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ABSTRACT

The monoamine oxidase (MAO) activity of various peripheral tissues 

of the rat and serum corticosterone levels (SCI) were assayed at various 

time periods (8 hours, 1, 5, 10, 20, 30 and 40 days) following bilateral 

adrenalectomy (AX).

Of the organs studied, only the MAO activity of the rat heart and 

vasa deferentia (VD) showed distinct time-related increases above con

trol, sham-operated values. The increase in the VD preceded that of the 

heart, but the percentage rise was smaller and the effect less sustained. 

Thus the MAO activity in the VD was first significantly increased after 

1 day, whereas 10 days were required for the heart. However, cardiac 

MAO activity was still elevated at 30 and 40 days, whereas, no signifi

cant increase remained in the VD. Liver MAO was slightly but significantly 

increased at 30 and 40 days but no changes occured in the MAO activity 

of the spleen and kidney. Thus AX specifically affects the MAO of 

certain organs but not others and the time-course of this effect seems 

characteristic for the particular organ. In addition, a positive 

correlation between both body weight and heart v/eight was found for 

control MAO activity; this correlation was absent in AX rats. These 

findings may lend support to a previous proposal that AX affects only 

the MAO located within the cardiac adrenergic fibers.

There was also a strong correlation between increases in MAO 

activity and markedly reduced SCL. However, no evidence was obtained 

for any progressive return in these latter levels with time. Dexa

methasone (DEX), administered between 10 and 20 days reversed the rise



in cardiac MAO activity. Thus, at least for the heart, a low level of 

circulating glucocorticoids appears to be totally responsible for the 

maintenance of the elevated MAO activity. DEX is not an MAO inhibitor, 

since it failed to alter the cardiac MAO activity in the control rats.

Acute experiments (8 hours) were made to compare the effects of 

metapyrone (an inhibitor of corticosteroid synthesis ), epinephrine (E) 

and AX. All treatments tended to increase MAO activity in the heart, 

VD and liver, but no such tendency was seen for the kidney. SCI were 

decreased maximally by AX compared with metapyrone, whereas E increased 

SCI to approximately 60% above control values. Metapyrone failed to 

significantly alter the liver MAO activity in vitro. These data failed 

to confirm previous reports of a rapid increase in the MAO activity of 

rat organs following metapyrone (4 and 8 hours) and suggests that cir

culating E might possibly influence MAO by a mechanism unrelated to 

steroid lack.

In conclusion, it is suggested that steroid insufficiency might 

lead to an increased synthesis rate of MAO at the level of adrenergic 

cell bodies. The differential time-course effect on the VD and heart 

may then be related to the known anatomical differences in fiber length 

which in turn may reflect time differences incurred during axoplasmic 

transport of the new formed enzyme.
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CHAPTER I

LITERATURE REVIEW

A. INTRODUCTION, AN HISTORICAL BACKGROUND

The enzyme monoamine oxidase (MAO) was first discovered by Hare 

(1928) and was known initially as tyramine oxidase, since it was shown 

to be capable of deaminating tyramine to form p-hydroxyphenylacetalde

hyde which is then further oxidized to the corresponding carboxylic 

acid. It was subsequently found that the enzyme could oxidize a variety 

of other monoamines such as tryptamine, 5-hydroxytryptamine and the 

catecholamines, norepinephrine, epinephrine and dopamine (Blaschko, 

1952, 1954, 1963). Since this time, MAO is known to represent a whole 

group of enzymes or isoenzymes (Johnston, 1968; Youdim et al., 1969; 

Fuller and Rouse, 1972; Squires, 1972), which are collectively classi

fied as MAO; monoamine; 0<. oxoreductase (deaminating); E.C.1.4.3.4. 

Thus MAO is distinguished from other amine oxidases which deaminate 

diamines, such as spermine oxidase or histaminase, or the oxidase 

present in plasma which is usually referred to as plasma amine oxidase 

(Hagen and Weiner, 1959).

B. LOCALIZATION OF MONOAMINE OXIDASE

Blaschko (1952) showed that MAO is widely distributed in the animal 

kingdom and possibly in plants. In vertebrates, it occurs in glandular 

tissue, in smooth muscle and in the nervous system. MAO has been sho\/n 

to be localized in the outer mitochondrial membrane of the liver, brain, 

and adrenal glands of rats (Hawkins, 1952; Blaschko et al., 1955; Bog- 

danski et-al., 1957; Weiner, 1960; De Arnaiz and De Robertis, 1962),
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and recent studies have confirmed this observation (Schnaitman et al., 

1967).

Subcellular distribution studies of MAO in rat liver cells have 

showed that mitochondria contain approximately 70% to 80% of the total 

MAO in the homogenate (Oswald and Strittmatter, 1963). However, the 

distribution of MAO in certain other tissues is claimed to differ markedly 

from that of liver. For instance, in the heart and salivary glands a 

considerable proportion of the MAO has been found to be associated with 

the microsomal fraction which also contains norepinephrine vesicles 

derived from the adrenergic innervation to these organs (de Champlain 

et al., 1969). After denervation of the sympathetic nerves to the 

salivary glands partial disappearance of MAO activity from all subcell

ular fractions was observed (de Champlain et al., 1969), indicating that 

the greater part of the salivary gland MAO is extraneuronally located. 

Burn and Robinson (1952) first suggested that MAO played an important 

metabolic role within sympathetic nerve endings, because a fall in MAO 

activity was obtained on denervation of the cat nictitating irembrane. 

However, subsequent studies failed to confirm these findings, leading 

to the conclusion that there was no selective association of the enzyme 

with adrenergic neurons (Armin et al., 1953). Later studies by Snyder 

et al., (1965) and Wattman and Sears (1964) conclusively demonstrated 

a fall in f'AO activity following sympathetic denervation of rat pineal 

gland and rabbit iris, suggesting that at least part of the MAO activity 

in these organs is associated with sympathetic nerves. Increases in the 

endogenous levels of monoamines due to inhibition of HAO added further 

strong support for intraneuronal locus of this enzyme (Muscholl, 1959; 

Crout, 1961).



3

It has now become apparent that MAO is located both intra and extra- 

neuronally. However, recent studies show that in most tissues the vast 

majority of MAO is situated at extra-neuronal sites (Horita, 1967; 

Iversen, 1967; Jarrott, 1971a; Horita and Lowe, 1972; Goridis et al., 

1972). The differences in the intracellular distribution of MAO in 

various organs may indicate different functional roles of the enzyme(s) 

within the various tissues. Jarrott and Iversen (1968) found that a 

considerable fraction of MAO is present in the microsomal fraction of 

vasa deferentia of rats, but they suggested that some or all of the 

microsomal enzyme may arise artificially due to translocation during 

tissue homogenization. In addition, microsomal MAO may derive from 

disrupted fragments of the outer mitochondrial membrane. An alternative 

possibility is that microsomal MAO arises from synthesizing enzymes 

present in membranes of the endoplasmic reticulum since such structures 

are contiguous with the outer mitochondrial membrane, and constitute 

part of the microsomal fraction. However, the studies of Stjarne et al., 

(1968) point out that the light microsomal fraction may contain arti- 

factual vesicles created from the membranes of the mitochondria. Erwin 

and Simon (1969) postulated a precursor pool relationship between the 

microsomal and mitochondrial enzyme, whereby MAO originates in the 

microsomes and is subsequently transferred to the mitochondria, but 

the actual synthetic site of MAO within neuronal and non-neuronal cells 

is still unknown.

C. PHYSICAL PROPERTIES OF MONOAMINE OXIDASE

Since it was very difficult to solubilize MAO from mitochondria, its 

properties remained uncertain for some time. However, recent progress 
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in methodology has made elucidation of the properties of MAO possible. 

Recent studies have succeeded in demonstrating that MAO is a flavoprotein. 

Erwin and Hellerman (1967) reported that pig kidney mitochondrial MAO 

possess a firmly bound flavin group but the precise role of FAD (flavin 

adenine dinucleotide) in the mitochondrial MAO remains for further invest

igation. The presence of copper in the MAO of the beef liver enzyme was 

reported by Hara et al. (1966a, b). However, copper chelating agents 

did not inhibit the enzyme while p-chloromercuribenzoate and N-ethyl- 

raaleimide did inhibit beef liver MAO, indicating the presence of essential 

sulfahydryl groups (Gomes et al., 1969; Harada et al., 1971). In 1965 

Gorkin suggested that MAO may be present in more than one form. Collins 

et al. (1970), using polyacrylamide gel electrophoresis have separated 

human brain mitochondrial MAO into at least four dissociable molecular 

forms that exhibit quite different substrate affinities. MAO #1 had the 

highest specific activity towards tryptamine, tyramine and benzylamine, 

whereas the specific activity of MAO #4 for dopamine was greater than 

that of the other three forms. Youdim et al. (1969) concluded that the 

multiplicity of MAO may be due to conformational differences in the 

enzymes. This conformation specificity may possibly result from phospho

lipid components in the enzymes since incubation of MAO with phospholipase 

C has been claimed to remove all differences between the various types of 

liver enzymes (Sandler and Youdin, 1972). On the other hand. Gomes et al. 

(1969) concluded that the multiplicity of ox liver mitochondrial MAO is 

due to aggregation of subunits to produce a polymeric series.

Thus it remains largely unresolved as to whether HAO's exist as a 

result of conformational differences (Youdim et al ., 1969), polymerization 
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of active subunits (Gomes et al., 1969), attachment of membraneous debris 

or varying amounts or types of phospholipid components (Veryovkina et al., 

1964). However, evidence that the heterogeneity of rat brain enzymes may 

result from various degrees of microsomal contamination from mitochondrial 

fractions has been largely ruled out by detailed electron microscopic 

studies of Boadle and Bloom (1969). Recent studies using the method of 

mixed substrates, which usually provides a sensitive indication for the 

presence of more than one enzyme, have failed to provide any evidence of 

heterogeneity in human brain MAO preparation (Houslay et al., 1974). The 

existence of two general groups of MAO in rat brain, termed MAO A and 

MAO B has been inferred from in vitro and in vivo studies (Johnston, 1968; 

Hall et al., 1969; Neff et al., 1974). Enzyme(s) A are sensitive to 

inhibition by clorgyline, exhibit heat stability at 50° C and show 

selectivity of deamination for serotonin and norepinephrine. Type B 

enzyme(s) are insensitive to clorgyline, rapidly inactivated when heated 

to 50° C and preferentially deaminate g-phenyletylamine, but not sero

tonin. Some endogenous amines are metabolized by both enzyme groups 

such as dopamine, tryptamine and tyramine (Hall et al., 1969). Recent 

studies by Youdium (1974) demonstrated that a rat brain MAO exists which 

may preferentially deaminate dopamine and is different from the enzyme 

system that deaminates tyramine. The proportion of enzyme A and enzyme 

B types has been found to differ in various anatomical locations (Neff 

and Goridis, 1972). Type A enzymes are associated with sympathetic 

neurons of animal and man (Goridis and Neff, 1971). Investigation by 

Hall et al., (1969) and Squire (1972) showed that type A enzymes are 

not limited to sympathetic nerves, since they are also found in other 

tissues.
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D. PHYSIOLOGICAL ROLE OF MONOAMINE OXIDASE

Blaschko (1963) supported the protective role of enzymatic deamination 

of biogenic amines in organism. Monoamine oxidase has an important 

physiological role in the oxidative deamination of biologically active 

monoamines such as the catecholamines and serotonin (Davison, 1958). 

Upon administration of an MAO inhibitor, the tissue levels of catechol

amines in the brain are significantly increased (Spector et al., 1958). 

These results suggest that MAO is important in the brain and heart for 

the metabolism of endogenous catecholamine (Crout et al., 1961). How

ever, other physiological roles for MAO have been suggested. For 

instance, Gorkin and Orekhovitch (1967) reported a possible new physio

logical role for MAO, namely participation in the regulation of tissue 

respiration. Also, Fischer et al. (1966) have suggested that thyroid 

MAO may play a possible role in iodothyronin biosynthesis.

However, major emphasis has been placed on the role of MAO in the 

intraneuronal metabolism of monoamine transmitters, particularly norepi

nephrine. As pointed out previously, the endogenous levels of dopamine 

and norepinephrine in the brain of many species are greatly increased 

after the administration of MAO inhibitors such as iproniazid. Similar 

rises in the endogenous norepinephrine levels in peripheral tissues have 

also been demonstrated by Pletscher (1961). Such observations have 

promoted the suggestion that intraneuronal MAO might serve to regulate 

the storage levels of norepinephrine in sympathetic nerve endings, by 

destroying the transmitter synthesized in excess of the optimal storage 

capacity (Brodie et al ■, 1959). It is believed that there is more than 

one intraneuronal pool, or store of norepinephrine and it has long been 
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shown that the more stable pool (vesicles) is profoundly influenced by 

MAO (Axelrod et al., 1961). Also, MAO may physiologically serve to limit 

the extra-vesicular pool or pools of HE. Such pools are believed to 

control the synthetic rate of the transmitter by evoking a feedback 

inhibition on tetrahydropteridine, the cofactor for tyrosine hydroxylase 

(Spector et al., 1967). This implies that MAO is a sensitive con

troller of synthetic rate and HE levels, along with the widely accepted 

concept of feedback inhibition. Recently some evidence has appeared 

suggesting that this synthetic control mechanism might be exerted at the 

dopamine stage in the biosynthetic pathway for HE (Roth and Stone, 1968). 

Such a mechanism is not unlikely, since both DA and HE are equally effect

ive in controlling tyrosine hydroxylase activity via the tetrahydro

pteridine cofactor (Udenfriend et al., 1965). Recent investigations by 

Clarke and Sampath (1973) have added further support to these contentions.

Beside catecholamines, other endogenous amines which are normally 

absent from nerve endings accumulate after MAO inhibition and are 

subsequently released by nerve impulses (Kopin et al., 1964). Such 

substances as octopamine are termed "false transmitters". Inhibition of 

MAO in vivo decreases the excretion of deaminated matabolites of HE, but 

the excretion of octopamine and tyramine are markedly increased (Sjoerdsma, 

1966). It is evident, therefore, that one functional role of MAO is to 

protect adrenergic neurons from accumulating false amines which serve to 

diminish neuronally induced responses (Kopin et al., 1964). Furthermore, 

the high concentration of MAO found in the intestine and liver (mainly 

extraneuronal) would serve to prevent the entry of ingested, potential 

"false" monoamine transmitters, into the cardiovascular system, where 
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their effects would be exerted, not only on the adrenergic neurons, but 

on the effector cells themselves.

E. ENDOCRINE CONTROL OF MONOAMINE OXIDASE

It has become apparent that many of the enzymes concerned with the 

synthesis and metabolism of endogenous catecholamines are profoundly 

influenced by changes in hormonal states. In this respect MAO is no 

exception. For instance, rat heart MAO activity is elevated markedly 

following bilateral adrenalectomy (Avakian and Callingham, 1968; Bhagat, 

1969; Westfall and Osada, 1969; Sandler, 1970; Callingham and DellaCorte, 

1971; Sampath and Clarke, 1972; Sampath et al., 1972; Clarke and Sampath, 

1973). Avakian and Callingham (1968) who first reported this phenomenon, 

also showed that this increase in cardiac MAO activity could be prevented 

completely by daily injections of hydrocortisone. Recent studies have 

confirmed this observation (Caser et al., 1970; Sampath and Clarke, 1972; 

Parvez and Parvez, 1973a).

Subsequent studies have shown that bilateral adrenalectomy not only 

affects cardiac MAO, but also increases the MAO activity in certain other 

organs of rat (Caesar et al., 1970; Csaba et al., 1972; Sampath and Clarke, 

1972; Sampath et al., 1972) particularly those possessing a fairly rich 

sympathetic innervation (Sampath and Clarke, 1972). No increase above 

control values was observed in the MAO activity with any substrate in the 

whole brain and liver homogenates or in the salivary glands from adrenal- 

ectomized rats (Callingham and Laverty, 1973). However, Sampath (1972) 

revealed a small but significant rise in hypothalamic MAO activity ten 

days following bilateral adrenalectomy. An attempt was made by Callingham 

and Laverty (1973) to determine whether adrenalectomy modifies the 
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properties of MAO found in the rat heart. However, they failed to find 

any differences with regard to pH optima, heat stability or in inhibitor 

or substrate specificity. Thus these data indicate that the nature of 

the enzyme is not changed following adrenalectomy and implies that the 

increased activity may result from an enhanced production or reduced 

metabolism of the normally occuring enzyme. Sampath and Clarke (1972) 

showed that the induced rise in MAO activity following bilateral adrenal

ectomy was not related to an enhanced secretion of adrenocorticotrophic 

hormone from the pituitary. They therefore suggested that the enhanced 

enzymatic activity appears to be a direct consequence of steroid insuffi

ciency. Corticosterone, the primary adrenal steroid released in the rat, 

failed to inhibit MAO when tested in vitro and similar results were 

obtained by elevating endogenous levels in vivo (Sampath, 1972). Thus, 

the mechanism whereby adrenalectomy actually causes a rise in MAO activity 

remains speculative. The removal of an inhibitory action of endogenous 

steroid would appear to be important. The steroids may exert their action 

at several sites in the biosynthesis and metabolism of MAO, either directly 

inhibiting synthetic enzymes themselves or by influencing the action of 

nondialysable regulating factors for these enzymes or by regulating the 

metabolism of the enzyme (Parvez and Parvez, 1973a, b). Alternatively, 

the existing enzyme could be modified by the removal of an inhibitor or 

the production of an enzyme activator. If so, these factors escape 

detection by the usual in vitro tests, since Sampath (1972) failed to gain 

evidence of activator or inhibitor participation. A similar failure in 

this respect has just been reported by Callingham and Laverty (1973). 

Finally, MAO activity of various tissues is markedly elevated following 
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metapyrone treatment (Parvez and Parvez, 1973a, b) again indicating that 

the presence of corticoids serve as a rate limiting factor for the 

activity of the enzyme (West, 1974; Roffi, 1965; Wurtman, 1966; Csaba 

et al., 1972; Parvez and Parvez, 1972; 1973a, b; Wiest, 1974).

Several studies have shov/n that bilateral adrenalectomy also en

hances the cardiac turnover of norepinephrine (Bhagat, 1969; Westfall 

and Osada, 1969; Pohorecky and Wurtman, 1971). The same observation 

was made in the brain following adrenalectomy by Javoy et al., in 1968. 

Landsberg and Axelrod (1968) found that 24 hrs. after administration of 
3 

a tracer dose of H-fiE, the specific activity of cardiac NE was reduced 

in the adrenalectomized rats.

With respect to adrenergic neurons, Sampath and Clarke (1972) 

found that in the denervated vasa deferent!a, MAO activity decreased by 

50% and no increase was found after adrenalectomy, showing that adrenal

ectomy specifically influences intraneuronal MAO in this organ. Other 

studies (Sampath et al., 1972; Sampath, 1972) revealed similar findings 

for the heart and superior cervical ganglion, again indicating that the 

rise in MAO activity following bilateral adrenalectomy is largely if not 

entirely located intraneuronally. In another study, Clarke and Sampath 

(1973) found that the endogenous level of ME remained unaltered following 

bilateral adrenalectomy. However, nialamide, an irreversible monoamine 

oxidase inhibitor, caused a greater accumulation of NE in the hearts of 

adrenalectomized rats over that obtained in the sham-operated controls. 

Thus evidence for an enhanced intra-neuronal deamination in the neurons 

of adrenalectomized rats was obtained using indirect means. In addition, 

determinations of catecholamine metabolites formed in the hearts of 
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adrenalectomized rats have shown a significant rise in deaminated products 

(Avakian and Callingham, 1968). The noted increase in vanylmandelic 

acid (VMA) and homovanillic acid (KVA) excretion after adrenalectomy 

and hypophysectomy (Parvez et al., 1974) may also be explained according 

to the known effects of glucocorticoid hormones on the enzymes of cate

cholamine degradation (Parvez and Parvez, 1972). Recent studies have 

postulated that the increased urinary excretion of NE observed in adrenal- 

ectomized rats can be considered to be the result of compensatory increase 

of sympathetic noradrenergic activity (Ingle, 1952; Himms and Jones, 1968; 

Westfall and Osada, 1969).

A number of studies have been concerned with changes in tissue MAO 

activity with age. There is now a discrete amount of data on the age- 

related variations of MAO activity of brain, liver and heart tissue. Thus, 

MAO activity in the rat heart was found to be increased with the age of 

the animal (Gey et al., 1965; Prange et al., 1967; Horita and Lowe, 1972). 

In rats, the increase in heart mass during the normal growth is accompanied 

by a marked increase in the concentration of MAO (de Champlain et al., 

1968a). The increased MAO activity in heart appears to be related to the 

increase in cardiac mass rather than to changes in the storage of norepi

nephrine associated with the development of hypertension which was also 

studied in these experiments. According to Prange et al., (1967) MAO 

activity measured in the total homogenate and in the mitochondrial 

fraction of the rat heart, was increased several fold during the course 

of the whole life span (1-24 months of age). Following adrenalectomy 

there is a further increase in enzyme activity superimposed upon that due 

to the growth of the animal (Callingham and DellaCorte, 1972). This
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This increase in heart MAO reached a maximum 14 days after the oper

ation, but the MAO remained at this level for at least a further 14 

days (longest time tested). As rats grew older, the rate of destruction 

of both MAO and NADH^ cytochrome C reductase (NCR) is claimed to decrease 

which may account for the observed increase in enzymatic activity seen 

with age (Callingham and DellaCorte, 1972). Adrenalectomy has no apparent 

effect upon the aging process.

It is v/ell established that the release of ACTH from hypophysis 

plays an essential role in physiology of adrenal cortex (Smith, 1930; 

Slusher and Hyde, 1966). Following adrenalectomy (24 hours) the ACTH 

containing cells of pituitary underwent a significant increase in cell 

size (30ii)- A 100% increase in cell size was reached as early as 5 days 

and then plateaued through 21 days (Eleanor and Miller, 1973). The size 

of the nucleus of the ACTH cell showed a significant increase by the 

fifth postoperative day and then remained constant to 21 days. The 

secretory granulation of the ACTH cells was strikingly reduced at 24 

hr., then gradually increased at the later time intervals. The incre

ments in plasma and pituitary ACTH content which occur after adrenal

ectomy were prevented by maintenance therapy with corticosterone (Sydnor 

and Sayers, 1954; Bucher and Koch, 1973). It appears that under normal 

physiological conditions the blood corticosteroids are involved in the 

control of both the synthesis and the basal secretion of ACTH (Buckingham 

and Hodges, 1974). Studies of Sampath et al., (1972) showed that hypo- 

physectomy (10 days) but not sham-hypophysectomy, decreased MAO activity 

in heart, spleen and hypothalamus indicating that ACTH did not mediate 

the elevations in MAO seen after adrenalectomy.



CHAPTER II

METHODS AND MATERIALS

A. ANIMALS AND ANIMAL HOUSING

The animals used in these studies were male, albino rats, Sprague- 

Dawley descendants, weighing 150-175 g at the time of arrival from Zivic 

Miller Laboratories, Inc., Pittsburgh, Pennsylvania. The rats were 

housed in pairs in standard cages (22 x 20 x 17 cm) for the entire 

experimental period.

The animals quarters were maintained at 22-24°C, on a circadian 

cycle of 12 hours (6:00 A.M. - 6:00 P.M. light; 6:00 P.M. - 6:00 A.M. 

dark). Food and drinking fluid were given ad libitum.

B. DETERMINATION OF MONOAMINE OXIDASE ACTIVITY 

General Procedure

Monoamine oxidase activity was assayed, on whole tissue homogenates, 

by determining the indoleacetic acid formed from tryptamine in the presence 

of excess aldehyde dehydrogenase. The assay procedure is illustrated 

below and is based largely on the original method described by Lovenberg 

et al., (1962).



14

Tryptamine

MAO + O2

\y
Indoleacetaldehyde

Aldehyde dehydrogenase

v
Indoleacetic Acid

Tryptamine is oxidatively deaminated by MAO to indoleacetaldehyde which 

is then further oxidized to indoleacetic acid by aldehyde dehydrogenase 

v/hich utilizes nicotinamide adenine dinucleotide as a hydrogen acceptor. 

Excess aldehyde dehydrogenase is required so that the second stage of 

the reaction is not rate limiting. The formed indoleacetic acid was 

assayed spectrophotometrically.

The amounts of IAA formed can be easily detected since the endogenous 

tissue level of this substance is extremely small and is below the sensi

tivity limits of the assay. The fluorescent properties of the compound 

permit detection of microgram quantities.

Preparation of Tissues

All the tissues were frozen over a dry ice-acetone mixture on 

removal from the animal. They v/ere thawed in cold 0.25 M sucrose and 

homogenized using an Ultrax-Turrex homogenizer. The glass beakers con

taining the tissue and 0.25 M sucrose were kept in an ice bucket to 

prevent denaturation of MAO. The homogenization was carried out at 
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medium-high speed at 15 sec. intervals (to prevent overheating) for about 

4 min., until the tissue was judged to be completely dispersed. The 

amount of tissue used for incubation was varied according to the inherent 

MAO activity. Previous studies have shown that, at the tissue concen

trations selected, the initial velocity rate of the enzymatic reaction 

was being measured during a 20 min. incubation period.

Assay procedure: The composition of incubation mixture is given 

below:

0.40 ml. 1 M phosphate buffer pH 7.4

0.50 ml. nicotinamide (100 p mole)

1.60 ml. H20

1.00 ml. homogenate

0.40 ml. aldehyde dehydrogenase preparation

0.70 ml. NAD (Nicotinamide adenine dinucleotide) 24.5 p mole 

tissue concentration of homogenate:

100 mg for heart tissue

100 mg for kidney

100 mg for spleen

50 mg for liver

50 mg for vasa deferent!a

A preincubation time of 10 min. was employed before the substrate was 

added.

0.40 ml. tryptamine (14 p moles)

Thus the total volume of the reaction mixture was exactly 5 ml. The 

various components of the incubation mixture were added in the order 
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listed in the above table and were contained in a 25 ml. beaker, pre

chilled on ice. Duplicate incubations were carried out for each sample. 

Incubations were conducted under air at 37°C in a Dubnoff Metabolic Shaking 

Incubator. After the 10 min. incubation period, which allowed the contents 

of the beaker to reach 37°C, the reaction was initiated by the addition 

of 0.4 ml. of tryptamine and 20 min. later the reaction was stopped by add

ing 10 ml. of 0.5N HC1. After shaking, 3 ml. aliquots were transferred to 

screw capped 40 ml. centrifuge tubes containing 1.5 gm. of sodium chloride. 

After the addition of 15.0 ml. of toluene, the tubes were agitated at 

high speed for 20 min. using a mechanical shaker. The tubes were centri

fuged for 5 min. at 2,700 rpm. Ten ml. of the organic layer, which now 

contained the IAA, was delivered to another screw capped tube contain

ing 1.5 ml. of 0.5M phosphate buffer pH 7.0. The tubes were again shaken 

for 20 min. to extract the IAA into aqueous phase, and the tubes were 

then centrifuged for 5 min. in order to obtain a clear separation. The 

toluene was removed by aspiration and the fluorescence of the extracted 

IAA, in buffer, was then measured on an Arainco-Bov/man Spectrophotofluore- 

meter at uncorrected wavelengths of 285 my (excitation) and 366 my 

(emmission)(Fig. 1).

To correct for traces of MAO activity present in the aldehyde 

dehydrogenase preparation, control assays were performed by substituting 

0.25 M sucrose for the tissue homogenate, incubating, and then carrying 

the aliquots of this incubation mixture through the entire extraction 

procedure. Blank values obtained in this manner were identical to those 

derived from using previously boiled homogenates.
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Internal standards were prepared routinely by the addition of known 

amounts of IAA to 0.1 M phosphate buffer pH 7.4 and were carried through 

the entire extraction procedure. The recovery of IAA ranged from 60 to 

65% with a mean value of 63.7 + 0.77 for 30 experiments. Previous studies 

have shown (Lovenberg e.. al., 1962), that the recovery of IAA is not 

altered by the presence of tissue in the incubation medium.

The external standards of IAA were made in Sorensens phosphate buffer 

0.5 M pH 7.0 and were measured immediately after preparation. The external 

standard curve was used to determine the IAA concentration (pg) in each 

aliquot from the incubation medium (Fig. 2).

The Specific Activity (SA) of MAO in p moles of lAA/g.tissue/hr. 

was calculated using the following formula:

SA = IAA (uo) x 1000 . x 60. x 3_*  _1_ x 100
' x mg. tissue 20 mins. 2 x 175 % recovery

Correction for dilution

qjg = Conversion to y moles, where 175 is the molecular weight of IAA

C. SERUM CORTICOSTERONE DETERMINATIONS

Initially assays were made on plasma corticosterone, but this source 

of the steroid gave rise to erratic results and evidence of interfering 

fluorescent material on the activation-emission spectra. Both of these 

difficulties were removed when the blood was allowed to clot and the 

resulting serum samples employed for assay.

Serum corticosterone was extracted using the method described by 

Silber et al., (1958) and Gui1leman et al., (1959); however, the fluroes- 

cence of the extracted steroid was developed using the reagent described 

by Zenkler and Bernstein (1958).
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Extraction Procedure

The blood v/as collected in glass centrifuge tubes by holding the 

trunk of decapitated rats over a plastic funnel. The tubes were kept 

on ice and the blood was allowed to clot (5-10 min.). The serum was 

obtained by centrifugation for 15 min. in a clinical laboratory centri

fuge. The samples were kept frozen until assay.

Serum samples (0.5 ml.) were placed in 40 ml screw capped centrifuge 

tubes. Aliquots of the corticosterone working standard*  (0.2, 0.4, and 

0.6 ml.) were placed in similar tubes. The volume in all tubes was 

adjusted to 2.0 ml. with GDW and 2.0 ml. of GDW was used for the reagent 

blank. All samples were washed by adding 4 ml. of iso-octane to the 

tubes and the contents were mixed for 15 sec. on a "Vortex" mixer. 

Following centrifugation at 2,500 rpm for 3 min., the iso-octane layer 

was removed by aspiration. Ten ml. of chloroform was added to each tube, 

and the contents were mixed at "medium" speed for 30 sec. on a "Vortex" 

mixer and centrifuged for 8 min. at 3,000 rpm. Following centrifugation, 

the aqueous layer was removed by aspiration. Standards and reagent 

blanks were treated identically to the test samples. Sodium hydroxide 

(0.5 ml. of 0.1 N solution) was added to all tubes which were then shaken 

for 15 sec. at high speed, and centrifuged at 2,000 rpm for 4 min. This 

step, which removed phenolic estrogens, was carried out as rapidly as 

possible since prolonged exposure to alkali destroys corticosteroids. 

The aqueous layer was removed by aspiration. A suitable aliquot (5 ml.) 

of the chloroform extract was then transferred to clean centrifuge tubes, 

and after the addition of 4.0 ml. of fluorescent reagent, the tubes were 

*Appendix
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placed on a "Vortex" mixer for 30 sec. at medium speed. Following centri

fugation for 6 min. at 3,000 rpm, the chloroform layer (top) was discarded 

by aspiration. The fluorescent intensity was determined 80 min. after the 

last mixing step, using an Aminco-Eowman Spectrophotofluorometer set at 

uncorrected wavelengths of 460 mu (excitation) and 520 mu (emission)(Fig. 3 

and 4).

The external standards were prepared by addition of 0.1, 0.2, and 0.3 

ml. of working standard*  to the tubes and diluted to 4.0 ml. with fluores

cent reagent. The contents of the tubes were mixed for 30 sec. at medium 

speed on a "Vortex" mixer. Fluorescence readings were made 80 min. after 

mixing.

The internal standard curve was used to correct for loss of corti

costerone encountered during the extraction procedure and to determine 

the absolute concentration of corticosterone in each 0.5 ml. serum sample. 

The final values were expressed in terms of ug/100 ml. sample. The 

percentage recovery of corticosterone was 89.2 +_ 1.49 for 13 experiments.

D. SURGICAL PROCEDURE

Bilateral Adrenalectomy

Rats were injected with atropine sulfate i.p. (1 mg/kg) approximately 

15 min. before ether anesthesia in order to prevent complications due to 

respiratory secretions. Two lateral incisions were made in the abdomen, 

and both adrenal glands were located and removed along with the surrounding 

fat. Subsequently, the peritoneal wall and skin incision was closed with 

wound clips. The sham-operation differed only in that the glands were

*Appendix
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RELATIONSHIP BETWEEN FLUORESCENCE AND

CORTICOSTERONE CONCENTRATION
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located but not removed. All animals received tap water containing 0.9% 

w/v rlaCl for drinking purposes. Experiments v/ere conducted at varying 

time intervals following surgery. In some experiments previously 

bilaterally adrenal ectomi zed and sham-operated rats v/ere obtained from 

Zivic Miller Laboratories, Pittsburgh, Pennsylvania.



CHAPTER III

EXPERIMENTAL RESULTS

A. THE TIME-COURSE EFFECT OF BILATERAL ADRENALECTOMY ON THE MONOAMINE 

OXIDASE (MAO) ACTIVITY OF THE RAT HEART, VASA DEFERENTIA, LIVER, 

SPLEEN AND KIDNEY 

Object and Rationale

It is well known that the MAO activity of the rat heart is increased 

after bilateral adrenalectomy, particularly 10 days after surgical 

removal of the glands. However, the time-course of this effect has not 

been established. For instance, whether elevations in cardiac MAO 

activity occurs during the first 24 hours after adrenalectomy or requires 

longer (days) to develop, is still not defined. Furthermore, compara

tively little attention has been directed toward changes in the MAO 

activity of other organs following bilateral adrenalectomy and it was of 

great interest therefore to determine whether certain extra-cardiac 

tissues exhibited similar changes with time or whether specific organs 

differences would become exposed. The MAO activity of certain organs, 

for example the liver and the kidney, has been found to be unaffected 

by bilateral adrenalectomy 10 days following surgery, but the possibility 

that alterations might become manifest at other time periods has not 

been investigated.

In order to ensure that changes in organ MAO activity were due to 

the adrenalectomy and not to the associated intake of saline, the effect 

of chronic saline vs. water ingestion was studied on the cardiac MAO 

activity of sham-operated rats.
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Male Sprague-Dawley rats were bilaterally adrenal ectomi zed or sham- 

operated and maintained on 0.9% w/v NaCl solution for up to 40 days. A 

certain number of animals (5 from bilateral adrenal ectomi zed and 5 from 

the sham-operated groups) were sacrificed by decapitation, 8 hr., 1 day, 

5 days, 10 days, 20 days, 30 days and 40 days after surgery. The follow

ing organs were quickly taken out: heart, spleen, liver, kidney, vasa 

deferentia. All the tissues were frozen immediately over a mixture of 

dry ice-acetone and kept frozen prior to the enzyme assays.

In another experiment, sham-adrenalectomized rats were divided 

into two groups. Group I received saline as the sole drinking fluid, 

whereas Group II was given water. The animals were sacrificed 30 days 

following surgery. Heart MAO was assayed. 

Results

Table I shows that the MAO activity in the hearts of sham-operated 

rats was not significantly changed following the intake of saline in 

place of water. However, there is a tendency to a slight increase in 

heart MAO activity following the intake of saline.

Table II shows that the MAO activity in the hearts of bilaterally 

adrenalectomized rats was significantly increased between 10 and 40 

days following the operation. The largest percentage increase over 

control value occured at 20 days; thereafter, at 30 and 40 days, there 

appears to be an indication of a progressive decline in the extent of 

the increase. No statistically significant increase in the activity 

of MAO was observed during the 8 hr., 1 day and 5 days following bilateral 

adrenalectomy, although a distinct tendency toward such an effect can be 

discerned.
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TABLE I

The Effect of 0.9% w/v NaCl as the Drinking fluid on the Monoamine 

Oxidase (MAO) Activity in the Hearts of Sham-Operated Rats

Shown are Mean values j; SEM for sham-operated (SHAM-AX + GDW) and 

(SHAM-AX + Saline). The numbers in parenthesis give the number of 

animals used.

IAA = Indoleacetic Acid

MAO (uM/g/hr. IAA)

SHAM-AX + GDW SHAM-AX + Saline 

13.3 + 0.48 (5) 14.55 + 0.40 (3)
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TABLE II

The Time-Course Effect of Bilateral Adrenalectomy on the Monoamine

Oxidase (MAO) Activity in the Heart

Shown are Mean values + SEM for sham-operated (SHAM-AX) and bilateral 

adrenalectomized (AX) rats. The numbers in parenthesis give the number 

of animals used.

IAA = Indoleacetic Acid

MAO (pM/g/hr. IAA)

Time
SHAM-AX AX %CHANGE

8 hr. 17.67 + 2.54 (3) 18.55 + 2.15 (5) +04.87

1 day 11.96 + 1.63 (5) 14.02 + 0.73 (5) +18.04

5 days 8.13 + 0.70 (6) 10.56 + 1.03 (5) +29.83

10 days 12.03 + 0.97 (5) 18.22 + 1.15** (5) +51.51

20 days 8.56 + 1.90 (5) 15.33 + 1.47* * (3) +79.16

30 days 13.71 + 0.45 (7) 22.54 + 0.79*** (3) +64.37

40 days 14.76 0.93 (3) 20.28 + 0.28** (3) +37.37

Significance of differences:

* P < 0.05
** P < 0.01
***P < 0.001
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Variation in the absolute control means of MAO activity is clearly 

present and precludes statistical evaluation between groups. However, 

within group comparisons are justified, since hearts from both control 

and adrenal ectomi zed rats were assayed simultaneously.

It is important to point out that the experiments made at 8 hours 

and 5 days were conducted with different batches of rats and at a differ

ent time from the other determinations. The low control mean obtained at 

20 days most probably represents experimental error in the recovery of 

the internal standard. An over-estimation of recovery would result in 

a low absolute mean.

Some insight into the cause of the control variation is given in 

Table III. It can be seen that a positive correlation exists between 

heart weight and measured MAO activity for the control groups. Table IV 

shows that the correlation does not exist following adrenalectomy.

The MAO activity of the vasa deferent!a (Table V) was increased 

significantly at 1, 5, 10 and 20 days, but the increases at 30 and 40 

days failed to reach significance (p = 0.05).

Again variation in the data is quite considerable with the control 

means ranging from 5.02 to 9.59 pM lAA/g/hr. However, as described 

previously for the heart, control and adrenal ectomi zed groups for each 

time period were assayed simultaneously, thus within group comparisons 

are justified. The relatively small amount of tissue available from 

this organ presents some difficulty in homogenizing the resulting small 

volume.

Tables VI, VII and VIII detail the effect of bilateral adrenal

ectomy on the liver, kidney and spleen. The only significant differences
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TABLE III

Relationship Between Body Weight, Heart Weight and Monoamine Oxidase 

(MAO) Activity in the Hearts of Sham-Operated Rats

Shown are Mean values 4; SEM for sham-operated rats. The numbers in 

parenthesis give the number of animals used.

IAA = Indoleacetic Acid

Time Body Wt. Heart Wt. MAO (pM/g/hr. IAA)
(g.) (g.)

8 hr. 450 nF 8.0 (3) 1.45 + 0.14 (3) 17.67 + 2.54

1 day 340 + 16.0 1.03 + 0.05 (4) 11.96+1.63

5 days 164 + 5.0 (6) 0.60 + 0.04 (6) 8.13 + 0.70

10 days 185 -F 9.4 (5) 0.58 + 0.02 (5) 12.03 + 0.97

20 days 280 + 8.5 (4) 0.78 + 0.04 (4) 8.56 + 1.92

30 days 364 + 9.4 (8) 1.09 + 0.03 (8) 13.71 + 0.45

40 days 428 + 10.2 (5) 1.29 + 0.16 (5) 14.76 + 0.93

Correlation
Coefficient 0.8317 0.8473
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TABLE IV

Relationship Between Body Weight, Heart Weight and Monoamine Oxidase 

(MAO) Activity in the Hearts of Bilateral Adrenal ectomi zed Rats

Shown are Mean values SEM for adrenal ectomi zed rats. The numbers 

in parenthesis give the number of animals used.

IAA = Indoleacetic Acid

Time Body Wt. Heart Wt. MAO (pM/g/hr. IAA)
(g.) (g.)

8 hr. 450 + 10.0 (5) 1.35 + 0.04 (5) 18.55 + 2.15

1 day 325 + 5.0 (5) 1.02 + 0.05 (5) 14.02 + 0.73

5 days 153 + 4.22 (6) 0.67 + 0.12 (6) 10.56 + 1.03

10 days 156 + 5.70 (5) 0.74 + 0.20 (5) 18.22 + 1.55

20 days 240 + 9.0 (3) 0.84 + 0.07 (4) 15.33 + 1.47

30 days 315 + 15.0 (3) 0.96 + 0.12 (3) 22.54 + 0.78

40 days 360 + 37.0 (3) 1.10 + 0.16 (3) 20.28 + 0.28

Correlation
Coefficient 0.5898 0.4765



32

TABLE V

The Time-Course Effects of Bilateral Adrenalectomy on the Monoamine 

Oxidase (MAO) Activity in the Vasa Deferentia

Shown are Mean values + SEM for sham-operated (SHAM-AX) and bilateral 

adrenalectomized (AX) rats. The numbers in parenthesis give the 

number of animals used.

IAA = Indoleacetic Acid

MAO (uM/g/hr. IAA)

T1 me
SHAM-AX AX %CHANGE

8 hr. 6.08 + 0.92 (3) 6.70 + 0.14 (5) +10.23

1 day 6.36 + 0.12 (7) 7.30 + 0.42* * (5) +14.78

5 days 5.02 + 0.20 (6) 5.90 + 0.30* (6) +17.33

10 days 9.59 + 0.25 (5) 12.11 + 0.30* (4) +26.44

20 days 7.67 + 0.27 (5) 10.44 +_ 0.60** (4) +35.80

30 days 7.25 + 0.35 (7) 7.86 + 0.77 (3) +10.80

40 days 6.32 + 0.38 (4) 7.60 + 0.79 (3) +20.19

Significance of differences:

* P < 0.05
**P < 0.01
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TABLE VI

The Time-Course Effects of Bilateral Adrenalectomy on the Monoamine 

Oxidase (MAO) Activity in the Liver

Shown are Mean values j; SEM for sham-operated (SHAM-AX) and bilateral 

adrenalectomized (AX) rats. The numbers in parenthesis give the 

number of animals used.

IAA = Indoleacetic Acid

MAO (pM/g/hr. IAA)

Time
SHAM-AX AX %CHANGE

8 hr. 27.75 +0.94 (3) 31.31 + 2.80 (4) +12.79

5 days 29.77 + 2.08 (6) 31.95 + 1.20 (6) + 7.30

10 days 28.90 + 2.39 (4) 32.64 + 1.47 (4) +13.51

20 days 29.84 + 2.72 (5) 30.61 + 2.65 (4) +08.66

30 days 25.97 + 1.05 (7) 31.50 + 1.55*  (4) +14.20

40 days 29.48 + 1.13 (5) 34.38 + 1,12*  (3) +16.60

Significance of differences:

*P < 0.05
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TABLE VII

The Time-Course Effects of Bilateral Adrenalectomy on the Monoamine 

Oxidase (MAO) Activity in the Kidney

Shown are Mean values + SEM for sham-operated (SHAM-AX) and bilateral 

adrenal ectomi zed (AX) rats. The numbers in parenthesis give the number 

of animals used.

IAA = Indoleacetic Acid

MAO (uM/g/hr. IAA)

Time
SHAM AX AX %CHANGE

8 hr. 4.80 + 0.17 (3) 4.78 + 0.20 (5) -0.56

1 day 4.87 + 0.31 (5) 4.83 + 0.24 (5) -0.82

5 days 4.12 + 0.14 (6) 4.15 + 0.13 (6) +0.95

10 days 3.83 + 0.10 (4) 3.90 + 0.07 (5) +1.82

20 days 4.83 + 0.18 (4) 5.17 + 0.14 (5) +7.15

30 days 5.19 + 0.21 (7) 5.09 + 0.52 (3) -2.10

40 days 5.73 + 0.25 (4) 5.22 + 0.34 (3) -8.90
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TABLE VIII

The. Time-Course Effects of Bilateral Adrenalectomy on the Monoamine 

Oxidase (MAO) Activity in the Spleen

Shown are Mean values + SEM for sham-operated (SHAM-AX) and bilateral 

adrenal ectomi zed (AX) rats. The numbers in parenthesis give the number 

of animals used.

IAA = Indoleacetic Acid

MAO (uM/g/hr. IAA)

Time
SHAM-AX AX %CHANGE

5 days 2.79 + 0.23 (6) 2.30 + 0.19 (6) -17.60

10 days 3.36 + 0.19 (5) 2.94 + 0.39 (5) -12.50

20 days 2.95 + 0.23 (5) 3.01 + 0.11 (4) +01.69

30 days 3.58 + 0.16 (7) 3.23 + 0.49 (3) -09.80

40 days 2.90 + 0.14 (4) 2.60 + 0.29 (3) -11.00
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from sham-operated controls occured in the liver at 30 and 40 days follow

ing adrenal removal. However, all the adrenalectomized mean values in 

the liver are consistently higher than their respective controls. In 

contrast, no such trend toward an increase was found in either the kidney 

or the spleen.

B. EFFECT OF BILATERAL ADRENALECTOMY ON SERUM CORTICOSTERONE LEVELS 

Object and Rationale

Preliminary findings by Sampath (1972) indicated that serum corti

costerone levels might show a progressive return toward normal values 

during the first 6 weeks following bilateral adrenalectomy. Recently, 

Callingham and Laverty (1973) also indicated that some of their adrenal

ectomized rats showed higher steroid levels than might be expected. 

Extra-adrenal steroid producing tissue has long been postulated (Deane, 

1962). Thus in view of the claimed dependence of MAO elevations on the 

absence of available steroids, it was imperative to reexamine the level 

of circulating steroids following bilateral adrenalectomy.

Bilateral adrenalectomized and sham-operated animals were maintained 

under normal laboratory conditions for 40 days and given 0.9% w/v NaCl 

for drinking purposes. A certain number of animals (5 from each group) 

were sacrificed by decapitation at 8 hr., 5 days, 10 days, 20 days, 30 

days and 40 days after surgery. The collected blood was allowed to clot 

and the prepared serum was kept frozen prior to the corticosterone 

determinations.

Results

Serum corticosterone levels were depressed maximally at 8 hours and 

5 days following bilateral adrenalectomy (Table IX). Thereafter, at 10,
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TABLE IX

The Time-Course Effects of Bilateral Adrenalectomy on the Serum 

Corticosterone Levels

Shown are Mean values +_ SEM for sham-operated (SHAM-AX) and bilateral 

adrenal ectomi zed (AX) rats. The numbers in parenthesis give the number 

of animals used.

Corticosterone (ug/100 ml serum)

Time
SHAM-AX AX %CHANGE

8 hr. 17.73 + 1.04 (3) 0.60 + 0.26* * (4) -96.60

5 days 18.56 + 2.94 (6) 0.40 + 0.15* (6) -97.84

10 days 19.86 +_ 1.93 (3) 2.56 + 0.39* (5) -87.11

20 days 22.96 + 3.52 (5) 2.40 + 0.28* (4) -89.53

30 days 19.64 + 3.54 (5) 2.20 + 0.37* (4) -88.80

40 days 22.88 + 2.16 (5) 2.40 + 0.83* (3) -89.51

Significance of differences:

*P < 0.001
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20, 30 and 40 days the percentage decrease was somewhat less, but no 

evidence of a progressive time-dependent return in serum corticosterone 

levels is evident.

C. EFFECT OF BILATERAL ADRENALECTOMY AMD DEXAMETHASONE ON MONOAMINE

OXIDASE (MAO) ACTIVITY IN HEART 

Object and Rationale

Several workers have shown that immediate steroid replacement therapy 

following surgical removal of the adrenal glands will prevent the noted 

elevations in the activity of cardiac MAO. However, it is not known 

whether injections of steroid will reverse these elevations once they have 

become fully developed. The fact that the preceding experiment showed 

consistently depressed serum corticosterone levels need not necessarily 

imply that there is a causal relationship between this phenomenon and the 

maintenance of the induced increases.

In order to test this possiblity studies were made using dexametha

sone, and cardiac i-1A0 activity was determined. The heart was selected as 

the most suitable organ for this study since the initial time-course 

experiment had revealed a greater stability in MAO elevations with time 

compared with the other organs examined.

Bilateral adrenalectomized and sham-operated animals were maintained 

under normal laboratory conditions for 20 days and given 0.9% w/v NaCI 

for drinking purposes. Dexamethasone sodium phosphate (2 x 30 pg/rat/day) 

or 0.9% w/v NaCI (0.25 ml/rat) was administered intraperitoneally between 

10 and 20 days following surgery. The animals were sacrificed on day 20, 

the hearts were removed and frozen over a dry ice-acetone mixture for 

subsequent MAO assay.
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Results

The effect of steroid administration in conjunction with bilateral 

adrenalectomy is summarized in Table X. It can be seen that dexamethasone 

reversed the rise in MAO activity due to bilateral adrenalectomy. MAO 

activity in hearts of sham-operated rats with and without dexamethasone 

treatment did not differ significantly.

D. EFFECTS OF METAPYRONE (75 mg/rat, i.p., 8 hr.), EPINEPHRINE (2 x 1 

mg/kg, i.p., 8 hr) AND BILATERAL ADRENALECTOMY (8 hr.) ON MONOAMINE 

OXIDASE (MAO) ACTIVITY IN DIFFERENT TISSUES OF RATS AMD ON SERUM 

CORTICOSTERONE LEVELS

Object and Rationale

Recently two reports by Parvez and Parvez (1973a and b) claim 

remarkably quick and significant rises in the MAO activity of the rat 

heart and liver following treatment with metapyrone, an inhibitor of 

corticosteroid synthesis. Following a single dose of metapyrone (75 mg/ 

rat in olive oil), heart and liver MAO was found to be elevated at 4 and 

8 hr. However, no estimations of steroid levels were made in these 

experiments and the effects of acute adrenalectomy was not compared. 

Furthermore, metapyrone is known to cause a rapid and massive release of 

adrenal medullary catecholamines and the possibility that the greatly 

elevated levels of circulating epinephrine might be responsible for the 

changes in MAO activity was not considered.

Thus the present experiment was undertaken to resolve these questions. 

In addition, the in vitro effects of metapyrone on the MAO activity of 

the liver was investigated.
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TABLE X

The Effect of Dexamethasone (DEX) on the Monoamine Oxidase (MAO)

Activity of the Rat Heart Following Bilateral Adrenalectomy (AX)

The dexamethasone (2 x 30 yg/rat/day i.p.) was injected between day

10 and 20 following AX and the rats were sacrificed on day 20.

Shown are Mean values SEM. The numbers in parenthesis give the 

number of animals used.

IAA = Indoleacetic Acid

MAO (yM/g/hr. IAA)

SHAM SHAM - AX 
+

DEX

AX AX 
+ 

DEX

9.26 + 10.64 + 20.88* * + 10.35 +

0.64 (6) 0.62 (6) 0.53 (5) 0.86 (6)

Significance of Differences:

*P < 0.001
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Metapyrone (75 mg/rat, in olive oil, i.p.) or olive oil was adminis

tered to male rats at zero time. In another group of rats, epinephrine 

(2 x 1 mg/kg, i.p.) or normal saline was administered at 0 and 4 hrs. 

Other animals were bilaterally adrenalectomized and sham-operated as 

described previously. The animals with surgery were given 0.9% NaCl w/v 

solution as the sole drinking fluid. All animals were sacrificed 8 hrs. 

later. The serum samples were collected for corticosterone measurements 

and the appropriate tissues were dissected out for MAO determinations. 

Results

Table XI shows that all three treatments, metapyrone, epinephrine 

and adrenalectomy, all tended to increase the activity of MAO in tiie 

heart and vasa deferentia, but none of these changes reached significance 

at the level of p < 0.05. No overall tendency to increase kidney MAO 

was obtained. The liver MAO activity was increased significantly follow

ing metapyrone treatment but not after bilateral adrenalectomy and epi

nephrine treatment. Serum corticosterone was decreased maximally by 

bilateral adrenalectomy compared with metapyrone, whereas epinephrine 

raised serum corticosterone levels to approximately 60% above the control 

value.

The in vitro effect of metapyrone on liver MAO activity is shown 

in Table XII. Metapyrone in concentrations of 100 and 200 ug/ml failed 

to alter MAO activity.
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TABLE XI

Effects of lietapyrone (75 mg/rat, i.p. for 8 hr.). Epinephrine 

(2 x 1 mg/kg, i.p. for 8 hr.) and Bilateral Adrenalectomy (for 

8 hr.) on Monoamine Oxidase (MAO) Activity in Different Tissues 

of Rats and on Serum Corticosterone Levels

Shown are Mean values SEM. The number in parenthesis gives the 

number of animals used.

Organ Metapyrone Epinephrine Adrenalectomy

Control Treated Control Treated Control Treated

Heart 
(MAO)

15.71 +
1.7 (6)

16.34 +
1.3 T6)

18.77 +
0.9 (5)

20.27 +
2.4 (4)

17.67 +
2.5 (5)

18.55 +
2.2 (5)

Liver 
(MAO)

30.35 +
1.5 (6)

37.29* *+
1.1 T5)

31.5 +
1.1 (5)

34.9 +
1.0 (4)

27.75 +
0.9 (3)

31.31 +
2.8 (4)

Vasa 
Deferent!a 
(MAO)

5.83 +
0.2 (5)

6.26 +
0.3 T5)

7.38 +
0.7 (4)

7.89 +
0.7 (4)

6.09 +
0.9 (3)

6.71 +
0.1 (5)

Kidney 
(MAO)

4.27 +
0.2 (6)

4.63 +
0.2 T6)

4.9 +
0.2 (5)

5.0 +
0.4 (4)

4.80 +
0.2 (3)

4.78 +
0.2 (5)

Cortico
sterone 
(ug/100 ml 
serum)

27.0 +
3.1 (5)

7.0**+
0.7 T6)

22.48 +
2.3 (5)

36.10*+
4.5 (4)

17.73 +
1.0 (3)

0.6**+
0.3 (4)

Significance of Differences:

* P < 0.05
**P < 0.001



43

TABLE XII

In Vitro Study of the Effect of Metapyrone on Monoamine Oxidase (MAO)

Activity in Liver

Shown are Mean values SEM. The numbers in parenthesis give the number 

of samples used.

IAA = Indoleacetic Acid

MAO (pM/g/hr. IAA)

Liver 
+ 

Control

Liver
+

100 pg/ml metapyrone

Liver
+

200 pg/ml metapyrone

27.96 + 25.8 + 25.8 +
0.97 T2) 1.2 T2) 1.2 12)



CHAPTER IV

DISCUSSION

Experiments were undertaken to determine the time-course effect of 

bilateral adrenalectomy on the monoamine oxidase (MAO) activity of certain 

peripheral organs of the rat. Although this procedure is known to raise 

the activity of the enzyme in the heart (Avakian and Callingham, 1968; 

Bhagat, 1969; Westfall and Osada, 1969; Sandler, 1970; Callingham and 

DellaCorte, 1971; Sampath and Clarke, 1972; Sampath et al., 1972; Clarke 

and Sampath, 1973), the time-course of this effect and time-related 

effects on other organs had not been investigated.

Of the organs studied, only the heart and vasa deferentia showed 

distinct time-related increases above control values. A similar trend 

was evident in the liver, but the overall increase was small and only 

reached significance at 30 and 40 days following bilateral adrenalectomy. 

No change in the MAO activity of the kidney and spleen was obtained. 

With the exception of the spleen, the results confirm previous findings 

(Avakian and Callingham, 1968; Sampath and Clarke, 1972; Sampath et al., 

1972), that bilateral adrenalectomy specifically increases the MAO acti

vity of some organs but not others. The present study also shows, at 

least for the heart, that orally ingested sodium chloride does not mater

ially alter MAO activity. The data with regard to the spleen was unexpected 

since Sampath et al., (1972) obtained an increase in the MAO activity of 

this organ 10 days after adrenalectomy. The reason for the present 

discrepency remains unresolved since the same enzyme substrate, source 

and strain of rats v/ere used in both studies. However, more validity 
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must be placed on the present data since it was obtained at five different 

time points following surgery. Furthermore, the increase obtained by 

Sampath et al., (1972) only just attained significance (p < 0.05).

The rise in the MAO activity of the vasa deferentia preceeded that 

of the heart. Thus it seems that this organ is initially more susceptible 

to the effect of adrenalectomy than cardiac tissue. The rise in the MAO 

activity of the vasa deferentia has been conclusively demonstrated to be 

located within the adrenergic innervation (Sampath and Clarke, 1972) and 

a similar locus for the cardiac increase has been demonstrated using chem

ical sympathectomy with 6-hydroxydopamine (Sampath, 1972) and by indirect 

means (Clarke and Sampath, 1973). The lack of a positive correlation 

between cardiac MAO activity and heart weight in bilaterally adrenalectom- 

ized rats (Table IV) may support these findings. The contribution of the 

innervation to the total weight of the heart must be virtually insigni

ficant; thus a specific rise in intraneuronal MAO would be expected to 

disrupt the correlation. Taken together, the above findings suggest a 

possible clue as to why the vasa deferentia exhibits prior effects. The 

adrenergic innervation to this organ is unusual since the entire post

ganglionic fiber is located within the walls of the organ in the form of 

an intra-mural plexus (Sjostrand, 1965). In contrast, the adrenergic 

fibers to the heart arise in the sympathetic chain and only the terminal 

axons and fibers are present in the heart itself. In relation to these 

facts, it is proposed that bilateral adrenalectomy interferes with the 

synthesis or metabolism of MAO (Callingham and Laverty, 1973; Parvez and 

Parvez, 1973a, b). Protein synthesis is known to take place in the cell 

bodies of neurons, rather than in the terminal fibers. Thus if the above 
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proposals are correct, an earlier onset of rise in the MAO activity of 

vasa deferentia would be predicted over that in the heart. This phenomenon 

would then imply that newly synthesized HAO is transported down the neuron 

by axoplasmic flow and that it takes at least 5 days for the enzyme to 

reach the myocardium in significant amounts. Since MAO is considered to 

be largely a mitochondrial enzyme (Hawkins, 1952; Schnaitman et al., 1967) 

neuronal transport would most probably be closely associated with the 

movement of these intra-cellular structures. That axoplasmic flow of 

mitochondria does indeed occur in adrenergic fibers (although somewhat 

erratically) has been demonstrated by Dahlstrom (1965). The test of this 

hypothesis demands studies with protein synthesis inhibitors and time

course measures on the rise in the MAO activity of the thoracic-sympathetic 

chain compared with the heart. Furthermore, a rise in the MAO activity of 

the superior cervical ganglion would be predicted to be rapid in onset, 

since in this tissue the MAO content is located almost entirely within 

the neuronal cell bodies (Goridis and Neff, 1971).

Although the above hypothesis is attractive and may partially or 

wholly explain the manner in which MAO activity is raised in certain 

organs it does not explain the persistant tendency for a more immediate 

increase in the heart (1 day) or in the liver (8 hours). Although these 

effects did not reach statistical significance at p < 0.05, they may be 

indicative of a slight but more direct influence of steroids on MAO 

exerted at the level of the organ itself. Alternatively, they may arise 

indirectly, through excessive sympathetic neuronal discharge following 

adrenal removal (Ingle, 1952; Himms and Jones, 1968; Westfall and Csada, 

1969). Some evidence that epinephrine may influence MAO activity is 



given in Table XI. However, the major effect of bilateral adrenalectomy 

on MAO is unrelated to neurogenic influences since ganglionic blockade 

and sympathetic decentralization fails to prevent the marked increases 

in the activity of the enzyme following this procedure (Sampath et al., 

1972; Sampath, 1972). Finally, the effect cannot result from trauma of 

the operation since sham-operated rats were always used as the control 

animals.

The failure to affect the spleen and kidney MAO activity, even over 

a 40 day time period, suggests that either steroid insufficiency fails to 

influence the adrenergic innervation to these organs or that the activity 

of intra-neuronal MAO is increased but that its contribution to the total 

MAO activity of the whole organ is so slight as to escape detection.

The first of these alternatives is not wildly unlikely, since marked 

differences in the physiological and pharmacological properties of peri

pheral adrenergic fibers have been noted (Spector et al., 1972). Such 

differences could extend to the role and control mechanisms on MAO. In 

fact, the greater rise in cardiac MAO (Tables II and V) compared with the 

vasa deferentia may be related to this. It is obvious that the density 

of the adrenergic innervation is not the sole determining factor since the 

rat vasa deferentia contains about seven to ten times the amount of nor

epinephrine per gram of tissue than does the rat heart (Iversen, 1967).

The second possibility is hard to reconcile with the results obtained 

in the liver. This organ possessed by far the highest specific activity 

towards tryptamine (i.e., the highest HAO activity) while exhibiting the 

poorest sympathetic innervation of all the organs studied (Klingman and 

Klingman, 1966) yet suggestive changes in HAO activity were always present 
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and reached significance during the latter part of the study. It should 

be stressed that no evidence has been presented that bilateral adrenal

ectomy specifically affects the MAO contained in the sympathetic inner

vation to the liver. Most investigators v/ould agree that liver MAO is 

virtually 1005 extra-neuronal. In fact, preliminary observations by Chao 

and Clarke (1974) indicate that liver catecholamines do not increase 

following inhibition of MAO.

Thus it seems that bilateral adrenalectomy may affect selectively 

the adrenergic innervation to some organs but not others and that steroid 

lack may exert some slight effect on extra-neuronal MAO (Hawkins, 1952) 

in the liver. If so, this latter effect is also organ specific since the 

vast majority of MAO in kidney (Jarrott, 1971), spleen (Jarrott, 1971) 

and heart (de Champlain et al., 1969; Horita and Lowe, 1972) is also 

situated extra-neuronally.

The present study provided no general support for a marked return 

in serum corticosterone levels following bilateral adrenalectomy. Pre

liminary studies by Sampath (1972), and some data provided by Callingham 

and Laverty (1973) suggested that this might have occurred. The most 

marked decrease in serum corticosterone was found at 8 hours and 5 days, 

thereafter the serum level was higher but showed no trend toward a pro

gressive increase with time. Whether this level was of sufficient 

magnitude to reverse the increase in the vasa deferent!a MAO activity at 

30 and 40 days remains doubtful. These decreases would appear to be 

a consequence of the greater scatter in the results, thus precluding 

a clear significant difference. Even though heart MAO showed evidence 

of a decline at these same time points, liver MAO activity was increased 

significantly.
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Throughout the study control serum corticosterone levels appear 

rather high and ranged from 17.73 to 22.96 pg/100 ml. This variation 

gave an overall mean value of 20.26 0.89 and could well have resulted

from the stress of handling during sacrifice. However, the values are 

very comparable to those obtained by both Sampath (1972) using serum 

and Callingham and Laverty (1973) who made plasma determinations. The 

latter study used a radio-immuno assay technique yet they still obtained 

a mean control value of 17.5 yg/100 ml. Their mean value for plasma 

corticosterone 20 days after adrenalectomy was 1.7 pg/100 ml. (only time 

tested) a value not too far removed from that obtained in the present 

study.

If adrenal regeneration takes place, or extra-adrenal cortical 

tissues become activated under the tropic influence of high ACTH levels, 

then it occurs only to a very limited extent. Under the present experi

mental conditions, this phenomenon would appear to be operative maximally 

at 10 days. The present results, however, do not mean that serum corti

costerone will never return following adrenalectomy. This factor may 

well depend upon the efficiency with which the adrenalectomy was performed 

and upon the genetic deposition of any extra-adrenal cortical cells.

There does appear to be a strong correlation between the low level 

of circulating steroid in adrenal ectomi zed rats and the maintenance of 

raised MAO activity, at least for the heart. The present work with 

dexamethasone clearly demonstrates that the enhanced level of cardiac 

MAO activity 20 days after adrenalectomy is entirely dependent upon this 

factor, since this potent glucocorticoid reversed the increase in cardiac 

MAO activity. This observation adds to previous work (Avakian and
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Cal 1 Ingham, 1968; Caesar et al., 1970; Sampath and Clarke, 1973; Parvez 

and Parvez, 1973a) which showed that steroid replacement therapy could 

prevent increases in cardiac MAO following adrenal removal when instituted 

immediately following surgery. Thus adrenal steroid insufficiency is not 

only responsible for the rise in tissue MAO activity, it also serves to 

maintain this effect once established. From this experiment several other 

points may be made. First, a resting level of about 2.2 to 2.5 pg/100 ml. 

of serum corticosterone (Table IX) is now proved to be insufficient to 

depress cardiac MAO. Second, glucocorticoid activity as distinct from 

mineralocorticoid activity will reverse the effect of adrenalectomy. 

Third, in normal, sham-operated rats dexamethasone administrations fails 

to alter MAO activity. Thus dexamethasone does not appear to possess 

MAO inhibitory properties within 8 hrs.

Recently Parvez and Parvez (1973a, b) claimed remarkably quick 

and significant rises in the MAO activity of the rat heart, liver, adrenals, 

hypophysis and brain following treatment with metapyrone (75 mg/rat, 

in olive oil, i.p.), a strong inhibitor of corticosteroid synthesis, 

at 4 and 8 hours. However, no estimations of steroid levels were made 

in these experiments and the effects of acute adrenalectomy was not 

compared. The present study failed to confirm the rise in cardiac MAO 

activity at 8 hours and no increases were found in the vasa deferent!a 

or kidney. However, a small but significant rise was obtained in the 

liver. This latter increase was less than that obtained by Parvez and 

Parvez (1973b) and in itself is rather dubious. One treated animal 

showed an exceptionally high MAO activity (50.59 yM/g/hr IAA) which 

just fell beyond two standard deviations from the treated mean value. 

If this single result was omitted, no statistical significance 
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between the treated and control means would exist. (Control = 30.3 

1.55; Treated = 34.63 +.1.15 yM/g/hr. IAA). Thus in effect the present 

data shows little or no differences between metapyrone and bilateral 

adrenalectomy on the MAO activity of any of the organs studied (Table XI). 

The reason for the failure to confirm the observations made by Parvez and 

Parvez (1973b) is not obvious. They used tryptamine as the substrate, 

just as in the present investigation, however, their assay technique was 

radio-chemical. By this means they would have obtained a greater sensi

tivity but may well have lost specificity for product detection compared 

with the presently used fluorometric procedure. In addition, this Thesis 

shows that serum corticosterone is far less effectively decreased after 

8 hours of metapyrone than by bilateral adrenalectomy. In view of the 

known and presently demonstrated dependence of MAO on steroid availability, 

this data, in itself, would lend greater support to the present results 

over those published by Parvez and Parvez (1973b). Furthermore, if steroid 

lack does indeed increase the synthesis of MAO, as postulated by Parvez and 

Parvez (1973a and b), elevations of MAO activity at 8 hours, and particu

larly at 4 hours might seem too fast to be reflective of such a process.

Metapyrone (Parvez et al., 1972; Romanyshyn and Clarke, unpublished 

observations) is known to cause a rapid and massive release of adrenal 

medullary amines and the possibility existed that this effect might be 

responsible for changes in MAO activity. The studies with injected 

epinephrine failed to increase MAO activity significantly but showed the 

same tendency to do so as both metapyrone and adrenalectomy. This effect 

was obviously not due to steroid insufficiency since serum corticosterone 

was elevated markedly. Thus as mentioned earlier in the discussion, the 

persistent slight immediate trend to increase MAO activity may be mediated 
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by catecholamines. In the case of metapyrone, from the adrenals (and 

perhaps nerves?), v/hereas with bilateral adrenalectomy this effect would 

have to result solely through the expected reflexogenic increase in neural 

discharge. It is clear from the present study that metapyrone does not 

activate MAO directly (Table XI). In fact, the in vitro studies (Table 

XII) shov/ed some slight inhibitory effect of this agent on MAO activity 

of the liver, although the effect was not concentration dependent.

Two further points remain to be made which are both related to the 

data obtained with epinephrine. First, high serum levels of corticosterone, 

the predominant steroid released from rat adrenals (Bush, 1953), does not 

appear to inhibit MAO. This adds further weight to the statements and 

results pertaining to the dexamethasone experiment. Secondly, further 

experiments with chronic epinephrine administration would seem to be 

justified. MAO activity may well be altered due to excessive substrate 

availability. Although bilateral adrenal demedullation has been found not 

to alter MAO activity (Bhagat, 1959; Sampath and Clarke, 1972), the effects 

of chronic high levels of circulating epinephrine, such as might occur in 

stress or abnormal function of the gland, has not been investigated.
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APPENDIX

DRUGS, CHEMICALS AND SOLUTIONS UTILIZED, 
THEIR SOURCES AND PREPARATIVE PROCEDURES

1. Aldehyde Dehydrogenase (AD). Male, Albino guinea pigs were pre

treated intraperitoneally with 20 mg/kg of tranylcypromine sulfate 

for 18 to 24 hr. They were sacrificed by a blow on the head and 

kidneys were dissected out immediately. The kidneys were washed 

with ice cold sucrose (0.25M) solution and the surrounding capsule 

and connective tissues were removed quickly and kidneys were blotted 

and weighed. 20% kidney homogenate was prepared in 0.25M sucrose 

and centrifuged at 35,000 rpm for 1 hr. The supernatant which 

contained aldehyde dehydrogenase, was kept frozen for 2 weeks.

2. Atropine sulfate. (Injection U.S.P., Lilly). 10 mg/ml solution 

was made in saline.

3. Chloroform (Spectroanalyzed grade, Matheson Coleman and Bell Company).

4. Corticosterone. (Nutritional Biochemicals Corporation).

a) Stock Standard: a solution containing 1.0 mg/ml. of corticos

terone was prepared in absolute ethyl alcohol.

b) Ethanolic Standard: a solution containing 10 pg/ml of corti

costerone was prepared by diluting 0.1 ml of stock standard to 

10 ml with absolute ethyl alcohol.

c) Working Standard: a solution containing 0.4 pg of corticos

terone was made by diluting 1 ml of ethanolic standard to 25 ml 

with GDW.

5. Dexamethasone Sodium Phosphate (Decadron, Merch Sharp and Dohme). 

Dilutions were made in saline.
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6. Disodium Phosphate (Na^HPO^ . ZH^O, Mallinckrodt).

7. L-Epinephrine Bitartrate (Adrenaline Bitartrate, Nutritional Bio

chemicals Corporation). 2 mg base/ml solution was made in saline.

8. Hydrochloric Acid (Fisher). 42.7 ml of HC1 diluted in GDW to 1000 ml 

to yield a 0.5N solution.

9. Indoleacetic Acid (Indole-3-Acetic Acid, ClnHnN0o, Aldrich Chemicali u y c

Company, Incorporated).

A 100 g/ml stock solution was made in GDW and stored in opaque 

bottle under refrigeration.

10. Iso-Octane (2,2,4,trimethyl pentane, (CH^tCH^CHtCHg^, Matheson 

Coleman and Bell Company).

11. Metapyrone (Metopirone, CIBA Pharmaceutical Company).

75 mg/ml solution was made in olive oil.

12. NaCl (Granular, Fisher).

A 0.9% w/v solution was made in GDW.

13. NAD oxidized (Cozymase, Coenzyme 1, Nutritional Biochemical Corpora

tion) .

A 23.2 mg/ml solution in GDW was made just prior to use.

14. Nicotinamide (Nicotinic Acid Amide-iiiacinamide 3-Pyridine Carboxylic 

Amide, Nutritional Biochemical Corporation).

A 24.4 mg/ml solution was made in GDW and stored in opaque bottle 

under refrigeration.

15. Potassium Phosphate (KH2P0^, Primary-Monobasic, Fisher).

16. Sodium Hydroxide (Pellets, Reagent Grade, Fisher) 0.1N Solution

4 g was dissolved in sufficient GDW to make 1000 ml.
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17. Sucrose (Saccharose, Fisher). 0.25M solution: 85.575 g was 

dissolved in sufficient GDW to make 100 ml and stored under refri

geration.

18. Sorensens Phosphate Buffer 1.0M, pH 7.4:

a) 68.04 g of I^PO^ was dissolved in sufficient GDW to bring the 

volume up to 500 ml.

b) 88.66 g of NA0HPO/, . 2HQ0 was dissolved in sufficient GDW to 

bring the volume up to 500 ml. 35.0 ml of solution A and 65.0 

ml of solution B were mixed giving a buffer of 1.0M at pH 7.4.

19. Sorensens Phosphate Buffer 0.1M, pH 7.5:

A buffer was prepared by diluting 0.1 ml of Sorensens phosphate 

buffer 1.0 M, pH 7.4, to 10 ml with GDW.

20. S0rensens Phosphate Buffer 0.5M, pH 7:

a) 33.88 g of KH^PO^ was dissolved in sufficient GDW to bring the 

volume up to 500 ml.

b) 44.33 g. of Na2HP0Z| . 2H20 was dissolved in sufficient GDW to 

bring the volume up to 500 ml. 39.2 ml of solution A and 60.8 

ml of solution B were mixed giving a buffer of 0.5:1 at pH 7.0.

21. Sulfuric Acid (Reagent Grade, Fisher).

Fluorescence Reagent: 2.4 volumes of cold sulfuric acid (concen

trated) was added to 1.0 volume of 50% (v/v) aquous ethyl alcohol.

22. Toluene (Spectranalyzed, C^H^CHg, Fisher).

23. Tranylcypromine Sulfate (ISO ^132294, Smith, Kline and French 

Laboratories).

20 mg salt/ml solution was made in saline.'



24. Tryptamine Hydrochloride (98%, • HC1, Aldrich Chemical

Company, Incorporated).

A 5.6 mg base/ml (6.8 mg salt/ml) solution was made in GDW and 

stored in opaque bottle under refrigeration.
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