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SUMMARY

A direct fluorometric technique for recording the intracellular oxidation-reduction

state has been applied to the perfused rat heart. The fluorescence changes were calibrated
in terms of the content of analytically determined NADH and NADPH. Simultaneous

measurements of the contractile force and tissue oxygen tension were also made.
The kinetics of the fluorescence response to epincphrine were determined under a

variety of conditions which allowed an initial oxidation of pyridine nucleotide to be (us-
tinguished from the subsequent predominant increase of reduced pyridine nucleotide. The
change of the pyridine nucleotide toward the more oxidized state coincided with increased

respiratory activity and an increased force of contraction. This effect is interpreted as a
mitochondrial response to the increased ADP formed by the increased work of the heart.

The increased formation of reduced pyridine nucleotides was transient, and completely
inhibited by iodoacetate. This response is interpreted as being due to the rapid fornia-
tion of NADH at the glyceraldehyde-P dehydrogenase step as glycogenolysis is initiated.

Log dose-response curves for the contractile force and increase of fluorescence are re-

ported together with data showing inhibition of 1)0th these effects by the fl-receptor
blocking agent, Nethalide. A comparison of the tissue oxygen tension changes in hearts

subjected to anoxia and epinephrine suggests that respiratory linked reduction of pyridine
nucleotide does not occur during the cycle of pyridine nucleotide reduction following

epinephrine administration. The results demonstrate a temporal separation between the

positive inotropic action of epinephrine and its glycogenolytic effect.

INTRODUCTION

It has previously been reported (1) that

epinephrine stimulated the oxidative me-
tabolism of the perfused rat heart over at
least 30 mm but had only a transient effect
on the glycogenolytic process. With low

concentrations of epinephrine, oxidation of
exogenous substrates was favored over gly-
cogenolysis. It was suggested that the in-

creased fuel utilization was a secondary
consequence of the positive inotropic effect

of epinephrine, and the results were in-
terpreted as indicating a poor correlation
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between glycogen metabolism and increased

contractility.
This possibility has been investigated

further by means of a more direct kinetic
approach. A convenient monitor of the
metabolic effects of epinephrine is provided

by the continuous observation of the state
of oxidation-reduction of the pyridine nu-
cleotides in the intact tissue by the micro-

fluorometric techniques developed by

Chance and co-workers (2-4). We have

used this approach, in conjunction with
the use of metabolic inhibitors, in an
attempt to distinguish l)etween oxidation-
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re(lUCtiOn changes in the cytoplasmic afl(l
mitochondrial compartments. These studies,

in conjunction with the simultaneous meas-
urement of the tissue P#{176}2 and contractile

force, have provided evidence indicating
that the effects of epinephrine on respira-
tion and the contractile system precede gly-

cogen breakdown, and they support the
concept that the different epinephrine re-
sponses reflect separate effects on the

various intracellular systems. Some of the
concepts developed in this paper have been

presente(l in preliminary form elsewhere

(5).

METHODS

Heart perfusion. Male, fed, Wistar albino

rats (220-260 g) were anesthetized with a

50% Co2-50% 02 gas mixture, and the

heart was rapidly removed and transferred
to the perfusion apparatus. The method of
heart perfusion was basically the same as

that described previously (1, 6), but the

perfusion apparatus was modified in some
details, since it was necessary to perfuse
the hearts with fluid which could either be
recirculated or discarded. In the recircula-
tion apparatus, two water-jacketed 15-mi
capacity fritted glass filter funnels with

pore size 10-15 j� (Arthur Thomas and Co.,
Philadelphia) were placed 65 cm above the

heart to provide the perfusion pressure and
serve as fluid reservoirs. Water-jacketed

leads were passed to the cannula on which

the heart was mounted through a small
stainless steel 3-way tap. A second 3-way

tap was mounted below the heart chamber
so that fluid which had passed through the

heart could be returned to the appropriate
reservoir (4). One reservoir contained per-

fusate equilibrated with 5% CO2 in oxygen,
and the other contained similar fluid equi-
librated with 5% CO2 in nitrogen. The gas

pressure served to return fluid which had

passed through the heart up to the reservoir
in the manner described by Bleehen and
Fisher (7). The heart chamber was main-
tained empty of fluid, and, by means of
short, narrow-bore connecting leads, fluid

saturated with either the oxygen or the
nitrogen gas mixtures could be rapidly
supplied to the heart and returned to the

appropriate reservoir by turning the 3-way
taps. For continuous perfusion with oxy-

genated fluid, a water-jacketed chaniber of
500 ml capacity was used as an upper
reservoir, and the fluid flowed into the
cannula after passing through a fritted
glass filter. Epinephrine was injected into

the perfusion circuit immediately below

the reservoir, while other compounds were

added directly to the reservoir. Substrate

additions to the basic perfusate of Krehs
bicarbonate medium (8), modified to con-

tain half the usual calcium content, are
indicated in the figures.

Force of contraction. In most of the

studies, the heart chamber was inverted in
a manner similar to that descril)ed by

Zachariali (�9 , and the heart. was attached
to the strain gauge by a nylon thread tied

to a stainless steel hook which was inserted
into the apex. The fluid passed out of the
base of the heart chamber, through a one-

way valve, and was either returned to the
upper reservoir or allowed to run to waste.
The force of contraction was measured with

a Decker transducer (Model 902-1) or in
later experiments with a Statham trans-
ducer (Model 91-4-250), which was found

to be more convenient.
Tissue oxygen tension. This was meas-

ured with a 50-s diamel-coated gold wire
as the cathode and a silver-silver chloride

wire as the anode (10, 11). The gold wire

(Johnson-Mat.hey Co., London, England)

was further insulated with 3 coats of Mof-

felak resin (Phillips Electrical Co., Eind-
hoven, Holland) except for the freshly cut
tip, and was inserted into the ventricular

muscle through a small hole so that the tip
was situated some distance away from the
damaged tissue and 0.5-1 mm below the
surface. The electrical lead to the cathode

passed through the rubber stopper holding
the heart. cannula, while the anode was
immersed in the l)erfusate entering the

heart. A polarizing potential of -0.6 volt
was applied to the cathode. Calibration of
such electrodes in saline has been previ-

ouslv described (11). Even with these small

electrodes, there is extensive microscopic
tissue damage, and the recorded tissue
oxygen tension is consequently a value
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Fluorescence increase, corresponding to pyridine nucleotide reduction, is denoted by a. downward
deflection of the trace. The heart, after 15 mm perfusion with 5 m�i glucose, was transferred to a ic-

circulation apparatus containing 20 ml of a similar perfusate. Epinephrine (2 pg) was injected into
fluid flowing to the heart at the point marked hy the arrows.
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representative of the capillary A-V dif-
ference.

Tissue fluoresce iice. A mic rofluorometer
similar to that first used by Chance anti
co-workers (3), and described in detail
elsewhere (2, 4), was used to measure the
intensity of the fluorescence emission at

approximately 480 mji upon excitation of
a small area of the heart ventricle with
light of wavelength 366 mji from a high

intensity mercury arc lamp. Although only

a small area close to the surface of the
heart is monitored with this technique,

changes in the intensity of the fluorescence
emission from the aerobic steady state level
have been found to correspond closely with

the total content of reduced pyridine nu-
cleotides in the heart as determined by

tissue analysis (4, 12). In some experiments
the heart was entirely enclosed in a water-

jacketed heart chamber of low fluorescence
Pyrex glass, but better discrimination of

the heart fluorescence was obtained by

viewing the tissue directly through a hole
in the double-walled heart chamber, and
this technique was used in later experi-
ments.

Analytical techniques and materials.
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Enzymic methods used for the analysis of
the metabolic intermediates and the oxi-

dized and reduced forms of the pyridine
nucleotides were the same as those Pre-

viously used (12). All enzymes and co-
factors necessary for these assays w’ere

obtained from Sigma Chemical Co., or
from C. F. Boehringer and Sons through

the California Corporation for Biochemical

Research. Epinephrine chloride (Parke,
Davis and Co.) was diluted from the stock

1 mg/ml solution for each experiment.
Nethalide, 1- (2-naphthyl) -2-isopropylami-

noethanol hydrochloride, was obtained from

the Imperial Chemical Industries, Ltd.

RESU LTS

Effects of Epineph rifle and A no.ria

Figure 1 shows the effects of 2 jig epi-

nephrine and a brief cycle of anaerobiosis on
the levels of the tissue fluorescence (upper

trace) and the oxygen tension (lower trace)

in the perfused rat heart. The magnitude

of the fluorescence signal in the normal
oxygenated heart is arbitrarily taken as

100 units, and all fluorescence changes are
expressed as percentages of this initial
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value. Shortly after the addition of 2 jig

epinephrine, the tissue PO2 decreased

abruptly to 60 mm Hg, from an initial level

of about 120 mm Hg, and slowly recovered

after an interval of 2 mi The fluorescence
intensity showed a small decrease oceurrin g

siiiiultaneouslv with the P02 decrease. fol-

lowed liv a shalJ) transient iflelease of 28�(
starting after 15 sec. \\hen the perfusate

�Vas changed from oxygenated medium to

fluid equilibrated with nitrogen, the tissue

P02 fell rapidly almost to zero, and the
fluorescence started to increase shortly

after the onset. of the decrease in the PO2.
Upon switching to perfusate equilibrated

with oxygen, the fluorescence and p02 re-
turned to their pre-anaei’obic levels.

It may l)e seen from Fig. 1 that, after

the addition of epinephrine, the fluorescence
commenced to increase when the tissue

PO2 was about 100 mm Hg; while with
nitrogen equilibration, the fluorescence did
not. change until the PO2 had fallen to
about 60 mm Hg. Analysis of 26 similar
traces over a range of epinephrine doses
front 0.02 to 4 �ig shOwe(l that, during

hypoxia, the fluorescence starte(1 to increase
when the tissue PO2 was 63 ± 6 mm Hg,

��‘hi Ic w’ith epinephrine, the corresponding
value for the P02 at the commencement

of the fluorescence increase was 114 ± 14

mm Hg, and the minimum P#{176}2reached was

62 ± 2 mm Hg. These results suggest that

it. is unlikely that reduction of respiratory

linked pyridine nucleotide in the mito-
chondria can account for the fluorescence
increase induced by epinephrine.

The normal heart rate at 37#{176}under the
conditions of these experiments was about
300 beats/mi with a range of 260-340
beats/mm (34 hearts). These values are

somewhat. higher than those reported by
Zachariah (9), possibly due to a difference

of perfusate temperature. The maximum

contraction rate increase during epinephrine
stimulation was found to be less than 15%.

but a possible effect of a change in heart

rate on the fluorescence response was in-
vestigated by comparing the fluorescence

response to a submaximal (lose of epineph-
rine in the same heart heating either at

its natural rate or at a higher imposed rate.

Almost identical percentage increases of
fluorescence were ol)tainc(l with an e�)ineph-

rine (lose of 0.2 /.Lg, irrespective of whether

the heart was stimulated or not. The im-

posed heart rate (350 impulses//sec at 0.5
volt for 30 msec) was made 30% greater

than the natural rate, and under these

conditions the tate did not change during

epincpl nine stiti what ion. Control experi-
ments showed that with epinephrine doses

in this range, reproducible responses could

I)( Obt�tifl((l in the saute heart with up to 4

successive additions, provided that the

hearts were perfused with nonrecirculat.ing

fluid containing glucose.

Other exl)erilllents showed that no clear
relationship could be established between

the rate of stimulation and the contractile

force, since the latter tendled to change withi
time when the heart was stimulated at a

constant rate. Consequently, the stimula-
tion potential and the duration of the
impulse were carefully chosen to he the
minimum necessary for the imposed tate

to be followed. Under these conditions, the
contractile force remained constant to

within 10% for several minutes at different
stimulation rates up to 450 impulses/mm.

Separation of the Florescen.ce Response

into Mitochondrial and Cytoplasmic

Co in poii en.ts

Several lines of evidence indicate that

the fluorescence increase with epinephrine

is largely of cytoplasmic origin. It can, for
instance, be abolished or greatly diminished

by pretreatment of the heart with iodo-
acetate, liv depletion of the glycogen stores

by a short. h)eriod of anoxia, or b succes-
sive large doses of epinephrme administered
to hearts perfused with substrate-free

medium. Figure 2 illustrates the effect of

glycogen depletion in an experiment in
which the heart was stimulated at. a con-

stant frequency of 400 beats/mm, and ��er-

fused in the absence of glucose without re-

circulating the medium. Prior to the traces

showing in the figure, two additions of 2

jig epinephrinc had been made which pro-

duce(I fluorescence changes similar to those

shown in Fig. 1. In Fig. 2A, the response
a ft ci a t hmiid (lose of 2 1ig epinej )hlrine is
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FIG. 2. Effect of repeated large � of epine/)hrine

A time marker in seconds is shown at. t he top of each recording. The upper trace denotes fluorescence,

and the lower trace shows the contractile force. The heart was perfused, without recircuhation, with

fluid containing 5 ml! glucose and 5 x 10� M EDTA. The heart was stimulated at a rate of 400

beats/mm (0.5 volt for 30 msec). Figure 2A shows the effect of the third addition of 2 �zg epinephrine,

and Fig. 2B, the effect of a similar fourth addition. The doses were spared 10 mm apart.

shown, and it is seen that time fluorescence

trace is triphasic, the normal fluorescence

increase being preceded by an initial large

(lecrease of fluorescence (upward deflection

of the trace), commencing with tile onset
of tile increased force of contract ion. With

a furthmer dose of epinephrine 10 mm later
(Fig. 2B), whlen tile effect of tile previous
dose hiad worn off, tile initial fluorescence
decrease was magnified in extent and dura-
tion, and there was only a slighmt secondary
increase of fluorescence. Analysis of five

hearts for glycogen after three successive
doses of 2 jig epinephrine showed that tile

glycogen level had been diecreased to 16

± 5 1imoles/g dry wt. (fronl an initial

level of 113 ± 9 1imoles/g dlry wt

This tripilasic fluorescence response sug-
gests that tilde are at least two components
contributing to tile fluorescence change

w’hich have a different phase relationship

and are opposite in direction. The magni-

tude of the initial NAD oxidation has i)een
found to depend on tile metabolic state of
tile heart and appears to be of mitochon-

drial origin. If tue contractile activity of

the heart does in fact influence tile oxida-

tion-reduction state of the mitochondrial

pyridine nucleotide, it should be possible
to observe oxidation-reduction cycles

coupled with each heart beat. Normally,
time tate of heart contractions is too rapid

compared with time time response of tile

fluorescence detector and recorder for this

phenomenon to i)d observed. In addition, it
is necessary to prevent possible interference

due to pyridine nucleotide changes in tile

cytoplasm. Lastly, t.he mitochondrial pyri-

dine nucleotides should be Poised in a

relatively reduced state so that tile oxida-

tion chlanges may more readily be detected.

These conditions have been fulfilled in the

experiment illustrated in Fig. 3. Preliminary

experinlents shiowed t.hat after tile addition

of 1 IllM iodoacetate or a similar concentra-

t.ion of iodoacetamide, tile heart initially

beat arrhytilmically, but thereafter. tile

contractions became slow and regular for

a 1)eriod of about 20 mi Over this period

epinepllrine still produced a positive in-

otropic response. Prior to the recording

sllown in Fig. 3, a imeart ha(l been treated
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Pretreoted With
15,umoles IAA

E
E

FIG. 3. Effects of pyruvate, anoxia, and epuiephrine in a. heart pretreated with 1 ThM iodoacetate

The fluorescence is shown in the upper, and the tissue oxygen tension in the lower, trace. An in-

crease of fluorescence is denoted by a downward deflection. The heart was perfused with 15 ml fluid

to which 15 �tmoies iodoacctate had been added 15 mm prior to the recor(ling shown.

with iodoacetat.e for 15 mm. Addition of
100 �moles pyruvate to tile circulating

perfusate volume of 15 ml produced a
l)rompt increase of fluorescence (upper
trace) after a silort time interval necessary
for time pyruvate to reach the heart. Upon
changing to a perfusate equilibrated with

nitrogen, the fluorescence increased further,

the tissue PO2 fell rapidly, and the heart
beats ceased. On returning to perfusate
containing iodoacetate and pyruvate, the

fluorescence first decreased to an inter-
nle(hate level and then abruptly increased

to a level approximately the same as that

prior to the anaerobic transition. Heart
contractions resumed at this point at a rate
of 10-15 beats/nlin, and small fluorescence
cycles of oxidation and reduction were re-

corded for several minutes, oxidation oc-
curring with each systole. Addition of 2 jig

epinepilrme caused the usual decrease in

the tissue PO2 as tile rate of respiration
increased, a change of the pyridmne nucleo-

tides towards time fully oxidized state, and
an increase of heart rate to 38 beats/mm.
At this heart rate, oxidation-reduction

cycles of tile tissue fluorescence could no
longer he recorded. It imiay he noted that

in time presence of iodoaeetate, the biphasic
response of tile tissue fluorescence to epi-
neplmrine was abolished. This is considered

to be due to the absence of the cytoplasmic

p�ridmne nucleotide component, due to in-
hibition of glycolysis at. the glyceralde-

hyde-P dehydrogenase step. That this

enzyme step was in fact inhibited under
tile conditions of this experiment w’as estab-
lished separately: first, by the addition of

test doses of epinephrine at different times
after time addition of iodoacetate, and

second!, i)y measurements of glucose up-
take, lactate production, and the tissue
cont.ent of glycolytic intermediates.1 These
experiments showed that 20-25 mm were
required for tile inhibitory effect of 1 flIM

iodoacetate to be fully effective whereas
iodoacetamide at the same concentration

reacted somewhat faster.

Addition of acetate of pyruvate to time

Perfusate prior to a test dose of epinephrine
has provided another method of distin-

guishing between changes in tile redox

state of the eytoplasmmc and mitochondrial

pyridine nucieotides. An example of the
epinepllrmne response in the piesence of

acetate Ilas been given in a previous i)Ubli-
cation (4), and it was shown to be triphasic
like timat oi)tamed with glycogen-depleted

imearts. Additional experiments showed that
time onset of time initial fluorescence decrease

coincided witim a diminution of tile tissue

PO2. A somewhat different fluorescence
response to epinepimrine is obtained in the

l)iesence of pyruvate as illustrated by Figs.
4 and! 5. Figure 4 shows timat the addition

of 0.0.5 jig epmnephrine pimor t.o l)yrUVate

produced only an increase of fluorescence,

in conjunction with a transient decrease of

J. H. \Vilhianlson, uniniblished experiments.
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The fluorescence is simown in the upper, and the tissue oxygen tension in time lower, trace. The
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-‘l3Osec 10-

5g

T

I
100/. Fluorescence

Washout

METABOLIC EFFECTS OF EPINEP1-IRINE IN RAT IIEAitT I. 197

Mo!. Phannaco!. 2, 191-205 (1966)

�I0o
� E

_____ I
__f_ �

Epi � Pyruvate

- 2OO�moLes

T � 5Mm

the tissue PO2. Upon tile addition of pyru-
vate, tile fluorescence increased! to a new

steady-state level (an effect similar to that

seen in tile presence of iodoacetate, Fig. 3)
while tile P02 increasedl for a minute or

two before ieturning to the initial level.

Addition of 0.2 jig epinephrine at- this

point produced a transient diminution of

fluorescence, starting at tile onset of tile

P02 decrease, and the normal increase of
fluorescence was abolished. This effect is

more clearly demonstrated in Fig. 5, which

Thereafter, the fluorescence returned to the
initial level although time force of contrac-

tion remained elevated. Thus, by starting

with a more reduced state of the pyridiine

nucleotides, we have succeeded in enimanc-

ing tile initial oxidation phase of tile pyri-

dine nucleotide oxidation-reduction cycle

at tile expense of the sui)sequent reduction.

Tile right-hand side of Fig. 5 shows that
after reequilibration of the heart w’ith a
substrate-free peifusate, the same concen-

tration of epinephrine produced only the

Pretreated With 200j.�moles Pyruvate

LO.2j�g EPI � O.2�g EPI
5% Fluorescence
T

Fic. 5. Effects of epinephrine in the presence and absence of pyruvate

The upper trace shows the fluorescence, and the lower trace the contractile force. The heart was

perfused initially with 20 ml recirculating fluid containing 10 mM pyruvate. After the first. addition

of 02 jig epinephrine, the heart was perfused for a further 15 mm with nonrecircuiating fluid con-

taining 5 m�i glucose (washout) prior to the second addition of 0.2 jig epinephrine.

silows simmluitaneous recordings of fluores-

cence and the force of contraction. The

left-hand side of Fig. 5 shows timat in a

heart, perfused in the presence of 10 mM

pyruvate, tile addition of 0.2 jig epinel)ilrine

produced a fluorescence decrease which

started with tile onset of tile increased

force of contraction and lasted for 15 sec.

usual fluorescence increase. On the time
scale shown, it is seen that the start of tile

fluorescence increase is delayed by about.
15 sec compared with the onset of time in-

creased force of contraction.
It has previously been shown (12) that

0.1 mM arsenite was able to reverse the

effect of pyruvate on the pyridine nueleo-
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FIG. 6. Effect of epinephrine in a heart pretreated with pyruvate and arsciute

The heart was perfused initially with 15 ml fluid to which 100 jzmoles l)Yi’IiVate and 2 jimoles

arsenite were added successively. The response of the fluorescence (upper trace) and tissue oxygen

tension (lower trace) to 0.02 jig epinephrine added 10 mm aftei the arsenite is shown after a cycle of

anoxia.
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tidies. This effect is interpreted as due to
inimibition of electron transfer from re-

diuced lipoic acid! to flavoprotein in the

pyruvic oxidase enzyme complex (13),

t.imereby, inilibitmg pyruvate oxidation.

Figure 6 simows that. the effect of a low

concentration of epinephrine in a heart

perfused! with 10 mM pyruvate and 0.1 mM
arsenite was similar to that obtained in a

normal heart perfused in tile absence of

pyruvate. The decrease in the tissue POi

after the addition of epinephrine showed

timat tile heart responded with an mncrease(i

oxygen uptake despite the presence of

arsenite. This \vas a imigimly reproducible
response, and! imamaliel expeiiillents silowed

that time force of contraction was also

increased by epinepilrmne under these con-

ditions.

A ti�iphasmc response of tile fluorescence

to el)inel)hrine can also be obtained in the
presence of lactate, tile initial fluorescence

decrease coinciding with the onset of the

increased force of contiaction (5). Lactate

itself when added to the perfusate produced

a prolonged fluorescence increase and, as

shown in Fig. 7, caused a temporary de-

crease of the contractile force. A siimmilar

5g

T

2OO�.tmoles DL - Lactate

I
l0% Fluorescence

�NTL�-

_‘� 3Osec �-

Fic. 7. Effect of lactate on the fluorescence (upper trace) and contractile force (lower trace) in a

heart perfused initially with 20 ml of substrate-free Krebs bicarbonate Ringer
Increase of fluorescence is shown as a downward deflection of the trace.
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effect on time force of contraction was ob-

served wimen acetate or �)yruvate, but not

glucose, were added to time perfusate. Timis

transient negative mnotiol)ic effect piohably

explains tile increased tissue p02 levels
obtained immediately on addillg acetate or

pyruvate.

Assessment of the (‘ytoplasmic NAI)/

NADH Potential by Means of

Metabolite Redox Couples

In the manner dlescribed by B#{252}eher and

co-workers (14, 15, the ratio of time oxi-

dant to tile retiuctant of the cyto�)lasnlie

NAD-hinked deimy(.irogenase may i)d used

lfl
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FiG. 8. Etb ci of ejnnephrine on the ratios of

the ,netabolite /)ails (iS.soCiOtL’(/ With ma/ate deli i,-

drogenase, !act ic (1(11 ydroge nase, an (I o-glyce ro-

phosphate (khyiliogu)iase in a serus of hearts

perfused, u’it lint ,rci cu !at ion, iii Ii fluid con taiii-

ing 10 mM g!ucosc.

Zero time on the abscissa represents the time

at. which the (oimt ran ile force started to in(rease.

Eac1� Imeart was ia 1! Ily frozen at. the time mdi-
cated. The al )I ireviat ions used are : Mal, malate

OAA, oxalo-acetate Lact, lactate ; Pyr, pyruvate

a-G-P, a-giyceio�)imosj)I1ate ; DAP, dihydroxyace-

tone PilosPhiat.
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to l)Iovide all assessimient of tue cvtol)!asinic

NAI)/NADH reilox potential. Figure 8

shows time changes in. tile ratios of maiate/
oxaloacetate, lactate ,/pyruvate, and a-giyc-

erophospilate/dmimydiroxyacetone phosphate
iim hearts perfused up to 2 nmin after time
onset. of time increased foice of contraction

subsequent to the additioll of 1 jig epi-

ilepimrine to a peifusate containing 10 mM

glucose. In thus figure, eacim point. represents

analyses peiform((l on separate imearts. Ti

ratios of malate/oxaloacetate and lactate/

pyruvate follow’ed a smnmilar pattern: no
imlarked effect. of epmnephrine was apparent
until after 20 see, when botim ratios in-

creased to give shmarp maxima at about 30
sec before returning to their initial values.

Timese cimanges corresponded to a decrease

of tile cytoplasmic NAD/NADH redox

potential, from an initial nmean value of

Mal -244 nmV to -259 mV, after 30 sec. Time
� ratio of a-glyceropimospimate to dihydroxy-

acetone pimosphate, on time other hmand!,
cimanged very little after the addition of

epinephirine and showed no shari) illaxillluilm

after 30 sec. similar changes of tile redlox

couples were obtained in a separate experi-

nlent in whidil imearts were perfused in the

ai)sence of glucose.

Total Content of Pyridine Nucleotides by
Tissue Analyses

Time amounts of NADH, NAI)PH, anti
NADP found in hearts perfused for up to
3 mm, after tile adtiition of 1.5 jig epi-
nepimrmne, are simown in Fig. 9. It may be
seen timat there was a large increase in tile

level of XADH, a smaller and slower in-

crease in the level of NADPH, \Vitil a (01-

responding decrease in time level of NADP.

Mmlxinmuill increases of NADH were ob-

served after 30 see, and maximunl levels of

NADPH were not attained until about 50

see, after time addition of epinepimrine. Tile

levels of NADP and NAI)PH returned to

their initial values after about 90 see, but
NADH remained elevated! for tile 3-mm

duration of the experiment. Mean. changes

of NADH and NAI)PH in a group of five

hearts, perfused! for 30 sec \Vitil ei)inephrine,

have been presented previously (5), and

these values arc in tue same range as tile
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correSponding values simown in Fig. 9. Tile

sum of tile values of NADH and NADPH,
as deterimlined by tissue analyses, followed

a similar curve to tile fluorescence intensity

change with epinephrine depicted in Fig. 1,

thereby, providing excellent evidence timat
the fluorescence changes give an accurate

kinetic monitor of changes in tile tissue

content of reduced pyritiine nueieotides.

Log I)ose-Response Relationships

Figure 10 shows an example of tile rela-

tionship between tile maximum increase in

tile force of contraction and the maximum

increase of fluore.�.ceimce obtained with a

series of epinepiurine additions to tile same

heart over the range of 5 x l0� jig to 2 jig.
Fresil oxygenated solution containing 5 HIM

glucose perfused the imeart, and tile epi-
nephrine passed timrougim time coronary cir-

eulat.ion only once. Time heart was allowed

to recover fully between each successive

addition of epine�)ilrine. Tile force of eolm-

traction increased by 20% with time lowest
(lose used, but tile fluorescence showed n�

increase with epinephrine doses less than

about 10-2 jig. Between 2 X 102 and 2 X

10’ jig, tile responses of both the contrac-

Fic. 10. Log dose-response curves for the maximum in(ease of contractile force and the main am

increase of fluorescence follo wing epineph rite additions

Data were obtained from a single heart I.)(rfuse(l wit Ii 5 m�i glucose \vit liout re(iinulatiOn.
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tile force and time fluorescence were approxi-

mately linear, and lmlaxiimlum changes were

obtained witim I 1.g. Time horizontal dis-

placement of tile two curves illustrates the
different sensitivities of tue effect-s on time

contract-lie mechanism an(i on tue bio-

chemical events causing time fluorescence

increase. Each phase of time curve was

repeated, using different hearts, with essen-
tially the same results as timose simown in
Fig. 10.

Inhibition of Epinephi’ine Effects with

Net halide

The stimulatory effect of epinepiirine on

tile force of contract-ion and on time accumu-

lat.ion of reduced pyridine nucleotides in

the imeart can be abolisimed by prior ad-

imlinistration of Netilahide. However, the

sensitivity of time two effects to Netimahide

inhibition appears to i)e soimlewhat (ii iferent.

0.5j�g Epi

Increase �

l0% Fluorescence

T0.5�pi_

2O�g Nethalide Increase

10% Fluorescence
T

force doubled after 15 sec. Figure 11 B
shows time effects of tile same eonceimtrat ion

of epinephrine ad(ied to time lmeart after 3
Imlirl perfusion with 15 ml of recirculating

imme(huuum containing glucose and 5 jig Net ha-
lide. Tile fluorescence and contractile force

increases were 1)0th inhibite(i. In Fig. Ii C
tile effect of a timird dose of 0.5 jig epi-

nephrine is shown after tile recirculation per-

fusion circuit was washed out and tile heart

equilibrated for 3 mm with 15 1111 of fresh

imledium containing ghmcose alld a imigimer

concentration of Netlmahide (20 jig). As seen
from time figure, the effects 1)otim on the

fluorescence and time force of coimtractioim

were completely abolisimed. After a imigim
(lose of epinephmrine (2 jig) in time presence

of 20 �ig Netilalide, Fig. liD shows that

tile positive inotropic effect of epinephrine

was converted to a slightly negative mo-

tropic response, but a collsiderablc fluores-

0.5kg Epi

5pg Nethalide Increase �

00/. Fluorescence
I -

5g -

T �jig Epi

I
10% Fluorescence

�

T -F

FiG. 11. Effect of Netha!ide on. the fluorescence and (-ott ract i/c force response to c/tine ph rine

See text for perfusion details.

Figure hA simows time normal response of

the tissue fluorescence and contractile force

to 0.5 jig epinephrine in a imeart perfused
with nonreci rcuiat ing mediunm containing

5 mM glucose. After an initial small de-
crease, tile fluorescence increased to a mmmxi-
mum value 21% greater tilan time initial

steady state level 34 sec after the onset of

the epinepllrilme effects, and time contractile

ceimee iildi(�it5( \V’I5 i(�(0r(!d�d. A tentative

interpretation of tins result, on time basis

of the fluorescence increase hIeing due to

cytopiasinic NAI)H, is timat time glyco-

genolytic effect was not fully blocked witil

the imigher epinephrine (lose. Other eXperi-

ments with different concentrations of

Netimahide and epinepimrine simowed timat be-

tweeIl 10 an(I 50 tilmles as Illuch Nctiialide
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Its epiimepiuiine was neede(I for the com-

plete inimibition of i)otlm effects.

DIS(’USSION

flhlOiescellce tecimimiques have been ap-

plied to the measurement. of tile state of
oxidation-reduction of the pyridine nuclco-
tides in a nunmber of whole-cell or intact-
tissue prelmarations (3, 16-18). Time main
advantage of this met 110(1 is that it Pro-

vides a kinetic moimitor of �)yri(1ine nucleo-

tide cimanges without. the need for disrupt-
ing time tissue. In principle, a wilole series
of metabolic transitions im�av be iimiposedl

successively 011 time systeumm, and tile effects

of metabolic stimuli involving dleilydrO-

genase reactions can be measured in mucim

time same way its electrical or �i1ysical

events. A hiimmitatioim of time method is that

timere is no means of determining directly

whicil particular deiuydrogenase reaction is

being affected or whether time fluorescence

cimange is due to NAI)H or NADPH. How-

ever, time use of metabolic inhibitors lro-

vi(les a means of locating time site of action

of the pyridine nuclcotidle change, and con-
firmation may be acilieved by analysis of

time tissue for critical interulediates.

Besults reported in this paper show timat
time cimaracteristic response of the perfused

rat heart to epinephlrine is a simlall decrease

of fluorescence, occu tring simultaneously
witil time onset of time increased force of con-
traction and oxygen consuimmption, followedi

by a transient larger fluorescence increase

30-357 as great as the anoxic response.

Timese cimanges are interpreted in terms of

separate responses of tue pyridine nucleo-
tides ill time immitochuondrial an(l cytopiasimlic

spaces, witim time initial fluorescence decrease
corresponding mainly to an oxidation of

time umitochondrial coimmponent, an(i time sub-

sequent- fluorescence increase 1)eing due to

an increase of cvtoplasmic NADH. The
studies iwesentcd imere confirnm and extend

timose previously publishued (4, 5)
Inilii)itiOn of NAD reduction at time glye-

erahdehyde-3- P dehydrogenase step by
iodoacetate hilts allowed time mitocimondrial

changes to i e observed without interfer-

ence from tile cvtoplasmic component.

[nc1ei� tilese conditions, tile rapid changes

of the pyridine nucleotides toward! time

mmmore oxidized state witim eaclm ileart beat,

and the slower sustained cimange to a im�ore

oxitlized state \Vitll epinephrine, are remmli-

niscent. of time changes pmoduced in excise(l
frog sartorius muscle at different rates of

stimuuulation (19 ) . Furthuer studies with frog

and toad muscles (20-23) showed tilat,

witim low rates of stimulation, tilere was

an increased oxidation of cytochrome b
in addition to pyridume nucleotide; and by
analogy with studies OIl respiratory control

in isolated mitocimondria (24), time conclu-

s.ion was readied that time clmanges were dIme

to stimulation of mitoeimondrial respira-

tion by ADP 1111(1 phosphate released (luring
tue muscle twitch. A similar conclusion

would appear to be true for tile rat heart

an(1 is supported by time observation tilat

the total content- of ADP and phosphate
increases f mm tile onset of tile increase(i

respiratory and mechanical activity during

epinephrine stimulation (5, 25). Tile pOs-

sibility of calcium ions competing with
ADP for time respiratory carrier during

heart contractions has been discussed l.)y
Chance (26) . h)ut time relative effectiveness

of increases of ADP an(l Ca� in vivo in

causing a st.ilmlulat.ion of respiratory ac-

tivity remains an open question since tile

true intracellular concentrat ions of both

AI)P and Ca� appear to he much lower

timan timose obtained fromml calculations

based! on total tissue content- (20, 21).
Time pronounced cimange of tile pyridine

nucleotide toward tile mom-c oxidized state.

w’ith a dinminution of time subsequent pyri-

(line nueieot ide reduction ill glycogen-de-

plcted imearts and in imearts perfused! witil
acetate or pynivate as substrates, lends

support. to time concept that- time el)inephrine
induced cycle of fluoresence increase is

due to the rapid reduction of cvtoplasmic

NADH by glyccraldeimyde-3-P dehydro-

genase, followed by reoxidation of time

XAI)H 1w cytoplasmic (leimy(lrogenases. In
hearts Perfused witim acetate or pyruvate,
time level of glycogen is the salume or even

greater timan when glucose is time sole sui)-

strate, hut flux t-imrougim time glycolytic path-
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way is greatly impaired (12) . There is thus

less of an mmbalance between tile mate of

NADH productioll and its removal, an(1

time transient NAI)H accumulation is of
lesser magnitude.

An alternative possii)le explanation for
time 01)serve(1 el)i nephrine-indluded NM) II
increase is timat- it is due to tissue hypoxia.

Timis is considered Imnhikely for time follow-

ing reasons. First, time fluorescence increase,

but not time (limlminution in tissue 1)02, iS

ai)Oiisime(l if hearts are perfused in time

presence of iodoacetate for a short time

prior to time addition of eI)inephrine. Re-
eluction of nntochondrial NAD is not in-

imibited by iodoacetate per se as simown by

tile large fluorescence increase (luring ni-

trogen anoxia. Hence, tile fluorescence in-

crease with epinephmrine would seem to i)e

caused by a pyridine nucleotide reduction

only in tile extranuitochondrial compart-

Illent. Second, time observation timat time pyr-

idine nudleotidle change under favorable

redox conditions is initially toward a more
oxidized state, at tile same time as time

tissue PO2 is falling, excludes time 1)0s-

sibility of ilyl)oxia as a primary event-. If
tile primary metal)ohc effect of epinepimrine

was time development of hypoxia, there

would be a sinmultaneous reduction of pyr-

idine nucleotide in both cytoplasmic and
mitochondrial spaces with no oxidative

phase. Tilird, tile lowest, plateau level of

tissue P02, after epinepimrnie, is not low’
enough to produce appreciable intracel-

lular hypoxia since it does not fall below
tile critical level for induction of a fluo-

rescence increase during nitrogen anoxia.

The changes in time ratio of lactate /

pyruvate during time first 60 sec of epi-
nephrine action confirm, at least qualita-

tively, timat- cytoplasmic NADH increases
during the period of maximumml fluorescence

increase. Cytoplasmic redox couples pro-

\‘ide an accurate monitor of time ratio of

NADH to NAD only if each of the en-

zyimles catalyzing the different NAD-hinked
reactions renmains close to equihibriunm as

tile flux changes. With a deem-eased! gly-

colytic flux. caused by the addition of

acetate or pyrimvate to iwrftmsates containing

glucose, a reasonably consistent relatiollshuip

was obtained between lactic dleimydrogenase

and a-glyceropimosplmate del uydrogenase

(12) . In tile Present eXperilllents, in wimicim

time flux increased greatly, a-glycerophos-

pimate diehydrogenase clearly was not suffi-
ciently active to remmlain near equilibrium

during tile fltmx trallsitioil.

Tile deterimlination of time total amoummt

of redluced pyridine nucieoti(les in the cell,

by analytical procedures (Fig. 9 shows that
NADH increased rapidly ai)oumt 10 sec after

time onset of tile epinepimrine effect on the
contractile process, to give a peak at 30
see, an(l (liminishe(l in an oscillatory man-

ncr, reaching a secondary peak at about

70 sec. Tile kinetics of tile NADH changes

have not been investigated furtimer; imence,

it is probably premmiature to speculate about

time significance of time small secondary

peak. However, the kinetics would seemum
to indicate that time commphing of the oxida-
tion-reduction reactions mmmay i)e more commm-

phicated than interaction solely between
glyceraldleilydle-P deimydrogenase and lactic
deimydrogenase altilough these are probably

time imlost- iml)ortant steps. NADPH in-
cmease(l to a lesser extent timan NADH

and reacimed a maximmium after abotmt 50

sec. The increase of NADPH immay repre-

sent a transient stimulation of time pentose-

pimosphate patim�vay, due to an increase of
glucose-6-P levels, altimougim the activity of

this pathway is very low in rat imeam’t (27,
28). Other possibilities are that time changes

reflect an increase of flux througim the m�mhic

enzymm�e or time NADP-specific isocitrate

deimydrogenase. However, it was not pos-
sii)le to correlate time increase in time ratio

of XADPH/NAI)P witim cimanges in tile
ratios of niaiate/pvruvate or isocit rate/a-

ketoglumtarate.

Time analytical determmminatiomls of time

NADH content. allow a rougil estiimmate of

the percentage reduction of time cytoplasiumic

NAI). Khingemi berg (29) has shown thmat.

of time total NAD in time heart, about 53�
is in tile eytoplasnm. Since time (cli �Ofl-

tains about 4.0 1�moles/g dry � NM)

(27) , it may be calculated that, if all time

obsem’ved NADFI increase is indeed (\‘to-
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plasnmic1 one-half to one-third of tile cyto-
plasmic NAD is reduced during maximum

epinepimrine stimulation.
Time concentration of epinepimrine, used

for the studies in wilich the tissue levels

of reduced pyridine nucleotides w’ere in-
creased!, was approximately maximal, as

seen fronm time dose-response relationslmip

(Fig. 10). Half-maximmlal effects on the

force of contraction were obtained witim
epinephrine d!oses in time range 0.02-0.05

jig while 0.08-0.1 gave a imalf-maximal

fluorescence increase. The force of con-

traction increased! appreciably with the

lowest amount used (5 x l0-� jig), but

tlmresiiold concentration for an increase of

fluorescence was 20-fold greater. Botim the

force of contraction and the fluorescence
responses w’ere inhibited by Nethahide, a
1&-receptor blocking agent, but with (hf-

ferent sensitivities. Timese studies are in

agreement witim previous suggestions (1,
30, 31) timat in cardiac muscle the response
of time contm’actile mecimanismmm is more sen-

sitive to cpinephrine tlman the steps leading
to glycogen breakdown. In addition, the

results in(!icate timat there is a teimiporal
separation between time two effects of epi-

nephrine, with time inotropic action preceed-
ing the glycogenolytic by 10-15 sec. This
conclusion is in agreement with analytical

iata, describing the changes of time gly-

colytic intermediates in imearts after epi-

nephrine treatment, presented! in the accom-

panying paper (25), where time �igimificance

of the observations in relation to the

kinetics of cyclic AMP aimd phmosphor�’lase
cimanges are discussed.
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