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Marked alterations ia myocardial cation 
concentrations appear rapidly in ischemic and 
infarcted myocardium (1-3). Sodium and cal- 
cium concentrations increase and po tasslium 
and magnesium ccmcenltrations decrease. Al- 
though zinc concentrations decrease oaly 
slightly in intact myocardium, significant 
shifts in the subcellular diistribution of radio- 
zinc occur in infarcted myocardium (3).  

Circulatory failure has been described in 
endoltoxin shock by numerous investigators 
(4-8). Controversy still exists as to whether 
this is due to a fall in cardiac output second- 
ary to pooling or trapping of blood in pe- 
ripheral vascular beds or to primary pump 
failure. 

The purpose of this study was to deter- 
mine if a 15-hr period of endotoxemia in 
dogs would alter myocardial cation concen- 
trations 'as observed in ischemic or infarcted 
myocardium. 

Methods. Nineteen mongrel dogs were 
placed randomly into ,two groups, one re- 
ceived an estimated LD50 dose of E. coli en- 
dotoxin (Difco, Detroit), the other served as 
an untreated control. Eight of 11 dogs (73%) 
given endotoxin swrvived the 15-hr period of 
endotoxemia. Based on previous observations, 
this dose of endotoxin produced significant 
metaibolic abnormalities over this period of 
time and sufficient time would be allowed for 
shifts in cation concentrations to occur. Ani- 
mals could be sacrificed after overnight en- 
dotoxemia and a full work day remained to 
prepare the subcellular fractions from fresh 
myocardium by ultracentrifugation. Eight 
anilmals served as controls. All persons re- 
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sponsible for anlalyses were kept blinded. 
Each animal received 200 pC zinc 65 chlo- 

ride intravenously at  5 PM. The endotoxin- 
treated animals also received 0.25 to 0.35 mg 
endotoxin/kg body weight, All animals were 
followed until 8 AM the following morning. 
Blood samples were obtained for hematocrit 
and pH determinations at the beginning and 
end of the study. Animals then were sacri- 
ficed with Nembutal anesthesia; hearts were 
rapidly removed, placed in cellophane con- 
tainers and immersed in ice. Three samples 
of left ventricle were resected from each ani- 
mal. These were used immediately or stored 
frozen until analyses were performed. The 
first sample was used to determine the con- 
centrations of six cations (sodium, potassium, 
calaium, magnesium, zinc and copper), DNA 
and RNA. These samples were weighed wet, 
then dried and reweighed, and finally ashed 
in a low temperature asher and reweighed a 
third time. Since wet weight to dry weight to 
ash weight ratios were essentially the same in 
endotoxtin and control animals, i t  made no 
difference which index of myocardial mass 
was utilized. Ash weighit was the index used. 

The ash was dissolved in 5 ml of 0.1 I\: 
perchloric acid. Strontium chloride was added 
to produce a final concentration of 0.15%. 
Addition of strontium has the dual purpose 
of suppressing the effect of pholsphates and 
enhancing the absorption of alkali metals. An 
aliquot or further dilution of this solution 
was used to quantify calcium, magnesium, 
zinc and copper on the Perkin-Elimer 303 
a tomi c absorption spec trtphotomet er using 
the three slot Boling burner head with acetyl- 
ene as the fuel and comproissd air as the 
oxidizer ( 3 ) .  After linearity was established 
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with standard solutions prepared in the same 
diluent, the readings were recorded on a di- 
rect concentration readout attachment. So- 
dium and potassium concentrations were 
quantified using a flame photometer (Instru- 
mentation Laboratories). Known amounts of 
calcium, magnesium, zinc and copper were 
added to minced myocardial tissues and the 
concentrations in these samples were com- 
pared against concentrations in untreated 
samples. Recoveries ranged between 95 and 

Sample preparation for DNA and RNA 
analyses was according to the modified meth- 
od of Maggio, Siekovitz and Palade (9).  
DNA was determined by the diphenylaimine 
procedure of Burton (10) and RNA by the 
orcinol procedure as described by Schneider 
(11). Calf thymus DNA and yeast RNA 
(Sigma) were used as standards. 

The second myocardial samples were used 
for radiozinc uptake and differential centri- 
fugation studies. These samples were homoge- 
nized and filtered through a 4 x 4 in. gauze 
to remove the minced muscle fibers from the 
sample. Pellets of nuclear, mitochondrial, mi- 
crosmal and soluble protein material were 
harvested and counted using techniques pre- 
viously described ( 3 ) .  Electron microscopic 
studies were performed on pellets from two 
animals treated with endotoxin to compare 
with control pellets as previously described 
(3). 

The third myocardial samples were pro- 
cessed for light microscopic studies and stained 
with H and E stains. 

105%. 

Statistical techniques. Means and standard 
errors of the means were determined using 
standard techniques. Students' t tests for un- 
paired data were utilized to determine the 
statistical significance of observed differences 
between the endotoxin-treated and control . 

groups. 
Results. Table I compares myocardial cati- 

on, DNA and RNA concentrations in myo- 
cardium harvested from eight endotoxin- 
treated dogs surviving 15 hr and eight con- 
trol animals. Only 3 of 1 1  animals expired 
from the LDSO dose of endotoxin prior to 15 
hr. Three additional endotoxin-treated ani- 
mals had definite increases in hematocrit and/ 
or decreases in pH levels a t  the termination 
of the study consistent with persistence of 
endotoxin effect. The myocardial cation con- 
centrations were no different in these three 
animals than in the rest of the group. None 
of the control animals had comparable 
changes in pH or hematocrit. Nevertheless, 
it must be recognized that the animals stud- 
ied represented a group expected to survive 
the endotoxin insult. No alterations in myo- 
cardial concentrations of sodiulm, potassium, 
calcium, magnesium, zinc, copper, DNA or 
RNA were observed. The DNA and RNA 
were used as additional indices of t isue mass. 

Table TI compares the uptake of radiozinc 
into the intact myocardium and each of its 
subcellullar fractions (nuclear, mitochondrial, 
microsomal and soluble protein) during the 
15 hr of endotoxemia in 8 dogs against that 
in 8 control animals. No alteration in zinc 
distrlibution intracellularly was noted in en- 

TABLE I. Comparison of Myocardial Concentrations of Sodium, P o t k u m ,  Calcium, Mag- 
nesium, Zinc, Copper, DNA and RNA in Eight Dogs 15 hr  Postendotoxin Administration vs 

Eight Con t r ol Dogs. 

Endotoxin" Control 
(mean L- SEM) (mean -e SEM) 

~~ ~ 

Sodium 
Potassium 
Calcium 
Magnesium 
Zinc 
Copper 
DNA 
RNA 

62.4 -+- 1.88 

2.87 + 0.13 
17.75 -t. 0.22 

248 & 3.7 

1231 + 24 

1023 2 122 
2646 2 139 

273 -+- 13.6 

62.8 t 1.36 

2.71 L- 0.11 
17.63 2 0.30 

244 ? 4.8 

1212 + 3'0 
295 ? 7.9 
901 -c 133 

2403 L- 175 
~ ~ ~ _ _ _ _ _ _ _ _ _ _ _  

" p > 0.05 in  all comparisons. 
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TABLE 11. Comparison of 65Z Uptake into Intact  Myocardium and Its Subcellular Fractions 
in  Eight Dogs 15 hr Postendotoxin Administration vs Eight Control Dogs. 

Endotloxin" Control 
(mean -c SEM) (mean & SEM) 

Intact  myocardium (ncpm/g dry wt) 8605 & 2974 9616 2598 
Nuclear fraction (ncpm/g dry wt) 3629 & 1041 4150 2 1050 
Mitochondria1 fraction (ncpm/g dry wt) 1 2 2 6 k  3216 1452 k 297 
Microsomal fraction (napm/g dry wt) 1784& 366 1586 -F- 276 

2868 2 729 Soluble protein fraction (ncpm/g dry wt)  41216 k 12415 

a p > 0.05 in all comparisons. 

dotoxin treated vs control animals. 
No differences in electron microscopic mor- 

phology of the subcellullar fractions were 
found in the endoltoxlin-treated animals com- 
pared against normal animals. 

Discussion. The precise role that the heart 
plays in endotoxin shock remains unresolved. 
Much evidence has been presented to indi- 
cate that the circulation fails early in endo- 
toxin shock (4-8). Ventricular contractile 
force has been reported to diminish after en- 
dotoxin admidstration even when arterial 
pressure is maintained (7). Lefer and associ- 
ates have identified a myocardial depressor 
substance in the plasma of animals in endo- 
toxin shock which (reportedly precipitates ir- 
reversible failure either by depressing exci ta- 
tion-contraction coupling or by impairing 
myocardial function dilrectly ( 12-14). Hin- 
shaw et al. (15) ,  on the other hand, have 
failed to demonstrate any circulating cardio- 
toxic material when myocardial perfocmance 
is assessed in isolated left ventricle perfused 
with blood from donor endatosin-treated ani- 
malls for periods up to 9 hr. 

Most investigations into the cardiovascu- 
lar effects of endotoxemia have focused on 
the hemodynamic alterations. Little is known 
about the metabolic effects of endotoxemia, 
particularly its effect on the myocardium. 

Hinshaw et al. (16, 17), have shown that 
the mean O2 uptake, mean COZ production 
and mean respinatory quotient along with 
myocardial performance are unaltered in iso- 
Pated hearts at  varying blood pressures when 
perfused with blood f roim endotoxin-treated 
animals compared to untreated contlrol ani- 
mals. These studies offered no evidence of 
m y  circulating toxic or depressant substance 
damaging to the myocardium. 

Several investigators have shown that mito- 
chondrilal energy-linked reactions are dimin- 
ished in the liver after a few hours of experi- 
mental shock ( 18-20). Endotoxemia causes 
both moirphologic and enzymatic alterations 
in liver mitochondria. The cellular etiology 
of the mitochondtial dysfumtion remains 
poorly defined. Respiratory control ratios fall 
indicating poor coupliing of the liver mito- 
chondrial respiratory activity with generation 
of high energy phoisphates. Lysosomal en- 
zyme release occurs during endotoxemia ( 2 1, 
22). Lysosomal enzymes added to normal liv- 
er mitochondria in vitro a t  a pH below 6.5 
produce the same metabolic defects induced 
in liver mitochondrila in vivo by endotoxin 
(22). These changes are not observed at  high- 
er pH levels. After ischemia, intracellular 
concentrations of sodium and calcium increase 
while potassiulm and magnesium concentra- 
tions decrease in liver, kidney and heart (3, 
23);  similar changes might be expected in 
endotoxemia. Availability of free calcium and 
scrdiulm ions accentuates lthe inhibitory effect 
of lysosomal enzymes on mitochondria ; po- 
tassium is protective against the damaging 
effects of lyslosomes ( 2 2 ) .  These studies sug- 
gest that the release of lysosoimal enzymes, 
particularly in the presence oif an intracellu- 
lar acidosis and shifts in electrolyte concen- 
trations, plays an important role in the de- 
velopment of cellular damage and dysfunc- 
bion in endotoxin shock. 

The mitochondria1 damage seen in the liv- 
er 4 hr after administration of endotoxin does 
not appear to occur in the heart (22). Res- 
piratory control activity in heart mitochon- 
dria remains high after endotoxemia. In con- 
trast to the falling pH observed in liver and 
blood in endotoxemia, myocardial pH in- 
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creases approaching the optimal p H  for mito- 
chondrial enzymatic and metabolic activity 
( 2 2 ) .  There is no evidence of structural or 
functional damage to heart mitochondria in 
endotoxemia. 

The animals in this study were probably 
all in a group destined to survive the endo- 
toxin shock. Whether different results would 
be obtained in the three animals expiring 
from endotoxin was not determined. The pos- 
sibility that postmortem autolysis would 
prejudiice our findings particularly in the sub- 
cellular fractions made us decide not to uti- 
lize the hearts in these animals. In  retrospect, 
the 15-hr period of endotoxin shock allowed 
may have been longer than desirable. Recent 
studies indicate that myocardial mitochon- 
dria exhibit a surprising capacity to regener- 
ate and reestablish normal metabolic func- 
tion (24, 2 5 ) .  The possibility cannot be ex- 
cluded that cation shifts existed earlier in 
the course of the endotoxemia but sufficient 
time lapsed #to allow complete recovery. 

Nevertheless, these findings are compatible 
with the clinical picture in endotoxemia 
where cardiac output may remain high and 
myocardial performance normal when func- 
tion in other organ systems shows a steady 
deterioration. Maintenance of normal cation 
concentrations and the subcellular distribu- 
tion of radiozinc is further confirmation of 
intact metabolbism and function in the endo- 
toxic heart. 

Summary. Sodium, potassium, calcium, 
magnesium, zinc and copper concentrations 
in intact myocardium and radiozinc uptake 
into intact myocardium and its subcellular 
fractions (nuclear, mitochondrial, microsomal 
and soluble protein) were compared in 8 dogs 
15 hr after administration of an LDso dose 
of endotoxin against 8 control animals. No 
differences were found, thus providing fur- 
ther evidence of the inltact metabolism and 
function of the heart in endotoxemia. 
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