in lung  a n d  p l a s m a .  In c o n t ra s t ,  no  ACE pro te in  
w a s  d e t e c t e d  in t i s s u e  e x t r a c t s  of th e  k id n e y  in ACE 8/8 
m ice .  T es t i s  ACE p ro te in  e x p r e s s i o n  w a s  no t  a l t e re d .  In
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A. ACE A ctiv ity
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Figure 2. ACE distribution and activity. A; Littermate wild-type (gray bars) 
and ACE 8/8 mice (black bars) were sacrificed and ACE activity was 
measured in organ homogenates. ACE activity is expressed as units per 
microgram total solubilized protein. ACE 8/8 mice have about 100-fold 
increased ACE activity in cardiac tissues. Significant activity is also seen in 
lung, testis, and plasma. In contrast, no ACE activity was detected in kidney 
homoge nates of ACE 8/8 mice. The data are the average of 6 to 10 individual 
mice. All data presented are the group means ±  SEM. <DL indicates less than 
detection limit. B: Tissue homogenates from wild-type (WT) and ACE 8/8 
mice were studied by Western blot analysis after separation by SDS-PAGE. 
Somatic ACE is a band of about 170 kd while testis ACE is a band at about 95 
kd. ACE 8/8 mice have substantially more somatic ACE in the whole heart as 
compared to wild-type mice. In contrast, these mice have somewhat less ACE 
in the lung and plasma than wild-type mice. ACE 8/8 mice have no ACE in 
the kidney. They also lack somatic ACE expression in the testis but do 
express typical levels of testis ACE.

identif ied on  t h e  cell s u r f a c e  of c a r d i a c  m y o c y te s .  This 
t i s s u e  p a t t e rn  of d is tr ibu tion  is e x p e c t e d  a s  ACE is a  
m e m b r a n e - a n c h o r e d  p ro te in  norm ally  lo ca l ized  o n  th e  
s u r f a c e  of cel ls .  Interest ingly ,  th e r e  w a s  o n e  t i s s u e  within 
t h e  h e a r t  th a t  u n d e r e x p r e s s e d  ACE. This  t i s s u e  w a s  v a s 
c u la r  e n d o th e l iu m ,  w h ich  p r o d u c e d  ACE in w ild - type  a n 
im als  b u t  no t  in ACE 8 /8  m ic e  (F igure  3D).

A similar s i tuat ion  w a s  o b s e r v e d  in t h e  k id n ey  w h e r e  
w ild - type  m ic e  e x p r e s s e d  ACE in prox im al tu b u la r  e p i 
thel ium  a n d  v a s c u la r  e n d o th e l iu m  (F igu re  4). T h e  k id n ey s  
from ACE 8 /8  m ic e  h a d  no  s u c h  e x p r e s s io n .  In m ic e  th a t  
a r e  null for all ACE e x p r e s s i o n  (ACE k n o c k o u t  m ice),  th e  
k id n ey  s h o w s  a  p h e n o ty p e  c h a r a c t e r i z e d  b y  u n d e r - d e 
v e lo p m e n t  of th e  rena l  m e d u l la  a n d  pap il la ,  e x p a n s io n  of 
t h e  renal  ca ly x  a n d  v a s c u la r  sm o o th  m u s c l e  h y p e r p la s i a  
resu l t ing  in v a s c u la r  wall th ic k e n in g  3 S u c h  a  p h e n o ty p e  
w a s  no t  o b s e r v e d  in t h e  ACE 8 /8  m ic e  w h e r e  renal  m e d 
ullary d e v e l o p m e n t  w a s  norm al,  a n d  v a s c u la r  wall th ick 
n e s s  w a s  e q u iv a le n t  to th a t  of w ild - type  mice .

In c o n t r a s t  to t h e  h e a r t  a n d  th e  k idney ,  t h e  p a t t e rn  of 
ACE e x p r e s s i o n  in t h e  lung  w a s  c o m p le x  (F igure  4). In 
w ild - type  a n im a ls ,  lung e n d o th e l iu m  p r o d u c e d  a b u n d a n t  
ACE, w h ich  w a s  d is t r ib u te d  h o m o g e n e o u s l y  t h ro u g h o u t  
t h e  lung p a r e n c h y m a .  In t h e  ACE 8 /8  m ice ,  h o w e v e r ,  lung 
p a r e n c h y m a l  e x p r e s s i o n  of ACE w a s  p a tc h y ,  with m ic ro 
s c o p i c  a r e a s  of t i s s u e  p r o d u c in g  th e  e n z y m e  im m e d i
a te ly  j u x t a p o s e d  to s im ila r -s ized  a r e a s  lack ing  d i s c e r n -  
a b l e  im m u n o re a c t iv e  ACE (F igure  4D). It w a s  difficult to 
d e te r m in e  w h ic h  cell t y p e s  in t h e  lung p a r e n c h y m a  w e re  
r e s p o n s i b l e  for t h e  ACE e x p r e s s i o n  ( sm o o th  m u sc le ,  ty p e
1 ep ithe lia l  cel ls ,  or en d o th e l iu m ) .  A m o r e  c o n s i s t e n t  
p a t t e rn  of ACE e x p r e s s i o n  w a s  o b s e r v e d  in t h e  p u lm o 
n a ry  a r te ry  b r a n c h e s  a c c o m p a n y i n g  th e  b ro n ch ia l  tree .  
H ere ,  h igh  level ACE e x p r e s s i o n  w a s  o b s e r v e d  in v a s c u 
lar s m o o th  m u s c l e  (F igu re  4H). In c o n t r a s t ,  b lo o d  v e s s e l  
e n d o th e l iu m  a p p e a r e d  to p r o d u c e  little, if any ,  ACE. T h e  
e x p r e s s i o n  of ACE in p u lm o n a ry  t i s s u e s  of ACE 8 /8  m ic e  
w a s  no t  a  c o m p l e t e  su rp r i se .  T h e  original c h a r a c t e r i z a 
tion of t h e  a -M H C  p r o m o te r  in t r a n s g e n i c  m ic e  d o c u 
m e n t e d  p ro m o te r  activity in p u lm o n a ry  v a s c u l a r  sm o o th  
m u s c l e  23 A s  to  w h y  lung p a r e n c h y m a  e x p r e s s e d  ACE in 
a  p a t c h y  p a t te rn ,  th is  m u s t  re flect  h e te r o g e n e i ty  of th e  
lung  t i s s u e  a n d  differential  r eco g n i t io n  of t h e  a -M H C  
p ro m o te r .

A ngio tensin  a n d  Bradykinin P ep tid e  L evels in 
the  A C E  8 /8  M ice

a g r e e m e n t  with t h e  ACE activity a s s a y  resu l ts ,  ACE p r o 
tein w a s  a ls o  u n d e t e c t a b l e  in t h e  in test ine ,  bra in,  m u sc le ,  
liver, a n d  fat of t h e  ACE 8 /8  m ic e  b y  W e s te r n  blo t  ( d a ta  
not sho w n ) .

To u n d e r s t a n d  ACE e x p r e s s i o n  p a t t e r n s  in m o re  detail,  
w e  p e r fo rm e d  im m u n o h is to c h e m is t ry  u s in g  a n  anti-ACE 
a n t ib o d y  (F igu re  3). T h e s e  d a t a  w e r e  c o n s i s t e n t  with bo th  
t h e  e n z y m e  activity  a s s a y  a n d  th e  W e s te r n  blot ana lys is .  
In w ild - type  m ice ,  c a r d i a c  m y o c y te s  p r o d u c e d  little 
a m o u n t  of ACE. In t h e  ACE 8 /8  hear t ,  h igh  leve ls  of  ACE 
w e r e  fo u n d  in b o th  v e n tr ic le s  a n d  atria. T h e  ACE w a s

O u r  h y p o th e s i s  w a s  th a t  m ic e  with ACE e x p r e s s i o n  
sh if ted  to c a r d i a c  t i s s u e  w ou ld  g e n e r a t e  h igh  lev e ls  of 
c a r d i a c  a n g io te n s in  II. To m e a s u r e  this, w ild - type  a n d  
ACE 8 /8  m ic e  w e r e  s a c r i f ice d ,  a n d  v en tr ic le s ,  k idney, 
a n d  p l a s m a  w e r e  p r e p a r e d  for HPLC d e te rm in a t io n  of 
a n g io te n s in  p e p t i d e  leve ls  (F igu re  5, a  to c).  In th e  v e n 
tr ic les ,  t h e r e  w a s  a  m a r k e d  d i f f e re n c e  in t h e  t i s s u e  c o n 
ten t  of a n g io te n s in  II, with ACE 8 /8  m ic e  h a v in g  4.3-fold 
t h e  a n g io te n s in  II c o n c e n t r a t io n  of v e n tr ic le s  from wild- 
t y p e  m ic e  (8/8: 17 9 .7  ±  24.6 ;  WT: 4 1 .5  ± 1 2 . 1  f m o l / g , P <
0 .001).  In c o n t r a s t ,  t h e  a n g io te n s in  I leve ls  w e r e  not s ig 
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Figure 3. ACE immunchistochemistry of heart. Tissues from wild-tvpe (WT) and ACE 8/8 mice were prepared and stained with an anti-ACE antibody. A and B: 
Sections of cardiac ventricles. The high-power inset in B shows abundant ACE within, the cell membranes of myocytes. Despite this, the overall histological 
appearance of the ACE 8/8 ventricular myocardium was unchanged from that of wild-tvpe tissue. C and D: High-power sections of the heart showing ventricular 
blood vessels. Wild-tvpe mice have both endothelial and adventitial expression of ACE. In contrast, blood vessels in the hearts of ACE 8/8 mice have no endothelial 
expression, of ACE. E and F: Sections of atria. As in. the ventricles, the atria of ACE 8/8 mice make abundant ACE.

nificantly different  b e tw e e n  ACE 8/8 a n d  w ild - type  mice .  
A useful  m e a s u r e  is t h e  a n g io te n s in  l l /an g io ten s in  I ratio, 
w h ich  w a s  s ignificantly  e l e v a t e d  in t h e  ACE 8 /8  mice ,  
re flect ing  th e  i n c r e a s e d  ACE activity in t h e  hear t .  In b lo o d  
of ACE 8/8 m ice ,  t h e  a n g io te n s in  II leve ls  w e re  no t  s i g 
nificantly different  from wild-type.  A n g io ten s in  I leve ls  
w e r e  e l e v a t e d  c o m p a r e d  to  w ild - type  v a lu e s  ( P  <  0 .06 )  
resu l t ing  in a n  a n g io te n s in  l l /an g io ten s in  I ratio th a t  w a s  
l e s s  th a n  w ild- type  m ic e  ( P  <  0 .05).  In t h e  k id n e y s  of th e  
ACE 8 /8  m ice ,  th e  a n g io te n s in  II level w a s  d e c r e a s e d

while t h e  a n g io te n s in  I level w a s  e l e v a t e d  c o m p a r e d  to 
t h o s e  of w ild - type  m ic e  (P  <  0 .05),  re su l t ing  in a  r e d u c e d  
a n g io te n s in  l l /an g io ten s in  I ratio ( P  <  0 .01).  T h is  is c o n 
s i s t e n t  with d e c r e a s e d  renal  ACE activity in ACE 8/8 
m ice .  In su m m a ry ,  t h e  c o n c e n t r a t io n  of a n g io te n s in  II w a s  
m a rk e d ly  i n c r e a s e d  in th e  hear t ,  in a g r e e m e n t  with w h a t  
w e  p r e d ic t e d  from th e  i n c r e a s e d  c a r d i a c  ACE e x p r e s 
sion . A d e c r e a s e d  ratio of a n g io te n s in  l l /an g io ten s in  I in 
th e  k id n ey  a n d  p l a s m a  w a s  c o n s i s t e n t  with t h e  d e 
c r e a s e d  ACE activity in t h e s e  t i s su e s .
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Figure 4. ACE immunohistochemistry of kidney and lung. Tissues from wild-tvpe (WT) and ACE 8/8 mice were prepared and stained with an anti-ACE antibody. 
A  and B: Sections of kidney. Wild-tvpe mice express ACE in. proximal tubular epithelium. No ACE was produced by the kidney of ACE 8/8 mice. C: Lung from 
a wild-tvpe mouse and shows homogeneous and extensive ACE expression. In. contrast, D-F: Lung from an. ACE 8/8 mouse. Here ACE expression is patchy with 
portions of the lung expressing ACE (E), found immediately adjacent to areas with no ACE expression. (F). In. the arterioles of wild-type lung (G), ACE is expressed 
by vascular endothelium (arrow) and not by vascular smooth muscle. In. contrast, arterioles from the lung of ACE 8/8 mice (H) have no endothelial ACE 
expression, but do express abundant ACE in. vascular smooth muscle.
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Figure 5. Angiotensin. (Ang) and bradykinin. (BK) peptide levels. Ang II, and Ang I peptide levels were measured in. the heart (a), blood (b), and kidney (c) of 
wild-type (WT) and ACE 8/8 mice. Peptide levels were determined by an. HPLC-based method. The ratios of Ang II to Ang I were also calculated. Ang II levels 
in the hearts of ACE 8/8 mice were 4.3-fold those found in the wild-type mice. All data are means ± SEM *, P <  0.05; **, P< 0.01; ***, P < 0.001. Peptide levels 
were studied in. 9 ACE 8/8 mice and 10 wild-type controls. BK-(1—7), BK-(l-9) and the BK-(1~7)/BK-(1~9) ratios were similarly analyzed in. heart (d), blood (e), 
and kidney (f). No significant differences were noted. Peptide levels were studied in. 9 ACE 8/8 mice and 10 wild-type controls.

In ad d i t io n  to  c o n v e r t in g  a n g io t e n s in  I to a n g io te n s in  II, 
ACE a l s o  in ac t iv a te s  b radyk in in  p e p t i d e  b y  co n v e r t in g  
b rad y k in in - (1 -9 )  into b ra d y k in in - (1 -7 )  (F igu re  5, d  to f). 
W e m e a s u r e d  th e  t i s s u e  a n d  b lo o d  bradyk in in  p e p t i d e  
leve ls  u s in g  a n  H P L C - b a s e d  m e th o d .  In t h e  v en tr ic le s  of 
ACE 8 /8  m ice ,  b rad y k in in - (1 -9 )  leve ls  w e r e  slightly in
c r e a s e d  a n d  b rad y k in in - (1 -7 )  w a s  sl ightly d e c r e a s e d ,  
b u t  n e i th e r  m e a s u r e  r e a c h e d  s ig n i f ic a n ce .  T h e s e  d a t a  
w e r e  su rp r i s in g  in th a t  w e  p r e d ic t e d  a  s ign if ican t  d e 
c r e a s e  of b ra d y k in in - (1 -9 )  d u e  to  i n c r e a s e d  d e g r a d a t i o n  
b y  ACE. Both b lo o d  a n d  k id n ey  leve ls  of b radyk in in  p e p 
t id e s  w e r e  a l s o  n o  d ifferent  from t h o s e  of w ild - type  m ice .  
In total,  t h e s e  d a t a  s u g g e s t  that,  in  v iv o , AC E m a y  p lay  a  
l e s s  c en t r a l  role in th e  d e g r a d a t i o n  of b rad y k in in - (1 -9 )  
t h a n  o th e r  e n z y m e s  s u c h  a s  c a r b o x y p e p t i d a s e  N a n d  
a m i n o p e p t i d a s e  P. A s e c o n d  poss ib i l i ty  is th a t  t h e  re la 
t ionsh ip  of A CE a n d  b rad y k in in  is m o re  c o m p l i c a t e d  th a n  
p re se n t ly  u n d e r s to o d .

Physiological M ea su rem en ts

P re v io u s  w ork  s h o w e d  th a t  m ic e  lack ing  all ACE h a v e  a  
re d u c t io n  of sys to l ic  b lo o d  p r e s s u r e ,  renal  c o n c e n t r a t in g  
ability, a n d  h e m a to c r i t .2'3 E a c h  of t h e s e  p a r a m e t e r s  w a s  
s tu d i e d  in th e  ACE 8 /8  m ice .  Sys to l ic  b lo o d  p r e s s u r e  w a s  
e v a lu a t e d  in c o n s c io u s  wild-type, h e te r o z y g o u s ,  a n d  
ACE 8 /8  m ic e  (F igu re  6a) .  T h e  ACE 8 /8  m ic e  h a v e  a  
sys to l ic  b lo o d  p r e s s u r e  th a t  a v e r a g e d  10 1 .8  ±  1.8  m m H g  
while w ild - type  a n d  h e t e r o z y g o u s  m ic e  a v e r a g e d

111 .3  ±  1.8 a n d  1 1 0 .4  ±  1.8 m m H g .  While t h e s e  differ
e n c e s  in a v e r a g e  b lo o d  p r e s s u r e  a r e  small ,  th e  ACE 8/8 
m ic e  h a v e  a  s ta tis t ica l ly  lower b lo o d  p r e s s u r e  c o m p a r e d  
to  th e  o th e r  two g r o u p s  ( P  <  0 .001) .  T h e s e  d i f f e re n c e s  
w e r e  a l s o  s e e n  w h e n  m a le  a n d  fe m a le  m ic e  for e a c h  
g e n o t y p e  w e r e  c o m p a r e d .  T h u s ,  while th e  ACE 8 /8  m ic e  
d o  no t  s h o w  t h e  m a r k e d  re d u c t io n  of sys to l ic  b lo o d  p r e s 
s u r e  p r e s e n t  in ACE null m ice ,  th e y  d o  h a v e  a  mild b u t  
sta tis t ica l ly  s ign if ican t  d e c r e a s e  from wild - type  o r  h e t 
e r o z y g o u s  m ice .

While the  b lood  p r e s s u r e  of ACE 8/8 m ic e  w a s  r e d u c e d ,  
renal function w a s  not different from tha t  of wild-type ani
m als  (Figure 6b). In r e s p o n s e  to w a te r  deprivation, all 
g ro u p s  m arked ly  in c r e a s e d  urine osmolality  to g r e a t e r  than  
3 0 0 0  m osm/L. Similarly, the  hem atocr i t  of the  ACE 8/8 m ice  
w a s  a ls o  equ iva len t  to th o se  of wild-type a n d  h e te ro zy g o u s  
littermate controls. Thus, our  d a t a  sh o w s  tha t  o v e r e x p r e s 
sion of ACE in the  heart ,  c o u p le d  with s o m e  pu lm o n a ry  ACE 
e x p ress io n ,  w a s  a b le  to co r re c t  m o s t  of the  phen o ty p ic  
abnorm ali t ie s  p r e s e n t  in ACE null mice.

D im inished Survival o f  the  A C E  8 /8  M ice

A lthough  th e  ACE 8 /8  m ic e  d id  no t  s h o w  i n c r e a s e d  m o r 
tality b e fo re  w e a n in g ,  a  s ign if ican t  i n c i d e n c e  of s u d d e n  
d e a t h  w a s  o b s e r v e d  a f te r  3  w e e k s  of a g e  (F igure  7). For 
e x a m p le ,  a t  66  d a y s  a f te r  birth, on ly  6 4 %  of A C E  8 /8  m ic e  
w e r e  alive a s  c o m p a r e d  to  1 0 0 %  of w ild - type  a n d  h e t 
e r o z y g o u s  m ic e  ( P  <  0 .0 0 0 1 ) .  ACE 8 /8  m ic e  c o n t in u e d  to
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Figure 6. a: Systolic blood pressure was determined using an automated 
tail-cuff manometer for 4 consecutive days. The animals are 22 wild-type 
(WT), 25 heterozygous (HZ), and 28 ACE 8/8 mice. Each dot represents the 
systolic blood pressure of a single mouse. A. solid bar represents the mean, 
for each group of mice. The systolic blood pressure of ACE 8/8 mice was 
significantly lower than, wild-type and heterozygous mice. ***, P <  0.001. b: 
Urine osmolality was determined from spot samples collected from wild-tvpe 
(WT), heterozygous (HZ), and ACE 8/8 mice before and after 24-hour water 
deprivation. All three groups of mice showed a similar increase in urine 
osmolality following water deprivation. The number of mice in. each group 
was 12 WT, 12 HZ, and 15 8/8. All data are means ± SEM.

d ie  a f te r  6 0  d a y s  of a g e ,  t h o u g h  a t  a  ra te  s o m e w h a t  le s s  
t h a n  th a t  m e a s u r e d  b e fo re  6 0  d a y s  of a g e .  T h e  o ld e s t  
ACE 8 /8  a n im a ls  su rv iv e d  for o v e r  3 0 0  d a y s .  H ow ever ,  
t h e  survival ra te  a t  3 0 0  d a y s  w a s  only 2 3 %  for ACE 8/8 
m ic e  a s  c o m p a r e d  to  1 0 0 %  for wild - type .  T h e re  w a s  no  
s ign if ican t  d i f f e re n c e  in survival b e tw e e n  m a le  a n d  fe 
m a le  m ic e  u s in g  K ap lan -M e ie r  an a ly s is .  No w e ig h t  loss,  
s u d d e n  w e ig h t  i n c r e a s e ,  o r  a b n o r m a l  b e h a v io r s  w e r e  
n o t ic e d  in th e  A C E 8 /8  a n im a ls  b e f o re  d e a th .  At n e c r o p s y  
(12  m ic e )  following s u d d e n  d e a th ,  t h e  only  a b n o r m a l  
f e a tu r e  w a s  t h e  c o n s is ten t ly  d i la te d  h e a r t  with a  r e m a rk 
a b l e  bi la tera l  e n l a r g e m e n t  of  t h e  atr ia.

Cardiac M orphology a n d  Function o f  A C E  
8 /8  M ice

To c h a r a c t e r i z e  c a r d i a c  d e v e l o p m e n t  in ACE 8 /8  m ice ,  
w e  s a c r i f i c e d  a n im a ls  a g e s  3  d a y s  to  16 w e e k s .  All ACE

Figure 7. Kaplan-Meier plot of survival. The survival of mice as a function of 
age was plotted using the Kaplan-Meier method. ACE 8/8 mice have a 
markedly increased incidence of death as compared to wild-tvpe (WT) or 
heterozygous mice (HZ). The number of mice studied was 102, 200, and 103 
for WT, HZ, and 8/8 mice. Due to the utilization, of adult animals for other 
experiments and the death of 8/8 mice, the number of animals was reduced 
to 36, 67, and 27 at 100 days, and 13,17, and 7 at 200 days, respectively, for 
WT, HZ, and 8/8 mice. The survival rate was significantly decreased in. the 
8/8 mice compared to WT or HZ mice (P< 0.0001). One of 200 HZ mice died 
during the course of study, but did not significantly reduce survival rate 
compared to WT mice (100% survival).

8 /8  m ic e  o ld e r  t h a n  3  w e e k s  h a d  m a rk e d ly  e n l a r g e d  a tr ia  
c o m p a r e d  to  w ild - type  a n d  h e t e r o z y g o u s  m ic e  (F igu re  8). 
In a  s e r i e s  of m ic e  a g e s  10  to  16 w e e k s ,  w e  carefully  
d i s s e c t e d  th e  a tr ia  f ree  from th e  ve n tr ic le s  to  d e te r m in e  
a v e r a g e  atrial  a n d  ven tr icu la r  w e igh t .  ACE 8 /8  m ic e  h a d  
a  ven tr icu la r  w e ig h t  th a t  w a s  no t  s ignificantly  different  
from wild - type  m ic e  (8/8: 4 .4  ±  0.2; WT: 4 .4  ±  0.1 m g /g  
b o d y  w eigh t) ,  b u t  atrial  w e ig h t  w a s  th ree fo ld  g r e a t e r  th a n  
th a t  of e i th e r  w ild - type  o r  h e t e r o z y g o u s  m ic e  (8/8: 0.71 ±
0 .06 ;  HZ: 0 .2 4  ±  0 .01 ;  WT: 0 .2 3  ±  0.01 m g /g  b o d y  
w eigh t ,  P  <  0 .0 0 0 1 ) .

To in v es t ig a te  t h e  o n s e t  of atrial  e n la r g e m e n t ,  y o u n g  
m ic e  w e r e  s a c r i f i c e d  to  e v a lu a t e  h e a r t  m o rp h o lo g y .  T h re e  
ACE 8 /8  m ic e  e x a m i n e d  a t  3  d a y s  of a g e  d id  no t  s h o w  
visib le  c a r d i a c  m o rp h o lo g y  different  from w ild - type  m ice .  
Of 11 ACE 8 /8  m ic e  o b s e r v e d  a t  2 w e e k s  of a g e ,  mild 
a tr ia  e n l a r g e m e n t  w a s  o c c a s io n a l ly  n o t ic e d ,  b u t  w a s  
n e v e r  a s  p ro m in e n t  a s  in a d u l t  m ice .  By 3  w e e k s  of a g e ,  
six A C E  8 /8  m ic e  c o n s i s t e n t ly  s h o w e d  th e  p h e n o ty p e  of 
atrial  e n l a r g e m e n t  typ ica l  of a d u l t  AC E 8 /8  m ice .  T h u s ,  w e  
b e l ie v e  th a t  m o s t  ACE 8 /8  m ic e  d e v e l o p  c le a r  atrial  e n 
l a r g e m e n t  b e tw e e n  2 a n d  3  w e e k s  of a g e .  This t im e 
c o u r s e  of a b n o r m a l  h e a r t  m o rp h o lo g y  w a s  c o n s i s t e n t  
with t h e  o n s e t  of s u d d e n  d e a t h  in t h a t  n o  s p o n t a n e o u s  
d e a t h s  w e r e  n o te d  b e fo re  3  w e e k s  of a g e .

Histo logica l  e x a m in a t io n  of s e v e ra l  a d u l t  8 /8  h e a r t s  
s h o w e d  atrial  e n l a r g e m e n t  b u t  no rm al  ven tr icu la r  m y o 
c y te  o rg a n iz a t io n .  No s t ru c tu ra l  a b n o rm a l i ty  of c a r d i a c  
v a lv e s  w a s  o b s e r v e d .  S o m e  in v es t ig a to rs  h a v e  s u g 
g e s t e d  th a t  a n g io t e n s in  II c a n  p r o m o te  ven tr icu la r  h y p e r 
t ro p h y  a n d  f ib ro s is .10 To e v a lu a t e  c a r d i a c  f ibrosis,  h e a r t  
s e c t i o n s  of ACE 8 /8  m ic e  w e r e  s t a in e d  with p icro-s ir ius
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Figure 8. Heart morphology and collagen, staining. A: The hearts from a wild-type (WT), heterozygous (HZ), and ACE 8/8 mouse are shown. The atria of the 
ACE 8/8 heart (arrow) are markedly enlarged as compared to the other two genotypes. B: Mice ages 10 to 16 weeks were sacrificed and atria from wild-type 
(n — 15), heterozygous (n — 5), and ACE 8/8 mice (n — 10) were isolated, blotted dry, and weighed. This is plotted relative to total body weight. The atria weight 
from ACE 8/8 mice is threefold greater than that of the other genotypes (P <  0.0001). C—F: Heart sections from the ventricles (C and D) and atria (E and F) of 
wild-type (WO and ACE 8/8 mice were stained with, picro-sirius red. There was no increased fibrosis in the ventricular myocardium of ACE 8/8 mice, but their 
atria did show focal, areas of increased fibrosis (F). All micrographs were photographed with, a X20 lens.

red ,  w h ich  sp ec if ica l ly  identif ies  c o l l a g e n .  Picro-sir ius  re d  
s ta in ing  in t h e  v e n tr ic le s  of ACE 8 /8  m ic e  w a s  n o t  n o t ic e 
a b ly  i n c r e a s e d  c o m p a r e d  to w ild - type  c o n tro ls  (F igure  
8D). Focally, t h e  a tr ia  of t h e  A CE 8 /8  m ic e  d id  s h o w  m o re  
s ta in ing  t h a n  w ild - type  a tr ia  (F igu re  8F). H ow ev e r ,  fibrosis  
w a s  n o t  p r e s e n t  in l a rg e  a m o u n t s .  T hus ,  ACE o v e r e x p r e s 
sion  in t h e  hear t ,  a s s o c i a t e d  with e l e v a t e d  leve ls  of  a n 
g io te n s in  II, h a d  little e f fec t  o n  e i the r  ven tr icu la r  s iz e  or 
t h e  d e g r e e  of v e n tr icu la r  f ibrosis.  In c o n t r a s t ,  th e r e  w a s

bila tera l  atrial e n l a r g e m e n t  with a  mild, foca l  i n c r e a s e  of 
fibrosis.

To e v a lu a t e  th e  c a r d i a c  func tion  of ACE 8 /8  m ice ,  w e  
m e a s u r e d  left v e n tr icu la r  func tion  b o th  b y  M -m o d e  e c h o 
c a r d i o g r a p h y  a n d  b y  in  v iv o  h e m o d y n a m ic  s tu d ie s .  By 
e c h o c a r d i o g r a p h y ,  all c a r d i a c  p a r a m e t e r s  for left v e n tr ic 
u lar  func tion  w e r e  c o m p a r a b l e  b e tw e e n  AC E 8 /8  m ic e  
a n d  w ild - type  m ice ,  e x c e p t  t h e  p o s te r io r  wall th ic k n e s s ,  
w h ich  w a s  slightly th in n e r  in t h e  ACE 8 /8  m ic e  th a n  in
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Table 1. Echocardiography Parameters o f I.eft Ventricular 
Function

WT (n = 8) 8/8 (n = 6)

EDD (mm) 3.47 ± 0.13 3.45 ± 0.33
ESD (mm) 2.19 ± 0.29 2.31 ± 0.40
IVS (mm) 0.62 ± 0.09 0.62 ± 0.12
PW (mm) 0.61 ± 0.05 0.54 ± 0.04*
FS 0.37 ± 0.07 0.33 ± 0.06
LV mass (g) 52.43 ± 12.89 44.09 ± 14.48
E5W (g) 28.48 ± 4.27 27.55 ± 3.73
RWT 0.36 ± 0.04 0.34 ± 0.04
LV\BW (mg/g) 1.84 ± 0.35 1.59 ± 0.41
End-systolic dimension (EDD), end-diastolic dimension (ESD), 

interventricular septum thickness (IVS), posterior wall thickness (PW), 
fractional shortening (FS), left ventricular mass (LV mass), and relative 
wall thickness (RWT) were measured by M-mode echocardiography, 
' P <- 0,05, all data are means + SEM,

w ild - type  co n tro ls  (T ab le  1). For in  v iv o  h e m o d y n a m ic  
s tu d i e s ,  w e  m e a s u r e d  left v e n tr icu la r  p r e s s u r e s  u s in g  a n  
ultra m in ia tu re ,  h ig h  fidelity Millar c a t h e t e r  in s e r te d  into 
t h e  h e a r t  th ro u g h  th e  right c a ro t id  a r te ry  (F igure  9). LV 
sys to l ic  p r e s s u r e ,  LV e n d -d ia s to l ic  p r e s s u r e ,  LV d P /d t  
max, LV d P /d t  min, a n d  t  (t ime c o n s t a n t  for ven tr icu la r  
isovolum ic  re laxa t ion)  w e r e  c o m p u t e d  from ven tr icu la r  
p r e s s u r e  w a v e  form s. N o n e  of t h e s e  p a r a m e t e r s  w e r e  
s ign if ican tly  different  b e tw e e n  t h e  tw o  g r o u p s .  T h e s e  
d a t a  s u g g e s t  that ,  d e s p i t e  e l e v a t e d  leve ls  of  ACE a n d  
a n g io t e n s in  II, t h e  v e n tr icu la r  func tion  of th e  A C E  8/8 
m ic e  w a s  e s se n t ia l ly  no rm al  a n d  no t  t h e  c a u s e  of th e  
atrial  e n la r g e m e n t .

A C E  8 /8  M ice H ave AF, L ow  ECG Voltage, a n d  
H eart B lock

To fur ther  in v e s t ig a te  a  c a u s e  for s u d d e n  d e a th ,  w e  u s e d  
a m b u la to r y  E C G  m onito r ing  to  s t u d y  four w ild - type  m ic e

Figure 9* In vivo hemodynamic measurements of the left ventricle. Left 
ventricular pressure was measured using a Millar microtip catheter inserted 
through, the right carotid, artery, a: Left ventricular pressure recordings from 
a wild-type (left) and an. ACE 8/8 mouse (light), b: First-degree differential 
derived from the ventricular pressure wave forms, which, is dP/dt. c: Hemo
dynamic parameters calculated, from ventricular pressure recordings. Data 
are mean. ± SEM. n, number of animals studied.

Figure 10. Ambulatory ECG. ECG was recorded in. wild-tvpe and ACE 8/8 
mice using telemetry. A: A representative ECG of a wild-tvpe mouse showing 
normal sinus rhythm. B: A representative ECG from six analyzed ACE 8/8 
mice showing low QRS voltage, no P wave, and irregular RR intervals. C: 
ECG of an. ACE 8/8 mouse showing the presence of an. atrial rhythm with, 
prolonged AV block. Atrial P waves are labeled, with, arrows.

a n d  s e v e n  A C E  8 /8  m ice .  After r e c o v e r y  from s u rg e ry ,  th e  
four w ild - type  m ic e  d e m o n s t r a t e d  a  no rm al  s i n u s  rhythm 
with c lear ly  identif iable  P w a v e s  (F igu re  10A). In co n tra s t ,  
all ACE 8 /8  m ic e  s h o w e d  c o n s i s t e n t ly  low Q R S  v o l ta g e s  
(F igure  10B). Six of t h e  s e v e n  ACE 8 /8  m ic e  d e m o n 
s t r a t e d  n o  o r g a n iz e d  atrial  activity  a n d  i r regu lar  RR inter
v a ls  c o n s i s t e n t  with atrial  fibrillation (AF). T h e  so le  ACE 
8/8  m o u s e  no t  in AF d e m o n s t r a t e d  a  p r o lo n g e d  a tr io v e n 
tr icular  (AV) interval , s u g g e s t i n g  of AV n o d a l  d y s fu n c t io n  
in th is  m o u s e  (F igure  10C). T h e  a b n o r m a l  rhythm  w a s  not 
d u e  to  a b n o r m a l  b lo o d  e lec t ro ly te  leve ls  a s  t h e  b lo o d  
s o d iu m ,  p o ta s s iu m ,  a n d  c h lo r id e  w e r e  s imilar  in ACE 8/8 
a n d  w ild - type  m ic e  ( d a ta  no t  sh o w n ) .  Two ACE 8 /8  m ic e  
d i e d  d u r in g  m onitor ing  a n d  th e  E C G  s h o w e d  a  s low  
v e n tr icu la r  e s c a p e  rhy thm  p r e c e d in g  d e a th .

To fur ther  s t u d y  E C G  m o r p h o lo g y  a n d  quan ti fy  th e  
E C G  s ig n a ls ,  t e l e m e try  E C G  d a t a  w e r e  a n a l y z e d  u s in g  a  
s ig n a l  a v e r a g in g  m e th o d .  T h e  r e f e r e n c e  t ra c in g  of all four 
w ild - type  m ic e  s h o w e d  c lear ly  identif iable  P, Q, R, S, a n d  
T w a v e s .  In c o n tra s t ,  t h e  r e f e r e n c e  t ra c in g  of A C E  8/8 
m ic e  s h o w e d  n o  P w a v e s  a n d  low Q R S  a n d  T w a v e  
v o l ta g e s .  T h e  AC E 8 /8  m ic e  h a d  a  2 .3-fo ld  re d u c t io n  in 
Q R S  a m p l i tu d e  ( P  <  0 .01 ,  T a b le  2). Q R S  in te rvals  w e re  
no t  c h a n g e d  in ACE 8 /8  m ic e  c o m p a r e d  to  w ild - type  
m ice .  Similarly, R-R interval , Q T  interval ,  RT interval,  a n d  
h e a r t  r a te  w e r e  no t  s ign if ican tly  different  b e tw e e n  th e  two 
g r o u p s .
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Table 2. Signal Averaging of Telemetry ECG Data

WT (n = 4) 8/8 (n = 7)

R~Amp (mv) 0.452 ± 0.145 0.197 ± 0.021'
QRS (ms) 16.3 ± 0.5 16.1 ± 1.1
RR (ms) 103.3 ± 5.1 154.7 ± 63.4
QT (ms) 85.5 ± 4.4 78.3 ± 17.6
RT (ms) 54.3 ± 3.5 53.0 ± 14.2
HR (bpm) 582.9 ± 29.3 441.9 ± 168.2
Telemetry recordings of ECG data from 4 wild-type (WT) and 7 ACE 

8/8 mice were averaged. R-Amp represents R wave amplitude. QRS, 
RR, QT, and RT represent the intervals of respective waves. HR 
represents heart rate. *p <  0.01. All data are means + SEM.

D iscussion

In r e c e n t  y e a r s ,  th e  c o n c e p tu a l iz a t io n  of th e  ren in -an g io -  
ten s in  s y s t e m  h a s  e x p a n d e d  from ju s t  a  c ircu la t ing  s y s 
t e m  g e n e r a t i n g  p l a s m a  a n g io te n s in  II to a  m o re  c o m p le x  
p ic tu re  w h e r e  b o th  s y s te m ic  a n d  local p ro d u c t io n  of a n 
g io te n s in  II a r e  t h o u g h t  to in f lu en ce  phys io logy .  In th e  
hear t ,  p u b l i s h e d  s t u d i e s  h a v e  s u g g e s t e d  th a t  locally  p r o 
d u c e d  a n g io te n s in  II m a y  in f luence  c a r d i a c  h y p e r t ro p h y  
a n d  f ib ro s is .10 In par ticu lar ,  th e  e f fec t  of ACE inhibitors in 
r e d u c in g  c a r d i a c  h y p e r t r o p h y  in s o m e  rat m o d e l s  of h y 
p e r te n s io n  c o r re l a t e s  b e t t e r  with th e  re d u c t io n  of local 
a n g io te n s in  II lev e ls  t h a n  th e  r e d u c t io n  of s y s te m ic  p r e s 
s u r e  or p l a s m a  a n g io te n s in  II.24 Also, in  v itr o  s t u d i e s  h a v e  
s u g g e s t e d  th a t  a n g io te n s in  II s t im u la te s  c a r d io m y o c y te  
g ro w th  a n d  proliferation of c a r d i a c  f ib ro b la s t s .25'26 To 
in v es t ig a te  th e  func tional  role of a n g io te n s in  II p r o d u c e d  
within t h e  hear t ,  t r a n s g e n i c  m ic e  m o d e l s  w e r e  m a d e  th a t  
o v e r e x p r e s s e d  c o m p o n e n t s  of th e  RAS within th is  o rg a n .  
S u c h  s t u d i e s  in c lu d e  t h e  o v e r e x p r e s s i o n  of a n g io te n s in o -  
g e n , 11 A C E ,12 a n g io te n s in  II p e p t i d e , 17 or th e  a n g io te n s in
II AT-, r e c e p to r . 14" 16 T h e s e  s t u d i e s  w e r e  n o t  c o n s i s t e n t  in 
th a t  s o m e  an im al  m o d e l s  d e v e l o p e d  v e n tr icu la r  h y p e r t r o 
p h y  or fibrosis,  while  o th e r  m o d e l s  s h o w e d  no a p p a r e n t  
p a th o lo g y .  In all t h e s e  m o d e l s ,  o v e r e x p r e s s i o n  of th e  RAS 
in th e  h e a r t  a c c o m p a n i e d  a  no rm al  s y s te m ic  d is tr ibution  
of ACE.

O u r  a p p r o a c h  is q u i te  d i f feren t  from th a t  of p re v io u s  
m o d e l s .  By a lte ring  th e  e n d o g e n o u s  ACE lo c u s  by  t a r 
g e t e d  h o m o lo g o u s  re c o m b in a t io n ,  w e  c r e a t e d  a  novel 
m o u s e  m o d e l  with e l e v a t e d  c a r d i a c  s o m a t i c  ACE e x p r e s 
sion  b u t  r e d u c e d  e x p r e s s i o n  of s o m a t i c  ACE in o th e r  
o r g a n s .  A p a r t  p e r h a p s  from s o m e  foci of p a r e n c h y m a l  
ACE in th e  lung, ACE 8 /8  m ic e  h a v e  no  en d o th e l ia l  e x 
p r e s s io n  of s o m a t i c  ACE. T h e  k idney ,  norm ally  rich in 
ACE d u e  to b o th  en d o th e l ia l  a n d  epithelial  e x p r e s s io n ,  is 
n o w  totally d e v o id  of th is  pro te in .  O u r  h y p o th e s i s  w a s  th a t  
o u r  a p p r o a c h  w o u ld  e le v a t e  a n g io te n s in  I a n d  c o n c e n 
t ra te  a n g io te n s in  II p ro d u c t io n  in c a r d i a c  t i s su e s .  To a  
l a rg e  d e g r e e ,  p re c i s e ly  th is  o c c u r r e d .  R en a l  a n g io te n s in
I w a s  e l e v a t e d  a n d  c a r d i a c  ACE p r o d u c e d  c a r d i a c  leve ls  
of a n g io te n s in  II th a t  w e re  fourfold g r e a t e r  t h a n  normal.  
T h e  p h e n o ty p e  of ACE 8/8 m ic e  in c lu d e d  a  b lo o d  p r e s 
s u r e  th a t  w a s  only slightly l e s s  t h a n  no rm al  a n d  renal 
func tion  iden tica l  to th a t  of  w ild - type  m ice .  S o  w h a t  d o  th e  
ACE 8/8 m ic e  tell u s ?  First, e c h o c a r d i o g r a p h y  a n d  in  v iv o  

h e m o d y n a m ic  s t u d i e s  ( c a r d i a c  ca th e te r iz a t io n ) ,  d id  not 
rev ea l  a n y  m a jo r  d i f f e r e n c e s  in v e n tr icu la r  func tion  in th e

ACE 8/8 m ice .  T h u s ,  th e  lack  of v e n tr icu la r  h y p e r t r o p h y  or 
f ib ros is  i n d ic a te s  th a t  a  100-fold i n c r e a s e  of ven tr icu la r  
ACE a n d  a  fourfold e lev a t io n  of a n g io t e n s in  II a r e  not, a  
p r io r i , d e le t e r io u s  to v e n tr icu la r  function .  O u r  d a t a  reflect  
a n im a ls  m a in ta in e d  u n d e r  b a s a l  co n d it io n s .  H ow ever ,  
th e r e  is still a  poss ib i l i ty  th a t  c a r d i a c  a n g io t e n s in  II m a y  
a c t  sy n e rg is t ic a l ly  with o th e r  f a c to r s  u n d e r  p a th o lo g ica l  
c o n d i t io n s ,  s u c h  a s  h y p e r te n s io n ,  to c a u s e  d e le te r io u s  
e f fec t  in v en tr ic le s .  S e c o n d ,  th e  s y s te m ic  l ack  of e n d o 
thelial ACE e x p r e s s i o n  w a s  no t  a s s o c i a t e d  with a  g r o s s  
a b n o rm a l i ty  of b lo o d  p r e s s u r e ,  in d ica t ing  th a t  th e  local 
p ro d u c t io n  of ACE b y  e n d o th e l iu m  is no t  o b l ig a to ry  for 
b lo o d  p r e s s u r e  control.  A similar c o n c lu s io n  w a s  r e a c h e d  
in a  p re v io u s  m o u s e  m o d e l  w e  s tu d ie d ,  t e r m e d  ACE 1/3, 
in w h ich  ACE e x p r e s s i o n  w a s  p re d o m in a n t ly  r e s t r ic te d  to 
th e  liver.27 T h u s ,  it s e e m s  th a t  th e  p las tic ity  of th e  RAS 
( a n d  th e  p las tic ity  of overall  b lo o d  p r e s s u r e  con tro l)  is 
s u c h  th a t  a n  an im al  c a n  a d a p t  to p l e o m o r p h ic  e x p r e s s io n  
p a t t e r n s  of ACE. Finally, w e  o b s e r v e d  norm al  renal  f u n c 
tion in th e  ACE 8/8 m ice ,  d e s p i t e  a  c o m p l e te  a b s e n c e  of 
renal  ACE. T h e  ACE 8 /8  m o u s e  is th e  first an im al  m o d e l  
h a v in g  no  renal  ACE e x p r e s s io n ,  y e t  m a in ta in in g  norm al 
renal  s t ru c tu re  a n d  function . In th is  m o d e l ,  th e  k id n ey  
d o e s  co n ta in  s ign if ican t  a m o u n t s  of a n g io te n s in  II, a n d  it 
follows th a t  th is  p e p t i d e  m u s t  o r ig in a te  from th e  c i r c u la 
tion. T h e s e  o b s e r v a t i o n s  c o n t r a s t  with m ic e  lack ing  all 
ACE w h o  h a v e  bo th  renal d e v e lo p m en ta l  d e f e c t s  a n d  a re  
u n a b le  to effectively c o n c e n t r a te  urine.2'3 Thus,  the  g e n e r 
ation of ang io ten s in  II in t is su e  loca t ions i n d e p e n d e n t  of the  
renal p a r e n c h y m a  a p p e a r s  c a p a b le  of maintaining c a rd io 
v a sc u la r  h o m eo s ta s is ,  including normal renal function.

T h e  two m ajo r  p a th o lo g ie s  in th e  ACE 8 /8  m ic e  w e re  
atrial e n l a r g e m e n t  a n d  c a r d i a c  a rrhy thm ia .  In fact,  th e  
atrial e n l a r g e m e n t  with s o m e  atrial  f ib rosis  m a y  b e  th e  
s t ru c tu ra l  fo u n d a t io n  of AF in t h e s e  a n im a ls .  While a b n o r 
mal atrial m o rp h o lo g y  d e v e l o p e d  by  2 to 3  w e e k s  in th e  
ACE 8/8 m ice ,  v e n tr icu la r  s iz e  w a s  no rm al  e v e n  af te r  4 
m o n th s .  T h e  d ifferen t  r e s p o n s e  of th e  a tr ia  a n d  v e n tr ic le s  
is no t  a  total su rp r i se ;  a s  re f le c te d  b y  different  g e n e  
e x p r e s s i o n  profiles, a tr ia  a n d  ven tr ic le  a r e  no t  iden t ica l  in 
their  m a k e u p ,  a n d  p r e s u m a b l y  their  r e s p o n s e  to injury.28 
It will b e  of g r e a t  in te res t  to d e f in e  th e  b io c h e m ic a l  b a s i s  
for t h e  atrial  r e s p o n s e  to i n c r e a s e d  a n g io te n s in  II.

T h e  s e c o n d  v e ry  s ign if ican t  finding in th e  ACE 8/8 m ic e  
w a s  th e  a b n o r m a l  c a r d i a c  e lec t r ica l  activity. T h e re  w a s  a  
h igh  p r e v a l e n c e  of AF in th e  ACE 8/8 m ice .  AF is th e  m o s t  
c o m m o n  h u m a n  c a r d i a c  a r rh y th m ia  a f fec t ing  m o re  th a n  
5 %  of th e  p o p u la t io n  g r e a t e r  t h a n  6 5  y e a r s  of a g e .  T h e  
p r e v a l e n c e  of AF i n c r e a s e s  with a g e  a n d  is a s s o c i a t e d  
with a  twofold i n c r e a s e  in mortality in h u m a n s .  A role of 
th e  RAS in AF h a s  b e e n  s u g g e s t e d  b y  v a r io u s  h u m a n  
s t u d i e s  d e m o n s t r a t in g  a  b enef ic ia l  e f fec t  of ACE inhibi
tion o n  atrial  r e m o d e l in g  a n d  fibrillation.29 31 H ow ever ,  
th e  b io c h e m ic a l  e x p la n a t io n  for t h e s e  re su l ts  is l e s s  d e 
v e lo p e d .  O u r  s t u d y  of ACE 8/8 m ic e  s u g g e s t s  th a t  th e  
RAS m a y  d irec t ly  p a r t i c ip a te  in th e  p a t h o g e n e s i s  of atrial 
d y sfu n c t io n .  T h e  E C G  a b n o rm a l i t ie s  of t h e s e  m ice ,  in
c lu d in g  AF, a  low Q R S  v o l ta g e ,  a n d  s o m e  e v id e n c e  of AV 
n o d a l  d y s fu n c t io n  c a n n o t  b e  e x p la in e d  b y  r e d u c e d  v e n 
tr icular  m a s s  or cell co u n t ,  a l te ra t ion  in s e r u m  e le c t r o 
lytes,  th e  p r e s e n c e  of p e r ic a rd ia l  effusion, or  c h a n g e s  in
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th e  c h e s t  wall s iz e  or c o m p o s i t io n .  While th e  p h y s io lo g i 
cal  b a s i s  of t h e  e lec t r ica l  a b n o rm a l i t ie s  will b e  inves ti
g a t e d  in fu tu re  s tu d ie s ,  it a p p e a r s  th a t  t h e  A C E  8/8 m ic e  
will b e  a  v e ry  in te res t in g  m o d e l  to  s t u d y  th e  e f fe c ts  of 
a n g io te n s in  II a n d  atrial  e n l a r g e m e n t  o n  c a r d i a c  e lec tr ica l  
activity.

W e  care fu lly  s c r e e n e d  for c a u s e s  of s u d d e n  d e a t h  in 
t h e  AC E 8 /8  m ice .  T h e s e  m ic e  s h o w e d  no c h a n g e s  of 
a p p e a r a n c e  or b e h a v io r  b e fo re  d e a th .  No s i g n s  of c a r 
d i a c  failure, e m b o l i sm ,  or  b l e e d in g  w e r e  o b s e r v e d  in 
sa c r i f i c e d  a n im a ls .  It h a s  b e e n  sh o w n  clinically th a t  ACE 
inhibitors r e d u c e  th e  i n c i d e n c e  of d e a t h  from c a r d i a c  
o rig ins ,  p e r h a p s  in p a r t  by  lowering b lo o d  p r e s s u r e 3233 
H ow eve r ,  m a n y  b e l ie v e  th a t  t h e  b lo o d  p r e s s u r e  lowering 
e f fec t  of ACE inhibitors d o e s  no t  a c c o u n t  for all of th e  
b enef ic ia l  e f fec ts ,  a s  th is  c l a s s  of p h a r m a c e u t i c a l s  a p 
p e a r s  to  b e  m o re  e f fec t ive  t h a n  o th e r  b lo o d  p r e s s u r e  
lowering d r u g s  in c linical trials.  In r e c e n t  y e a r s ,  a  local 
RAS h a s  b e e n  p r o p o s e d  to func tion  in t h e  hear t .  O ur  
s t u d y  a d d s  s o m e  e v i d e n c e  to th is  i d e a  in th a t  t h e  ACE 8/8 
m ic e  d e v e l o p e d  a  c a r d i a c  p h e n o t y p e  i n d e p e n d e n t  of 
g r o s s  c h a n g e s  in b lo o d  p r e s s u r e .

T h e  p h e n o t y p e  of A C E  8 /8  m ic e  is dif ferent  from s o m e  
t r a n s g e n i c  m o u s e  m o d e l s  th a t  o v e r e x p r e s s  RAS c o m p o 
n en ts .  For e x a m p le ,  w e  d id  no t  o b s e r v e  th e  ven tr icu la r  
h y p e r t ro p h y  or f ibrosis ,  a s  r e p o r t e d  b y  P a r a d i s  e t  a l15 in 
c a r d i a c  o v e r e x p r e s s io n  of t h e  AT1 r e c e p to r  (b y  m o re  th a n  
200-fold).  H e re ,  c a r d i a c  di la tat ion  a n d  h e a r t  failure m a y  
reflect  a b n o r m a l  intrace l lu la r  s ig n a l in g  a s  a  func tion  of 
t h e  m a s s iv e  i n c r e a s e  of t h e s e  r e c e p to r s .  O th e r  g r o u p s  
w h o  o v e r e x p r e s s e d  t h e  AT1 r e c e p to r  in t h e  h e a r t  r e 
p o r t e d  e i the r  no  b a s a l  c a r d i a c  e n l a r g e m e n t  or  atrial  e n 
l a r g e m e n t  v e ry  similar to w h a t  w e  o b s e r v e d  in t h e  ACE 
8/8 m ic e .14-16 M azzolai  e t  a l11 o v e r e x p r e s s e d  ra t  an g io -  
t e n s in o g e n  in t h e  h e a r t s  of t r a n s g e n i c  m ice .  T h e y  fo u n d  
e i the r  no rm al  or mildly e n l a r g e d  h e a r t s  d e p e n d i n g  of th e  
m o u s e  s tra in  ( o n e  or tw o  renin  g e n e s ) ,  b lo o d  p r e s s u r e ,  
a n d  a g e  of t h e  m ice .  H ow eve r ,  e v e n  in t h o s e  m ic e  with 
e n l a r g e d  h e a r t s ,  M azzolai  e t  a l11 r e p o r t e d  no  i n c r e a s e  of 
c a r d i a c  f ibrosis.  Van K a ts  e t  a l17 s tu d i e d  th e  e f fe c t  of 
local c a r d i a c  a n g io te n s in  II p r o d u c t io n  b y  d irec tly  e x 
p r e s s i n g  th e  p e p t i d e  in c a r d i a c  t is su e .  This  g r o u p  fo u n d  
no  e f fe c t  on  c a r d i a c  s i z e  until a n g io te n s in  II o v e r e x p r e s 
s ion  r e s u l te d  in a  sy s te m ic  i n c r e a s e  of b lo o d  p r e s s u r e .

W h e n  c o m p a r e d  to  m o d e l s  th a t  o v e r e x p r e s s  t h e  AT1 
re c e p to r ,  ACE 8/8 m ic e  a r e  different  in th a t  c a r d i a c  a n 
g io te n s in  II m a y  a ls o  a c t iv a te  t h e  AT2 re c e p to r ,  w h o s e  
role in t h e  m y o c a rd iu m  is still u n c le a r .  Also, t h e  i n c r e a s e d  
ACE e x p r e s s i o n  in ACE 8 /8  m ic e  m a y  r e g u la te  t h e  c o n 
c en t ra t io n  of p e p t i d e s  o th e r  t h a n  a n g io te n s in  II, s u c h  a s  
b radyk in in  a n d  A cSD K P. D e s p i t e  t h e s e  c o n c e r n s ,  our 
h y p o th e s i s  is th a t  a n g io te n s in  II is likely t h e  m ain  p lay e r  
for t h e  ACE 8/8 p h e n o ty p e .  O n e  a p p r o a c h  to in v es t ig a te  
th is  is to t r e a t  ACE 8/8 m ic e  with p h a r m a c o lo g ic a l  inhib
itors of t h e  r e n in -a n g io te n s in  s y s te m .  H ow ev e r ,  d u e  to th e  
o n s e t  of t h e  p h e n o t y p e  in AC E 8/8 m ic e  b e fo re  w e a n in g ,  
it h a s  b e e n  difficult to a c h i e v e  th is  t h r o u g h  p h a r m a c o l o g 
ical m e a n s .  In s te ad ,  w e  p lan  to t a k e  a  g e n e t i c  a p p r o a c h  
b y  b r e e d i n g  ACE 8 /8  m ic e  with a n g io t e n s i n o g e n  k n o c k 
ou t  m ice ,  c r e a t in g  ACE 8/8 m ic e  with only o n e  func tional  
a n g io t e n s i n o g e n  g e n e .  T h is  e x p e r im e n t ,  w h ich  is c u r 

rently  u n d e rw a y ,  sh o u ld  g ive  r ise  to  ACE 8/8 m ic e  with 
low leve ls  of c ircu la t ing  a n g io te n s in  I.

In su m m a ry ,  w e  c r e a t e d  ACE 8/8 m ic e  with c a r d i a c -  
s p e c if ic  o v e r e x p r e s s io n  of AC E a n d  a s  a  c o n s e q u e n c e ,  
o v e r e x p r e s s io n  of a n g io te n s in  II in t h e  hear t .  T h e s e  m ic e  
h a v e  a  no rm al  v e n tr icu la r  m o rp h o lo g y  a n d  norm al  f u n c 
tion a s  o b s e r v e d  b y  ven tr icu la r  c a th e te r iz a t io n .  In c o n 
tras t ,  t h e y  d e v e l o p e d  atrial e n l a r g e m e n t  b y  2  to  3  w e e k s  
of a g e ,  c a r d i a c  a r rhy thm ia ,  a n d  a n  i n c r e a s e d  i n c id e n c e  
of s u d d e n  d e a th .
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