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MILLER, D. G. AND S. MALLOV. Quantitative determination of" stress-induced myocardial damage in rats. PHARMAC. 
BIOCHEM. BEHAV. 7(2) 139-145, 1977. - The degree of myocardial damage produced in rats by exposing them to 
unsignalled, irregular foot-shock stress was determined in three ways: by measuring (1) enzymes (LDH, GOT and GPT) 
released into the circulation, (2) the rate of release of one of these enzymes (LDH) from isolated perfused hearts ir~to the 
perfusate, and (3) the cardiac uptake, in vivo, of the radioactively labeled bone-seeking agents, technetium-99m-stannous 
pyrophosphate or technetium-99m-methylene diphosphonate. The latter two methods permitted quantitative determi- 
nation of the degree of myocardial damage produced. Determination of cardiac technetium-99m uptake was found to be 
simple, quantitative, highly sensitive and truly indicative of cardiac damage, and therefore most suitable for studies of the 
effects of stress on cardiac injury. 
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THE F I R S T  substantial  evidence that  stress alone can 
produce myocardia l  damage in exper imenta l  animals was 
repor ted  by Selye in 1962 [28] .  This damage,  p roduced  in 
rats by restraint  and demons t ra ted  histologically,  was 
transient,  diffuse and did not  occur  in all of  the animals. 
Swim stress in the rat has been repor ted  to result in 
disrupt ion of  mi tochondr ia l  s tructure [18] but  these results 
have been disputed [35 ,36] .  Studies of  myocard ium of 
roosters [25] and male rabbits [37] stressed by crowding 
and of  pigs stressed by shocks delivered by an animal prod 
during succinylchol ine- induced paralysis [ 171 demon-  
strated that  appropriate  stressors can produce histological  
evidence of  myocardia l  injury. 

In none of  these exper iments ,  however ,  was the me thod  
of  de terminat ion  of  the resultant  injury sufficiently precise 
to permit  quant i ta t ive  studies of  (a) the relation be tween  
the magni tude  and/or  durat ion of  the stress and the degree 
of  myocardial  injury or (b) the degree of  in jury-reduct ion 
by the adminis t ra t ion of  various agents with respect to a 
given stress level. There are several ways of  quant i ta t ively  
assessing the degree of  myocardia l  injury. One me thod  
involves the de terminat ion  of the ex ten t  of  release of 
certain intracellular  enzymes  from the myocard ium.  Mea- 
surement  may be made of  the activity of  these enzymes  in 
the serum [14, 23, 39] .  However ,  since exercise causes the 
release of  these enzymes  from skeletal muscle [27] ,  
measurements  of  the enzymes  in serum fol lowing stress that  
is accompanied  by increased muscular  activity may be 
subject to mis interpreta t ion and may be of  value only in 

prel iminary screening of the effects of  different  levels of  
stress. Sobel [29,31] developed a sophist icated analysis of  
myocardial  damage based on enzyme levels in serial blood 
samples, but this would be inapplicable for small animals. 
One also can measure the loss of  myocardial  enzymes  from 
infarcted areas of the heart [19] .  This technique is also 
difficult  to apply to small animals, particularly when 
cardiac damage is l imited. 

We have employed  the technique of determining the 
rates of  release of  certain myocardial  enzymes  from isolated 
perfused hearts of  stressed animals as one way of  quanti ta-  
tively assessing the degree of myocardial  injury produced 
by the stress. This avoids contamina t ion  with enzymes  
produced by tissues o ther  than the heart.  

A new method  of  assessing the degree of  myocardial  
damage has been employed  both exper imenta l ly  [4, 5, 6, 
401 and clinically [3, 15, 24, 251. The radionuclide,  
t echne t ium-99m,  when bound to a bone-seeking agent, such 
as stannous pyrophosphate  or stannous methy lene  diphos- 
phonate ,  has been shown in studies on dogs [6 ,32] ,  rabbits 
[9,131 and rats [1,20] to be sequestered in damaged or 
infarcted myocard ium to a much greater degree than in 
normal hearts. We have found the ratio of  in jured/normal  
uptake of  the tracer to reach values as high as 600 [22] .  
The increased uptake of  radionuclide correlates with 
histologically assessed damage [4 ,32] .  Because of  its high 
sensitivity and quant i ta t ive indication of severity of da- 
mage, this agent appears to be well suited for use in stress 
research in which measurement  of  the degree of  myocardial  

1 This study was supported in part by a grant from the American Heart Association, Fingerlakes Chapter. 
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injury resul t ing f rom var ia t ions  in e n v i r o n m e n t a l  s t imul i  is 
desired. 

We repor t  here  the  results  of  our  s tudies  on  the  
q u a n t i t a t i o n  of the  degree of  myoca rd ia l  injury in rats 
p roduced  by var ia t ions  in the pa rame te r s  of  unsignal led ,  
i rregular  f o o t s h o c k  stress, as d e t e r m i n e d  by  m e a s u r e m e n t s  
of  b o t h  cardiac e n z y m e  release and  rad ionuc l ide  up take .  

METHOD 

Male Sprague-Dawley rats  weighing 300  3 5 0 g  were 
placed in indiv idual  galvanized steel cages 30 x 23 x 16 cm 
with electr ical ly isola ted f loors  c o m p o s e d  of  0.6 cm dia- 
m e t e r  steel rods p laced 2.25 cm apart .  At  r a n d o m  intervals  
with  a m e a n  of  24 sec, an electr ic  cu r r en t  of  1 sec d u r a t i o n  
was passed t h r o u g h  the  rods.  In all expe r imen t s ,  the  rats  
were subjec ted  to unsignal led ,  i r regular  foo t - shock  stress, 
consis t ing of sc rambled  AC shocks  tha t  varied in in tens i ty ,  
in d i f fe ren t  expe r imen t s ,  f rom 0.3 to 1.2 m A ,  for  per iods  
of 0.5 to 12 hr. At  the end  of the stress per iod  the  animals  
were e i the r  immed ia t e ly  r emoved  f rom the  cages or a l lowed 
to remain  for  specific per iods  of  t ime before  be ing  
removed .  

In order  to carry ou t  serum e n z y m e  analyses,  rats  were 
anes the t i zed  by the  i n t r ape r i t onea l  a d m i n i s t r a t i o n  of  so- 
d ium p e n t o b a r b i t a l  and b lood  was w i t h d r a w n  by syringe,  
a f te r  a b d o m i n a l  incision,  f rom the i r  infer ior  venae cavae. 
The sera were ana lyzed  for  lac ta te  dehydrogenase  (LDH) ,  
g lu t ama te  oxa lace ta te  t r ansaminase  (GOT)  and g lu t ama te  
pyruva te  t r ansaminase  (GPT)  activi t ies by the m e t h o d s  of  
Henry,  etal. [ 1 6 ] ,  and expressed as mi l l i - In te rna t iona l  
Units  per  ml ( m l U / m l ) .  

Isola ted hear ts ,  r emoved  f rom con t ro l  and stressed rats 
a f te r  the animals  were anes the t i zed  wi th  p e n t o b a r b i t a l ,  
were per fused  via the  aor tas  as L angendo r f f  p r epa ra t i ons  
according  to the  m e t h o d  previously  descr ibed  [21]  excep t  
tha t  the  pe r fus ion  fluid did no t  con ta in  amino  acids and  
was no t  rec i rcu la ted  af te r  passing t h r o u g h  the  hear t .  Hear t  
rates,  f low rates  and  per fus ion  pressures were m o n i t o r e d  
dur ing  the  per fus ion ,  the  f low rates  be ing  m a i n t a i n e d  at 
10.5 m l / m i n  for  all hear ts .  Af ter  a 5 ra in  washou t  per iod ,  
d e t e r m i n e d  wi th  the aid of  labeled inul in  to  be more  t han  

adequa te  for  the e l imina t ion  of residual  b lood,  the perfu-  
sate was col lected.  In the init ial  expe r imen t s ,  1.5 ml 
samples  of  per fusa te  were col lected every 5 min  f rom hear t s  
of  stressed and  non-s t ressed  rats for  per iods  of  50 rain.  One 
ml a l iquots  were then  ana lyzed  for  LDH activities.  In 
s u b s e q u e n t  expe r imen t s ,  the per fusa te  was col lected unt i l  a 
to ta l  of  200  ml had  passed t h r o u g h  each hear t .  This  
per fusa te  was then  assayed for  to ta l  LDH act ivi ty.  

For  m e a s u r e m e n t  of myoca rd ia l  up t ake  of  t e c h n e t i u m -  
99m, in vivo, each rat  was l ightly anes the t i zed  wi th  sodium 
pen toba rb i t a l .  A p p r o x i m a t e l y  25 mCi  of  t e c h n e t i u m  stan- 
nous  p y r o p h o s p h a t e  (Tc-99m-PPi)  or s t a n n o u s  m e t h y l e n e  
d i p h o s p h o n a t e  (Tc-99m-MDP) were in jected in to  the r ight  
femora l  vein. Each animal  was again anes the t i zed  exact ly  
100 min  af ter  the t racer  admin i s t r a t i on  and its hear t  was 
removed .  The hear t  was t r i m m e d  free of  e x t r a n e o u s  tissue, 
per fused  via the severed aor ta  t h rough  the co rona ry  vessels 
wi th  10 ml of ice cold Krebs-Ringer  b i ca rbona t e  buffer ,  
b lo t t ed  and weighed.  It was then  placed in a vial and its 
to ta l  rad ioac t iv i ty  c o u n t e d  in a sc in t i l la t ion  well counte r .  
The rad ionuc l ide  up take  was expressed as the  % of the dose 
of  admin i s t e red  t racer  t aken  up by the  h e a r t / t h e  % of body  
weight  r ep resen ted  by the  hear t .  This m e t h o d  of  repre- 
sent ing u p t a k e  corrects  for  var ia t ion  in dose, hear t  weight  
and body  weight.  

RESULTS 

Serum Enzyme Levels 

Serum enzyme  levels were measured  in con t ro l  rats and  
in rats s tressed for  8 hr  wi th  a cu r r en t  in tens i ty  of 1 mA.  
The stressed animals  were killed 4, 8, 12 and 16 hr  a f te r  the 
t e r m i n a t i o n  of  the  stress. As shown  in Table  1, serum 
activit ies of  LDH, GOT and GPT of  the stressed rats were 
e levated s ignif icant ly  above those  of  the  non-s t ressed  
con t ro l s  for  at least  8 hr  fo l lowing t e r m i n a t i o n  of the  stress. 
Af te r  12 hr ,  serum LDH re tu rned  to con t ro l  levels bu t  
serum GOT and GPT remained  s ignif icant ly  e levated even 
af ter  16 hr.  

Enzymes Released From Isolated Perfused Hearts 

Hearts  were r emoved  f rom non-s t ressed  con t ro l  rats and 

T A B L E I  

EFFECT OF FOOT-SHOCK STRESS ON RATS ON SERUM ENZYME LEVELS 

Hours Serum enzyme activity 
after stress (mlU/ml) 

LDH GOT GPT 

Controls 

(nonstressed) 290 ± 25* (18) 61 ± 3 (15) 12 ± 2 (18) 

0 570 ± 575 (11) 182 ± 315 (12) 34 ± 1~: (15) 

4 443 _+ 84t (4) 234 ± 705 (4) 52 + 105 (4) 

8 501 + 955 (5) 251 ± 345 (6) 66 _+ 9:~ (6) 

12 301-+68 (5) 116+- 175 (6) 38-+ 65 (6) 

16 2 3 4 ± 2 0  (8) 111 ±235(8)  27±  5:[: (8) 

All stressed rats received unsignalled, irregular foot-shock ofr 8 hr with a 1 mA current. 
Numbers in parentheses are number of rats. 
*Mean ± SE. 
+Significantly different form controls (p<0.05). 
$Significantly different from controls (p<0.01). 
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f rom rats  t ha t  had  been  sub jec ted  to a 12 h r  stress, and  35 
perfused .  C u r r e n t  in tens i t i es  of  0.3,  0.5,  0.8 and  1.2 m A  
were emp loyed .  The  resul ts  are given in Table  2. As the 3O 
cu r ren t  was increased,  so was the  release of  LDH from the  
isola ted pe r fused  hear t s  in to  the  co l lec ted  per fusa te .  LDH ~ 2S 
levels in the  per fusa tes  were s ta t is t ical ly  s ignif icant ly  above  _~ 
the con t ro l  levels when  rats  were s tressed wi th  cu r ren t s  of  _ E 

0.8 and  1 . 2 m A .  Figure 1 shows a typical  e f fec t  of  ,~ 20 
subjec t ing  rats to  a 12 h r  stress wi th  a cu r r en t  of  1.2 mA.  

T A B L E  2 
l0 

EFFECT OF FOOT-SHOCK STRESS OF RATS ON LDH RELEASE BY 
ISOLATED PERFUSED HEARTS 

Shock Current Number Total LDH Output p value 
(mA) of Rats (mlU) 

0 45 2536 - 80* 

0.3 5 2715 ± 343 NS 

0.5 12 2859 ± 249 NS 

0.8 27 3104 ± 204 <0.005 

1.2 10 3302 ± 318 <0.001 

All stressed rats received 
hr. 

*Mean ± SE. 

irregular, unsignalled foot-shock for 12 

Technetium 99rn Uptake In Vivo 

Cardiac u p t a k e  of  Tc-99m-MDP was d e t e r m i n e d  in rats  
s t ressed at a cu r r en t  of  1 m A  for  per iods  of  0.5, 1 , 2 ,  4 and 
1 2 h r  in o rder  to  d e t e r m i n e  the  re la t ionsh ip  b e t w e e n  
du ra t i on  of  stress and  severi ty  of myoca rd i a l  damage as 
judged  by t racer  up take .  The results ,  s h o w n  in Fig. 2, 
indica te  a l inear  re la t ionship  be t w een  hr  of  stress and t racer  
up take  by the  hear t ,  in vivo, when  d e t e r m i n e d  immed ia t e ly  
af ter  cessa t ion  of the  stress. The  re la t ionship  may  be 
expressed by the  equa t i on ,  Y = 3 .4X + 3.3, where Y = tra- 
cer u p t a k e  and  X = hr  of stress. The  co r re la t ion  coef f ic ien t ,  
r, = 0.82.  Af te r  0.5 h r  of  stress, t racer  u p t a k e  was slightly 
bu t  s igni f icant ly  grea ter  t han  tha t  of  con t ro l s  ( p < 0 . 0 2 5 ) .  
Af te r  1 hr  or more ,  the increases were grea te r  and highly 
s ignif icant  (p < 0.01 ). 

Since it had  been  r epo r t ed  t ha t  card iovers ion  by electr ic  
shock was capable  of  p roduc ing  direct  damage to the hea r t  
[ 1 0 , 1 l ] ,  it was possible  t ha t  the  cardiac  damage we 
observed was due to the  electr ic  cu r r en t  passing t h r o u g h  the 
hear t ,  r a the r  than  to cent ra l  ne rvous  sys tem med ia t ed -  
stress. To d e t e r m i n e  if this  were so, 40  rats were divided 
in to  4 groups  of  10 an imals  each. Each rat  in Groups  A and  
B was in jec ted  IP wi th  90 mg of  sod ium barb i ta l ,  a dose 
which  p roduced  anes thes ia  for  the  full 12 h r  per iod  of  
stress. The  feet  of  the  rats were taped  to  the  bars of the  
cage f loor  to insure  electr ical  con tac t .  Rats  in G r o u p  A 
were shocked  as usual,  while those  in G r o u p  B were no t  
shocked .  The an imals  in G r o u p  C were u n a n e s t h e t i z e d ,  
non-s t ressed  cont ro l s ,  while those  in G r o u p  D were subjec t  
to  the  12 hr  stress, bu t  were no t  given barbi ta l .  
Tc-99m-PPi  was in jec ted  8 h r  a f te r  t e r m i n a t i o n  of  the  stress 
to al low the  animals  to regain full  consc iousness  
before  being injected.  It  had  been  observed ,  as ind ica ted  in 
a la ter  e x p e r i m e n t ,  t ha t  cardiac t racer  up take  8 h r  a f te r  
t e r m i n a t i o n  of  a 12 hr  stress was s ignif icant ly  above t ha t  of  
controls .  
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FIG. 1. Effect of foot-shock stress of rats on rate of LDH release 
from isolated perfused hearts of these animals; typical example. One 
rat was stressed for a period of 12 hr with a 1.2 mA current; the 
other was placed in a similar cage but not shocked. Open circles = 

stressed rat. Closed circles = non-stressed control. 
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FIG. 2. Effect of duration of stress on myocardial uptake of 
Tc-99m-MDP. Vertical lines are SE's. Numbers above bars are 

numbers of animals. 

As s h o w n  in Fig. 3, there  were no  s ignif icant  d i f ferences  
in t racer  up take  be tween  non-s t ressed  cont ro ls ,  anes the-  
t ized stressed rats and  anes the t i zed  non-s t ressed  rats. On 
the  o the r  hand ,  w i t h o u t  anesthesia ,  the  12 hr  stress caused 
a s ignif icant  increase in t racer  up take  in compar i son  to the  
con t ro l s  ( p < 0 . 0 0 5 ) .  Thus ,  the electr ic  cu r r en t  per  se did 
no t  af fec t  t racer  up take  and the re fore  p re sumab ly  caused 
no  direct  in jury  to the hear t .  

While it was appa ren t  tha t  increased myoca rd ia l  u p t a k e  
of t e c h n e t i u m - 9 9 m  fol lowing stress occur red  only  in a 
consc ious  animal ,  it was desirable to a t t e m p t  to separate  
the ef fec t  of  the  pa in - induced  psychological  stress f rom 
tha t  of  the  muscu la r  exercise tha t  occur red  dur ing the 
m o m e n t s  when  cur ren t  was appl ied to the cage floor.  
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FIG. 3. Effect of barbital administration to rats on myocardial 
uptake of Tc-99m-PPi 8 hr after exposure of rats to a 12 hr stress. 

Vertical lines are SE's. Figures above bars are numbers of animals. 

FIG. 4. Effect of curare and physical restraint on myocardial uptake 
of Tc-99m-MDP by rats subjected to a 2 hr stress. Vertical lines 

indicate SE's. Figures above bars are numbers of animals. 

Garbus,  etal .  [12] and Tomanek  and Banister  [36] 
suggested that  myocardia l  damage may occur  in rats as a 
consequence  of  running wheel  exercise.  Twelve animals 
were divided into 2 groups.  Each animal was injected 
subcutaneous ly  with 0.15 mg/kg of  d- tubocurar ine  in a 
solut ion of  0.5 ml volume.  This dose was de te rmined  to be 
suff ic ient  to minimize  mo t ion  wi thou t  interfer ing with 
respirat ion.  The rats were placed individually in small 
restraining cages in such a way that  the hind feet  could be 
e x t e n d e d  and taped  to the bars of  the cages in which the 
animals were stressed. The rats in the first group were 
stressed for a per iod of  2 hr,  while the rats in the second 
group were similarly restrained but  no t  shocked.  Myocar- 
dial up takes  of  tracer by rats in these two groups were 
de te rmined  and the results compared  to those ob ta ined  
with non-s t ressed cont ro ls  and with unres t ra ined ,  un t rea ted  
rats s tressed for 2 hr. As shown in Fig. 4, there was no 
significant di f ference be tween  curare- t reated,  restrained rats 
stressed for 2 hr  and unres t ra ined,  un t rea ted  rats stressed 
for 2 hr. In b o t h  cases, the cardiac tracer  uptake  was 
significantly greater  than in the non-s t ressed controls .  On 
the o the r  hand ,  the adminis t ra t ion  of  curare and restraint ,  
w i thou t  shock,  p roduced  no  increase in myocardia l  
Tc-99m-MDP over controls .  

Tracer s tudies in rats [1,20] have repor ted  that  myo-  
cardial accumula t ion  of t e c h n e t i u m - 9 9 m - b o n e  seeking 

agents occurs when the tracer is in jected up to 4 days after  
the infarc t -producing event.  Af terwards ,  no image can be 
seen in scintigrams. Af ter  stress, the increased uptake  of  
tracer observed in the preceeding exper imen t s  might  be due 
to al tered coronary  b lood  flow, as, for  example ,  in the case 
of t empora ry  hyperemia .  If this occurs,  a delay of  several 
hr, af ter  which there is a re turn  of the cardiovascular 
system to resting levels, should result in a re turn of  
myocard ia l  Tc-99m-PPi or Tc-99m-MDP uptake to cont ro l  
levels. Thus, Teppe rman  and Teppe rman  (341 found  that  
exhaustive exercise resulted in b lood lactate increases that  
were fo l lowed by return to normal  levels in 1 hr. Barnard, 
etal .  [2] r epor ted  that  rat hear t  rates re turned  to near  
resting levels 1 min after  exhaust ive exercise and Williams, 
etal .  [38] found  that  rat b lood pressures re turned to 
baseline values 4 h r  after a max i mu m blood pressure 
response to foot  shock was observed.  

A group of 20 rats, therefore ,  was stressed for  2 hr and 
ano ther  group of 20 stressed for 12 hr. Tc-99m-MDP was 
injected into 10 animals from each group 8 hr af ter  the end 
of  the per iod of  stress. The remaining rats were injected 
with Tc-99m-MDP 30 hr after the stress was te rminated .  If 
the previously shown increase in myocardia l  uptake was 
due to simply an al terat ion in the state of the circulat ion,  a 
decline in tracer  uptake  to control  or nearly contro l  levels 
would be expec ted  to occur  8 h r  af ter  te rminat ion  of the 
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stress, par t icu la r ly  af ter  a stress of  only  2 h r  du ra t ion .  
F u r t h e r m o r e ,  it would  be e x p e c t e d  t ha t  3 0 h r  a f te r  
t e r m i n a t i o n  of  the  stress there  would  be no  s ignif icant  
increase in t racer  up take  above c o n t r o l  values,  regardless of  
w h e t h e r  the  d u r a t i o n  of  the  stress was 2 hr  or  12 hr.  

As s h o w n  in Fig. 5, an e x p o n e n t i a l  decrease  in cardiac  
up take  of  t r acer  by 12 hr  s t ressed animals  occur red  as the  
delay be tween  the end  of  the  stress and  Tc-99m-MDP 
a d m i n i s t r a t i o n  was increased.  The curve ex t r apo l a t ed  to 
con t ro l  values af ter  a delay per iod  of  a b o u t  4 days. Af te r  an 
8 h r  pe r iod  of  delay before  Tc-99m-MDP in jec t ion ,  t racer  
up takes  by hea r t s  of b o t h  2 and 12 hr  s t ressed rats were 
still s ignif icant ly  above con t ro l  values ( p < 0 . 0 0 5 ) .  At  this 
t ime,  it is p r e s u m e d  tha t  any  t e m p o r a r y  a l t e ra t ion  in 
co rona ry  c i rcu la t ion  would  have d isappeared .  Even af te r  a 
30 h r  delay per iod ,  cardiac t racer  u p t a k e  by  12 hr  stressed 
animals  was still s ignif icant ly  grea te r  than  tha t  by  non -  
stressed con t ro l s  (p<  0.001 ). 
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FIG. 5. Effect of delay after stress before Tc-99m-MDP injection. 
Rats were stressed for either 2 or 12 hr. Vertical lines are SE's. 
Figures above bars are numbers of animals. Long horizontal line at 
bottom is uptake by hearts of non-stressed controls. Closed circles = 

12 hr stress. Open circles = 2 hr stresss. 

D I S C U S S I O N  

We have p resen ted  two m e t h o d s  for  the  assessment  of  
s t ress- induced myoca rd i a l  damage.  The t ime  course of  
se rum enzymes  fo l lowing  stress (Table  1) is no t ,  of  itself,  
evidence of  myoca rd ia l  damage.  However ,  it is cons i s t an t  
wi th  the  t ime course  of  myoca rd i a l  Tc-99m-MDP u p t a k e  
fo l lowing stress, suggesting t h a t  at least  some of  the  
e n z y m e s  released in to  c i rcu la t ion  were f rom damaged  
m y o c a r d i u m .  D e t e r m i n a t i o n  of e n z y m e  released f rom 
isolated per fused  hear t s  is a s o m e w h a t  more  di f f icul t  and  
less sensi t ive p rocedu re  than  is m e a s u r e m e n t  of  cardiac 
up take ,  in vivo, of  admin i s t e r ed  T c - 99m - bone  seeking 
agents.  However ,  as d e m o n s t r a t e d  in our  expe r i men t s ,  it 
can provide  quan t i t a t i ve  m e a s u r e m e n t s  of  the  small  degrees 
of cardiac in jury  p rovoked  by  d i f fe ren t  levels of  stress in 
e x p e r i m e n t a l  animals.  

D 'Agos t ino  [7] and  D ' A g o s t i n o  and C h i g a [ 8 ]  r epo r t ed  

t ha t  mine ra l i za t ion  of  m i t o c h o n d r i a  in hea r t  occurs  as a 
resul t  of  cardiac surgery or of  focal  necrosis  p roduced  by  
s teroid admin i s t r a t ion .  The crystal l ine s t ruc tu re  of  these 
deposi ts  r esembled  h y d r o x y a p a t i t e .  Shen and Jenn ings  
[30]  r epo r t ed  similar  calcium depos i t ion  in i rreversibly 
in jured  ischemic m y o c a r d i u m .  On the  basis of  these 
f indings,  Bonte ,  e t  al. [3] p roposed  the  use of  the  recen t ly  
developed [33]  Tc-99m-tagged bone-seek ing  agents  as a 
means  of  iden t i fy ing  myoca rd ia l  infarcts .  While these agents  
did accumula t e  in in fa rc ted  hear t ,  more  recent  e x p e r i m e n t s  
by Dewanjee ,  e t  al. [9] suggested t ha t  Tc-99m bone-seekers  
accumula te  no t  in m i t o c h o n d r i a  bu t  in the  soluble  p ro t e in  
f rac t ions  of  cells in in fa rc ted  m y o c a r d i u m ,  perhaps  b inding  
to cer ta in  in t race l lu la r  macromolecu les .  In spite of  the lack 
of ag reemen t  conce rn ing  the  m e c h a n i s m  of  accumula t ion ,  it 
is general ly  agreed tha t  up t ake  of Tc-99m bone-seekers  by  
hear t  is a h ighly  sensit ive and accura te  m e a s u r e m e n t  of 
myocard ia l  injury.  

Expe r imen t s  in this  l abo ra to ry  [22]  have shown  tha t  the  
p rocedure  of induc ing  stress we have descr ibed results  in 
b o t h  his to logical  evidence of  myoca rd ia l  damage and 
s ignif icant  a c c u m u l a t i o n  of  Tc-99m,  even when  the  dura- 
t ion  of  stress is as shor t  as 2 hr. The d e v e l o p m e n t  of  the  
t e c h n e t i u m  tracer  has  made  it feasible to carry out  
extens ive  e x a m i n a t i o n  of behaviora l  variables tha t  may  
inf luence  the p r o d u c t i o n  of s t ress- induced myocard ia l  
injury.  Our  e x p e r i m e n t s  show tha t  such s tudies  are now 
possible.  

We have found  [22]  tha t  c o n c e n t r a t i o n s  of  b o t h  
Tc-99m-PPi  and Tc-99m-MDP in the hear t  are the  same 
af ter  12 hr  of  stress, suggesting an equiva len t  u p t a k e  of the  
two agents by in jured  m y o c a r d i u m .  However ,  the no rma l  
hear t  sequesters  very l i t t le  of  e i the r  agent  and the  t racer  in 
the  m y o c a r d i u m  appears  to be in equ i l ib r ium wi th  tha t  in 
the  b lood.  Therefore ,  since Tc-99m-MDP is cleared more  
rapidly f rom the b lood,  the  ra t io  of Tc-99m-MDP in 
s t r e s s / con t ro l  hear t s  is h igher  t han  tha t  of  Tc-99m-PPi.  Fo r  
this  reason,  Tc-99m-MDP appears  to  be a b e t t e r  agent  for  
the  de t ec t i on  of  ex t r eme ly  sl ight injury fol lowing low levels 
of  stress. By perfusing hear t s  before  c o u n t i n g  the i r  radioac-  
t ivity,  con t ro l  act ivi ty is b r o u g h t  to  a very low and un i fo rm 
level, w i t h o u t  washou t  of  the  act ivi ty in the  cells of  
s t ress- injured hear ts .  

Our  e x p e r i m e n t s  wi th  Tc-99m-MDP indicate  tha t  an 
increase in the du ra t ion  of  a f ixed level of stress may  resul t  
in a p r o p o r t i o n a l  increase in the  degree of  myocard ia l  
in jury.  Stress for  as shor t  as 1 hr,  dur ing which  t ime 
a p p r o x i m a t e l y  150 shocks  were admin i s t e red  to the  ani- 
mals, resul ted  in a de tec tab le  increase in myoca rd ia l  t racer  
up take .  Tha t  the increased Tc-99m-MDP up take  was no t  
mere ly  due to the  effect  on  the hear t  of  the  electr ic  cu r r en t  
itself, was s h o w n  by our  expe r imen t s  wi th  anes the t i zed  and 
u n a n e s t h e t i z e d  rats. A fully consc ious  an imal  was requi red  
for  the  ef fec t  to occur.  It was d e m o n s t r a t e d ,  fu r ther ,  t ha t  
the  increased cardiac up take  of  t racer  was no t  due to 
damage induced  by exercise.  When muscu la r  act ivi ty was 
min imized  by the  admin i s t r a t i on  of  curare and physical  
res t ra in t ,  the increase in cardiac t racer  u p t a k e  still occur red  
even t h o u g h  the cura re - res t ra in t  p rocedu re  a lone p roduced  
no  increase in t racer  up take  by the hear t .  The pers is tence  of  
increased c o n c e n t r a t i o n s  of t racer  in the  hea r t  8 and  30  hr  
af ter  t e r m i n a t i o n  of the  stress, as well as the  previously  
shown  his tological  evidence of  damage,  suppor t s  the  hypo-  
thesis  tha t  a ccumula t i on  of  t racer  in the  hear t s  of  stressed 
animals  is an ind ica t ion  of p e r m a n e n t  myocard ia l  injury 
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and not  merely of  t empora ry  changes in b lood  flow or 
capillary permeabi l i ty .  

The isolated perfus ion technique  examined  the single 
stress parameter ,  cur ren t  in tens i ty ,  f inding a significant 
myocardia l  response at 0.8 mA and above. On the basis of  
these results, a 1.0 mA curren t  was selected for  the 
radionucl ide uptake  s tudy,  and two fur ther  stress para- 
meters  were examined:  dura t ion of  stress and t ime delay 
after  the end of stress. Since the stress parameters  were no t  
held cons tan t  across procedures ,  the two p rocedures  are no t  
directly comparab le ,  excep t  at a single set of  stress 
parameters :  1 mA,  12 hr stress and 0 hr  delay after  stress. 
When the myocardia l  response  is examined  at this set of  
parameters ,  the s t ress- to-control  ratios are 1.25 for  the 
isolated perfused  hear ts  (by in te rpo la t ion)  and 13.15 for  
the Tc-99m-MDP uptake ,  i l lustrating the higher  sensitivity 
of the lat ter  p rocedure  over the former .  

Isolated perfus ion as a m e t h o d  of  quant i fy ing stress- 
induced myocardia l  damage is, however ,  a unique appli- 
cat ion of  this technique  and may have use under  certain 
c i rcumstances .  On the o ther  hand ,  the studies descr ibed 
suggest that  Tc-99m bone-seeking agents, such as 
Tc-99m-PPi or Tc-99m-MDP can be emp l o y ed  widely for 
s tudies on modi f ica t ion  of s t ress-produced myocardia l  
injury by appropr ia te  env i ronmenta l  changes. The proce- 
dure is simple, rapid and highly sensitive and achieves a 
precision not  possible by o ther  means.  
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