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Anaerobic Rat Heart: Effect of Glucose and Krebs Cycle 
Metabolites on Rate of Beating* (32612) 

J. CASCARANO, W. L. CHICK, AND I. SEIDMAN~ 
Department o f  Zoology, University of California, Los Angeles, Calif. 90024, and Department of 

Pathology, N . Y . U .  Medical Center, New York,  N .  Y .  10016 

Energy ~ u c t i o n  in mammalian hearts ex- 
p e d  #to oondiltions of anaerolbiosis has been 
considered insufficient to maintain beating 
(1-5). This phenomenon has also been held 
to be common to other endergonic functions 
occurring lin a variety of rmammalian cells (6).  
However, it has since been shown in an in- 
vestigation of one such case, active cation 
transport in anaerohic rat liver slices, that 
electron accepting metabolites could d n t a i n  
activity a t  a level comparable to that attained 
in oxygmted tissues (7,8). The rationale 
behind these studies was that electron ac- 
cepting metabolites should theoretically en- 
hance anaerobic energy production by stimu- 
lating (A) mitochondria1 phwphorylation and 
(B) regeneration of cytoplasmic NAD. How- 
ever, the ability to stimulate anaerobic energy 
production might be peculiar to liver since 
many of its cells appear to have a low re- 
quirement for oxygen. The intent of the 
present investigation was to determine if a 
compamble anaerobic stimulation of cellular 
function m d d  be achieved in a very active 

*This study was supported by U.S. Public Health 
Service Grant HE-5166 as well as the Health Research 
Council of the City of New York (U-1328). 

Career !%entist of the Health Researclh Cwn-  
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2Glucaguun-free crystalline zinc insulinn: lot PJ- 
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tissue having a high requirement for oxygen. 
H a r t  was selected due to its overriding im- 
portance in the maintenance of life proclesses. 
In addition the automaticity of myocardial 
contractions provides a physiological param- 
eter which could be easily observed under con- 
trolled condiltions in vitro. Heart perfmiom 
were conducted under an oxygen atmosphere 
followed by a period of mmrobio&s with 
media designed to stimulate glydytic and 
mitochondria1 ATP production. Myocardial 
contractions under anaerobiosis r e q u i d  the 
presence of glucose; rate of besting was con- 
centration dependent. Anaerobic myocardial 
rate was significantly elevated by the further 
addition Oif mitochondria1 metabolites. 

The perfusion procedure was essentially 
that of Morgan et al. (4).  Hearts were from 
male, Sprague-Dawley rats (300-350 gm). A 
pulsatile pump mainltained coronary flow at 
7 rnl/min while the pressure was allowed to 
vary. Electrodes were implanted in the walls 
of the right and left ventricle and ammxted 
to an Offner dynograph recorder. Bating was 
found to be regular in almost all preparathm. 
Arrhythmias occurred infrequently and ap 
peared to bear no relationdlip to any specific 
experimental protocol. Rates of ventricular 
contractions obtained by direct v k d  ob 
servation were identical to those o b i n e d  by 

& co .  counting recorded R waves. Heart r a t e  were 



26 ANAEROBIC RAT HEART 

TABLE I. Dependence of Anaerobic Heart Rate 011 Glucose Concentration. 

The first 10.0 ml  of perfusate was discarded. Perfusion wa5 then continued with 15.0 ml 
of recirculated Krebs-Ringer-bicarbonate (KRB)  for  21 min under 9570 0 ,  570 03,. A t  21  
min, the gas phase was changed to 95Y0 N,, 59r, CO,, and 20.0 ml of contxol or experimental 
K R B  wm added to the perfusion reservoir. The heai-ts were then maintained under anoxia for 
65 min (21-86 min of perfusion time). A t  86 min of perfusion time the gas phase wa9 changed 
back to 95v0 0,, 5v0 CO, and the experiment was continued for an addition 30 min. 

0,, KRB Substrate or K R B  0, 
Protocol : c--------, < > c----.--* 

0-21 min 21-86 min 86-116 min 
Recording time" (min) 5-21 45-86 1M-116 

0, throughout 

N, (21-86 d n )  

Substrate free (5) 

Glucose (mlll) 
None (5)  

1.25 (8) 
2.5 (8) 
5.0 (8)  

10.0 (8)  
20.0 (14) 
40.0 (7)  

5.0 + Insulin (8) 

( Av. beats/min) 

159 2 22.3 165 k23.0 

168 2 5 . i  
145 2 16.0 
150 k 6.3 
155 & 11.0 
169 & 13.2 
147 2 7.3 
163 k 6.3 
180 2 12.6 

0 
0 
4 k 1.3 
7 2 1.8 

17 2 2.8 
23 4.2 
30 k 2.9 
27 6.6 

163 & 30.0 

0 
-b 

93 2 12.8 
122 & 8.0 
117 2 15.0 
133 2 13.5 
144 2 7.0 
132 & 13.0 

OHeart rates were determined every 5 min and averaged over the periods indicated to 
allow for equilibration and stabilization following experimental innovation. Values shown are 
2 SEM. Number of experiments are in parentheses. Insulin was used a t  a final coiicentrationi 
of 0.1 unit/ml. 

* Only one heart showed any recovery-53 bea.t.s/min. 

determined for every 5-th min throughout the 
experiment. These values were then aveTaged 
for the time periods indicated in the tables. 
The details of the experimental protocol are 
indicated in Table I. 

The perfusing solution was Krebs-Ringer- 
bicarbonate (9), and contained substrate 
under experimental conditions. Glucose was 
dissolved in the Krebs-Ringer-bicarbonate to 
give the desired concentration. Acid substrates 
were first neutralized with NaOH to pH 6.5 
and substituted for NaCl in the Krebs- 
Ringer-bimbomte. The Na+ concentration 
was constant at 142 meq/liter. Substrate con- 
centrations indicated in the tables are final 
concentration after tip&. Final pH of the 
perfusing solutions was 7.4. 

The first experiment was designed to deter- 
mine the influmce of anoxia on hearts per- 
fused with a metabolitefree medium. When 
hearts were oxygenated for the full 116 min 

beating continued throughout the experiment. 
However, beating steadily diminished in 
anoxic hearts land ceased entirdy after the 
40th min of perfusion time. Reinstitution of 
oxygen did not restore myocardial contraction 
(Table I). 

Although there appeared to be sufficent en- 
dagenous metabolite to maintain aerobic tissue 
it was thougk that failure af automaticity un- 
der conditions of anoxia might in part be the 
result of an insufiicient metabolite pool for 
anaerobic energy producing reactions( 5 ) .  
Hearts were therefore perfused with gluclose 
over a concentration range of 1.25-40 mM 
(Table I). Except for the lowest concen- 
tration studied, bmting continued throughout 
the entire 65 min of anaerobiwis. Rate was 
concentration dependent and achieved a maxi- 
mum at  20 mM. Addition of insulin2 to the 
5 mM glucose medium or increasing &tcose 
concentration to 10 mM significantly accel- 
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TABLE 11. Combined Effect of Glucose a.nc1 Vaxious Metabolites 011 Anaerobic Heart Rate.” 

0,, KRB N,, Substrate 0, Restored 
Protocol : t------) f > t--------, 

0-21 min 21-86 min 86-116 min 
100-116 min Recording time (niin) : 5-21 min 45-86 niin 

(Av. bents/min) 

155 & 11.0 
157 f 13.9 

176 & 12.9 

185 & 13.8 

156 & 15.8 
184 & 20.5 

166 f. 13.8 

169 2 11.3 

163 & 6.3 

163 & 13.6 
142 14.3 

7 2 1.8 
14 2 2.2b 

26 2 3.5 

38 2 3.8 

16 & 1.8 
24 2 4.0’’ 
p <.025 
46 & 8.0 
p < . O O l  
3 2 0.9 

30 f 2.9 
P <.05 
41 f 4.6 
45 & 5.4 

P <.Ol 

P <.05 

p < . O O l  

122 2 8.0 
106 f. 9.0 

187 & 15.0 

146 f 15.1 

73 f. 19.1 
136 k 14.1 

120 f 15.3 

33 f 11.5 

144 f. 7.0 

141 f. 9.6 
40 & 24.0 

a Abbreviations: F ,  funarate (15 mM) ; M, L-malate (10 mM) ; G, glutamate (15 mM) ; 
0, oxalacetate (15 mM) ; K, a-ketoglutarate (15 d) ; DNP, 2,4-dil~itrophenol (10 ,&) ; 

Significantly different than 5 m Y  glucose control: P, P < .025; 0, p < .005. The p value53 
in the table compare experinleiits immediately above a i d  below. All other conditions identical 
to Table I. 

erated anaerobic heart rate above the 5 mM 
contirol (p<.Ol). T h e e  results are cornistent 
with the glucose uptake and phmphorylation 
data of Morgan et al. (4).  It is also evident 
that restoration of oxygen resulted in an in- 
crease in h a r t  rate a t  2.5 mM glucose and 
above. At  10 mM glucose 4ha-e was no sig- 
nificant difference between initial and final 
rates (0.3 <p<0.4). 

In  addition to the well-recognized cm- 
tribution of glycolysis to anaerobic eniergy 
production, there is experimental evidence 
implicating ithe importance of mitochondria in 
this regard. Samdi and Fluharty (1Q) ob- 
tained anambic ATP synthesis when beef 
heart submitochondrial particles used fuma- 
rate as electron acceptor, and NADH as elec- 
tron donor. A comparable reaction was dem- 
onstrated in sarcommes of Ascaris Zurnb- 
ricodes; formtion of ATP was coupled to a 
&mutation of malate ( 1 1 ) .  In both studies it 
was found that 2,4-dinitrophenol uncoupled 

ATP synthesis. These reactions apparently in- 
volve a functional portion of the electron 
transport chain with a mupled phosphory- 
lation. 

Hearts were perfused with glucoe-free so- 
lutions containing furmarate, d a t e  d 
glutamate. These metabolites were m p l e t d y  
ineffective in the absence of glucose. Howevw, 
combination with 5 d 4  glucow produced a 
pronounced stimuihtim of anaerobic b d n g  
(Table 11). Each substrate clearly con- 
tributed to enhancement of activity; a 5.4-fold 
increase was obtained when all three were 
combined with glucose. Combinatim with 20 
mM glucase did not elevate the mximal re- 
S p O W .  

In view of the previously mentioned mitoc 
chondrial studies a reasonable explanation of 
this phenomenon is that the added metab0ilit.e 
stimulated mitochondria1 ATP prodwtim u31r 
der anaerobiosis. The importance of fummate 
in promoting anaerobic beating is olb~vivious 
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since both its addition and removal from the 
perfusing m d u m  caused drastic changes in 
response. Enhancement by glutamate m a t  
likely resulted from its ability to stimulate re- 
moval of oxalacetate, the inhibitory product of 
malate oxidation ( 1 2 ) .  

The possibility exists that these reactions 
generate a-ketoglutarate and ATP is then 
formed by a substrate-level phosphorylation 
following oxidation of a-ketoglutarake to 
succinyl-CoA. To test this hypothesis experi- 
ments were conducted wilth NaCN and hy- 
drazine. Since these compounds react with 
both aldehydes and ketones, it was presumed 
that their overall effect might be detrimental 
because they would react with glucose as well 
as with oxalacetate. For .this reason cyanide 
and hydrazine were not simply substituted for 
glutamate. It was reasoned that hearts should 
be first perfused with glucose, fwmraite and 
malate under anaerobiosis allowing oxal- 
acetate to accumulate. Ilf ATP production is 
coupled to oxidation of malate and reduction 
of fumarate, then addition of cyanide or hy- 
drazine should remove the inhibitory pr+ 
duct, oxalacehte, and accelerate oxidation of 
malate. This would in turn produce a transient 
stimulation of heart rate before substantial 
levels of glucose are depleted. On the other 
hand, if the ATP producing reaction is a suc- 
cinyl-CoA substrate-level phqhorylatiion 
then addition of these materials should pre- 
cipitously reduce heart rate, since they will 
remove oxalacetate, a-ketoglutarate and suc- 
cinyl-CoA. Results af this experiment are 
shown in Fig. 1.  Both of these agents resulted 
in an immediate marked stimulation of heart 
rate. Cyanide was alkaline (pH 11.1) and 
changed the pH of the perfusion medium f r m  
7.4 to 9.0. Its effect, though marked, was 
transient and hearts stopped beating c o n  
pletely within 2 or 3 minutes. Hydrazine 

not tenable for the stimulation produced by  
fumarate, malate, and glutamate. 

Anolther ATP producing reaction, has beem 
described by Hunter (13) for liver and kid- 
ney mitochondria and involves reduction of 
oxalacetate and oxidation of a-ketoglutarate. 
This is apparently a substrate-level phos- 
phorylation since no ATP is produced in a 
system having &OH butyrate substituted for 
a-ketoglutarate ( 14). 

Perfusions conducted with oxalacertate and 
a-ketoglutarate in a glucosefree d u m  were 
akm completely ineffective in either main- 
taining automaticity or restoring bating upon 
reoxygenation. Combination with 5 mM glu- 
cose was extremely effective in elevating 
the anaerobic response, both metabolites 
clearly augmenting the 6.6-fold elevation 
(Table 11). Incorporaition with 2 0  mM glu- 
cow did not elevate maximal activity. 

The response to a-ketoglutarate and 
oxalacetate was abolished by 10 $I4 DNP, a 
concentration thart stimulates respimtion of 
heart ( 15). Although this response might sug- 
gest that uncoupling of phosphorylation has 
occurred, the influence of DNP must be inter- 
preted with caution. Even though DNP does 
not inhibit substrate-level phosphryIation, 
the possibility does exist that it diminishe 
ATP levels by stimulating mitochondrial 
adenosine triphosphatase (16). The latter 
factor might account for bhe inhibition of 
heart rate. 

I t  should be pointed out that a cytoplasmic 
malic dehydrogenase has been demonstrated 
in mammalian heart ( 17,113). I t  is conceivable 
that oxalacetate serves to stimulate regenera- 
tion of extramitochondria1 NAD and this 
in turn increases overall glymlysis. However, 
according to Morgan et at?. (4), anaerobic 
glymlysis is rate limited by glucose at  concen- 
trations of 5.56 mM or lower since no free 

sulfate was neutrdized to p~ 7.4 before in- intracellular g l u c o ~  is detectable in eitht~ tbe 
trduction. It raplid stirnu- presence or absence of insulin. On this basis 

it would appear that a t  5 mM glucose, glycoll- lation of heart rate, which subsequRntly ysis could not be facilitarted by accelerating 
diminished but remained subtantially higher regeneration of ~op lasmic  NAD. The stirnu- 
than the original anaerobic level. Addition of latim of anaerobic beating by oxalacetate and 
NaCl imtead of NaCN or hydrazine produced a - ~ t ~ ~ u ~ r a ~  a n  k t  be explained by a 
no change in the anaerobic response. In the r&ochonddal activity (coupled @m$q- 
light of thee experiments, the succinyl-CoA lation, substratelevel phosph6rylation or 
substrate-level phosphorylation hypothesis is both). 
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FIG. 1. Stimulation of anaerobic heart rate by NaCN and hydrazine sulfate. These are h- 

dividual representative experimmts. Indentical responses were o W n e d  in all repetitions (4 for 
each experiment.) The perfusion protocol is the m e  as that outlined in Table I. At  21 &, 
glucose (5 mM) was in&routuced in combination with F, fumarate (115 mM) and M, mala4e 
(10 mM). At 66 min, 1.0 ml of either 0.36 M NaCN (pH 11.1) or 0.72 M hydrazine sulfate 
(pH7.4) was added t o  give a fmd perdvsing mwntrat ion of 10 mM NaCN and 20 mM hy- 
drazine sulfzte. Final pH of NaCN pmfusate was 9.0. The r e c i p r d  of the interval between beats 
in sleconds is pl0;ttd as the ordinate; this is comparable to beats per second. 

The present study illustrates the over- 
whelming importance of metabolite en- 
vironment in maintaining myocardial beating 
under anaerobies. It has been demonstrated 
that automaticity ca.n be maintained undm 
prolonged anoxia with little loss of respon- 
siveness when hearts are restored to oxygen. 
Although the importance of glucose to an- 
aerobic energy metabolism has a long es- 
tablished acceptance, no such role has been 
assigned to mitochondnia. The data presented 
indicate that mitochodrial production df 
ATP under anaerabiosis might be of con- 
siderable physiological i rnpr  tance. This could 
conceivably have significant implications with 
regard to certain pathological conditions as 
well as various forms of physiological adapta- 
tion (19). 

Summary. Perfused rat hearts subjected to 
anoxia rapidly stopped bating and did not 
recover when restored to oxygen 65 min later. 
However, anoxic beating was promoted by 
glucose in a concentration dependGent fashion; 
maximal response was achieved at 20 m2M. 
Addition of insulin or select Krebs cycle rne- 
tahlites to the glucose ( 5  d) perfusing 
medium further elevated anaerobic beating. 
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Role of Monocytes in the Mixed Leukocyte Culture Reaction” 
(32613) 

JULIUS GORDON’ (Introduced by Lloyd D. JlacLean) 
Department of Experimental Surgery, McGtll Universtty, Montreal, Canada 

The mixed leukocyte culture reaction 
(MLCR) refers to, and is detected by, the 
transformation and mitosis of some of the 
lymphocytes, when suspensions of peripheral 
white blood cells from two genetically dif- 
ferent donors are allowed to interact in cul- 
ture (1).  In this reaction the part played by 
white blood cells other than lymphocytes is 
not known. Experiments reported in this 
communication show that lymphocytes is+ 
lated from suspensions of peripheral leuko- 
cytes from two donors do not transform when 
cultured together. The reaotivity of these 
purified lymphocytes in mixed cultures can 
be revealed by the addition of purified rnono- 
cytes or suspensions of peripheral leukocytes 
in which the lymphocytes had been rendered 
unreactive by 2000 R X-irradiation ( 2 )  or 
mitomycin ( 3 ) .  Furthermore, reactions will 
also occur between purified lymphocytes of 
one donor and monocyte preparations, devoid 
of reactive lymphocytes, of another. 

* This investigation was suppolrted by grants from 
The John A. Hartford Foundation, Inc. and the 
Medical Research Council of Canada. 

1 Research Associate of the Medical Research 
Council of Canada. 

Heparinized human peripheral leukocytes 
were fractionated on columns of glass powder 
(4 )  and cotton wool. Leukocytes, 50-200 X 
lo‘;, in autologous plasma were applied on 
columns of glass powdier. The first fraction 
eluted with plasma contained predominantly 
lymphocyltes (lymphocytes from glass). A 
second fraction, eluted with a solution of 
ethylenediaminetetraacetate (EDTA) , con- 
tained monocytes and neutrophils and no 
lymphocytes ( monocytes-neutrophils from 
glass). In two experiments, this second frac- 
tion was incubated ,far 4-7 days at 37°C to 
allow degeneration of the neutrophils. Cells 
recovered from these cultures were essentially 
pure macrophages. The lymphocytes froan 
glass were further purified by passage on a 
column (1 x 25 cm) loosely packed with 
cotton wool. The first fraction, eluted with 
medium 199 (Microbiological Associates, Be- 
thesda, Md.) contained pure lymphocytes 
(lymphocytes from cotton wool), whereas a 
second fractien, eluted with EDTA, con- 
tained monocytes and neutrophils and trapped 
lymphocytes (leukocytes from cotton). In an 
alternative procedure the lymphocytes were 
purified directly on cotton wool. L e u k q t e s  

F 


