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I Abstract

Adrenochrome,_ an oxidation broductvof epinephrine, has been
implicated in‘ the production of myocardial cell damage in
catecholamine-induced cardiac nécrosis.‘This study was undertaken
to investigate the upfake and subcellular distribution of
»[Cléiadrenochrome in fhé isolated rat heart. Thé results revealed
that‘adrenochfoﬁe was taken up readily by a 1low affinity high -
: capécity sysﬁeﬁ someﬁﬁat> simii#r to that for . extraneuronal
'cateéholamineluptake. .The uptake was concentration and time
‘dependent, aﬁd qbeyed Micﬁaelis—Ménton kinetics with a Km of 258
X 10_6 M and a Vmax of 54.6 ﬁg/min/gm- Adrenochrome bound
strongly to the  myocardium . and a study on subcellular
distribﬁtion showed thatvthe Highest specific and total activity
was  found in the sarcolemmal fraction. Adrenochrome caused
decreases in contraétile force and resting tension of perfused
hearts -and ‘the uptake of adrenochrome could be dissociated from
~these effects on.heart‘ céntractilev force and resting tension
 'suggesting .the biochemical .and iétructural cﬁanges ha&e an
important role in these alteratiqns. Adrenochrome uptake was -
inhibited some@hat - by - both néuronal and extraneuronal
catécholamiﬁe uptake 'inhibitors; -Propranolol and iproniazid,
which decrease the cafdiotoxicify- of - adrenochrome, réduced.a
large préportion ‘of ‘adrenochrome uptake. Corticoéterone and
'17—beta—oes#radiol also 'strongly éugmented adrenochroine inducedi
increases in.resting Atension. The results suggest no simple

relationship between adrenochrome uptake. and | its cardiotoxic



effects, but rather a more complex one involving the binding

various fractions of the heart and affecting their function.

to



IT Introduction and Statement of the Problem

Evidence has been vprésenfed that suggests that excessive
amounts ofvcatecholamines play a role iﬁ heart diéease in ‘man
(1-3) and vcatecholamine—induced cardiac necrosis has long beenl
used’ as a model of catecholamine induced heart - failure.
Injections of relatively large amounts of epinephrine;
vnorepinepbfine or the synthetic catecholameine disoproterenol
cause focal nécrosis in._the heart, along with a variety of
ultrastructual, biochemical and fqnctional damage (3-9). These
effects have been observed in vivo (3-9), in isolated hearts
(16—14), in éuitured heart cells _(15) and din humané when
.norepinephriné was used to maintain blood pressure (16,17).

Thé deleferious actions of exogenously administered
catecholamines are also often compared to tho;e of étress' (3,
18—30)- . Various ~ types of  stress, either ‘psychological or
'physiological,‘can result in increased output of and/or increased
sensitivity tb catecholamines (28, 30) . and .thereby prédﬁpe
pathologicél chénges in the myocafdium. The increased sensitivity
to catecholémines is thought to be‘related to increased secretion
of cdrticosﬁeroids.which is beliévéd to be due to stress (19-21,
29). The varioﬁé types .of stresses can themselves result in
pathological. changeé in . the myocérdium (19-21) and stréss and
corticosteroids in combinatién are"particularly detrimental
(19-21, 30). | |

’ Recently it has been‘ suggested tﬁat 'cateéholamines

themselves do not induce cardiac necrosis, but rather ‘their



oxidation products are involved (14, 32-39). This view is based

on observations that showed that oxidized isoproterenol produces

. cardiac necrosis in the isolated perfused heart, while fresh

isoproterenol does not (14, 33 39). Thg oxidized disoproterenol
was found to have an absprbtion spectrum similaf to thaf of
zdrenochrome. Subsequently adrenochrome was tested and found to
prédﬁce myocaraialv céll damage and contractile failure while
othér.metabolites of epineﬁhrine did not (33, 39)3 In addition
adrenochrome 'itself is known fo have a variety of cellular
2ctions which may be consideréd detrimental to the. heart. These

include increased dxygen consumption (40, 40), uncoupling of

ritochondrial oxidative phosphorylation (42-44), vasoconstrictor’
properties (45, 46), inhibition of glycolysis (47-49), inhibition

of myosin ATPasé activity (50, 51) and still other effects

(52-57). .
Adrenochrome has also been demonstrated to exert a variety

of subcellular effects which might also interfere with the normal

functicning of the heart cell. Adrenochrome was found to inhibit
sarcolemsal Nat-x' ATpase in vitro or in the perfused heart (38).

idrenochrome decreases both mitochondrial and microsomal calcium

uptake and binding (37) in vitro though little is known about
whether plasma adrendchrome can enter the heart cell or not. It
is ‘therefore the purpose of this study to investigate whether

idrenochrome is taken up by the cardiac cell by using the

isolated perfused  heart, the ‘model most often used to study'

catecholamine upfake-’ The  subcellular distribution of




adrenochrome will also be looked at by isolating various

subcellular fractions, and looking at their adrénocﬁfome content .
Since propranoclol and iproniazid Eoth been reported to reduce
adrenochrpme' induced cardiotoxicity (31), the effect of these
agents on adrenochrome uptake willvalso be studied

It is well known that catecholamines are seleciively removed -
ffom thé blood stream by the heart and are vefy concentrated by
thef my§cardium and its adfenergic nerve endings (58, 59). Also
catechoiamines releésed from nerve terminals are returned to the
’neurqn by mneuronal uptaké mechanisms or may be taken up
extraneuronally by the heart muscle cells themselves- (60). To
helﬁ_understand‘the nature of adrenochrome uptake the Km and Vmax
qf 4adrénochrome uptake will be deterﬁined. Also'the effects of
.Specific inhibifé;s of neuronal and extraneuronal catecholamine
uﬁtake will be looked at to further compare thé adrenochrome
ﬁptake to that of these catecholamines. Changes in  heart
contréétile' force' and. resting tension ﬁill_ be monitered and
comp;fed to‘the adrenochromeAuptake, fo look for ény re1atipnship
‘bétween adrenochrome uptake and adrenochrome effects on
contractile fdrce and reSting' tension. The ' reversibility of
édrenochréme uptake and the revesibility of its effecis on
contréctile force and resting'ténsion will be looked at in order
to study the zssociation between adrenoahrome‘contént and: these
© two éarameters énd'to investigate how'strongly adrenochrome binds

to the‘myocardium.



III Review of the literature

A. Catecholamine Iﬁduced Cardiac Necrosis

Injections of high doseé of catecholamines have long been
known to produce myocardial cell damage (3-9). With injections of
epinephrine and nofepinephrine, early workers showed that rabbits
and dogs developed subendocardial and endocardial hemorrhages,
focal lesions, edena, degenerafion ofkmyofibrils; arrhythmias and
other chafachteristic changes (17, 61—63)-. Such experimental
results shed 1ight on a clinical prdblem involving the wuse of
norepinephrine ~ to maintain blood pressure. Patients were
receiving norepinephriné for long periods of time at relatively
high concentratiﬁns (17) and it was found that the detriméntai
effects of catecholamines reported in animals were preéent in
humans. The use of norepinephrine was corfelated with a
nonspecific myvocarditis found in hospital patients.  Similarly
bthéf wq;k showed that norepinephrine therépy decreased the
survival rate ofvdogé in hemorfhagic shock (64). Subsequentlj:
Soth ,epinephriﬁe' ana'nofepineéhrine were found to cause lésions
in the isolated perfﬁsed hé;rt (65).

vSincérthe.earlier Qéservations of the deleterious effects of
catecholamiﬁes‘isoproﬁerenbl, a synthetic.catecholaming, has been
used for induciﬁg myocardial damagé. The initial warkIWas cérried
ocut mainly by a group led by G. Rona‘(6, 66-68). Dose dependent
lesions Qere made using isoproterenol and it was postulated that
& "relative myocardial ischemia" was the pathoiogical vmechaniém

with the heart using more energy than it could supply itself with



from the surrounding medium (68).

A'numbe; of investigators have now characterized the typiCal
damage produced, though there are some variations depending on
the doses and animals used. The first morphological changes
appear in as.little as two min with large doses of isoproterenol
used subcutaneously (69), or in up to 30 min with smaller doses
of natural catecholamines» (70). Briefly these include focal
necrosis of specific areas which involves: a striking
hypercontracﬁion and dissarrayment .of the myofiBrils galled
‘myocytolysis (iO, 13, 69~76), contracture of sarcomeres (i3, 69,'

74), swelling of thé mitochondria with disruption of the christae
and deposition of electron dense bodies which ﬁay be calciﬁm
salts (13, 69-71, 74, 76, 77) swelling of the sarcoplasmic
reticulum (SR) ~and  t-tubles (70, 71, 76), increased number of
ribosémes, depletion of glycogen granules and hypertrophy of the
golgi apparatﬁs (76). The safcolemma appears superfically nofmal _
but in the early stages . there 1is é dramatic ‘increase in
sarcolemmal pérmeability (76, 78) and tissue enzymes are reported
 to be released (79). 

.Various biochemical and metabolig changes have beéen reported

tq occur during catecholamine-induced myocardial_ necrosis.

Oxidétive phosphqryiation is uncbuplea, creatine éhosphate and

ATP stores 'decrease with an increase in phosphate occuring (80,

81); glycogen stores are depleted (70) and oxygen uptake.
»increases' (82)-_ The uncoupling of oxidative phosphorylation is

thought to be one of the more important changes and it may be



rélated to the reported increases in calcium'uptake and content
(69, 80, 8%, 23-89). Hagnesium and potassium in contrast, have
been répor‘ted to decline (75, 87, 8%8).

The wmechanisms by which catcholamines cause myocardial
necrosis have been intensively investigated. Aside from the
involvement of oxidation products, several different theories
have been presented. These can roughly be divided into several:
groupé; one ;is a relative ischemié Qr"hypoxia theory and a
closely related ﬁetabdlic theoryA involviﬁg enérgy production,
another is 2z hemodynamic theory implying interference with
coronary circulation, a differeﬁt- theory implies electrolyte
derfangements_ gs the cause of cell necrosis, while depletion of
endogenous norepinephrine stofes is cited by some as being a key
- factor. Several other now less plausible theories also exist such
as ' those involving'thrombus formation, congestive heart failure
and increases in plésma free fatty acids.

| Among the earliest explanationé for the cardiotoxicity of
'catecholamineél &asv that by Raab and coworkers (3, 18). These
workers thought that catechélamines, administered exogencusly or
released endogenousiy due to stfess,ACaused a relative hypoxia.
Cateéhoiamines are ﬁell knowﬁ to greatly iﬁcrease the work, and
hence ﬁhe_ energy demand pf the‘heart, but' it was believed that
the coronary cifculation was not able to compensate for the
increased oxygen demand « fhus there was a dispropoftion be;wéen
supply an& demand, which lgd'to the necrosis. Eﬁch of Rona’s (6,

7, 81) early work supported this idea. Their finding of the




greater myocardial damage due to iséproterenol in comparison to
natural catecholamines, was explained in terms of its greater
positive chronétropic and inotropic effects. This would greatly
increase  the cardiac need for oxygen and in addition,
isoproterenol in contrast to other catecholamines, caused a
decrease in blood pressure which would lead to decreased coronary
perfusion and further aggravate the situation. Some authors
‘suppért this idea (90, 92;9&) citing the fact that high energy
phosphate stores ' become depleted and thgt the increased heart
rate deéreases.the duration of diastole and thereforé decreases
coronary flow. Furthermore, ischemia is believed to develop in
the least perfﬁsed areas of the myocardium (90).

Handforth has pointed out that these are rainly
.unsubstantiated»theories, with thé actual supply of oxygen to the
Eearts and the demand not measured (95, 96). Handforth’s work
supports the idea that_localicoronafy constrictions and dilation
of precapiilary shunts causé local.iséhemias and focal necrosis.
These'expérimeﬁts involved injeption of  India ink retrogfadely
into héafts of animais treated with isoproterenol. Thé injections
were . at very . early vand' later stages after isoproterénol
administfation and revealed that inbthe,treated animals the ink
did not perfuée welllinto all veséelé and these correlated.ﬁith
the afeas. ofiwnecrosis." Also somé vessels appeared to be
constricted éfter the isoproterenol injections (95, 96). But
seyerai workers have directly contrasted thesé results. Ostédal

t al. (97) looked at the turtle heart, an unusal but very useful



model for studying isoproterenol induced cardiac necrosis. In

this heart, the spongy inner layer is supplied by diffusion ﬁrom'
the ventricular lumen.v This layer was greatly affected in
isoproterenol induced necrosis in these hearts though it should
be unaffected if changes in coronary circulation are the cause of
the necrosis. -Also, Beiov and Khastova (10) found an equal
4distribution of foci of injury throughout the heart, in all cases
the foci showed no tendancy whatsoever to. correlate with fhe
topography of the coronafy vessels. Waldenstrom et al. (13) alsé
found the cappilleries always appeared normally open and. had a
normal ultrastructure in necfosis induced by norepinephrine
- administration.

The metabolic theory, dinvolving interference with energy
prodcution, ,ié -related to both the relatiﬁe ischémia and
electrolytes theory. Interference with energy production in the
cell can; .eséecially when coupled with increased denmand,
'seriously deplete AfP and creatinne phqsphate 'stores. If not

'eﬁough high energy éhosphate stores are left for normal metaﬁolic

_maintenance, sériéus damage can take place in the cell (83, 84)-
'The relative ischemia theory states that energy supply Acannof
keep‘ #p with demand even at maximal production while others havé
suggested here thét a defect occurs in the production of energy
stores §hich is subéequently subnormal (80, 81, 85). As evidence,
mitochondrié from catecholamine treated hearts ére shown to be

uncoupled and high energy phosphate stores to be decreased (890,

81, 85).- The causes though are in dispute, some suggest the




mitochondfia are affected by catecholamines throﬁgh electrolyte
dérrangemenfs (81; 83, 84, 92) while others suggest an important
and somewhat different role of endogenoué nofepinephrine (80,
35).

The theories ’dn'Aelectrolyte involvement are fairly well
developed. Severallauthors have proposed that iﬁcreased calcium
uptake by the myocardium leads to decreased energy production and
increésed usage . (69, 80, 81, 84-86). The cause of the
intracellular_calcium overload may be excessive beta ‘adrenergic
stimulétion, which results 1in excessive cAMP levels and is
’postulated to lead to excessively high calcium entry through tﬁe
slow inﬁardbchannels (86, 87, 92, 93). This view is supported by
the fact that the more beta receptor stimulating an agent is, the
greater is its ability to produce cellular neérosis (98) and thét
beta blockers prevent'catecholamine induced cardiac necrosis (69,
74)--cher repofts.suggest the increased calcium is due to a more
geheral defect'éomehow iﬁduced in the sarcolemma. Soon Aafter
isoﬁroterenol' administration it‘ was found that the sarcolemma
became generally more permeable to the fine sturctural tracer
horseradish peroxidase (76, 78).

Regardiess of the mechanism, the increased intracellular
calciuﬁ is believed to cause fhe necrosis through a variety of
fmechanisﬁs.'vﬂany enzymes, which wuse or handle‘éalcium,-bgcome
activated thus.using up high energy phosphate kstores (86, 87).
Also, mitochondria. will maintain~ intracellular calciuﬁ»

homeostasis by sequestering excessive amounts of calcium. This



process’ requires energy and may occur in preference to ATP
formation (99, 100). Such mitochondrial calcium ovefloading has
been shewn to impair high energy_phosphate production, ulfimately
leading to irreversible damage to the mitochondria (81, 101). In
éupport of this theory it has been shown that various -<calcium
antagonists re&uce the detrimentél effects of catecholaﬁine
administration (856, 8?) and calcium 1is necessary for the
formation of the electron dense deposits‘ found 1in " the
‘mitochondria during the de&elopment of the nécrosis (77). Some
inconsistancies are known in this theory. For example, increasing
the dose of isoproterenol consistantly increased cell damage in
some experiments, but did not continue increasing calcium content
past a certain point. It wés suggested that .alterations in the
‘subcellualr -disfribution of calcium were responsible for some of
thé necrosis (69). Proprénolol also, completely. prevented the-
increasesv in _calcium but only partially prevented the necrosis
(69); Also, éome though not all5’§f the reports have measured
.calcium.cbntent Of the myocardium by looking at content of tissue
homogenateé. This does not take into account . changes in
extracellular space and edema, which are knowﬁ.tc oécur Ain this
type of ‘ necrosis (79). étill this .theory on calcium involvement
" remains a strong one, though Qofk is mneeded on the causeé of
calcium dverloéd;

Magnesium and potassiumv are ' also reported to change in
.catecholamine induced cardiac necrosis (86~88). Both decrease iﬁ

contrast to calcium. However it is not yet certain weather they -




play a causative role or are secondary changes (86-88). Though.
potassium  and 'magnesium salts can prevent or reducé the
myocardial lesions and high potassium diet can reduce. the
lesions, these alterations may act through their antagonsim of
calciunm (86, 87).

‘Another type of ﬁechanism sometimes suggested and one
related to both calcium overload and relative iéchemia is that
involving énd;genous norepinephrine stores. Several authors have
‘stated that the endogehous norepinephrine stores of the heart may
‘be causing the necrosis, with exogenous catcholamines simply
causing'release of these stores. This results in an upset in the
normal cell mgtabolisﬁ (13, 80, 85). Severai lines of evidence
support this mechanismn. Zandskayan et al. (80)‘ compared the
effects of excessive 'electfical stimulation, which ‘depletes
endogenoué nQrepinephrine,"to those of exogenous catecholamine
adminigtration. The effects were the same with both treatmenfs
éausing typical'necrpsis, uncouﬁled ﬁitochondria and ‘decreased
high energyA phosbhate‘ stores. Waldenstrom .et al. (13) used
tyramine on isolated hearts to deplete endogenous norepinephrine
and _found similar results, which could also be prevented by beta
blockers. Further work is needed to clarify this role of
endogenous nOrebinephrine. |

Several other . theories 'héve been proposed to explain
- catecholamine induced cardiac necrosis but are now less accepted.
Thromﬁus formatipn was once thought possible but direct ‘evidence

in favor of this ' is lacking and some authors note a lack of



throwbi formation (95, 96). Increases in plasma free fatty acids
could be a cause but the production of the same lesions in
isolated hearts goes against this theory. There is also no
reasurable increase in fatty acid conteﬁt of mitochondria from
treated enimals and the mitochondria from these animals did not
respond to the addition of albumin, which would nullify the
effect of free fgtty acids (85). Congesfive_heart failure is also
not é'factor since this is not shown in treated animals (85), and
'necrosié is known to occur in the absence of myocafdial
hy?ertrophy‘ {102). One report - suggested damage to the mifral
valve as a factor but others have never substantiated this (%84).
Another report suggests an involvement of lysosomes, which are
méde frazile by isoproterenol; but questions arise as to weather
these cheznges are of secondary nature (102).

It 1is wortﬁwhilé also to briefly discuss the physiological
signifigancé of the cardiac impairment produced by catecholamines
and to compare it to other forms of heart diesease. As mentioned,
the do$es'éf catécholamines used té induce necrosis are high in
comparisén to plasma levels, but eafly workers found that lowér
physiological doseé overy prolonged time had the;same effects (3,
17,  103). Weldemstrom et al. (I13) wused catecholamine

5

: . .,
concentrztions of 10 ~ *

to 10 molar in the perfusion medium. of

their disolated hearts. These workers have stated that these are

much hiete - { ons -6 -
much higher than the plasma concentrations of 1079 1978 rolar

' ' ; ' . : -6
but the concentrations of ' catecholamines are 10 = or higher

~

locally when myocardial stores are rapidly depleted under



conditions such as anoxia or ischeﬁia (13, 104).

Catecholamine induced myocardial necrosis  has both
similarities4énd dissimilarities to many types df heart failure.
Some authors (70, 74, 102) report that at ghe periphery of
experimentally induced myocardial infarcts the same type of
éontracture bands and degeneration. are found. _But ischemia
produces whole necrotic zones, especially when made by coronary
artery occlusion, in céntrast to the focal necrosis produced by
catecholanine administration (70, 80). The centre of the ischemic
zone also differs in that relaxation and not contraction, is
shown. Regan ‘et al. (75) noted signifigant differences from
ischemia and epinephrine induced myocardial necrosis with regard
to potassium ions and triglyceride content, though these might be
d&e . to differences in degreeé of progression of the two damages.
In angina, contraéturé bands are found din patients which are
similar "to those produced by -notepineﬁhrine‘in rats (70) and
similar myofibrilar degeneration is also shown in stone heart and
in patients after heart surgeryv(76)- The first few hours after
neurogenic degenefation produces uncoupling of oxidative
phospﬁqrylatioﬁ énd decreaseébin high energy phosphates similar
to thoSé caused by norepinephrine injegtions (80). Overall, it.
appears fﬁat several aspects' of catecholamine. induced cardiac
necrosis are similar to some asﬁects of-a variety of pathological

states of the myocardium.
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B. Stress and-Catécholamines

Isoproterenol induced cardiac necrosis may also be compared
to to that due to abnormal catecholamine production or an
abnormal increase in the sensitivity to catechdlamines. The
syndrome pheochromocytoma is caused by an adrenal medullary
tumour which excretes excessive catecholamines and results iﬁ
myocardizl necrosis similar to that seen after injections .of
exogenqu catecholamines (17,18,31). This cafdiomyopathy is mnot
caused by hypefteﬁsibn and is likely a more direct effect, since
: the saﬁe effects are seen when hypertension is not present (105).

Stress and catecholamines are also thought to be associated
wigh several detrimeﬁtal effects. Stress causes increased output
of catecholamines such as in the "fight or flight" responses’and
long term increases in ex;reted catecholamines' are associated
Hwitﬁ stressful wérk and severe  emotional strain (106-109).
Pérsons in such stressful situations are more . likely to suffer
from .éorénary heart disease (109-111). Acute myocardial
"inférction and sudden death ére‘sbmetimes preceded by severé or
prolonged stress (112). Subjects witﬁ anginé have a higher than
normal ufinarj catecholamine secretion in fe3ponse "to stressful
stimuli (28) and sigﬁifigant differences are known béﬁwaeﬁ
emotional' and excercise. streés, thus éccounting for their
different effects oh. the cardiovascular system (113). However,
problems arise in quantifying behavior and stress in humans which
may lead to faulty conlusions or to the ignoiing of these factors

completely by somé investigations (113). Some authors though;
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have recently begun systematic investigations into this problem,
looking at behavior patterns of subjects and their responses to
stress. Results have shown that some stressful behavior types may
be more prone to coronary heart disease, a relationship
independent of(other risk factors (114).

Due to the relative ease of manipulation, work with animals
has progressed more than that with humans. The earlier works of
Selye (30,115) have long shown an interaction with stress and
various steroids. Stresses such as pronionged restraint,
surgical, bacterial, caloric and vagotomy, in ~combination with
steroids were shown to cause damage in the my;cardium. Sterocids
in combination with epinephrine and norepinephrine were also more
effective in producing heart damage than catecholamines
themselves. Raab (18,26) did related work on rats and also found
that corticosteroids in combination with catecholamiﬁés were
similarly more potent. Prolonged isolation, onevtype of stress,
has been shown by Raab (26) and many others (116-119)'to increase
serum corticoids and senistivity to iséproterenol. The mean
lethal dose in rats decreases 1,000 - 10,000 times by 3 montﬁs of
isolation. Bassett and Cairncross (19-21, 120-122) have recentlf
done a large body of related work. They used irregular signalled
footshock (with equal amounts of régular footshock wused in
control experiments) and found an increase in plésma
corticosterone (19), detrimental changes in microcirculation of
the heart (19,20,120), greatly increased sensitivity to exogenous

catecholamines (21) and disturbances in the uptake and handling

w
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of catecholamines (122).

Other - workers have 1ookéd at the mechanism by which
catecholamines interact with the steroids. It is known that the
synthesis of the enzyme PNMT (phenylethanolamine - N -
' methyltranéferase) of the adrenal medulla (which catalyses the
conversion of norepinephrine to epinephrine) is regulated by the
glucocorticoids of the adrenal cortex (123). The ability of the
adrenalj medulla to synthesize and  release epinefhrine and
ndrepinephrine, was f&und to increase in stressful ekperimental
situations (106); Fleckenétein (81,' 87) proposed that
corticbéteroids act by augmenting "calcium  accumulation in
catecholamine induced cardiac necrosis accounting for their

potentiating effects.




C. Catecholamine Binding and Uptake

Exogenous and endogenoué catecholémines are accumulated by
the myocardium both in wvivo and in vitro. Raab and Gigee (59)
found that norepinephrine made'up the bulk of normal stores of
catecholamine in the heart but the heart had an "amazing ability"
to accumulate in an active form, large quantities of
catecholamines, in particular epinephrine. Szakfcs and Mehlman
(193) found similar results and élso .shOWed that prolonged
~infusion over a period of time with lower doses, still results in
aécumulation of toxie amounts in the myocardium. Axelrod and
coworkers (124) ébserved similar uptake of exogenous
catecholanines but suggested that some of the catecholamine Qas
fairly rapidly metabolized, though another part appeared to be
protectea frecm being metabolized, .possibly by being bound to
tissue.

The distribution of exogenously administered isoproterenol
was : lookéd at by Herting (125) and compared to that of
norepinephrine. In contrast to norepinephrine, only Very small
_émounts of intravenously injected isopfoterenpl bound in the

tissues. Most of the labelled isoproterenol ‘was o—methylafed
vﬁithin' ten minutés after injection. By two hours most was gone
from most -tissues, inéluding the heart, in contrast to
norepinephrine’ where the céncentfationlin the tiésues was down
only moderately. Yowever the‘doses used in this study were very
smali and may .not reflect what happeﬁs with the mﬁch larger doses

used to induce isoproterenol induced cardiac necrosis.




~-20-

The above workers suggest a relationship between the uptake
and binding of exogenously administered catecholamines and their
toxic effects but other workers disagree (126‘- 129). Several
investigators have reported that cardiac catecholamine stores
decrease in éongestive heart failure (126 - 128) while plasma
levels of catecholamines increase (129). However, congestive
heart failure differs from catechoiamine induced cardiac necrosis
and otﬁer mpdels. of stress induced cardiac necrosis, and their
mechanism of génesis and relationships to catecholamines need not
be the same. Also some workers question weather the decrease in
nérepinephrine content 1is a causative factor or simply a later
de&elopment, ppssibly the result of an alreaay damaged
myocardiums inablity to store cétecholamines properly (129). In
any event, these observations are not inconsistant with the
theories thaﬁ plasma or ékogenously administered catecholamines
causé release of éndogénous catecholamines, vwhich thén cause
myocardial damage (13, 80, 85).

- In ‘other - pathological situations such - as angina _and
myocardial ischemia, catécholamine content increases. Lund - (130)

reported very high catecholamine levels in post - mortem studies

of catecholamine concentrations in bléod, following suddén death.
Angina attacks-have also been associated with.acﬁte elevations of
.. serum cétecholémine levels (131) which may be causative in some
cases of sudden death (132 - 135).,>

Cateéholgmines secreted af the nerve terminal are certainly

taken - up by at. - least wo mechanisms, neuronally = and
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.ex;féneuronally' (18, 60) but these are only now being fully
understood and weathér or not extréneuronal uptake is ‘the
rechansim of circulating catcholamines uptake, is not clear. Most
pecple have worked :with isolated organ preparations to study
neuronal and extraneuronal uptake and determiné their charécters-
Neuronal uptake (sometimes called wuptake 1) is the uptake
mechanism which ﬁakeé‘ norepinephrine released from the nerve
terminal, béck up into the nerve ending, thus shortening the.life
kspan of the transmitter in the extracellular space. It obeys
Hichaelié - Meﬁtoq kinetics with and average Km of about 0.06 ul
and a Vmax of 234 ng/min/gﬁ (137). It exhibits stereoselectivity
~ (=)-norepinephrine > (+4)-norepinephrine -~ and can faké up
epinephrine also, though the affinity is not as high (Em - 1.4
uwfy. In én» isolated perfused heart neuronal uptake opeéerates
between about 20ng/ml to 0.5 or 1.0ug/ml (138, 139). At higher
concentrapions the rate of uptake does not increase. Heuronal
uptake is an inactivafion mechénism and.the site 6f binding for
this‘ uptake is not well known, but is suggested not to be ah_
adrenergic receptor or a metébolizihg Aenzyme (138). The high
affinity - pf the system is contrasted by its low capacity. Upon
perfﬁsing the heart with various concentrations (20 - 500ng/ml)
ané:vtimes, heart catécholamine conten£ varied from 0.1 ug/gm té
0.6 ug/em (137 - 139).

Cdcaine is one good inhigitor of ’néuronal uptake. It has
Seen wused to inhibit neuronal catecholamine uptake in organ

preparations (137, 140 - 143)‘or in wvivo (l44). Inhibition of




neuronal uptake by cocaine or other inhibitors, results in
potentiation of the actions of catecholamines (58, 138, 144). The

concentrations used to inhibit neuronal uptake wvary, with most

authors wusing 30 uw (142, 145) and some as high as 100 uM (137,

140). These concentrations are wusually added in with the
perfusing catecholamine and 90 to 100 percent.inhibition éf the
uptake 1is ﬁsually reported (i37, 141, 143). While low
concentrafionsv of cocaine (10 uM) have no apparent effects on
heart raté and contractile force, higher concentrations héve been
shown to.iﬁterfefe with the electrical stimulation of isolated
left and right atria, probably by causing arrhythmias, and this
was.pronouhced in the presence of catecholamines (145).
Extraneuronal uptake was discovered in the- sixties and
differs gfeatly from neuronal uptake. Iversen (141) was the first
ﬁo obserye vthis uptake, naming it wuptake 2. It was found to
operate at higher perfusion concentrations and had many different
properties from uptake 1. The capacity was very highA sometimes
aCCUmulating over 28ug./gr. or ‘up to 10 times the endogenoué
content, but the affiﬁity was low, it oﬁeraﬁed from 0.75 to 40?0
ug /ml The ¥m for the dptake for epinephrine and norepinephrine
wés 51.6 énd 252 u¥ respectively, while maximum velocitiés were
‘11;8 .aﬁd 17.0 ug/min/gm. fhe hearts éoncentrated the perfused
'cateéholamine se&eral»times greater than the: perfusing médigm.
The uptake favored epinephrine over noreﬁinephrine' and it
exhibited no‘stereocﬁemical specificity for the (+)- and (<)-

stereoisomers of -epinephrine or norepinephrine.
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Iversen (141) also studied the disappearence of the
catecholamines when perfused with catecholamine free solutions
af ter ten minutes of 5 ug/ml perfusions. Levels, of both
epinephrine and norepinephrine rapidly decreased from 13 ug/gm to
2 ug/gm with“a 20 minute perfusion.

Several other eafly works appeared which verified these
reSgles (138, 146), (though slight differences may have been
noted) and‘a variety of works ha?e further cheracterized it.
Farnebo 'and Malmfore (147)'looked histochemically-at both high
4and low perfusion eoﬁcentrationA of mnoradrenalin to examine
extraneufonal and neuronal uptake. They found /tha; iafter
peffusions with 1oy'concentrations the amine was present' only
neurcnally, while at higher concentrations the amine was also
present extraneuronally.

‘Sxtraneuronal uptake occurs in the heart in vascular smooth
ﬁuscle, myocardial cells and soﬁewhat in connective and elastic
tissue. However only the first two probably bind signifigant
amounts and enly those two exhibit the‘typical pharmacological
charecters of uptake 2 (136)-. Isoprotefenol. is taken wup oﬁly
signifigantly extraneuronally, probably because ie configuration
prevents ﬁonoamine oxidase froﬁ‘deaminating it (148 ; 150).

_Recentl? it was shown ﬁhat the early work commitfed some
omissions 1in coneidering extraneuronal uptake. They looked at
only coqtent of unchanged catecﬁolamine in the myocardium and
igﬁbred eny patechblamiﬁe taken from the perfusing solution aﬁd

released back as mnetabolites. Using either isoproterenol, or




mnorepinephrine with cocaine present, it has been shown that two.
main compartments are invol&ed in the éxtraneuronal uptake of
catecholémines (148 - 152, 140). One is an o-methylating system
invoiving catechol -o- methyl - trgnsferase- This enzyme works at
both the high concentrations previously reported or at lower
ones. This system has a high.affinity with é ¥m of 2;§ uM for
A isoprénaline (150), 1.7 wM for norepinephrine (140) and Vma#'s of
1.2 nmoles/gm/min and 1.7 nmoles/gm/min for norepinephrine and -
isoprenaliné rgspectively (140, 150). After the éatécholamine-is
o-methylated it is quickly released, explaining why this
eitraneuronal uptake was not detected by earlier workers (150).
This system exists in series with the uptake into the cell but in
parrellel with the other compartment (136, 153).

This second compartment‘ is .that which was detected by
earlier workers. It opérates at higher perfusion concentrations,
" equalibriates slowiy, hés no catechol -o- ﬁethyl transferase
involvement &and has a high ‘capacitf forlstorage of unchanged
amine (148). At lbv concentrations  virtually = all the
catecholamines g0 to the o-methYlatiﬁg system while at highér
anounts, this_systém is saturated and a substantial ‘accumulation
of unchanged amiﬁe occursA(iSO); The Xm for exclusively unchanged
accumulation of isoprotereﬁol was determined and was fbund to be
71}3 uM; while the Km for remoﬁal of disoproterenol from the
perfusion fluid was 63.2 w (150).

.Differept types of inhibitors, particularly steroids,

inhibit extraneuronal uptake. Metanephrine, normetanephrine and
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phenoxybenzamine are some non sterocidal inhibitors of uptake 2,
but they also inhiﬁit ﬁptake 1 (143). The steroids are thé Vmbst
potent - and selective of the inhibitors with corticosterone the
- most widely used and the most selective. Salt (143) reported that
in the perfused heaft a concentrafion of 10 ug/ml inhibited 95
percent of uptake 2, the same concentration of 17-beta-oestradiol
inhibited about. 83 percent. Other authors reported similar
. resﬁlés using 87 uM (30ug/ml) to ensure blockade of extraneuronai'
uptake (145, 154, 155). Many, if not most investigators do mnot
use a preperfuéion period with thelsteroids, however some reports
have used va 5 or IOIminute preperfusion period (140, 143) and
Bonish (150) found that the inhibitory effects of corticosterone-
increase - with preperfusion time up until 10 minutéé, where they
are maximum - and remain such  thereafter. The steroids
»'17fbeta—oeétradioi (20» uH)'and cortisol (80 uM) have no effects
on the resting rate or contractile force of cat atria (145). Tﬁey
arefthought to redupé bqth types of uptake 2 by inhibiting the
.uptake of the amihes into the tissue and ao not inhibit the
enzyne catecﬁol -o- methyl transfefase directly (140, 143, 154).

The inhibition of extraneuronal uptake or of catechol: -0~
methyl transfefase directly, accounts ﬁor some supersensitivity
to catecholamines. This is well illustrated by Kaumann (156) in
the éa£, by'Ivefseﬁ and Sélt (155) in.fébbit aortic strips and by
others in vivo (157, 158) and in vitro (156, 159).

SeveraiA authors speéulate on the nature of both the uptake

mechansims. A role for passive diffusion has generally been ruled




out>because, D selectivé inhibitors limit uptake 2) the . .results
follow Hicﬁaelis -~ Menton kinetics and 3) the amines can be
concentrated several times greater than the surrounding medium
(137, 151). Facilitated diffusion is suggested for extraneuronal
transport by Gillespie et al. (161) siﬂce neither anoxia or
substrate lack appeared to affect the wuptake. Other’éuthorsv
question how facilitated diffusion could ~account for tiséue
gradient conéentratioﬁs as high as 8:1  (141,_ 150)} Though
intrcellular binding might account'for this (150)- isoproterenql
fof example, ié shown not to'bind strongly intracellularly (125).
Thus - an active tranéport system was thougﬁt probable by some
(141, 15Q$- In this regard, éonish (150) staﬁes that
extfaneuronai ﬁptake of isoproterenol showed many charachters of
a "pump leék_system" though efflux may be associated with a

carrier. As yet, no counsenses has been reached on this point.
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D. Adrenochrome

Though catecholamines are considered to be involved in the
production éf myocardial necrosis, various source have suggested
that the catecholamines'themselves are not resposible and rather
their oxidation products are involved. As meﬁtioﬁed, work in Aour
labratory showed that fresh unoxidized isoproterenol did not
induce damage in isolated perfused. hearts while - oxidized
.isoproterenol does (14, 33, 39). The oxidation producfs and
metabélites of epinephrine were tes;ed and only the bright 'red‘
oxidation pfoduct' adrenochrome, produced>damage to the hearts.
‘Oxidized isoﬁroterenol and adrenochroﬁe perfusions produced = the
typical pathological changes in catecholamine induced cardiac
necrosis including swollen mitochondria, impaired oxidative
phosphorylation, diérubted myofibrils, swollen sarcoplasmic
reticulum and decreased contractilit& (14, 33, 39). The damage
adrenochrome pfoduces can be réduced or inhibited by propranolol
-and i?roniazid'(35)} Increasing"calcium or pdtassium. in the
'nperfusién' medium céuses‘iﬁcreasedjultrastrucfu?al damage, while
decreasing calcium redu;edrthe myocardial necrosis (36). This
‘observation -ﬁas in contrast to thoée with catecholamines where
increasing potassiumb antagonized the c#rdiac damagé. The

‘discrepancy‘is left unéxpiained..
'Thoﬁgh it is well known that the major metabolic pathway of
epinephrine andvnorepinephrine is zig_o-methylation (124, 162),
the . easé‘ witﬁ which oxidation of catecholamines occurs sugggsts

the role:of oxiddation products_should not be ignored. When not




boung by tissue or stabalized chemically, the catecholamines can
reaéil& undergo oxidation (162). At 30°, pH 7.6, in five minutes
a simple solution of :epinepﬁrine degrades signifigantly to an
"oxidized pink solution", after 30 minutes most if’ not all the
épinéphriﬁe has degraded (163). The oxidation of épinephrine to
adrenochrome may be an autoxidation or may be catalized by trace
metals (162). Adrenochromg can further oxidize to adrenolutin and
evenfually to mglanin (162). This can occhr'spontaneously or can
;lso be catalyze& by heavy metals (162) though adreﬁochromel is
more stable when in pure conditon and -can be stabalized by
binding to tissues (163). Injected adrenochrome will. be -carried
throughout the plasma and much will be degraded but some is
excreted unchanged in some species (164).

In additioﬁ to spontaneous or heavy metal = catlysis,
adrenochrome formation is catalyzed enzymétically from
eﬁinephrine by several pathways in many tissues including enzymes
of heart and skeletal muscle and heart mitochondria (56, 57, 162,

. 165-168); The oxiéation products of epinephrine, adrenochrome and
_a&renolutin, have been identified in the heart, skeletal muscle,
~liver, braiﬁ énd kidney of rabbits by paﬁer chroma;ography and by

F;héiybflﬁorescence properties (169 - 172). Adrenochrome formation
from' epinephriﬁe can  also be .catlyze& by a varietj of other
tissues'and tissqe enzymes such as fresh hempglobin'(Sﬁ), bovine
heart muscle amine oxidase and cytochrome oxidase (173) and the
microsomai fraction of the liveri(57). The oxidation of dopamine,

norepinephrine and epinephrine to adrenochrome and adrenochrome
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like compounds " may be regulated by serotonin, in brain enzyme

pfeparations (174).

Adrenochrome and similar oxidation produgts have been shown
to have 'a wide rangé of physiological activities many of which
can bevcénsidéred detrimental.'Indeed, Hoffer and Osmond (52)
stated that excessive amounts of adrenochrome appear to affect
the ﬁetabolic function of nearly all cells of the body. Some of
these _effeéfs. include; én inhibition‘ of‘ glycolysis in brain
tisSue.under various éonditons, possibly by inhibiting hexokinase
and phosphofructokiﬁase (47, 175), ihhibitién of catéchol -0~

methyl - transferase (176) and mwonoamine oxidase (177, 178),

increasing oxygen consumption of a rat liver homogenate system'

depending on the substrate utilized and adrendchrome
concentration used (41), though this is disputed, uncoupling' of

oxidative - phosphorylation by rat brain mitochondria (42) and

hamster liver mitochondria (43), and inhibiton of myosin ATPase

of rat uterine muscle (50, 51). Pastan et al. (48) reported that

catecholamines and adfenochrome increase the oxidation of glucose

to carbon dioxide in thyroid tissue, and they thought -that the"

effects - of  epinephrine may. be through dits éonversion- to

adrenochrome. Adrenochrome was more potent in this stimulation

and the incubated = epinephrine was rapidly converted to

adrenochrome. Hoffer and Osmond (54) looked at the effects of

oxygen toxicity on dintact rabbits. They found that_substantial'

amounts of epinephrine'were turned to adrenochrome in the brain

and adrenal medulla and that this may account for much of the




toxic effects of high oxygen contént. To study the psychological
-effecfs of adrenochrome Hoffer aﬁd Osmond (54) administered small
amounts sublingually, intravenously and through an inhalent. A
variety éf effects were seen including abnormal vision, irregular
breathing and wvisual changes similar to those with LSD
‘administration._ intravenous administfation was less effective
possibly due to rapid binding by' tissueé. _No other parameters
were looked at. Valgri et al. (180) showed that adrenochrome
increased the rate éf'.hemolyéis of‘ blood from patients with
traumatic iﬁjufies and the formation of adrenochrome invol#es the
super oxide radical; with supero#ide dismutase acting as an
inhibifor of this formation (167).

Some recent works have suggested that adrenochrome may have
importént .interactions with the prostaglandins. Gudbjarnason et '
al. (181) found that arachdionie acid and docahexaenoié acid
stimulated microsomal oxidation of,epineﬁhrine to adrenochrome.
The adrenoch?ome iﬁ turn stimulated peroxydation or 'oxygenation '
of the :fatty acids. to various fatty atid.derivatives which fﬁey'

‘postulated 'éouid cause membrane damage and ultfastructutai_
effects. Sun (182) similarly found that prostaglandiﬁ synthetaée
‘accelerates the rate of‘epinephrine conversion to adrenochrome_in
the pfeséeﬁce of arachadionié acid or 8,11,14, -~ elcosatrienoic
acid; |
-Several independent workers haQe also recently suggested a

role for oxidation products in. the genesis of ‘catecholamine

induced cardiac necrosis. Severen gg_al-'(15) looked for direct




toxic'éffects of isoprotérenoi on cultured heart muscle cells.
After incubation with ;he isoproterenol and observations of t&xic
effects, tﬁey oberved a shift in the absorbtion spectrum to one
similar‘to that of adrenochrome - this. observation being similar
to those by Yates and Dhalla (14, 33, 39). Carlsten and Poupa
(32) found similar reéultsf By wusing ventricular strips from
- hearts of frogs injected with isoproterenol. Their results led
thém to.suspeét‘én involvemeﬁt of oxidation products as> oxidized
isoproterenol produced greater toxic effects than unoxidized
visoproterenol.

Thus, adrenochome has a variety of physiological effects on
heart and other tissues which can be détrimental and implicate

adrenochrome in catecholamine induced cardiac necrosis.




1V Materials and Methods

Tor 2all experiments male Spragué Dawley rats were used with
a body weight of between 300 and 375 gm. For heart perfusions the
rats were sacrificed by decapitation and the hearts were quickly
removed and placed in ice cold perfusion medium. The hearts were
then quiékly mounted on a cannula and perfused by theA
conventional Laﬁgendorff technique. The perfusion .medium was

Kreb’s Henseleit solution containing NaCl, 120 mM; NaHCO 20 mM;

39

KC1l, 4.63 md; Khz?oz;, 1.17 n; CaCl,, 1.25 mi; MgCl 1.20 mM;

.
and glucose, 8.0 mM. The perfusion medium was always fresh and
waé continuously gassed with a ﬁixture of 952 02.and 5% COé. Thg
temperature of the medium was maintained at 37° and the perfusion
rate was a constant 7.8 ml/min for all experiments, controlled by
using a Harvard peristaltic pump. All tﬁe hearts were perfused in
an open system and in none of the experimen;s described was the
perfusate recirculated.

'Contractile. force developed and resting tension were
monitered bf a sfeel hook through fhe apex of the heart,
conneéteé via‘a.short'silk ﬁhread to a Grass force—displacement
trénsducer, .model FT 03C. Recordings were made on eithef a Grass
modei 7 polfgrapﬁ or Gilson PR-5 polygraph and a resting tenéion
of 2 gm vas applied:to the hearts. The recording'rate was varied
depending on the 1engtﬁ of the experiment and the parametef
ldokéd Vat.- All hearts were stiﬁulated- electrically at 300
'beats)min using ‘a Phipbs and Bird Square Wave Stimulator to épply

pulses of 1 to 3V of 2 msec duration between two platinum




electrodes. Bofh atria were removed from the heart and the A-V
node was crushed at the beginning. of each experiment to
facilitate external control of the heart rate. One electrode was
placed> in the apex of the heart and the other in the
intraventricﬁlar septum at‘the base of the heart. This method of
heart-perfﬁsion is essentially the same as that previously
described (183-185).

In some experimeﬁts .adrenochrome was present  in fhe

perfusing buffer (1-50 mg/l, 5~58X10.6 - 2.."/'9)(10'-4

M). The
adrenochrome solution was made up immediately before use in
pregassed buffer and was always added' following a 15‘ nin
equalibrium .period wiﬁh control buffer. In other experiments one -
of corticosterone (10, 30 mg/l; 29, 87 uM), 17-beta-oestradiol
(2.72, 10 mg/1l; 10, 36.7 uM) and cocaine(lO, 34 mg/l; 30, 100 uM)
were present._in Both the 15 min equilibrium period and in the
perfusion time with adrenochrome (25 mg/l). Ié was necessary to
dissolve corticosteroﬁe gnd'17-beta—oestradiol in a small-voiuﬁe
6f'ethanol'and add this to fhe perfusion medium. Control hearﬁs
with similar volumes of ethanol showed no effects similar to
those With‘ethanol an& the ‘drugs. Differenﬁ perfusing mediums
were 'ruﬁ through identical coiumns and hearts weré switched from
one medium to anotﬁer through a system‘of ihterconnecting valves. .
Switching frdm coﬁtrol medium in one column to anothér had no
' effect except perhaps é very small tranéient decrease in

contractile force for about 5 seconds. When hearts were perfused

. L : ' ' ’ .
. with [C 4]adrenochrome for later measurement of adrencchrome




content, following the [Clélédrenochrome perfusion lthey were
always perfused wiﬁh a further 5.8-6.0 ml of cold medium to
washout the label from the.circulatory-vessels.
vConﬁrol hearis perfused with only Xreb’s-Henseleit showed no
difference‘in contractile force and resting tension when these
were measured 15 min after the start of perfusion and compared to
any point further within 30 min. Thus éaéh heart could be used as
its own.contfol and the contractile force and resting tension of
experimental hearts was compared to the 15 min control values and
expressed as pefcent change from these 15 miﬁ values. .
Experimentals’ changes - from the 15 min preperfusion values were
then compared ééainst controls’ changes from their 15 min values.
[Clé]adrenochrome was synthesized.by two different methods.

"In one method D,L,—[Clé]epinephrine was added with one gram of
L—epinephfiné (free base) in a total volumé of 39 ml of methanol.
Ninety percent formic acid was added dropwise to the stirring
solution until it was clear. Four gm of freshly prepared silvgr 
.,oxide waS'theq’added'portionwise over a period ofAtHree min while
the temperature of-the reaction mixture was maintained 'between
18—230 with !aﬁ ice bath; The reaétion mixture was then filtered
underléuction thrpugh a previously wéshed .Dowex—l—kCl-, 200-400
mesh) ‘reéin bed. The deep red_filtrate Qas gollected and allowed
to crystallize  for . about one week at —70 to —800, in an
Aatmospﬁefe §f< nitrogen gas; The crystals were obtained By
filtéringithé solution through a poroﬁs glass funnel, followed by

_drying. They were stored at -70 to -800, in a,dessicétor-




Dowex—l—(Cl*) was prepared by washing with 3N HC1 and then

washing with double distilled water until the pH was neutral. The
resin . was then washed with methanol and dried.‘éilver oxide was
prepared by washing with distilled water three times (10 vol/gm),
then washing three times with acetone followed by two washings
» witﬁ absolute ether. This method of adrenochrome synthesis and
préparation'éf silver oxide and Dowex is essentially the same as
that of Heacoék et al. (186).

Thé oﬁher similar method of adrenochrome preparation was
derived from Sobotka and Austin’s (187) method and was gsed when
its _puritf was found to be the saﬁe as the previous méthod's and
the yiéld was found to be higher. One gm of L-epinephrine (free
 base) was suspénded (with 1labelled epinephrine) in fQAml of
absolute methanol. Hydrochlorié acid (specific'gfavity 1.19) was
added dropwise to thé stirred solution untii it cleared. To this
solution 1.04 ml of concentrated (98% formic :aCia' was added
follo&ed by 2.18 gm of anhydrous sodium sulfate. The solution was
cooled td.iOQ and 3.38 gm of -silver oxide was added over a period
of two min while the solution Qas stirring vigorously. The now
redkféaCtion'mikﬁuré was.filteréd through a mat of énhydrous
sodium‘ sulféte énd freshly prepared Dowex=1-(C1") reéin. To the
‘filtraté was added 6.51 ml of céngentrated formic acid, this was
cooled to- 10° and a further 3.38 gm of silver oxide was added
over two min as previously describéd. This was fiitered again as
above and.allowed to crystallize‘in an_atmosPﬁere of nitrogen gas

“at =70 to -80° for a period of about one week. The crystals were
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coliected and stored as in the‘previoﬁs manner.

’ D,L,-[7—14C] Epinephrine (0.35 mg) waé_ obtained from New
' Engiand Nuclear with a specific activify of about 52.3 mCi/mmole.
This was in the form of a bitartate in 1.0 ml of in 0.15 N
L~tartaric acid. It was necessary to remove the epinephrine froﬁ
this solutioﬁ as we found the presence of bitartate greatiy
inhibited adrenochrome fofmation. This was 'acéomplished by
passing the mixture through a Dowex~1-(Cl”) column (prepared By
washing similar to the previous manner) in a 25 ml syringe. The
procedure was carried out at 4° and the éolumn contained double
distilled deionized water. One ml fractions were collected,
sampled for radioactivity and imﬁediately frozen at =70 to -80°.
The few fracfions with [014]epinephrine were then- freeze dried
and used féf [Cla]adrenochrome synthesis. Changés in pH showed
thgt the epiﬁephrine sepérated well from the tartaric acid, with
‘the acid apéearing much later off the column.

The‘pu;ity.of synthesiZed‘adrenochrome was checked routinely
by thin layer chromatography and infra-red spectrophotometry. The
chromatdgraphy was carried out on Schleicher and Schﬁell silica
gel sheets (F 1500/LS254) obtained through Sigma.  Sheets were
either 20 X 20 cm or approximétely lQ X 6 cm and.chromatography
was ascending With.a solvent contéiﬁingA'7 parts acetone to 3
rmethanol. ‘It.was done in an atmosphere of nitrogen gas to reduce
any béésiblé oxygenation of. adrenochrome or other vsubstanceé
tested. Aftér'_chromatography for some éxperiments- involving

radioisotopes, 0.5 cm strips of the gels were removed ascending
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aloﬁg the sheets and they were counted for radioactivity.

Infra~red spectrophotometry was done on a double bean
Perkin~Elmer infra-red spectrophotometer using an alkali halide
‘pellet (188).. Samples were ground -in a potassium bromide pellet,
and pressed 'at high pressure into a disc. The infra-red
absorbtion spectra vof‘ Sigma’s an& the synthesized adrenochrome
were compared.

After heart perfusion many hearts and subcellular fractions
were isolated. by various meéns. Hearts were remoyed from the
cannula aﬁd immediately placéd in ice cold perfusing buffer. Any
non ventricﬁlar tissue was removed from the hearts and hearts
'ﬁere homogenized with a Waring Blender for 45 sec in a medium
containing 0.25 M sucrose, 20 mM Tris~HCL(pH 7.0), 1 mM EDTA. The
homogenate. = was filtéred' through four 1layers of gauze an&
centrifuged at 1,000g for 20 min .to remove nuclei, myofiﬁrils
éarcolemma and other cell debris. The supernatant was spun at
10,000g for 26 min to femove mitochondria and any other left over
* contaminants. The new supernatant was spuﬁ at 40,000z for 45 nin.
Thevpellet obtained was finsed three timeé and suépended in 0.6 M
KC; containing 20 mM Tris-HC1l at pH 6.8 and then centrifuged at
40;000g‘ for .45 ‘min;. This final ﬁellét was the heavy microsome
_frécﬁiﬁn and’its isolation Was. essentially the same as that
descfibed - by Harigaya and Schwartz(189). The supernatant of the
first 40,000g spin was centrifugeﬁ at 100,000g for one hour; ‘the
pellgt cbliected from fhis centrifugation is called the light

microsome fraction.




To obtain the mitochondrial fraction from the same hearts or

from different ones, the pellet of the first 10,000g
centrifugation described above was waéhed, resuspended in
homogenizing medium, spun at 1,000g for 10 min and the residue
discarded. The supernatant was further centrifuged at §,000g fof
10.min to obtain the ‘final mitochondrial fraction. In both
mitochondria ‘and SR preparations all pellets which were further
processed were.rinsed three timés with the next homogenizing
medium.. The procedure for isolatiﬁg mitochondria and SR from the
same tissue is similar to the isolation methods of '~ Harigaya and
Schwartz (1895 and Sordahl and Schwartz (190). It has been
described in detail by Muir g;_é;; (191) and Sulakhe and Dhalla
(192) and fractioﬁs' well characterized. The final sﬁsﬁensién
mediun for the mitochondria.and SR fractions was 50 mM KC1l, 20 m{
Tris-ACl at.pH 6.8.

Sarcolemma or myofibrils were isolafed either from the first
1,000¢g fraction of the breViousiy described isdlations, or from
fresh heart tissue alone. In.the former case, fpr sérﬁolemma, the
pellet . was - resuspended inAIO vol/gm homogenizing medium (10 m
~Tris pH 7.0, 1 mM EDTA) and isolation begun. In the 1atter' case
for Sarcoleﬁma,A thé heafts. were homoéenized and washed in 10
.vol[gm of the same mediuﬁ then filtered through four layers of
gause@_ fﬁe rest of the isolation was as}&ithAthe method of
Hcﬁaﬁara gg:gl; (193). The homogenate was centrifuged at ‘1,000g
;for'IO min followed by wasﬁings of the pellet. Washings consisted

of a homogenization with .a glass to glass homogenizer, then
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sﬁspendiﬁg in 10 vol/gn of 10 mM Tris-HCl (pH 7.4) followed by a
15' min stirring and a 1,000g X 10 min centrifugation. The wash
was repeated again but using a Tris buffer of pH 8.0. This was
followed by a centrifuéation at 1,000g X 10 min. The sediment was
then homogenized and suspended and washed in a washing buffer
also containing 0.4 M LiBr and 0.4 mM EDTA. This was stirred for
30 mwmin and foilowed by another normal wash in pH 7.4 buffer and
further l,OOOg X 10 min centrifugation. The next sediment was
homogenized and resuspended and washed in 0.6 M KCl and 10 mM
Tris~HCLl (pH 7.4), followed by a 10 min X 1,000g centrifugation;
The pellet was then washed with normal buffer containing 1 mM
EDTA and spun at 1,000g X 10 min to obtain tﬁe final pellet.

As with sarcolemma, myofibrils were isolated from either the
first 1,000g»fraction of the SR prépartion or from whoie heart
tissue itself. In the fromer case the pellet was suspended in 10
vol/gm 0.3 M sucrose, iO mM imidazole (pH 7.0). 1In the iattér
case, hearts were trimmed, cut up and homogenized in isotonic
saline medium using‘ a Waring Blender for 45 seconds. This
fraction was then filtered through 4 layers of gauze. The rest of
the isolation was the same and followed the method of Solaro et
glL'K194)- The homogenates were centrifuged at 17,300 for 20

 min;'~This éelleé was suspended in 10 vol/gm‘of'60 mM XC1-30 mi

Imidazole (pH 7.0) and 2 mM  MgCl

9 using a glass~Teflon

homogenizer and the suspension was centrifuged at 750g for 15
min. This procedhre was ‘repeated four more times. The £fifth

pellet was then suspended in the standard buffer containing 2 mM




- EGTA and centrifuged at 750g X 15 min This pellet was suspended

and homogenized in the standard buffer comtaining 1% Triton X-100
and was again centrifuged at 750g X 15 min. This was repeated
once more and was followed by two more suspensions and
recentrifugations in’ tﬁe standard buffer of 60 mM KC1-30 mM
Imidazole (pH 7.0) to obtain the final pellet.

In one series of experiments (n=4) mitochondria from one
- heart was isolated from a heart perfuged with [C14]adreno¢hrome
(50 mg/1 X 30 min) and was mixed with sércolemma from a céntrol
heart. The sarcolemma was then reisolated from the mixturé and
the amount of adrenochrome present was measured.

All of the above procedures for isolating ~ subcellular
fractions were carried out at 0-4°. Neither the sarcoleﬁma nor

the myofibril fractions showed any differences in adrenochrome

content which depended on whether they were isolated from the

heaft tissﬁe or from the first l,OOOg‘fraction of tissue used for
other isolations.

Protein cdncentratidn was determined by the Lowry» technique
_ (195) band [Cléjadrendchrbme content of wvarious fractions or
homogenates was determined by liquied scintillation counting.
Measured émounts of fraétions.were added to Béckman Ready-Solve

GP to 'make 10 ml of fluid. Any corrections neceésary for

quenching were made and quench curves were generated with similar

and larger amounts of ' protein in the same final volume of

scintillation fluid. The counts of the fractions were compared

against standard curves generated by using the synthesized
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[Clhjadrenochrome. The small amounts of adrenochrome used to
generate the standard curves and present in the samples had no
quenching effects. In some cases only the final fractions were
sampled, in others the first 1,000g, 10,000g, 40,000g, 100,000g
and supernatant of the 100;000g fractions were sampled. In other
cases the final pfoduct of the purified fractions were sampled
andrthe sarcolemﬁa fraction was sampled after the KCL step and
éfter lithiuﬁ .bromide treatment {crude sarcoleﬁma). The
supernatants of many of the purified fractions<‘were tested for
édrenochrome content and very small amounts were found except in
the supernatant of the 100,000g fraction.

For estimation of Na+—K+ ATPase activity fractions were
incubéted in a total volume of 1 ml containing 50 mM Tris-~HC1l (pH
7.4), bl.d mM EDTA, 4.0 mM MgClz, 100 mM NaCl 10 mM KC1l and
0.03<0.06 mg protein in the presence of‘ absence of ouabain (2
mM) . vAfter 3 min of pre—incubation at 37° the reaction was
- started by addition of ATP (4 mM final .conéentration) and the
reac;ion was incﬁbated fér 10 more min. The reaction was stépped
by addition of 1 ml of ice-cold 12% triéhlbroécetic acid. This‘
was centrifuged for 10 min at 1,000g apd the phosphate released
determinéd by the method of Taussky and Shorr (196). The-
difference - of the activity' in ﬁhe presenqe and abscence of

+ ' .
. ouabain is refered to as Na -K+ stimulated, Mg+ dependent,

ouabain sensitiﬁe ATPase (Na+..K+ ATPase).
‘Myofibrillar ATPase was determined at 37° in the presence of

50 mM XKC1, 20 mM imidazole (pH 6.8), 2 mM MgCl, and 2 mM ATP.

2




Total activity in the presence of 100 uM CaCl2 was - subtracted

from basal activity, (in the presence of 1.6 mM EGTA and no
calciur). The dincubation time was 2 min and final protein>
coucenﬁration was 0.8-~1.0 mg/mi- The reaction was stopped by
additicn of 1 ml of ice-cold 12%.trichloroacetic acid (194).
Calcium binding by the mitochondria énd SR was détefmined‘at
25° by the méthod of Sulakhe and Dhalla (192) in a mediumv
containing 100 mM KG1, 20 mM Tris-HCl (pH 6.8), 10 mM MgCl, and 4
mM  ATP, 4 _mM ATP in the presence of abscence qf 5 mM sodium
azide; Protein (0.2-~0.3 mg/ml final concentration) was added
before a2 three min preincubation and followed by addition of

Cal‘SCl2 (0.1 mM final concentration). The reaction was incubated

for 5 :min _and terminated by Millipore filtration. Total Ca+2
stimlated ATPase acﬁivity of the microsomal fraction ,'was
determined at 37° in the same medium by the same procedure, and
tﬁe phosphate released was ‘determined after the réaction w%s
terminated by additon of 1 ml of ice-cold 12% trichloroacetic
'acid. |

The reagents -propranolol, iproniazid, epinephrine, ATP,
corticosterone, .17—beta~oéstradi§l and Dowex—l—(Cl-) were all
obtained fron Sigma Chemical Company. Silvér oxide was obtained
froxz Fisher aﬁd anhydroqs sodium sulfate from J. T. Baker
Chemical Comp%ny; Cocaine was.supplied through Dr. Davidson of
- the department of Biochemistry, University of Manifoba.

The results obtained are expressed as mean plus or minus

standard error. Control . values .only, were compared against




experimentals. using the Students t test or when comparing

controls to more than one experimental - analysis of wvarience
followed by Duncan’s Multiple Range test was used. The null
hypothesis was that there was no difference between the control

and experimental means.




V Results

The two procedures used to synthesize adrenochrome gave a

pure labelled product. The method of Heacock et al. (186) was

first. used and resulted in a yield averaging only 80 mg/gm of

starting epinephrine, while the method of Sobotka and Austin

(187) yielded about 200 mg/gm éf starfing epinephrine. The purity
was  equivalent in both methods of synthesis. Infra-red
spectrophotometry (Fig; 1) positively established the identity of
thé purifiea product and dindicated that the synthesized
adrenochrome was purer than that obtained comercially. Thin layer
.chromatography confirmed these results (Fig. 2). The Rf of
adrenochrome averaged 0.47 and that of epinephrine averaged 0.20.
Further oxidation products of adrenochrome and epinepﬁrine such
as .adrenolutin and melaniﬁ had Rf falues of 0.60 and 0.85
respecfively;.

Perfdsion'of hearts with 50 mg/1 adrenochrome resulted in a

continual  decrease 1in contractile force over 30 min to a value

30% of control (Fig. 3), though contractile force was increased .

slightly in the firstlmin. The resting tension of thése hearts
- increased steadily tﬁroughout the perfusion period and reached a
final mean of 4.4 gm, which waé 220% greater than the initiél
value (Fig.>3).

. Hearts perfused with [Claladrenochrome (50 mg/1) for 5, 10
and 30 ﬁin were - analysed for total content (ug/gm tis;ue) and

specific activity (ug/mg protein) of adrenochrome in the various
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subcellular fractions. The adrenochrome content increased quite
linearly with time (Table 1). After 30 min the heart accuﬁulated
108 + 30 ug/gm wet weight ventricular tissue. The crude fraction
with fhe greatesf total Aof adrenochrome was consistantly the 
1,000g fraction which contains the sarcolemma and myofibrils. The
final supernatant'contéined a high total amount of adrenochrome,
but a low specific activity. The specific activity of the 40,000g
fraction,vwhich conta1ns thé SR, was high, but the total activity -
was low due to. the small yield of this fraction. After
purification of the different fractionms by the various means, it
was found thét thevsarcqlemma had the greatest specific> activity
followed by the microsomes; both the myofibrils and the
, mitochondria had much lowef activities (Fig. 4).

| The ouabain sensitive Na+--K+ ATPase activity vof the
sarcolemma  was 11.8 + 1.0 umoles Pi/mg/hr, that of the
mitochondria, SR, and myofibrils was negligable. Calcium
stimulated ATPase was 221 + 19i nmoles Pi/mg/min in the
myofibrillar fraction and was 2.38 + 0.21 umoles Pi/mg/min in the
microsomal fraction. Caléium bindiﬁg by the microsome fraction
was® 32.8 + ‘2.3 nmoles/mg/5 min and was not inhibited b§ sodium
azide, calcium binding by the mito;hondria was 40.7. + 2.0
. nmoles/mg/5 wmin and was inhibited 100% in fhe pre5cen€e of 5 mM
sodium azide. The sarcolemmal fraction did not show ATP dependent
calcium'binding-or calciﬁm stimulatea magnesium dependenti ATPase
activity.' | |

Perfusion  of hearts with various concentrations of
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Fig. 4. Adrenochrome content of various subcellular

fractions after
or 30 minutes.

perfusion of isolated rat hearts for 5, 10




adrenochrome resulted in a decrease in the contractile force and

an increase in the resting tension (Table 2). The changes were
significant in hearts perfused with 12, 25 and 50 mg/l. The
adrenochrome content increased with the higher perfusion
coucentrations though it was nof closely correlated Qith the
'chénges in developed and vresting tension. In contrast to tﬁe
linearity of uptake duringbperfusidn with 50 mg/1 over 30 min,
the réte of uptake was relatively slow witﬁ 10 min perfusions at
high concentrations in coﬁparison to iower ones; The Eadie and.
Hofstee piots-'according to Iversen (141), yielded a Km of 258 X
10-6 M and a Vmax of 54.6 ug/min/gm (Fig.5).

The adrenochrome content, contractile  force and resting
tension of hearts perfused for 10 min with 25 mg/l followed by a
10 or 20 min washout waslalso examined. After 10 and. 20. min  of-
washout the adrenochrome content was_significantly reduced to-
196.7 + 19.4 and 74.5 + 11.6 from a c.ontrol value of 200 :t 15
ng/mg protein. After .a 10 min adrenochrome perfusion the
contractile force was dgcreased about. 20%Z and did not recover
with-a. 190 to 20 miﬁ washout. On the other hand the resting
tension was increased about 16% by ba 10 min adrenochrome
' pérfusion and kept on increésing‘fé;lS min after washout began
énd then declined graduélly to a value only slightly higher than :
controls (Table 3). | '

When mitochondria 'with adrenochrome weré' mixed with
uncontaminated sarcolemma and the ‘safcélemma ~was reisolated,

little cross contamination of adrenochrome was found. Though the




Table 2. Adrenochrome content, contractile force and

resting tension of

hearts

perfused

with varying

concentrations of adrenochrome for ten minutes.

Adrenochrome Concentration

mg/1
50 25 - 12 1
Adrenochrome 272 197 80 19.7
(ng/mg + + + +
protein) 56 25 15 2.5
Developed 61% 60%* 69% 80
+ * + *
Tension’h 10.0 9.0 7.0 10.0
Resting 140% 133* 125 120
[ + + +
Tension*#* 10 8 6 6

L Percent of control wvalue before adrenochrome

perfusion. Absolute value was 8.6 +0.9 gm/gm wet tissue.

*% Resting tension was

adjusted to

2.0 gm before

adrenochrome perfusion. Values given are percent change of

this value.

% T

%0.05 > P., T 0.01 > P.

» Significantly different from the control hearts,‘
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Table 3. Adrenéchrome content, contractile force and

resting tension of hearts perfused with [C14]adrenochrome
(25 mg/1) for 10 minutes followed by 10 or 20 minutes of

washout with control medium.

Time after adrenochrome perfusion

(min)
0.0 10.0 20.0
Adrencchrome 200 96 74
_gfcl)?:liin 1:5t 129L' U 1% t
Develéped " 82 80 84
+ +
Tension H 25t gt a4t
Resting 119 127 107
Tt T+ %t

Tension*%

- **,+, See Table 2 for legend.
‘ H'Perc:ent:,‘ “of control ‘ value before adrenochrome

perfusibn. Absolute value was 9.5 + 0.3 gm/gm wet tissue.




yield. of sarcolemma decreased, making exact quéﬁtification
difficult, only a very small améunt of radioactivity could be
dgtected:in the reisolated sarcolemma, even on a ug/mg protein
basis.

Cocaine, (10.2, 34 mg/l) the neuronal inhibitor of
catecﬁolamine uptake, 'resulted in 357 and 41%Z decreases 1in
adrenochrome (25 mg/l) uétake (Table 4). The extraneuronal

~inhibitors of catecholamine  uptake corticosterone and

17~beta—oestradiol;_ inhibited adrenochrome wuptake 33% td_BSZ}.

‘Cocaine itself caused transient changes in contractile force and
resting tension including some apparent arrhythmias in control

hearts, and thus its. effects on these in combination with

adrenochrome were not measured. Similar effects are noted by some.

other authors (145). Corticosterone and 17—beta—oestradiol showed
no such .effects on. control hearté and in cowbination with
adrenochrome fhey showed dramatic effects. Both slightly
augmented the decrease in contractile force caused by a 10 min 25

ng/1 adrenochrome perfusion (Fig. 6). Similarly, they both also

greatly augmented the increase in resting tension caused by

adrenochrome. After 10 min of 25 mg/l adrenochrome alone, resting
tension increased only about  20% while in the presence of the
_Zﬁarious inhibitors, it increased dramtically 507 to 390% (Fig.

6-)-

Propranolol and iproniazid, the two agents which inhibit

adrenochrome induced cardiac necrosis (35, - 39) A inhibited

"adrenocﬁromé uptake up to 57% (Table 2). Very different effects




Table 4. Effect of inhibitors of adrenochrome-induced

cardiotoxicity and catecholamine wuptake inhibitors on

(Clh]adrendchrome‘uptake.'

[CIAjAdrenochrome
ng/mg protein

Control T 201 + 11.6

Inhibitors of.Cell Necrosis

Propranolol

1 mg/l 88 i.4.61
3 mg/l : 86 + 3.5
Iproniazid +
10 mg/1 : 97 i.5.9+
25 mg/1 93 + 4.2

Catecholamine Uptéke Inhibitor

Corticosterone

10 mg/1 _ 135 i.9+

30 mg/1 - 130 7T

17-beta-Oestradiol-

2.7 mg/l 135 4+ 19=%

10 mg/l 134 * 12t

Cocaine

10.2 mg/1 131 + 137
+ ut

34 mg/1 ' 118

Each value represents the mean + S.E. of

experiments. ¥, T, Seé Table 2 for legend.

4~-6
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Fig. 6. Effects of inhibitors of -extraneuronal uptake
in combination with adrenochrome (25 mg/l), on heart

- contractile force and resting ‘tension. A=adrenochrome,

=corticosterone, E=l7-beta-oestradiol, subscripts represent
concentrations %n mg/l. Each point 1is the mean + S.E. of 4-6
experiments.*, ', See Fig. 3 for legend
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were seen on the contractile force (Fig. 7). The initial poéitive
inotropic effect seen for about one min in hearts with 25 ng/l
adrenochrome alone, appeared to be exaggerated and to&k more time
to peak. This was followed by a gradual decline in developed

tension, although after 10 min the developed tension was still
greater than that of controls and much greater than that of
vhearts perfused with.adrenochrbme alone. Perfusion with 3 and 1
mg/l of * propranolol alone, after a 15 min eéuilibration period,
resulted in avmean dépression of meanlcontractile force of 28%
and 5% to 10% respéctively, and remained at these levels for over

15 min. Perfusioﬁ with iproniazid (25 or 10 mg/l)‘alone, after a
15 min equilibration period, resulted in a slight  initial
increase in contr;ctile force (5-10%Z), after which hearts

returned to control values.




CONTRACTILE FORCE (% Control|

80

~59-~

160
140 = !

l* Ta Y Agsdas

) Tx
12011 X ] . }* Agsho

/ \ :

] \\

[} .

\
1000 —3 g
: u\\ C
\\\
\\
80F ‘\l
. \\\\~‘\ *

60F ‘1]-; A2s

180
160
140
120

100

60

'MINUTES
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Vi Diécussion ‘

. The two methods used to synthesize [Clé]adrenbchrome yielded
a- pure product with the method of Sobotka and Austin’s (187)
having the highér of the two yields. Thié 1s probably due to the
anhydrous conditions present in thié ‘reaction mixture as
‘adreﬁochrome is very soluﬁle in water. The main probleﬁ in the
. synthesis of adrenochréme is that left over catalyst;‘such as
silver oxide, éan causé. further' éxidation of adrenochrome to
other products over a period of time (186). The-methoé of Héacock
et gi; - (186) is -the most recent and well developed of the
procedures using an anion exchanger to»remove any silver oxide
left in the medium Before crystallization. However, in their
papér they state thaf the method of Sobotka and Austion (187)
Yielaed a pure product also, one free of silver oxide..The sodium
sulphate the final réaction mixture was filtered tﬁrough had
acted as an anion - exchange resin and %emoved silver  ions from
Fhe solution (186). In this study when the method of Sobotka aﬁd
Austinfs was used, wé included dried Dowex;-l— (c17) asian éﬁion
exchange resiﬁ in with the fiﬁal sodium sulphate thé reaction
mixture was fiitered through. Thus, little if‘ any silver would
remain in thé filtrate and the purity would be ensured.
‘_v The résﬁlté of tﬁe 30 min 50 mg/l.perfusion with adrenchrome
‘ verified pfevious findings (14, 33, 39). Thé perfusions with
adrénochrome ﬁarkgdly décreased_contractiie force in ' the hearts
»(wiﬁh a 'simultaheous-incfease in resting tension. The content of

" adrenochrome also rose over the 30 min period in the whole heart
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and in almost ali the crude or pure fractions. Only in the
mitochondrial fraction did an earlier valué éxceed a later one
(Fig. 3), but the error involved was large. This raises the
.possibility that the increased adrenochrome content ove? time
directly causes the decreases in contractile force and increases
in.resting tension. Later data though, suggesté a very close

simple relationship is not the case. The steroids corticosterone

and 17-beta-oestradiol very greatly augmented the rise in resting

tension in éombination with adrenochrbme, but decreased heart
adrenéchrome content (Table 4) and did not greatly augment the
decrease in contractility casued by adrenochrome (Figf 6). Also,
perfusion with varying concentrations of adrenochrome resulted in
great changeé in fhe adrenochrome content of the tissue (Table 2)
but the changes in contractility and resting temsion did not vary
nearly as greatly from oﬁe concentration to another. 1In
experiments with = perfusion of  adrenochrome followed by
adrenochrome free_pepfusion, a dissociation was also seen betweén
changes. in contractile' force, resting tension and adrenochréme

content. Adfenochrbme‘content decreased about 50% after 10 min of

perfusion with adrenochrome free solution and after 10 more min a

further‘IO% decline was noted. In contrasf, de?gloped tensién did
nét mérkedlyvimprove after either 10 or 20 min‘of perfusion with
adrenochrome - free solution. Resting tension continued rising for
10 min and thén declined to near normal levels. It therefore -
appearé that after perfusion with adrenochrome,»hearts took time

to return to their preset resting tension, while the effects  on




contractile force could - not be reversed by decreasing
adrenochrome content by pérfusion with adrenochrome free buffer.
I; is Iikely some wultrastructural and biochemical_damage had
occufed which could not be very quickly reversed, such as an
influx of calcium ions (14, 33, 39).

The mnatural -catecholamines and isoproterenoi do not bind
irfeversibly to the heart. Iversen (141) perfused hearts for ten
zmin with catecholamines containing solution; followed by 20 min
of catecholamine free perfusion. This procedure removed roughly
85Z of the tissue catecholamines. Thé present study found that
slightly under 407 of the adrenochrome remained after 20 min of
post perfusion, indigating_.a stronger binding. Callingham and
2urgen {151) found isoproterenol, similar to the natural
~catecholaﬁiﬁes, was?.removed rapidly b? post perfusioms. Also,
isopréterénoi did not bind strongly to subcellular fractions.
Huch more 1isoproterenol was lost to supérﬁatants of‘fractioné
than was retained in the peliets of fractions. This was not the
case with adrénochréme which was not so easily washed from the
hearts amd remained st?ongly bound to thev pellets. Thus, tﬁe
binding ef adrenochroﬁe was stfonger, being 1ess.reversible.

The iiﬁeari;y énd‘the.appareht ease with which adrenochrome
entered and bound to the cells suggésts that some strong uptake
mechansim is involved. A single exéeriment involving intra§enou§j

. s : 14 :
injectiom of labelled [C ]adrenochrome in rats confirmed that

this uptake 1is -very active and occurs in whole animals. Thus,

adrenochrome binding and uptake observed in this study may




reflect processes occuring naturally in the heart (unpublished

bbservations*). Further work is necessary to clarify and quantify
this point.

The nature of the uptake of adrenochrome is still not known.
Though Michaelis - Menton kinetics were found an active transport
systemk or facilitated diffusion both could result 1in such
kinetics (150). In extraneuronal catecholamine uptake
isbproterenol and norepinephrine do not - bind strongly
iﬁtraéellularly. (150, 151) and are highly concentrated‘méking
active tfanSport.more likely than facilitated diffusion (150). In
this case, intracellular binding ‘was  strong suggesting either
possibility, though it is still premature to speculate on this
-point.

Recent work in our lab has suggested that adreﬁochrome has
an important role in wvivo (Dhillon, K.S., 1In preparation).
Intravenous injection of adrenochrome (10 mg/kg - .50 mg/kg) in
male Sprague. Dawley rats, immediately caused changes in blood

pressure aad various typeé'of arrhythmias.‘Thé severity of the

| *Aftér an injectién of 20 mg/kg of [Cla]adrenochrome_with a

5 min .equalibriuh period, the hearts contained 65 ug
adrenochrome/gm tissue. This is well above the amount of
adrenﬁchrome present 'in the exfracellﬁlar space of fhe‘heart,
assuning adrenochrome disﬁributes hoﬁogeneously in a vascular
‘ interstitial space of 24% and that the extracellular space of the

- myocardium is 19% of the myocardial volume.




effects depended on the concentration and sometimes resulted in

the death on the animals.

Thé great affinity of adrenochrome for the sarcolemma and.
the sarcolemma rich 1,000g fraction, was noﬁ surprising.
Adrenochrome has.been shown to strongly inhibit sarcolemmal Na+ -
k" ATPase in vitro or in perfused hearts. It has also been
| indirectly suggested to bind to this fraction in previous work
. (38). Part of the mechanism by which adrenochrome inhibits this
enzyme could thﬁs be direct, by an interaction with the enzyme,
or some other felated components of the sarcolemma.

" Adrenochrome also was bound in relatively high amounts to
the SR, although this makes up a much smaller total amounf 6f
adrenochrome, due to the lower yield of SR. Since adrenochrome
has been shown to affect SR calcium accumulation when added to
isolated SR (37), it may be that this action is also exerted by
biﬁdihg to the SR.

The  binding to both myofibrilsl and ‘mitochondria Qas
relatiﬁely low. The marker énzymés indicated that these fractions
were quite pure, thus the adrenochrome found there was pfobably
not from -other fractions. Myofibrils" isoiated froh_ hearts
perfused with adrenochrome, or exposed to adrenochrome directly,
are not affected (38).'Therefore it is not surprising fhat little
adreﬁOChrome is bound there. In contrast, mitochondria have
decreased ability to accumulate .calciuﬁ in the presenée of
adrenochrome (37). Also the mitocﬁondria'of hearts pe;sted with

‘adrenochrome or oxidized isoproterenol have impaired oxidative
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phosphorylation and' adrenochrome can impair oxidative
phosphorylation when added to isolated mitochondria (33, 42, 43).
Thus, the small amounts bound by the mitochondria are enough to
impair them, or the binding itself is not resposible for
impairiné mitochondrial function. Other factors such as calcium
may be dinvolved. Calcium has been implicated in adrenochrome
induced cardioﬁoxicity (36, 37, 39) and can impair mitochondrial
oxidative phosphorylation (81, 99-101).

The great - affinity of adrenochrome for some fractions as
opposed to otﬁers, and the specificity of adrenochrome in its
actions - on some enzymes as opposed to others (38) indicates éome
possible specific sites and modes of action, despite the 1large
amounts bound.

Though . it .is possible that  in the homogenization and
isolation procedures, some adreﬁochrome was - lost or rearranged
where it ‘wgs bound, this is unlikely for several reasons.
Firstly, the binding of adrenochrome to its fractions was very
.strong.  In isolati&n procedures only one fraction, ‘the
supernatant of fhe 100,000g fraction coﬁtained any signifigant
amount of adrenochrome. This fraction would contain soluable
pfoteins and thus probably did not repreéent freely dissociated
édrenochrome. Other fractions showed no appreciable 1loss of
adrenochrome, evén after such drastic treatments as hypotonic
bshock' and treatments with high. ionic stréngth salts sucﬁ as
lithium ﬁromide and potassium chloride. The recovery of

adrenochrome from homogenate to crude fractions was- very great,
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between 96% and 99%, indicating the 1little 1loss of these
fractions to their supernatants. Also, all of the isolations were
dqne at - 0-4° 'so that diffusion would be minimal and after
perfusion the hearts were immediately.placed iﬁ ice cold ﬁuffef
to help prevent any rearrangement of adrenochrome.

Little cross contamination was shown when mitochondria from
hearts perfused with [C14]adrenochrome vere mixed.with sércolemma
isolated from control hearts, at 0-4°. Sarcolemma which was then
soon 1isolated again ‘contained very little of the radioisotope.-
This suggests that little cross contamination occurs under these
conditions? even “from a fraction Einding little adrenochrome tq
one binding 1arger amounts.

Propanolol and iproniazid both inhibit adrenochrome induced
cardidtoxicity (35). Both of these reduced adrenochrome uptake
between 48% and 43%Z (Table 4).. Since neither iproniazid nor
propranolol «can maintain both4 contractile force and prevent
ﬁltréstructural damage over ‘ longer times (35), some
adrenochrome-induced alférations must remain and these remaining
alterations may be what is reflected in the adrenochrome still
found - in the myocardium. In ‘this study the adaition of
adrenochrome in the prééence of either drug, prolonged and
pronounced the increase in initial contractility caused by
adrenochrome alone. This occured in a dose dependent ' fashion
(Fig. 75 and was foliéwed by a gradual decline in developed
tension. &he signifigance of these effects are  not ‘yet clear.

Propranolol itself was obsefved to be = cardiodepressent ~
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inhibiting developed.tension up to 287% - an observation reported
by 6ther authors and one possibly related to actions on calcium
movements (197, 198). Religf‘ of this inhibition may Dbe
responsible for some of the observed effects. Iproniazid had no
such cardiodepressent' effects vand its effects on developed
tension, although similar, were somewhat smaller.
| " Iproniazid has been used successfully in the bast to treat
pétients' with angina (199-201) and inhibition .of monoamine
oxidase 'with iproniazid or othér inhibitors has beén reported to
reduce myocardial damaée by isoproterenol (202-205). This may be
the vresult of decreased accumulation of catecholamines ér of an
oﬁygen sparing effect (205). In this study iproniazid acted to
decrease adrenochrome accumulation, possibly protecting the
myocardium in this»manner. Proérandlél hasr also been shown to
reduce Eatécholamine induced cardiac necrosis (69, 74, 83, 88,
92, 93,) in addition téhits well known use in the treatmeht of
patienté with arrhythmias (206, 207).lIn catecholamine-induced
'cardiac ngcrosis propranolol can prevent the increases in calcium
due to isoproterenoi and delays or reduces the ultrastructural
_damége (69, 74, -83, 88, 92,>93)- Since adrénochrome has been
shown not to affect adenylafe cyclase (38) it 1s " unlikely that
the ﬁrofective ' effecf‘ of proﬁranolol agéinst _adrenochromne
toxicity acts througﬁ beta blockade- Eisenfeld et al. (208) found
that some adrenergic blocking agents, iﬁcluding‘ beta blockgrs,
" reduced ,ﬁﬂe extraneuronal accumulation of catecholamines. Thué

propranolol may act through this wechanism, though this is




probably not the major mechanism of its actions since propranolol

reduced adrenochrome content to a greater degree than specific
inhibitors of catecholamine uptake.

The‘uptake of adrenochrome exhibited some similarities and
some disimilarities to that of catecholamine uptake. The affinity
for adrenochrome was low bﬁt the capacity was high, similar té
extraneuronal uptake. Thé Km énd .Vmax values fér adrenochrome
‘uétake were 258 X 10 6 M and 54.6 ug/min/gm, which is very
similar to 'thé "Km Iversen (1415 reported for extraneuronal
norepinephrine upﬁake (252 X 10—6_M), though the maximum velocity
of édrenochrome uptake was greater than what Iversen reported for
norepinephrine (17 ug/min/gm) or epinephrine (11.8 ug/min/gm).
The uptake of adrenochrome detected here was operating ag' the
‘rahge of extraneuronal uptake. This does ﬁot exclude the
" possibility that the uptake also occurs in the same ranges that
neqrodal catecholamine uptake occurs.

Both ’the neuronal and extraneuronal catecholamine uptake
inhibitors resulted in paftial_decreaéEs in adrenochrome uptake.’
Since these are ‘quiﬁe specific in their actién, especially
cocainevand cqfticosterone,(l37, 140-143, 145, 150, 154, 155), if
" the uptake of adrenochrome  involved either _neﬁronal or
extraneuronal catecholamine uptake mechanisms alone, then 100% of
the uptake should have been inhibited in only one casé. As it is;
paftiél iﬁvolveﬁénts of - bﬁth neuronal and extraneuronal uptake
mechanisms are implicated or La completely different medhanism

must be postulated. Similar to the early experiments of Iversen’s
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- (141) énd others”’, any adrenochrome taken'ﬁp from the perfusate
gnd then released (possibly being o-methylated) would not be
detected in these experiments. Thus the estimation of
adrenochrome uptake could still ‘bg an underestimation, though
this error would probably be relatively small because of the
small contribuéion this wuptake makes in catechoiamine uptake
(150).

The potentiation by the steroids of the effects of
adrenchrome on the‘resting tension of the ﬁeart .is unexplained.
Though™ such data - for cocaine was not analysed due to the
instability induced 5y coéaine, no such rise in reéting tension
was apparent. steroids and in particular corticosteroids, greatly
potentiate the damage that catecholamines do to the heért (30,
115-122). Fleckenstein (81, 87) showed these agents may act by
greatly augmenting calcium accumulation'in the myocardigm. Since
an involvement of calcium accunulation has‘also been suggested in
aérenochrome induced cardiotoxicity (36, 37, 39) it is _poésible
these  effectsA on rgsting tension are calcium mediated. Large
increases in intracellular calcium through a variety of
mechanisms, are known to  cause contracture which  would be'
refléctéd as an increase in resting temsion in ‘this system
(209-211).

- Thus, it can be concluded that adrenochrome can be taken up
by the myoqardium iﬁ a.perfused heart aﬁd the possibility of this
uptake occuring in vivo is implicated. The uptake»of adrenochrome

is of low affinity and high capacity and has similarities and
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dissimilarities to catecholamine uptake mechanisms. Further work
on adrenochrome is suggested, including work with labelled
adrenochrome in vivo. Some such experiments are already planned

for this laboratory. Work with various calcium antagonists might

also clarify some of the effects of adrenochrome with respect to

the action of steroids.




VII SUMMARY -

Perfusion of hearts with adrenochrome caused marked
decreases in developed tension and increases in resting

tension as previously reported.

Adrenochrome content of hearts increased with time of

perfusion reaching high values and was dependent on the

concentration of adrenochrome the heart was perfused with. A

"~ high capacity low affinity system was implicated with the Km

and Vmax values of adrenochrome uptake 258 X 10-6 M and 54.6

ug/min/gm, respectively.

Various subcellular fractions bound varying amounts of

adrenochrome with the sarcolemma having the highest specific
and total activities. The amounts bound increased with the

time of perfusion in most fractions.

The bin&ing of adrenochrome was quiteﬂstrong.AIt was not
readily' reversible by adrenochrome free ‘perfgsions and:
fractibns containing adrenochrome did not readily lose it.

The post perfusions of heafts with XKreb’s Henseleit after
perfusion with adrenochrome, resulted in an eventual return
to normal of reétingb tension, but contractility did vnot

recover greatly.

Both propranolol and iproniazid, . inhibitors of
adrenochrome—-induced cardiotoxicity, prevented adrenochrome

uptake greatly.
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_Both the neuronal and extraneuronal inhibitors of

catecholamine uptake, depressed the uptake of adrenochrome
sonewhat. Corticosterone = and l7-beta~ocestradiol in
combination with adrenochrome, caused large increases in the

resting tension of the isolated perfused hearts.
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